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ABSTRACT

This research report introduces a reﬁned phenomenological type analytical model for
simulating the inelastic buckling behavior of steel braces. The cyclic buckling behavior of
braces is simulated by pre-defined straight line segments along with simple rules regarding
buckling load deterioration, plastic growth, and so on. This model, developed on the basis of
the phenomenological type approach taken by Maison er al, overcomes some of the limitations
of earlier models. For example, consistent asymptotic behavior is achieved even for large axial
brace shértenings, and extends input and output options available to the user. Furthermore,
this element is able to utilize the advanced capabilities of the recently developed DRAIN-2D?2
program, which performs dynamic inelastic structural analyses of two-dimensional structural

systems subjected to static loads and seismic base excitations.

In phenomenoclogical type models brace hysteretic loops are defined in terms of control
input parameters. It is crucial to the successful application of these models that the input
parameters be specified properly. However, due to a lack of sufficient experimental and analyti-
cal information regarding the selection these parameters, it has been difficult to select appropri-
ate parameters. This research program attempts to facilitate this selection by the following
steps. Firstly, a systematic method for selecting input parameters is proposed along with
several rules governing the values of certain parameters. Secondly, input parameters for 24
different braces are presented based on available experimental results. Thirdly, generalized
riarameters for commonly used types of sections are derived on the basis of these specific

parameters.

A series of simple quasi-static analyses were undertaken in order to evaluate the capability
of the new model and the validity of the methods for the selection of input parameters pro-
posed. A complete user’s guide for the computer program developed for the new model is

presented in Appendicies.
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1. INTRODUCTION

1.0 Introductory Remarks

Braced frames are often used in steel structures to provide lateral resistance and to reduce
drifts under lateral loads. Where loads are well-defined and the structure is required to respond
in the elastic range, conventional elastic design methods are adequate. However, in the case of
earthquake response maximum loads are uncertain and it may not be economically feasible to
design a structure for this extreme loading on an elastic basis. Fortunately, this may not be
necessary if it is possible to take advantage of the inherent ability of steel structures to absorb
and dissipate energy by means of inelastic deformations. In this manner a structure may sus-

tain local damage, but should not collapse during a severe earthquake.

Although considerable research has been focussed on the seismic behavior of steel
mpment-resisting frames, comparatively few experimental results are available for steeil braced
systems. Eccentrically braced frames have been recently investigated. However, the braces in
these systems are intended to remain "essentially” elastic and energy dissipation is achieved by
yielding of the framing elements. In conventional concentrically braced frames, it is far more
common to rely on inelastic deformations in the braces as the primary source of earthquake
energy dissipation. The seismic response of such systems is difficult to predict due to the com-
plexity of the cyclic inelastic behavior of the individual braces. As can be seen in Fig. 1.1,
experimental hysteretic loops for braces are considerably more complex than for steel flexural
members. Braces tend to exhibit both a significant deterioration of compressive strength during
each cyclg once the buck[ing load is reached, and a reduced effective "elastic" stiffness and
buckling load on each subsequent inelastic cycle. Thus, the stiffness and compressive strength
of bracing elements may degrade during inelastic deformations associated with severe earth-
quakes. In addition, for certain types of braced frames, the difference in the tension and
compression capacities of braces can result in significant redistributions of internal forces not
accounted for in the original "elastic" design. These factors may necessitate special design con-

siderations when designing braced frames located in regions of high seismic risk.
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To illustrate the importance of this on conventional design, it is useful to consider the
simple example structure shown in Fig. 1.2. For simplicity, in this example, all members are
assﬁmed pin-ended and only a symmetrically distributed lateral load is applied. The beams and
columns are, for the time being, constdered infinitely rigid and strong. The axial force - axial
displacement relation assumed for the diagonal braces is shown in Fig. 1.3. Thevsign conven-
tion adopted herein and throughout the remainder of this report is that tensile forces and elon-
gations are positive. The tensile strength of the braces is assumed to be P,. The slenderness
ratio of the member is selected such that the buckling load is —P,/2 and with increased
compressive deformation the compressive strength decreases to —P,/4 at point C in the figure.
This assumed post-buckling behavior of the diagonal brace idealizes experimental results (see
Fig. 1.1 for an example). This model includes two different phases of post-buckling behavior.
First the axial load of the brace remains constant (between Pts. A and B}, next its value

decreases continuously (between Pis. B and C).

The conventional working stress design of the X-braced frame (see Fig. 1.2 (a)) would
limit the lateral load, P, to that which would develop the allowable buckling force in the braces
(i.e., 0.5P,/Factor éf Safety}. At this load level, by symmetry, the X braces would carry equal
but opposite forces along each diagonal, and the beam would carry no axial load (and therefore

could be designed as a small element). The column load magnitude is P.

Due to overloads inelastic behavior would be initiated when the cdmpression diagonal
buckles. Using the assumed post-buckling behavior of the diagonal braces, one can compute the
redistribution of the internal forces, shown in Fig. 1.2 (a} to (d), as it occurs during overloads.
As the external load increases from the working load range, the compressed brace buckles and
the tensile brace is still elastic. This is shown for the onset of buckling in Fig. 1.2 {b) as Stage
1. In this stage there is still no axial load on the beam. In Stage 2 (Fig. 1.2 (c)), the
compressed brace remains buckled and the tensile one yields. The unbalance in these brace
forces causes a compression force in the beam. In Stage 3, the compressed brace passes into a

post-buckling state {Pt. C in Fig. 1.3), and the tensile brace continues to yield, resulting in



further compression on the beam.

All three stages should be considered in the design of beam and columns. However, if
the frame were designed on an elastic basis alone, the beam would have no net axial load,
resulting in a very small cross-section, and the columns would be designed to resist a [oad of
i 2P, /4. With this design the frame can carry an external load up to ﬁPy /4. However, if the

“external loads are increased, the beam is immediately overstressed and the structure becomes
unstable as shown in Fig. 1.4. Moreover, the column axial loads also increase, raising the pos-

sibility of column buckling or tensile yielding or, failures of column splices or tie downs.

If the beam was designed for Stage 2 (Fig. 1.2 (c)), as might be done to account for the
differences in code specified tension and compression brace capacities, the behavior is some-
what improved. The beam and columns are given more compressive strength so that they are
able to resist the increased external load. Increased member strength resulis in increased

frame strength (Fig. 1.4), but the ductility is limited.

Lastly, the beam and columns might be designed to have enough strength and ductility to
carry the loads caused by the expected deterioration of the strength of the buckled brace at

point C (Stage 3). This design resuits in increased ductility of the entire structure,

To develop the strength and ductility potential of the structure corresponding to the
braces selected, the beam must be designed to have adequate compressive strength. This is
necessary to avoid premature buckling of the beam. The columns must also be appropriately

sized accounting for the redistribution of forces.

The K-braced frame (Structure 2 in Fig. 1.2) is also greatly influenced by the redistribu-
tion of internal forces. Because of the symmetrical construction, in the elastic stage, the K-
braces carry equal but opposite forces along each brace and the beam carries no bending
moment. However, after the compressed brace buckled the K-braces carry unequal loads, caus-
ing bending moment in the beam. In this situation, a conventional elastic design might resuit

in a premature collapse of the structure after the brace buckled.
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Thus, to design efficient seismic-resistant structures one need to account for redistribution
of internal forces due to buckling and vielding. To do this it is necessary to predict brace
behavior and perform analyses of the seismic behavior of braced systems. Such analytical pred-
ictions should be based on sound theory and verified on the basis of experimental research

results.

1.1 Review of Experimental Research

Many experiments have been undertaken on inelastic behavior of axially loaded steel
braces. However, most of these experiment dealt with members subject to monotonically
increasing compression. Only a few experiments have been performed on the cyclic inelastic

behavior of steel braces [1, 3 to 121.

Wakabayashi and his colleague have performed numercus experiments on the inelastic
buckling of steel braces [3-8]. Wakabayashi et a/ tested more than 30 small-scale specimens
[3,4,5]. All of these had the same square solid cross section 0.59x0.59 in. (15x15 mm) but
had various effective slenderness ratios (ranging from 40.46 to 164.64). In addition, they tested
steel braces restrained against rotation at both ends [6]. Twenty-one specimens having square
solid cross seclion and eight specimens having H-shaped cross section were investigated. They

had relatively short member lengths, 7.6 to 36.5 in. (193 to 928 mm).

Sherman [9] tested axially loaded struts and beam-column tubes, modeling offshore con-
struction. However, materials were tested in the as-received condition. Jain et a/ [10] have
performed experiments on 18 specimens made from 1x1 in. (25.4x25.4 mm) hollow cold-

rolled steel tubes. Various effective slenderness ratios were used (from 30 to 140).

Zayas, Mahin and Popov tested four tubular steel braces, representative of one-sixth scale
offshore construction [11]. They investigated the effects of material properties, of diameter to
wall thickness ratios and of effective length (25 and 54).

Black, Wenger and Popov investigated the hysteretic behavior of 24 axially loaded steel

struts, having a variety of cross-sectional shapes and slenderness ratios frequently encountered
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in practice f11. These specimens consisted of wide flanges, rectangular tubes, pipes, etc. Vari-
ous loading histories were applied. Gugerli and Goel [12] tested nine specimens of realistic

size: five of them were wide-flanges and four of them were tubes.

Several experiments [7,8,11] have been conducted on steel braced frames under cyclic
loading having braces which buckle during compression. Wakabayashi ef a/ tested siniple
braced frames under repeated horizontal loading in References 7 and 8. They consisted of sin-
gle bracings and double bracings of realistic size. Wide flanges, tubes, angles, flat bars and
round bars were used as brace members. Zayas, Mahin and Popov [11] tested large-scale three
story braced frames under cyclic horizontal loading at the top. The lower two stories were

made by X-braced frames and the top one by a K-braced frame.

1.2 Review of Analytical Models
1.2.0 General

Several models have been developed to represent the inelastic buckling behavior of steel
braces. These models can be divided into three different types: finite element, physical theory
brace, and phenomenological models. Finite element models generally subdivide a brace longi-
tudinally into a series of elements which are subdivided into a number of fibers. However, the
necessary computations are so costly that the method cannot be economicaily applied to practi-

cal analyses of large structures. Therefore, these methods will not be considered any further.

Physical theory brace models incorporate simplified theoretical formulations based on phy-
sical considerations that permit the cyclic inelastic behavior to be computed. The geometrical

representation of a brace is considerably simpler than that used for a finite element model.

Phenomeﬁological models are based on simplified hysteretic rules that only mimic
observed axial force - axial displacement relationships. Currently, this type of model provides
the most common approach to the analyses of large-scale braced structures. This research

report follows the phenomenological type of approach.



1.2.1 Review of Phenomenological Models

Phenomenological models have been developed by Nilforoushan [13], Singh [14],
Marshall [15], Roeder [16], Jain [17], and Maison [18l. The analytical hysteresis loops
employed in these models are shown in Figs 1.5 through 1.10. Since the basic characteristics of
these models are shown in these figures, a detailed explanation of each model is omitted herein

and only the general properties of these models are compared.

The models generally possess one local degree of freedom: axial deformation. The axial
force and stiffness of a strut are defined using simplified rules, defined in terms of input param-
eters. The values of these parameters need to be specified approptiately so as to obtain an accu-

rate analytical result.

Properties of phenomenological modeis depend mostly on the number of linear segments
employed to define the hysteretic loops. Historically, phenomenological models have been
improved by adding new segments or removing some segiments. The fewer the number of seg-
ments, the simpler and more computationally efficient a mode] tends to become. The more seg-
ments, the more complex the behavior that can be replicated. Table 1.1 lists the number of seg-
ments used in these models. In order to understand how the segments of these models are
defined, it is useful to discuss the physical behavior during cycles. Figure 1.11 shows a cycle of
a hysteresis loop physically divided into different zones. This is not the only possible explana-
tion of physical behavior under cycling, but for convenience it is used herein for discussion.
The Singh, the Marshall, and the Jain models ignore the difference between the "elastic. post-
buckling zone in tension" and "elastic post-buckling zone in compression," and siraulate these
two zones by one segment. The Marshall and the Jain models omit the “buckling zone.” The
Roeder and the Maison models assigned two segments to each of the "plastic zone in compres-

sion” and "plastic zone in tension," having large curvatures, to obfain a better simulation.

Several important phenomena, observed during inelastic cycling, must be adequately
incorporated in a model. These include the deterioration of the buckling load, plastic growth in

the brace length and local buckling. Deterioration of the buckling load is illustrated in Fig. 1.1.
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The definition of plastic column growth, caused by plastic lengthening of a strut after one cycle
of loading, is shown in Fig. 1.10. Local buckling usually results in the rapid deterioration of
both tepsile and compressive brace capacities. Whether these models take these wvarious
features into account is summarized in Table 1.1. The feature of deteriorating buckling load
during cycles is included in the Jain, the Roeder and the Maison models. These three models
incorporate two characteristic buckling loads to express limits on the deterioration. The Jain
model uses one limit to define the buckling load for the first cycle and the other for the buck-
ling load for all subsequent cycles (Fig. 1.9). The Roeder and Maison models use one for the
maximum buckling load and the other for the minimum one. The actual values of buckling

loads deteriorate between these two loads based on a simple rule.

Plastic growth is accounted for in the Jain and the Maison models. Local buckling is
included only in the Marshall model, which defines brace failure due to local buckling based on

an empirical formula.

Analytical results by these models were compared in a previous report [19] by applying
them to the same strut data (see Fig. 1.12 (a) to (e)). In this comparison, the Maison model
performed best. It is a revised version of the Roeder model, the main behavioral difference
between these two models is that the Maison model included the effect of plastic growth. The
Maison model has been implemented in the ANSR-I program [20] as an element called

ANSR-I Element No. 4 [19].

It should be remembered, however, that phenomenological models are based on
simplified rules that only mimic observed behavior and are not based on theoretical considera-
tions. Refined phenomenological models will not necessarily result in more accurate results

unless appropriate experimental or analytical data exist to properly define the input parameters.

1.3 Objective

As we have seen, the deterioration of brace capacity under inelastic cycling may result in

significant redistributions of internal forces not usually accounted for in conventional design as
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well as in considerable degradations of structural stiffness and strength. Consequently, it is
highly desirable to perform realistic analyses of braced frames to assess their probable seismic
performance. However, the complex cyclic inelastic behavior of braces makes prediction of the
seismic behavior of braced frames difficult. The phenomenological and physical theory analyti-
cal models show the most promise for computer analysis of large-scale structure systems.
Currently, the most accepted approach is based on phenomenological representations. How-
ever, the limitation of this approach is the lack of implementation on commonly available com-

puter programs and the difficulty in selecting parameters used to define cyclic behavior.

The research program reported herein explores a simulation of cyclic buckling behavior of
axially loaded steel braces by a refined phenomenological model. It is implemented into the
DRAIN-2D2 computer program [21] and enables the users to economically analyze braced
structures. The element, a syntheéis of previous phenomenological models, is able to mimic
various models for braces with effective slenderness ratio varying from 40 to 120. In add{tion,
considerable efforts have been made in the implementation of theelement to provide the user

significantly increased information on the inelastic behavior of the brace.

Generally, in research programs concerned with phenomenological models, an emphasis is
placed on the implementation and the computational characteristics of these models; however,
relatively little attention is usually paid to their use. In order to avoid potential problems
related to the use of such elements, this research program provides a complete method for
selecting input parameters, and presents various kinds of generalized input parameters for com-
monly used braces. An extensive review of experimental data has been made to assess the reli-
ability of the model and to identify generalized input parameters. Empirical relationships are
developed to assist in modeling inelastic brace behavior,

It appears that physical theory models hold great promise for future implementation in
computer analyses. These models are not investigated in this report, however, they are now

under study and will be the subject of a subsequent report.



1.4 Scope

To achieve the aforementioned objectives, the following studies were performed. Chapter
2 investigates the cyclic behavior of braces by examining test data. The emphasis is placed on

identifying the behavioral characteristics to be incorporated in the new model.

Chapter 3 introduces the refined phenomenological element. This element, whose proto-
type is the Maison model [18], includes new features which increase its capabilities. The new

features, including an "event-to-event" solution strategy and "Zone 10," are discussed in detail.

Chapter 4 describes a systematic method for selecting input parameters. Several rules in
selecting them are presented based on observations regarding the inelastic behavior of braces.
Chapter 5 contains analytical results computed using the element. A simple analysis with the
element is compared with corresponding test data to demonstrate the capability of the element.

In addition, behavioral characteristics of the element are studied.

Chapter 6 presents generalized input parameters for individual sections selected on the
basis of the interrelationships between optimal parameters for individual struts. These parame-
ters are made available in response to the current shortage of data about input parameters. The
validity of the generalized input parameters is assessed by comparing analytical results obtained

using these parameters with corresponding test data.

Chapter 7 offers conclusions regarding the practicability and reliability of the refined
phenomenological model. Behavioral characteristics which must be carefully modeled are
identified in order to simplify the element. Limitations of phenomenological models are exam-

ined and the need for future work is presented so as to improve modeling of braced frames.

Appendix A presents a complete comparison of the analytical hysteresis loops obtained
using the refined model with the corresponding test data. Appendix B constitutes a user’s guide

for the computer implementation of the refined phenomenological model.



-10 -

2. REVIEW OF SOME EXPERIMENTAL DATA ON BRACE BEHAVIOR

2.0 Introductory Remarks

Prior to introducing the analytical model, it is important to study actual behavioral charac-
teristics of steel braces in order to identify important features to be simulated by the model.
For this purpose, the data from an experimental program by Black, Wenger and Popov [1], in
which 24 struts were individually tested, are studied herein. The struts were subjected to cyclic
quasi-statically applied axial loéds simulating earthquake loading effects. These data included an
axial force - axial displacement curve and an axial force - lateral displacement curve for each
strut (see Fig. 2.1 for an example). The struts consisted of: nine wide-flanges, four double-
angles, one double-channel, two tees, and five circular and three square tubes. Eighteen of
these struts were designed to be pinned at both ends, while six of them were pinned at one end
and fixed at the other. A common effective slenderness ratio of 80 was used for specimens
within each structural shape category to allow for a direct comparison of results due to the vari-
ations in shapes. In addition, an effective slenderness ratio of 40, close to the range of plastic
action, and one of 120, close to the range of elastic buckling, were assigned to both wide-flange
and doubie-angle sections. Black, Wenger and Popov concluded that the effective slenderness
ratio of a member appears to be the single most important parameter in describing its hysteretic

behavior.

2.1 Deterioration of Buckling Loads

It is generally accepted that strut buckling loads tend toc deteriorate from cycle to cycle
(see Fig. 2.1 (a)}. Two main causes of the deterioration have been identified as the "residual
camber of the strut" and "material nonlinearities" {1]. The residual camber is represented by '
the amount of residual lateral displacement at the center of the strut. It was demonstrated in
Reference 1 that residual lateral displacements were inversely proportional to buckling loads.
Figure 2.1 (b) shows that significant residual cambers developed in Strut 19 corresponding to

the drop in its buckling capacity.
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Material nonlinearities can be observed in the stress-strain diagram from a coupon test
shown in Fig. 2.2. This figure indicates a considerable hysteretic dégradation of tangent moduli,
usually denoted as the Baushinger effect. This results in a deterioration of buckling loads with
cycling. An example of this is shown for Strut 12 in Fig. 2.3. This data does not indicate a
significant increase of residual lateral displacements under cycling. There was still, however, a
rapid deterioration of buckling loads. This can be associated with a reduction of tangent moduli

of elasticity during cycles of large inelastic deformations, especially in the tension phase.

In addition to these main causes of buckling load deterioration, it is important to note the
indirect influence of maximum tensile loads on buckling loads. An axial force - lateral displace-
ment curve shown in Fig. 2.1 (b) indicates that the residual lateral displacement tends to
become smaller during tension and larger during compression. In other words, the strut is
straightened by tensile loads and is bent by compressive loads. The larger the residual lateral
displacement of each cycle remaining at the beginning of the compression phase, the smaller
the subsequent buckling load; therefore, the more a strut is straightened during tension, the
larger the buckling load during the following compression cycle. For example, the axial force -
axial displacement curve for this strut shows a degradation of the maximum tensile load
developed from Cycles 5 through 7 (see Fig. 2.1 (a)). Because of the degradation of the max-
imum tensile load during the cycles, there is an increase in the residual laterat displacements as

well as a decrease in the buckling load in the compression phase, as shown in Fig. 2.4.

Simple methods have been developed for predicting the effect of residual camber and the
Baushinger effect on the deterioration of buckling load [22,23,24]. These methods were found
to correlate well with experimental results where the residual camber and the material proper-

ties were known.

2.2 Post-Buckling Deterioration of Brace Capacity

This section investigates the post-buckling behavior of the brace capacity. After the buck-

ling load is reached in each cycle, the load carrying capacity of a brace usually deteriorates with
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increased axial brace shortening. Each phenomenological model simulates this experimental
behavior by a predefined axial force - axial displacement relation, as shown in Figs. 1.5 through
1.10. However, because the starting point of each cycle in the history shifts with yielding in
tension and with plastic growth, it is difficult to appropriately choose a relation simply by
observing the experimental axial force - axial displacement curves. This problem can be
resolved by constructing a translated axial force - axial displacement curve in which each subse-
quent hysteretic cycle observed for a brace is plotted such that the starting point, the point of
the first compression load on a cycle, has the same origin. For example, each cycle of the hys-
teretic curves for Strut 19 shown in Fig. 2.1 (a) was translated and plotted in Fig. 2.1 (c).
Cther translated figures can be found in Fig. 2.5. The translated figures generally give deeper
insight into cyclic behavior than do the original figures, and they are more useful in selecting

parameters. Their use in selecting parameters will be discussed in Chapter 4.

As can be seen in these figures, the translated hysteretic curves generally form a smooth
enveloping surface on the compression side. Features of cyclic behavior on the compression
side are well expressed by the envelope of the translated curve. Figure 2.6 compares envelopes
of translated curves on the compression side for sections with the effective slenderness rafios
(kL/r) of 40, of 80, and of 120. As can be seen, the stocky member (kL/r =40) had a fuller
cyclic history and the slender one (kKL/r =120) had a more pinched one. Moreover, the
slender member exhibited a sharper decrease of buckling loads, while the stocky member had

more capacity to absorb and dissipate energy.

A rather flat region is observed near the buckling point on a translated curve for the
stocky strut with a KL/r of 40. This flatter region is generally called the "buckling zone" (see
Fig. 1.11). This zone, however, does not exist for struts with a kL/r of 80 or 120. Instead,
there is a kink at the buckling point in these curves. These behavioral characteristics should be

considered in selecting the input parameters for the new model.
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2.3 Plastic Growth

Plastic lengthening of a strut after each inelastic cycle of loading (plastic growth) was
noted in Reference 1. It reports that the inelastic elongations of braces which have yielded by
tensile loads will not be removed when the braces buckle under compressive loads. This results

in a net elongation of braces during cyclic inelastic load reversals.

Brace elongation should be described by a parameter which is able to account for the
effect of a previous inelastic history. Reference 1 used the absolute cumulative plastic strain at
the beginning of a loading cycle in representing this history dependent behavior. In order to
understand the definition of this strain, it is useful to observe a hysteretic stress-strain diagram
from a coupon test shown in Fig. 2.2. At Point d in this figure, the absolute cumulative plastic
strain, Ee p» is defined as the sum of strains along the abscissa from Point a to b, from b to ¢,

and then from ¢ to d.

Plastic growth versus absolute cumulative plastic strain relationships for Struts 10, 12, 14
and 16 are plotted in Fig. 2.7. This figure exhibits a positive linear correlation between these
two variables, and a least-square (linear) approximation for the data for each strut is shown.
The slope of the approximation line, called the "growth factor," is an important parameter for
modeling plastic growth. The Jain [17] and the Maison [18] models employ the growth factor

in defining plastic growth.

2.4 Summary

This chapter is concerned with the experimental hysteretic behavior of steel braces. A

summary of this chapter is presented below.

An experimental program for 24 cyclically loaded struts tested by Black, Wenger, and
Popov [1] was reviewed. These struts consisted of various types of sections, while the effective

slenderness ratio was either 40, 80, or 120.
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Causes of the deterioration of buckling loads were identified. It was shown that either an
increase of residual lateral displacements, a degradation of tangent moduli, or a decrease of

maximum tensile loads would result in the deterioration of buckling loads.

The post-buckling deterioration of brace capacities was studied. An emphasis was placed
on identifying the influence of slenderness ratios on the deterioration. The strut with a kL/r
of 40 showed a fuller enveloping surface of the translated axial force - axial displacement curve
and the strut with a kL/r of 120 showed a more pinched one. The buckling zone (Fig. 1.11)
existed in the enveloping surface of the translated curve of struts with a kL/r of 40 but not in
the surface of struts with a kL/r of 80 or 120. Plastic growth had a positive linear correlation
with absolute cumulative plastic strain. Growth factor values were determined based on this

correlation.
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3. THE REFINED PHENOMENOLOGICAL MODEL

3.0 General

This section introduces a refined phenomenological model. This model, developed on the
basis of the phenomenological type approach taken by Maison [181, is extended to overcome
some of its limitations. This new element mimics hysteretic axial force - axial displacement

relationships by the use of a series of predefined linear lines as shown in Fig. 3.1.

A complete description of the properties and mechanisms of the refined model can be
found in Appendix B. The user’'s manual for the element is also includedv in this appendix.
Considerable efforts have been devoted to avoiding inconsistent analytical results caused by
poor selection of parameters. At the beginning of each analysis, input parameters are
thoroughly checked and warnings concerning potential causes of misbehavior in the element are

issued.

The refined phenomenological model has been developed as an inelastic truss element for
the DRAIN-2D2 program [21]. This refined model utilizes the new programming capabilities
of DRAIN-2D2, which more reliably models dynamic inelastic responses of structures.
Detailed information on the assumptions and operating characteristics of this program can be

found in Reference 21. The basic characteristics of this program are briefly described below.

The DRAIN-2D2 program is a practical and efficient computer program for the inelastic
behavior analysis of two-dimensional structures. The structure is idealized as a planer assem-
blage of discrete elements. The program contains a series of elements in its library; further-
more, new elements may be added without changing the framework of the program. Static
loads may be considered in addition to horizontal and vertical components of base ground shak-
ing. In analysis, the direct stiffness method is used with the nodal displacements as unknowns.
The dynamic response is determined using stép-by-step integration based on the constant
average-acceleration method. Each step uses the tangent stiffness of the structure and assumes

linear structural behavior during that step. Solutions of the equations of motion in the program
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can be attained either by automatic or constant time stepping strategies. Equilibrium errors
(unbalanced forces) resulting from the discrepancies between this linear assumption and actual
inelastic member behavior are eliminated by the application of corrective loads in the subse-
quent time step. These unbalanced forces, however, can become so large that they cause spuri-
ous results. The user can reduce the time step duration in such cases. Alternatively, the
optional automatic event-to-event solution strategy implemented in the DRAIN-2D2 program
greatly reduces unbalanced forces, thus reducing numerical errors. If this option is specified,
the tangent stiffness matrix of the structure is reassembled when the stiffness of an element
changes within a step. The use of this option can lessen the unbalanced forces, reducing cumu-

lative errors and increasing the stability of analyses.

3.1 New Features of the Refined Model
3.1.0 General

The new model is nearly identical in its features to that developed by Maison [18] and
reported in Reference 19. The various zones and control parameters are shown in Figs. 3.1 and

3.2, Only these new features significantly influencing its capabilities will be discussed below.
3.1.1 Event-to-Event Solution Strategy

The new model is capable of providing an "event-to-event" tracing of the axial force -
axial displacement loops (see Fig. 3.3). The exact deformation value at which the element
enters new zones is detected and the new stiffness is computed, thus nullifying unbalanced
forces induced by the change in stiffness between different zones. The event-to-event solution
strategy is performed at the expense of more execution time assoéiated with the reassembly and
re-triangularization of stiffness matrix of the structure. In case small effects due to unbalanced
loads are anticipated in the response history, the user of the new element may also opt for the

step-by-step method.
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3.1.2 Implementation of a New Zone

In actual cyclic behavior, after the buckling load is reached, a brace will gradually lose its
compressive strength as its shortening proceeds. The Maison element, the prototype of the
new model, fails to mimic this behavior properly when a steep slope is attributed to Zone 5. To
be precise, the brace shortening exceeding USX will cause an unreasonable (tensile} analytical
value, as shown in Fig. 3.4, where U5X expresses the value of displacement at the intersection
of zero load and Zone 5. A new zone, Zone 10, has been incorporated in the new model in
order to resolve this problem as shown in Fig. 3.5. If a strut is shortened further than USX,
Zone 5 exits to Zone 10. After the displacement history is reversed, and when axial displace-
ment reaches U5X, Zone 5 enters Zone 7. As a result, the refined model guarantees consistent

analytical results, even if a steep slope is specified for Zone 5.

3.2 Comparison with the Maison Model

As previously mentioned, the Maison model is superidr to other phenomenological
models in its ability to mimic complex hysteretic loops. In this section, the refined
phenomenological element is compared with the Maison element in order to demonstrate the
superiority of the refined model. Figure 3.6 compares analytical hysteresis loops obtained using
the refined model and using the Maison element for the case where Zone 5 intersects with zero
load. This comparison shows that the refined model provides consistent analytical results, while
the Maison element provides completely spurious analytical results. It is ctear that the refined

model is superior to the Maison model in this regard.
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4. METHOD FOR SELECTION OF INPUT PARAMETERS

4.0 General

In the refined phenomenological model, the analytical axial force - axial displacement rela-
tionship of a strut is defined by the use of a series of empirical input parameters (see Fig. 3.2).
It is crucial to the successful application of the model that the values of these parameters be
specified properly. In this chapter, a systematic method is propesed for the selection of the
input parameters. This method makes the selection easier, although it requires the availability
of an appropriate analytical or experimental axial force - axial displacement relationship for each
strut analyzed. During the discussion on this method, it may be helpful to repeatedly refer to

Fig. 3.2 which shows the definitions and orientations of the various input parameters.

Prior to discussing this method, it is important to note that the values of parameters must
be carefully selected, as inappropriate values sometimes result in unrealistic analytical brace
behavior. For example, a negative yield load would clearly lead to an absurd analytical result.
The parameters values must generally fall in their certain allowable ranges, as summarized in

Table 4.1.

4.1 Material Properties

This section offers a method for selecting parameters associated with the material proper-
ties of a brace, including: the yield stress and modulus of elasticity. In practice, the actual yield
stress is not known with certainty. It may differ considerably from actual or measured values.
However, it is advisable to use measured values when they are available as they generally

reflect the actual properties influencing strut behavior.

The value of modulus of elasticity is used to define the tangent stiffness of Zone 1, which
expresses both the elastic zones in "tension" and in “compression," as shown in Fig. 3.1. How-
ever, actual brace tangent stiffnesses for the elastic zone in tension are usually considerably

larger than those in compression, as noted in the experimental hysteresis loops {see Fig. 2.1 for
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an example). It is therefore difficult io select the values of the initial modulus of elasticity such
that both zones can be perfectly simulated. Since this value does not have a big influence on
energy dissipation of the resulting analytical hysteresis loops, but is required to match the initial
dynamic characteristics of the structure, it is sufficient in most analyses to use the initial
modulus of elasticity measured by coupon or other tests. It was not believed to be necessary at
this time to introduce a new zone accounting for the reduced stiffness of the elastic zone in

compression.

4.2 Initial Buckling Loads

It is suggested that initial buckling loads be evaluated according to the method presented
in Reference 1 and summarized in Tabie 4.2. This method utilizes Eq.1.5-1 of the ASIC
specifications [23], without the factor of safety, for basic calculations. For subsequent com-
parisons, refined computations were made for Struts 1, 2, 10, and 11 to account for the effect
of excessive initial camber, and for Struts 5, 7, 17, 22, and 24 by considering the influence of
material nonlinearities. The steel for tubes and especially for pipes tends to exhibit a poorly
defined yield point, which limits the reliability of computations based on the initial elastic
modulus. The effect of material nonlinearities was included by employing the tangent modulus
in the generalized Euler formula. The Westergaad and Osgood formula, based on Von
Karman’s concept for inelastic buckling of eccentrically loaded struts [24], was used to include
the effect of excessive initial camber. Again, it is important to be aware of the many factors

influencing buckling loads and to account for them in selecting input parameters.

4.3 Growth Factor, Growth Limit, and Hardening Ratio

An empirical method for evaluating growth factors was introduced in Section 2.3 (see Fig.
2.7). As can be seen from this figure, there are strong linear correlations between the growth
factor and cumulative absolute plastic strain. For this reason, this empirical method is expected

to be able to evaluate growth factors reasonably well. It is advisable, however, to evaluate the
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values of the growth factor by preliminary trial and error analyses for better correlation with

experimental results.

A "growth limit" is used to define the maximum value of the axial elongation of a strut.
This represents tensile rupture of the brace. No attempt is made to account for load history
effects. Too small of a growth limit may erroneously stop the execution of a computer analysis

when strut elongations exceed these limits.

Hardening ratios, used in defining the slope of the tensile yielding portion of a brace’s
hysteretic loops, should be determined by observing experimental axial force - axial displace-

ment curves and by evaluating the slopes of strain hardening plateaus.

4.4 Parameters for Defining Post-Buckling Stage

The parameters, PCRF, U34, U45, P45 and CS, are used for two completely different
purposes: (1) to define a linear approximation of the strut’s post-buckling behavior and (2) to
define the deterioration of buckling loads for subsequent cycles (see Fig. 4.1). As can be seen
in Fig. 4.2, the first purpose is achieved by selecting straight line segments which best fit the
enveloping surface of a shifted axial force - axial displacement curve. The second purpose is
necessitated by the simplified deterioration rule used (see Fig. 4.1 and Appendix B), and is
achieved as follows. Firstly, the values of experimental buckling load are plotted as a function
of (8,,.-6,), where 8, denotes the minimum axial displacement at each cycle and &, indicates
the axial displacement at the start of each cycle. Secondly, parameters, PCRF, U34, and U435,
are selected such that analytical buckling loads can best fit experimental cnes. It is not difficult
to select optimal parameters to achieve only one of these two purposes. However, in order to

achieve both purposes, some compromises may be required in selecting some parameters.

The selection of U34 values necessitates some additional care. It was demonstrated in
Section 2.2 that the enveloping surface of a translated axial force - axial displacement curve
exhibits a kink at the buckling point for struts with a kL/r of 80 or of 120. In analysis, this kink

is expressed by setting the U34/p .| value close to -1. For struts with a kL/r of 40, U34/p |
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should be specified as less than -1 to include the buckling zone.

4.5 Parameters for Defining Reversed Post-Buckling Stage
4.5.0 General

The parameters, U6, P6, U7, P7, U8, P8, and C8, define linear approximations of the
reversed (reloading) post-buckling stage of the cyclic inelastic behavior (Zones 6, 7, 8, and 9).

This section offers a method for the selection of these parameters.
45,1 Control Points (U6,P6) and (U7,P7)

Two control points (U6,P6) and (U7,P7), together with displacement history reversal
points, are used to define Zones 6 and 7 (see Fig. 4.3). It is convenient to define each control
point with the use of a translated axial force - axial displacement curve, plotting the tangent
line of Zone 6 (or Zone 7) for each experimental cycle and then finding the focus of these
lines. Figure 4.4 (a) shows an example of Point (U6,P6) perfectly defined as a focal point.
However, in many cases, such an ideal focus does not exist, as shown in Fig. 4.4 (b). In this
example, a small P6 (or a large U6) works well when a displacement history reverses at large
brace shortenings, and a large P6 (or a small U6) works well for small ones. Unless informa-
tion on the brace displacement history is known a priori, values of U6 and P6 must often be
selected at the expense of accuracy for reversals at very small and large brace shortenings. This

may require iterative analyses in cases where these parameters affect results significantly.

Note that, if the value of either U6 or U7 is too small, the analytical hysteresis loops will
be unreasonable when displacement history reverses at small brace shortenings, as shown in
Fig. 4.5. This problem can be settled by selecting (U6,P6) and (U7,P7) to be either in the
"allowed" or the "recommended® regions indicated in Fig. 4.6. When these points fall in the
"allowed" region, the tangent of Zone 6 (or 7) could possibly become very large. It would not,
however, cause such unreasonable results as those shown in Fig. 4.5. When the control points
fall in the recommended region, no problems should arise in the cycling behavior of Zones 6

and 7,
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4.5.2 Control Point (U8,P8) and Tangent Stiffness of Zone 8, C8

The control point (U8,P8) and the tangent stiffness of Zone 8,C8,are used to define Zone
8. Originally, Zone 8 was defined to express the "plastic zone in tension" as shown in Fig. 3.1
[19]. However, this zone does not exist for all struts, as can be observed from the experimen-

tal axial force - axial displacement curves shown in Appendix A.

In the case where this zone actually exists, U8, P8, and C8 values can be used for the ori-
ginal purpose. In addition, care must be taken not to select excessively large values for C8. To
be precise, the minimum brace axial displacement must not be less than U8X, which is the
value of the axial displacement at the intersection of zero load and Zone 8. Violations of this

limitation will result in unreasonable analytical results, as shown in Fig. 4.7.

In the case where the plastic zone in tension does not exist, Zone 8 can be either (1)
completely eliminated (see Fig. 4.8 (b)) or (2) applied to smooth the transition from Zone 7 to
Zone 9 (Fig. 4.8 (c)). In the former case, the controlling point (U8,P8) and (U7,P7) should be
located at the same point and a large C8 value be specified. In thé latter case, (U8,P8) should
be located close to (U7,P7) and C8 should be moderately large. These three applications,
which are called the original, the eliminated, and the transition applications of Zone 8 in Fig.

4.8, may be used to better simulate the reversed post-buckling stage.

4.6 Concluding Remarks

This chapter presented a systematic method for the selection of input parameters. This
procedure, however, necessitates case by case observation of cyclic inelastic behavior for each
strut analyzed, a requirement both restrictive and costly. Furthermore, the physical interpreta-
tion of some of the input parameters is unclear, so that selecting appropriate values of input
parameters may sometimes be troublesome. In spite of these drawbacks, this procedure pro-

vides a reasonable and convenient method for selecting input parameters.
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5. QUASI-STATIC ANALYSES OF INDIVIDUAL STRUTS

5.0 General

In the previous chapters, a systematic method for the selection of input parameters was
established. In this chapter, sample input parameters are developed for each of the 24 struts
tested by Black et 4! [1]. Simpte quasi-static analyses are undertaken for these struts to verify
these parameters and the new model. At the same time, behavioral characteristics of the

refined phenomenological model will be assessed.

5.1 Sample Input Parameters for Individual Struts

Sampie input parameters for the aforementioned 24 struts were selected following the
method presented in Chapter 4. These parameters are normalized and listed in Tables 5.1
through 5.4. Note that parameters for Strut 9 were not presented because it had not undergone
adequate cycles of displacement history reversals in the experiment to exhibit fully its hysteretic

nature.

The values of the parameters were normalized as follows. The initial buckling load PCR
and its corresponding displacement &,,, representing behavior in the post-Bucinng stage were
used to normalize the parameters, PCRF, U34, U45, P45 and CS5, defining the post-buckling
stage of the hysteresis loop. The yield load P, and its corresponding displacement 3,
representing cycling behavior in the reversed post-buckling stage, were used to normalize the
parameters ,U6, P6, U7, P7, U8, P8 and C8. A special consideration was made in normalizing

the buckling load PCR. The Euler-buckling formula may be rewritten to read:

PCR oy 1
P, w’E (kL/r)?

(5.1

where P, is the yield load; o, denotes the yield stress; E is the initial modulus of elasticity.

The left-hand side of this equation is used te normalize the buckling load PCR.
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These sample input parameters were selected following the method presented in the previ-
ous chapter. Some detailed aspects in this selection are briefly explained below. For the initial
modulus of elasticity, a commonly used value, 29000 ksi (200000 MPa), was specified for all

the struts.

Three ways to define Zone 8 were proposed in Subsection 4.5.2 (see Fig. 4.8). The origi-
nal application was used for Struts 2, 7, 11, 13, 16, 17, 19, and 21; the eliminated application

for Struts 14,-22, and 24; the transition application was used for the remaining struts.

Table 5.5 contains the range of axial displacement for each strut imposed in the experi-
ment. The sample input parameters selected are valid for axial displacement histories within
this range. The influence of displacement histories on the optimal input parameters will be dis-

cussed later in this report.

These parameters are applicable to any brace whose effective slenderness ratio and cross
section approximately match those for one of the 24 struts tested. Also, these parameters form
the basis of the sample input parameters for individual sections presented in the subsequent

section.

5.2  Quasi-Static Analyses of Individual Struts

Analytical and experimental hysteresis loops for the 24 individually tested struts are com-
pared in Figs 5.1 and 5.2, and Figs. Al through Al0. The analytical results have been
obtained by computing the axial forces for the axial displacement histories imposed on the test
specimens. Figure 5.3 shows examples of the displacement histories used in these analyses.
Because of last minute refinements in parameter values, some of the values used for parame-
ters in these analyses differ slightly from the values presented ‘in the previous section. The
parameter values used in these analyses are indicated by the use of parentheses in Tables 5.1 to
5.4 when they are different from the sample values. The differences, however, were never so
large as to significantly influence anaiytical results. It is therefore possible to use these com-

parisons for the verification of the sample input parameters.
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The analytical hysteresis loops are in good accordance with experimental results, which are
highly complex. It can be concluded that the sample input parameters presented above are able
to provide accurate analytical results and that the refined phenomenological model is capable of
simulating overall cyclic buckling behavior. In addition, the validity of the method for selecting

input parameters, as presented in Chapter 4, is also demonstrated by these results.

5.3 Remarks on Analytical Behavior
5.3.0 General

Behavioral characteristics of this element are discussed in the following subsections with

an aim towards identifying needs for future development.
5.3.1 Growth Factor

The lquasi—static analyses were undertaken for Strut 3 using two different values of growth
factors, 0.0 and 0.15, in order to monitor the effect of this parameter on the analytical results.
As can be seen from Fig. 5.4, an increase in growth factors reduced cyclic tensile load capacities
and tangent stiffnesses. This effect was greater in the later cycles. Thus, values of the growth

factor, having large influence on analytical results, should be selected with care.

In the foregoing analyses of the 24 struts, growth factors were selected on the basis of
preliminary trial and error analyses such that analytical results best simulated the corresponding
test data. In practice, however, it is both costly and tedious to carry out such preliminary ana-
lyses. This problem might be resolved by employing the empirical method for the prediction of
growth factors presented in Section 2.3, which utilizes growth factor versus ) ¢, curves (see
Fig. 2.7). Table 5.6 contains a comparison of growth factors selected in this manner with those
determined based on the trial and error analyses. These two Series of growth factors agree rela-
tively well. The method presented in Section 2.3 appears to be a reasonable way to estimate
growth factors especially when there is no supporting test data. Of course, more studies should

be required to assess its validity.
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5.3.2 Deterioration of Buckling Loads

The refined model includes an aspect of deterioration of buckling loads during inelastic
cycles. A comparison of analytical and experimental buckling load capacities, shown in Fig. 5.5,
shows comparatively good correlation between them. Reasons for minor discrepancies are

explained below.

As previously mentioned, analytical buckling load deterioration is defined by the use of
the tangent of Zone 4, C4 (see Fig. 4.1). The steeper the tangent of Zone 4, the more rapid
the deterioration of buckling loads. However, it is unlikely that there is a strong direct physical
interrelationship between the values of C4 and the deterioration of buckling loads. Moreover,
C4 is also used for defining cyclic behavior of Zone 4. The use of C4 for these two completely
different purposes not only makes the selection of its value difficult, but also causes errors in

analyses.

Another source of inaccuracy in simulating the deterioration of buckling loads is the omis-
sion of the effect of residual strut camber. An example of this can be seen in the comparison
of analytical and experimental results for Strut 19, shown in Fig. 5.2. As mentioned in Chapter
2.2, this strut suffered a degradation of maximum tensile loads from Cycles 5 through 7, that
caused an increase of residual strut cambers, thereby reducing its buckling loads. However, this
tendency is not reflected in these analyses. This is one of the common liritations of

phenomenotogical models.
5.3.3 Straight Line Segments

Phenomenological models simulate observed axial force - axial displacement relations
using a series of straight line (linear) segments. Since an actual axial force - axial displacement
relation is made up of many curved lines which vary cycle after cycle, it is inherently inaccurate
to mimic this behavior by a set of straight lines. In addition, the use of straight lines creates
discontinuities in tangent stiffness values where the zones intersect and could result in instabil-

ity in numerical methods using iteration.
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There is no firm theoretical basis for phenomenological models, so that an increase in the
number of segments, or other refinements may be misleading. The models rely on having
either applicable experimental data or analytical results for the type of strut analyzed and the

history of loading employed.

5.3.4 Tangent Stiffness

It is important to accurately simulate the variation of the tangent stiffness. Experimental
results show that the tangent of the elastic zone in tension is significantly larger than that in
compression. However, phenomenological models, which assign the same tangent value to
both zones, fail to express this feature. It is also observed in test results that the tangent
stiffness in the elastic zone degrades from one cYcle to the next. Phenomenclogical models,
which employ a constant tangent stiffness value for the slastic zone (Zone 1), fail to implement

these detailed aspects regarding the variation of tangent stiffness.

5.4  Effect of Displacement Histories on Optimal Input Parameters

The dependency of input parameters on displacement history is discussed here. Firstly,
we investigate whether the optimal input parameters are independent on the displacement his-
tories used in analyses. It is interesting to note that Struts 3, 4 and 5 all have the same
member and material properties (see Table 5.1}, but each has experienced a different displace-
ment history (see Fig. 5.3) and has shown a different hysteretic behavior (see Figs. 5.1 and
5.6). Because each of the struts has the same member and material properties, the resulting
input parameters should be the same, if the optimal parameters were independent of displace-
ment history. In reality, the parameters selected for these struts (as shown in Table 5.1) are
not actually the same. It is apparent that the optimal parameters are dependent on displace-

ment histories.

Secondly, the applicability of input parameters to different displacement histories is stu-
died. For this purpose, a series of analyses were performed as follows. The parameters for

Strut 3 were employed; however, the displacement histories for Struts 4 and 5 were imposed,
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respectively; and the resulting hysteretic loops computed for each displacement history were
compared with experimental ones. Analytical results shown in Fig. 5.6 correlate well with
corresponding test results. By noting that displacement histories for these struts are basically
similar, it can be concluded that parameters chosen for a displacement history are applicable to

other similar displacement histories.

As we have seen, optimal input parameters are dependent on displacement histories but
analytical results may not be very sensitive to the resulting variations in the parameters. The
use of sample parameters in analysis is recommended where the axial displacements satisfy the
recommended range of the axial displacement observed in the test for each strut (see Table
5.5). Care must be taken in applying these parameters for displacement histories which do not
satisfy these ranges. Caution should also be exercised where loading histories may significantly

differ from those considered herein.

5.5 Concluding Remarks

This chapter was concerned with analytical results computed using the refined

phenomenological model. A summary of this chapter is presented below.

Analyticat results were obtained by the use of the sample input parameters for individual
struts. A comparison between these results with corresponding test resuits showed a good
correlation. It was suggested that sample input parameters validated in this way could be used
for selecting input parameters for similar struts when experimental data are not available. Dur-
ing the course of these analyses, it was assessed that the new element can accurately sirnulate
overall cyclic inelastic behavior and overcome several of the limitations of previous moedels

(18].

The optimum input parameters depend on displacement histories. The proposed sample
input parameters are recommended for use when a displacement history falls within the recom-

mended ranges listed in Table 5.5.
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The growth factor is inversely proportional to both the analytical tensile [oad capacity and
the tangent stiffness in the tension phase of loading. The method for evaluating the growth

factor presented in Fig. 2.7 is expected to be able to provide reasonable estimates.

The feature to define the deterioration of buckling load used in the element lacks a firm
theoretical basis and fails to express the effect of the residual camber of the strut. The model
relies on having either applicable experimental data or analytical results for the type of strut

analyzed and the history of loading employed.
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6. GENERALIZED INPUT PARAMETERS
6.0 Introductory Remarks

As demonstrated in the previous chapter, the refined phenomenological model is capable
of accurately representing cyclic inelastic behavior of steel braces. However, in order to obtain
such accurate representation the users of the model need to specify appropriate input parame-
ters of each brace analyzed. This can be troublesome, since the data currently available about

input parameters are limited.

Sample input parameters for 24 different braces have been proposed in the previous
chapter. However, it is unlikely that users of the refined model would often encounter these
particular struts. For this reason, these sample input parameters appear to be too specific for
convenient use. To counteract the shortage of available data about input parameters, sample
input parameters for individual "sections" with different effective slenderness ratios are general-

ized in this chapter.

6.1 Generalized Input Parameters for Individual Sections
6.1.0 General

The aforementioned 24 struts are made from various sections: wide-flange, double-angle,
double-channel, tee, pipe and tube sections. Among these sections, the wide flanges, tubes,
and pipes were all used in sufficient numbers to develop some generalized input parameters.
However, generalized input parameters are not presented for the remaining sections, because of
the limited number of struts used. Instead, a representative set of generalized parameters,

applicable to any type of section is devised from all of the available data.

The effective slenderness ratio is the most important parameter in describing inelastic
buckling behavior of struts [1]. All data are classified according to the value of effective
slenderness ratio, which equals 40, 80, or 120. As a result of this classification, generalized

input parameters for the following eight categories are presented in this section. The categories
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are wide flanges with a kL/r ratio of 40, of 80, and of 120; tubes with kL/r of 80; pipes of 80;
and general sections of 40, of 80, and of 120. Note that parameters for either tubes or pipes

with a kL/r of either 40 or 120 are not presented due to a lack of sufficient strut data.

The input parameters presenied in Tables 5.1 to 5.4 are plotted in Figs. 6.1 to 6.12. Each
figure contains separate plots for "wide flanges,” for "tubes and pipes,” and for "general sec-
tions." Note that the data for tubes and pipes, which have somewhat similar cross sections, are
plotted together to monitor correlations between their data. Growth factors, PCR, PCRF, U34,
and CS5 are plotted using the effective slenderness ratio as the abscissas. Control points
(U45,P45), (U6.P6), (U7,P7) and (U8,P8) are plotted using normalized axial displacements as

abscissas and normalized axial forces as ordinates.

For the growth factor, C5, and PCRF, empirical formulae were developed to give general-
ized input parameters in terms of arbitrary effective slenderness ratios. Suggested generalized

parameters are listed in Tables 6.1 {0 6.3. More detail is provided below.
6.1.1 Hardening Ratio and Growth Factor

The generalized parameters for hardening ratios were obtained by simply averaging their
values for individual struts for each effective slenderness ratio. Care must be taken when
applying these values to analyses. The hardening ratios were selected without too much preci-
sion because their values did not have a large influence on the analytical hysteretic behavior
exhibited by the struts. This is because they did not undergo a large amount of yielding in ten-

sion.

For the growth factor, two types of empirical formulae are advanced herein. One
expresses the growth factor as a function of the effective slenderness ratio; another expresses it
as a function of the maximum tensile load. Fig. 6.1 shows the growth factor versus effective
slenderness ratio relationships, showing weak inverse proportionality. This inverse propor-
tionality reflects the following behavioral characteristics: a stocky strut with a smaller effective
slenderness ratio is closer to plastic action, thereby developing larger plastic growth. The least-

square linear approximation developed for the wide flanges is
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Growth Facfor = — 0.00103(kL/r} + 0.185 (6.1)
and for general sections.
Growth Factor = — 0.00107(kL/r) + 0.169 (6.2)

Although there is relatively large amount of scattering in data points, these linear approxima-

tions will provide convenient and reasonable estimates of growth factors.

For tubes and pipes, it is not possible to develop such a linear approximation due to a lack
of sufficient data. Instead, averages of growth factor values, 0.087 for tubes and 0.104 for
pipes, are advanced as generalized values. Because growth factors for pipes have small varia-
tions, the estimate for pipes is expected to be reliable. However, the estimate for tubes may be

less certain since their growth factors have bigger variations.

The correlations of plastic growths to normalized maximum elongations 8,,,/8, are
shown in Fig. 6.2. There is a strong direct proportionality between these two variables in the

plot for wide flanges. A linear approximation

8ITI'i)(
Growth Factor = 0‘028—( - 0.053 (6.3)

¥

may be used to refine the value of the growth factor, when information about the maximum

elongation is available.

For tubes and pipes with a kL/r ratio of 80, the growth factor versus &,,,,/8, relationship
shows a very strong direct proportionality, except for the data point for Strut 16, Among the
24 struts considered, this strut has an uncommoh small yield load, P,; therefore, the data point
for Strut 16 was omitted in evaluating the following linear approximation for tubes and pipes

with a kL/r of 80,

B e
Growth Factor = 0.014—6“3‘*i +0.031 (6.4)
)
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Because the data points for "wide flanges" and for "tubes and pipes” have small spreads from the
linear approximations, the empirical formulae in Egs. 6.3 and 6.4 would be expected to be reli-

able. The data points for general sections have a relatively large scatter, so that the formula

o
Growth Factor = 0.0053—8955 + 0.044 (6.5)

id

might be less precise. However, this equation would at least be a convenient method for

estimating growth factors, without prior test data about the strut analyzed.
6.1.2 Initial Buckling Loads and Final Buckling Loads

The method suggested for the evaluation of initial buckling loads in Reference 1 has been
presented in Section 4.2. This method enables us to make good estimates; however, it may be
sometimes too complicated in practice. Plots of normalized initial buckling loads PCR/P,,
shown in Fig. 6.3, indicate that buckling loads are relatively int good accordance with the Euler
buckling formula for kL/r ratios of 80 and 120. For simplicity, this formula can be used for

struts with kL/r ratios ranging from 80 to 120.

Plots of the normalized final buckling load versus effective slenderness ratio relationship,
shown in Fig. 6.4, do not indicate any significant correlation between them. For simplicity, it is
suggested that the average of the normalized final buckling load for each effective slenderness

ratio be used as an estimate.

Several other types of estimates can be attempted. However, the best results are obtained
from PCRF/[PCR| versus P,/P, relations, shown in Fig. 6.5, where P, is the average maximum
tensile force. There are strong positive proportionalities between these two variables. These
proportionalities are in good accordance with the hysteretic behavior of .braces, that is, large
tensile loads reduce residual lateral displacements and increase buckling capacities. Straight line

approximations are presented for wide flanges,

PCRF _ .o b
PCRT ~ 0.48 P, +0.098 (6.6)



_34.

for tubes and pipes,

PCRE . P

PCRT — 0.34 P, 0.114 6.7
and for general sections,

PCRE g eaft L 0068 (6.8)

|PCR | P,

J

6.1.3 Control Displacement U34

As previously mentioned, the normalized control displacement, U34/p,|, must be less
than or equal to -1, where -1 corresponds to the case for which the axial force - axial displace-
ment curve does not have the "buckling zone" (see Fig. 2.6 for an example). Plots of U34/p,,|
versus kL/r relationship shown in Fig. 6.6 indicate that their values equal -1 for struts with a
kL/r of 120, that they are very close to or equal to -1 for those with a kL/r of 80, and that they
are less than -1 for those with a kL/r of 40, Hence, it is suggested that U34/,|= -1 be used
for struts with a KL/r ratio greater than or equal to 80. The average of U34/l5,| be an good
estimate for struts with kL/r of 40. There is insufficient data to estimate values for other kL/r

ratios.
6.1.4 Tangent Stiffness of Zone 5, C5

Figure 6.7 shows plots of normalized tangents of Zone 5, C5. As can be seen, its values
are inversely proportional to the effective slenderness ratio. It reflects a tendency for stocky
members to have upward concave hysteretic curves in the compression side, and for slender
ones to have convex curves. As a result, stocky members have steeper tangents of Zone 5 than

slender ones do. Linear approximations for wide flanges,

% — 0.000079- (kL /r) — 0.016 (6.9)

and for general sections
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% — 0.00008 (KL /r) — 0.018 (6.10)

are obtained by employing the least-square methoed. For tubes and pipes with a kL/r of 80, it is

recomimended that averages of the data points be employed.
6.1.5 Control Points (U45,P45), (U6,P6) and (U7,P7)

Figures 6.8 10 6.10 show plots of control points {U45,P45), (U6,P6) and (U7.P7). These
plots indicate a small amount of scattering for the cases with a kiL/r of 80 and of 120. In addi-
tion, control point {U45,P45) for general sections with a kL/r of 40 show a relatively small
amount of scattering. For each of these cases, the center of gravity of data points could serve

as an excellent estimate (see Tables 6.1 through 6.3).

In evaluating control peints (U6,P6) and (U7,P7) for general sections with a kL/r of 40, a
problem arises because U6, P6, U7, and P7 values for Strut 21 are more than twice as large as
those for other struts. The control points {U6,P6) and (U7,P7) for Strut 21 each are out of the
range of Figs. 6.9 and 6.10. Note that Strut 2} has the smallest yield load and has shown the
fullest experimental axial force - axial displacement curve (see Fig. A8). Due to such uncom-
mon nature, the data for Strut 21 were omitted in the evaluation of generalized parameter
values. It is suggested that the center of gravity for the remaining data be used as generalized

values for (U6,P6) and (U7,P7), respectively.
6.1.6 Control Point {U8,P8) and Tangent Stiffness of Zone 8, C8

Fig. 6.11 contains plots of the control point (U8,P8). These plots show a small amount of
scattering in the data for wide flanges and for general sections for each effective slenderness
ratio, with one exception, the data for general sections with a kI/r of 80, Except for this case,
it is suggested that the generalized parameter for control points (U8,P8) be the center of grav-

ity for the data points and those for C8 be the average (see Fig. 6.12).

In discussing the wide spread data for general sections with a‘ kL/r of 80, it must be noted
that there are three different applications for zone 8: the "original”, the "eliminated" and the

"transition” applications, introduced in Subsection 4.5.2 (see Fig. 4.7). The values of
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parameters U8, P8, and C8 depend entirely upon which application is employed. The transition
application, employed for the majority of struts with a kL/r of 80, was recommended to be
employed in evaluating generalized parameters. Therefore, only the data for the struts which
employed the transition application were used and the parameters for (U8,P8) were chosen as

the center of gravity of (U8,P8) for these struts and that for C8 as the average of C8 for them.

For tubes and pipes the determination of the generalized input parameters was prob-
lematic. Among three applications of Zone 8, each application was employed for no more than
two struts; therefore, there were not sufficient data to decide generalized parameters. For con-

venience, generalized parameters for general sections can also be used for tubes and pipes.

6.2 Analyses using Generalized Input Parameters for Individual Sections

Tables 6.1 to 6.3 list generalized input parameters for individual types of "sections", which
have been presented in the previous section. For the verification of these parameters, analyses
were performed for Strut 3 (kL/r=80) and Strut 6 (kL/r=120) by using the generalized
parameters for wide flanges and for general sections, respectively. The resulting analytical axial
force - axial displacement curves, shown in Figs. 6.13 and 6.14, exhibit good correlation with
test results. The generalized parameters seem to be valid. The generalized parameters for
different sections currently provide a convenient and reasonable method for the selection of

input parameters in analysis.

6.3 Concluding Remarks

This chapter advanced generalized input parameters for individual types of "sections,”
which provide more versatile and convenient information than those develeoped just for indivi-
dual "braces." Of course, generalized parameters do not provide such accurate analytical results
as those for specific braces. Still, they are convenient when specific parameters are not avail-
able. It must be, however, noted that the generalized parameters were determined on the basis

of a limited number of strut data. In order to make the generalized input parameters more
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accurate it will be necessary to undertake an even more comprehensive series of cyclic buckling

tests so as to increase the data base.

The generalized parameters for sections are prepared for wide flanges with a kL/r ratio of
40, of 80, and of 120, tubes with a kL/r of 80, pipes of 80, and g@neral sections of 40, of 80,
and of 120. Although generalized parameters are advanced only for these discrete values of
kL/r, judicious interpolation of these data can enable us to arrive at values for kL/r ratios rang-
ing from 40 to 120. Caution should be employed for sections with unusual configuration and

material properties, and subjected to significantly different displacement histories.
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7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1 Summary

This report outlines the development and workings of a refined phenomenological model,
developed to simulate the cyclic inelastic behavior of struts in steel braced frames. Several
empirical and analytical studies have been conducted to assess the behavioral characteristics of
this element. In addition, attempts have been made to identify appropriate parameters t0 use in

conjunction with this type of element.

In Chapter 1, previous research on the cyclic inelastic behavior of steel braces was
reviewed. In addition, the influence of brace buckling on the performance of simple braced
frames was examined, indicating the need for accurate modeling of the inelastic characteristics

of braces.

The cyclic inelastic buckling behavior of braces was studied in Chapter 2 to identify the
behavioral characteristics that need to be incorporated in such elements. This investigation
focused on the deterioration of the buckling load, the post-buckling degradation of the brace
capacity, and the progress of plastic growth with cycling. In Chapter 3, the refined model was
introduced, together with an explanation of the new features, including an "event-to-event solu-

tion strategy" and "Zone 10",

A systematic method for selecting input parameters was proposed in Chapter 4. Care was
taken to avoid selecting values of input barameter which could result in unrealistic analytical
results. In Chapter 5, quasi-static analyses of individual struts were carried out using the ele-
ment. The validity of the method for selecting input parameters, as well as of the sample input
parameters themselves, was assessed on the basis of these analyses. Results of simple analyses
by the refined element are compared with those obtained using the Maison element in order to
demonstrate the efficiency of new features. Several behavioral characteristics of the element

were discussed with an aim towards identifying future development needs.
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A series of generalized input parameters for various types of struts sections were advanced
in Chapter 6. An extensive study on the dependence of these input parameters on slenderness
ratios and other parameters led to generalized input parametets which provide versatile infor-

mation to users of this type of phenomenological element.

7.2 Conclusions

The following major conclusions were drawn from the results of this research program.
The refined model is capable of simulating overall cyclic buckling behavior reasonably well for

all kinds of sections with the slenderness ratio ranging from 40 to 120.

The refined model overcomes several limitations of the previous Maison element. In par-
ticular, inclusion of Zone 10 guarantees consistent analytical results even when large brace
shortenings occur. Also, the output information provided for the user is considerably

extended.

The method proposed for the selection of parameters proved capable of providing reason-
able parameter values, This method includes rules for the prevention of unreasonable analyti-
cal results. The physical meaning and dependency of some of the input parameters is unclear,

so that their selection is sometimes expected to be troublesome.

The sample and generalized input parameters presented are able to produce analytical
results which reasonably simulate corresponding test data. These input parameters can be of
assistance to users of the model, especially when experimental data are not a_vailable. The sam-
ple input parameters for individual types of struts provide accurate but very specific informa-
tion, while the generalized parameters for individual sections provide somewhat less accurate
but more convenient information. However, in order to make the data for generalized parame-

ters more accurate, it is necessary to undertake an expanded series of cyclic buckling tests.

This study has indicated that there is relatively large uncertainty in the values that should
be selected for some input parameters. However, it appears that, so long as a consistent set of

parameters is chosen, the overall hysteretic response is likely to be accurately simulated. Thus,
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the generalized input parameters are not expected to be sensitive to moderate changes in load-

ing history or section type.

This work also clearly emphasizes the fact that phenomenological models do not have a
firm theoretical basis so that their usefulness is somewhat limited. The models rely on having
applicable experimental data or analytical results regarding the type of strut analyzed end the
displacement history employed. It appears that physical theory models hotd great promise for

future implementation in computer analyses.

7.3 Recommendations

For practical application of phenomenological brace models, it is necessary to develop an
improved method for selecting input parameters for struts where no test data exists. There are
two possible ways to resolve this problem. The first is to prepare generalized input parameters
for commonly used types of sections on the basis of available experimental data. In this
research report, a first attempt is made at this by inspecting input parameters for 24 different
braces. However, this information is limited and more experimental work is necessary to
increase the accuracy and versatility of these parameters. The second method is to use physical

theory or finite element analytical models to the preparation of sample parameters.

Several potential improvements in the phenomenological model were also identified.

These include:
(1) Deterioration of elastic stiffness in compression with cycling.
(2) - Improved metheds for modeling deterioration of buckling load with cycling.

(3) Local buckling and failure algorithms.
The need for these should be assessed and appropriate means of achieving them be addressed

in future research.

Since the phenomenological models only mimic observed behavior, further refinements in

capabilities may result in an unwarranted sense of confidence. Results obtained may be
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unreliable unless there is data available to establish the required input parameters. Because of
the difficulties in establishing this data, it appears that efforts should be} directed at developing
improved analytical techniques based on physical theory and finite element approaches.
Because of the.increasing complexity of phenomenological models, it appears that physical

theory models may be particularly attractive to study.
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Table 1.1 Comparison of Phenomenological Models
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Number of | Deterioration of | Plastic Local
Name of Model Segments Buckling Loads | Growth | Buckling

Nirforoushan 9 No No No
Singh 5 No No No
Marshall 7 No No Yes
Jain 6 Yes Yes No
Roeder 9 Yes No No
Maison 9 Yes Yes No

Table 4.1 Allowable Ranges of the Values of Input Parameters

Require

d Ranges

Recommended Ranges

0 > P45 > PCR

0 > PCRF >PCR
Cs5<0
U6 =20
P6 >0
ur=o0
P7 >0
Us < P, L
Y EA
0<P8E <P,
C8 >0
Growth Factor = 0

Hardening Ratio > 0

P17

0>U13>U34>U45 | Ul > —

b
U8>a
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Table 4.2  Initial Buckling Loads for 24 Struts [1]
STRUT NO.| EXPERIMENTAL] PEXP(ki PERP s pEaIC
. er ps) cr cr
oy {ksi) Bafed on Based on Refined
cy—35ks1 Exper. oy Estimate

1 40.42 95 0.81 0.81 0.989

2 42,2 263 1.05 0.90 1.07¢

3 40.2b 202 1.19 1.09 -

a 40.2° 20 1.19 1.09 -

5 40.2P 152 0.90 0.83 0.96%

6 4q.7b 1Mz 1.19 1.21 -

7 50.0° 201 1.28 0.95 -

8 a0.8> 197 1.08 0.98 -

9 43.6> 292 1.43 1.17 -
10 41.6° g7 0.92 0.92 1.069
1 35.5C 105 0.79 0.79 1.05"
12 39.5P 186 0.98 0.91 -
13 41.8° 196 1.1 0.99 -
14 47.5°% 114 1.25 1.03 -
15 47,5¢ 110 1.21 0.99 -
16 24.0° 87 0.69 0.95 -
17 59. 0C 123 1.21 0.88 0.98f
18 g2.ob 272 1.54 1.00 -
19 50.2P 240 1.19 1.07 -
20 0.8 180 0.98 0.89 -
21 25.0° 107 0.99 1.05 -
22 g2.0P 239 1.35 0.88 -
23 35.7°¢ 165 1.22 1.23 -
24 46.3° 85 1.10 0.92 1.05%

) Pgilc N Qs [.l - Lﬁ%églj']'oy A

2 0.2% offset in coupon test

¢ First yield in strut test

c

® Initial max &
9 Initial max A

NOTE:

il

0.16 in.
0.0% in.

1 ksi = 6.8% MPa;

1 kip = 4,85 kN;

b Average yield from coupon tests

d Initial max 4=0.09%4 in,

f Tangent modulus theory

P Initial max A = 0.10 in.

1 in, = 25.4 mm
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Table 5.1 Sample Input Parameters for Struts 1 though 6

"Strut No. 1 2 3 4 5 6
Section W8x20 | W6x25 W6x20 | W6x20 | W6x20 wéx 16
Bound. Con. Pinned at Both Ends
KL/t 120 40 80 80 80 120
Length (ft) 12.50 5.10 10.07 10.07 10.07 9.67
Area (in.?) 5.90 7.34 5.87 5.87 5.87 4.74
Initial Mod. 29000. 29000. 29000. 29000. 29000. 29000.
(k/in.%) (32370.) | (50000.) | (31743.) | (34500.) | (26000.) | (50430.)
8, (in) -0.085 -0.071 -0.132 -0.131 -0.112 -0.078
PCR (k) -96.9 -245.8 -185.3 -184.4 -158.3 -92.6
3, (in.) 0.209 0.089 0.168 0.168 0.168 0.179
P, (k) 238.0 310.0 236.0 236.0 236.0 212.0
Hard. Ratio 0.010 0.010 0. 0.010 0.010 0.010
Growth Fac. 0.026 0.210 0.150 0.150 0.085 0.070
PCR /P -0.41 -0.79 -0.79 -0.78 -0.67 -0.44
PCRF / IPCR -0.31 -0.44 0,38 -0.40 037 037

(-0.47) (-0.43) (-0.32)
U34 /5, -1.00 -1.68 -1.00 -1.00 -1.20 -1.00
u4s / bl -2.97 -5.87 -2.36 -1.83 -3.74 -3.58
P45 / [PCRI -0.31 -0.37 -0.34 -0.25 -0.32 -0.33
Cs5/Cl -0.0048 | -0.0107 -0.0125 | -0.0078 | -0.0075 | -0.0080
(-0.0146)
U6 / 8, 0.34 0.00 0.30 0.09 0.18 0.56
(-0.34)
P6/ P, 0.25 1.31 0.42 0.48 0.44 0.26
(1.24)
U7/, 0.06 0.00 0.35 0.12 0.00 0.
(-0.95) (-0.13)
P7/P, 0.21 1.25 0.61 0.35 0.32 0.21
(0.59) 0.31)
U8/ 8, -0.14 -2.49 -0.45 -0.36 0.18 -0.56
P8/ P, 0.21 0.41 0.28 0.35 0.58 0.21
c8/Cl 0.219 0.034 0.177 0.241 0.284 0.378
Zone 3 Exists No Yes No No No " No
Zone 8 Exists No Yes No No No No

() : Values Used in Analysis  Cl : Tangent of Zone 1
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Table 5.2 Sample Input Parameters for Struts 7 through 12

Strut No. 7 8 10 11 12
Section Wo6x15.5 2-L6><3%x% 2-L4><3%><% 2-C8%11.5 | WT5%22.5
Bound. Con. Pinned at Both Ends
KL/t 40 80 120 120 80
Length (ft) 4.87 9.27 12.50 9.83 8.33
Area (in.?) 4.60 6.84 5.34 6.76 6.63
Initial Mod. 29000. 29000. 29000. 29000. 29000.
(k/in.® (28890.) (32040.) (43000.) (67000.) (49000.)
5, (in) -0.093 -0.113 -0.089 -0.060 -0.106
PCR (k) 2116 -201.0 91.5 -100.0 -204.4
3, (in.) 0.101 0.156 0.215 0.150 0.136
P, (k) 230.0 279.0 222.0 250.0 262.0
Hard. Ratio 0.010 0.010 0.010 0.010 0.010
Growth Fac, 0.075 0.035 0.002 0.004 0.070
PCR/ P, -0.92 -0.72 -0.41 -0.40 -0.78
PCRF / PCR] -0.33 -0.28 -0.48 -0.50 0.22
u3d /b, -1.83 -1.00 -1.00 -1.00 -1.00
u4s / bl -3.99 -2.66 -3.95 -3.56 -2.456
P45/ 1P,| -0.25 -0.25 -0.39 -0.28 -0.22
5/ Cl 0.0101 -0.0087 -0.0126 -0.0048 -0.0052
U6/ 8, 0.00 0.49 0.19 0.35 0.38
(-1.24)
P6/ P, 0.78 0.30 0.25 0.18 0.55
.57
U7/8, 0. 0. 0. 0. 0.07
(-0.60) (-0.14)
P7/ P, 0.48 0.20 0.25 0.20 0.31
(0.35) (0.20)
U8 /3, -1.84 -0.48 -0.47 -1.60 0.15
P8/ P, 0.15 0.20 0.20 0.09 0.48
C8/ Cl 0.010 0.280 0.402 0.005 0.602
Zone 3 Exists Yes No No No No
Zone 8 Exists Yes No No Yes No

Parameters for Strut 9 were not presented, because it had not undergone enough cycles of load-
ing to determine them.

() : Values Used in Analysis €1 : Tangent of Zone 1
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Table 5.3 Sample Input Parameters for Struts 13 through 18

Strut No. 13 14 15 16 17 L 18
Section WTEx22.5 | Piped Std. | Piped Std. | Piped X-§ | TS4x4x.25 \ TSEx4x1h
Bound. Cen. Pinned at Both Ends
kL/t 80 80 80 80 80 80
Length {ft) 10.47 10.07 10.07 9.87 10.00 9.07
Area (in.?) 6.63 3.17 3.17 4.41 3.59 6.36
Initial Mod. 29000. 29000. 29000, 29000. 29000, 29000.
(k/in. %) (30000.) (33390.) (30880.) (67140.) {29570.) (39740.)
8, (in.) -0.129 -(.146 -0.146 -0.085 -0.145 -0.161
PCR (k) -198.0 110.7 -111.1 O1.6 -125.5 -272.0
3y(in.) 0.181 0.198 0.198 0.098 0.244 0.308
P, (k) 277.0 151.0 151.0 106.0 2120 522.0
Hard. Ratio 0.010 0.025 0.010 0.010 0.010 0.010
Growth Fac. 0.060 0.125 0.110 0.075 0.150 0.080
PCR / P, -0.71 -0.73 -0.74 -0.86 -0.59 -0.52
PCRF / PCR -0.36 -0.48 -0.40 -0.40 0.52 0.33
U34 /., -1.00 -1.00 -1.00 -1.00 -1.00 -1.00
u4s /B, 2.50 -1.51 -2.05 -3.82 -2.90 -3.43
P45 / [PCR| -0.29 -0.45 -0.34 | -0.33 -0.39 -0.33
C5/C1 -0.0077 -0.0156 -0.0120 -0.0051 -0.0184 -0.0106
(-0.0141)
ué /3, 0.15 0. 0.13 0.0 (.35 0.06
(-0.97)
P6/ P, 0.45 0.42 0.45 0.76 0.40 0.26
(0.67)
u77/s, 0.00 0.28 0.00 0.00 0.36 0.00
(-0.26) (-0.08) (-0.20) (-0.10)
P7/ P, 0.32 0.53 0.40 0.67 0.48 0.30
0.29) (0.34) 0.57) (0.29)
Us /3, -1.14 0.29 0.55 -2.68 -2.58 0.24
P8/ P, 0.19 0.53 0.69 0.38 0.12 0.42
C8/Cl 0.014 | Large Val. 0.329 0.014 0.012 0.515
Zone 3 Exists Yes No No No No No
Zone 8 Exists Yes No No Yes Yes No

() : Values Used in Analysis

C1 : Tangent of Zone 1
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Table 5.4 Sample Input Parameters for Struts 19 through 24

Strut No. 19 20 21 22 23 24
Section W6x20 2-L6x3% x% Pipe4 X-S | TS4xdx}s | W5x16 | be3 Std,
Bound. Con. Pinned at One End and Fixed at the Gther End
KL/r 40 80 40 80 80 80
Length (ft) 7.19 13.24 7.19 12.95 12.00 12.76
Area (in.?) 5.87 6.84 4.41 6.36 4.68 2.68
[nitial Mod. 29000. 29000, 29000. 29000, 29000. 29000.
(k/in.?) (31230.) (38000.) (22000.) (31830.) | (28000.) (27380.)
8, (in.) -0.114 -0.162 -0.069 -0.229 -0.142 -0.160
PCR (k) 2243 22022 -101.9 -271.6 -134.1 -81.0
8, (in) 0.120 0.223 0.072 0.440 0.177 0.244
P, (k) 236.0 279.0 106.0 522.0 167.0 124.0
Hard. Ratio 0.025 0.010 0.050 0.005 0.010 0.010
Growth Fac. 0.120 0.053 0.040 0.030 0.080 0.105
PCR/ P, -0.95 -0.72 -0.96 -0.52 -0.80 -0.65
PCRF / fPCRJ -0.30 -0.27 -0.46 -0.28 -0.29 -0.42
(-0.47)
U3/ b, -1.70 -1.00 -2.00 -1.00 -1.03 -1.07
(-1.29) (-4.55)
U4s / | -8.09 -1L.11 -4.00 2332 0 2239 22,19
(-20.36)
P45 / [PCR] -0.30 -0.27 -0.44 -0.40 -0.28 -0.42
(-0.40) (-0.47)
C5/Cl -0.0175 -0.0192 -0.0175 -0.0219 | -0.0117 -0.0200
(-0.0253) (-0.0216) (-0.0246)
U6 / 5, 0. 0.38 1.05 0.11 0.59 0.29
P6/ P, 2.03 0.29 7.36 0.26 0.60 0.60
U7/ 8, 0. 0. 2.59 0.18 0.34 0.08
(-0.54)
P7/ P, .11 0.23 3.96 0.40 0.43 0.42
(1.04)
U8/ 5, -1.78 -0.22 -1.45 0.18 0.06 0.08
P8/ P, 0.49 0.23 0.92 0.40 0.43 0.42
Ccg/C1 6.066 0.392 0.039 | Large Val. 0.180 | Large Val.
Zone 3 Exists Yes No Yes No No No
Zone 8 Exists Yes No Yes No No No

() : Values Used in Analysis

C1 : Tangent of Zone 1
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Table 5.5 Range of Displacement

Strut No Max. Compression Max Elongation
| Value (in) | /15,1 | Value (in.) | 8/,
1 2.7 -31.8 1.0 4.8
2 -1.3 -18.3 1.0 11.2
3 -0.8 -6.1 1.6 9.5
4 2.1 -16.0 1.7 10.1
5 2.3 -20.5 1.6 9.5
6 -2.2 -28.2 1.1 6.1
7 -1.2 -12.9 0.7 6.9
8 -1.8 -15.9 1.2 7.7
9
10 223 -25.8 0.9 4,2
11 -2.3 -383 1.2 8.0
12 -2.1 -19.8 1.5 11.0
13 -2.3 -17.8 1.4 7.7
14 -1.3 -8.9 1.2 6.1
15 24 -16.4 1.4 7.1
16 -2.0 -23.5 1.6 16.3
17 -14 -9.7 1.9 7.8
18 2.3 -14.3 0.8 2.6
19 -0.7 6.1 0.7 5.8
20 -1.0 -6.2 0.8 3.6
21 -0.7 -10.1 0.7 9.7
22 -2.0 -8.7 0.3 0.7
23 -1.4 -9.9 1.2 6.8
24 -1.2 -1.5 1.2 4.9

Table 5.6  Comparison of Growth Factors Evaluated
using Two Different Methods

Method Used
Strut No. Fie 2.7 Trial-and-Error
g < Analysis for Best Fit
10 0.029 0.002
12 0.037 0.070
14 0.101 0.125
16 0.060 0.075
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TABLE 6.1 Generalized Input Parameters for Wide-Flange Sections

Methods Used

Slenderness Ratio (kL/1)

40 80 P 120
Hard. Ratio Average 0.015 0.075 0.01
- 0.00103 (kL/1r) + 0.185
Growth Factor Least-Square 0.02 8,0/, - 0,053
PCR Euler Formula Eq. (5.1)
Average -0.35
P
PCRF/PCR| Least-Square -0.48 7;— + 0.098
g
U34/b,,| Average -1.74 -1.0 -1.0
Cs5/Cl Least-Square 0.000079 (kL/r) - 0.016
45 P43 ,
( Iﬁl-,] "TPCR | ) | Center of Gravity | (-5.98,-0.31) (-2.58,-0.3) (-3.28,-0.32)
U6 P6 )
“S—,—P—) Center of Gravity (0.,1.37) (0.29,0.49) (0.45.0.26)
ra a
(%1,%7 Center of Gravity (0.0,0.95) 0.20,0.44) (0.03,0.21)
i i3
—5—8,§;—8—) Center of Gravity (-2.04,0.28) (-0.14,0.41) (-0.35,0.21)
S S
C8/Cl Average 0.037 0.22 0.30
Zone 8 Exists Yes No No
Zone 3 Exists Yes No No
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TABLE 6.2 Generalized Input Parameters for Tube and Pipe Sections

Types of Sections

Methods
Tubes Pipes
Used (kL/r = 80) | (KL/r = 80)
Hard. Ratio Average 0.014 0.008
Average 0.087 0.104
Growth Factor S Square 0.014 57/d, + 0.0131
PCR Euler Formula Eq. (5.1)
PCRF/PCR| Average -0.38 -0.43
P
Least-Square -0.34 ?’— -0.114
),
U34/B,,| Average -1.0 -1.0
cs/cl Average -0.017 -0.013
U4y P45 .
TR Iy Cent -3.22,-0. -2.39,-0.
( 5.1 TPCR] ) enter of Gravity | (-3.22,-0.37) | (-2.39,-0.39)
(Yo Po Center of Gravity | (0.17,0.31) | (0.11,0.56)
5, P,
LT LTy | Center of Gravity | (0.18,0.39) | (0.09,0.51)
5, ' P,
(%,{;—8 Center of Gravity | (0.018,0.42) | (0.018,0.42)
Y y
Ccg/Cl Average 0.22 0.22
Zone 8 Exists No No
Zone 3 Exists No No
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TABLE 6.3 Generalized Input Parameters for General Sections

Methods Used

Slenderness Ratio (kL/r)

40

80

120

Hard. Ratio

Average

0.024

0.01

0.01

Growth Factor

Least-Square

20.00107 (kL/1) + 0.169
0.0053 8yy/8, + 0.044

PCR Euler Formula | Eq. (5.1)
Average }9.44 :
PCRF/PCR| Least-Square - 0.64 -Fi— + 0.068
;
U34/6,,] average -1.8 I -1.0 -1.0
C5/Cl Least-Square 0.000080 (kL/1) - 0.018
U4y P45 .
( 5 | TPCR] ) | Center of Gravity | (-5.49,-0.33) { (-2.55,-0.33) | (-3.52,-0.33)
(%/_6’_1;_6 Center of Gravity {0.,1.37) (0.20.0.45) (0.36,0.24)
UT PT .
(*g"-,—P—) Center of Gravity (0.0,0.95) (0.12,0.40) (0.015,0.22)
U3 P8 .
(T’P— Center of Gravity | (-1.89,0.49) (0.018,0.42) (-0.69,0.18)
iy )3
C8/ Cl Average 0.037 0.33 0.33
Zone 8 Exists Yes No No
Zone 3 Exists Yes No No
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Fig. 1.9  Jain Model [17]
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APPENDIX A

COMPARISON OF ANALYSIS AND EXPERIMENT

Experimental data from Reference 1 and analytical results obtained using the refined
phenomenological model are compared for the 24 individual struts. In these analyses, the gen-
eralized input parameters presented in Tables 5.1 through 5.4 were used. Figures 5.1 and 5.2
have already presented the comparison for four of these struts. This Appendix presents the
comparison for the remaining struts. This comparison is used for the evaluation of the validity

of the generalized input parameters as well as of the capabilities of the element.
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APPENDIX B

USER’S GUIDE FOR DRAIN-2D2 ELEMENT TYPE 4

B.1 General Characteristics

The post-buckling truss element is assumed to lie arbitrarily in the two-dimensional plane
defined by the DRAIN-2D2 program. However, the element has only one local degree of free-

dom, §, i.e., the axial deformation of the line between its end nodes (see Fig. B1).

The element is assumed pin-ended, thus providing no flexural resistance at its ends. The
behavior of the member is governed by the inelastic axial force - axial deformation relation
which is specified by the user. No geometric stiffness effects are included in the element’s

response and no initial forces can be specified.

B.2 Flement Stiffnesses and Deformations

The hysteretic behavior of the post-buckling truss element is developed in ten distinct
_zones of axial force - axial deformation relationship (Fig. B2). One complete cycle of loading
does not necessarily include al] the zones. Throughout each zone, the element maintains a con-
stant stiffness. The stiffness value changes as soon as the element enters a new zone. The

characteristics of all the zones will be described in full detail in Section B.3.

When the element deforms in tension beyond the vield point, a permanent deformation
(equal to the plastic deformation after the yield point) occurs and all displacement control

points shift by this amount.

In addition, after loading cycle involving inelastic compressive zones, the tensile vield
point is translated by a factor times the inelastic shortening during the current cycle (Fig. B3).

This factor is specified by the user (the growth factor).

Every time the element exits Zone 4, the peak compressive load capacity of the brace
(PCR) is reduced to the lowest value reached in Zone 4. This shall not, however, be less than

the user specified final buckling load (PCRF) (see Fig. B3}.
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Based on the capabilities of the DRAIN-2D2 program, the exact axial force - deformation
relationship of the element can be followed using the event-to-event strategy, as described in
Chapter 3. The user can also use the step-by-step method utilizing the unbalanced force

correction procedure.

B.3 Description of Zones

The graphical representation of the ten zones used in the new element are illusirated in

Figs. B4 through B13. The following symbols are used in these figures.

—r——— 7.0n¢ location;
————— AllOWable current path;

= == = =mw-  Possible previous path;

————————— Illustration of adjacent zones;
O Entry point to zone;
o Exit point from zone;

Possible next point at end of analysis time step.

o

The behavioral characteristics of the zones are described in detail in the following tables.

ZONE 1
Characteristics : Elastic region for both tensile and compressive action.
Bounded by the U29 vield displacement (in tension), and
by the U13 buckling displacement (in compression).
Stiffness : Program variable C1.
Determined by the elastic stiffness of the element, —ELA
Entry from Zones : 9,2,
Exit to Zones : 3,4,5,10 (C) (C denotes the compression)
9,2 (T) (T denotes the tension)
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ZONE 2
Characteristics : Tensile yield region. In this zone, the element has a tensile
extension bigger than or equal to the U29 yield limit.
Stiffness : Program variable C2.

Exit to Zones :

Entry from Zones :

Determined as a proportion of the elastic stiffness C1.
- 1,3,4,5,6,7,8,9,10

1,3,4,5,10 (C)
1(D

ZONE 3

Characteristics : Inelastic buckling region; the first zone the element enters
after buckling occurs. Bounded by the Ul3 and U34 dis-
placement conttol points.

Stiffness : Set to zero.

Entry from Zones : 1,2,6,7,8,9

Exit to Zones : 1,2,7,8,9 (T)
1,4,5,6,10 (C)

ZONE 4
Characteristics : Inelastic post-buckling compressive region with negative
stiffness.
Stiffness - Program variable C4.

Exit to Zones :

Entry from Zones :

Determined by the slope between the intersecting points of

Zones 3 and 4 and of Zones 4 and 5:
Cé— (PCR —P45)

T (U13-U45)
1,2,3,6,7,8,9

5,6,10 (C)
1,2,7,.8,9 (T)
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ZONE 5
Characteristics : Inelastic post-buckling compressive region with negative
stiffness. Usually, a more "flat" region than Zone 4.
Stiffness : Program variable C5.

Exit to Zones :

Entry from Zones ;

User specified value; must be negative.
1,2,3,4,6,7,8,9

6,10 (C)
2,7,8,9 (T)

ZONE 6
Characteristics : Elastic post-buckling zone in compression.
" The element enters this zone when unloading from a post
" buckling state (Zones 3,4 and 5).
Stiffness ; Program variable C6.

Exit to Zones :

Entry from Zones :

Determined by the intersection point (UPO,0) of the force
- deformation curve and the displacement axis, and the
user specified point (U7,P7).

3,4,57.8

!2v7 5859 (T)
3

1
1,3,4,5,10 (©)

ZONE 7
Characteristics : Elastic post-buckling zone in tension. The element enters
this zone when the element is in tension in a post-buckling
stage.
Stiffness : Program variable C1.

Exit to Zones :

I

Entry from Zones :

Determined by the points (UPQ,0) and (U7,P7).
3,4,5,6,8,10

3,4,5,6,10 (C)
8,9,10 (T)
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ZONE 8
Characteristics : Inelastic post-buckling tensile region.
Stiffness : Program variable C8.

User specified value; must be positive.

Entry from Zones : 3,4,5,6,7,10

Exit to Zones : 7,9,2 (T)
3,4,5,6,10 (C)

Remarks : 1. If the intersecting point of Zones 7 and 8 is below the
displacement axis, Zone 7 is bypassed and the element
enters Zone 8. At the same time, a new slope for Zone 8 is
defined by the (U8,P8) control point and the intersection
of the force-deformation curve and the displacement axis
(Fig. B11 (g)).

2. The user is recommended to specify a nearly "flat” slope
for Zone 8.
ZONE 9

Characteristics : Inelastic post-buckling tensile region after buckling oc-
curred in the same hysteretic loop.

Stiffness : Program variable C9.

Exit to Zones :

Entry from Zones :

Determined by the point at which the element enters Zone
9 and the yield point (U29,Py).

1,3,4,5,6,7,8,10

1,2 (T)
1,3,4,5,10 (C)
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ZONE 10

Characteristics : This zone is included to account for an asymptotic
behavior of Zone 5. If the slope of Zone 5 is very steep
and the element undergoes shortening to a large extent, it
will reach the predicted displacement without having to
cross over the displacement axis. At the Intersection of
Zone 5 and the displacement axis, the element enters Zone
10 and it develops the remaining shortening providing zero
resistance.

Stiffness : Set to zero.

Entry from Zones : 1,2,3,4,5,7,8,9

Exit to Zones : 2,7,8,9 (T)

B.4 Input Data for the Refined Phenomenological Element

This section presents the input data for the refined model, developed as an element for
the DRAIN-2D2 program. See Reference 21 for remainder of input data required and see Fig.

B14 for an illustration of the input parameters.

B.4.1 CONTROL INFORMATION (2 Cards)

1.1 First Card (315,F10.0)

1 Netes Lolwmns - Variable : Data
1-5(D Punch 4 (io indicate the group type number).
6-10(D NMEM Number of elements in group.
11-15(D KREP Event calculation code :

1 if it applies. .
0 or blank if the event-to-event strategy is not
desired.

1.2 Second Card (I5)

Notes Columns Variable Data
1-5(D NSTF Number of different stiffness types.
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B.4.2 STIFFNESS TYPES (3 Cards per stiffness type)

The stiffness information can be given in either of two ways :

(a)
(b)

The user can directly provide the actual values for all the parameters.

The user can input the stiffness parameters by providing normalized coefficients with

respect to the yield displacement (5y) and the yield force (

. The only actual

values which must be specified are those of 6y and }j/ The program internally con-
verts all the normalized coefficients to dimensioned values of displacement, force

and stiffness.

2.1 First Card (14,11,5X,7F10.0)

Notes Columns Variabie Data
1-4(1) Stiffness type number. Must be in increasing
numerical sequence beginning with 1.
5 Punch: 0 if input is not normalized, or, 1 if in-
put is normalized.
6-10 Leave blank.
(1 11-20{R) Cross-sectional area of element.
(positive number)
n 21-30(R) Young’s modulus of elasticity.
(positive number)
@ 31-40(R) U29 Yield displacement (positive number),
Leave blank if input is not normalized.
41-50(R) PYP Tension yield force,
{positive number)
51-60(R) PCR Initial buckling force.
(negative number) .
61-70(R) PCRF Final buckling force after inelastic cycling.
(negative number)
PCR<PCRF<P45
71-80(R) Strain hardening ratio of Zone 2 stiffness to
& Zone 1 stiffness.
(positive number)
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Notes Columns Variable Data
1-10(R) FACTOR Growth factor.
{positive number)
11-20(R) GROF Column growth limit
(positive number)
The total accumulated amount of inelastic
column growth that may occur in the element.
(3) 21-30(R) U34 Displacement coordinate of intersection of
Zone 3 and Zone 4.
(negative number)
@ 31-40(R) U4s Displacement coordinate of intersection of
Zone 4 and Zone 5.
(negative number)
41-50(R) P45 Force coordinate of intersection of Zone 4 and
Zone 5.
(negative number)
51-60(R) - C5 Slope of Zone 5.
(negative number)
(5) 61-70(R) U6 Displacement coordinate for control point of
Zone 6.
(positive number)
(5) 71-80(R) Pé Force coordinate for control point of Zone 6.
(positive number)
2.3 Third Card (5F10.0)
Notes Columns Variable Data
(5) 1-10(R) U7 Displacement coordinate for control point of
Zone 7
{positive number)
(5) 11-20(R) P7 Force coordinate for control point of Zone 7.
(positive number)
21-30(R) U8 Displacement coordinate of intersection of
Zones 8 and 9.
(negative number)
31-40(R) %] Force coordinate of intersection of Zones 8 and
9,
(positive number)
41-50(R) CR Stope of Zone 8.

(positive number)
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3. ELEMENT GENERATION (1 Card per element)

[ Notes Columns Variable Data
1-5(D IMEM Element number
6-10(D NODI Node number at element end I
11-15(D NODJ Node number at element end J
15-20(D ISTIF Stiffness type number
6) 21-25(1) IPRINT Time history output code:
0 : no print
1 : print only
2 : print and save
3 : save only
4 : save and print
reorganized time history

NOTES

(1) The actual values of the cross-sectional area and the modulus of elasticity must be provid-
ed, regardless of whether the stiffness input is normalized or not.

(2} A positive value of the yield displacement must be provided in the case of normalized in-
put. If the input is not normalized, the yield displacement is computed by the program
internally and this space in the input should be left biank. In such a case, the echo of the
vield displacement in the output must be ignored.

(3) U34<U13

(4) U45<U34

(5) 1t is desirable to select the control points (UU6,P6) and (U7,P7) to be in the shaded area in
Fig. B15 in order to avoid unreasonable analytical results.

(6) The user has the option of saving the time history results of any element in the file

named "TAPEB" and/or printing a "reorganized” time history for any element at the end
of the output listing.
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B.5 Results Outpat

B.5.1 Time History

The following items are printed at the specified time history output intervals for the ele-

ments for which results aré requested.

1. Element number

2. Node numbers for ends I and ¥

3.  Zone number of current state of the element

4. Current axial force

5. Current axial deformation

6.  Accumulated column growth

7. Accumulated plastic extension

8. Current axial stiffness

B.5.2 Results Envelopes

The following items are printed at the specified envelope output intervals for the elements

for which results are requested.

1.  Element number

2. Maximum displacements

2.11

2.1.2

221

222

Maximum tensile deformation

Ratio of the maximum tensile deformation to the initial yield point displace-

ment.
Time of occurrence of maximum tensile deformation.
Maximum compressive shortening

Ratio of the maximum compressive shortening to the initial buckling point

deformation.
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2.2.3 Time of occurrence of maximum compressive shortening.

Maximum axial forces

3.1.1 Maximum tensile force

3.1.2 Ratio of the maximum tensile force to the initial yield force.

3.1.3 Time of occurrence of maximum tensile force.

3:2.1 Maximum compressive force

322 Ratio of the maximum compressive force to the initial buckling force.
3.2.3 Time of occurrence of the maximum compressive force.

Inelastic Displacement Data

4.1.1 Maximum inelastic tensile deformation which the element undergoes
through one cycle of loading. During the same loading cycle, the inelastic

tensile deformation is the deformation developed in Zones 8,9 and 2.

4,12 Ratio of the maximum inelastic tensile deformation to the initial yield dis-

placement.
4.1.3 Accumulated inelastic tensile deformation for all 1oading cycles.

4.2.1 Maximum inelastic shortening which the element undergoes through one
cycle of loading. During the same loading cycle, the inelastic shortening is
the deformation developed in Zones 3,4,5 and 10.

Events

5.1 Number of times the element enters Zones 3,4,5 and 10 from tize elastic state

(Zone 1).

Note: A temporary reversal of loading to Zones 6,7 and 8 does not trigger

the counting of additional entries upon re-entering Zones 3,4,5 and

10.
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5.2 Number of times the element enters Zones 8,9 and 2 after it has buckled in

compression.

Note: A temporary reversal of loading to Zones 1,6, and 7 does not
trigger the counting of additional entries upon re-entering Zones

8,9 and 2.

6. Plastic Extension

Accumulated inelastic deformation occurring only in Zone 2 for all cycles.

7. Column Growth

Accumulated column growth for all cycles.
8. Current buckling load
9. Final buckling load
10. Total energy absorbed by the element.
The energy absorbed by the element in one time step is defined as the area

of the trapezoid between the old and the new values of the axial force and

the axial deformation of the member (Fig. B16).

B.6 Example Analysis

A single story stee]l braced frame, as shown in Figure B17, was modeled and sub-
jected to the El Centro 1940 NS horizontal ground motion. The accelerogram was scaled
to have a peak acceleration of 0.5g. This analysis was performed in order to demonstrate
an application of the post-buckling brace element when used together with the DRAIN-
2D2 program.

The horizontal beam element BC2 is modeled to be axially rigid. Column elements
BC! and BC3 are modeled to have fixed connections with the ground. An x-axis transla-
tional mas.s of 40.8 kips is carried by the first story of the frame. Table Bl summarizes

the input parameters of all the members used in the frame.
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The analysis was performed with a constant time step of 0.01 sec. and without the
event-to-event strategy. No energy calculation was included. Figures B18 and B19 illus-
trate the force-displacement relation and the displacement time history of the response of
Braces 1 and 2, respectively. A listing of the echo of the input data is shown in Table

B2, while Table B3 illustrates the envelope output for all the braces.

An attention must be exercised in using the post-buckling truss element to model
concentric K-brace frames (Fig. B20). Large unbalanced forces may be generated at node
m due to the buckling and/or yielding of the members around it, which, in turn, may
cause the node to develop unrealistically high vertical displacements. This phenomenon
can greatly be cured by assigning a small vertical translational mass to node m. The user is
recommended to assign vertical translational masses equal in magnitude to the dead load

of the "tributary area" of the affected nodes.



-124-

BEAM-COLUMN ELEMENTS
BC1-BC2-BC3
ELEMENT TYPE 2
(IN DRAIN-2D2)

Modulus of elasticity (E) 29,000 ksi
Cross-sectional area (4) 4.61 in?
Moment of inertia (I) 3522 in*
Yield moment (M) 422.6 k-in
Hardening ratio 0.05

POST-BUCKLING TRUSS ELEMENTS
BRACE 1-BRACE 2

ELEMENT TYPE 4
(IN DRAIN-2D2)

E = 25,000 ksi
A = 0377 in?
Hardening ratio = 0.05

Displ. control points (in) Force control points (kips)

Ul3 -0.12 PYP 10.5

U34 -0.26 PCR -10.6

U45 -0.32 PCRF -4.0

ue 1.0 P45 -3.93

u? 0.8 P6 320

U8 -0.14 P7 10.0

P38 2.8
C5 = -0.01 k/in
C8 = 0.01 kfin

Table Bl  Input Data Used in the X-Braced Frame Analysis

(1 kips = 4.45kN; 1 in. = 25.4 mm)
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POST BUCKLING TRUSS ELEMENTS (TYPE 4)
NO. OF ELEMENTS =12
NO. OF STIFFNESS TYPES =1
EVENT FACTOR CALCULATION CODE =0 IF = 1.1T APPLIES
INITIAL STIFFNESS DAMPING FACTOR = 0.
STIFFNESS TYPES
TYPE INPUT SECTION  YOUNG’S YIELD YIELD BUCKLING BUCKLING HARDENING
NO. NORMALIZED  AREA  MODULUS  DISPL, FORCE LOADPCR LOAD PCRF RATIO
1 NO 0377 25000.000 -0.000 10.500 -10.600 -4.000 0.050
GROWTH GROWTH ZONE3-4 ZONE4-5 ZONE4-5  ZONES POINT 6 POINT 6
FACTOR LIMIT DISPL. DISPL. FORCE SLOPE DISPL. FORCE
0.040 5.000 -0.260 -0.320 -3.930 -0.010 1.000 32.000
POINT 7 POINT7  POINT 8 POINT8  ZONES
DISPL. FORCE DISPL. FORCE ‘SLOPE
0.800 10.000 -0.140 2.800 0.010
ELEMENT SPECIFICATION
ELEMENT NODE NODE  STIFFNESS  PRINT
NUMBER I b} TYPE RESPONSE
1 1 3 1 S-R
2 2 4 1 S-R
Table B2 Echo of Input Data
RESULTS ENVELOPES, ELEMENT GROUP 2 TIMES = 3.000
POST BUCKLING TRUSS ELEMENTS
ELEM ~MAXIMUM DISPL.- -—-MAXIMUM FORCES~ INELASTIC DISPL DATA —-EVENTS~ PLEXT.,/ PCR/ ENERGY
NO. VALUE RATIO TIME VALUE RATIO TIME VALUE RATIO ACCUM Z8/23 29/24 Z2/Z5 Z10 COL.GR. PCRF ABSD.
I TENS 0.222 1.88 2410 10.92 1,04 2.410 0.208 1.76 0.44 i3 3 2 0.095 4.00 -4.1
COMP  -0.335 2.81 2530  -10.60 1.00 1.710 0345 289 079, 5 2 1 o 0032 40
2TENS 0333 282 2.530 1139 1.09 2.530 035  3.02  0.64 0 3 3 0201 400  -1.6
COMP 0274 1.88 2410  -10.60 1.00 1.990 0222 186  -0.68 4 1 1 0 0027 40

Table B3 Envelope Output
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Fig. B1  Post-Buckling Truss Element N
(Refined Phenomenological Model)

Fig. B2  Zones Used in the Refined Phenomenological Model
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