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Pivot Hysteresis Model for Reinforced Concrete Members

by Robert K. Dowell, Frieder Seible, and Edward L. Wilson

For nonlinear dynamic seismic analysis of bridge structures to be practi-
cal, only the dominant nonlinear characteristics of the structure should be
included. Based on capacity design principles, the current seismic bridge
design philosophy is generally to force all member nonlinearifies into the
ends of ductile columns. Therefore, nonlinear characteristics of the col-
umns must be adequately defined. In this paper, a hysteresis model is pre-
sented which aceurately captures the nonlinear behavior of reinforced
concrete members in terins of a force-displacement, or moment-rotation,
response. What makes this model attractive, when compared to other hys-
teresis models, is that unsymmetric sections (non-svmmetric cross-section
geomelry and/or tension reinforcement amounts in the two loading direc-
tions), a cyclic axial load, and strength degradation may be included. The
model is based on a few simple rules. Results based on the proposed hyster-
esis model show close agreement with various experiments on reinforced
concrete members.
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INTRODUCTION

Recent bridge failures caused by moderate to strong earth-
quakes in California and elsewhere have prompted a re-
newed interest in understanding the nonlinear seismic
behavior of existing and new bridge structures. To accurate-
ly model the nonlinear dynamic response of a bridge struc-
ture subjected to a severe earthquake, an understanding of
significant nonlinearities is required. Current bridge design
philosophy dictates that inelastic behavior be strategically
located at the ends of columns in the form of ductile plastic
hinges. Based on capacity design principles, the adjacent su-
perstructure and footings, as well as the column center por-
tion, are protected against inelastic action by providing
enough strength to force plastic hinges to form at the column
ends. Therefore, a nonlinear dynamic time-history analysis
of a typical bridge structure requires, among other things,
that suitable nonlinear elements be used to accurately model
the inelastic action expected at the column ends.

1a the past, elasto-plastic hysteresis rules were frequently
used to model the nenlinear behavior of columns. Although
this model might prove reasonable for steel members, it is
not a good representation of reinforced concrete. In 1970,
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Takeda et al. published a paper which included a set of gen-
eral hysteresis rules for the response of reinforced concrete
members, commonly called the Takeda Degrading Stiffness
Model." In this landmark paper, the importance of correctly
modeling the cyclic behavior of reinforced concrete was
demonstrated by excellent comparisons to dynamic response
test results. It was shown that the constantly changing stiff-
ness of reinforced concrete, producing less damping per cy-
cle than an elasto-plastic response, must be explicitly
accounted for in the hysteresis rules to produce realistic non-
linear dynamic results. In the years that followed this paper,
changes were made to the basic model, resulting in the Mod-
ified Takeda Model.? The most notable difference is that the
pre-cracked stiffness is often no longer included, resulting in
an initial stiffness based on the cracked section. Time-histo-
ry results using the cracked stiffness have been shown to
agree very well with results using the original Takeda mod-
cl.? Some form of the Modified Takeda Model is used in sev-
eral nonlinear programs.>*

The 1970 Takeda paper showed that a stiffness-degrading
hysteresis model can adequately capture the nonlinear dy-
namic response of a reinforced concrete cantilever column
subjected to base excitation. Not included in the Takeda
Model are (1) variable column axial loads, (2) unsymmetric
sections, (3) shifting of the column point-of-contraflexure,
(4) biaxial bending effects, and (5) sudden strength degrada-
tion in non-ductile members and response modes.

Since the Takeda Model was introduced many other hys-
teresis models have been proposed, as discussed by Ghosh,’
with varying levels of sophistication and capabilities. To in-
clude biaxial bending and varying axial loads, several hys-
teresis models (4 or 5) are typically used at the critical
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section representing composite (concrete and steel) nonlin-
ear springs.

Some of the above-mentioned issues can be addressed by
fiber or filament models, in which the member cross-section
is divided into many longitudinal filaments representing the
longitudinal steel, and confined and unconfined concrete.
Cyclic stress-strain rules are assigned to each material, al-
lowing the moment-curvature hysteresis response to be
found, including variable axial load and members with any
combination of materials, loading, and section shape. The
force-displacement (or moment-rotation) response of the
member is found by assuming a plastic hinge length, or by
monitoring the moment-curvature response at several sec-
tions along the member length.

Recent efforts in fiber modeling, by Taucer et al.,’ for ex-
ample, show that good hysteresis results of reinforced con-
crete columns and beams are possible, when reasonable
hysteretic constitutive assumptions for concrete and rein-
forcement filaments are used. The success of fiber modeling
techniques has led sorﬁ researchers to conclude that this ap-
proach is the most rédsonable for the dynamic nonlinear
analysis of bridge structures. However, the computational
cost and storage requirements of even a single-degree-of-
freedom fiber model can be prohibitive within the frame-
work of a nonlinear time-history analysis. It is not reasonable
to use this method at the ends of each column of an entire
bridge structure for routine design and/or analysis. There-
fore, predefined member end force deformation hysteresis
models need to be developed which can accurately describe
the inelastic response. Required parameters can be calibrated
from the more advanced fiber model analysis and verified
{(where possible) from experimental results.

In this paper, a hysteresis model is presented for force-dis-
placement or moment-rotation: response of reinforced con-
crete members. Effects of a cyclic axial load, lack of section
symmetry, and strength degradation are included. The use of
the more advanced fiber model for calibration of the hyster-
esis parameters is demonstrated for circular columns and
verified by experimental results, The primary advantage of
the proposed hysteresis model, when compared to other
models found in the literature,’ is its ability to capture the
dominant nonlinear characteristics of very complicated
member response with three simple rules.
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Fig. I—Typical force-displacement behavior of reinforced
concrete column

RESEARCH SIGNIFICANCE
This paper presents a new hysteresis model for the nonlin-

ear response of reinforced concrete members. The cyclic be-
havior of the model follows three simple rules based on
geometry, Despite its simplicity, the Pivot Model gives good
results as judged by comparisons to measured resuolts, and re-
sults from the more rational fiber model.

MODEL DEVEIL.OPMENT
Measured force-displacement hysteresis results of large-

scale reinforced concrete members® consistentty show that
(1) unloading stiffness decreases as displacement ductility
increases, and (2) following a nonlinear excursion in one di-
rection, upon load reversal, the force-displacement path
crosses the idealized initial stiffness line prior to reaching the
idealized yield force (unlike elasto-plastic response). Exper-
imental observations show that unloading, back to zero force
from any displacement level, is generally guided toward ‘a
single point in the force-displacement plane, on the idealized
initial stiffness Tine (primary pivot point in Fig. 1). This is not
a new idea; others have previously used the same approach
for unloading.” Also observed is that all force-displacement
paths tend to cross the elastic loading line at approximately
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Fig. 2—Strength envelope

the same point (pinching pivot point in Fig. 1). The develop-
ment of the proposed model starts with these observations
and expands them to a hysteresis model for very complex sit-
uations. Note that the force-deformation designation used in
the Pivot Model description is completely general. It can rep-
resent the moment-rotation response of a plastic hinge,
force-displacernent response of a column in single or double
bending, or force-displacement response of an entire bridge
frame. Experimental results shown in Fig. 1 are for specimen
C2 described tater.

Description of rules

The Pivot Model is governed by a set of rules which de-
pend on the properties of the member and the history of load-
ing. Because the model gust represent all possible loading
sequences and member response paths, the rules must be
complete and result in a unique force-deformation relation-
ship. Figure 2 displays the strength envelope for monotoni-
cally increasing positive and negative loading, which is
taken as the upper bound for cyclic loading, and may be de-
termined as discussed in Ref. 10. The first and second
branches of the strength envelope model elastic stiffness
(cracked section) and strain-hardening stiffness, respective-
ly. The third branch represents strength degradation, such as
from shear failure, confinement failure, or bar pullout. The
fourth, and final, branch allows for a linearly decreasing re-
sidual strength.

As demonstrated in Fig. 2, the two loading directions can
have different strength envelopes. In this way, members
which are unsymmetric, or have a cyclic axial load associat-
ed with frame action, may have different initial cracked stiff-
nesses (based on first yield of the reinforcement as discussed
in Rei. 10) and yield forces (nominal member capacity) rep-
resented for the two loading directions. It should be noted
that these properties may be found from a simple push-over
analysis of the frame (based on the plastic capacity of the
columns) when a cyclic axial load is considered and no
strength degradation is included. The analysis indicates ad-
ditional axial load in one loading direction, and reduced axial
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Fig. 3—Quadrant definition

load in the opposite loading direction, with corresponding
changes to the initial cracked stiffness and yield force of the
member. In this way, a cyclic axial load is treated in the same
fashion as an unsymmetric member, with the initial stiffness,
yield force, and hysteretic parameters specified separately
for the two directions of ioading. Note that the cyclic axial
load discussed in this paper is a consequence of frame action
which allows the force-deformation envelope to be defined
using a unique relationship between deformation and axial
load. The more general variation in axial load associated
with vertical accelerations is not included in the hysteretic
response.

Prior to presenting rules which define unloading and re-
loading, it is necessary to define four quadrants, as shown in
Fig. 3. Note that the four quadrants are defined by the hori-
zontal axis and the elastic loading lines (not the vertical force
axis), as indicated by the hatching in Fig, 3. This definition
simplifies the model since different rules apply on either side
of the elastic loading lines. Tt is also necessary to define pri-
mary pivot peints Py through P, which control the amount
of softening expected with increasing displacement, and
pinching pivot points PP; and PP,, which fix the degree of
pinching following a load reversal (Fig. 4). As will become
evident in the rules section discussed later, the number des-
ignation of the pivot points (Fig. 4) corresponds to the par-
ticular guadrant they affect. For example, unloading and
loading in quadrant O is guided by point P;. From Fig. 4 it
is clear that the pivot points lie on the elastic loading line
which corresponds to the quadrant they affect. This ensures
that the complete force-displacement plane is covered for
members with different initial (cracked) stiffnesses in the
two directions of loading.

The response follows the strength envelope shown in Fig.
2 50 Jong as no displacement reversal occurs. Once the yield
deformation has been exceeded (in either direction), a subse-
quent strength envelope is developed requiring the introduc-
tion of points §; and S, which move along the strength
envelope and are defined by the previous maximum dis-
placements (see Fig. 4). The modified strength envelope
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Fig. 4—Pivot point designations

{acting as the upper bound for future cyclic loading) is de-
fined by lines joining points PP, to Sq, and points PP, to Sy
(Fig. 4). Although the pinching pivot points are initially
fixed, they move toward the force-displacement origin once
strength degradation has occurred. The parameters which de-
fine these points are

B:* = B; (dippax=dyp)

B* = F}[;MXB;- (ipgax > d)
1
where [3; and B, define the degree of pinching for a ductile
flexural response prior to strength degradation. Displace-
ments dypgay (Fig. 4) and d; (Fig. 2) are the maximum dis-
placement and sigength  degradation  displacement,
respectively, in the “i'iéiirection of loading.

The following is a Iist of rules which define unloading and
Toading for the four quadrants shown in Fig. 3. Loading is de-
fined as +Ad for quadrants (}; and Q4 and -Ad for quadrants
@, and Qs, with Ad defined as a displacement increment.
Unloading is defined as -Ad for quadrants {0 and @4, and
+Ad for quadrants @ and (. For the force-displacement
path to leave the current strength envelope, a displacement
reversal is required. While viewing these rules it may help to
look at Fig. 5 which displays the same rules graphically. A
sample point (in the force-displacement plane) is placed in
each quadrant. The arrows extending from these sample
points represent potential loading or unloading paths in the
force-displacement plane.

RULES
Quadrant 1
»  {Rule 1) Unloading—move along a line toward point

£y
*  {Rule 2) Loading—move along a line away from point
Py

Quadrant 2
»  {Rule 3) Unloading—move along a line away from

point Py
610

Fig. 5—Graphical representation of rules

*  (Rule 4) Loading—imove along a line toward point PP5

Quadrant 3

*  (Rule 3) Unloading—move along a line toward point
P3

»  (Rule 6) Loading—move along a line away from point
3

Quadrant 4
= {Rule 7) Unloading—move along a line away from
point Py

»  (Rule 8) Loading—move along a line toward point FP,

By examining the list of rules above, the number of rules
can be condensed to a set of three simple rules, This is due to
the logical numbering which was assigned between pivot
points and quadrants, allowing the use of symmetry to re-
duce the number of rules. The reduced set of rules is given
below,

CONDENSED SET OF RULES
Quadrants 1 and 3
+  (Rule 1) Leading and unloading in quadrant ¢,, is
directed away from or toward point P, respectively

Quadranis 2 and 4

¢ (Rule 2} Loading in quadrant (,, is directed toward
point PP,

*  (Rule 3) Unloading in quadrant (,, is directed away
from point P,

Modified Pivot Model

The hysteresis model presented thus far does not recognize
a softened initial stiffness following a nonlinear excursion.
In other words, if the force-displacement path passes through
the origin, the initial elastic stiffness is regained (until the
modified strength envelope is encountered). However, ex-
perimental and fiber model results indicate a softened initial
stiffness following a large nonlinear excursion. This is also
seen 1n dynamic tests where the natural period of the struc-
ture is lengthened at the end of the experiment.

ACI Structural Journal / September-October 1998
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Fig. 6—Modified elastic loading line

To include this phenomenen within the framework of the
Pivot Model, the elastic loading lines are free to rotate as a
function of the maximum deformation and specified param-
eter 1] (Fig. 6). Therefore the quadrant definition is updated
whenever the previous maximum displacement is exceeded
in either direction. Figure 6 demonstrates the rotation of the
elastic loading line adjacent o guadrants @) and Q4. The un-
loading stiffness of the maftmum displacement excursion in
quadrant ¢ is guided toward point P, (unleading stiffness is
same as original model at maximum displacement). This line
continues until point P * is reached at a force (1 + 1) times
larger than the force which defines point P|. A line extend-
ing from point P;* through the origin defines the new soft-
ened elastic loading line K*, and updated quadrants ¢, and
0,. Point P4* is on the new elastic loading line at the same
force level as point P,. Point PP* is also on the new elastic
loading line, but at a force defined by the intersection of the
modified sirength envelope (line between points PP, and §;)
and K* (Fig. 6). The hysteresis rules provided earlier are
used with the updated pivot points (indicated by an asterisk).

The points in quadrants @; and @, are affected because
they border the modified elastic loading line. The same pro-

-cedure is followed if a nonlinear displacement occurs in the

opposite loading direction, reducing the elastic loading line
between quadrants (), and (s, thus changing the behavior in
those quadrants. Note that with 1y = ), the model is identical
to the original model. With a large value of 1 (say, 10) the
unloading stiffness for small cycles is approximately equal
to the unloading stiffness at maximum displacement. To the
authors’ knowledge this is the only hysteresis mode] capable
of specifying the degree of initial stiffness loss.

PARAMETERS FOR CIRCULAR RC COLUMNS
WITHOUT STRENGTH DEGRADATION

The required hysteresis parameters for symmetric sections
with no axial load variation and without strength degradation
are ¢ and 3 (Fig. 4), Results from multiple analyses of circu-
lar reinforced concrete columns (Fig. 7) using a simplified fi-
ber model,!! indicate that these parameters may be expressed
as a function of the longitudinal steel ratio and axial load ra-
tio {axial load divided by the unconfined concrete strength
and gross section area - P/f'cAg). Since the charts were de-
veloped with Grade 60 reinforcement, an effective longitudi-
nal steel ratio of %/, the actual ratio should be used for Grade
40 steel. The required bilinear envelope of the Pivot Model
can be found from moment-curvature analysis.

Chart verification

To examine the validity of the charts presented in Fig. 7,
parameters o and B are measured from experimental results
of circular reinforced concrete column specimens C2, C4,
Gt, and F4 (as shown in Ref. 11). The parameters are taken
as the average values from push and pull directions at dis-
placement ductility 6. ot is found at the intersection of the ini-
tial cracked stiffness and the softened unloading stiffness,
defined by a line from the force at displacement ductility 6
through the displacement at zero force. f3 is found following
a load reversal at the intersection of the force-displacement
path and the initiaf cracked stiffness. Columns C2 and C4 are
shear-critical columns!? which were retrofitted to behave
flexurally, while G is a flexural column'® which will be dis-
cussed in greater detail later. F4 is also a flexural column.®
Table 1 displays relevant information for each specimen, in-
cluding measured hysteresis parameters o and (. By com-
paring these parameters with those obtained from Fig. 7 (and
displayed in Table 1), the column tests indicate that the con-
tours derived from the fiber model are realistic. Measured o
parameters for Specimens C2, C4, and G1 are slightly lower
than the chart values, while the measured & parameter for
Specimen F4 is slightly higher, Pinching characteristics, rep-

Table 1—Specimen details and measured and calculated hysteresis

parameters
Effective
Longitedinal | lengitudinal
Axial load steel ratio, steel ratio, o, o, chart R 83, chart
Specimen | ratio, percent percent percent measured | {Fig. 7) measured (Fig. 7)
C2 6 2.5 1.67 5 6 0.50 0.50
C4 18 2.5 1.67 1.5 1.8 0.35 0.52
Gl 15 2.65 2.65 4 5 055 0.55
F4 18 2.5 1.67 2.3 1.8 0.45 052
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Fig. 8—Ratio of post-elastic stiffness to initial cracked
stiffness “tr” for circular columns

resented by B, are accurately captured for specimens C2 and
G1, and are reasonably close for specimen F4. Specimen C4
showed meore pinching than that predicted from the fiber
mode]. This is probably due to the high shear forces of this
column, which is known to cause pinching and reduction of
B. Overall, measured parameters from the four specimens
match those found from the chart (developed by fiber model
analyses) very well.

In addition to the hysteresis parameters discussed above,
the ratio of post-elastic stiffness to initial cracked stiffness
“¢” is provided in Fig. 8 as a function of the axial load ratio
(ALR) and longitudinal steel ratio. This figure was also de-
veloped from fiber model analyses.

MODEL VERIFICATION
Loading in deformation control
To demonstrate the capabilities of the proposed model in
deformation control, measured force-displacement hystere-

612

sis loops for circular reinforced cencrete cantilever column
specimen G1 (Fig. 9) are compared with results from the Piv-
ot Model {(modified, unloading stiffness of small displace-
ments approximately equal to unloading stiffness at
maximum displacement with 1 = 10). As a bench-mark, the
Takeda model is incloded in some of the comparisons, as
well as the more rigorous fiber model. Since it is not the pur-
pose of this paper to discuss the test specimen in detail, only
a cursory explanation is provided. Further details of the test
specimen can be found elsewhere.'® In the following figures
the member force F is normalized to the nominal force F),
(force ratio) and the displacement is normalized to the ideal-
ized yield displacement (displacement ductility) permitting
the hysteretic response of various members to be displayed
in dimensionless form.

Column tests are iypically conducted with increasing dis-
placements in both loading directions, producing symmetric
hysteresis loops. Although this loading provides vatuable in-
formation, such as energy dissipation characteristics for a
given ductility level, as well as the expected monotonic re-
sponse, there are important hysteretic modeling consider-
ations that remain unanswered. Under the influence of an
earthquake, displacement cycles will differ greatly from ar-
tificially imposed, steadily increasing, symmetric loading
cycles of the laboratory. For example, it is clear from typical
reinforced concrete column tests that unloading stiffness
softens as ductility is increased. What is not known from
these experiments is how the member stiffness, at small duc-
tilities, is affected by previous excursions to larger ductility
levels. Also unanswered is the direction the force-displace-
ment path takes if cycling occurs in one direction only.

Specimen G1 had its loading pattern intentionally alterec
from the standard fully reversed cyclic testing procedures of
the laboratory'? to ensure that the Pivot Model responds ap-
propriately for a more realistic loading. Figure 10 shows that
portion of the loading history which contain these added dis-
placement cycles. With ¢ and B found earlier from the charts
as 5 and .55 (Table 1), and ratio of post-clastic stiffness to

ACI Structural Journal / September-October 1998
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Fig. 9—Complete test of Specimen GI: fa) measured and fiber model results, and (b) Pivot Model results

initial cracked stiffness “r” of .01 (from Fig. 8), the Pivot
Model responds similarly to the test specimen (Fig. 9).

Figure' 11 compares measured unsymmetric force-dis-
placement cycles, to the response of the Pivot Model, Takeda
Model, and fiber model. Figures 11(b), (d), and (f) compare
the measured response of an additional cycle applied in the
same loading direction (corresponding to !/, cycles 3
through 5 in Fig. 10), with results from the fiber, Pivot and
Takeda models. Figures 11(a}, (c), and (¢) compare the mea-
sured response of small displacement cycles following large
displacement cycles (corresponding to Y/, cycles 11 through
15 in Fig. 10), with results from the fiber, Pivot and Takeda
models.

Figure 11 demonstrates that the respense of the proposed
hysteresis model closely reserables the measured Iesponse,
while the Takeda Model fijads to point to the previous max-
imum displacement too early, resulting in a response for un-
balanced cycles which may be quite different from that
measured. The measured amount of energy dissipated (rela-
tive energy in terms of ductility and force ratio) at each duc-
tility level tested (Fig. 12[a]), is similar to that found from
the Pivot Model and Modified Takeda Model (calibrated to
match the unloading stiffness of the Pivot Model at displace-
ment ductility 4). This shows that for the simple case of a
symmetric member loaded with even displacement cycles,
the Pivot Model behaves similarly to the widely used Takeda
Model, Figure 12(b) indicates the relative energy dissipated
for the unbalanced loops (loops 1, 2, and 3 correspond to !/,
cycles 11 through 15, neglecting the small inner loop, 3
through 5, and 12 through 14, respectively, in Fig. 10). As
expected from Fig. 11, the energy dissipated from the Pivot
Model is quite close to that measured, while the Takeda
Model generally underestimates the energy dissipated. This
is especially true for the larger unbalanced displacement cy-
cle loop 1.

Dynamic loading

It was shown in the previous section that large symmetric
displacement cycles and unbalanced displacement cycles of

ACI Structural Journai / September-October 1998
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a tested reinforced concrete column are well represented by
the proposed Pivot Hysteresis Model. However, to more re-
alistically test the rules of a hysteresis model it should be
subjected to an earthquake motion. This exercises the force-
displacement paths in somewhat random fashion, loading
and unloading many times in each quadrant, As discussed
previously, column specimen G1 was tested in deformation
control. No dynamic loading of the specimen was conducted.
However, a nonlinear time-history analysis of the specimen,
subjected to the first 30 seconds of the 1940 El Centro earth-
quake (EImperial Valley Irrigation District, SO0E), was per-
fermed with 2 percent viscous damping. The inertial mass is
adjusted so that the initial elastic period of the structure is
one second. In order to ensure reasonably large displacement
ductility, the earthquake record is magnified by a factor of
six over that required to produce the idealized yield force of
the specimen (strength reduction factor Z of ).

The same nonlinear analysis was conducted with the Pivot
Meodel and the fiber model, The Modified Pivot Model was
used, with unloading stiffness of small displacements ap-
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Fig. 11—Response of models compared to measured results for unbalanced displacement cycles of Specimen G1: (a) Loops I and
3 fiber model and measured; (b) Loop 2 fiber model and measured; (¢) Loops I and 3 Pivot Model and measured; {d) Loop 2
Pivot Model and measured; (e) Loops I and 3 Takeda Model and measured; and (f) Loop 2 Takeda Model and measured

proximately equal to the unloading stiffness at maximum
displacement (v = 10). This gave better results than the orig-
inal Pivot Medel following the maximum nonlinear excur-
sion. As discussed previously, unlike a hysteresis model, the
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force-displacement response of a fiber model requires no
rules. It is reasonable, therefore, to expect that the dynamic
response of the fiber model will perform properly, and that it
may be used as a bench-mark for the dynamic response of the
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Pivot Model. Figure 13 shows that the response of the Pivot

— Pivot Model BRI
Fiber Model ;

Model is very similar to the fiber model behavior through the
entire 30 seconds of loading. The displacement ductility
time-history (Fig. 13[a]) indicates good correlation in maxi-
mum displacement and period of vibration. Also, force ratio
time-history results show close agreement between the two

-0.5 1

-1.0 ]

models (Fig. 13[b]).

To demonstrate unsymmetric behavior of the proposed
hysteresis model under dynamic response, specimen G1 is
investigated with a cyclic axial load. The seismic axial load
varies in proportion to the critical section moment with a

-1.5 b —————
~8-7-6-5-4-3-2-10 1 2 3 4 5
Displacement Ductility

T
6

Fig. I4—Specimen G1 with varying axial load
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constant of proportionality of 0.08 1/in. (0.0315 1/cm). Note
that this constant was chosen arbitrarily to demonstrate un-
symmetric member behavior associated with axial load vari-
ation which can be attributed to frame action. The fiber

7 8
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model response of the specimen in deformation control is
shown in Fig. 14, along with the corresponding Pivot Model
response. Required parameters of the Pivot Model were
found from the fiber model results displayed in Fig. 14. In
the following. figures, nominal force and ductility one are
based on dead load only, allowing response variations due to
the changing axial load to be quickly observed. Figure 14
demonstrates that in deformation control the Pivot Model re-
sponds similarly to the fiber model with the large axial load
variations induced.

As stated previously, a more thorough test of a hysteresis
model is in its dynmamic response. Therefore, specimen G1
was subjected to the first 30 seconds of the El Centro earth-
quake with the above discussed axial load variation, and
magnification from the prior nonlinear analyses. A notice-
able difference between the response of the specimen with
axial load variation and without axial load variation is seen
by viewing Fig. 13 and 15. The Pivot Model does a good job
of mimicking the dynamic behavior of the fiber model (Fig.
15} for this unsymmetric column response. Figure 15(b)
shows the importance of correctly modeling an unsymmetric
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response, with the force on the tension side being significant-
ly less than nominal, and on the compression side much
greater than nominal. This demonstrates that the proposed
hysteresis model can quite accurately capture dynamic un-
symmetric member behavior. Note that in this example a
varying axialdoad caused the unsymumetric behavior. It could
have been produced by other means, such as a different
amount of reinforcement in the two loading directions, or an
unsymmetric section shape.

OTHER POSSIBLE HYSTERESIS BEHAVIORS

The following provides several examples of possible Pivot
Model behavior for various members and response modes.
Unlike the previous examples, the Pivot Model parameters
are taken directly from the measured data. Therefore these
are not predictive models. Figures 16(a) and (b) show the re-
sponse of a retrofitted outrigger bent, which performed in a
ductile manner with no strength degradation, and an “as-
built” outrigger bent, which failed in joint shear in one direc-
tion only."* Figure 16(c) demonstrates a classic column
shear failure,'? with sudden loss in force capacity prior to

ACI Structural Journal / September-October 1998
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various experiments: (a) retrofitted knee joint (outrigger);
(b) “as-built” knee joint (outrigger); and (c) shear column

ductility one. In all cases the proposed hysteresis model
responds similarly to the measured results.

CONCLUSIONS

A simple and efficient hysteresis model is proposed for
force-displacement, or moment-rotation, response of rein-
forced concrete members. For a symmetric column, with no
strength degradation, the Pivot Model responds similarly to
the popular Medified Takeda Model, with improved results
for unsymmetric displacement cycles. It was shown that add-
ed effects from an unsymmetric section, cyclic axial load as-

ACI Structural Journal / September-Octaber 1998

sociated with frame action, and strength degradation may be
included. Since strength envelope parameters, as well as un-

+ loading and loading parameters, are specified separately for

the two leading directions, the hysteresis response cant mim-
ic very intricate behavior.

Presently, the Pivot Model does not include (1) continued
strength degradation for multiple cycles to the same dis-
placement level, (2) strength degradation in one loading di-
rection caused by sudden strength loss in the. opposite
loading direction, and (3) biaxial bending effects. These phe-
nomena are currently under investigation for inclusion in fu-
ture versions of the Pivot Model. The unique quadrant
approach of the Pivot Model, whichis central to its hysteretic
behavior, may aid in the development of a simple model
which includes biaxial bending. To define the Pivot Model
parameters and investigate the above discussed phenomena,
a simplified fiber mode] is under development which closely
matches experimentally obtained results.!!

CONVERSION FACTORS

lin. = 254 mm
1kip = 4448N
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