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EFFECTS OF BOND DETERIORATION ON HYSTERETIC BEHAVIOR
OF REINFORCED CONCRETE JOINTS

ABSTRACT

The work presented in this report is concerned with developing an analytical model which
describes the hysteretic behavior of reinforced concrete beam-column joints, The mode} takes
into account the interaction of reinforcing steel and surrounding concrete through bond and the
deterioration of such interaction under cyclic deformation reversals. The cyclic deterioration of
bond results in relative slippage of reinforcing bars with respect to concrete thus giving rise to
significant concenirated rotations at the beam-columin interface. The model is presented for

interior joints; its extension to exterior joints and girder inelastic regions is indicated.

In Chapter 2, following the introductory material presented in Chapter 1, the analytical
description of the interaction of reinforcing steel and surrounding concrete along the anchorage
length of the bars is given. The relative slip of reinforcing bars with respect to the surrounding
concrete results in the formation of large cracks which run perpendicular to the axis of the
girder. In order to provide the necessary number of equations describing the hysteretic
moment-rotation relation of a R/C member, the equilibrium of horizontal forces and bending -
moments has to be satisfied at the cracked reinforced concrete sections. This necessitates the
development of a new cracked R/C section model which accounts for the effects of bond
deterioration in the vicinity of the crack in establishing the equilibrium of steel and concrete
forces at a cracked section. This model is presented in Chapter 3 along with material models
describing the stress-strain relation of reinforcing steel as well as the bond stress-slip behavior

under arbitrary cyclic excitations.

Details on the numerical solution algorithm are presented in Chapter 4. The algorithm
consists of three nested iteration loops, which arise when the boundary value problem of

Chapter 2 is solved using transfer matrices and a numerical "shooting technique”.



Comparison of analytical predictions with experimental evidence fron_l two interior beam-
column subassemblages is preserited in Chapter 5. Satisfactory agreement is exhibited by the
proposed model. The reported results allow insight into the physical behavior of R/C beam-
column joints which can lead to improvements in the earthquake resistant design of moment

resisting frames.

In Chapter 6 a series of analytical parametric studies on an interior beam-column joint are
reported. Pgrameters varied include: bond strength along anchorage length in the joint, ratio of
top to bottom reinforcement, yield strength of reinforcing bars, history of loading and effects of

model scale of R/C members.
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CHAPTER 1

INTRODUCTION

1.1. General

Reinforced concrete structures designed according to present building codes as
moment resisting space frames, shear-walls, coupled shear-walls or any combination thereof
to withstand strong earthquake motions are expected to deform well into the inelastic range
and dissipate the epergy input by the base motion through stable hysteretic behavior of
structural components. Since inelastic deformations are typically concentrated at certain
critical regions within the structure [9], the accurate prediction of .the mechanical behavior
of the structure during earthquaks excitations d'epends on the development of reliable

analytical models which describe the hysteretic behavior of these regions.

Ideally these models should be based on an accurate representation of material
behavior taking into account the controlling states of stress or strain and identifying the
main parameters which influence the hysteretic behavior of each critical region in order to
predict the behavior up to failure of any structural component during the earthquake
response. Such models will allow the designer to identify weak links in any_initial design,
which can then be redesigned to prevent premature loss of strength and stiffness, thus
assuring that the structure will behave satisfactorily under severe seismic excitations by dis-

sipating the energy input through stable hysteretic behavior of its components.

Following present earthquake resistant design philosophy the energy input by the base
motion should be dissipated in the largest possible number of inelastic regions within the
structure. Ductile moment resisting space frames as well as coupled wall systems are
designed so that yielding starts to develop at the girder ends. Columns of a ductile moment

resisting space frame should remain elastic during the earthquake response, except at the



base of the building, to avoid the formation of a partial sidesway collapse mechanism.
Attention is thus focused on understanding and predicting the hysteretic behavior of critical

regions in girders as well as that of beam-column or girder-wall joints.

Various experimental studies of reinforced concrete structural subassemblages
[91,[13], actual multistory buildings and dynamic tests of model frames have demonstrated
that, when properly designed and detailed critical regions of R/C structures are subjected to

" severe cyclic excitations, the major concern is the deterioration of stiffness,
The principal effects of stiffness deterioration are:

(1) an increase in the flexibility and period of vibration of the virgin structure during

large deformation reversals,
(2) adecrease in energy dissipation capacity,

(3) a significant redistribution of internal forces leading to excessive deformations in

some regions.

Since induced seismic forces and deformations are sensitive to structural flexibility,
natural period of vibration and energy dissipation capacity, stiffness deterioration modifies

the overall response of the structure.

In R/C girders and beam-column joiﬁts stiffness deterioration under large cyclic exci-

tations can be attributed to several factors. .Among the most important are:

(1) Bauschinger effect of reinforcing steel,

(2) concrete cracking and splitting along reinforcing bars,

(3) cyclic deterioration of bond between reinforcing steel and surrounding concrete,

(4) shear sliding in regions with cracks running through the entire depth of the member.
(5) crushing and spalling of conclrete:

Except for the Bauschinger effect of reinforcing steel and the crushing of concrete all

other factors are directly or indirectly related to cyclic bond deterioration between



reinforcing bars and surrounding concrete.

In the case of critical regions forming at the ends or near the midspan of girders
cracks appear early in the response time history. Some bond deterioration in the girder
region adjacent to the crack contributes to crack opening. The deterioration of bond
increases significantly, as soon as the yield strength of the reinforcement is exceeded at a
cracked section. Several moment reversals cause damage of bond in the region around the
crack leading to significant slippage of reinforcing bars and consequently to large concen-
trated rotations at the cracked section. During moment reversal the crack can remain open
through the depth of the member leaving the shear to be resisted by dowel action of the
reinforcement. This initiates splitting of concrete cover and shear sliding near the crack.
Most importantly cyclic deterioration of shear and bond resistance mechanisms accounts for
the observed stiffness deterioration in critical regions of R/C girders. The adverse effects
of loading reversals on stress transfer between steel and concrete become more pronounced
in beam-column and girder-wall joints, Since this study concentrates on the seismic
response of R/C frames, only the problem of beam-column joints will be referred to from

now on.

A number of experimental studies on the hysteretic behavior of R/C beam-column
subassemblages [43,50] has shown that in moment-resisting frames, designed according to
current practice, the most unfavorable bond conditions exist in interior beam-column joints
leading to significant fixed-end rotations at the beam-column interfaces. This is because
high beam bending moments acting at the faces of the columns cause yielding of the main
rebars anchored in the joint and high joint shear forces induce cracks which damage the
bond of the embedded bars. Under cyclic moment reversals, cracks across the whele beam
cross section may form at both column faces. These cracks may remain open throughout
most of the cyclic loading. This causes the reinforcing bars anchored in the joint to be sub-

jected to cyclic pull from one side and push from the other thus inducing substantial bond



deterioration. If, as is often the case, the width of the column is not sufficient to offer the
required anchorage, the incurred bond damage leads to the eventual pull-through of the
reinforcing bars. Therefore anchorage of reinforcement becomes a serious problem as it
leads to substantial reduction in stiffness and energy dissipation capacity of the joints.
- Experimental results show that fixed-end rotations due to bond deterioration in the joint
can contribute up to 50% to overall deflections of beam—coiumn subassemblages after yield-

ing of the reinforcement [43].

In the case of exterior beam-column joints loss of stiffness and energy dissipation
capacity is also a problem. Because the main reinforcing bars of the girder are usually
anchored with a 90-degree hook, these do not pull out in this case. However, large relative

slippage does occur leading to significant stiffness deterioration.

It becomes apparent from the above that any analytical model for accurately predicting
the hysterstic behavior of girders ﬁnd beam-column joints, should include a formulation of
bond stress-slip between reinforcing ste.el and concrete under arbitrary cyclic excitations.
Moreover the analytical model shouid be capable of representing the physical behavior of
reinforced concrete sections at discrete cracks under the combined action of bending
moments and shearing forces. The discrete nature of cracks in R/C members subjected to
cyclic excitations in connection with the transfer of forces between reinforcing steel and
surrounding concrete appears to be of special importance since it helps to determine the

length of plastic hinges in girders.

The main drawback of such a refined model is the prohibitive cost of computation,
which prevents its use in earthquake response analysis of entire structures. This shortcom-

ing notwithstanding the model can serve several important purposes:

(1) complement experimental studies by allowing inexpensive analytical "experiments”
with a wide range of variation of main parameters to be conducted and thus contribute

to the understanding of the significance of each of these parameters in the physical



behavior of R/C critical regions,

(2) provide valuable information for the development of simplified models, which would
reproduce satisfactorily the important features of the observed response, while retain-
ing simplicity and computational efficiency, thus facilitating their use in earthquake

response analysis of structures,

(3) contribute to the needed integration of analytical and experimental studies in order to

select realistic load histories for experimental investigations.

Beyond any interest to understand and predict the hysteretic behavior of R/C critical
regions, there is a need to establish the relative contribution of beam inelastic regions and
beam-column joints to the total energy dissipated by a structure which is subjected to
severe ground shaking. It is believed that only accurate analytical models of hysteretic
behavior of these critical regions can yield an answer to the above question thus helping to
predict the probable nonlinear response of structures to seismic excitations and improve

existing earthquake resistant design methods and code provisions.
1.2. Review of previous studies

1.2.1. Experimental studies

A large number of experimental investigations into the hysteretic behavior of R/C
members, structural subassemblages and model structures has been conducted in the last
two and a half decades following the First Conference on Earthquake Engineering in 1956.
An exfensive review of the most significant contributions has been presented in state-of-
the-art reports in 1973 and 1979 by Bertero [9], [10]. Here only a small number of experi-
mental studies concerned with the behavior of R/C beam-column joints and critical regions

in girders subjected to bending with low shear will be reviewed.

Following the pioneering experimental work of Aoyama [6], Sinha et al. [41] and

Agrawal et al. [3] tested a series of singly and doubly reinforced simply supported concrete



beams under cyclic loading. Similar tests were performed by Park and Sampson [38] and
Bertero et al. [12]. These investigations have shown that, for deformations beyond the first
yielding, the behavior of critical regions subjected to moment reversals is largely controlled
by the mechanical characteristics of steel and its bond to concrete. Significant bond
deterioration takes place along reinforcing bars in the vicinity of cracks as moment reversals

increase in number and magnitude.

Brown and Jirsa [15] subjected twelve reinforced concrete cantilever beams Lo rever-
sals of overload and noted among others that the deformation of steel in the anchorage

zone contributed significantly to the total deflection of the specimens.

An extensive investigation into the hysteretic behavior of half-scale R/C rectangular
and T-beams was conducted by Ma, Bertero and Popov [31). Several parameters were
varied and their effect on the hysteretic behavior of the specimens was established. These
included: the ratio of top to bottom reinforcement, moment to shear ratio, loading history

and effect of slab.

Early experiments on the hysteretic behavior of beam-column joints were also ini-
tiated at PCA where Hanson and Connor [27] tested seven exterior connections finding

their behavior in most cases satisfactory.

Following these experiments a series of intertor beam to column subassemblages were
tested at Berkeley by Soleimani et al. {43]. The cruciform shaped half-scale assemblies
specifically designed to study the behavior of interior joints were subjecied to monotonic as
well as cyclic loading simulating the effect of severe seismic excitations. The results indi-
cated that bond deterioration in the joint ieads to significant ﬁxed-end_ rotations influencing
the subassemblage response. Similar tests were conducted at the University of Canterbury
+ [37] and University of Texas [28], to name only a few, where however the major concern
of the investigation lay with establishing the shear capacity of the beam-column panel

region and arriving at a set of design recommendations which prevent shear failure of the



joint. In these studies the significant contribution of reinforcing bar slippage to the overall
subassemblage deflection was noted and recommendations for alleviating the problem were

offered much along the lines of earlier suggestions by Bertero and Popov [13].

As a result of the knowledge gained from the above studies, further efforts were ini-
tiated to establish a bond stress-stip relationship under generalized excitations. A general
review of research conducted on the subject at Berkeley was presented by Popov in Ref.
[39]. A more detailed review of the bond problem is contained in Ref. [23]. Based on the
results from an extensive experimental investigation Eligehausen et al. [23] formulated a
general bond stress-slip relation for deformed bars embedded in well-confined concrete and

subjected to generalized load histories.

1.2.2. Analytical studies

Several attempts to predict analytically the hysteretic behavior of reinforced concrete

girders and beam-column joints subjected to cyclic excitations have been reported.

Early works by Aoyama (6], Agrawal et al. [3], Park and Sampson {38] employed sim-
ple beam theory and matetial models for reinforcing steel and concrete of various degrees
of sophistication in order to predict the hysteretic moment- curvature relationship of rein-
forced concrete sections. Bertero and Bresler [11] were the first to discusslhe possible
effects of shear and bond forces on the behavior of critical regions adjacent to beam-column
joints. They proposed a more accurate curvature formulation to account for slippage of
reinforcing bars and considered explicitly crack opening and closing. A precise evaluation
was not possible due to lack of experimental data. Brown and Jirsa [15] calculated theoreti-
cal load deflection curves for cantilever ’beams using an assumed curvature distribution
along the span of the cantilever and including the effect of shear forces and anchorage slip

by incorporating measured values.

The cost of computation associated with the above section layer models precludes

their use in éarthquake response analysis of structures. This fact led to the development of



simplified global models describing the end moment-end rotation relation of structural
members [20], [26] by assurﬁing the inelastic behavior of girder end regions lumped into
plastic point hinges or rotational springs at the ends of the member. To describe the hys-
teretic response of plastic hinges in R/C structures Clough [19] proposed a bilinear stiffness
degrading model. Latér Takeda et al. [46] introduced a more refined trilinear model accom-

panied by a set of sixteen rules for hysteretic behavior.

Mahin and Bertero [32] have discussed several problems which arise when lumped
plasticity models are used in seismic resistant design. In particular, it was noted that such
models are incapable of predicting reliably curvature and rotational ductility demands in
reinforced concrete members. Anagnostopoulos [4] has presented further details on the
inconsistencies of assigning proper strain hardening values to point hinge moment-rotation

relations and the resulting discrepancies in curvature ductility estimates.

With the rapid development of the finite element method many investigators
attempted to gain insight into the hysteretic nonlinear response of reinforced concrete
members by subdividing them into a number of finite elements. The structures analyzed
included simple beams, shear panels and more complicated subassemblages, usually sub-
jected to monotonic loading only due to the prohibitive cost of computation. A few studies
under cyclic loading were reported by Darwin and Pecknold [22] and Bazant and Bhat [8].
Due to the complexity of formulation and lack of experimental data, the problem of incor-
porating discrete cracks and an accurate bond-slip model remained unresolved. A review of
the progress achieved in the finite element analysis of reinforced concrete structures is
given in Ref. [1] and some recent contributions were presented at the JABSE' Colloguium

in Delft [2].

The attempts to derive models of hysteretic joint behavior and incorporate them in
the nonlinear earthquake response analysis of structures are more recent. The proposed

models can generally be divided in two groups.



The first group consists of models arrived at in connection with experiments per-
formed on full or reduced scale beam-column joints subjected to cyclic excitations. Town-
send and Hanson [49] introduced a set of polynomial expressions which represent the hys-
teretic behavior of beam-column connections and account for the observed stiffness
deterioration. Soleimani et al. [44] introduced the concept of effective length by which the
curvature at the beam-column interface is multiplied to yield the fixed-end rotation.
Anderson and Townsend [5] proposed a degrading trilinear joint model whose parameters
are determined to match a series of experimental results from exterior beam-column joint

tesis.

In general this group comprises models composed of geometric curves and a set of
rules defining hysteretic behavior. They seem to agree well with the experiments they were
derived from, it appears doubtful however whether they can be generalized to different
configurations and other loading conditions, since the parameters defining hysteretic
behavior are selected to fit obtained experimental results and are not derived from physical

interpretation of the mechanisms contributing to such behavior.

The second group of joint models includes formulations derived in connection with
analytical studies. These models are typically composed of a bilinear or trilinear monotonic
envelope curve and an associated set of hysteretic rules defining behavior under cyclic load
reversals. Otani [36] computed the characteristic points of the bilinear envelope curve by
assuming that bond stresses are constant along the development length of reinforcing bars.
The fixed-end rotation was found to be proportional to the square of the moment acting at
the beam-column interface. Takeda’s rule was used as the associated hysteretic rule,
Emori and Schnobrich [25] used the same assumptions along with a trilinear envelope
curve. Banon et al. [7] employed a bilinear envelope curve in connection with Takeda’s
hysteretic rule and included the observed pinching effect due to bond slip and shear sliding.

The model was used {o represent the inelastic deformations due to slippage of the rein-
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forcement.

One inherent shortcoming of all previous models is the fact that the experimentally
observed slip-through of reinforcing bars in interior joints of commonly used dimensions is
not taken into account; this feads to an interaction between the two column ends so that no
unique moment-rotation relationship can be derived for one end, unless the actions at the
other end are accounted for. Moreover they fail to provide an understanding and analytical
description of the mechanisms leading to the observed significant stiffness deterioration in

R/C beam-column joints,

Recently an accurate finite element study has been reported [34]. It seems to model
fairly well the behavior of beam-column subassembtages under monotonic loading with due
account of she}ar deformations and bond slip between steel and concrete. The computa-
tional effort spent for monotonic loading is enormous so that little hope remains for an

efficient description of several cycles of seismic excitation using this approach.

1.3. Objectives

The research described herein was undertaken because of the need for developing
reliable analytical models to predict the hysteretic behavior of reinforced concrete struc-
tures. The research has endeavored to study the effects of reinforcing bar slippage on the
hysteretic response of beam-column joints as well as inelastic regions of beams and to
include these effects in earthquake response analyses of R/C moment resisting frames. An
attempt is also made to model the behavior of large cracks in beams under load reversals,

as they influence significantly the response of R/C members.
The objectives of the investigation reported herein can be summarized as follows:

(1) to develop an accurate model describing the behavior of beam-column joints and ine-

lastic regions of beams under generalized excitations,



2)

(3

11

to use the model in conducting a series of parametric studies in order to establish the
effect of material behavior, proportioning of members and reinforcement arrangement

on the response of R/C beam-column joints,

to arrive at recommendations regarding the design of R/C joints which enable satisfac-

tory hysteretic behavior to be attained,
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CHAPTER 2

ANALYTICAL MODEL FOR HYSTERETIC BEHAVIOR

OF REINFORCED CONCRETE MEMBERS

When medium or high rise reinforced concrete moment resisting frames are subjected
to severe seismic. excitations, the behavior of members in the lower parts of a building is
controlled by lateral forces. In a typical lower story the combined action of high lateral
loads and relatively small gravity forces gives rise to the moment distribution shown in
Fig.2.1d. It is to be particularly noted that the end moments at the beam-column interfaces
of an interior joint act in the same sense. Upon reversal of lateral force direction a com-

plete reversal of bending moments takes place at the girder end regions.

In order to gain some insight into the mechanical behavior of R/C members subjected
to moment reversals with low shear stresses and motivate the analytical solution to be
developed in this chapter, an interior beam-column joint is chosen as a representative
example (Fig.2.2). The joint is typical of the ones in the lower stories of a building, so that

the end moments imposed upon it act in the same sense (Fig.2.2a).

When the joiat is first loaded beyond yielding to point A (Fig.2,2b), large cracks open
at both beam-column interfaces and bond is damaged along the shaded portions of the rein-
forcing bars (Fig.2.2c). Upon reversal of moment to poiht B (Fig.2.2b) cracks open on the
opposite side of the girder sections indicating bond damage in their vicinity (Fig.2.2d). The
old cracks may 61' may not close depending on the magnitude of the reversing moments and
the ratio of top to bottom reinforcement, since the tensile yield force may not be sufficient
to yvield the bars under compression, At the beginning of reloading (point C in Fig.2.2b),
previously incurred bond damage causes that only small frictional bond stresses resist rein-

forcing bar slip in the shaded portion of the bars (Fig.2.2e). Therefore a certain amount of
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slip must be overcome in these regions before larger steel stresses can build up. This
phenomenon leads to the characteristic pinching effect in the hysteretic moment-rotation

relation (Fig.2.2b).

In order to formulate an analytical model describing the hysteretic behavior of R/C
members with due account of cyclic bond deterioration between reinforcing steel and con-
crete, the region of the member undergoing inelastic action is divided into a number of
subregion-s at locations where cracké form (Fig.2.3). In members subjected to severe
moment reversals with low shear stresses, cracks run almost vertically through the -depth of
the cross-section. The positions where cracks are expected to form are not known a priori
and can be éstablished in the course of an analysis by determining the sections where the
concrete tensile strength is first exceeded. In the present model for reasons of simplicity
the cracks have been assumed to run vertically across the section and form at predeter-
mined locations. This is, strictly speaking, true only at beam-t_:olumn interfaces of interior

and exterior joints.

The hysteretic response of each subregion is determined by satisfying the equilibrium
of horizontal forces and bending moments at both end sections and by establishing the
stress transfer between steel and concrete within the region. Bond deterioration in both
subregions adjacent to a crack contributes to crack opening and to the asscciated relative

rotation of crack surfaces and has to be accounted for.

It is appatent that joint and girder ‘regions can be modeled using the same analytical

formuiation, the only difference being the imposed boundary conditions.

In the present investigation the shear transfer within each subregion as well as the
shear transfer at a fully cracked section is not considered. Shear transfer at cracks which
remain open through the depth of a member can become an important problem and
deserves a thorough investigation. Moreover moment gradients within the joint region are

often large enough to cause diagonal cracking leading to shear deformations which affect
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the hysteretic joint behavior. Here it is assumed that the joints under consideration are
properly designed and detailed to prevent diagonal cracking and preclude significant shear
deformations. Although not pursued in the present study, it is believed that the inclusion
of shear effects within the framework of the proposed analytical model does not present any

conceptional difficulties.

" As a first step towards formulating an analytical model to describe the hysteretic
behavior 'of R/C members subdivideﬁ by cracks into several subregions, the transfer of
steel stresses aloﬁg a portion of a single reinforcing bar between two adjacent cracks
(Fig.2.4) subjected to arbitrary load or deformation reversals will be presented. The explicit
solution of the stress transfer problem within each subregion yields a steel force-slip rela-
tion at each crack bounding the subregion. The steel force-slip relations for each reinforc-
ing layer are complemented by equations expressing the equilibrium of horizontal forces
and bending mbmenté which are established at the cracked end sections of the subregion.
The resulting set of nonlinear equations describes the hysteretic behavior of the subregion
under consideration and its interaction with neighbéring subregions. In this manner all
subregions can be assembled to yield the response of the entire member for the i_mposed

global boundary conditions.

2.1. Model of a single reinforcing bar embedded in concrete

A portion of a single reinforcing bar between two adjacent cracks is depicted in

Fig.2.4. The differential equations of bond are (Fig.2.5a),

do,
A o =4 z, 2.0
€, —€. - % 2.2
&= f (o)) (2.3)

g=q(u) 2.4
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where o steel stress
u : relative slip of reinforcement with respect to surrounding concrete
g : bond stress as a function of relative slip
€,: steel strain
€.: concrete strain
A : reinforcing bar area

L, reinforcing bar circumference

Eq. (2.1) represents the equilibrium of forces acting on an infinitesimal bar element
of length dx, where bond stresses ¢ are assumed uniformly distributed along the bar cir-
cumference. Eq. (2.2) is the strain-displacement relation, and Egs. (2.3) and (2.4) are the
constitutive equations. Boundary conditions are imposed at a crack only, i.e. at x=0 and

x=[ in Fig.2.4.

In the present study the contribution of concrete to the relative slip in Eq. (2.2) is
neglected. Uncertainties exist in assigning accurately an effective concrete area in order to
compute concrete stresses and consequently strains. Moreover attention is focused on the
post-yield behavior of members and notably on large inelastic excursions. In this case the
deformations due to concrete strains contribute very little to the relative slip and can be

neglected.

The approach for solving Egs. (2.1)-(2.4) adopted in the present study is derived from
carlier developments by Tassios and Yannopoulos [47] and more recently by Ciampi et al.
[18]. Here, however, a more general approach is followed in the context of mixed finite
element methods, which allows a better understanding of the approximations involved and

a wider choice of numerical integration schemes depending on the accuracy desired.

Starting from Egs. (2.1}-(2.4) a weighted residual formulation leads to the following

two equations:
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J‘W'(x) Ai'—-f-—q(u)zoldx=0 (2.5)
3 dx
{f’(x) £g:-—f(a's)}abc=0 (2.6)

where Eq. (2.3) has been used to substitute for €, in Eq. (2.2), and W (x), V(x) are

weighting functions to be specified later.

Before proceeding to a solution scheme for Eqgs. (2.5) and (2.6) linearization of the
nonlinear functions ¢ (#) and f (o, ) needs to be considered. Since the problem at hand
is one-dimensional, it can be treated using either a secant or a tangent'stiﬁ‘ness approach.
In this study the incremental secant stiffness formulation has been adopted, which. avoids
some of the problems inherent to the tangent stiffness schemes in connection with func-

tions of zero or negative slope like function § (u).
Introducing the relations
glu+Au) =g (u)+s{u) Au QD
Sflog+Ac,) = f(o,) +t(0,) Ao, .8
and trying to satisfy Egs. (2.5) and (2.6) for ¥ + Aw and o, + Ao, leads to two simultane-

" ous equations,

fW(x){A 4 (¢ +Ac,) — X, [q(u)+s(u)Au]}dx=-0 2.9)
L &
_r'l?(x)[j—(u+Au)—{f(as)+t(as)Ach]]dx==0 (2.10)
) dx
which can be written as,
W) | 4L (ae,) -5, s (u) Au | dx +
v dx
) 2.11)
— O-S'__ -
JL'W(x) A—dT an(u)]dx 0

f V(x)

d
) ’Ex‘(A“)_f(O's)Aﬂ's

ax+ [ V(x) [%—f(os) ] dc =0 (2.12)
L



17

or,
fW(x) A%(Aas)—-zos(u)Au]dx=R1 (2.13)
L
[ 70 -:—x(Au)—t(o-s)AO's dc = R, 2.14)
L

where R and R, are the residuals of Egs. (2.5) and (2.6) for the state (#,0,). In the
above equations A denotes a finite increment of the corresponding variable, and s («) and
t (o, ) are the incremental secant stiffnesses of the bond stress-slip and steel stress-strain

relation, respectively,

Since Eqs. (2.5) and (2.6) are satisfied at each load step within a very small tolerance,
R, and R, have been set equal to zero in Egs, (2.13) and (2.14). If a refined numerical
scheme is sought, the residuals of the previous step can be taken into account when solving

Egs. (2.13) and (2.14).

In order to solve Egs. (2.13) and {2.14) for the unknown increment functions Au (x)
and Ao, (x) the bar is subdivided into a number of linear elements connected at nodes

1,2,,...,i,i+1,..., n as shown in Fig.2.5b.

Functions Au (x) and Ao, (x) can be discretized independently by means of shape

functions N; (x) and M; (x) leading to a mixed finite element formulation [48],

Au(x) = N;(x) Ay, (2.19)
Ao, (x) = M,;(x) Ao, : (2.16)
where Au is a vector of nodal displacement increments and Ao a vector of nodal stress
increments, Subscripts I and J refer to an arbitrary node along the bar. Summation over

repeated indices of all nodal contributions is implied.
Weighting functions W (x) and ¥ (x) can be discretized in a similar manner, i.e.

Wx)=Pe(x) Wy ‘ @17

Vix)=R,(x) V. (2.1%)
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By substituting Egs. (2.15-2.18) into Egs. (2.13) and (2.14), the following equations result
W [ Py [4 My, 80,2, s (u) Ny Auy | d =0 2.19)
2

VL{RL[NI’xAuI“"t(O'S)MJAﬂ'j]dX"-O (220)

At this point specification of the shape functions becomes necessary. The choice of
functions is constrained by the requirement that they render Eqs. (2.19) and (2.20) integr-
able, i.e. that all terms appearing in these equations be continuous functions. Another res-
triction is derived from the requirement that the matrices resulting from numerical integra-
tion of Bgs. (2.19) and (2.20) possess necessary and sufficient rank to allow rigid body
modes and permit at the same time the solution of the system of equations. The simplest
choice which satisfies the above requirements is to select constant polynomials for the
weighting functions (uniform weighting) and linear polynomials for N; (x) and M, (x)
due to the presence of .derivatives of N (x) and M (x) in Egs. (2.19) and (2.20). This

choice has been adopted in this study.

In order to evaluate Eqs. (2.19) and (2.20) a numerical integration scheme needs to
be selected, the choice depending on the accuracy desired. The simplest schemes yielding
accuracy of order O(h), where h is the mesh size, are the one-point Gauss integration and

the trapezoidal rule.

Using the trapezoidal rule to evaluate Eqs. (2.19) and (2.20) for two consecutive

nodes / and / +1 along the reinforcing bar (Fig.2.5b) leads to the following relation

C D1+1
[ C, Dy ] [ Zi41 ] (2-'21)

where

§; Z,, A.x,- _’A
C = 2.22)
~1 — =t Ax,
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_% 141 &g AX; A
D, = (2.23)

1
1 R Ax;
and Ax; = x;;y — x;. z7= < Aw, , Ac; > is the incremental state vector at node i, while
s; and ¢; in Eqgs. (2.22) and (2.23) indicate that the incremental secant stiffnesses s (¢ ) and

t {o,) in Egs. (2.19) and (2.20) have been evaluated at node /.
Because of its special structure Eq. {2.21) allows to express the incremental state vec-
tor z,,; at node i +1 in terms of the vector z; at node / by means of a transfer matrix T,;;,
namely,
z,'.{..l == TH—] Z; (2.24‘)
where
T =D C, (2.25)
Substituting C; from Eq. (2.22) and D/, from Eq. (2.23) into Eq. (2.25) and per-

forming the necessary computations results in the explicit form of matrix T,

ab
T,‘+1 == [ ¢ d] (2.26)
where
a“%(%s,‘ tH_}prjZ_l)
1
b= 3D (64— 4) Ax
1
c==3p (5,511 p Ax,
d“""Ll‘)‘ ( 1+‘%" S,:_H tiP Ax,;)
and

1
D=1+ ry Sitt byl P Ax?
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Z,

T ——

A

It is apparent that Eq. (2.24) is an implicit nonlinear relation, since the terms of T,
are nonlinear functions of the state vectors at nodes / and /+1. Eq. (2.24) can, however,
be readily linearized by evaluating the secant stiffness terms in T,.; at a previously con-

verged step, as will be elaborated upon in Chapter 4.

Eq. (2.24) can be applied successively along the reinforcing bar resulting in an implicit
nonlinear matrix relation between the incremental state vectors at two consecutive crack

sections (Figs. 2.4 and 2.5b),

z, =T, 2 (2.28)
where

T, =T, T,y T, (2.29)

The significance of Eq. (2.28) is that it expreéses in compact form the stress transfer
along a reinforcing bar between two consecutive cracks. It can be used as the starting point
in the dcvelopment of analytical models describing the hysteretic behavior of R/C members

under severe cyclic excitations.

2.2. Model of reinforced concrete members

Actual reinforcement arrangements in R/C members can be idealized as consisting of
two layers of reinforcing bars, a top layer and a bottom layer, as shown in Fig. 2.6, where a
subscript denotes the nodal point and a superscript designates top or bottom reinforcing
layer. In this case the sum of the areas of all top or bottom reinforcing bars has to be sub-
stituted for 4 in all equations derived in Section 2.1 and £, has to be replaced by the sum
of the circumference of all bars in the corresponding layer; Eqs. (2.1)-(2.29) can thus be
readily extended to express the stress transfer along a reinforcing layer instead of a single
bar. They will be applied in the sequel along with global equilibrium equations to formulate

the hysteretic response of interior and exterfor joints, as well as beam inelastic regions.
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2,2.1. Interior joints

In the case of interior joints (Fig.2.6) it follows from the definition given at the begin-
ning of this chapter that the entire joint is made up of one subregion only, since it is
assumed that the joint is of sufficient size and is properly detailed to prevent internal crack-
ing. Moreover it has been observed in experiments that well defined cracks form at the

beam-column interfaces of any intericr joint subjected to severe cyclic moment reversals.

In the derivation to follow it is assumed that all reinforcing bars are continuous

through the joint.

Eq. (2.28) can be applied to both reinforcing layers in the joint to describe the
transfer of forces in its interior and directly relate the unknown incremental state vectors at
its boundaries. The relevant equations for the bottom and top reinforcing layers, respec-
tively, are:

f = Tflib (2.30)
z) =T!z] (2.31)

In Egs. (2.30) and (2.31) a superscript denotes top or bottom reinforcing layer and a
subscript designates the end section. Egs. (2.30) and (2.31) are complemented by global
equilibrium conditions formulated at the boundaries of the joint (Fig.2.6). Equilibrium of

horizontal forces requires that
O'{A',"*’O'leb"f"C] ={ (232)
cld'+alA®+C, =0 (2.33)
while equilibrium conditions for bending moments calculated about the bottom reinforcing
layer require that
o{A"d'+Mc =M, (2.34)

cid d+Mc = M, (2.35)



22

where &’ is the distance between the reinforcing layers, C, and C, are concrete compressive

forces and MC( and MC" is the concrete contribution to the section moments M, and A,
respectively.

The computation of the concrete forces C at the section of interest will be elaborated
upon in Section 3.3. At this point it can be stated that C is a function of the state vectors
of both reinforcing layers on either side of the crack, i.e.

C=Colg?, o, w,w) (2.36)
or equivalently, |

C=Clel e, wl w) (2.37)
where w? and w' are the crack widths at the level of the bottom and top reinforcing layer,
respectively, and are composed of the relative slip of reinforcing bars on either side of the
crack (Fig.2.7a). To account for the fact that contact of the crack surfaces during crack clo-
sure is controlled by lﬁe crack width at the top and bottom of the section, w' and w"
respectively (Fig.2.7b), rather than by w' and w®, w' and w” are monitored in order to
establish the moment of crack closure. The relation between w' and w’® on the one hand
and w' and w" on the other will be introduced in Section 3.3. Thus, it is more appropriate

to say that C is a function of w' and w” which, in turn, are related to w’ and w?

Apart from the obvious dependence of the concrete force on the strain distribution at
the section of interest, the dependence on w' and w" can be justified by considering that
the crack width at the top or bottom of the section at the beam-column interface deter-
mines whether the crack is open or closed. Clearly, the contribution of concrete to the
equilibrium of horizontal forces and bending moments is equal to zero if the crack remains

open during the imposed load or deformation increment.

Thus the criterion of crack closure, which has been introduced in Eq. (2.37), is
independent of steel strains, in contrast to previous studies, and solely depends on relative

slip between reinforcing bars and surrounding concrete at the crack. Details and
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experimental evidence of the introduced formulation are deferred until Section 3.3.

Egs. €2.32)-(2.35) can be rewritten in incremental form by substituting o + Ao for o,
C+AC for C and M+AM for M and considering that the equilibrium at the previous

load step has been satisfied within a very small residual, which is neglected, resulting in

Ac{A'+Act A +AC, =0 (2.38)
Ac) A"+Act AP +AC, =0 (2.39)
Ac{A'd'+AM. = AM, (2.40)
Ao, A’ d'+AM(-" = AM, (2.41)

After expanding Egs. (2.30)-(2.31)

Aul = t?) Aub + 1}, Ao} (2.42)
Acl= 15 Aub+1t5 Aaf (243
Aul = £} Aul +1, Ao (2.44)
Ao = th Aul + 1ty Ao (2.45)

it becomes apparent that the hysteretic response of the joint is described by the time history
of eight increments at the boundaries of the joint, (Fig.2.8), which can be uniquely deter-

mined at each load step from the eight nonlinear equations written above.

The numerical scheme to efficiently solve the above system of nonlinear equations is

presented in Chapter 4.

The form of Eqs. (2.38)-(2.45) seems to suggest that end moment increments AM,
and AM, represent the imposed boundary conditions leading to a numerical loading scheme
with force control. However, due to history dependent strength and stiffness deterioration
associated with reinforcing bar slippage through the joint, numerical tests with deformation
control appear to be a more appropriate choice. This led to a procedure of ‘imposing two
slip increments, one at each boundary of the joint, as the necessary boundary conditions in

the case of interior joints.
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2.2.2. Exterior joints

Significant differences with respect to reinforcement arrangement exist between inte-
rior and exterior joints leading to somewhat different global equilibrium equations and a

different set of boundary conditions in the two cases.

In the case of exterior joints it is common design practice to anchor all reinforcing
bars of the girder framing into the column by means of 90° hooks (Fig.2.9a). An extensive
experimental study into the bond behavior of hooked bars in R/C joints, conducted by Eli-
gehausen et al. {24], revealed that the behavior of hooked anchorages in confined concrete
can be described analytically by replacing the hook by an equivalent anchorage length of
'y = 5d, extending beyond the beginning of the hook (Fig.2.9b), where d, is the bar
diameter. In addition, a bond stress-slip relation based on a different monotonic envelope
curve is assigned to the hook-equivalent portion of the bar. Based on the above conclu-
sions the actual system (Fig.2.9a) can be considered analytically equivalent o the simplified

system shown in Fig. 2.9b, on which the following derivations are based.

In contrast to interior joints only one girder end moment is applied on exterior joints,
acting at section n as indicated in Fig, 2.9b, The second boundary of the joint region lies
within the joint at section 1, coinciding with the end of reinforcing bars rather than with the

physical boundary of the joint panel region (Fig.2.9b).

It is clear that Eqs. (2.38) and (2.40), representing the global equilibrium of horizon-
tal forces and bending moments at section 1 are not applicable in this case. Since the
number of unknown increments at the boundaries of the joint remains the same as in the
case of interior joints, two boundary conditions need to be imposed at section 1 to replace

the global equilibrium equations.

Considering that no end forces can be present at the free end of anchored bars, leads

{o two conditions
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al=0 (2.46)

a{=0 (2.47)
which allows to conclude that

Act=0 (2.48)

Ao{=0 (2.49)

at all times.

Eqs. (2.42)-(2.45) can thus be simplified by setting equal to zero the stress increments

at section 1 yielding four equations,

Aul = 10 Aub (2.50)

Ac ! =5 Aut (2.51)
Aul = ) Auj (2.52)
Ao = 15 Aul (2.53)

which are complemented by Egs. (2.39) and (2.41)} expressing the equilibrium of forces and

momments at section n.

For reasons elaborated upon in the previous section a deformation increment at sec-
tion n rather than the end moment increment AM, is chosen to represent the imposed
excitation, leading to six nonlinear equations in six unknown increments, The numerical
scheme to efficiently solve the above system of equations, although very similar to the solu-
tion scheme for interior joints, involves some simplifications which will be presented in

Chapter 4.

2.2.3. Beam inelastic regions

Several complications arise When attempting to arrive at a strictly consistent formula-
tion of hysteretic behavior of beam inelastic regions. These complications are largely con-
nected to the fact that the locations where cracks will form are not known. a priori and

therefore a subdivision of the girder inelastic region into several subregions, as described at
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the beginning of this chapter, is only possible during the course of computations. In addi-
tion, the assumption that the cracks form perpendicular to the axis of the girder is only

approximately true.

It is the intention of this section to show that the analytical prediction of hysteretic
behavior of beam inelastic regions can be accomplished within the framework of the pro-
posed analytical model, once the position of cracks in the final cracking stage of the girder
is known, and if it can be assumed with sufficient accuracy that the cracks run perpendicular
to the girder axis.‘ Moreover an attempt is made to describe the mechanical behavior of the
cracked girder suggesting the refinements needed to arrive at a better model in future stu-

dies.

A part of a beam inelastic region in its final cracking stage is shown in Fig. 2.10a. The
final cracking stage indicates that no additional cracks will form between the existing cracks,
due to the fact that maximum concrete tensile stresses, which may build up between cracks
through bond, remain smaller than the tensile strength of concrete in the ensuing time his-

tory analysis (Fig.2.10c).

Under the assumption that cracks run perpendicular to the axis of the girder in the
inelastic region shown in Fig. 2.10a, a simple comparison between Figs. 2.11 and 2.6
suffices to bring to light the similarities in the behavior of an interior joint and a beam ine-
lastic region, the only difference being the sense of moments applied at the boundaries of

the subregions.

Following the above conclusion all formulas derived in Section 2.2.1 can be used to
describe the hysteretic behavior of girders subjected to cyclic moment reversals beyond the
final cracking stage, provided that the initial location of cracks is known. In particular, Eqs.
(2.38)-(2.45) suffice to determine the eight unknown increments, once two load or defor-

mation increments, one at each boundary, are specified as boundary conditions.
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Numerical complications arise in the case of beam inelastic regions due to the fact
that a loading scheme using deformation control, as in the case of joints, is not feasible.
This is attributable to the fact that it is not easily possible to assign rotations along the span
of the girder. By contrast moments can be computed with the aid of simple statics, Thus
AM, and AM, in Eqgs. (2.40)-(2.41) represent the imposed excitation in the case of beam

inelastic regions leading to a numerical loading scheme with force contirol.

The implementation of the inelastic region model described above within the frame-
work of the present study is rather straightforward. The limitation of the model lies in the
fact that the location of cracks within the beam inelastic region has to be known a priori, It
is possible, however, to remove this limitation in future studies and develop an analytical
scheme for predicting the hysteretic behavior of girders up to the final cracking stage, and
determining the location of cracks at that instani. A way of accomplishing this is indicated

below.

Clearly, the final crack position depends on the time history of bond deterioration
along the beam reinforcing bars and can only be approximated beforehand with the use of
empirical expressions based on experimental results. In order that a refined analytical
model be capable to predict the development of cracks along the girder under cyclic
moment reversals, it should follow the transfer of steel stresses into the surrounding con-
crete, thus establishing the distribution of concrete stresses along the reinforcing bars

(Fig.2.10¢). To do so, Eqgs. (2.1}-(2.4) have to be complemented by the following two

equations,
do deo,
e 2.54
™ A, pm A. (2.54)
g, =6 (€,) (2.59)

where Eq. (2.54) expresses the equilibrium of forces along an element of infinitesimat

tength dx, shown in Fig. 2.12, while Eq. (2.55) is the constitutive equation for concrete.
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Uncertainties arise in choosing an effective concrete area 4, around a layer of rein-
forcing bars. Moreover it becomes apparent that the addition of two equations to the initial

set of four increases the computational effort.

Beyond the inclusion of Egs. (2.54) and (2.55) the analytical model should be capable
of automatically generating a girder subdivision into new subregions as additional cracks

form, creating new boundaries as described in the introduction to this chapter.

Obviously the above refinements to the proposed model do not introduce any concep-
tional difficulties. However, they introduce a significant increase in the complexity of the
model resulting in increased computational effort. These refinements will not be pursued

here.
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CHAPTER 3

MATERIAL MODELS

Before proceeding to the presentation of a numerical scheme for efficiently solving the
nonlinear system of equations pertinent to the case under consideration, it is necessary to
discuss the different models that can be used in Egs. (2.3) and (2.4) for describing the
material constitutive relations for steel stress-strain and bond stress-slip. In addition, a
model for cracked R/C sections with an appropriate concrete stress-strain relation néeds to
be introduced for computing the concrete contribution to the equilibrium of forces and

bending moments in Eqs. (2.38)-(2.41).

3.1. Steel stress-strain relation

Before proposing a material model to describe the hysteretic behavior of reinforcing

bars under generalized strain histories some preliminary remarks are in order.

The range of cyclic strain history, which reinforcing bars are likely to be subjected to,
differs significantly from that of structural steel members in that compressive st;ains are not
as large as tensile strains. This is caused by an interplay of bond deterioration and crack
closure, which prevents reinforcing bars from excessive yielding in compression before
spalling of concrete cover has occurred. As long as a section is uncracked or the crack pre-
viously formed is closed and the concrete cover has not spalled, compressive forces are
largely carried by concrete, while, in case 4that the crack is open, bond deterioration in the
vicinity of the crack prevents any large force build-up in reinforcing bars. This results in
small negative steel strain increments and consequently in small compressive steel stress
increments. In either case bars under compression hardly ever enter into the compressive
strain range before the concrete cover has spalled. Thus cyclic strain histories of reinforc-

ing bars tend to center about an ever increasing tensile plastic strain.
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Another important consideration in the search for an appropriate model is its numeri-
cal efficiency. As it will become apparent in Chapter 4, a large number of iterations, and
consequently evaluations of any steel stress-strain function, is performed at each load step.
This necessitates the use of a simple material model. Counteracting the need for simplicity
is the requirement of accuracy, which is based on the observation that cracks running
through the depth of the member can remain open during moment reversals, causing the
hysteretic response of the section to be solely controlled by the behavior of reinforcing
steel. In particulat, the Bauschinger effect has to be accounted for. This fact destroys any
hope for successfully using a simple bilinear model in any but a monotonic loading case.

QObviously, the above requirements call for a compromise between simplicity and accuracy.

There is a host of nonlinear analytical models published in the literature. To a large
extent they are devised to represent the cyclic behavior of structural steel thus failing to
take advantage of the special strain history of reinforcing steel in reducing the complexity
of the model. The most successful among them fall in the group of variable parameter
models, with the parameters of the model varying with strain history. Within this group

one can distinguish three different formulations:
(a) an explicit algebraic equation for stress in the form (Ref. [33])

o=6(e) 3.1

(b) an implicit algebraic equation of the form (Refs. [31,[31],[38])

fle,o) =0 3.2

(c) a first order differential equation of the form (Ref. [21])

i)
—a—;c-;—mE!’==f(0') (3.3)

where €’ is the plastic strain. & denotes the steel strain, o denctes the steel stress and E?

denotes the plastic modulus.
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Option (a) seems to be.the most attractive since it strikes a good balance between
simplicity and accuracy for the problem at hand. Based on results presented in two recent
studies, [18], [45], it was concluded that the explicit formulation originally proposed by
Giuffté and Pinto and later implemented in Ref. [33] offers numerical efficiency, while

agreeing very well with experimental results from cyclic tests on reinforcing steel bars.

" The model, as presented in [33] takes on the form

v . (l;b) €
=phe 4 ——_CY7E
a o I (3.4)
[1+£'R]
where
€ - (3.5)
€, €,
and
o -2 (3.6)
o, 0o,

Eq. (3.4) represents a curved transition from a straight line asymptote with slope E,
to another asymptote with slope E, (lines (a) and (b}, respectively, in Fig.3.1}. o, and €,
are stress and strain at the point where the two asymptotes of the branch under considera-
tion meet (point A in Fig. 3.1); similarly, o, and €, are stress and strain at the point where
the last strain reversal with stress of equal sign took place (point B in Fig. 3.1); b is the
strain hardening ratio, that is the ratio between slope £, and E, and R is a_pérameter which
influences the shape of the transition curve and allows a good representation of the Bausch-
inger effect. As indicated in Fig. 3.1, (¢,,0,) and (e,,0,) are updated after each strain

reversal.

R is considered dependent on the strain difference between the current asymptote
intersection point (point A in Fig.3.2) and the previous load reversal point with maximum
or minimum strain depending on whether the corresponding steel stress is positive or nega-

tive (point B in Fig.3.2). The expression for R takes the form suggested in Ref. [33]:
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aé

RnRﬂ—a2+g

(3.7

where £ is updated following a strain reversal (Fig.3.2). R, is the value of the parameter R
during first loading and a,, a, are experimentally determined parameters to be defined
together with R,. The definition of £ remains valid in case that reloading occurs after par-

tial unloading (Fig.3.3).

The. model, as described by Eqgs. (3.4)-(3.7), adheres to the original formulation by
Giuffré and Pinto-and differs from the one proposed by Ciampi et al. in Ref. [18], where
the denominator of Eq. (3.5) is set equal to twice the yield strain. This yields slight inaccu-

racies in the representation of the cyclic behavior of reinforcing steel.

Some clarification is needed in connection with the set of rules fbr unloading and
reloading which complement Eqgs. (3.5) and (3.6), allowing for a generalized load history.
If the analytical model had a memory extending 6ver all previous branches of the stress-
strain history, it would follow the previous loading branch, as soon as the new reloading
curve reached it (curve (a) in Fig.3.3). This would require that the model store all neces-
sary information to retrace all previous reloading curves which were left incompleté. This
is clearly impractical from a computational standpoint. Memory of the past stress-stfain his-
tory is therefore limited to a predefined number of controiling curves, which in the present

model include,
{1) the monotonic envelope,

(2) the ascending upper branch curve originating at the reversal point with smallest €

value,

(3) the descending lower branch curve originating at the reversal point with largest e

value,

(4) the current curve originating at the most recent reversal point.
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Due to the above restrictions reloading after partial unloading takes place along curve
(b) rather than curve (a) as shown in Fig. 3.3. However, the discrepancy between the
adopted analytical model and the actual behavior seems acceptable, since the case depicted
in Fig. 3.3 is the most unfavorable one. The observed satisfactory behavior of the analyti-
cal model can be mainly attributed to the manner of formulating the parameter £, which
determines the curvature of the transition curve between the initial (elastic) and final
(vield) asymptote. The hysteretic response of the adopted steel model under different load

histories is shown in Fig. 3.4, which closely resemble those found in experiments.

The above implementation of the model corresponds to its simplest form, as proposed
in Refs. [18] and [33]: elastic and yield asymptotes are assumed to be straight lines, the
position of the limiting asymptotes corresponding to the yield surface is assumed to be fixed

at all times and the slope E, remains constant (Fig.3.1).

In spite of the simplicity in formulation, the model is capable of reproducing well
experimental results with strain histories typical of structural steel, i.e. strain excursions of
equal magnitude in tension and compression. Its major drawback stems from the its failure
to allow for isotropic hardening. This fact can be of importance when modeling cyclic
behavior of reinforcing bars in R/C members, as can be explained with the aid of Fig. 3.5.
A typical stress-strain diagram for a bottom reinforcing bar is shown in Fig. 3.5. Since the
ratio of bottom to top reinforcement is usually on the order of 50%, every time the top
layer is subjected to significant tension the bottom layer reaches yielding. The presence of
isotropic strain hardening can have a pronounced effect on the strain developed in the bot-
tom bars during crack closure. At a stress oy which satisfies equilibrium (Fig.3.5) the
cortesponding strains of the two models differ significantly (strains ¢'; and €”; in Fig.3.5).
Since crack closure depends on bond stress-slip rather than steel strain, it becomes apparent
that completely different steel strains will result in the two cases in the bottom reinforcing

bars when the crack closes. The importance of the instant of crack closure on the hys-
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teretic response of R/C members requires the use of a more refined model than the one

originally presented in Refs. [18] and [33].

The proposed model accounts for isotropic strain hardening by shifting the position of
the yield asymptote before computing the new asymptote intersection point following a
strain reversal (Fig.3.5). The shift is effected by moving the initial yield asymptote through
a stress shift o, parallel to its direction (Fig.3.5). This idea was introduced by Stanton and
Mc Niven in'Ref. [45]. They imposed both, a strain and a stress shift, on the monotonic
envelope curve to arrive at a very accurate representation of hysteretic steel behavior under
generalized strain histories. The expressions describing the functional relationship between
stress or strain shift and certain parameters of strain history were obtained using system
identification. The simplification introduced in this study, compared to the model presented
by Stanton and Mc Niven, lies in the assumption that the monotonic envelope can be
approximated by a bilinear curve, which simpliﬁés the yield asymptotes to straight lines.
Thus the form and simplicity of the originally proposed model is retained, while a substan-

tial improvement in results is achieved.

The imposed stress shift of the yield asymptotes depends on several parameters of
strain history, As suggested in Ref, [45], the main parameter is the sum of the absolute
values of plastic strains up to the most recent strain reversal. Because of differences in the
formulation of the steel model between the present study and that in Ref. [45] and the fact
that the relations given in Ref. [45] are not in dimensionless form, it was decid.ed to choose
the maximum plastic strain as the main parameter on which the yield asymptote shift

depends. The proposed relation takes the form,

Ty = asl e;nax —'04] (3.8)

Oy y
where €, is the absolute maximum strain at the instant of strain reversal, ¢,, o, are,

respectively, strain and stress at yield, and a3 and a4 are experimentally determined param-

eters.
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The model used in this study was implemented using the following parameter values:

R, = 20
a, = 185
a; = 015
a; = 001
ag, = 1

With the exception of the last two parameters all values were taken from Ref. [33].

Comparison of analytical with experimental results obtained from cyclic tests on rein-
forcing bars (Ref.[31]) is shown in Figs. 3.6 and 3.7. Fig. 3.6 depicts a stress-strain history
typical of top reinforcing bars where yielding in compression is very 1imiteci. Fig. 3.6a
presents the experimental results, while Figs. 3.6b and 3.6c show the analytical results for a
model with and without isotropic strain hardéning respectively. Similar results are
presented in Fig. 3.7 for a stress-strain history typical of bottom reinforcing bars. The accu-
racy achieved with the model which includes isotropic strain hardening is seen to be very
satisfactory. At the same time the model is almost as simple and computationally efficient

as the one which does not allow for isotropic strain hardening.

3.2. Bond stress-slip model

An accurate formulation of the bond stress-slip relation bglween reinforcing bars and
surrcunding concrete under random cyclic excitations is of great importance to any analyti-
cal model attempting to describe the hysteretic response of reinforced concrete members.
Difficulties facing experimentalists regarding simulation of actual bond conditions in struc-
tures, considerable scatter of results and inherent inaccuracies of data reduction delayed the
development of a general model. A thorough experimental investigation on the behavior
of anchored bars subjected to cyclic load reversals was presented by Viwathanatepa et al. in

Ref. [511. This study was recently complemented by Eligehausen et al. in Ref. [23]. In
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this -case the investigation was conducted on short bar embedment lengths in confined con-
crete regions. Loading and boundary conditions existing in interior and exterior joints of
moment resisting frames were simulated. The influence of a number of parameters, such
as bar diameter, concrete strength and transverse confining pressure, on the local bond

stress-slip relation was established.

Based on the results of this study a general analytical model was proposed in Ref.
[23]. The model is valid for a wide range of slip values which are of interest in seismic
response analyses' of structures and exhibits satisfactory agreement with experimental
results. This model will be briefly reviewed here. More details are presented in Ref. 123].
Some modifications, which are deemed necessary, are introduced and the extension of the
local bond stress-slip relation to cover actual bond conditions in structural members is

presented in detail.

The description of the local bond stress-slip relation between reinforcing bars and sur-

rounding concrete consists of the following parts;

(1) two monotonic envelopes, one in tension and one in compression, which are updated

at each slip reversal as a function of incurred damage (curves (a) and (b} in Fig.3.8},

(2) a typical unloading-reloading path described by the current frictional bond resistance
gy, an unloading curve (c) and a reloading curve (d), along with a set of rules for

unloading and reloading in the case of incomplete cycles (Figs.3.8 and 3.9),

(3) a set of functionat relations which allow updating the monotonic envelope values and

the frictional bond resistance as a function of incurred damage.

The simpﬁﬁed monotonic envelope, shown in Fig 3.8, simulates the experimentally
obtained curve under monotonically increasing slip. It consists of an initial nonlinear rela-
tionship g =gq; (u/uy)®, valid fof u<u;, followed by a plateau g=gq; for u; € u < u,.
For u 2 u,, g decreases linearly to the value of ultimate frictional bond resistance ¢, at a

slip value of w;. This value is assumed to be equal to the clear distance between lugs of
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deformed bars. In the case of well confined regions identical envelopes apply to tension
and compression, i.e. to the case of the bar being pulled or pushed. Otherwise two

different envelope curves have to be specified.

After imposing a load reversal at an arbitrary slip value (point A in Fig.3.8), unload-
ing takes place along a steep straight line up to the point where the frictional bond resis-
tance g, is reached (point B). Further slippage in the same direction takes place along a
curve described by a fourth degree polynomial (curve {(d)) until reaching the point on the
reduced envelope curve (point C) which has a slip value equal to the maximum or
minimum slip imposed during previous cycles. Beyond that point a bond stress-slip rela-
tionship similar to the virgin monotonic envelope but with reduced values of g is followed
(curve {e)). This curve is called "reduced envelope”. In case that no slip has been previ-
ously imposed in one direction, reloading takes place along a horizontal line until reaching
the reduced envelope (curve (f)). If the slip imposed in one direction does not exceed the
maximum slip attained during previous cycles, a typical cycle follows the path depicted in

Fig. 3.9.

The reloading curve proposed here differs from the one introduced in Ref. 123]. A
comparison of the two models is shown in Fig. 3.10. When applying these two different
relations to compute the response of a single reinforcing bar embedded in well confined
concrete and subjected to cyclic excitations, significant deviations in the reloading curves
arise (Figs. 3.11a and b). The model used in this investigation indicates a gradual increase
in the force carried by the bar, whereas the model in Ref. [23] does not show any increase
until reaching the maximum slip value imposed during previous cycles. By comparing the
analytical response with experimental results, shown in Fig. 3.1lc, it is seen that the
present model compares more favorably. Moreover the revised model has the computa-
tional advantage of having a nonzero stiffness at any slip value. This fact was found essen-

tial to the stability of the numerical scheme which will be presented in Chapter 4.
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Updated envelope curves are obtained from the monotonic envelope by reducing the
characteristic bond stresses ¢, and ¢; by a factor, which is formulated as a function of a
parameter, called the "damage parameter” . The relation proposed in Ref. [23] has the

form

g1{N)=q (1-d) (3.9

where g, is the characteristic value on the virgin envelope curve and ¢;(N) is the
corresponding value after N cycles. For no damage, d = 0, the reduced envelope curve
coincides with the monotonic envelope curve, For complete damage, d = 1, signifying that
bond is completely destroyed. The damage parameter d was assumed in Ref. [23] to be a

function of the total energy dissipated. The proposed relation (Ref. [23]) has the form

—1a¢-Ey
PR (3.10)
where E is the total energy dissipated and the normalizing energy E, corresponds to the

energy absorbed under monotonically increasing slip up to the value i, (see Fig.3.8).

An additional relation is used in establishing the frictional bond resistance g,, which
depends upon the previous peak slip value u,,, and relates g, to the ultimate bond resis-
tance g;(N) of the corresponding reduced envelope curve. For subsequent cycles between
fixed values of slip, ¢, 'is further reduced by multiplying its initial value with a factor which
depends on the energy dissipated by friction alone. Explicit expressions for the above rela-

tions are given in Ref. [23].

It is important to realize that the concept of relating damage to one scalar quantity,
like the normalized dissipated energy, provides the basis for a relatively easy generalization
of local bond blehavior to cover random excitations. Moreover the bond stress-slip model
can be used without any modification over a wide range of parameter values, Typical param-
eters include bar diameter, concrete sirength, degree of confinement and transverse pres-
sure due to axial loads, It should be noted in this context that, with the exception of the

characteristic values of the monotonic envelope curve, ail expressions describing the modei
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are cast in dimensionless form. Thus only the characteristic values of the pertinent
envelope curve are needed in order to establish the hysteretic bond stress-slip relation
under any conditions. These values can be based on experimental results or, alternatively,

on suggestions, presented in Ref, [23] which are summarized below.

Well confined concrete. The condition of well confined concrete is present when a
further increase in the amount of transverse reinforcement does not result in significant
improvement of the local bond stress-slip behavior, This is depicted in Fig. 4.11 of Ref.

[23].

In the case of well confined concrete regions identical envelopes apply to tension and
compression, i.e. to the case of the bar being pulled or pushed. The following set of
characteristic monotonic envelope values represents average bond conditions for #8 rein-

forcing bars in well confined concrete with concrete cylinder strength equal to 30 N/ mm?:

u, = 1.0mm

u; = 3.0 mm

uy = 10.5 mm

g1 = 13.5N/mm?
g; = S.0N/mm®
a = 040

Due to inevitable scatter of experimental results the values of ¢, ¢; and a may well vary

up to =15%.
(1) The influence of concrete strength can be taken into account by multiplying g; and g,

with the factor /f", /30 where f', is the concrete compressive strength in N/ mm?.

Furthermore the value of u; should be reduced approximately in proportion to
30777, [23].

(2) If the clear spacing between bars is smaller than 4 d,, where 4, is the bar diameter, g,

and g, should be reduced using the information given in Fig. 4.15 of Ref. {23].
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(3)

@

&)

(6)

(7

The influence of external transverse pressure (e.g. axial compressive column forces)

can be taken into account by increasing g, and ¢, according to Fig. 4.17 of Ref. [23].

If #6 or #10 bars are used, it is recommended to increase or decrease, respectively,
qy by 10% [23].
If the related rib area a g, differs from the value 0.065, its influence should be taken

into account by modifying u; and q; using the data given in Fig.2.4 of Ref. [23].

The given values for u;, u, and u; should be multiptied with the factor ¢;/10.5,
where ¢, is the clear spacing between lugs, but this modification should not be greater

than =+30%.

The unloading slope is equal to 180 N/ mm? for #8 bars. It should be modified in the

same way as g for different conditions.

Unconfined concrete. Jnconfined concrete occurs in the column cover region of inte-

rior and exterior joints in R/C frames (Fig.3.12). It is possible to generalize the local bond

stress-slip relation for confined concrete to cover conditions in unconfined concrete regions

by introducing following modifications (Fig.3.12):

()

)

a different monotonic envelope is specified for positive slip values than for negative
slip values, i.e. for the case that the bar is pulled and the case that the bar is pushed,

respectively,

the normalizing energy E, used in the computation of damage is chosen to be the
largest between E;t and E;, which are, respectively, the areas under the monotonic
envelopes for positive and negative slip values up to slip value u;. To take into
account different rates of damage in the two directions of loading, the pertinent total
dissipated enérgies E, used to compute the reduced envelopes, are multiplied by an
amplification factor 8, which is different for the two cases. Similar rules for comput-

ing damage apply to the friction part of the curves.
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The following envelope. values are suggested for #8 bars in unconfined concrete with

cylinder strength equal to 30 N/ mm? (Ref. [23]):

Envelope values for the case that the bar is pulled (Fig.3.12)

Uy 0.3 mm

) 0.3 mm

Uy 1.0 mm

q 5.0 N/ mm?
43 0

o 0.40

Envelope values for the case that the bar is pushed (Fig.3.12)

u; 1.0 mm

i 3.0 mm

U3 10.5 mm

41 20.0 N/ mm?
73 7.5 N/ mm*
a 0.40

The same modifications as in the case of confined concrete apply for different bar

diameter and concrete strength. More details may be found in Ref. [23].

Hooks in confined concrete. Identical envelopes apply in tension and compression.

The following envelope values have been suggested in Ref. [24] for #8 bars in concrete

with cylinder strength equal to 30 N/ mm?:
For hooks bent against the direction of casting,

u; = 1.0 mm
u; = 3.0mm

u; = 100.0 mm
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gi = 220N/ mm?
gy = 40N/ mm?
a = 020

For hooks bent in the direction of casting the same wvalues can be used, except for

U =2mm,

3.3, Reinforced cencrete section model

By examining Egs. (2.38)-(2.45) or (2.50)-(2.53) it becomes apparent that, with the
exception of the concrete contribution to the equilibrium of horizontal forces and bending
moments at the end sections of the subregion, all increments describing the hysteretic
response refer to reinforcing steel. This is a consequence of neglecting the influence of
concrete deformations along the reinforcing bar, as was already pointed out in Section 2.1.
Nonetheless the problem of stee]l and concrete interaction has to be taken into account at
the cracked end sections; some means of relating steel variables to corresponding concrete
variables has to be found in order to compute the concrete compressive forces and concrete

bending moments necessary to satisfy equilibrium.

A way of accurately solving this intricate probiem is by means of a three-dimensional
finite element analysis. Two particular aspects of the problem can be tackled in this

manner:

(1) the transfer of bond stresses from the concrete region surrounding the reinforcing

bars into the rest of the reinforced eoncrete member, and

(2) the contact problem at the crack. Due to bar slippage giving rise to crack opening and
closing, generally only a part of the cracked section is in contact and transfers forces.
On the other hand across an open crack only steel forces act. Tracing the time history
of the contact area during the hysteretic response of a cracked R/C section is a rather

complicated problem requiring the use of contact elements.
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Solving the problem of steel and concrete interaction by means of finite elements
requires a tremendous amount of computation, rendering the analysis of any R/C member
model prohibitively expensive. For this reason it was decided to adopt a considerably
simpler approach for modeling a cracked concrete section. This approach consists of a layer
section model which explicitly addresses the problems mentioned above and incorporates

their effect into the model.

In any layer model of a reinforced concrete section the relative contribution of steel
and concrete to force and moment resultants is determined in three steps. First, steel
strain increments or total strains at the top or bottom reinforcing layer are related to con-
crete strain increments or total strains at the same level, In the next step the distribution
of concrete strain increments or total strains over the height of the cross-section is
assumed. Finally, a concrete stress-strain relation connects concrete strains to stresses in
each layer and allows computation of the concrete contribution to the relevant section
forces and moments. The presentation of a new concrete section model will proceed in

precisely the same order.

3.3.1. Cracked section model

Most analytical investigations dealing with the hysteretic behavior of reinforced con-
crete members ([8],1221,138]) are based on a smeared crack approach and have extended
the assumptions of continuum theory for homogeneous materials to reinforced concrete,

which is a composite material.

As a first step, compatibility of strains between reinforcing steel and surrounding con-
crete at the section of interest is assumed,‘ relating steel and concrete strains in a very sim-
ple manner. This assumption implies perfect bond between steel and concrete along the
reinforcing bars. For uncracked sections such an assumption agrees sufficiently well with
experimental evidence. For cracked sections however the very occurrence of a crack indi-

cates local bond damage in the vicinity of a crack as well as loss of compatibility between
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steel and concrete strains.

In the next step the distribution of concrete strains over the height of the cross-
section is usually taken to be linear, based on Bernoulli’s assumption of plane sections
remaining plane after deformation. The validity of this assumption in the case of comput-
ing the average curvature along a region of the girdef between two consecutive cracks
remains unclear. Experiments and accurate finite element analyses can answer the above

question with confidence.

The assumptions of strain compatibility and linear strain distribution lead to a simple

and straightforward way of computing the concrete forces at the section of interest.

Another problem inherent to all previous studies concerns crack closing and activation
of concrete under cyclic load reversal. Because bond stress-slip between reinforcing bars
and surrounding concrete is not explicitly taken into account, crack widths cannot be
estimated and traced as a function of time. Because of this limitation smeared crack models
employ a strain quantity normal to the crack as a means of controlling the contribution of
concrete to the section forces and moments ([8],{22]). Therefore, the concrete at the tevel
of a reinforcing layer is assumed to pick up stresses normal to the crack only when the con-
crete strain at the same level becomes less than the strain at which the crack has opened
(Ref.[8],[22]). Because of the assumed compatibility between steel and concrete strains,
this requires that the steel be subjected to compressive strains before the crack can close. As
experimental evidence suggests [37], (Fig.3.13), this is not the case and reinforcing steel

strains hardly enter into the compressive range.

Understanding the mechanical behavior at a cracked R/C section can yield insight into

some of the problems and help in developing a reliable section model.

After the bottom reinforcing bars are subjected to tensile forces of significant magni-
tude, bond between steel and concrete in the immediate vicinity of the crack is damaged

and a large crack forms at the lower end of the section (Fig.3.14a). Upon reversing the
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moment compressive stresses in the bottom reinforcing bars build up quickly, because the
area of bottom reinforcement is usually only about half that at the top and the compressive
force carried by the bottom bars has to balance alone the increasing tensile force in the top
bars due to the bottom crack being open (point B). Soon the bottom bars yield in compres-
sion and strain hardening sets in. At some point along the strain hardening branch
(Fig.3.14e) the compressive force carried by the steel can no longer be resisted by frictional
bond stresses alone, forcing the bottom bars to slip and close the crack before the steel
strains enter into the compressive strain range (point B' in Figs. 3.14d and e). Once the
crack has closed the major part of the compressive force is supplied by concrete in contact
rather than the bottom steel, resulting in a rather small compressive steel strain increment
(Point C). This fact explains why, at cracked sections subjected to large deformation rever-
sals, tensile plastic strains imposed during previous cycles are not recovered during moment
reversal and sieel strains tend to center about an ever increasing plastic tensile strain

(Fig.3.13).

It thus becomes apparent that several assumptions used in the available analytical
medels of cracked reinforced concrete sections [8,31,38] contradict physical evidence. This
contradiction manifests itself in the sharp slope discontinuity exhibited by the analytical
moment-curvature relation of a section with unequal amounts of top and bottom reinforce-
ment (Fig.3.15), as well as by a delayed crack closure when a section is subjected to several

load reversals between fixed rotation values (Fig.3.16).

Both facts have been recognized in a recent study (Ref.[14]) and have been accounted
for by means of a modified concrete stress-strain relation. The proposed relation is
extended into the tensile strain range using smooth functions to simulate gradual crack
closing at an earlier moment than anticipated by models based on strain compatibility.
Experimental evidence from cyclic tests on cracked girders is presented, which supports the

latter fact. In spite of some satisfactory results this approach does not consider the physical
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mechanism at play and circumvents the actual problem.

This brief review of previous studies leads to the conclusion that two aspects of the
behavior of cracked R/C sections deserve thorough investigation: strain compatibility

between reinforcing steel and concrete and the criterion of crack closure.

Due to bond deterioration under severe cyclic excitations, relative slippage between
reinforcing bars and surrounding concrete takes place in the vicinity of a crack. Once rela-
tive slippage sets in, the assumption of strain compatibility becomes untenable and the
problem of relating steel and concrete strains at the cracked R/C sectibn arises. It seems,
at first, that, by explicitly incorporating the interaction between steel and concrete along the
bar circumiierence, Eqgs. (2.54)-(2.55), into the differential equations of bond, the problem
could be resolved, However, Fig. 3.17 indicates that this is not the case. After several load
reversals bond in the immediate vicinity of the crack is completely destroyed. As long as
the crack is open, the concrete at the crack does not carry any stress. When the crack
closes {Fig.3.17) the two surfaces of the crack are pressed together by arch action. This
arch action is supported by siress transfer along the bar a distance away from the crack.
Only two-dimensional finite element analysis can capture this effect and estimate the con-
crete stresses at the crack. By contrast, the one-dimensional model discussed in Chapter 2

will indicate an absence of any concrete stresses at the crack.

A possible solution to the above problem can be zrrived at by assighing a relation
between steel and concrete strains based on physical reasoning and experimental results.
Experimental results pertaining to this question have been obtained in Ref. [12], where
concrete stress-strain histories near a cracked R/C section are reported. One example from
this work is shown in Fig. 3.18, The concrete stress-strain histories shown suggest that,
during cycles of moment reversals, strain increment compatibility exists between steel and
concrete in the immediate vicinity of the crack, as long as the crack is closed or concrete

unloading takes place. After unloading and reloading in the opposite direction, reinforcing
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bars are subjected to tensile strain increments while concrete strains around the crack
remain "frozen”. Upon moment reversal, stress transfer between steel and concrete is rees-

tablished only after the crack has closed again.

These findings can be readily explained on the basis of cyclic bond deterioration in the
ViCiﬂify of the crack. After imposing several load reversals in the post-vield range, bond is
completely destroyed near the crack. As long as the crack is open, no stress transfer takes
place and the concrete at the crack remains "frozen" in a state that corresponds to complete
unloading of concrete stresses in all section layers. Once the crack closes again, arch action
supported by stress transfer between steel and concrete a certain distance away from the

crack where bond is still intact activates the concrete at the crack (Fig.3.17).

The question of crack closure is rather simple, in spite of the fact that no analytical

model can properly capture the gradual closing of a-rough cracked surface.

Since relative slippage of reinforcing bars with respect to concrete is explicitly
included in the model presented in Chapter 2, it is possible to estimate the crack width at
the level of the top and bottom reinforcing layer by adding up the slip of the reinforcement
on either side of the crack. Based on the estimate of crack width at the level of the top and
bottom reinforcing layer it is then possible to approximately determine the crack width at
the top and bottom of the cross section by assuming some simple extrapolation rule

(Fig.2.7b). In this study a linear extrapolation rule was used which results in the following

relations:
d+d, dy
"=yt — wt —= 3.11
w = w Wi wh = (.11
d+d, d;
e ol —= ! — 3.12
W=t —s W (3.12)
where

w? = uf+u? (3.13)
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and

w' = yf 4yl (3.14)
w denotes crack width and « relative bar slippage. Subscripts indicate left or right crack
surface and superscripts top or bottom reinforcing layer (Fig.2.7a). w' and w" are the crack

widths at the top and bottom of the cross section, respectively (Fig.2.7b).

Once crack width at the upper and lower part of the cross-section can be traced in
time, it is plausible to base the criterion of crack closure on crack width rather than steel
strain in the reinforcement crossing the crack. Thus the criterion of crack closure takes on

the form,

wl

a (3.15)

Pl

w'S a (3.18)

It is simplest to assume that the crack is closed when the crack width is smaller than
zero. Some experimental evidence presented in Ref. [14] seems to suggest however that a
in Eqs. (3.15) and (3.16) might be a function of, among others, maximum crack width

attained during the time history,

a=a(wpy) (3.17
This can be seen from Fig. 3.19, where the ratio of crack width at closure to maximum pre-
vious crack width is plotted versus crack width. Physical reasoning supports this idea by
considering that shear sliding depends on crack width. Shear sliding moves the rough sur-
faces of a crack relative to each other, so that they no longer fit and contact is established

earlier (Fig.3.20).
Because of the above reasons it was decided to assume the following crack closure cri-
terion,

0.125

max

a=010w,.+ (3.18)



49

which compares reasonably well with sparse experimental data available (Fig.3.19). More

experimental studies on the subject are needed.

The above discussion and experimental findings motivated the proposed concrete sec-

tion model which consists of the following steps:

(D

(2)

3

€Y

&)

A concrete section is subdivided into a number of layers. The number of layers, as
pointed out by Stanton and Mc Niven in Ref. [45], should be large enough to minim-
ize any numerical inaccuracies when using the midpoint rule to evaluate the sum of
layer forces and moments. The subdivision is performed such that the top and bot-
tom reinforcing bars lie in the middle of a concrete layer. These two concrete layers
will be called in the following top and bottom concrete layers, respectively, although
they are not the outermost layers. Different material laws can be assigned to each
layer, taking into account the distinct behavior of concrete cover and that of concrete

confined by stirrup-ties.

At the end of each iteration of the nonlinear system of equations presented in
Chapter 2, the increments of steel strain and stress as well as the increments of slip of

reinforcing bars relative to concrete are known at each crack.

The current value of crack width at the top and bottom reinforcing layer is determined

based on Eqgs. (3.13) and €3.14).

The crack closure criterion, Egs. (3.15)-(3.18), establishes whether the crack is open

or closed at the top and bottom of the cross-section.

If the crack at, say, the bottom of the cross-section is open, no compatibility of strain
increments between reinforcing steel and surrounding concrete is assumed at the bot-
tom reinforcing layer. In this case the concrete strain increment at the bottom con-
crete layer is assumed to be equal to zero. If the crack is found closed at the bottom
of the cross-section, complete compatibility of strain increments between reinforcing

steel and surrounding concrete is assumed at the bottom reinforcing layer. Similar
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considerations apply for the top concreie layer, where the concrete strain increment is
independently established based on whether the crack at the top of the section is open

or closed.

Concrete strain increments at the top and bottom concrete layers are added to previ-

ous total strains yielding current total concrete strains.

In order to compute the strain increments in the remaining concrete layers a strain
distribution over the height of the cross-section needs to be assumed. In this study a
linear strain'distribution between the controlling strains at the tbp and bottom con-
crete layers is assumed. The controlling strain at the top or bottom concrete layer is
equal to the reinforcing steel strain at that level if the crack is open. It is set equal to

the total concrete strain at that level in case that the crack is closed.

Concrete strains and ¢onsequently strain increments are computed at the midpoint of

each layer.

Based on the corresponding material law (Fig.3.21), the stress at each concrete layer is
computed and the contribution of each layer to the section forces and moments is

determined. Section forces and moments are found by summation over all layers.
Two aspects of the proposed section model distinguish it from the previous studies:

strain compatibility between reinforcing steel and surrounding concrete at the level of
reinforcement is replaced by conditional strain increment compatibility. Compatibility of
strain increments holds true only if the crack at that level is closed. In case that the

crack is open the concrete strains remain unchanged at each load step,

As a consequence of assumption (7) and the fact that reinforcing steel strains are not
equal to total concrete strains at the same level, plane sections are not assumed to

remain plane after deformation.
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It is believed that the above assumptions describe better the observed mechanical
behavior of R/C sections, because they account explicitly for the fact that interaction
between steel and concrete depends on bond. Moreover the model retains the computa-
tional efficiency of simpler models, since its basi¢c assumptions can be implemented without

major numerical difficulties.

3.3.2, Concrete stress-strain relation

In order to compute the concrete stress in each layer, a material law describing the

concrete stress-strain relation under arbitrary cyclic strain histories is needed.

There is some uncertainty as to the influence of the concrete model on the overall
behavior of R/C members subjected primarily to bending. Some investigatosrs have con-
cluded that a crude concrete model suffices to accurately predict experimental resuits. This
might be true in the case of monotonic loading and cyclic loading restricted to small excita-
tions. It is not true, however, in the case of severe cyclic loading. The results of this study
indicate that the strength deterioration of R/C members subjected to large cyclic excitations
depends largely on the capacity of confined concrete to sustain stresses in the strain range

beyond the maximum strength. This requires the use of a refined concrete model.
The model implemented in this study can be outlined in the following steps:

(1) the monotonic envelope curve (a) (Fig.3.21) is based on studies by Kent and Park in
Ref. [30], which were recently generalized by Scott et al. in Ref. [40], It consists of

three regions (Fig.3.21):
2
. ] eC EC‘
€. S, UcquC[Zl—-]—[—l ] 3.19)
EO ED

€, e <e, ac=Kf'cl]—Z(€c—ea)] (3.20)

€, <€ o.=02Kf', (3.21)
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(2)

3)

where
€, = 0.002K
Ps fyh
K=1+—F—
fe
0.5

%%+%ps.\/:h—j—0.002k'

€, is the concrete strain at maximum stress, K is a factor which accounts for the
strength increase due to confinement, Z is the strain softening slope, f'. is the con-
crete compressive cylinder strength in MPa, f,, is the yield strength of stirrups in
MPa, p, is the ratio of volume of hoop reinforcement to vol_ume of concrete core
measured to outside of stirrups, #’ is the width of concrete core measured to outside
of stirrups, and s, is the center to center spacing of stirrups, In the case of concrete
confined by stimjp-ties, €, is determined from Eq. 3.20 by setting e.=¢, and
a.=02K f'., and solving for €, noting that Z is known. In the case of concrete
cover, suggestions for the value of €, range from 0.004 to 0.005. In this study €, was
assumed to be equal to 0.005. By inserting this value for €, into Eq. (3.20) and

assuming again o, =0.2 K /', the value of Z can be determined.

The tensile strength of concrete is neglected, since it only influences the respense of a
R/C section during cycles prior to cracking. Once cracking has taken place the tensile

strength has negligible influence on the behavior of a cracked section.

Unloading from a point A on the envelope curve takes place along a straight line con-
necting the point at which unloading occurred to a point B on the strain axis given by
the following equation proposed by Karsan and Jirsa in Ref. [29],

€ € 2
;=0_15[_f

€ €

€,

(3.22)

+0.10{

€



(4)

(%)

(6

¢

53

where €, is the strain at which unloading takes place (Fig.3.21).

Once unloading is completed, the model "freezes” at the strain corresponding to zero
stress, until the crack closes again and compressive strain increments are imposed.
This is a consequence of the proposed section model and is based on experimental

evidence shown in Fig. 3.18.

When imposing compressive strain increments while the crack is ctosed, reioading
takes place along the previous unloading path (curve (b) in Fig.3.21). In reality
unloading and reloading follow nonlinear paths which together form a hysteresis loop.
This was neglected here for reasons of simplicity, since it has a minor influence on

the hysteretic response of the member.

To account for crushing of concrete cover the strength in a cover layer is reduced to
0.2/, once the compressive sirain exceeds the value of 0.005, as indicated in

Fig.3.21.

To account for splitting of concrete cover, the concrete strength in the cover layers is
reduced to zero once the cumulative sum of steel tensile strain increments exceeds a
limit value, which is set equal to 0.10. This value was established after a series of
numerical studies, sitice no experimental evidence is presently available on this ques-

tion. This reduction is not indicated in Fig. 3.21.
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CHAPTER 4

NUMERICAL SOLUTION PROCEDURE

To determine the hysteretic response of each subfegion, be it an interior or exterior
joint, be it a part of the inelastic region of a girder, the solution to the pertinent system of
noniinear equations is required. In the case of interior joints and beam inelastic regions
eight equations in eight unknown increments arise, while six equatibns in six unknowns
remain in the simpler case of exterior joints. Because the solution to the former case is
considerably more involved, it will be presented first and elaborated upon in detail. The
solution to the simpler case can then be introduced as a simplification of the general algo-

rithm in a rather straightforward manner.

4.1. General case

The general case for determining the hysteretic response of a subregion requires the
solution of the nonlinear system of equations (2.38)-(2.45) derived in Chapter 2, which
apply to interior joints and beam inelastic regions. The difference between the case of inte-
rior joints and that of beam inelastic regions lies in the sense of bending moments acting at
the boundaries of the subregion as well as in the selection of the imposed excitations. In
the case of interior joints deformation increments are specified at each boundary, whereas
bending moment increments are imposed in the case of beam inelastic regions. The solu-
tion algorithm will be presented for interior joints. A similar approach applies in the other

case.

The nonlincarity of the system of equations (2.38)-(2.45) is “hidden” in the
coefficients of transfer matrix T, in Egs. (2.30) and (2.31), which are nonlinear functions
of both incremental state vectors z; and z,. This means that all coefficients in Eqs. (2.42)-

(2.45) are nonlinear functions of the unknown increments at the boundaries of the joint
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and the apparent simplicity of the system of equations is deceptive. Before introducing an
efficient scheme for solving the above system of equations it is instructive to examine an

entirely different approach.

One can start from Eq. (2.21) and assemble all equations for nodes 1,2,....7,i+]1,..,n
in both reinforcing layers. After introducing two global equilibrium equations at each

boundary of the subregion, the nonlinear equation system takes the form

A(x)x=b 4.0)
where x is the vector of unknown increments and A is the nonlinear s‘tiﬁ‘ness matrix of the
subregion. The disadvantage of this approach lies in the fact that the dimension of the
resulting nonlinear matrix A (x) is equal to 2 n+2, where »r is the total number of nodes
within the subregion. For example, in the case of interior joints with a column width on
the order of 450 mm the necessary number of nodes in each layer is about 25 resulting in a

matrix of dimension equal to 102.

Solving such a large system of nonlinear equations is clearly impractical. Moreover
considerable numerical difficulties are encountered due to very small stiffness coefficients

arising in connection with the bond stress-slip relation.

A better approach for the numerical solution of the problem at hand is to attempt to
solve iteratively one equation at a time. To do so, the boundary value problem needs to be
transformed into an initial value problem by implementing a "shooting" technique. In order
to dembnstrate this transformation, Eqs. (2.42)-(2.45) are treated for a moment as if they

were linear.

As was already pointed out in Chapter 2, in the case of interior joints the imposed
excitation consists of two deformation increments, one at each joint boundary. Because of
the sense of the applied end rotations, the deformation increments are known at diagonally
opposite corners of the joint panel region, i.e. the imposed increments are either Auf and

Au! or Auf and Aul (Fig.4.1). As an example consider the former case, the latter being
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entirely similar. In order to express explicitly the incremental state vector of the top rein-

forcing layer at section 1, Eq. {2.31) is inverted to yield

- Y1 -
z{=[T;,] 2! = Plz! 4.2)
or explicitly
Auf = ply Auj+plh Aoy 4.3
Ao{= ph Auy+ph Ao (4.4)
where
=, [Pil riz
= ph ph

The same relation can be arrived at by inverting Eq. (2.24)

-1
ot=Tta) " sh = Blaky (4.5)

and applying Eq. (4.5) successively along the nodes of a layer
zf = P{z! (4.6)

where

f’lt= P]’Pgt ce P);—I (47)
It should be noted that Egs. (4.3) and (4.4) replace Eqs. (2.44) and (2.45) in the nonlinear
system of equations. On substituting Eqs. (2.43) and (4.4) into Eqs. (2.38) and (2.39)

yields

(ph Aul+ph Ac ) A'+ Ao PA +AC; =0 (4.8)

Ao A"+ (g Aut+th Ao ) A +AC,=0 4.9)

Recalling that Auf and Au; are given, only two unknowns remain in the above equations,
namely Ao and Ao /. All coefficients, including compressive force increments AC; and
AC,, are implicit nonlinear functions of Ao and Ao} in a manner to become apparent

below. With this in mind Eqs. (4.8) and (4.9) can be simply written as
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g1(Aof Ac)t) =0 (4.10)

g (At 6ai) =0 (4.11)

Egs. (4.10) and (4.11) are the result of transforming the boundary value problem,
expressed by Eqgs. (2.38) through (2.45), into an initial value problem using Eqs. (4.3),
(4.4), (2.42) and (2.43). In the process of the transformation the above relations were
treated as being linear and explicit. Because they are implicit, nonlinear relations, a whole
sequence of iterations along each of the reinforcing layers is needed, before the coefficients
of transfer matrices P; and T, in Egs. (4.8) and (4.9) can be determined and the two unk-

nowns Ao and Ao ! can be solved for.

To demonstrate the procedure, consider for a moment that the current iterate of Ao
is known. Since Au! is also known, Eq. (2.24), written for i=1, can be iterated upon to
compute the incremental state vector at the next node, noting that the coefficients of
matrix T, are functions of both z; and z,;;. In the same manner one advances succes-
sively along the bottom reinforcing layer by solving iteratively for the unknown increments
of one node at a time. This allows one to establish all incremental state vectors of one
layer and at the same time compute the coefficients £, and ¢4 of matrix T?in Eq. (4.9).
Since the process has to be repeated for each iterate of Ao { until Egs. (4 10) and (4.11) are

satisfied within a prescribed tolerance, it is called the "shooting” technique.

The same procedure is followed for the top reinforcing layer by starting irom section
n (Fig.4.1b). The displacement increment Au/, which is known, and the current iterate on
the value of Ao ! are inserted into Eq. (4.5), which is solved iteratively for i=n—L.
Proceeding backwards along the top laver and iterating upon the unknown increments of
one node at a time using Eq. (4.5), allows to determine all incremental state vectors of the

top layer and compute the coefficients pj; and pj, of matrix P{in Eq. {4.8).

So far it is not clear how the coupled system of nonlinear equations, Eqs. (4.10) and

(4.11), can be satisfied by proceeding in the manner described above and "shooting"
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through the top and bottom reinforcing layers. Arn additional numerical scheme is needed
in order to satisfy the coupled system of nonlinear equations. An efficient procedure for
numerically solving this problem consists of an accelerated version of the Gauss-Seidel
algorithm for nonlinear equation systems (Ref. [35]). This version is illustrated with the
aid of Fig. 4.2 and the use of Egs. (4.10) and (4.11), rewritten in terms of general unk-

nown increments Av and Aw, where Av stands for Ao {and Aw stands for Ao }and

n(Av,Aw) =0 (4.12)

2 (Av,Aw) =0 (4.13)

As Fig. 4.2 shows, Eqs. (4.12) and (4.13) describe geometrically the traces of surfaces

g1 and g, on the coordinate plane of the two unknowns. These traces reveal that Eq. (4.10)
is very sensitive to changes in variable Ao ), whereas it remains insensitive to changes in‘
Ao Exactly the opposite occurs with Eq. (4.1_1). This fact is due to the presence of
coefficients pj, and ) in Egs. (4.8) and (4.9), which tend to have rather large values.
These values are the result of multiplication of transfer matrix coefficients along the whole
length of a layer between cracks. The large values of pi, and 4, are a curse and a blessing
at the same time; a curse, because they make iterating on the sensitive variable extremely
tedious and a blessing because they essentially uncouple the two global equilibrium equa-

tions (4.10) and (4.11).

The proposed scheme consists of the following steps, which are graphically illustrated

in Fig. 4.2:
(1) Select two starting values Av® and A w for the iteration variables (point 0).

(2) Keeping Av® constant, iterate on Aw establishing a value Aw‘D which satisfies Eq.

(4.13) (point A).

(3) Keeping Aw'" constant, iterate on Av establishing a value Av" which satisfies Eq.

(4.12) (point B).
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(4) Repeat steps (2) and (3) using Av(" and Aw® instead of Av® and A w®" to establish

Aw®@ and Av@, respectively (points C and D).

(5) Compute the intersection of secants to the traces passing through the four points A,
B, C and D established in the previous steps. The coordinates of the intersection

point E yield new starting values for the unknown increments.
(6) Repeat steps (2) through (5) until convergence occurs within a prescribed tolerance.

Steps (2) through (5) make up one iteration loop. Convergence is checked at each
step by computing the difference between current and last iterate of both iteration variables.

Convergence is achieved when

[Av?—AyD| < TOL | AV | (4.14)

and

|aw@—Aaw'"| < TOL|aw®| (4.15)
The specified tolerance is on the order of 1073 to 107* Due to Eqs. (4.12) and (4.13)
being almost uncoupled one or two iteration loops suffice to achieve the desired tolerance.
Because convergence is checked at each step, the loop does not have to be completed

before the convergence criterion is satisfied.

It is noted that each step of the global iteration scheme to satisfy Eqs. (4.12) and
(4.13) involves iterating on ore variable only. As was pointed out, each such iteration con-
sists of "shooting" through the corresponding reinforcing layer by starting at the joint end
opposite to the one at which it is attempted to satisfy equilibrium. Each "shooting" process
in turn entails a series of iterations at each node of the corresponding reinforcing layer, in

order to satisfy the implicit nonlinear equations (2.24) or (4.5).

In conclusion, the numerical solution of the problem expressed by Egs. (2.38)-(2.45),
is accomplished by three nested iteration processes, as shown in Fig. 4.3 and summarized

below:
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(1) Loop (A) aims at satisfying both nonlinear equilibrium equations (4.8) and (4.9)

simultaneously.

(2) Loop (B) aims at satisfying only one equilibrium equation at a time by iterating on one
variable which lies at the opposite end of the joint panel region. This is achieved by

"shooting" through the corresponding reinforcing léyer,

(3) Loop (C) attempts to advance from node i to node i+1 or node i—1, depending on

the direction of "shooting”, by iteratively satisfying Eq. (2.24) or Eq. (4.5).

Details on the algorithm used in loops (B) and (C) along with a discussion of some
numerical problems and their solution will be presented in Section 4.3. The question of
estimating good initial iteration values in order to start applying the algorithm in each loop

is discussed in Section 4.4,

In an attempt to avoid an excessive numbet of iterations in any loop, an upper limit
on this number is imbosed‘ The upper limit for loop (A) is three iterations, while loops
(B) and (C) were restricted to twenty and fifty iterations respectively. Once the upper limit
is exceeded, automatic subdivision of step size of both iteration variables in Eqgs. (4.10) and
(4.11) is performed, and the whole process is restarted. The necessity of step subdivision

arises only about once in every hundred load steps.

4.2. Numerical scheme for exterior joints

The numerical scheme for solving Egs. (2.39), (2.41) and (2.50)-(2.53), which per-
tain to exterior joints, presents some differences from the scheme presented in the previous
section for interior joints. The most important difference is the fact that the total number
of equations is reduced by two, which simplifies the solution considerably. In addition, the
boundary conditions imposed at.section 1 (Fig.4.4) differ from the boundary conditions

specified in the case of interior joints, suggesting a different choice of iteration variables.
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As was already pointed out in Section 2.2.2, no forces are present at the free end of

bars anchored in exterior joints leading to the condition that

Acft=0 (4.16)

and

Ac{=0 4.17)

at all times during the response. Since one variable is already known in each reinforcing
layer at section 1, it appears advantageous to select the slip increments Auf and A u| at the
same section as the main iteration variables. Upon substituting Eqs. (2.51) and (2.53) into

Eq. (2.39) one obtains

5y Auf A"+ 15 Aup A°+AC,=0 (4.18)
One slip increment at section n, namely Au? or Aul, represents the imposed excitation
(Fig.4.4). Therefore one slip increment can be eliminated from Eq. (4.18) by using either
Eq. (2.50) or Eq. (2.52), depending on the sense of the applied end moment. In order to
conform to the scheme used in the case of interior joints, the slip increment on the tension
side of end section n is considered known (Fig.4.4). Assuming, for example, that Ayl is

given, Eq. (2.52) can be substituted into Eq. (4.18) to yield

tI
T?‘-Au;A'+:flAqub+Ac,,=o (4.19)
1

Eq. (4.19) now contains only one unknown variable, Au{, and can be solved iteratively.

The case where Au/}is known is treated analogously.

It is interesting to note at this stage that the set of equations describing the response
of exterior joints reduces to two uncoupled nonlinear equations, Eqgs. (2.52) and (4.19), in

contrast to two coupled equations in the case of interior joints.

In deriving the above numerical scheme all equations were treated as if they were
linear. Since they are actually implicit nonlinear equations, the solution scheme again

requires using the current iterate of Auf or Auf to "shoot" through the top or bottom rein-
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forcing layer in an effort to satisfy the boundary conditions at the other end (section n).
Each process of "shooting" through entails a series of iterations to satisfy Eq. (2.24) at each

node along the corresponding reinforcing layer.

Since Egs. (4.19) and (2.52) are uncoupled, they can be solved independently. Thus
iteration loop (A) degenerates into having to complete loop (B) twice, once in order to
satisfy Eq. (2.52) and the second time in order to satisfy Eq. (4.19) using the results of Eq.
(2.52). In each case loop (C) is used to advance from node i to node i+1 by iteratively
satisfying Eq. (2.24). The nested structure of the algorithm for exterior joints is shown in

Fig. 4.5.

4.3. Seolution algorithm for a nonlinear equation

In the previous sections no mention was made of the actual algorithm employed in
iteration loops (B) and (C). In each case a nonlinear equation in one unknown increment

has to be solved. In general, any such nenlinear equation can be written as

S({x)=0 (4.20)
To solve Eq. (4.20) several alternatives are possible. It is important to note, however, that
Eq. (4.20) is solved n—1 times during each iteration loop (B), where » is the number of
discretization points along each reinforcing layer. The large number of iterations involved

mandates the use of an efficient numerical scheme.

The secant method at first sight appears attractive. It has a satisfactqry réte of conver-
gence (being not much slower than that of Newton-Raphson’s method) and does not
require direct evaluation of derivatives. This approach requires two initial approximations,
but only one function evaluation is made per step. Given the nonlinear equation
f(x)=0, and two initial approximations to the solution x%and x, a sequence of approxi-

mations is recursively computed from the expression



63

n_ . n—1t
x" = x"— f(x") AR_ (4.21)

Flxm—f(x"

The geometrical interpretation of Eq. 4.21' is that x"*1 is determined as the abscissa of the
point of intersection of the secant through (x"!, £ (x"~')) and {x*, f(x")) and the x
axis. The iteration is stopped when a value x"*!is found such that the residual f (x"*!) is
less than a prescribed tolerance. A disadyantage of the secant method is that it is not

guaranteed to converge for all initial values and for any shape of function f { x) near zero.

For all real continuous functions f (x), a variant of the secant method, known as
Regula Falsi, is always convergent, provided that the initial approximations x° and x! are
such that f(x°)- f{x!) <0. In this case the secant passes through (x", f (x")) and
(x™,f(x™)), where m is the largest index m < n for which f(x")-f(x™)<0
(Fig.4.6a). Regula Falsi has unfortunately a rate of convergence which is much slower than

the conventional secant method.

Therefore, before selecting an algorithm, it is important to examine more closely a
typical graph of the residual function £ {x). Fig. 4.6a shows a graph of the residual func-
tion £ (x) as it typically arises in iteration loops (B} and (C). From this graph it becomes
clear, that, since the function is not monotonic near the root, great caution has to be exer-
cised during the iterations, to guarantee convergence to the root. Since the secant method
does not converge in this case, the Regula Falsi method must be used. To implement this
procedure, two starting values are needed, such that f(x%) -/ (x!) <0 (Fig.4.6a). An
efficient method for selecting two starting values which bracket the solution will be -
presented in the next section. Once the two starting values are chosen, the algorithm

unfolds in the fashion described previously.

Since the Regula Falsi method has a slow rate of convergence, it is important to
employ an acceleration scheme, such that the rate of convergence approaches that of the

secant method. The acceleration scheme is used, whenever consecutive iterates fall on the
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same side of the root of Eq. (4.20). Suppose for example that f (x"™1).f(x")>0. A
modified step is then completed, whereby the next iterate x"*? is taken as the intersection
of the secant through (x"!, fF(x™1)) and (x"!,af{(x"™")) and the x-axis, where
a(0<a<1) is a parameter (Fig.4.6b). If after a modified step with a=oa,, still
f(x"™2) . £ (x71) > 0, the secant through (x5+2,f(x”+2)) and (x" 1 a2f(x"1))is
used in the next step. Generally, a is set equal to (a,) ¥ until there is a change of sign in
the residual f{(x). The convergence rate of the accelerated version of Regula Falsi was
found to be satisfactory using a value of a,=0.5. Furthermore, no convergence problems
were encountered in applying this procedure in all but very few cases, which will be dis-

cussed in Section 4.5.

4.4, Procedure for establishing initial iteration values

As has been pointed out, two initial values are necessary to start the Regula Falsi
algorithm for solving the nonlinear equations encountered in the iteration loops (B) and
(C). In establishing the initial iteration values the equations derived in Chapter 2 can be
used. Eqs. (2.28) and (4.6) can be readily linearized about the previous load step. This is
essentially accomplished by using the state vectors at the previous converged load step to
determine the stiffness coefficients in matrices T‘,, and f’l. Thus all coefficients in Egs.
(2.42), (2.43), (4.3) and (4.4) are known, allowing one to arrive at approximate values for
the main iteration variables. Assuming, for example, that Ao and Ac } are the main vari-
ables for the load step under consideration, the other variables in Egs. (2.38) and (2.39)
can be eliminated with the aid of Eqs. (2.43) and (4.4) to yield Eqs. (4.8) and (4.9).
Assuming for 2 moment that AC; and AC, are known, Eqs. (4.8) and (4.9) constitute two
linear equations in the two unknowns Ao and Ao/ Solving the above system of equa-
tions yields an initial estimate for the main iteration variables, which lies, in general,
sufficiently close to the actual solution of the nonlinear equation system, Egs. (4.8) and

(4.9), which result when the coefficients in these equations are regarded as nonlinear func-
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tions of the current state vectors. Once initial estimates for the main iteration variables are
known, Eqgs. (2.28) and (4.6) can be used in linearized form to establish first estimates of
iteration variables at each node along the corresponding reinforcing layer. Thus the pro-
cedure first determines the initial estimates of iteration variables for loop (B) and then goes
on to determine the corresponding initial values of loop (C) based upon the estimates for

loop (B).

An estimate of AC; and AC, can be arrived at through several alternatives. One
alternative is to assume that the concrete compressive forces do not change during the load
increment and consequently that AC; and AC, are equal to zero. Another possibility is to
set the concrete force increments equal to the increments at the previous load step. Finally
a more involved, and consequently more accurate alternative, is to establish a first estimate
of the main iteration variables by one of the above methods and use it to approximate A C;
and AC,, whereupon an improved second estimate can be found. This choice was adopted
in this study, yielding satisfactory initial estimates, with the exception of cases where the
crack at the beam-column interface is about to close or considerable bond deterioration has
taken place. For these cases, the initial estimates are not near the final solution. Even in
these cases the Regula Falsi algorithm does not have any difficulties in converging to the

carrect solution, requiring however a larger number of iterations.

Once one initial estimate of the iteration variable is known (e.g. x° in Fig.4.6a), it is
inserted into the nested loop algorithm (A)-(B)-(C) yielding a residual £ (x°) for Eq. (4.8)
or Eq. (4.9), since these are obviously not satisfied. Then this first estimate is multiplied
by a factor close to unity and the process is repeated (x! in Fig. 4.6a). If the new residual
has a different sign than the first one, two initial iteration values bracketing the solution are
known and the algorithm can be started {Fig.4.6a). If, on the other hand, the new residual
has the same sign, a search is started to find a second initial estimate having a residual of

different sign than the previous one. Typically, two or three trials suffice to satisfy this con-
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dition, where after the accelerated Regula Falsi algorithm described in Section 4.3 is started.

4.5. Some special problems and their selution

Some problems which are encountered in the process of solving the nonlinear system
of equations pertinent to the case under consideration are discussed in this section. They
arise in connection with the material models which were described in the previous chapter

and are not associated with the numerical scheme presented above.

The first problem occurs when atiempting to satisfy Eq. (2.24), which describes the
equilibrium of forces and the kinematics of deformation between nodes i and i+1 along a

reinforcing layer. After writing out Eq. (2.24) the following relations result

Agi+Agin

2 20_(A0-H'I_A0-1)A m0 (4.22)

Ae i+1 +AE,’

5 (4.23)

Au,-+1-Au,- -

Suppose now that the increments of stress and slip are known at node /. Fig. 4.7 dep-
icts the hysteretic bond stress-slip relation for node i+1 showing that two equilibrium posi-
tions (points A and B) are possible when the current slip value of node i+1 is near the end
of the reloading branch: one with a small increment of slip (point A) and another with a
larger slip increment {point B). As shown in Fig. 4.7, the bond stress in the second case is
slightly higher due to slightly higher steel stresses that have to be balanced at node i+1.
These stresses are associated with larger strain increments resulting from the larger slip
increment u”,— u,_5, The possibility of two equilibrium positions {(points A and B} means
that the nonlinear residual function f (x) has two roots. In such a case it is impossible to
guarantee that the algorithm will converge to the correct solution. Since this, however,
takes place at the innermost loop (C), it is possible to let the immediately higher iteration
loop (B) detect any wrong solution by controlling whether the resulting residuals in loop

(B) fit in the pattern of previously computed ones. This is readily done, because an
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incorrect solution at some node along the reinforcing layer produces extremely large residu-
als in loop (B). In any case a good initial estimate of the iteration variable usually prevents

the algorithm from converging to the wrong root in all but a few cases.

The second problem is associated with the cencrete section model and the instant of
crack closure at the joint end sections. As was elaborated upon in Section 3.3, concrete
strain increments are added to the previous total concrete strains only after the crack has
closed. This fact implies compatibility of strain increments between reinforcing steel and

surrounding concrete after crack closure.

Assume now that the crack is open at some load step and closes during the next load
or deformation increment. This means that the crack is closed only during part of the
deformation increment (Fig.4.8a). If steel strain increments associated with the imposed
deformation increment were considered compatible to the corresponiding concrete strain
increments during the entire step, a discontinuity in the residual function f(x) would
result, as depicted in Fig. 4.8b. It is therefore important that the exact moment of crack
closure be determined when iterating on the global equilibrium equations, and that strain
increment compatibility be established only for that portion of the entire step for which the

crack is closed.

This is automatically accomplished during iteration loop (B) by storing the maximum
steel strain increment for which the crack remains open and subtracting it from all steel
strain increments for which the crack is closed before computing the resulting concrete
strain increments. This essentially means that the residual function f(x) automatically
adjusts itself during the course of iterations fo accommodate the fact that concrete strain
increments necessary for computing AC in Eqs. (4.8) and (4.9) have to be referred to the

deformation state at crack closure (Fig. 4.8a).

The described method proved very efficient in preventing any convergence problems

during crack closure, while retaining computational simplicity.
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4.6. Computer program JOINT
A computer program called JOINT which determines the hysteretic response of inte-
rior or exterior joints and beam inelastic regions was developed. The program implements
the analytical model presented in Chapter 2 along with models of hysteretic material
behavior as elaborated upon in Chapter 3. The nested loop algorithm described above is
used to solve the resulting system of nonlinear equations.
The program is divided into independent units which are schematically shown in Fig.
4.9. Each unit is in turn divided into subroutines. This systematié structure facilitates
modification of material models without interfering with the input-output subroutines or
the solution algorithm of the program.
Following information is used as input to the program:
(1) topology of the subassemblage along the longitudinal axis,
(2) load history data,
(3) material parameters for steel stress-strain, bond stress-slip and concrete stress-strain
models,
(4) section dimensions, top and bottom reinforcement data (area and bar circumference),
position of reinforcing layers,
(5) material-element correspondence along reinforcing layers,
(6) maximum allowable number of iterations in each loop,
(7)  name of file whi.ch contains the output data and can be processed to obtain a graphic
representation of results,

The output consists of time histories of steel strain, bar slip, steel and bond stress
along the top and bottom reinforcing layer of the subregion, as well as time histories of
concrete strain and stress, crack width, moment, and concentrated rotation at cracked sec-

tions.
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CHAPTER 5

COMPARISON BETWEEN ANALYTICAL RESULTS

AND EXPERIMENTAL EVIDENCE

In this chapter a comparison of analytical predictions based on the proposed model
with experimental evidence will be presented and commented upon. The experimental evi-
dence stems from a series of tests on half-scale beam-column subassemblages specifically
designed to study the behavior of interior joints under severe cyclic excitations. The cruci-
form shaped assemblages (Fig.5.1) were proportioned and detailed so as to minimize diago-
nal shear cracking and preclude significant shear deformations in the joint panel region.
Moreover the shear-span ratic of the girders limited the development of significant shear
stresses in the beam inelastic regions. Since the design of the subassemblages was based on
a strong column-weak beam design philosephy, the columns remained essentially elastic
during the entire load history and all inelastic action was concentrated in the interior joint
and in the beam inelastic regions. Because of the above considerations, the design of the
specimens satisfied the assumptions of the analytical model stated in the introduction to
Chapter 2. Thus the experimental evidence derived from these tests offers an ideal oppor-

tunity to establish the validity of the proposed model.

5.1. Test specimens

In the series of tests reported in Refs. [42], [43]) and [50}, the specimens referred to
in the following, carried the names BC3 and BC4. The cruciform shaped half-scale beam-
column subassemblages, shown in Fig. 5.1, modeled a part of a 20-story reinforced concrete
ductile moment-resisting frame at the third floor level. Both specimens had identical

configuration and dimensions consisting of two 9 in. by 16 in. girders and a 17 in. by 17 in.
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square column. In both specimens the main longitudinal reinforcement of the girders con-
sisted of four #6 bars at the top and three #5 bars at the bottom. Thus the area of rein-
forcement at the bottom was about half that at the top following common design practice.
The mechanical properties of éoncrete used in casting the specimens were established on
the basis of standard concrete cylinder tests and are depicted in Fig. 5.2a. The mechanical
characteristics of reinforcing bars were det'ermined from machined test specimens and are
shown in Fig. 5.2b. The two subassemblages were subjected to entirely different load his-
tories: specimen BC4 was subjected to a single large displacement reversal simulating the
effect of a very severe pulse-like seismic excitation; this kind of load history can also be
used in establishing the monotonic moment-rotation envelope curve for the joint end sec-
tions; specimen BC3 was subjected to a large number of deformation reversals of grédually

increasing magnitude.

Strains in the reinforcement were measured by weldable gages. The gages on the
beam longitudinal reinforcement were placed in the girder end region just outside the
column faces, so that their presence would not disturb the bond condition of the reinforc-
ing bars anchored in the joint. Four precision linear potentiometers were used to measure
bar slippage at the four corners of the joint panel region. These were rigidly connected to
steel pins soldered to the reinforcing bars adjacent to the beam-column interfaces. Four
additional potentiometers were used to measure the sizes of the large beam-column inter-
face cracks. As pointed out in Ref. [50], measurements at the interface crack were neces-
sary, first, in order to compute the slippage of reinforcing bars relative to the surrounding
concrete at the beam-column interface, and secondly, in order to provide an alternative

determination of fixed-end rotations due to slippage of the bars in the connection.

The question of determining the fixed-end rotation at the beam-column interface
requires a thorough discussion. It is possible to compute the fixed-end rotation based on

the end slip of reinforcing bars which results due to bond deterioration within the joint
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only. In this case the contribution of the relative slip between reinforcing bars and girder
end region is not included in the fixed-end rotation, but is taken into account when com-
puting the inelastic rolations in the girder end region. The fixed-end rotation is then based

on the following relation:

[ ]
9, =L (5.1)

where y is the relative slip between reinforcing bars and surrounding concrete ai the
beam-column interface resulting from bond deterioration in the joint only. A superscript
denotes top or bottom reinforcing layer and ¢’ is the distance between the top and bottom

reinforcing bars.

Alternatively, the contribution of relative stip between reinforcing bars and surround-
ing concrete in the girder end region to the rotation at the beam-column interface can be

taken into account by determining the fixed-end rotation on the basis of the relation

w' — wt
I A L 52
O T (5.2)

where w is the crack width at the top or bottom reinforcing layer (Fig.2.7).

In Ref. [50] fixed-end rotations were measured on the basis of Eq. (5.1) and the con-
tribution of the relative slip which arises in the girder inelastic region was included in the
girder rotations. In order to be able to directly compare analytical with experimental results
the same formulation was used in the following studies. The advantage of this approach
lies in the fact that attention is confined to the interaction between reinforcing steel and
concrete in the joint only leading to considerable simplification in the computations. The
disadvantage is that Eq.(5.1) yields erroneous resulfs as soon as bond is completely dam-
aged within the joint region and the bars start slipping through the joint. In this case the
bars can still be anchored in the girder end region adjacent to the joint. Because bond is
completely damaged in the joint, the crack at the beam-column interface on the push-in

side of the bars quickly closes during reloading. This process gives rise to large end slip
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values on the pull side of the bars, which are underestimated by Eq. (5.1), where the rela-
tive slip between reinforcing bars and surroﬁnding concrete in the girder end region is not
taken into account. Neglecting the influence of the girder end region usually leads to a
sharp drop in the strength of the joint as soon as bond is completely damaged in the joint.
This decrease in strength is due to spalling of concrete cover in the girder end region and is

in reality much more gradual.

For the above reasons the results to be presented in the next two chapters remain
valid only as loné as bond is not completely damaged in the joint. As soon as anchorage
failure initiates in the joint, the fixed-end rotations are underestimated and the decrease in
strength is overestimated. The instant of complete bond damage along the bars anchored in
the joint will be called in the following "joint anchorage failure”. It should be kept in mind,
however, that “joint anchorage failure" does not imply complete anchorage failure and col-

lapse of the subassemblage.
5.2. Cemparison and discussion of results

5.2.1. General

Before proceeding with the discussion of results, it is necessary to consider the data
which are needed as input to the computer program JOINT. Apart from the imposed
deformation time history, the material mechanical characteristics for reinforcing steel and
confined and unconfined concrete, as well as bond stress-slip envelopes along the top and

bottom reinforcing bars anchored in the joint have to be specified.

The specification of material mechanical characteristics for steel and concrete is based
on the information given in Chapter 3 and on the data given in Fig. 5.2. The descending
slope Z of the concrete stress-strain relation in the strain softening range (Eq.3.20) and the
strength increase factor K in Bgs. (3.19-(3.21) are determined from the amount of

confinement supplied by stirrup-ties in the girder end region. The beam stirrup-ties con-
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sisted of #2 bars spaced at 3.5 in. center-to-center.

The specification of bond stress-slip envelope curves along the bars anchored in the
joint requires some clarification. As was pointed out in Section 3.2, the characteristic
values of the monotonic envelope curves can be based on suggestions presented in Ref.
[23]. For the sake of completeness these suggestions were summarized at the end of Sec-
tion 3.2, where two different envelope curves were presented in the case of interior joints:
one pertaining to well confined concrete in the joint core region and the other pertaining to
unconfined concrete in the column cover (see also Fig.3.12). The dividing line between
the two cases can not be sharply defined in a joint panel region. Therefore it is suggested
to assume a gradual transition between the region of well confined concrete and the region
of unconfined concrete. In summary, the following regions have been assumed in this

study {Fig.5.3):

(1) unconfined concrete extends 1d, into the column cover region on both ends of the

joint, where d, is the reinforcing bar diameter,

(2) transition region between unconfined and confined concrete extends 2 4, from the end

of the unconfined region on both ends of the joint,
(3) the remaining column core region is considered as confined concrete region.

The above recommendations regarding the extent of the unconfined concrete region
as well as the transition region are derived from the dimensions of the pull-out cone. More
details are presented in Refs. [23] and [50]. Due to the limited number of tests on single
reinforcing bars embedded along the entire width of the column and subjected to cyclic
excitations, the above suggestions are tentative and need to be confirmed by further experi-

mental evidence.
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5.2.2. Specimen BC4

Experimental and analytical results for specimen BC4 are presented first. To avoid
ambiguity, the beam on the left of the cblumn is referred to as "west beam"”. Similarly, the
beam to the right of the column is referred to as "east beam" (Fig.5.4). For reasons of con-
sistency, relative slip values are defined as positive if the reinforcing bars move in the posi-
tive x-direction relative to the surrounding concrete (Fig.5.5). This implies that bar pull-
out on the west beam side is associated with negative slip values, while positive slip values
represent bar pull;out on the east beam side. As noted previously, the fixed-end rotations
predicted by the analytical model are determined on the basis of Eq. (5.1) in order to facili-

tate a comparison with experimental results.

Analytical and experimental results for specimen BC4 are presented in Figs. 5.6-5.9.
First, the global behavior of the beam-column joint is exhibited by means of the moment-
rotation relation at the two end sections of the joint. The results of two analytical solutions
are compared with experimental evidence: the first analytical solution is based on a bilinear
steel stress-strain model while the second is based on Menegotto-Pinto’s steel model which
accounts for the Bauschinger effect. Then the local behavior of the joint is investigated
more closely by studying the hysteretic relation between end moment and relative slip as
well as the relation between end moment and reinforcing steel strain at the two end sec-
tions of the joint. In addition, the distribution of steel strain, steel stress, relative slip and
bond stress along the top and bottom reinforcing layers in the joint panel region is
presenied at the end of each deformation excursion. Regarding the analytical predictions
on the local behavior, only the results which are based on the nonlinear steet model are
presented. In order to be abie to relate the results pertaining to the local behavior of the
interior joint, shown in Figs. 5.7-5.9, to those on the global behavior depicted in Figs. 5.6a
and b, corresponding load points are identified by capital Roman Ietters. Joint end

moments are considered as positive when acting counterclockwise. This sign convention is
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also shown on all figures where the fixed-end rotation is denoted by ©,.

Figures 5.6a and b show the hysteretic momeni-fixed-end rotation relation for the
west and east beam sides of the joint of specimen F74, respectively. Since there is very lit-
tle difference between the resuits of the two analytical models in the case of the west beam,
only the analytical predictions which are based on the nonlinear steel model are presented
in Fig.5.6a. It is noted that the analytical model represents satisfactorily the experimentally
observed behavior. In the case of Fig. 5.6b, which depicts the moment-rotation relation at
the east beam-column interface, noticeable deviations appear between the results of the two
analytical models during reloading after the first unloading. By contrast, no difference
exists in the behavior of the two models during the reloading phase following the second
unloading. In the case of the first reloading, the damage of bond in the joint panel region
is limited and the behavior of the joint end section during reloading is conirolled by the
hysteretic behavior of steel. This happens because the crack at the beam-column interface
is open throﬁgh the whole depth of the beam section. Clearly, neglecting the Bauschinger
eﬂ‘e‘ct in this case causes significant deviations between predicted and actual response. In
the case of the second reloading, the previously inflicted bond damage is quite substantial
causing the bars to slip freely through the joint. In this case the bghavior of the joint end
section is controlled by the hysteretic behavior of bond and the inclusion of the Bausch-
inger effect does not affect the results very much. The substantial loss of strength of the
joint after two severe deformatioft reversals is evident in Fig. 5.6b (point C). This is due to

complete bond damage in the joint panel region which leads to joint anchorage failure.

Figure 5.7 depicts analytical and experimental results of the end moment-relative slip
relation at the four corners of the joint panel region. As pointed out in Chapter 4 the
boundary conditions in the case of interior joints are imposed by specifying slip increments
Auf and Au! or Au| and Au? depending on the sense of the applied end moments. This

explains why the analytical pull-out values at the instant of load reversal coincide with
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experimental data (Fig.5.7). By contrast, the push-in values in Fig. 5.7 are determined by
the analytical joint model and, therefore, only approximate the experimental results. This
fact accounts for the small deviations between analytical and experimental fixed-end rota-
tions at the instant of load reversal (Fig.5.6). As can be seen in Fig. 5.7, the experimental
moment-slip history is well represented by the analytical model. In particular the closing
process of the bottom crack, Fig. 5.7a, characterized by the abrupt change of stiffness in the
moment-slip curve, is satisfactorily predicted. Clearly, no analytical model can possibly
describe the gradual crack closing process, which is due to the presence of concrete rubble
and the effects of shear sliding at the crack interface. Nonetheless it is important that the
model predicts accurately the instant of crack closure. This seems to be the case with the

proposed model.

It is to be noted that the upper crack on the east beam side remains open at load point
B (Fig.5.7d). At the same time the bottom crack opens to a width of 8 mm (Fig.5.7¢).
This fact is explained in detail later in connection with results for specimen BC3. 1t is
important to note at this stage, however, that, while the crack at the beam-column interface
remains open across the whole depth of the beam section, the shear is transferred across
the interface only by dowel action of the beam reinforcing bars. This can lead to significant

shear sliding and inflict additional bond damage in the vicinity of the crack.

Fig. 5.8 shows the morﬁent-strain relation at the four corners of the joint panel
region. In this case the experimental results can only be compared qualitatively, since, as
reported in Ref. [50], the steel strains have been measured by 9 in, [ong strain gages. The
tmeasured strains thus represent average strains over the length of 9 in. and cannot be
directly compared to analytically predicted strains which are computed at the location of the
beam-column interface. As the distribution of steel strains along reinforcing bars in
cracked R/C members cliearly indicate, steel strains decrease very quickly away from the

location of a crack. Analytical predictions compare nonetheless satisfactorily with experi-
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mental results in a qualitative. sense. In Fig. 5.8a the characteristic change in curvature of
the moment-strain relation when the crack starts to close is described quite well by the
model. Similarly, Fig. 5.8d shows good qualitative agreement between analytical and exper-
imental results regarding the strain at the top reinforcing layer at load point B. These
results seem to support the assumptions of the concrete _section model regarding partia}
compatibility of strains between reinforcing steel and surrounding concrete at the crack,

which were presented in Section 3.3. »

Figure 5.9 depicts the distribution of steel strain, steel stress, relative slip and bond
stress along the top and bottom reinforcing bars anchored in the joint. The distributions
are plotted at the end of each deformation excursion, i.e. at load points A, B and C in
Fig.5.6. It is observed in Fig. 5.9a that even at the end of the first large excursion into the
inelastic range there is a certain amount of slip-through of ‘the bottom reinforcing bars
along the entiré anchorage length. It is thus important to recognize that there exists an
interaction between the two end sections of the joint, established by the rigid body motion
of the anchored bars. This interaction becomes more pronounced as the number and mag-
nitude of slip reversals at the joint end sections increases, as can be seen in Figs. 5.9b and
5.9c. At load point C the slip-through of the bottom reinforcing bars amounts to 0.5 mm
indicating considerable bond damage, which leads to the loss of strength of the joint
obsérved in Fig.5.6b. The observed interaction between the two joint end se.ctions destroys
any hope for modeling the moment-fixed-end rotation relation of oneg joint end section

independently from the other.

5.2.3. Specimen BC3

Analytical results for specimen BC3 are presented in Figs. 5.10-5.18. In this case
experimental evidence is limited to moment-rotation relations at the two end sections of
the interior joint, denoted, as before, west and east beam, and to slip values attained at the

four corners of the joint panel region at the moment of load reversal. The same order of
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presentation as in the case of specimen BC4 is followed. Only the analytical results which
are based on the nonlinear steel model are discussed. In the case of several cycles of defor-
mation reversals the use of a bilinear steel model leads to inaccuracies and should be

avoided.

First, the global behavior of the interior joint is presented by means of the hysteretic
moment-rotation relation at the two beam-column interfaces, shown in Figs. 5.10-5.12.
Fig. 5.16 depicts the analytically predicted moment-fixed-end rotation relation of the joint
end sections up ‘to rotation values of 0.01 rad. Fig. 5.11 on the other hand shows the
moment-fixed-end rotation relation until the moment that, due to puli-out of the bars in
the bottom reinforcing layer, "joint anchorage failure” is initiated. At the same time, as
shown in Fig. 5.11b, considerable loss of strength of the joint takes place due to complete
damage of bond along the bottom reinforcing layer. In order to facilitate a comparison of
analytical results with experimental evidence, single moment-rotation loops are selected

from Fig. 5.10 and plotted individually in Fig. 5.12.

The local behavior of the interior joint is studied by means of the relation between
end moment and relative slip as well as the relation between end moment and reinforcing
steel] strain at the beam-column interfaces, shown in Figs. 5.13-5.14. Also, the steel stress-
strain time history in the top and bottom reinforcing bars is depicted in Fig.5.15. The dis-
tribution of steel strain, steel stress, relative slip and bond stress along the top and bottom
reinforcing layers in the joint panel region is presented at the end of the four last deforma-
tion excursions before anchorage failure. In order to be able to associate the results per-
taining to the local behavior of the interior joint, shown in Figs. 5.13-5.16, to those on the
global behavior depicted in Figs. 5.10-5.12, corresponding load points are identified by capi-
tal Roman Ietters { K,L,M and N ). Joint end moments are considered as positive when

acting counterclockwise. This sign convention is also shown on all figures,
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The comparison of single moment rotation loops, shown in Fig. 5.12, leads to the
conclusion that the analytical model predicts satisfactorily the response of the joint even
under rather large deformation reversals, Several important parameters of hysteretic joint
behavior such as stiffness and strength of the joint, energy dissipation capacity and moment
of crack closure are described adequately. As already noted in the case of specimen BC4,
the instant of crack closure is characterized by a sharp change of stiffness in the analytical
moment:rotation relation. By contrast the experimental results show a much more gradual
closing process, a fact attributed to the presence of concrete rubble and the effects of shear

sliding at the crack interface.

As seen in Figs. 5.10-5.12, the moment-rotation hysteresis loops demonstrate
differences in joint behavior under positive and negative end moments. By noting the sign
convention for end moments which was defined above and the fact that, following common
design practice, the area of the bottom reinforcing layer is about half the area at the top

layer, two cases of joint behavior can be distinguished:
(1) the top reinforcing layer is subjected to tensile forces,
(2) the bottom reinforcing layer is subjected to tensile forces.

In the first case the crack sooner or later closes. The moment-rotation relation exhi-
bits a small stiffness between points {; and [/, in Fig. 5.12a while the crack rémains open.
Once the crack closes at point /,, the stiffness of the joint increases considerably due to the
contribution of concrete in contact at the crack interface. In the second case the beam-
column interface crack remains open through the whole depth of the beam cross-section
until the load is reversed again, The joint end moment is thus resisted by a steel-couple
force at the top and bottom reinforcing layer. This fact is reflected in the shape of the
moment-rotation relation between points J, and K in Fig. 5.12a, which essentially follows
the stress-strain relation of reinforcing steel. The difference between moment-rotation and

steel stress-strain relation is due to slip of reinforcing bars as the steel forces build up, caus-
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ing the moment-rotation stiffness to be smaller than the stiffness indicated by the steel

stress-strain relation.

In order to investigate the effect of crack closure more accurately, the relation of end
moment versus relative slip of reinforcing bars at the four corners of the joint panel region,
shown in Fig. 5.13, is examined. It is noted that the crack at the bottom of the beam sec-
tion at the beam-column interface closes every time the bottom reinforcing bars are sub-
jected to-compressive forces (Figs. 5.133 and c). As can be seen in Figs. 5.14a and ¢ as
well as Fig. 5.15a, which show the relation between end moment and'steel strain and the
relation between steel stress and steel strain, respectively, the tensile forces developed in
the top bars suffice to yield the bottom bars in compression; therefore, the bar pull-out
imposed during the previous half cycle is overcome and the crack closes. Figs. 5.13b and d
by contrast show that the crack at the top of the beam section at the beam-column interface
does not close when the top reinforcing bars are subjected to compressive forces. Since the
area of the bottom reinforcing layer is only about half that of the top layer, the tensile yield
force developed in the bottom bars does not suffice to yield the top bars in compression
(Figs. 5.14b and d and Fig. 5.15b). As a consequence, the slip of the top bars due to pull-
out introduced during the previous half cycle is not overcome and the crack at the top of
the section remains open (e.g. point M in Fig. 5.13b). At the same time the crack at the
bottom of the same section is wide open due to pull-out asscciated with the imposed tensile
forces in the bottom reinforcing bars (point M in Fig. 5.13a). Thus the crack at the beam-
column interface remains open throﬁgh the whole depth of the beam cross-section until the
load is reversed again. This has important consequences in seismic resistant design; while
the crack remains entirely open, the shear force at the beam-column interface is resisted
only by dowel action of the longitudinal reinforcing bars; this leads to additional deteriora-
tion of stiffness associated with splitting of concrete along the reinforcing bars and accelera-

tion of bond damage in the vicinity of the crack.
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Figure 5.14 depicts the relation of end moment versus steel strain at the four corners
of the joint panel region. It is seen that once the crack closes at the bottom of the beam
end sections the major part of the tensile force that develops in the top bars is resisted by
the concrete in contact rather than the bottom reinforcing bars. This leads to rather small
steel strain increments bevond the point of crack closure and to the characteristic change in

curvature of the moment-steel strain relation at the instant of crack closure.

By comparing the steel stress-strain histories in the top and bottom reinforcing bars
(Figs. 5.15a and b}, it becomes apparent, that the uneven distribution of steel area between
the top and bottom reinforcing layer, which is common design practice, leads to consider-
able cyclic strain reversals in the bars of the weaker layer. As already pointed out, this is
due to the bottom reinforcing bars yielding in compression whenever the top bars are sub-
jected to tensile stresses. By contrast, the cyclic strain reversals in the bars of the strong
layer are less pronounced, since the top bars do not yield in compression‘ when they are
subjected to compressive stresses. Therefore the previously accumulated plastic strain set is
not recovered and the cyclic strain history of the top reinforcing bars tends to center about

an ever increasing tensile plastic strain, a well known experimental fact.

The distribution of steel strain, relative slip, steel stress and bond stress along the
anchorage length of the top and bottom reinforcing bars is depicted in Fig. 5.16 at different
moments of the load history. Several such distributions pertaining to the bottom reinforc-
ing bars are compiled in Figs. 5.17 and 5.18 in order to facilitate a comparison of the distri-
bution of the above variables with increasing magnitude of deformation reversals. Capital
Roman letters denote the different load reversal points which are identified in Figs. 5.10,

5.11 and 5.13a and ¢. Several observations can be made:

(1) since the area of the bottom reinforcing layer is only about half the area of the top
layer, the cyclic reversals of steel strain and relative slip are more pronounced at the

bottom layer. This leads to accelerated bond damage along the bottom reinforcing
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(2)

(3)

(4)

bars anchored in the joint. Eventually the damaged bond cannot transfer the steel
forces and the bottom bars slip through the joint as a rigid body (Figs. 5.16d and
5.17b). Thus functional failure of the interior joint always initiates along the weaker

reinforcing layer,

by considering the distribution of steel strains along the width of the joint it becomes
apparent that a large portion of each reinforcing layer remains elastic during the entire
load history (Figs. 5.17a and 5.18a). The observed slippage of reinforcing bars at the
end sections of the joint results from the plastic deformations in the column cover
regions and from the relative slip of the elastic portion of the bars (see Figs. 5.17b
and 5.18b). The contribution of elastic deformations in the baré to the relative slip at
the ends of the joint is relatively insignificant. Therefore, the relative slip of the elas-
tic portion of the bars with respect to the surrounding concrete is largely "rigid body

slip" and will be denoted as such below,

it is to be noted that even under small inelastic deformation reversals there is a cer-
tain amount of constant bar-slip extending over the entire width of the joint (see Figs.
5.17b and 5.18b). This movement of the bars as a rigid body leads to an interaction
between the forces and deformations at the two beam-column interfaces of the inte-
rior joint. This interaction becomes very pronounced under large deformation rever-
sals (compare e.g. an almost constant slip of 1 mm at load point M in Fig.5.18b) and
should not be neglected in any studies which attempt to describe tﬁe hysteretic

behavior of interior joints,

it is interesting to note that the distribution of bond stress is nearly constant over the
core region of the joint leading to an almost linear distribution of steel stresses in this

region (see Figs. 5.17¢ and d and 5.18¢ and d).

A question of considerable interest in understanding the hysteretic behavior of R/C

beam-column joints can be addressed with the aid of Fig. 5.19, where the envelope curve
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obtained under monotonic loading is superimposed on the hysteretic curves resulting from
cyclic loading. Note that all these curves have been obtained analytically. It is seen that in
general the cyclic envelope values are smaller than the corresponding monotonic envelope
values. It can also be noted that the strength increase of the joint due to strain hardening
of reihfﬂrcing steel is relatively small under cyclic loading resulting in a very small strain
hardening ratio in the cyclic moment-rotation relation. To determine why the cyclic
envelope values remain smaller than the monotenic envelope values, the strains in the
reinforcing bars can be compared at load peints with equal fixed-end rotation values. Two
such load points are, for example, point A in Fig. 5.6b and point L in Fig. 5.11a. The
corresponding steel strain values are shown in Figs. 5.8d and 5.14b, respectively. It is seen
that the strain under monotonic loading is larger thus resulting in larger steel forces and
consequently moments. By contrast, the corresponding relative slip of reinforcing bars in
the same layer is slightly larger under cyclic loading, as can be seen from Figs. 5.7d and
5.13b (points A and L, respectively). The above observations indicate that the same
amount of relative slip or, for that matter, fixed-end rotation at the beam-column interface
results in different steel strains at the ends of the joint. This is due to the different amount
of rigid body slip of reinforcing bars through the joint as a consequence of different foad
histories. Severe cyclic load reversals lead to more bond damage than monotonlic loading of
the same severity of deformation thus giving rise to larger rigid body slip values, as can be
seen in Figs. 5.9a (for point A) and 5.16b {for point L). In conclusion,‘it becomes
apparent that it is not possible to accurately define a single moment-fixed end rotation
envelope curve which could be used in analytical studies regarding the influence of joint
behavior on the seismic response of R/C frames. The actual envelope curve is a function

of load history.
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CHAPTER 6

PARAMETRIC STUDIES ON AN INTERIOR JOINT

The purpose of this chapter is to present a number of parametric studies on the hys-
teretic behavior of an interior beam-column joint which were conducted with the aid of the
proposed analytical model. Although the studies are confined to an interior joint only, it is
believed that many of the conclusions arrived at in this chapter also pertain to exterior
joints and critical regions in girders whose behavior is substantially affected by bond
deterioration, In conducting these studies attention was focused on establishing the
significance of each parameter rather than covering a large set of barameter values, because
this suffices to derive qualitative design recommendations independently from the dynamic
characteristics of the structure and the ground motion. A more thorough investigation can
then relate the results of dypamic response analyses of several structural systems subjected
to a number of ground motions with parametric studies on beam-column joints covering a
large set of parameter values. In this manner it will be possible to arrive at specific recom-
mendations regarding the design of interior and exterior beam-column joints which are
likely to be subjected to large deformation reversals. This step, however, requires rather

extensive analytical studies and is beyond the scope of this investigation.

This chapter concentrates on qualitatively and quantitatively describing the influence
of several important parameters on the hysteretic behavior of an interior beam-column
joint, Results on the significance of individual parameters are presented in Sections 6.1-6.6.
These are then summarized and compared in Section 6.7, where conclusions regarding the
significance of each parameter on the hysteretic behavior of interiot beam-column joints are

also presented.
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6.1. General

Because the experimental evidence presented in Chapter S refers to half-scale interior
beam-column joints, the parametric studies reported here were conducted on a half-scale
joint. In this manner some of the results and conclusions of Chapter 5 can be more fully
evatuated in the light of the evidence presented below. The fact that a half-scale joint has
been selected for this study does not necessarily impose a limitation on the presented
results, since attention is focused on the relative performance of the same beam-columi
joint under a variation of parameters. In order, however, to determine the significance of
the developed procedures to actual situations, a full scale beam-column joint has also been
investigated. The comparison of results between half and full scale joints is particulatly
important in establishing the scaling effect, if any, in structural subassemblages whose
response is affected by cyclic bond deterioration. Such investigation can contribute to

correctly interpreting experimental evidence from reduced scale R/C subassemblages.

The dimensions and reinforcing arrangement of the half scale interior beam-column
joint, which is the subject of the following parametric investigation were presented in Fig.
5.1. As shown in Fig. 5.2b the vield strength of the main reinforcing bars was 71 ksi,
which corresponds to 489 MPg. Four #6 bars were placed in the top reinforcing layer and
three #5 bars in the bottom. In accordance with Chapter 5 average bond conditions were
assumed and the characteristic values of the monotonic bond stress-slip envelope curve
suggested in Chapter 3 were adhered to. These suggestions require & maximum bond

strength of 16.2 MPa in the confined column core region.

6.2. Variation of bond conditions

The sensitivity of the hysteretic behavior of beam-column joints to variation in the
characteristic strength values of the monotonic bond stress-slip envelope curve is of consid-
erable importance. First, because, as noted in Ref. [23], there is considerable scatter in the

experimentally determined bond strength along the short embedment length of a deformed
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bar anchored in well confined concrete. Secondly, because the quality of construction in
the field can substantially atfect the gquality of bond in the joints. For these reasons the
characteristic strength values of the monotonic bond stress-slip envelope were reduced by
15% along the whole embedment length of the bars anchored in the joint. This reduction
in bond strength still lies within the normal scatter of experimental results { Ref. [23] ).
To simulate bond conditions as they might result under poor construction practice, a reduc-
tion of the characteristic bond strength values by as much as 50% might be needed. Here,

only the 15% reduction of bond strength was considered.

Figure 6.1a and b shows the hysteretic moment-rotation relation at the beam-column
interfaces of the interior joint. The sign convention adopted in Chapter 5 is retained, along
with the designation of the beams as west and east beam. Figure 6.1 is plotted o the same
scale as Fig. 5.10, so that a direct comparison of resulis is facilitated. By comparing the
hysteretic behavior of the interior joint resulting from a reduction in bond strength by 15%
(Fig.6.1) to that of the same joint under average bond conditions (Fig.5.10), it is apparent
that the reduction in bond strength leads to a more pronounced pinching of the hysteretic
loops. Moreover, certain portions of the reloading curves exhibit zero stiffness indicating
that the bars slip freely through the joint. This effect leads to a substantial reduction in
energy dissipation capacity. More comments on the relative behavior of the interior joint

under a reduction in bond strength will be presented in Section 6.7.

6.3. Ratio of top to bottom reinforcement

The ratio of the total area of reinforcing bars placed in the bottom layer to that of the
top reinforcingllayer plays an important role in the hysteretic behavior of R/C members.
For this reason cufrent codes on seismic resistant design stipulate that this ratio should not
be less than 50%. Based on a number of tests on R/C subassemblages, Bertero and Popov
suggested in Ref. [13] that this ratio be increased to 75%. In order to quantitatively investi-

gate the effect of the ratio of top to bottom reinforcement, the girder reinforcement passing
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through the joint was changed, so that the area of the bottom reinforcing layer is equal to
the area of the top laver. The dimensions of the joint and the material data were kept the
same as those of specimen BC3. To avoid that vielding of the girders on both sides of the
column will also induce yielding of the column, the sum of the girder yield moments in the
same direction of bending at both ends of the joint has to be less than the yield capacity of
the column. Thus in placing equal amount of reinforcement in the top and bottom rein-
forcing layer, an effort was made to keep the sum of girder yield moments in the same
direction of bending the same as in specimen BC3. As a result, four #5 bars were placed
in each reinforcing layer resulting in a total area of 800 mm? per layer. By contrast, the
total reinforcing areas for specimen BC3 were 1136 mm? and 600 nim? for the top and bot-

tom layer, respectively.

The hysteretic dbehavior of the interior beam-column joint is presented in Figs. 6.2a,
b, ¢ and d. The moment-fixed end rotation relation for the west beam-column interface is
depicted in Figs. 6.2a and b, Figure 6.2a plots the moment-rotation time history up to rota-
tion values of approximately 0.01 rad, while Fig. 6.2b shows the moment-rotation time his-
tory up to the point at which the bottom reinforcing bars slip through the joint which, how-
ever, is not discernible in the figures. Figures 6.2a and b can be directly compared with

Figs. 5.10a and 5.11a, respectively, since these are plotted to the same scale.

The hysteretic loops show remarkably little pinching in the case of equal amount of
top and bottom reinforcement, resembling the ideal behavior assumed in Clough’s hys-
teretic-model. Stable hysteretic behavior is sustained until anchorage failure of the bottom
reinforcing bars takes place in the joint. Anchorage failure is understood to mean complete
damage of bond along the reinforcing bars anchored in the joint. As a consequence, the
steel forces can not be transferred within the joint panel region and a reduction in strength
results, since the possibility of anchorage in the girder end region is not included in the

analysis. As illustrated in Fig. 6.2b, there is a slight increase in strength of the joint associ-
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ated with the strain hardening of reinforcing bars. By contrast, Fig. 5.11a indicates a
decrease in end moment with increasing fixed-end rotation on the strong side of the joint.
This effect is due to significant bond deterioration in particular along the bottom bars

anchored in the joint,

In order to explain the stable hysteretic behavior in the case of equal amount of top
and bottom reinforcement, Figs. 6.2¢ and d are prepared which show the hysteretic relation
between end moment and relative slip at the west beam-column interface. It is seen that
the crack at the iﬁterface closes every time the reinforcing bars at the corresponding layer
are subjected to compressive forces. This happens because the tensile yield force of each
layer suffices to yield the other layer in compression and close the crack. When the area of
the bottom reinforcing layer is less than the area at the top layer, the crack can remain open
through the whole depth of the girder section at the beam-column interface (Fig.5.13b).
This fact induces two detrimental effects, which accelerate the stiffness deterioration of the
joint: first, the shear forces across the interface crack are resisted only by dowel action of
the main reinforcing bars crossing the crack. This induces shear sliding and splitting of
concrete cover. Secondly, under these circumstances the reinforcing bars anchored in the
interior joint are subjected to cyclic pull from one side and push from the other. This
accelerates the deterioration of bond in the interior of the joint. The delayed deterioration
of bond in the case of equal amount of top and bottom reinforcement is demonstraied by
the steeper reloading stiffness in Fig. 6.2b, as compared to the reloading stiffness of speci-

men BC3 in Fig. 5.13a.

It can be .concluded from the above that the ratio of top to bottom reinforcing area
has a significant influence on the hysteretic behavior of R/C beam-column joints. The per-
formance of these joints under severe deformation reversals can be improved by requiring
that the area of reinforcement at the bottom of the girder is set equal to the area at the top.

In this respect it should be noted that the lateral resistance of the structure can be main-
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tained without increasing the total amount of reinforcement, provided that the serviceability

requirements are not violated at the ends of the girders.

6.4. Variation of yield strength of reinforcement

Varying the yield strength of reinforcement can significantly affect the hysteretic
response of R/C members whose behavior is controlled by bond deterioration. Reducing
the yield strength of reinforcing bars and keeping the section moment at the end of the
joint constant results in a larger number of bars in each reinforcing layer. This Isads to an
increase in the total circumference of reinforcing bars as the latter is directly related to the
number of bars in a layer. It is the increase in the ratio of the total bar circumference to
the total cross-sectional area of the bars that considerably improves bond conditions in a
beam-column joint. Precisely the same effect can be arrived at by Keeping the yield
strength of thg reinforcement constant and reducing the diameter of the reinforcing bars
anchored in the joint, leading again to an increase in the number of bars in each layer. On
the other hand, as noted in Ref. [23], the effect of bar diameter on the bond stress-slip
envelope curve is only minor, provided that the clear distance between the bars is larger
than 4 d,, where d, is the reinforcing bar diameter. In practical situations the clear distance
between reinforcing bars usually amounts to less than 4 ¢, and this fact has to be taken into
account by reducing the bond stress-slip envelope curve according to Section 3.2. Because
of the above reasons it is the number of bars in each layer that affects the hysteretic

behavior of joints the most.

In an effort to investigate this effect the yield strength of reinforcement was reduced
to 326 MPa. In order to keep the girder end moements unchanged with respect to specimen
BC3, six #6 bars were placed at the top of the girder section, whereas one #4 and four #5
bars were placed at the bottom, resulting in a total area of reinforcement of 1704 mm? at
the top and 929 mm?’ at the bottom. Thus | M," |+ | M, | remains the same as in specimen

BC3. It is to be noted that the ratio of top to bottom reinforcement was kept the same as
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in specimen BC3, so as to exclude this effect from the results.

The hysteretic behavior of the interior beam-column joint is depicted in Figs. 6.3 and
6.4. Figure 6.3 plots the moment-fixed end rotation time history for west and east beam
column interface of the joint. The time history for fixed-end rotation values up to approxi-
mately 0.01 rad is shown in Figs. 6.3a and b, while the entire time history is illustrated in
Figs. 6.3c and d. Figures 6.3a and b can be directly compared with Figs. 5.10a and b,
whereas Figs. 6.3¢ and d correspond to Figs. 5.11a and b. Figure 6.4 plots the relation
between end moment and relative slip at the west beam-column interface of the joint and

corresponds to Figs. 5.13a and b.

It is apparent from Figs. 6.3 and 6.4 that the reduction in yield strength of reinforcing
bars and the associated increase in the number of bars in each reinforcing layer significantly
improves the hysteretic behavior of the joint. The pinching of the loops is less pronounced
than that of specimen BC3, particularly in the later stages of the load history, and the
reloading stiffness before crack closure is larger. This indicates better conditions of bond
and a delayed bond deterioration as compared to specimen BC3. However, as Fig. 6.4a
indicates, the crack at the top of the beam-column interface remains open, when the top
reinforcing bars are subjected to compressive forces. In such cases the crack remains open
across the whole depth of the section at the interface until the moment is fully reversed.
This indicates that the problem of shear transfer at the beam-column interface may be criti-

cal, as long as the ratio of bottom to top reinforcing area does not approach unity,

6.5. Variation in history of loading

The eﬂ'ecf of history of loading on the hysteretic behavior of R/C members has been
noted by several investigaiors in the past. Bertero states in Ref. [9] that the experimental
studies on R/C subassemblages must consider different load histories. For example, a large
deformation reversal might cause sufficient damage so as to substantially reduce the

moment-rotation stiffness of the joint during subsequent deformation reversals of smaller
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magnitude. To investigate this effect specimen BC3 was subjected to an entirely different
load history than the one considered in Chapter 5, which consisted of a number of defor-
mation reversals of gradually increasing magnitude. In this study the interior joint was sub-
jected to a severe deformation cycle, followed by two cycles of smaller magnitude, at the
end of which the magnitude of deformation reversals was gradually increased until the bot-

tom reinforcing bars slipped through the joint.

The results of the effect of history of loading are presented in Figs. 6.5a and b, which
depict the hysteretic moment-rotation relation at the west and east beam-column interface,
respectively. No discernible difference between the hysteresis loops in Fig. 6.5 and those in
Figs. 5.10 and 5.11 is observed, It is noted, however, that fewer large cycles suffice to ini-
tiate joint anchorage failure along the bottom reinforcing bars. More details are presented
in Section 6.7 where the total energies dissipated _by the interior joint under different ioad

histories are compared.

6.6. Effects of scale on hysteretic behavior of joints

One of the important questions in the investigation of the hysteretic response of R/C
members, whose behavior is controlled by bond deterioration is how 1o interpret experi-
mental evidence from reduced scale specimens in predicting the physical behavior of full-
size members. This is of particular importance in the case of beam-column joints, whose
hysteretic behavior is substantially affected by cyclic bond deterioration along the bars
anchored in the joint., An answer to the above question would clarify whether there exists a
scaling law which relates experimental results from reduced scale reinforced concrete

subassemblages to the response of full-sizé members.

To investigate the effects of scale on the hysteretic behavior of interior beam-column
joints, specimen BC3 has been increased in size to that of a full scale subassemblage by
multiplying the design variables through the corresponding scaling factors. Because of the

restriction in the choice of reinforcing bar diameter imposed by industrially available sizes,
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the scaling factor for area of reinforcement was only approximately satisfied. By using three
#10 bars at the bottom and two #11 and three #10 bars at the top the total area of bottom

?. In selecting

reinforcement was 2457 mm? and that of the top reinforcement was 4469 mm
these bars an effort was made to keep the ratio of top to bottom reinforcement the same as
in specimen BC3. All other linear dimensions of the full-scale model were double those of

speeimen BC3.

The- hysteretic behavior of the full-scale model is presented in Fig. 6.6 with the aid of
the moment-rotation relation at the west and east beam-column intefface of the interior
joint. In order to be able to directly compare Figs. 6.6a, b, ¢ and d with the corresponding
relations pertaining to the half-scale interior joint, namely Figs. 5.10a, b and Figs. 5.11a and
b, respectively, the end moments of the full-scale model have been reduced by the factor 8
which represents the moment scaling factor between full-scale and half-scale models. By
contrast, the fixed-end rotations remain unchanged between {ull and half-scale models,
since a dimensionless quantity should transform like a constant. To facilitate a compariSOn

of results corresponding load points have been designated by capital Roman letters.

By comparing Figs. 6.6a and b with Figs. 5.10a and b, respectively, it is seen that the
behavior of the full-scale model is similar to the hysteretic behavior of the half-scale model
for rotation values up to (.01 rad. This similarity between the full and half-scale models is
lost at large rotation values, as can be seen in Figs. 6.6c and d, which depict the complete
moment-rotation time history of the interior joint until the bottom reinforcing bars slip
through the joint. The slip-through of reinforcing bars is strikingly visible in Fig. 6.6d. In
this context it should be mentioned that both models are subjected to identical fixed-end
rotation time histories, which consist of rotation reversals of gradually increasing magni-
tude. By comparing these figures with Figs. 5.11a and b, it is apparent that the bottom
reinforcing bars of the full-scale model slip through the joint at a smaller fixed-end rotation

than those of the half-scale model. This difference is particularly striking when comparing
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Fig. 6.6d with Fig. 5.11b, which show that lhp slip-through of the bottom bars of the full-
scale model takes place at a rotation of 0.012 rad, whereas the half-scale model withstands

one more large deformation cycle before the bottom bars slip through the joint at a rotation

of 0.017 rad.

The observed difference regarding the instant of slip-through of bottom reinforcing
bars between full and half-scale models can be readily explained by investigating the bond
stress-slip behavior in the two cases. Since fixed-end rotations are defined by Eq. (5.1) as a
ratio of distances, such quantities being dimensionless variables do not change with scale,
Thus a rotation of, say, 0.01 rad in the full-scale model should correspond to a rotation of
exactly the same magnitude in the half scale model. Since, however, the distance between
top and bottom reinforcing layer in the half-scale model is only half the respective distance
in the full-scale model, for the same amount of end slip the fixed-end rotation in the half-
scale model is twice that in the full-scale model. This is one of the reasons for the
observed differences in hysteretic behavior. Assume, for example, that the distance
between top and bottom reinforcing layer is 322 mm in the half-scale model and, conse-
quently, 644 mm in the full-scale model. These values correspond to the values used in the
examples studied. In this case a fixed-end rotation of .01 rad is associated with a pull-out
siip of approximately 3.2 mm in the half-scale and 6.4 ;mm in the full-scale model, respec-
tively. In spite of the fact that the bond strength of the bond stress-slip envelope curves
for the reinforcing bars of the full- and half scale model differ by as much as 20%, Fig. 3.8
indicates that the discrepancy in the observed hysteretic behavior between full- and half
scale model derives from the different degree of bond damage which results from a relative
slip of 8 mm in thg full-scale model as cc;mpared to the damage associated with a slip of
4 mm in the half-scale model assuming that the fixed-end rotation is the sa'me in both
models. It should be noted at this stage that the question of dependence of the bond
stress-slip envelope curve on the diameter of reinforcing bars is the source of some contro-

versy among researchers in the field. The conclusions of this study are based on
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experimental evidence presented in Ref. [23]. According tc these results it seems that the
slip value u; at which the descending portion of the bond stress-siip envelope curve reaches
the frictional bond resistance depends only on the lug distance of reinforcing bars. The lug
distance however does not necessarily increase linearly with increasing bar diameter. This
fact in connection with the bond stress-slip model presented in Section 3.2 leads to the
observed discrepancies in the hysteretic load-deformation behavior between full- and half
scale models, unless special care is taken to scale the bond stress-slip behavior appropri-

ately.

The results presented in Fig. 6.6 seem to indicate that reduced scale models of E/C
subassemblages whose hysteretic behavior is controlled by bond deterioration, can overesti-
mate the energy dissipation capacity of the subassemblage. In the case of beam-column
joints which are subjected to severe deformation reversals, fixed-end rotations derived from
tests on reduced scale specimens should be judged with caution. In this respect it might be
wiser to compare relative slip values instead of fixed-end rotations between reduced and
full-scale models. In spite of the fact that relative slip has the dimension of length and
should be scaled proportionately to the scale of the models, the bond damage introduced
along the bars anchored in the joint directly depends on the value of relative slip imposed at
the ends of the joint. Because results should be compared on the basis of equal amount of
induced damage, relative slip values should be kept constant between reduced and ruli-scale
models. This, in turn, implies that fixed-end rotations cannot be directly comﬁared between

reduced and full-scale models.

6.7. Comparison of parametric studies

In order to be able to compare the hysteretic behavior of ali cases presented in the
previous sections, some means of evaluating the performance of the interior beam-column
joint in each case has to be found. This performance function must be expressed in dimen-

sionless form, so that cases with various strength and stiffness can be directly compared. In
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this study the total energy dissipated by the interior joint until the moment that the bottom
reinforcing bars slip through the joint, is chosen as a measure of performance. This energy
is measured by computing the energy enclosed in the moment-fixed end rotation hysteretic
loops at both beam-column interfaces. It is, then, normalized by the maximum elastic
energy that can be absorbed by a joint, again determined from the moment-fixed end rota-
tion relation at the beam-column interfaces. This leads to the following definition,

= 6.1
MO+ M6} o

LE
where 3£’ is the normalized total dissipated energy, ¥ E is the total energy dissipated at

both beam-column interfaces, M," (M,") is the yield moment in the positive (negative)

direction of bending and O;L (9, is the corresponding fixed-end rotation.

As a measure of the severity of hysteretic requirements which are imposed on the

interior joint the cumulative fixed-end rotation ductility is selected. It is defined as:

. gt ‘D
2‘%9"2' .;.[ '*'EI -l (6.2)
0)’ 9.?
where u., is the cumulative fixed-end rotation ductility, and as above, 8" is a positive and

0~ a negative fixed-end rotation, respectively.

The relation between nqrmaliied total dissipated energy and cumulative fixed-end
rotation ductility is believed to be a good indicator of the hysteretic behavior of subassem-
blages. This relation is depicted in Fig. 6.7 for the parametric studies on an interior beam-
column joint presented above. The numbers on the curves denote the different cases stu-
died and correspond to the second digit of the sections in this Chapter. Curve 1
corresponds therefore to specimen BC3, curve 2 is associated with a reduction in bond
strength by 15% aﬁd so forth. All curves are terminated at the point at which slip-through
of bottom reinforcing bars takes place, which occurs when bond is completely damaged
along the bottom reinforcing bars in the joint. This does not imply complete collapse of the

subassemblage, since the bars can be anchored in the girder end region on the other end of
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the joint, provided that no instability due to P-A eﬁ‘gct occurs. As already noted, the

influence of the girder end region is not included in this investigation.

It is seen in Fig. 6.7 that the instant of slip-through of the bottom reinforcing bars
greatly varies between the different cases. Particularly striking is the difference between
half-scale model under average bond conditions (curve 1) and half-scale model under a
reduction in bond strength of 15% (curve 2). It is concluded that the quality of bond and,
consequently, the guality of workmanship and construction can substantially affect the total
energy dissipation capacity of a beam-column joint. On the other hand it seems that a vari-
ation in the history of loading (curve 5) in the range studied here does not affect much the
total energy dissipated up to the moment of slip-through of the bottom reinforcing bars.
This, however, does not allow any general conclusions, since the effect of the hisiory of

loading might be important in another range of cyclic excitations.

As already noted in Section 6.6, the full-séale model of ‘the interior joint (curve 6)
behaves almost identically to the half-scale model under the same conditions (curve 1), as
long as bond is not severely damaged. However, under large deformation reversals the
slip-through of bottom reinforcing bars is initiated at 2 much earlier stage in the case of the
fuli-scale model and, consequently, the total energy dissipation differs substantially between
half and full-scale models. It is therefore important to realize that the results from experi-
ments on reduced scale subassemblages whose behavior is controlled by bond deterioration
may have to be interpreted with caution when attempting to predict the behavior of full-

scale members.

With respect to improving the seismic resistant design of beam-column joints, Fig. 6.7
indicates that equal amount of top and bottom reinforcement {curve 3) and reinforcing bars
of _lower yield strength or smaller bar diameter (curve 4) can offer considerable advantage.
It should be noted in this context that the higher is the ratio between cumulative energy

dissipation and cumulative fixed-end rotation ductility, the better is the hysteretic behavior
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of the members under consideration. It is therefore recommended to use equal amount of
top and bottom reinforcement and a lower yield strength of reinforcing bars as a means of

improving the hysteretic behavior of beam-column joints.
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CHAPTER 7

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1. Summary

The study presenied herein has endeavored to develop an analytical model which
describes the hystéretic behavior of reinforced concrete members under severe cyclic exci-
tations. Special attention was devoted to the interaction of reinforcing steel and surround-
ing concrete through bond and the deterioration of such interaction under deformation
reversals. The effects of cyclic bond deterioration on the hysteretic behavior of interior
beam-column joints have been investigated and conclusions regarding the main factors

affecting the hysteretic behavior of joints will be summarized in the following.

In developing an analytical model to describe the hysteretic behavior of R/C members
special attention was devoted to material models describing the stress-strain relation of rein-
forcing steel and the bond stress-slip behavior along the anchorage length of reinforcing

bars under arbitrary cyclic excitations.

The relative slip between reinforcing steel and surrounding concrete increases the size
of cracks that have previously formed perpendicular to the axis of the member. The equili-
brium of horizontal forces and bending moments must be introduced at the cracked R/C
sections to complement the equations which describe the interaction of reinforcing steel
and surrounding concrete. This necessitates the development of a new layer section model
which takes into account the bond deterioration in the vicinity of the crack when establish-
ing the contribution of reinforcing steel and concrete to the equilibrium of horizontal forces

and bending moments at a cracked R/C section.
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The developed model shows excellent agreement with available experimental evidence

on the hysteretic behavior of interior R/C beam-column subassemblages.

7.2. Conclusions

After analyzing the results of the study presented herein the following conclusions can

be drawn:

(1)

(2)

(3)

(a)

The bond stress-slip behavior of reinforcing steel substantially affects the hysteretic
behavior of reinforced concrete joints subjected to severe cyclic deformation reversals.
An accurate bond stress-slip relation is the cornerstone of any attempt to accurately

describe the hysteretic behavior of R/C joints,

The relative contribution of reinforcing steel and concrete to the equilibrium of hor-
izontal forces and bending moments at a cracked R/C section is not only controlled by
the strains but also by the crack width at the top and bottom of the cross-section of
interest. Any model of the hysteretic behavior of a cracked R/C section has to
account for the effect of bond deterioration in the vicinity of the crack. This effect
leads to an incompatibility of strains between reinforcing steel and surrounding concrete

at a crack.

From a series of analytical parametric studies on the hysteretic behavior of an interior
joint the following conclusions were reached regarding the influence of different

parameters:

the ratio of lop to bottom reinforcement influences substantially the hysteretic behavior of
interior joints. If the area of the top and bottom reinforcing layers is equal, very stable
hysteretic behavior is observed. In conformity with experiments, reducing the area of
the bottom reinforcing layer with respect to that of the top, more pronounced pinch-
ing of hysteretic loops is observed resulting in a substantial reduction in energy dissi-

pation capacity,
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{b)

(©)

(d)

(e)

7.3.

the hysteretic behavior of joints is very sensitive to the bond strength along the anchorage
length of reinforcing bars. For example, a were 15% reduction in bond sirength along a
bar results in a 30% reduction in total energy dissipation capacity. This fact has important
consequences in practice. Poor construction quality and poor workmanship can lead

to diminished energy dissipation capacity of the joint,

increasing the number of anchored bars, reducing the bar diameter and reducing the yield

strength of reinforcement improves the hysteretic behavior of joints,

the time history of imposed deformations affects the hysteretic behavior of interior joints. A
small number of large deformation reversals inflicts more damage of bond along the
anchorage length of reinforcing bars than a large number of small deformation rever-
sals,

the scale of specimens influences the hysteretic. behavior of interior joints. By compar-
ing the res.ults of identical full and half scale interior joints it is concluded that the full
scale joint exhibits complete bond damage earlier than the half scale model. This is
due to the fact that bond damage in the joint directly depends on the slip imposed at
the beam-column interface. The value of end slip transforms proporticnately to the
scale of the specimen between specimens of different scale. This ¢an have important
consequences regarding the interpretation of experimental results from reduced scale
reinforced concrete models whose behavior is substantially affected by bond deteriora-

tion,

Recommendations for future research

The proposed model can be used in conducting additional investigations which go

beyond the studies presented within the framework of this report. In this sense it is recom-

mended:



(i)

(i)

(ii)

(iv)

161

to extend the model for predicting the hysteretic behavior of critical regions of rein-
forced concrete columuns, shear-walls and coupling beams in coupled shear-walls. The
hysteretic behavior of critical regions in girders should also be investigated. These
studies can help in developing analytical models which improve upen existing ones
which are based on point plastic hinges or on distribution of curvatures along the

empirically estimated length of the plastic hinges,

to derive simple analytical models which account for the effects of bond deterioration

in the seismic response of moment resisting frames,

to use the proposed model in connection with cyclic shear models at a cracked rein-
forced concrete section, since it allows computation and tracing of crack width in time.
As it is well established, the crack width is the main parameter which affects the con-
tribution of aggregate interlock and of the dowel action of reinforcing bars to the

shear resistance at crack interfaces,

to include the effect of joint shear and diagonal cracking in the hysteretic behavior of
interior and exterior joints. In many cases the transfer of shear stresses in the joint

can significantly affect the overall behavior of the member.
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