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ABSTRACT

This research report presents a state-of-the-art model for inelastic response analysis of

braced steel structures. This model achieves realism and efficiency by combining analytical for-

mulations describing plastic hinge behavior with empirical formulae developed based on a study

of experimental data. As such it is suitable for studying the inelastic cyclic behavior of indivi-

dual elements as well as the dynamic response of relatively large structural systems.

The brace is idealized as a pin-ended member with a plastic hinge located at its midspan.

The plastic state of the plastic hinge is defined by a specified interaction curve relating axial

force and plastic hinge moment. The plastic axial and rotational deformations at the plastic

hinge are defined based on the flow rule. Based on these assumptions, analytical expressions

for the axial force versus axial deformation behavior of the brace are derived as a solution of

the basic beam-column equation. While these expressions form the basis of the new model,

several empirical behavioral characteristics are implemented in this modeling in order to

achieve better representation of observed cyclic inelastic behavior. These empirical characteris-

tics include: (1) the variation of the tangent modulus of elasticity during cycles, (2) the gradual

plastification process of the plastic hinge, and (3) the residual displacement due to material

nonlinearities in the nominal elastic range. These characteristics have been identified from an

investigation of experimental data.

Verification of the new model is performed on the basis of quasi-static analyses of indivi-

dual struts and dynamic response analyses of a three-story X-braced steel frame, representative

of offshore platforms. The inclusion of the empirical characteristics has achieved a refined

representation of hysteresis loops for braces. Furthermore, it has become clear that the new

model is able to accurately simulate the cyclic inelastic behavior of steel braces and is efficiently

applicable to dynamic analyses of braced frame structures.

The model is applied to the study of the design of a real sized six-story K-braced steel

building frame. From this study, it has become clear that the braces' slenderness ratio, buck-

ling strength, and material properties have a great influence on the performance of the braced

,
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frame. The brace model permits the influence of these parameters on structural behavior to be

easily assessed.

Conclusions are offered regarding the inelastic behavior of braces. Furthermore, the relia­

bility and practicability of the above analytical approach to modeling the brace behavior are dis­

cussed. Topics for further research are identified.
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1. INTRODUCTION

1.0 General Information

In seismically active sites, it is generally not economically feasible to design conventional

structures to be capable of remaining elastic during severe earthquake ground motions. For­

tunately, this may not be necessary, if it is possible to take advantage of the inherent ability of

many types of structures to absorb and dissipate energy by means of inelastic deformations.

Steel moment-resisting frames are widely recognized as being highly efficient in absorbing such

earthquake energy demands. However, in high rise buildings such frames tend to develop large

interstory drifts. Consequently, concentrically braced steel frames are frequently used in order

to increase the structure's strength and stiffness. Such frames generally rely on inelastic defor­

mations in the braces as the main source of earthquake energy dissipation. However, the cyclic

inelastic behavior of such braces is quite complex. As can be seen in Fig. 1.1, this cyclic

behavior involves several complex physical phenomena [1], including buckling by compressive

loads, yielding by tensile loads, post-buckling deterioration of compressive load capacity, and so

on. Because of the complexity of this hysteretic behavior, it is difficult to predict the seismic

response of braced frame structures and to assess their reliability without the aid of nonlinear

computer analyses.

Several analytical models have been developed to represent the cyclic buckling behavior of

steel braces. As indicated in an earlier report [2], these models can be divided into three

different general types: the finite element, the phenomenological, and the physical theory brace

models (examples of these models are shown in Fig. 1.2).

Finite element models generally subdivide a brace longitudinally into a series of segments

which are further subdivided into a number of fibers. While providing the most realistic

representation of a brace's behavior, finite element models usually demand computations too

costly to be applied to practical analyses of large-scale braced structures.

Phenomenological models are based on simplified hysteretic rules which only mimic the

observed axial force - axial displacement curves of a brace. Currently, phenomenological
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modeling is the most common approach to the analyses of large-scale braced structures. How­

ever, users of such models need to specify numerous empirical input parameters for each strut

analyzed. It is difficult to select these parameters properly without access either to appropriate

experimental results or, alternatively, to the analytical results obtained using other more refined

models. For these reasons, phenomenological models are often costly to use and restrictive in

their applicability.

Physical theory brace models incorporate simplified theoretical formulations based on the

physical considerations that permit the cyclic inelastic behavior to be computed. Unlike the

prior empirical information on cyclic inelastic behavior required for phenomenological models,

the input parameters for physical theory models are based on material properties and common

geometric or derived engineering properties of a member (e.g., the cross-sectional area, cross­

sectional moment of inertia, effective member length, plastic section modulus, etc). However,

the geometric representation of a brace is considerably simpler than used for a finite element

model (Fig. 1.2). Thus, physical theory models attempt to combine the realism of finite ele­

ment approaches with the computational simplicity of phenomenological modeling. It appears

that physical theory brace models provide a promising method for representing the cyclic inelas­

tic behavior of braces in large structures. When fully developed and verified, such physical

theory brace models could be valuable in selecting input parameters for phenomenological

models as well as in analyzing large-scale structures.

1.1 Available Physical Theory Brace Models

1.1.1 Available Information

Several physical theory models have been developed to simulate the inelastic buckling

behavior of steel braces [2 to 20J. Geometrically these bracing members usually have a plastic

hinge at midspan which connects two elastic beam segments (see Fig. 1.3). The boundary con­

ditions considered in general are of two types: pinned-pinned [2 to 14] and fixed-fixed [15 to

20]. The axial component of the plastic hinge deformation was neglected in early physical
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theory brace models [3 to 5] in favor of the rotational component; however, both components

were included in later models [2 and 6 to 20].

Most of these models [2 to 10, and 15 to 20] employed the following set of assumptions:

(1) Material properties of the plastic hinge, as well as brace segments, are of the elasto-

perfectly plastic type.

(2) The plastic state of the hinge is described by a interaction curve relating the fully plastic

moment and axial force at the plastic hinge.

(3) The beam segments permit elastic axial and flexural deformation components.

A different set of assumptions has been employed by Wakabayashi et al [11 to 14] in the

development of an elasto-plastic hinge model:

(1) The center hinge exhibits an arbitrary plastic hinge moment - plastic hinge rotation rela-

tion.

(2) The beam segments are flexurally rigid and permit only an axial deformation.

One of the first physical theory brace models was developed by Higginbotham [3] (see

Fig. 1.4). Since only concentrated flexural deformations were permitted at the plastic hinge,

this model was only appropriate for slender braces (effective slenderness ratio> 100). The

plastic hinge moment was modified according to a specified interaction curve between the pias-

tic hinge moment and axial force. Higginbotham used a basic equation,

El d8 (S) = p
dS

where

E = modulus of elasticity;

I = moment of inertia of cross section;

S = arc length;

8 = rotation angle of the beam segment as a function of S;

P = axial force.

(1.1)

He derived an analytical solution for this equation to express the post-buckling force -
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deformation behavior of braces. Since the solution to this equation includes elliptic integrals, it

entails costly computation.

Nirforoushan [4] formulated a quite similar (but somewhat simpler) model and used it to

arrive at parameters for his phenomenological model. Singh [5] also developed a model having

assumptions similar to Higginbotham's. However, he used the energy method in formulating

basic equations and assumed sine curves for the deflected shapes of the two beam segments

under compression. Since a sine curve satisfies the beam-column equation [21] for a

compressed beam, his formulation can also be said to be based on this equation.

Nonaka [6,7] and Gugerli [8] developed models close to Singh's model (see Fig. 1.5).

Their models, however, included axial and rotational deformation components at the plastic

hinge. They solved the beam-column equation directly, obtaining sine curves for the deflected

shape of the beam segments under compression and hyperbolic sine curves for beam segments

under tension. The resultant basic equations contained trigonometric functions for compressive

axial forces and hyperbolic functions for tensile forces.

Fujiwara [9,10] formulated a similar model employing the same assumptions about the

plastic hinge and beam segments. He employed the slope deflection method in formulating

basic equations, which were similar to Nonaka's and Gugerli's.

Wakabayashi et af developed a more general plastic hinge model [II to 14]. The brace

model consisted of two flexurally rigid and axially elastic truss bars and an inelastic hinge at the

center (Fig .1.6). This hinge exhibited arbitrarily specified inelastic cyclic deformation relation­

ships which included the Baushinger effect. Furthermore, since the truss bars were flexurally

rigid, complex functions were not needed to specify their deflected shape thereby greatly simpli­

fying the computations.

The formulations of the above models [3 to 14] obtain axial displacement as a function of

an axial force. Such models are categorized into the force method. All of these models necessi­

tate iterations in evaluating the value of axial force for the given displacement. Moreover,

these formulations are inconsistent with typical finite element analysis procedures used to
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analyze the dynamic response of structures. These typically employ the displacement method.

Zayas, Shing, Mahin and Popov [2] formulated a physical theory brace model using the

displacement method. Their model included lateral midspan deflection as a second degree of

freedom which is removed by elastic condensation during the formulation of the element axial

stiffness. The deflected shape of the beam segments was represented by cubic Hermitian poly­

nomials. Based on this idealization, the tangent stiffness matrix could be easily formulated.

Moreover, their basic equations were formulated in an incremental form so that their model

was compatible with conventional nonlinear analysis programs. Elastic buckling was taken into

account by the use of the tangent modulus approach.

Wakabayashi et al lI5,16,17], Prathuangsit lI8], Mitani [19], and Toma [20] developed

models for a member whose rotations were constrained at both ends. To replicate the con­

straints at the ends, References 15,16,18 and 19 used springs at both ends (see Fig. 1.7 [16])

and References 17 and 20 assumed fixed-fixed end conditions.

To give a better understanding of the various approaches used to formulate physical

theory models, two models will be discussed in more detail.

1.1.2 Gugerli Model

(a) General

This subsection introduces the basic theoretical formulations and equations employed in

the Gugerli model [8]. To be compatible with subsequent derivation in this report, Gugerli's

derivation have been modified somewhat, but the basic principles of his formulation were left

unchanged.

(b) Assumptions

The Gugerli model consists of a pin-ended brace with a plastic hinge located as its

midspan as shown in Fig. 1.3. The formulation of this model is based on the following set of

assumptions:
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(1) Every cross section along the axis retains its shape.

(2) The effects of shearing stresses and strains are neglected.

(3) The axial strains are distributed linearly over the cross section (plane sections

remain plane).

(4) Only cross sections with one axis of symmetry are considered.

(5) The lateral deflections and the corresponding slopes are small.

(6) The material is of the elasto-perfectly plastic type.

(7) Partial plastification within the hinge as well as along the member axis is disre-

garded.

(c) Basic Equations

For simplicity, equations will be developed for only one half of the brace. The deflected

shape of the left half of a brace shown in Fig. 1.3 is obtained by solving the basic beam-column

equation.

where

j(x) =

x = coordinate;

K"(x) = lateral deflection at x;

() = plastic hinge rotation;

• KXsm­
L
K

KCOS"f

. h KX
sm T

K
Kcosh"f

if P<O

if P>O

0.2)

0.3)
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L = member length.

The sign convention adopted here and throughout the remainder of this report is that ten-

sile forces and elongation are positive. When Eq. 1.2 is applied to the plastic hinge location,

the plastic hinge moment M is related to the plastic hinge rotation angle (J by,

where

0.4)

if P<O

if P>O
0.5)

The axial displacement ~ of the brace consists of five components,

where

~ e = elastic axial displacement;

() g = geometric shortening;

~ p = plastic hinge displacement;

~ po = accumulated plastic hinge displacement;

~ (y = tensile yield displacement.

The elastic axial displacement ~ e is expressed as

where A is the cross-sectional area.

The expression for ~ g is:

0.6)

0.7)

0.8)
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where

sinK +1
K

if P<O
16cos2

;

h\(K) =
sinhK +1

(1.9)

K
if P>O

16cosh2
;

The axial displacement, 8 p, associated with plastic hinge deformations occurring during a

plastic excursion of the hinge takes the form:

(1.10)

where Po is the axial force value at which the plastic hinge initially became plastic. This term

includes the effects of plastic axial and rotational deformations on the brace length.

The plastic flow rule based on Drucker's postulate [22] was used to arrive at an expression

for the incremental axial plastic hinge deformation d8 p:

0.11)

where Yn denotes the location of instantaneous neutral axis(see Fig. 1.8). The plastic hinge

rotation (} can be determined by the use of Eq. 1.4.

(d) Zone Definition of Gugerli Model

Five different zones shown in Fig. 1.5 are used in formulating cyclic buckling behavior

based on the above equations. The Gugerli model distinguishes between elastic and plastic

states of the plastic hinge and makes special considerations when the brace is straight in ten-

sion.
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1.1.3 Zayas Model

(a) General

This subsection introduces the basic formulations used in the Zayas model (see Fig. 1.9).

As mentioned previously, this model follows an approach based on the displacement method of

analysis. While this approach is not followed in this research report, the model incorporates

several important features which are used and provides an alternative implement~tion strategy

that should be further evaluated. The model adheres to the same basic assumptions discussed

for the Gugerli model.

(b) Basic equations

In the analytical formulation, the brace is treated as a two-degree-of-freectom system. The

incremental forces at the plastic hinge, dP and dM, are related to the total incremental end

deformations through the tangent stiffness matrix K t•

0.12)

The deformation terms 8 and f/> correspond to the member end axial deformation and rotation,

respectively, as shown in Fig. 1.9. Before use in an analysis the element is reduced to a single-

degree-of-freedom system by static condensation. The rest of this subsection derives the basic

expression for the tangent stiffness matrix K t.

The total incremental strut end deformations are assumed to be the sum of the elastic and

plastic parts.

.[dB] _ [dBe] [d8 p!
df/> - df/> e + df/> p

where the subscripts e and p represent the elastic and plastic contributions, respectively.

(1.13)

Zayas developed the following incremental equation, where the incremental axial force dP

and moment dM at the plastic hinge are related to the elastic strut end deformations by means

of the elastic force - deformation matrix B.
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0.14)

The plastic end deformations are related to the plastic hinge deformations by means of the

geometric transformation matrix.

[
dB pI = [coscfJ LSincfJ] [dL

p
]

dcfJ p 0 1 dcfJ p
(1.15)

where Lp is the axial plastic hinge deformation. Let us note that Zayas distinguishes in this for-

mulation the difference between axial plastic hinge deformation Lp and end displacement due

to plastic hinge deformation Bp' Gugerli assumed the lateral deflection of the brace was small

(cfJ~O) and ignored this difference.

The outward normal flow rule [22] can be applied to the plastic hinge deformations.

[dLP]_ [<I> ,pId-'- - <I> A'f' P ,M

where

A = plastic deformation scalar;

<I> = formula for interaction curve;

<I> ,P = derivative of <I> with respect to P;

<I>,M = derivative of <I> with respect to M.

0.16)

Combining Eqs. 1.15 and 1.16, the flow rule for the strut end deformations can be written

as follows:

where

[
dBPIdcfJp = JA 0.17)

(1.18)
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Employing the condition that the interaction function <P remains constant, one can arrive

at the following equations:

where

[;1;] = ~[:~]-JA)

A = q:~]

<P _ [<p,p]
,5- <P,M

0.19)

0.20)

0.21)

(1.22)

Finally, Eqs. 1.19 and 1.20 can be combined and solved for the tangent stiffness matrix

K r = (B-BJG)

1.2 Limitations of Previous Physical Theory Brace Models

0.23)

While capable of capturing the basic aspects of brace hysteretic behavior, available physi-

cal theory brace models <including the Wakabayashi, the Gugerii, the Nonaka, and the Zayas

models) have significant limitations. These will be discussed in this section

All of these models assume elasto-perfectly plastic material properties for both the plastic

hinge and the beam segments. In these models, the transition from an elastic state to a plastic

state at the plastic hinge and in the beam segments takes place instantaneously. In reality, such

an instantaneous transition does not happen. As Okamura [23] suggested, plastification

progresses gradually and continuously, in association with the loss of stiffness of infinitesimal

elements in the material even before the overall yield condition is satisfied. Yielding will occur

gradually and spread over finite length of the member.

The assumption of elasto-perfectly plastic material properties by these physical theory

brace models therefore results in inaccurate analytical predictions of member behavior. One
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consequence of this is that transitions occur more suddenly with the models than in reality.

For example, the analytical hysteresis loops shown in Figs. 1.4 (Pt. F), 1.5 (Pt. G), and 1.7

(Pts. A and B) have kinks at the transition points when a plastic hinge goes from an elastic to a

plastic state under tensile loading. Such kinks have not been observed in experimental data

(see Fig. 1.1), resulting in discrepancies between experimental and analytical hysteresis loops.

All of the models assume that the values of the modulus of elasticity do not vary during

cyclic buckling processes, and the initial value of the modulus is used in analyses. However, it

is generally accepted that, in evaluating buckling loads, the tangent modulus or the secant

modulus of elasticity provides better results than the initial modulus of elasticity. Cyclic inelas­

tic behavior will be similarly better expressed by the tangent or the secant modulus. Moreover,

these moduli directly account for the influence of material nonlinearities, which is expected to

be particularly important for stocky braces and for cyclic loading. Thus, the models using the

initial modulus of elasticity cannot account for the deterioration of buckling load with inelastic

cycling.

Many physical theory brace models express axial displacement as a function of axial force.

Thus, these models require iterations to estimate the value of the axial force for a given dis­

placement in the analyses by the matrix displacement method. While Zayas formulated the

basic equations suitable for the matrix displacement method, he retained the other limitations.

None of the models discussed have been implemented in programs capable of performing non­

linear dynamic analyses of complete structures. Verification of these types of models and

evaluation of their computational abilities would appear to be a logical progression of research

in this area.

1.3 Objectives

This research is undertaken in order to formulate a refined physical theory brace model

able to provide a good representation of brace hysteresis loops and to overcome some of the

limitations of the previous physical theory brace models. While improved modeling of cyclic
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inelastic behavior is the focus of this investigation, constraints are imposed to insure that the

element could be used in the dynamic analyses of large structures. Thus, much of the effort is

to find suitable analytical and theoretical simplifications to permit efficient computation of brace

behavior.

It has been common to use experimental hysteresis loops and P-M interaction curves in

the development of the available physical theory brace models. In this study, experimental

axial force - plastic hinge moment curves and experimental axial force - plastic hinge rotations

curves are also examined. Based on these observations, empirical modifications of the previous

models are introduced. Special attention is paid to monitor the gradual plastification of the

braces. To implement the gradual progress in our analytical model, the following features are

incorporated: (1) the gradual increase of plastic hinge rotation prior to satisfying the yield con­

dition and (2) the variation of tangent modulus of elasticity. In addition, mathematical formu­

lations for solving the basic equations are expressed in an efficient manner.

This investigation also attempts to assess the model's suitability and applicability to the

dynamic response analyses of braced frames and to the study of the design of such frames. The

refined model as developed herein is suitable for the study of cyclic behavior of individual ele­

ments, for the determination of input parameters for phenomenological models, and, above all,

for general purpose dynamic analyses based on the tangent stiffness method.

1.4 Scope

To achieve the aforementioned objectives, the following studies are performed. Chapter 2

examines the cyclic buckling behavior of steel braces based on test data for six struts taken

from Reference 1. The struts consist of five wide flanges and one tube. The effective slender­

ness ratios are either 40, 80, or 120; the boundary conditions are of two types, fixed-pinned and

pinned-pinned. The emphasis in this chapter is placed on identifying the behavioral characteris­

tics to be implemented in the analytical model.
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Chapter 3 introduces the formulation for a refined physical theory model. This model is a

refinement of the approach taken by Gugerli. The refined model includes the behavioral

characteristics noted in Chapter 2. These include empirical models for: interaction curves, axial

force - plastic hinge rotation curves, and the history of tangent moduli of elasticity.

Chapter 4 applies the refined model to quasi-static analyses of individual steel braces so as

to assess the adequacy of the assumptions used in this model. Analytical results are compared

with test results based on various standpoints: hysteresis loops, axial force - plastic hinge

moment curves, axial force - plastic hinge rotation curves, buckling loads, maximum tensile

loads, etc. In addition, the analytical results are compared with those obtained using a refined

phenomenological model (DRAIN-2D2 ELEMENT TYPE 4) [24] and the Gugerli model [8].

Chapter 5 presents parametric studies using the refined model based on the simple

dynamic analyses of a three story X-braced frame. An emphasis is placed on identifying the

input parameters having a large influence on dynamic response of the structure and/or the

brace. This chapter and the previous chapter fully demonstrate numerical features of the

refined model.

Chapter 6 applies the refined model to the study of a steel braced frame's design. Brace

parameters having large influence on the performance of the frame are identified. In addition,

the nondeterministic nature of the dynamic response of braced frames is discussed.

Chapter 7 offers conclusions regarding the reliability and practicability of the refined phy­

sical theory brace model. Behavioral characteristics which must be accounted for in modeling

are identified. Needs for further research and development are discussed.

Appendix A presents a brief explanation of the DRAIN-2D2 program [25], in which the

refined model has been implemented. Appendix B constitutes a user's guide for the computer

implementation of the refined physical theory model.
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2. STUDY OF SOME EXPERIMENTAL DATA

2.0 Introduction

Prior to the formulation of an analytical model for the cyclic buckling behavior of braces,

it is important to refer to experimental data so as to identify the important aspects which must

be incorporated in the model. Strut data from the experiments by Black, Wenger, and Popov

[1] have been used to examine the cyclic buckling behavior of braces in this chapter and in

comparing with analytical results subsequently. These authors reported test data for 24 struts,

subjected to quasi-statically applied, cyclic axial loads simulating earthquake loading effects.

These data are particularly useful because they included an axial force - axial displacement

curve as well as an axial force - lateral displacement curve for each of the struts (see Fig. 1.1

for an example). It also contained complete cyclic stress - strain curves for two coupons, cut

from W6x 20 and TS4x 4x lh sections (see Fig. 2.1), in addition to tables of conventionally

measured material properties.

These data are herein further processed to arrive at additional information about the cyclic

inelastic behavior of steel braces. Among the 24 struts, six representative struts, five wide

flanges (Struts 1, 3, 7,19, and 23) and a tube (Strut 18), are selected for detailed study. All of

the wide flange members buckled about their weak axis in the experiments. Table 2.1 contains

the member and material properties for these struts. Members with effective slenderness ratios

of 40, 80, or 120 were considered so that the influence of this parameter could be observed.

Four of the struts are simply supported and the remaining two are fixed at one end and pinned

at the other end. The data for simply supported struts will be subsequently compared with

analytical results obtained using a refined physical theory brace model developed for the simply

supported boundary conditions. The data for the two fixed-pinned struts will be employed to

assess whether the concept of effective member length (relating a strut with pinned ends to a

strut with arbitrary boundary conditions) is applicable to this model.
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2.1 Plastic Hinge

The basic geometric representation of the strut considered in this report is the same as

that used by Gugerli [8] and others [2 to 10], It is assumed that the strut is pin ended and con­

sists of two beam segments attached at the midspan by a plastic hinge, as shown in Fig. 1.3.

The adequacy of this model and its relationship to the behavior of actual struts are examined

below. During cyclic load tests, a plastic hinging region can usually be detected near the

midspan of a strut as it buckles laterally. Figure 2.2 (a) [26] shows the cumulative history of

axial strain distributions in a strut and Fig. 2.2 (b) the corresponding hysteresis loop. A band

of concentrated axial strains, which grew from cycle to cycle, is observed near the midspan.

Inelastic axial and rotational deformations tend to form in such plastic hinge regions. The plas­

tic hinge, however, can be seen to have a finite length. Many physical theory brace models

assume the plastic hinge to be a point. According to these models, the hinge has elasto­

perfectly plastic mechanical properties and, thus, forms instantaneously when the cross section

at the potential plastic hinge location becomes fully plastic, On other words, when the axial

force - plastic hinge moment curve arrives at the interaction curve). This method of defining

the plastic state of the plastic hinge disregards the gradual plastification across a section or along

a region of a strut. In this report, a gradual transition from an elastic state to a plastic one is

incorporated in the model to better reflect observed behavior.

2.2 Zone Definition

In studying the cyclic buckling behavior of steel braces, it is common to divide a cycle

into a set of zones corresponding to different behavioral characteristics. The definition of these

zones is closely related to the interpretation of the cyclic inelastic behavior. A new way to

define the zones, shown in Fig. 2.3 (a) through (d), is proposed for a better interpretation of

cyclic behavior. Firstly, a cycle of member behavior can be roughly divided into four general

categories: elastic zones, plastic zones, the yield zone, and the elastic buckling zone. Note that

the terms "elastic" and "plastic" correspond to the state of the plastic hinge, while the term
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"yield" is associated with the state of the beam segments. The beam segments are assumed

elastic except in the yield zone, where they are yielded by axial forces exceeding the tensile

capacity of the strut. Secondly, the elastic zone is subdivided into the elastic shortening zone

and the elastic lengthening zone. Differences between these two elastic zones are:

(1) In the elastic shortening zone, both member lengths and axial loads decrease (note that

tension is positive).

(2) In the elastic lengthening zone, both member lengths and axial loads increase.

This distinction between the two elastic zones significantly contributes to progress in the subse­

quent analytical model.

Finally, the elastic shortening, the elastic lengthening, and the plastic zones are each

further subdivided into the zones in tension and those in compression. For simplicity in the

following discussion, this zone definition is abbreviated as follows:

ESI : elastic shortening zone in compression;

ES2 : elastic shortening zone in tension;

ELI: elastic lengthening zone in compression;

EL2 : elastic lengthening zone in tension;

BU : buckling zone;

PI : plastic zone in compression;

P2 : plastic zone in tension;

PY : yielding zone.

where "E" corresponds to elastic, "P" to plastic, "BU' to buckling, and "Y" to yielding. "5"

represents shortening, "L" represents lengthening. "1" indicates compression, "2" indicates ten­

sion. The eight zones defined in this manner will be used in discussing member behavior.

Note that the basic behavior of a strut associated with each zone is shown in Fig. 2.3 (b), while

an empirical rule of zone transition is summarized in Table 2.2.

The zone definition also applies to axial force - plastic hinge moment curves and to axial

force - plastic hinge rotation curves, as shown in Figs. 2.3 (c) and (d) respectively. In order to
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achieve deeper insight into member behavior, some of these curves will be examined zone by

zone in the following two sections.

Many physical theory brace models recognize the fact that plastic zones are irreversible

and that they exit to elastic zones upon displacement history reversals. However, these models

generally disregard the fact that elastic zones are also irreversible. For example, the elastic

lengthening zone exits to the elastic shortening zone and vice versa upon load history reversals.

The irreversibility of elastic zones arises from the following features: (1) the discontinuity of

tangent modulus values at load history reversals and (2) a difference of the plastic hinge rota­

tion characteristics in the elastic lengthening zone and in the elastic shortening zone. These

features will also be deduced from test data in the subsequent sections.

2.3 Axial Force - Plastic Hinge Moment Curves

Axial force - plastic hinge moment (P-M) curves playa dominant role in understanding

plastic hinge behavior. In order to increase the data available concerning this behavior, these

relations were computed for the aforementioned six struts.

For simply supported struts, bending moments are computed from the static equilibrium

equation shown below:

(2.0

where M (x) is the bending moment at x and ~ (x) is the lateral displacement at x.

This is not applicable to struts with other boundary conditions, since the bending

moments must vanish at the inflection points of the buckled shape rather than at the ends of

the member. This feature can be accounted for by employing the concept of effective lateral

displacement, explained by the use of Fig. 2.4 [1]. Based on this concept, the effective moment

at the potential plastic hinge location can be expressed by the following formula:

M = P·!ie./f (2.2)

where !ie./f is the effective lateral displacement. Based on the method suggested in Reference
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21, the following formulas relating the effective lateral displacement to the measured lateral dis-

placement are presented.

A~ff = A·C (2.3.a)

(
1.0

C = 1.398
pinned-pinned

fixed-pinned (2.3.b)

Using Eqs. 2.2 and 2.3, P-M curves shown in Figs. 2.5 to 2.7 were computed from

experimental P-A curves taken from Reference 1. The theoretical fully plastic P-M interac-

tion curve (usually called interaction curve), as well as the first yield P-M interaction curve

for each strut, are also shown in these figures. The formulas for the fully plastic interaction

curve are summarized in Table 2.3 [8], whereas those for the first yield interaction curve are

illustrated in the figures. All of these formulas are based on measured yield stress and assume

rigid-perfectly plastic material properties. They neglect wall thickness considerations. The plas-

tic hinge should theoretically remain elastic until the experimental P-M curve reaches the first

yield interaction curve; partial plastification of the hinge progresses in the area between the first

yield interaction curve and the fully plastic interaction curve; deformation hardening occurs

outside of this curve.

A comparison of the fully plastic interaction curves and the enveloping surface of the

experimental P-M curves shows the following features:

(1) Struts 1,3, and 23 developed significant strain hardening as represented by shifts in the

experimental P-M curves during the later cycles. Correspondingly, struts 7 and 19

showed signs of softening in the compression side during the later cycles.

(2) For struts 1 and 18, the experimental interaction curves on the compression side had

from 20 to 40 percent smaller plastic hinge moment capacities than the fully plastic

interaction curves. Strut 18 had a very high yield strength, so that the aforementioned

assumptions might have been violated. The effective slenderness ratio of Strut 1 equaled

120 so that the elastic buckling prevailed. For this strut, the yield moment My, which
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corresponds to the onset of yielding in the strut, will be more important than the fully

plastic moment Mp.

The following characteristics of P-M curves can be identified through the observation of

these test data:

(1) The P-M curves are almost linear in Zones ES2 and ELl, as unloading takes place at the

plastic hinge.

(2) Small nonlinearities exist in the Zones ES I and EL2 apparently due to the deterioration of

the tangent modulus.

(3) In the plastic zones (Zones PI and P2), the P-M curves tend to follow the theoretical

fully plastic interaction curve.

(4) There is no significant influence of effective slenderness ratio values on the shape of the

P-M curves.

2.4 Axial Force - Plastic Hinge Rotation Curves

2.4.1 Calculation of Axial Force - Plastic Hinge Rotation Curves

There is little experimental data concerning the plastic hinge rotation under inelastic

cycling because it is both difficult and laborious to measure. This section attempts to increase

information about the plastic hinge behavior by computing axial force - plastic hinge rotation

(p-(J) curves. The computation is carried out as explained below.

Applying Eq. 1.2 for the case where x=L/2, we obtain

where

/

2 I<-tan-
I< 2

gl(l<) = 2 I<

-tanh­
I< 2

if P<O

if P>O

(2.4)

(2.5)
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In computing these P-(J curves from the P-A curves, the following assumptions were

made:

(1) The computations associated with Eq. 2.4 utilize the point hinge model employed in the

aforementioned physical theory models.

(2) For the struts having boundary conditions different from simple supports, the effective

member length kL is used instead of the member length L, and the effective lateral dis­

placement Aelf is used in place of the lateral displacement A.

(3) The value of the modulus of elasticity is assumed to be constant (E = 29000 ksi (200000

MPa».

Using experimental P-A curves from Reference 1 in Eqs. 2.3 and 2.4, the P-(J curves

shown in Figs. 2.8 to 2.10 were obtained. The theoretical (fully plastic) interaction curves

between P and (J are also shown in these figures to illustrate the influence of plastic action.

These interaction curves are computed by eliminating M from Eq. 1.4 by using the theoretical

formulas for interaction curve between P and M listed in Table 2.3.

Prior to using these P-(J curves in subsequent discussions, it is important to assess the

adequacy of Assumptions (1) to (3) employed in computing these curves. Assumption (1),

based on the point hinge model, seems to be relatively accurate and consistent with subsequent

developments of the physical theory model.

Assumption (2) was used in computing the P-(J curve for Struts 19 and 23, both with

fixed-pinned end conditions. However, this assumption was not used in computing the curves

for the remaining struts, which were simply supported. It was observed that there was not a

drastic difference between the shape of the P-(J curves for struts with fixed-pinned end condi­

tions and those for the remaining simply supported struts. Therefore, Assumption (2) does not

appear to create a large amount of error in the P-(J curves computed.

Assumption (3) is employed to simplify the evaluation of the modulus of elasticity; how­

ever, in reality, the modulus of elasticity varies from one cycle to the next. In order to observe
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the error created by Assumption (3), two P-f) curves are computed for Strut 3 using two

significantly different values of the modulus of elasticity: E = Eo = 29000 ksi (20000 MPa)

and E = E0I2 = 14500 ksi (100000 MPa). A comparison of these curves, shown in Fig. 2.11,

indicates that the value of the modulus of elasticity does not have a large influence. It appears

that Assumption (3) does not cause significant error.

Based on this discussion, it can be concluded that the p-f) curves computed above are

sufficiently accurate to be employed in discussing their behavioral characteristics and in compar­

ing with analytical results.

2.4.2 Study of Behavioral Characteristics of Axial Force - Plastic Hinge Rotation Curves

The characteristics of the axial force - plastic hinge rotation (P-f) curves shown in Figs.

2.8 to 2.10 were studied zone by zone. These results are summarized in Table 2.4. The dom­

inant influence of the effective slenderness ratio on the shape of p-f) curves is observed in

these figures; the struts with smaller effective slenderness ratios exhibit the fuller curves.

Comparison of these empirical P-f) curves with a typical analytical P-f) curve representa­

tive of previous physical theory brace models shown in Fig. 2.12 is useful. This comparison

indicates that the analytical curve does not account for the degradation of the hinge rotation in

Zone EL2 and fails to represent the gradual transition from Zone ESI to PI.

2.4.3 Degradation of Plastic Hinge Rotation

Degradation of the plastic hinge rotation f) in Zone EL2, an "elastic" zone, may seem para­

doxical. It is usually assumed that plastic hinge rotation can occur only in the plastic zones.

This is a consequence of the elasto-perfectly plastic nature of the idealized plastic hinge. How­

ever, in this context the term "elastic" does not necessarily mean that the plastic hinge is fully

elastic, but rather indicates that the section is not fully plastic. Even in an "elastic" zone, some

inelastic action can occur, resulting in a degradation of the plastic hinge rotation in Zone EL2.

This is associated with two cases. First, materials are no longer elasto-perfectly plastic due to

the Baushinger effect under reversed loading. Second, cycling produces complex distribution of

residual stresses which would be expected to significantly lower the nominal yield moment,
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thereby producing partial plastification of the hinge region in the "elastic" range.

2.5 Hysteretic Behavior of Tangent Modulus of Elasticity

The tangent modulus of elasticity deteriorates significantly during inelastic cycling. This

deterioration is illustrated by observing the tangent modulus histories for two coupons. One

coupon was cut from the W6x20 section, used for Struts 3 and 19, and another coupon was cut

from the TS4x4x lh section, used for Strut 18. The stress - strain diagrams enable one to com-

pute tangent modulus versus axial stress curves by the use of the following equation:

E
_ du,-

dE

where

E, = tangent modulus of elasticity;

u = axial stress;

E = axial strain.

(2.6)

The shape of the tangent modulus versus axial stress curve, which plays an important role

in the subsequent idealization of tangent modulus histories, can be seen in the example shown

in Fig. 2.13 (a) and (b). Figure 2.13 (a) illustrates a cycle of a U-E relation and Fig. 2.13 (b)

indicates the corresponding tangent modulus versus axial stress relation. Tangent modulus

values are almost constant from Point A to Point B in this figure, i.e., until the first load history

reversal. They increase discontinuously from Point B to Point B' when load history reverses at

Point B-B'. They monotonically decrease during the unloading from Point B' to Point C.

Likewise, tangent modulus versus stress relations for the two coupons are computed (see

Fig. 2.14). The tangent moduli are normalized by E = 29000 ksi (200000 MPa) and axial

forces by the measured yield load for each strut. Since there are discontinuities in the tangent

of the stress - strain curves at load history reversals, the tangent moduli are also discontinuous

at these points. These figures show that the values of the tangent modulus:
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(1) are almost constant until the first load history reversal point.

(2) increase discontinuously at load history reversals and decrease continuously after them

until the next reversal.

(3) degrade from one cycle to the next.

Based on these considerations, linear idealization curves for the six struts were developed,

as shown in Fig. 2.14. The coupon test results for the W6x20 section (Struts 3 and 19) were

also used in defining curves for Struts 1, 7, and 23 because there was no data for these wide

flanges. In determining the linear idealization curve for each strut, the difference in loading

conditions between the coupons and the struts was taken into account. The coupons were cycli­

cally loaded below the yield stress in the first few cycles. They experienced complete yielding

both in tension and compression in later cycles. Since Struts 7, 19 and 23 had similar loading

conditions to these coupons, the linear idealization curves for these struts were chosen so that

the curves could accurately simulate both the earlier and later cycles of the Et-P curve of the

corresponding coupon. On the other hand, Struts 1, 3, and 18 were loaded below the tensile

yield stress even in later cycles. Hence the linear idealization curves for these struts were

chosen so as to simulate the first few cycles of the Et- P curve.

2.6 Residual Displacement due to Material Nonlinearities in the Nominal Elastic Range

This section discusses possible sources of the residual axial displacement of a strut. For

the ideal elasto-perfectly plastic materials assumed, there are only two sources of the residual

axial displacement for a strut: (1) concentrated plastic deformations at the plastic hinge and (2)

axially distributed deformations due to yielding by tensile forces. For this reason, only these

two sources were considered in the previous physical theory brace models which assume

elasto-perfectly plastic material properties. It appears that these previous models fail to account

completely for material nonlinearities of steel, which are not of an ideal elasto-perfectly plastic

type, as can be seen from a stress - strain diagram of steel (see Fig. 2.15). In order to account

for the influence of such material nonlinearities, "the residual displacement due to material
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nonlinearities occurring in the nominal elastic range" is introduced as one more source of resi­

dual displacement. The existence of this residual displacement is assessed as below.

Let us observe the stress - strain diagram of a strut shown in Fig. 2.15. It indicates that

axial strains increase from Point a to Point A and they decrease from Point A to B. During

this process, the values of axial stress remain below the yield stress. Due to material nonlinear­

ities, the average tangent of Curve A-B is larger than that of a-A. Such an increase of tangent

moduli causes a residual strain a-B, defined as the residual displacement due to material non­

linearities. This residual displacement is implemented in our modeling for better simulation of

cyclic buckling behavior.

2.7 Summary

Empirical studies undertaken in this chapter are summarized as follows. A set of zones

was defined so as to facilitate interpretation of a cycle of member behavior. This zone

definition was applied to hysteresis loops, axial force - plastic hinge moment curves, and axial

force - plastic hinge rotation curves. This zone definition will also be used in developing the

refined physical theory brace model.

The empirical axial force - plastic hinge moment (P-M) curves showed that the theoreti­

cal interaction curves were able to express overall behavior of the P-M curves but failed to

express such detailed aspects as strain hardening and strain softening. An empirical method for

resolving these discrepancies will be discussed in the subsequent chapter. In the elastic zones,

P-M curves were almost linear although small nonlinearities were observed in the section of

transition to a plastic zone. In the plastic zones, P-M curves tended to follow the theoretical

interaction curve. The characteristics of P-M curves observed in this manner will be com­

pared with the analytical results obtained using the refined physical theory brace model in

Chapter 4.

Empirical axial force - plastic hinge rotation curves were computed from test data by the

use of Eq. 2.4, derived for a "point hinge model" by Gugerli. Based on these curves, basic
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behavior in each zone was studied and compared with a typical analytical P-(J curves used in

current physical theory brace models. This comparison indicated that these models fail to

include the degradation of plastic hinge rotations in Zone EL2. Several causes of this degrada­

tion were advanced.

A study of tangent modulus histories for two coupons indicated that tangent modulus

values increase discontinuously at load history reversals, decrease after a reversal until the next

reversal, and deteriorate from one cycle to the next. In addition, the existence of the residual

displacements due to material nonlinearities was assessed from a qualitative observation of test

data.
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3. REFINED PHYSICAL THEORY BRACE MODEL

3.0 Introduction

This chapter introduces a refined physical theory brace model. This model is derived

from the basic approach taken by Gugerli [8]. As introduced previously, he derived analytical

expressions for the axial force - deformation behavior for a pin-ended bracing member with a

plastic hinge at midspan (see Fig. 1.3). While these expressions are incorporated in the formu­

lation of the refined model, the empirical behavioral characteristics noted in Chapter 2 are

implemented in the new model. The behavioral characteristics implemented include: (1) the

variation of the tangent modulus of elasticity during cycles, (2) the deterioration of the plastic

hinge rotation in Zone EL2, and (3) the residual displacements due to material nonlinearities

occurring in the nominal "elastic" range. These provide an improved representation of cyclic

inelastic behavior. However, the model still does not completely account for the following

features: (1) the Baushinger effect including the progressive degradation of tangent moduli dur­

ing cycles, (2) local buckling, and (3) the gradual spread of plastification along the length of the

brace.

In addition to discussing the analytical model used to represent the inelastic buckling

behavior, numerical techniques used in this model are also examined in this chapter. Some of

these techniques are related to the DRAIN-2D2 program [25] (see Appendix A), in which the

refined model has been implemented as an inelastic-truss element. Dynamic analyses of com­

plex braced structures can be performed with the aid of the DRAIN-2D2 program, which con­

tains a series of planar elements in its library.

A user's guide for the computer analysis program for the refined model can be found in

Appendix B. The complete information on the input data for the program is presented in this

appendix.
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3.1 Assumptions

The geometric representation adopted for the element is shown in Fig. 1.3. The following

assumptions were made in formulating the refined physical theory brace model presented

herein:

(1) Every cross section along the axis retains its shape.

(2) The effects of shearing stresses and strains are disregarded.

(3) Plane sections remain plane.

(4) Only cross sections with one axis of symmetry are considered.

(5) The lateral deflections and the corresponding slopes are relatively small.

(6) The tangent modulus of elasticity is employed in place of the initial modulus of el;:lsticity

so as to express material nonlinearities.

(7) The degradation of the tangent modulus of elasticity from cycle to cycle is disregarded.

(8) The beam segments become plastic at the tensile yield load. The effect of strain harden­

ing is considered for axial loads exceeding the yield load.

(9) The plastic deformations at the plastic hinge are determined based on the flow rule [22].

(10) The zone definition introduced in Fig. 2.3 (a) to (d) is used. In addition, the rule of zone

transition listed in Table 2.2 is employed.

(11) The effective member length kL is used in place of the member length L for determining

buckling characteristics.

While Assumptions (1) through (5) are identical to those used in the Gugerli model. Assump­

tions (6) through (11) are implemented in the new model so as to achieve a refined representa­

tion of cyclic inelastic behavior.
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3.2 Basic Equations

3.2.0 General

The axial displacement, 8, of the brace consists of seven components,

(3.1)

where the first five terms are the same as in Eq. '1.6, 8 m denotes the residual displacement due

to material nonlinearities in the nominal elastic range, and 8ma is the cumulative value of 8m'

The first five terms in Eq. 3.1 had already been employed by Gugerli. Nonaka used 8 e ,

8g , 8p , and 8ty to express 8. However, since 8pa was included in 8p in Nonaka's formulation, it

is basically identical to Gugerli's. By contrast, the last two terms in Eq. 3.1, 8 m and 8 ma , have

been introduced in this research report. The definition of the term 8m has already been dis-

cussed in detail in Section 2.6.

The formulas for 8e , 8g , and 8p presented by Gugerli are almost taken directly into the

refined model. The changes made to the Gugerli's formulation are to replace the initial

modulus of elasticity E by the tangent modulus of elasticity Et so as to better replicate material

nonlinearities and to utilize the effective member length kL in determining the geometric shor-

tening 8g in order to represent arbitrary boundary conditions (see Fig. 2.4).

3.2.1 Axial Elastic Displacement

Due to the incremental nature of the tangent modulus, the formula of 8 e is expressed in

an integral form:

(3.2)

3.2.2 Geometric Shortening

The geometric shortening 8g is evaluated from Eq. 1.8.
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3.2.3 Plastic Hinge Displacement

Gugerli presented Eq. 1.10 for the plastic hinge displacement l> p; however, he did not

explicitly specify a method for the evaluation of the integral in the right hand side of this equa-

tion. The method explained below is proposed for its evaluation.

The outward normal plastic flow rule resulting from Drucker's Postulate [22] states that

the incremental deformation vector must be tangent to the interaction curve. In other words,

the incremental deformation vector must be parallel to the normal vector of the interaction

curve cI>, i.e.,

Let us assume that the the interaction curve is expressed as follows:

cI>(M,P) = M-M(P)= 0

in which M(P) is the theoretical P-M interaction curve as a function of P.

(3.3)

(3.4)

By eliminating the constant A from Eq. 3.3 (dividing the first line by the second line) and

using Eq. 3.4 to compute cI>,p and cI>,M, one can arrive at the following expression for dl>p:

dMdB =-dO-
p dP

Substitution of this equation into Eq. 1.10 yields the formula for l>p.

B = -IP dM(P·) d(J dP*
p dp· dP*

Po

(3.5)

(3.6)

Since formulas for the interaction curve M(P) are in many cases simple, it is easy to calculate

the derivatives for M(P). By contrast, it is usually difficult to calculate the derivatives for ()

(see Eq. 1.4 for the expression of (J). In order to avoid such a difficulty, Eq. 3.6 is rewritten by

integrating by parts.

8 = - (dM(P*) 0) P+ Fd
2
M(P*) O(P·)dp·

p dp· Po 1>0 dP*2
(3.7)
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It is suggested that this equation, which does not include the derivative of (), be used in com-

puting Bp' The plastic hinge rotation () used in this equation can be determined by the use of

Eq. 1.4.

3.2.4 Tensile Yield Displacement

In Zone PY, tangent stiffness values are assumed to be a constant, RxE (see Fig. 3.1),

where R denotes the strain hardening ratio as a proportion to the initial value of modulus of

elasticity, E. For this reason, the tensile yield displacement B(y is not a function of axial force

P, but of the given axial displacement.§, that is,

(3.8)

3.2.5 Residual Displacement due to Material Nonlinearities in the Nominal Elastic Range

A discontinuity in the values of Et at a load history reversal point results in a discon-

tinuity in the values of Be and Bg • The elastic residual displacement due to material nonlineari-

ties Bm is defined as the sum of the gaps of these variable values at the load history reversal,

(3.9)

where

E/ = value of the tangent modulus of elasticity just after the load history reversal;

Et- = value of the tangent modulus of elasticity just before the load history reversal.

3.3 Buckling Behavior

When an element shortens while on Zone ES1, it may buckle. For convenience buckling

will be categorized into two behavioral modes: (1) elastic buckling and (2) plastic buckling.

These two types of buckling, implemented in the new model, are explained below.
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3.3.1 Elastic Buckling

Elastic buckling takes place in the following two cases (see Fig. 3.2 (a»:

(1) The plastic hinge rotation is non-zero «(}~O) due to plastic deformations on previous

cycles. In this case the member is not initially straight.

(2) The plastic hinge rotation does not exist «(}=o) and at the same time the magnitude of the

Euler buckling load Per is less than that of the compressive yield load -Py .

Ipcrl < Ipyl

where Pcr is defined as follows:

1r
2Et IP =---

cr (kL)2

(3.10)

(3.10

Note that the Euler buckling load Pcr is a function of Et so that its value varies as the value of

Et varies.

In Case (1), the 8g value becomes minus infinity at P=Pcr as can be seen from Eqs. 1.8

and 1.9. Because of this singularity, axial compressive strengths cannot reach the Euler buck-

ling load Pcr and slopes of the P-8 curve asymptotically approach to zero as the axial force P

approaches Pcr . When a plastic hinge is formed at Point C in Figure 3.2, the decrease of

compressive strength is initiated. The axial force at Point C is the maximum compressive

strength reached and is defined as the buckling load.

In Case (2), the compressive strength increases until the buckling load Pcr is reached.

When the axial force reaches Pcr , the strut buckles elastically at Point A. Next, a plastic hinge

is formed at Point B, from which the compressive strength decrease is initiated. In this case,

the buckling load equals the Euler buckling load.

3.3.2 Plastic Buckling

Plastic buckling takes place when both of the fOllowing two equations are satisfied (see

Fig. 3.2 (b»:

(}=o (3.12.a)



33

(3.12.b)

A plastic hinge is then formed when the axial force reaches the compressive yield load -Py •

After the plastic hinge has been formed, compressive strengths decrease following the interac-

tion curve. Hence the load -Py can be defined as the nominal buckling load.

3.4 Empirical Formulas Employed in the Model

3.4.0 General

This section presents empirical formulas for the interaction curve, for the axial force -

plastic hinge rotation curve, and for the tangent modulus of elasticity based on the experimen-

tal cyclic inelastic behavior of the aforementioned six struts.

3.4.1 Axial Force - Plastic Hinge Moment Interaction curve

As previously mentioned, there are discrepancies between the experimental P-M interac-

tion curves and the theoretical ones. In order to reduce these discrepancies, the following

empirical formulas for the P-M interaction curve is introduced Csee Fig.3.3):

where

M*CP) = MCPhx·
- - I

i = t or c

C3.13)

(3.14)

M* = function for empirical P-M interaction curve as a function of P;

at = magnification factor for the P-M interaction curve on the tension side;

a c = magnification factor for the P-M interaction curve on the compression side.

Two different magnification factors, a t and a c, are employed so as to express the unsymmetric

nature of the interaction curves observed in the experiments.

In order to simplify the element, the theoretical interaction curve is simulated by two par-

abolic curves and a horizontal line Csee Fig. 3.4):

o ~P~P12
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P12 ~ P ~ 1

P = 1 (3.15)

where

m = normalized plastic hinge moment, M/Mp ;

P = normalized axial force, P/Py •

Note that the users of the element need to define the normalized interaction curve only in the

first quadrant.

It is possible to omit the horizontal cutoff at the yield load, IPI= 1, by choosing

a2+b~c2 = 1, as shown in Fig. 3.5. However, in this case, Eq. 1.4 yields a zero 9 value for

the yield load, which corresponds to the state where the strut is perfectly straight. In reality,

such a state cannot be realized after cycles of buckling and yielding of the strut. By contrast,

the interaction curve having the straight line part at the yield load is able to provide non-zero m

and () values for the yield load, thus expressing a crookedness of the strut. The use of a P-M

interaction curve having the horizontal cutoff is preferable for the case where the yield load is

repeatedly reached.

3.4.2 Tangent Modulus of Elasticity

A piecewise linear axial stress - axial strain curve is often used to account for material

nonlinearities (see Fig. 3.6 [27] for an example). This curve enables one to easily compute

tangent moduli of elasticity, equal to the slope of this curve. However, such curves are not

suited for modeling for the tangent modulus in this case because tangent moduli computed

using this curve are very sensitive to the assumed shape of the curve. Moreover, abrupt

changes in moduli occur as one progresses from one segment to another. Continuous curves

are overly complex to implement and require differentiability.

In order to increase the accuracy of tangent modulus values, while retaining the desired

simplicity, an empirical model has been formulated for the tangent modulus as a function of

the normalized axial foree P/ Py • Figure 3.7 (a) illustrates the tangent modulus model and Fig.
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3.7 (b) illustrates the corresponding axial force - axial displacement curve. As can be seen

from this figure, the history of the tangent modulus is defined zone by zone. The model is

based on the following assumptions:

(I) The tangent modulus is a function of the axial force P and the load history.

(2) The deterioration of the tangent modulus from one cycle the next is omitted (i.e., the

curves are assumed stable).

(3) Tangent moduli are constant until the strut buckles or yields for the first time (this

behavior corresponds to the state between Points A and B in Fig. 3.7).

(4) Tangent moduli increase discontinuously at the buckling points and maximum load points.

(Points C-C' and D-D')

(5) Tangent moduli decrease monotonically as axial forces decrease continuously. (C' to D)

(6) Tangent moduli decrease monotonically as axial forces increase continuously. (D' to H)

Assumptions (0 and (2) are employed so as to simplify the model; Assumptions (3)

through (6) are derived from the discussion in Section 2.5 with regards to the E/-P relations

for the two coupons. Let us note that Assumption (3) is also used to identify the behavioral

difference between the E/-P history prior to the first buckling or the first yielding and its his­

tory afterwards. This assumption reflects the concept presented by Popov and Peterson that

there are two states of material: a "virgin state" and a "fully cycled state" [28, 29].

In addition to the basic characteristics of the E/-P history model as discussed above, the

pattern of decrease in tangent moduli needs to be defined. For this purpose, a simple model

for the decrease pattern is shown in Fig. 3.8. As can be seen, two linear idealization curves are

used to define the decrease pattern. The first curve is used when axial forces decrease continu­

ously, while the second is used when axial forces increase continuously. Through the selection

of the values of four parameters e 1, e 2, e 3, and e 4, users are able to account for available infor­

mation regarding the tangent modulus of elasticity of the strut analyzed. The model for the

tangent modulus history presented in this manner will contribute to better analytical
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representation of cyclic inelastic behavior.

3.4.3 Axial Force - Plastic Hinge Rotation Curves

Current physical theory brace models yield an analytical axial force - plastic hinge rotation

(p-(}) curve as shown in Fig. 2.12. This P-(} curve shows that the values of plastic hinge

rotation are constant in the elastic zones, increase in Zone PI and decrease in Zone P2. As

previously mentioned, these models fail to implement several observed empirical features,

including: (1) a degradation of plastic hinge rotation in Zone EL2 and (2) a gradual transition

from Zone ESI to PI. In order to resolve these problems, the P-() relation model shown in

Fig. 3.9 is proposed.

The model incorporates the degradation of (} in Zone EL2 by the use of the following

assumptions. In Zone EL2, () decreases following the straight line, where this line is defined by

the following two points: the zero crossing point of Zone ELl and the point having the coordi­

nate (0,13). Let us note that 13 must be greater than 1.0, which corresponds to the normalized

yield load. The selection of 13 less than or equal to 1.0 would result in such erroneous analyti­

cal behavior that the plastic hinge would remain elastic even for large tensile forces.

The gradual transition from Zone ESI to PI is automatically implemented in the refined

model due to the addition of a flat transition part, Zone BU (see Fig. 3.9). In this zone, plastic

hinge rotations increase until the plastic hinge becomes fully plastic, while axial loads are con­

stant. The capability of the analytical axial force - plastic hinge rotation curve model as

developed herein will be assessed in Chapter 4 based on quasi-static analyses of individual

struts.

3.5 Method for Computing Transition Points

In analysis, the transition Points A to G shown in Fig. 3.10 must be computed. A

method for computing these points is listed below:
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(0 Buckling Start Point (Pt. A)

la~ a,lp_:"+8",+8~
P - Pcr

(2) Buckling End Point (Pt. B)

P = Pcr

(3) Buckling Point (Pt. C)

P is the solution of the simultaneous equations 1.4 and 3.13.

8 can be evaluated from Eq. 3.1.

(4) Displacement History Reversal Points (Pts. D and G)

8 is given by the displacement history;

The corresponding P is computed from Eq. 3.1.

(5) Plastic Point (Pt. E)

P is the solution of the simultaneous equations 1.4 and 3.13;

8 can be evaluated from Eq. 3.1.

(6) Yield Point (Pt. F)

I 8 = 8

AEP = (8-8 )·-·R
Y L

where 8y is the displacement at the yield load (see Fig. 3.0.

(3.16)

(3.17)

(3.18)

At the load history reversals (Points B, C, and G), the values of the cumulative deforma-

tions, 8po and 8rno, must be updated. Updating rules are as follows:

8 I =8 I +8 Ipo NEW po OLD P~I. B, C, or G
(3.19)

(3.20)
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3.6 Solution Methods for Nonlinear Equations

The refined physical theory brace model formulates axial displacement 8 as a function of

axial force P, as do many physical theory brace models. Such a formulation, however, is inap­

propriate for the analysis of structures by the matrix displacement method, which defines force

as a function of displacement. This necessitates iteration in evaluating P for a specified 8

value. Also, the determination of the buckling point and the plastic point (Points C and E in

Fig. 3.10) necessitates iteration.

In the refined model, the regula falsi (false position) method has been employed for these

iterations. This method has only the first order convergence, while both the secant and the

Newton methods have second order convergence. However, the regula falsi method has a

guarantee of convergence, unlike the secant and the Newton methods. Since the primary con­

cern of this research is on the modeling of cyclic buckling behavior, it is for the time being

sufficient to use the regula-falsi method.

3.7 Computation of Tangent Stiffness for a Strut

In defining the member stiffness of a simply supported strut, it is common to define its

value as the tangent of the axial force - axial displacement (P-8) curve. In our element, how­

ever, the P-8 curve is modeled by a set of curved lines so that even a very small change in the

value of 8 will result in the change of the tangent of the curve. In the DRAIN-2D2 program,

in which the element is being implemented, the tangent stiffness matrix of the entire structure

being analyzed is constructed by assembling the tangent stiffness matricies for each member.

Reassembly and re-trianglerization of the structural stiffness matrix is required whenever

member stiffness changes. For this reason, the direct use of the tangent of the P-8 curve as

member tangent stiffness would necessitate the reassembly of the structure stiffness matrix at

each solution step. This would result in excessive computational effort. In order to avoid such

a problem, each zone is divided into a finite number of sections and member tangent stiffness

is assumed to be constant during each section (see Fig. 3.10. The number of divisions is an
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input parameter specified by the users. Note that the number of divisions for Zone PI is twice

that used for the remaining zones because Zone PI has a much larger curvature. The use of

this simplified computation of tangent stiffness, however, causes discretizing errors in tangent

stiffnesses and unbalanced forces. In order to reduce these errors, a sufficiently large number

of divisions must be specified.

3.8 Summary

In this chapter, the formulation of the refined physical theory model was introduced.

The basic equations used in modeling were derived on the basis of a series of assumptions also

presented herein. In addition, a number of empirical formulas were implemented in the model

so as to incorporate the behavioral characteristics of braces noted in Chapter 2. The validity of

this model will be assessed in the following chapters.
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4. QUASI-STATIC ANALYSES OF INDIVIDUAL STRUTS

4.0 Introduction

The performance of the refined model developed in the previous chapter and imple­

mented as an element for the DRAIN-2D2 program depends mainly on the following two

features: (1) the ability of the model to simulate a brace's axilJ,1 force - axial displacement curve

and (2) the capability of the numerical techniques used in the program. This chapter treats the

first feature; the second will be studied in the following chapter.

Quasi-static analyses are performed on each of the six struts introduced in Chapter 2.

Experimental data for these struts is used to assess the validity of the analytical results. Since

the DRAIN-2D2 program is not suitable for these quasi-static analyses, a simple main program

was developed to exercise the element through a specified displacement history in order to

obtain the desired analytical results.

In discussing analytical cyclic buckling behavior, it has been common to inspect axial force

- axial displacement curves and P- M interaction curves. As mentioned in the introduction,

the refined model attempts to simulate other aspects of the behavior, including axial force ­

plastic hinge moment curves, axial force - plastic hinge rotation curves, and so on. The experi­

mental and analytical results are compared from these standpoints as well. Drawbacks of the

model are identified and discussed in detail so that the model may be improved in the future.

4.1 Input Data for Analyses

This section introduces a series of input data for each strut analyzed. Figure 4.1 contains

displacement histories for each strut analyzed. These were the same as imposed in the experi­

ments. Table 2.1 contains the values of the effective member length and the yield stress. Note

that the concept of effective member length is utilized to apply the refined model to the strut

which is not simply supported.
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Table 4.1 presents the values of the parameters used for defining the empirical formulas

presented in Section 3.4. As shown in this table, the f3 values, defining the analytical axial

force - plastic hinge rotation curve, were chosen as 1.2 for all the struts. This selection of f3

values was done based on the observation of empirical P-f) curves shown in Figs. 2.8 through

2.1 O. The parameters, P12, bl, C), 02, b2, and C2, used in defining the theoretical P- M interac­

tion curve were chosen based on the theoretical formulas for the interaction curve listed in

Table 2.3. The magnification factors, a t and a c> used in defining the empirical P- M interac­

tion curve were selected so that this curve, defined by Eq. 3.13, is able to simulate the envelope

of the experimental axial force - plastic hinge moment curves, shown in Figs. 2.5 through 2.7.

The linear idealization curves shown in Figs. 2.14, based on the coupon test results (see Fig.

2.1), were suggested for use in defining the decrease pattern of tangent moduli of elasticity.

Later in this chapter studies will be shown to indicate the sensitivity of analytical results to

uncertainties in these input parameters.

4.2 Comparison of Analytical Results with Experimental Results

4.2.1 Axial Force - Axial Displacement Curves

Figures 4.2 to 4.7 compare analytical axial force - axial displacement (P-i») curves with

experimental curves. As can be seen from these figures, the refined model is able to simulate

the overall cyclic buckling behavior very well. However, the model fails to express the follow­

ing detailed characteristics:

(1) For slender struts with a kL/r value of 120 (Struts 1 and 23), the analytical results in

Zones EL2 and P2 underestimate the slopes of P-i) curves and the tensile axial strengths.

As can be observed from the experimental axial force - plastic hinge moment curves,

these struts experienced strain hardening during the later cycles (see Figs. 2.5 and 2.7).

A better implementation of the Baushinger effect in modeling would account for the

effects of strain hardening and softening, thus resolving this underestimation.
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(2) Experimental P-8 curves, in many cases, show smooth transitions from Zone ESI to

Zone Pi. However, analytical curves have a kink at the transition point (buckling point).

This is due to an instantaneous transition from an elastic to plastic state at the plastic

hinge location assumed in the refined model. In order to avoid such a kink, one must

consider the effect of the gradual spread of plastification across a section and!or length of

the brace.

4.2.2 Axial Force - Plastic Hinge Moment Curves

Analytical axial force - plastic hinge moment (P-M) curves, shown in Figs. 4.8 to 4.10,

generally correspond well with the experimental data, except for the following minor problems.

Firstly, the analytical P- M curves have discontinuities at load history reversal points. Such

physically infeasible behavior results from discontinuities in tangent modulus values at the

reversals. Secondly, the model fails to represent the strain hardening in the later cycles of

Struts 1, 3, and 23, and the strain softening in the later cycles of Struts 7 and 19.

4.2.3 Axial Force - Plastic Hinge Rotation Curves

Figures 4.11 and 4.12 compare the analytical axial force - plastic hinge rotation (P-9)

curves with corresponding data derived from test results. These figures demonstrate the follow­

ing features:

(1) The first cycle of the P-9 curve has different behavioral characteristics from the remain­

ing cycles. Such behavior results from the assumption that tangent moduli equal a con­

stant until the strut experiences buckling or yielding for the first time.

(2) For Struts 1, 3, 7, and 18, tensile axial forces are slightly overestimated when 9 is large.

(3) The refined model assigns straight line segments to the elastic zones; however, test data

shows that actual elastic zones have significant curvatures.

In spite of these minor problems, the refined model is able to simulate the overall cyclic

behavior of P-9 curves very well.
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4.2.4 Buckling Loads and Maximum Tensile Loads

Many analytical models have attempted to represent the deterioration of the buckling

load; however, it still remains an active subject for research. Reference 1 reported that there

are two main causes of this deterioration: (1) material nonlinearities and (2) the crookedness

of a strut. Previous physical theory brace models are ~ble to account for the effect of the

crookedness by including the plastic hinge rotation as a degree of freedom. However, these

models fail to implement the effect of material nonlinearities. The refined model, however, is

able to implement this effect by varying the tangent modulus of elasticity.

Figure 4.13 compares analytical buckling loads with experimental ones. The interrelation

between them is relatively good except for Struts 7 and 19, for which buckling loads are overes­

timated. As can be seen from experimental P-M curves, these two struts had exhibited

significant strain softening during later cycles (see Figs. 2.6 and 2.7). This strain softening

apparently resulted in the degradation of tangent moduli, which then resulted in the reduction

of buckling loads. A better implementation of the Baushinger effect would enable the refined

model to represent strain softening.

The maximum tensile load is an important feature to be simulated by the analytical

model. Figure 4.14 compares analytical maximum tensile loads with experimental ones. These

analytical results correlate well with experimental results except in the cases of Struts 1 and 23.

As previously mentioned, it seems that these two struts were influenced by the Baushinger

effect, not completely accounted for in the refined model.

4.3 Comparison with Other Analytical Models

In order to observe the capability of the refined model, this model is compared with a

refined phenomenological model [24] and the Gugerli physical theory brace model [8]. Figure

4.15 shows the analytical P-8 curves obtained using these three models and corresponding

experimental data. The analytical result for the Gugerli model was obtained with a special com­

puter program developed following his algorithm. The analytical results obtained using this
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program should be very similar to those of Gugerli's original model.

This comparison indicates that the P-8 curve obtained using the refined model correlates

best with test data. The inclusion of 'the variation of the tangent modulus of elasticity' and

'the degradation of plastic hinge rotation in Zone EL2' has resulted in more accurate simulation

of P-8 curves especially in the elastic zones. Because of the constant modulus of elasticity

assumed in the Gugerli model, it fails to simulate the dramatic deterioration in the buckling

load with cycling. This would appear to be a major limitation with that formulation.

Figure 4.16 compares P-M curves obtained using the refined model and using the

Gugerli model. The first result has discontinuities at load history reversals. The Gugerli model

does not. However, the refined model shows much better overall simulation of the test data

regarding the following features:

(l) nonlinearities in the P- M curves in Zones ES 1 and EL2;

(2) smooth transitions from an elastic zone to a plastic zone;

(3) gradual increase of maximum plastic hinge moments from one cycle to the next.

The comparison of the P-(J curves, shown in Fig. 4.17, demonstrates that the refined

model is superior to the Gugerli model. In the refined model, the P-(J curve has been

improved by the assumption that plastic hinge rotations degrade in Zone EL2.

The phenomenological model, a one-dimensional model, appears to achieve very realistic

results as shown in Fig. 4.15. This is somewhat misleading in that the numerous parameters

needed to be specified for this model were derived on the basis of the experimental results. If

a different loading history were specified or if the strut section or the effective slenderness ratio

were altered, comparable results would not be expected. The reliance of these models on

experimental and analytical results is a serious limitation.

The above comparisons of analytical results for these models have demonstrated that the

refined model is superior to other models regarding the representation of cyclic behavior, at

least for the quasi-static analyses of individual struts. Although the refined model requires a
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little more empirical information than the Gugerli model, it appears worthwhile to prepare the

information so as to improve analytical results.

4.4 Sensitivities of Analytical Results to Empirical Parameters

The users of the refined model need to select several empirical parameters, including at,

a c, (3, and Et(P). In the foregoing analyses, the values of these parameters were chosen based

on corresponding test data. These parameters will be subject to significant uncertainty in prac­

tice due to several factors, including material variability. In the design process, empirical

parameters may have to be selected without supporting test data (since it is usually too costly to

prepare test data for each strut of the structure to be analyzed). It is therefore desirable that

analytical results not be too sensitive to the values of these empirical parameters.

In this section, the sensitivity of analytical results to these empirical parameters is exam­

ined by comparing analytical P-8 curves computed for different values of an empirical parame­

ter. Also, the influence of each parameter on analytical results is identified.

The parameters a t and a c are used in defining an empirical P- M interaction curve. Fig­

ure 4.18 illustrates the influence of a t values on P-8 curves, while Fig. 4.19 shows the

influence of a c values. The results seem to be relatively insensitive to these parameters. An

increase in a" that is, an increase in the plastic hinge moment capacity in the tension side,

reduces buckling capacities. On the other hand, an increase in a c enlarges buckling loads.

The parameter {3 is used in defining the analytical axial force - plastic hinge rotation curve.

Figure 4.20 compares hysteretic P-8 curves computed for three {3 values, 1.0, 1.2, and 1.4.

Note that {3 value of 1.0 violates the aforementioned rule which requires it be greater than 1.0.

For this case, Zone PI does not exist, even for very large tensile loads. Moreover, the analyti­

cally computed P-8 curve greatly overestimates both maximum tensile and buckling capacities.

There are no significant differences between the results for {3 = 1.2 and for 1.4. It appears that

analytical results are insensitive to {3 as long as its values are not too close to 1.0. It is sug­

gested that the {3 value be chosen to be equal to or larger than 1.2.
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Figure 4.21 illustrates the influence of the idealized tangent modulus of elllsticity on the

P-5 curves. Each of the three curves shown is computed using one of three tangent modulus

models Types 1, 2, and 3: Type 1 gives the smallest tangent moduli; Type 2, a larger moduli;

and Type 3, the largest. As can be seen, tangent moduli are directly proportional to buckling

load capacities and to maximum tensile loads. This tendency is more significant for larger

tangent moduli.

From discussions in this section, it can be concluded that analytical P-5 curves, in gen­

eral, are not very sensitive to the value of empirical parameters except for f3 values close to 1.0

and for large tangent moduli. Hence, uncertainties in the selection of the values for these

parameters do not entail many practical problems.

4.5 Relative Contributions of Axial Displacement Components

The axial displacement 5 is made UP of seven components, as indicated in Eq. 3.1. This

section studies the relative contributions of three major components: axial elastic displacement

8 e; geometric shortening 8 g; and plastic hinge displacement 8po Figure 4.22 shows the relative

contributions of these components for three different effective slenderness ratios, 40, 80, and

120. This figure demonstrates the following features:

(1) The larger the effective slenderness ratio, the larger the influence of 8g. For large magni­

tudes of axial shortening, 8 g is by far the largest among these three components.

(2) The relative contribution of 8 e in the 8 value is amplified for large axial forces due to the

reduction of the tangent modulus of elasticity and the reduced contribution of 8 g'

(3) The relative contribution of 8 p is inversely proportional to effective slenderness ratios.

The contribution is large f<;>r a kLir value of 40 but almost negligible for kLir of 120.
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4.6 Effect of Boundary Conditions

Two types of boundary conditions, fixed-pinned and pinned-pinned, were used in the

foregoing analyses. The concept of effective member length was employed in applying the

refined model to the fixed-pinned boundary conditions. It has been observed that analytical

results for the fixed-pinned case are as good as those for the pinned-pinned case. It can be con­

cluded that the refined model is at least applicable to the fixed-pinned boundary conditions

where this concept is used. Furthermore, it is expected that the concept of effective member

length enables one to analyze struts with general boundary conditions. This concept will be

applied to the fixed-fixed case in the dynamic response analysis of braced frames in the follow­

ing chapters.

4.7 Concluding Remarks

In this chapter, quasi-static analyses of individual struts were undertaken for the

verification of the refined physical theory brace model. The studies presented in this chapter

demonstrate that the refined physical theory brace model is able to represent cyclic buckling

behavior very well. Major results obtained in this chapter are summarized below.

The refined model is capable of accurately simulating P-8 curves, P- M curves, P-f}

curves, buckling loads, and maximum tensile loads. In addition, this model is superior to both

state-of-the-art models: the Gugerli physical theory model and the refined phenomenological

model. The refined physical theory model performed well due to the inclusion of new features:

(l) the variation of tangent modulus of elasticity, (2) the degradation of plastic hinge rotations

in Zone EL2, (3) the residual displacement due to material nonlinearities in the nominal elastic

range, and so on. Moreover, it is expected that the performance of the model would be further

improved by a better implementation of the Baushinger effect. The sensitivity of analytical

results to empirical parameters (a" a c, (3, and £,) is generally low except for (1) {3 values close

to 1.0 and (2) large £, values.
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A study on the relative contributions of three major axial displacement components indi­

cated the following points. The geometric shortening is the largest component for large ampli­

tudes of axial shortening, while the contribution of the axial elastic displacement is enlarged for

large amplitudes of axial forces. The contribution of the plastic hinge displacement is very

small for struts with large kL/r and relatively large for struts with small kL/r. As the study of

the effect of boundary conditions indicates, the refined model is applicable to arbitrary boundary

conditions when the concept of effective member length is used.
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5. DYNAMIC ANALYSES ON A THREE STORY X-BRACED FRAME

5.0 Introduction

The previous chapter demonstrated the capabilities of the refined physical theory brace

model to simulate the shape of the axial force - axial displacement curve of an individual brace.

The main objective of this chapter is to evaluate the reliability and practicability of the refined

model when used to compute the dynamic response of braced frames under earthquake type

excitations.

Extensive research has been performed on dynamic response analyses of braced frames

[30-33]. The computational effort involved has led to the use of phenomenological type models

in nearly all of these analyses. Because of the limited experience with physical theory models

in application to dynamic analyses and the apparent increase in computational effort, a sys­

tematic study has been made herein on a simple braced frame. The model offshore structure

shown in Fig. 5.1 has been extensively analyzed in recent years. Gilani and Mahin [33]

analyzed this frame, utilizing the DRAIN-2D2 program in their analysis, employing the refined

phenomenological model [24] to express the inelastic buckling behavior of steel braces, and

using experimental data from Reference 31 for verification of the analytical results. In this

chapter, the same frame is analyzed for verification of the refined physical theory model. While

the DRAIN-2D2 program was also used for the analysis, the refined model was employed in

modeling the braces. The validity of the analysis obtained using this model is assessed by

comparison with corresponding experimental data and with Gilani and Mahin's previous analyt­

ical results.

The analytical dynamic responses of a structure obtained using the refined model are

influenced by various factors, including: (1) the numerical techniques of the DRAIN-2D2 pro­

gram, (2) the sectional, material, and other properties specified for the brace, and (3) the input

earthquake ground accelerations. All of these factors need to be specified as input parameters

for the program. It is crucial to the successful application of the refined model that these input

parameters be properly prepared. A series of parametric studies are presented so as to provide
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comprehensive information on the influence of these factors on the dynamic response of the

braces and the structure analyzed.

As reported in Reference 31, the X-braced frame considered had relatively strong girders

(horizontal braces) and columns Gacket legs) which permitted inelastic deformations to occur

only in the diagonal bracing members. Hence, all the analytical results presented in this chapter

are characterized by inelastic deformations concentrated in the diagonal bracing members.

Cases in which plastic hinges form in girders and columns will be studied in the following

chapter.

5.1 Analytical Modeling of the Frame

The frame selected for this analysis is a three story, X-braced, tubular steel frame, 17 ft 9

1/8 in. (5.4 m) and 75 in. 0.9 m) wide, representative of offshore platforms. This frame is a

5/48 scale model of a Southern California Example Platform. It has been tested by several

researchers, including Ghanaat and Clough [30], Shing and Mahin [311, and so on. Also,

several analyses have been undertaken on the frame [30,31,33]. Table 5.1 lists the section sizes

of the bracing members, while member identification numbers are shown in Fig. 5.1.

The analytical modeling of the X-braced frame used in this study (Fig. 5.2) was taken

from the report by Gilani and Mahin [33]. The only change made to their modeling of the

frame was the replacement of the phenomenological model with the refined model. Those who

are interested in more detailed aspects of this modeling may refer to Reference 33.

The X-braced frame was modeled using three types of one-dimensional elements imple­

mented in the DRAIN-2D2 program, as illustrated in Fig. 5.2. The three elements consisted of

(1) the bilinear truss element, (2) the beam-column element and (3) the refined physical

theory brace element. Figure 5.3 illustrates the typical force· deformation model used in each

element. The columns and the deck of the frame were represented by the beam-column ele­

ment, able to represent the potential formation of the plastic hinge at member ends. Braces 2

and 4 had buckled during the experiments [32], but the remaining braces had not. Therefore,
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Braces 2 and 4 were modeled using the refined model, while other braces were assumed not to

buckle and were represented by the bilinear truss element. The mass of the frame was

assumed to be concentrated at the deck level and to be equal to a value of 0.105 kip·sec2/in.

08.3 m.t.), accounting for 99 percent of the total mass of the frame. As a viscous damping

value, 1.5 percent tangent stiffness proportional damping was used. The measured initial period

of the frame was 0.418 second.

The input data for the refined model were prepared following the procedure indicated in

the previous chapter and referring to the user's guide for the refined model in Appendix B.

Table 5.2 contains the input data used for this analysis. An effective length factor (k) of 0.5

was employed so as to account for the influence of fixed-fixed boundaries of the braces

observed in the tests. The validity of the use of the effective length factor has already been

studied based on simple analyses in Section 4.6.

5.2 Capabilities of the Refined Model for Earthquake Type Excitations

This section demonstrates the capabilities of the refined model under earthquake type

excitations. A dynamic analysis was run on the X-braced frame using a record obtained during

a shaking table test in which significant inelastic deformations were observed in Braces 2 and 4.

This record is based on the 1952 Taft (S69E) record and is designated the 1952 Taft (S69E). It

has a peak ground acceleration of 0.58g and a duration of 15 seconds. A constant time step,

at =0.01 second, was used for the step-by-step integration. The "event-to-event" solution stra­

tegy was employed. In other words, the tangent stiffness matrix for the entire structure was

modified whenever any of the braces modeled by the refined model encountered an event, i.e.,

a stiffness transition. This analysis for the frame indicated that there was no yielding in the

columns, horizontal braces, and lower panel braces. This agreed with the experimental results

given in Reference 31, as well as previous analytical research [33].

Figures 5.4 and 5.5 illustrate the axial force - axial displacement (P-8) curves of Braces 2

and 4, respectively. Each of these figures also includes the corresponding experimental data
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and the analytical results for the refined phenomenological model. Figure 5.6 shows the time

history of the tip deflection computed, which represents the global behavior of the entire frame.

As can be seen from these figures, the analytical time histories and P-S curves obtained using

the refined model correlated well with the experiment, especially in the first stage of the

analysis. The refined model appears to accurately represent the shape of the P-S curves.

However, the amplitude of the tip deflection was overestimated after seven seconds. More­

over, both buckling loads and maximum tensile loads were overestimated after the first few

cycles. It is very likely that these discrepancies are associated with local buckling observed dur­

ing the experiment [32J (see Fig. 5.7). In general, the local buckling reduces buckling and ten­

sile capacities. The refined model, which omits the effects of local buckling, fails to represent

this reduction. Local buckling appears to be an important feature to be implemented in future

modeling so as to represent cyclic buckling behaviors of braces with large plastic deformations.

As can be seen from Table 5.3, comparing relative CPU time for different models and

numerical techniques, the refined model required approximately 50 percent more CPU time

than th~ phenomenological model. Furthermore, as shown in Figs. 5.4 to 5.6, the phenomeno­

logical model is superior to the refined model regarding the simulation of buckling loads and

maximum tensile loads in the later cycles. Again, such a characteristic resulted from the omis­

sion of the influence of local buckling in the refined model. The input parameters used for the

phenomenological model were selected following the experiment to capture this aspect of the

response. For the refined model, no special modeling was done. In addition, this element is

able to exhibit smoother and more realistic P-S curves. In other words, the refined model is

able to represent a continuous degradation of tangent stiffness values in each zone, while the

phenomenological model disregards this important characteristic.

The phenomenological model appears to be as capable as the refined model in the

representation of the shape of P-S curve. However, as mentioned in Chapter 1, the

phenomenological model necessitates large amounts of information regarding the P-S curve of

the brace analyzed in specifying input parameters. This limits the usefulness of this model, as
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it is usually too costly to prepare this information for hundreds of braces. Furthermore, it is

very likely that the phenomenological model necessitates a series of trial runs prior to the final

analysis in order to optimize input parameters. By contrast, the refined model requires rela­

tively small amounts of information and does not necessitate any trial runs. The refined model

can be more practical than the phenomenological model, especially in the case where there is

no experimental data regarding the cyclic inelastic behavior of braces.

5.3 Parametric Studies

5.3.0 General

As demonstrated in the previous section, the refined model can accurately represent the

dynamic response of the X-braced frame with the aid of the DRAIN-2D2 program. However,

it is crucial in successful application of this model that input parameters be properly specified.

This section offers a series of parametric studies in order to inspect the influence of input

parameters on the dynamic response of the frame.

In these parametric studies, the analytical results presented in the previous section were

taken as the standard case (see Figs. 5.4. to 5.6). By varying the value of each parameter inves­

tigated and comparing the analytical results obtained with those for the standard case, the sensi­

tivity of the response to input data can be assessed. These comparisons are made for each of

the p-~ curves of Braces 2 and 4 and the time history of the tip deflection.

5.3.1 Effects of Numerical Techniques

The DRAIN-2D2 program is a general purpose dynamic analysis program and as such

incorporates various numerical techniques, including: the step-by-step integration scheme, the

event-to-event solution strategy, and so on. It is vital to the successful application of the pro­

gram that these techniques be properly used. This subsection demonstrates the influence of

numerical techniques on analytical results. Furthermore, a suggestion is made for the proper

use of these techniques.
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(a) Time Step

The influence of time step (~t) used in the step-by-step integration scheme on analytical

results is studied below. The time step affects the cost of an analysis by controlling the number

of computations performed. In addition, the results should improve by the use of smaller time

steps due to the characteristics of the numerical methods and the improved representation of

the hysteretic behavior of the members. A series of dynamic response analyses were performed

on the X-braced frame using four different values of !:i.t: 0.01, 0.03, 0.05, and 0.07 second, with

the use of the event-to-event method. These time intervals were selected so that ~t values of

0.01 0.03, and 0.05 second satisfy the recommended maximum values for the constant average

acceleration method used in the program:

T
~ t ~ 27T :::::: 0.067 (sec.) (5.0

where T indicates the structure's period of vibration. This condition is derived assuming elastic

structural response and the maximum value T/27T is computed for the linear acceleration

method. The ~t of 0.07 second violates this recommendation. The step-by-step integration

scheme is unconditionally stable, but this limit is still often used to insure accuracy.

Figures 5.8 and 5.9 show P-8 curves for Braces 2 and 4 respectively, while Figure 5.10

contains the time histories of the tip deflection. For ~t of 0.07 second, which violates the pre-

vious recommendation, the analytical P-8 curves did not exhibit numerical instabilities.

Nonetheless, the P-fj curves showed a significant underestimation of both positive and nega-

tive axial deformations. Moreover, the tip deflection history was greatly influenced with sub-

stantial reductions of peak deflections. Above all, ~t of 0.07 second was too large to obtain a

smooth time history.

For ~t of 0.05 second, approximately 80 percent of the recommended limit, the time his-

tory was improved. However, the P-8 curves were still inaccurate. For!:i.t of both 0.01

second, (approximately 15 percent of the recommended limit), and 0.03 second (50 percent),

the P-8 curves and the time history were each greatly improved.
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These analytical results tended to demonstrate that the finer the time intervals, the better

the analytical results. In practice, the use of t1t values ranging from 10 to 50 percent of the

recommended limit is suggested. This is necessary to insure adequate tracking of the hysteresis

loops in the dynamic response analyses of the structure.

(b) Event-to-Event Solution Strategy

Since the structure is assumed to remain linear during a step, equilibrium errors can occur

at the end of a step if any change in element stiffness occurs. The DRAIN-2D2 program

imposes unbalanced forces on the nodes of the structure analyzed so as to minimize cumulative

effects of such errors within a previous step. These unbalanced forces, however, can become

so large that they cause spurious results. The user can reduce the time step duration in such

cases. Alternatively, the automatic event-to-event solution strategy implemented in the

DRAIN-2D2 program greatly reduces unbalanced forces, thus reducing numerical errors.

The event-to-event method sometimes causes a flip-flop type instability at certain events

(transitions between zones). This instability tends to occur when tangent stiffnesses change

greatly between two neighboring zones. Figure 5.11 shows an example of the flip-flop type ins­

tability occurring when Zone ESI exits to Zone PI. Since this problem is apparently associated

with the DRAIN-2D2 program framework, no attempt has been made to devise a solution in

this report. Users should use the step-by-step method when such flip-flop types of instability is

observed.

In order to investigate the influence of the use of the event-to-event method on analytical

results, two analyses were undertaken. The first analysis used the event-to-event method,

while the second had used the step-by-step method. In both cases, a time step of 0.01 second

was used. The first analysis resulted in approximately a 23 percent increase in CPU time (see

Table 5.3 for a comparison of relative CPU time required for different numerical techniques).

In the second analysis, the quality of the P-8 curves significantly deteriorated as can be seen

from the P-8 curves for these two cases, shown in Figs. 5.12 and 5.13. The P-8 curves com­

puted in the second analysis exhibited numerical instabilities, expressed by sharp kinks (see
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Points A and B in Fig. 5.13). In addition, appreciable errors were caused by using the step-by­

step method, as can be seen from Fig. 5.14, which compares the time histories for these two

cases. It is worthwhile to use the event-to-event method in order to achieve more reliable ana­

lyses, despite the apparent expense of additional computations. However, it is important to

note that the analytical results obtained using the step-by-step method with At of 0.01 second

were very similar to those obtained using the event-to-event method with At of 0.03 second

(see Figs. 5.8 through 5.10). For this reason, it can be stated that the step-by-step method

necessitated three times smaller time steps in order to achieve comparable accuracy with the

event-to-event method. A comparison of CPU times for these two cases (see Table 5.3) indi­

cates that the use of the event-to-event method achieves an approximately 50 precent reduction

in computational effort to attain the desired level of accuracy. To fully utilize this feature,

however, additional research is needed to alleviate the flip-flop type of instabilities occasionally

observed with this method.

5.3.2 Effects of Sectional and Material Properties

This subsection investigates the influence of the sectional and material properties of a sin­

gle brace on the dynamic response of the frame. The sectional and material properties studied

herein include the cross-sectional area (A), the cross-sectional moment of inertia (I), the

interaction curve (M*(P)), and the tangent modulus of elasticity (Et ).

A series of analyses were carried out by varying the value of each of these parameters for

Brace 2 by approximately ± 25 percent. Properties of all other braces were held constant. Fig­

ures 5.15 through 5.18 illustrate the effects of the sectional and material properties of Brace 2

on the dynamic response of the brace. As can be seen from these figures, these variations had

relatively little effect on the brace behavior. Also, the global behavior of the frame,

represented by the time histories of the tip deflection (see Figs. 5.19 to 5.22), was not greatly

influenced by the variations. Thus, the dynamic response analysis of this X-braced frame, for

which inelastic deformations are concentrated in the diagonal bracing members, is relatively

stable with regards to the sectional and material properties of individual braces. Of course,
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systematic changes in the properties of all braces might be expected to have a greater influence

on the overall behavior.

5.3.3 Effects of Earthquake Ground Accelerations

This subsection discusses the effects of earthquake ground accelerations on the dynamic

response of the frame. For this purpose, the following three ground acceleration records were

used: (1) 1952 TAFT (869E), (2) 1940 El Centro (N-S), and (3) 1949 Olympia (E-W). All of

these acceleration records had their peak ground acceleration amplitudes scaled to 0.35g. Com­

parisons of analytical results are shown in Figs. 5.23 and 5.24. As can be seen, the response of

both the brace and the frame is totally dependent on the earthquake ground motion used.

Thus, the greatest source of uncertainty in the analysis is the characteristics of the ground

motion to be used. This will be examined in more detail in the next chapter. It is, however,

clear that several different ground motions should be considered in the design and analysis of a

structure.

5.4 Concluding Remarks

As illustrated in the foregoing analyses, the refined physical theory brace model can accu­

rately simulate the dynamic response of braced structures. Furthermore, the refined model is

superior to the phenomenological model in that the refined model does not necessitate the

extensive empirical information on the shape of P-f, curves of the brace analyzed. The refined

model seems to be very useful, especially when such information is unavailable. The impor­

tance of local buckling, as a feature to be implemented in future modeling, was demonstrated.

Parametric studies monitored the effects of input parameter values on analytical results.

The results of these studies showed that numerical techniques used in the DRAIN-2D2 pro­

gram can cause appreciable errors, if used improperly. As suggested, it is advisable to use At

values ranging from 10 to 50 percent of the recommended maximum value (Eq. 5.1) and to

employ the event-to-event solution strategy if there is no flip-flop type instability. Whenever

such instability is observed, the user should use the step-by-step method with a reduced time
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step.

As discussed in the previous chapter, analytical results seem to be relatively insensitive to

changes in input parameters. This is especially true in the case considered in this chapter where

inelastic deformations were limited to a few braces. Larger errors may be associated with the

user's selection of parameters which control the numerical techniques employed in the pro­

gram. These must be carefully selected and results be thoroughly examined so as to detect the

various types of instabilities that may occur. The largest source of uncertainty is associated with

the choice of excitation used in the analysis. This selection must be carefully considered, and

the use of an ensemble of ground motions is recommended.
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6. EFFECTS OF BRACE DESIGN ON THE PERFORMANCE OF K-BRACED FRAME

6.0 Introduction

As the development of the high speed computer progresses, it is expected that it will

become more common to carry out nonlinear structural analyses for the purpose of design.

However, at present, the design of braced structures relies primarily on elastic analyses, despite

the expected buckling and yielding of braces during earthquakes. Currently, a lack of computer

programs conveniently applicable to the inelastic analyses of braced structures is limiting the

progress of their design. The previous chapters demonstrated that the refined model can accu­

rately represent not only the nonlinear behavior of braces but also the dynamic response of

braced structures. There naturally arises a question of the model's suitability for use in the

design of braced structures. This chapter applies the refined model to a limited study of the

effect of brace design on the performance of the structure and an investigation of the nondeter­

ministic nature of inelastic dynamic response of braced frames.

A series of analyses have been undertaken on a hypothetical full sized K-braced building

frame. In these analyses, the intensity of the input earthquake ground accelerations were

specified as strong enough as to cause not only buckling of braces but also plastic hinging in

columns and girders. While the previous chapter presents the case where inelastic deformations

in the frame occurred solely in braces, this chapter presents the case in which inelastic deforma­

tions are spread over braces, columns, and girders.

6.1 Analytical Modeling of the Frame

6.1.1 Structural Model

The braced frame studied in this chapter is derived from a part of a full-scale, six-story,

steel structure built and tested in the Large Scale Structure Laboratory of the Building Research

Institute (BRI) , Ministry of Construction, Tsukuba, Japan. This building is 42.21 ft (IS m)

square in plan and 73.43 ft (22.38 m) tall. A series of analytical and experimental works have

been conducted on this building by members of the U.S.-Japan Cooperative Earthquake
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Research Program [34 and 35], The intent of the analyses reported herein is to assess the prac­

ticability of the brace model and to study the behavior of braced frames in general. Conse­

quently, the modeling of the structure does not entirely represent the actual structure. Because

of these simplifying assumptions, the analytical results presented herein would not be expected

to match experimental data.

The general plan view of the building is illustrated in Fig. 6.1. This building is made up

of six frames; Frames A, B, C, 1, 2, and 3. Frames A, B, and C are parallel to the direction of

loading, shown by the use of the arrow in the figure, while Frames 1, 2, and 3 are perpendicu­

lar to this direction. The elevation view of Frame B is shown in Figure 6.2. The left half of

this frame, which has K-bracing in every story, forms the basis of the analyses presented in this

chapter. Table 6.1 lists the section sizes and material properties for the frame members, while

Table 6.2 contains those for bracing members. Figure 6.3 indicates the member identification

numbers adopted herein. The design of the frame analyzed herein has been taken almost

directly from Reference 34. However, two minor changes were made to the design of the

braces in order to realize more uniform distribution of inelastic deformations throughout the

frame. A 5x 5x ~ section was used in place of the 6x 6x ~ section for Braces 7 and 8. In addi­

tion, the yield stresses of the braces were changed. The measured yield stresses are listed in

Table 6.2 along with the values assumed in the analysis (indicated by the use of parentheses).

The K-braced frame was modeled using two one-dimensional elements: (1) the beam­

column element and (2) the refined physical theory brace element. The former was used for

the representation of columns and girders and the latter for braces.

The girders and columns were assumed to have moment-resisting connections and

account for the potential formation of plastic hinges. Figure 6.4 shows the normalized interac­

tion curve used for girders and columns. This interaction curve is based on the AISC

specifications [36] for a strong axis bending for wide flanges. The yield loads and plastic

moments of the cross section, used for defining interaction curves, were computed from the

material properties of girders and columns listed in Tables 6.1. The strain hardening ratios
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were assumed to be three percent. The effect of geometric nonlinearities was included for

columns but disregarded for girders. For simplicity, the influence of both shear deformations

and end eccentricities was omitted.

The braces in the model were pinned at their ends; however, an effective member length

factor (k) of 0.5 was used to account for the influence of the boundary conditions associated

with the construction details used. Euler buckling loads for these braces are much greater than

their yield loads, as shown in Table 6.2. Therefore, plastic buckling is expected to prevail. The

input data for the braces are listed in Table 6.3.

6.1.2 Gravity Loads

In the analyses in this chapter, the gravity load of the K-braced frame was assumed to be

equal to dead loads, consisting of 75 psf (0.0036 MPa) for the roof and 90 psf (0.0043 MPa)

for the floors. Based on the framing system used for the floor, it was assumed that 3/8 of the

total area of the floor contributed to the gravity load applied to the K-braced frame. Figure 6.5

illustrates the contributing area, which is further divided into three areas, a " b " and c '. Area

a' contributes to the concentrated load at the left end of the frame (Pt. D), Area b' the right

end (Pt. E), while Area c' accounts for the distributed loads applied to the frame. Figure 6.6

illustrates the equivalent nodal gravity loads computed based on this assumption. These loads

were applied to the frame as static nodal loads. Consistent with the experimental setup, live

loading effects were disregarded in the analyses.

6.1.3 Dynamic Properties

The mass of the K-braced frame is lumped at each node of the frame, as shown in Fig.

6.7. The rotational mass of nodal points was disregarded. The total horizontal mass resisted by

the braced frame is assumed to be equal to half of the mass of the building. This assumption

reflects the Japanese building design codes and achieves a more desirable intensity of inelastic

deformations. The mass of the building is computed by accounting for dead loads of floors.

It is not common to include vertical mass effects when only horizontal components of

excitations are considered. However, it was observed in preliminary analyses that the central
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nodes connecting K-braces to the girders often oscillate with very high frequencies when plastic

hinges were formed at these nodes. In order to avoid such oscillations, the vertical mass for

the nodes was included by taking into account the mass of one foot square section of the floor.

Accurate and stable results were obtained as long as a reasonable tributary area was assumed for

computing these masses.

One percent initial stiffness proportional damping was used as a viscous damping value. A

period of 0.619 second, corresponding to the period for the first mode of Frame B computed by

Midorikawa et af [35], was used in computing the damping coefficient. The validity of this

assumption will be discussed in the following section based on analytical results.

6.2 Analysis of the Standard Case

In order to establish a standard case for subsequent comparisons, an analysis was per­

formed on the K-braced six-story frame using the Taft (869£) record with a peak ground

acceleration of 0.60g. A constant time step, At of 0.007 second, was used for the step-by-step

integration. The event-to-event method was not used to avoid the flip-flop type instability

problem discussed in Chapter 5 (see Fig. 5.1I).

Figure 6.8 shows the time history of the roof deflection of the frame. As can be seen,

slightly more than four inches (101.6 mm) of maximum roof displacement occurred and

.approximately two inches (50.8 mm) of residual lateral roof deflection remained following the

excitation. Figure 6.9 shows, in an elevation view, the inelastic deformations in the frame. In

this figure, a curved line indicates buckling of abrace; a straight, dotted line denotes yielding;

a curved, dotted line indicates that a brace had experienced both buckling and yielding. A dot

denotes a plastic hinge formed in either a girder or column, while a number in this figure indi­

cates the value of maximum plastic hinge rotation angle. These notations will be used

throughout this chapter. As can be seen, there were large inelastic deformations in the

columns and girders in the fifth and sixth floors, while the buckling and yielding of the braces

were severe in the third and fourth floors. The bottom two stories remained elastic. Figure
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6.10 illustrates the progress of inelastic deformations in the frame for five different times

corresponding to Pts. A to E in Fig. 6.8. As can be seen, most of the inelastic deformations

occurred in a very short time, from Pt. B to Pt. D. The plastic deformations which developed

between these two points remained as residual plastic deformations.

Figure 6.11 describes the story lateral displacements at different times. Story displace­

ment patterns were very close to the first mode shape until the frame was severely damaged at

Point C. After this· point, the patterns were greatly changed due to large interfloor drifts

between the fifth and sixth floors. A soft story mechanism developed between the fifth and

sixth floors associated with the yielding and buckling of the braces and the formation of plastic

hinges in the columns (see Fig. 6.9 for the magnitudes of plastic hinge rotations).

In computing the damping of the frame, the period of the frame was determined based on

the elastic first mode. However, there is a significant lengthening of the apparent natural period

of the structure associated with the damping effects of the inelastic deformations (see Fig. 6.8).

Also, the deflected shape of the frame was assumed to be equal to that of the elastic first mode.

As can be seen from Fig. 6.11, this assumption held well until Point C, but it did not hold well

after this point. Thus, the effective modal characteristics of the structure are changing

significantly. Hence, the modeling of viscous damping effects, once the structure yields, is only

an approximation at best. Fortunately, it is expected that hysteretic energy dissipation should

dominate the response and that these uncertainties are acceptable.

It is also interesting to inspect the vertical vibration of Nodes 2, 5, 8, and 11, connecting

the K-braces to the girders. Figure 6.12 shows the time histories of the vertical displacements

for these nodes. As can be seen, changes in the amplitudes of these vibrations remained rela­

tively small except for a time interval, 3.822~ t ~ 3.892 second, in which most of the frame's

damage occurred. Residual vertical displacements remained at these nodes after this time inter­

val. Nodes 5 and 8, where plastic hinges formed in the adjacent beams, exhibited large vertical

displacements. Nodes 2 and 11, where girders remained elastic, exhibited small vertical dis­

placements. Negligible vertical displacements occurred at Nodes 14 and 17 where beams and
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braces remained elastic. Major portion of the vertical displacement at these nodes appear to be

contributed by yielding of girders due to the differences between the tensile and compressive

capacities of braces framing into them. It is important to design a girder having sufficient

strength to avoid excessive girder deformations which can result in severe floor diaphragm dam­

ages.

Figures 6.13 and 6.14 illustrate the axial force - axial displacement curves for Braces 1

through 8. It appears that the refined model was able to accurately simulate the shape of axial

force - axial displacement curves expected for these braces. In addition, the braces were capa­

ble of dissipating seismic energy under cycling, except for Braces 2 and 4, which remained elas­

tic.

6.3 Influence of Brace Design on the Performance of the Frame

6.3.0 General

It is important to appropriately design bracing members so as to optimize the design of a

braced frame. This section examines the influence of brace design on the performance of the

K-braced frame. Parametric studies were undertaken with respect to the effective slenderness

ratio of braces and their buckling capacities. In addition, the sensitivity of the frame's dynamic

response to the section properties of a brace was investigated.

6.3.1 Influence of Effective Slenderness Ratios of Braces

The slenderness ratio of braces, the most important parameter influencing their buckling

behavior, is expected to have a dominant influence on the overall performance of braced build­

ing frames as well. This section investigates the influence of the effective slenderness ratio of

braces on the performance of the frame. Investigation of this influence is undertaken for six

different kL/r ratios. The standard case presented previously has braces with kL/r ratios of

approximately 50 (42.7~ kL/r~ 63.7), while the other five cases have braces with kL/r ratios of

40, 60, 70, 80, and 90 respectively. Let us note that the section properties of a brace,

represented by the section area (A), and moment of inertia (I), cannot be uniquely determined
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by simply specifying a kLlr value. In order to determine these properties uniquely, the buck­

ling loads for braces were kept constant for each different value of kLlr. This restriction

reflects current design approach for braced building frames. Figure 6.15 contains the simplified

buckling stress versus kL/r relationship used for defining buckling loads. As can be seen, plas­

tic buckling prevailed for the cases with kLIr~ 60 and elastic buckling prevailed for kLlr~ 80.

For kLlr of 70, elastic buckling prevailed for Braces 3 and 4, while plastic buckling prevailed

for the remaining braces. Table 6.4 contains section properties of the braces as computed based

on this relationship. Real sections were not selected but effective section properties were

specified. The values of the plastic moment of cross sections M p listed in this table were com­

puted based on the assumption that Mp is proportional to .JAi, Le.,

(6.1)

For the plastic buckling cases, larger kLlr values resulted in smaller moments of inertia,

while cross-sectional areas were constant. An exception exists for Braces 3 and 4 for kLlr=70,

for which cross-sectional areas slightly increased from the standard case. For elastic buckling

cases, larger kL/r values resulted in larger cross-sectional areas, while moments of inertia were

constant.

Figure 6.16 compares the compressive sides of the P-f, envelope curves of Brace 7 for

different kLlr ratios. The cases with kLlr of 80 and 90, for which elastic buckling prevailed,

showed larger initial tangent stiffnesses than those of the remaining cases due to their larger

areas. While the buckling capacities of braces were kept constant, the kLlr ratios were

inversely proportional to their post-buckling capacities. Thus, braces with smaller kL/r ratios

showed a fuller and more ductile post-buckling behavior. It can be stated that braces with kLlr

of 80 and 90 have better (stiffer) pre-buckling behavior and braces with smaller kLlr have

better (more ductile) post-buckling behavior.

Dynamic analyses were performed for these six cases with different kLlr ratios, while all

other assumptions were the same. These analyses are discussed below. Figure 6.17 shows the

time histories of the roof deflection computed for the six cases. Figure 6.18 shows the
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maximum and residual roof deflections as a function of kL/r. The residual roof deflections

were computed by averaging the amplitudes of the roof deflection from 10 to 15 seconds. For

kL/r:~ 70, better responses (represented by smaller maximum and residual roof deflections)

were observed for cases which had smaller kL/r ratios. These differences were influenced pri­

marily by the plastic deformations occurring in one cycle at about 3.8 sec. For kL/r~ 80,

deflections decreased with increasing kL/r. Figure 6.19 compares the inelastic deformations in

the frame for the six cases. The cases with kL/r~ 70 exhibited both buckling of braces and

yielding of girders and columns, while the case with kL/r of 80 showed less inelastic deforma­

tions, and that with kL/r of 90 showed no inelastic deformations at all. This improved perfor­

mance of the structure with higher kL/r ratios appears to be a result of the altered dynamic

characteristics of the building as a result of the stiffer braces used.

The following conclusions can be drawn based on these investigations. For constant buck­

ling capacities of braces, the use of larger kL/r ratios (kL/r~ 80) will increase the cross­

sectional areas of braces. Increased cross-sectional areas improved the frame's dynamic

response for the excitation considered by increasing its initial stiffness but, at the same time,

boosted construction costs by increasing the requisite amount of steel. In addition, the tensile

strength of the braces associated with the increased cross-sectional areas will be somewhat

wasted. The possible large differences between tensile and compressive capacities with such

braces will tend to result in girder plastification. Such a design, therefore, cannot be recom­

mended.

For kL/r~ 70, smaller kL/r ratios will make a frame more ductile and improve its

dynamic performance without boosting the requisite amount of steel. Thus, the use of braces

having small kL/r ratios is more desirable for the purpose of design. Of course, braces with

small kL/r ratios have a decrease of wall thicknesses and thus tend to develop local buckling. It

may be preferable to select kL/r ratios as small as possible in the design of braced frames, as

long as the wall thickness ratios of braces satisfy code or other specifications regarding local

buckling.
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6.3.2 Influence of Buckling Capacities of Braces

In the previous section, the influence of kL/r ratios of braces was studied, while their

buckling capacities were kept constant. In this section, the influence of their buckling capacities

is studied for a constant kL/r ratio. For this purpose, a series of analyses were performed on

the K-braced frame. Only the buckling capacities of Braces 3 and 4 are changed as these had

undergone severe inelastic cycling in the analysis for the standard case. These analyses also

indicate the sensitivity of the response of braced frames to design alternatives.

The buckling capacities for these braces, for which plastic buckling prevailed, are propor­

tional to their yield stresses. For simplicity the variation in buckling load was accomplished in

the program by the use of different yield stresses ranging from 50 to 80 ksi (344.5 to 551.2

MPa). Figure 6.20 illustrates the variation of maximum and residual roof deflections as a func­

tion of the buckling capacity of Braces 3 and 4. Although minor nonlinearities were observed,

the cases with higher buckling capacities tended to show improved response represented by

smaller maximum and residual roof deflections. Of course, such a tendency is dependent on

the stiffness distribution in the frame and other factors so that the case may arise in which this

tendency is violated. At the least, however, it appears that the buckling capacity of a brace is

an important parameter influencing the dynamic response of the frame. An appropriate

increase of buckling capacities of the braces can improve the performance of a braced frame.

The results also indicate the general sensitivity of the response of this type of system to small

changes in design. The refined model can be helpful in the appropriate specification of buckling

capacities.

6.3.3 Influence of Section Properties of Braces

It was demonstrated in Subsection 5.3.3 that approximately ± 25 percent changes in the

section properties of a single brace did not have a large influence on the dynamic responses of

the X-braced frame, for which inelastic deformations solely occurred in bracing members. By

contrast, the K-braced frame studied herein had undergone more distributed plastic deforma­

tions, occurring not only in braces but also in columns and girders. This section inspects the
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sensitivity of the dynamic response of the K-braced frame to the selection of the following sec­

tion properties of a brace: A and I.

A series of analyses, similar to those performed in Subsection 5.3.3, were undertaken for

the K-braced frame by varying the value of each of the A and I values of Brace 3 by ± 25 per­

cent. Properties of all other bracing members were held constant. Figure 6.21 and 6.22 illus­

trate the influence of the variations of these values on the roof deflection histories. As can be

seen, its behavior is significantly affected by the values of I and is greatly influenced by A

values. Thus, the dynamic response of the K-braced frame, under large inelastic deformations,

was highly sensitive to the section properties of a single brace.

In general, the dynamic response of a concentric braced building frame under severe

earthquakes is highly nonlinear and extremely complex. Moreover, the plastification of such a

frame occurs progressively. A mere formation of a plastic hinge or buckling of a brace can

cause significant redistribution of the frame stiffness, resulting often in further plastic hinge

formations and/or brace buckling. Thus, the dynamic response of a concentric braced frame

undergoing large inelastic deformations can be extremely sensitive to the section properties of

individual braces. By contrast, the response of the X-braced offshore platform frame, which

had much stronger framing members, was relatively insensitive to a brace's section properties

(see Chapter 5). Hence, it is clear that that framing members also have a great contribution to

the dynamic behavior of the frame. Thus, appropriate methods for designing the frame and

assessing their contribution to the behavior of the braced frame are subjects requiring further

studies.

6.4 Nondeterministic Nature of the Dynamic Response of the Frame

6.4.0 General

One can deterministically compute the inelastic dynamic response of a braced frame for

specific input data with the use of the refined model. However, in reality, it is impossible to

predict such a response deterministically because of the nondeterministic and uncertain nature
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of the some of the input data. The following can be pointed out as examples: the yield stresses

of braces, the earthquake ground accelerations, and so on. This section inspects the influence

of the variations of some of these on the dynamic response of the K-braced frame.

6.4.1 Influence of Variations in Material Properties of Braces

There exist appreciable variations in the actual yield stresses of the steel used in practice.

For example, the measured yield stresses of the braces for the K-braced frame differed by as

much as 10 percent from the specified values, as can be seen from Table 6.2. Such variations

in steel strength may be a major source of the errors in the dynamic response analyses of

braced frames. In order to investigate the influence of these variations, a series of analyses

were performed on the K-braced frame by the use of three different yield stresses for Braces 3

and 4: 55, 60, and 65 ksi 079.0, 413.4 and 447.9 MPa). As can be seen from Fig. 6.23, an

approximately 18 percent change in the yield stresses for Braces 3 and 4 greatly influenced the

dynamic responses of the frame. The influence of yield stresses on the inelastic deformation

distribution in the frame is illustrated in Fig. 6.24. As can be seen, the change in yield stresses

for Braces 3 and 4 drastically affected the distribution of inelastic deformations. In practice, it is

possible that variations in steel strength can cause a significant redistribution of the structure's

stiffness, thus resulting in unanticipated and undesirable behavioral modes of the structure. It

is very important to consider the effects of material variability in order to prevent such

behavior. This consideration, however, requires a probabilistic study of the frame's perfor­

mance. Since such a study necessitates an extensive series of dynamic inelastic analyses of

braced frames, the availability of a versatile and economical computer program for these ana­

lyses is crucial to the progress of the probabilistic design of braced frames.

6.4.2 Influence of Variations in Earthquake Ground Accelerations

In an earthquake resistant design of braced frames, it is common to design frames based

on a few specific earthquake ground accelerations. In order to assess the influence of the

accelerations, a series of analyses were performed on the K-braced frame using four different

earthquake ground acceleration histories. These accelerations consisted of the 1952 Taft
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(S69E) records with a peak ground acceleration of 0.60g and with a peak of 0,35g, as well as the

1940 El Centro (N-S) record with peaks of 0.60g and O.35g.

Figure 6.25 illustrates the time histories of the roof deflection computed for these

accelerations. As can be seen, input ground accelerations greatly influenced the performance of

the frame. For example, the frame oscillated with larger amplitudes for the El Centro records

than for the Taft records at the same peak ground accelerations. Figure 6.26 compares inelastic

deformations in the frame for these cases. For the 1952 Taft (S69E) record with a peak of

0.60g, inelastic deformations were concentrated in the fourth through sixth floors, while inelas­

tic deformations mainly occurred in the third and fourth floors for the El Centro record with a

peak of O.60g. One can state that the patterns of inelastic deformation distribution are depen­

dent on the characteristics of earthquake ground accelerations. Therefore, there is no guarantee

that a frame designed "optimally" for one acceleration will perform well for other accelerations

even if peak ground accelerations are similar. It is suggested to consider the effects of the vari­

ations of earthquake ground accelerations in the design of braced frames.

6.5 Concluding Remarks

In this chapter, the refined model was applied to the study of the influence of brace design

on the performance of a K-braced frame and the investigation of the nondeterministic nature of

the dynamic response of the frame. This braced frame showed highly complex behavior,

including: the yielding of columns and girders, and the buckling and yielding of braces. Furth­

ermore, the dynamic response of the frame was sensitive to both small changes in brace design

and to uncertainties in model input data. Such high sensitivity seems to be associated with

redistribution characteristics of system and frame action. Further future study of frame contri­

bution is desired.

Major conclusions drawn from this study are summarized below. Parametric studies were

undertaken by changing the effective slenderness ratios (kL/r) of braces and by keeping the

buckling capacities of braces constant. The use of braces with kL/r ratios smaller than 70 can
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improve the post-buckling behavior of braces and fully utilize the energy dissipation capabilities

of braces. Above all, it does not boost construction costs compared to more slender braces with

the same buckling capacity. It appears advisable to use braces with smaller kL/r values, though

a more thorough study of this is required.

The influence of the buckling capacities of the braces on the dynamic response of the

frame was studied. It was observed that appropriately increased buckling capacities could

greatly improve the performance of the frame. The refined model can be helpful in the selec­

tion of buckling capacities.

It appears that the section properties of a single brace have a large influence on the

dynamic response of a braced building frame with large inelastic deformations spreading over

braces, girders, and columns. The use of appropriately designed bracing members can greatly

increase the ultimate strength of such a frame.

It is impossible to deterministically predict the inelastic dynamic response of a braced

frame due to the nondeterministic and uncertain nature of various properties, including the

yield stresses of braces and the earthquake ground accelerations. Parametric studies indicated a

dominant influence of these properties on the dynamic response of the K-braced frame. It is

suggested to consider the influence of variations of such properties in the design of braced

frames. The probabilistic prediction of the inelastic dynamic response of a braced frame may be

the problem to be settled in the future.
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7. SUMMARY AND CONCLUSIONS

7.1 Summary

This research report presents a new physical theory type model for cyclic inelastic buckling

analyses for steel braces. The major objectives of this investigation are to formulate this model,

verify its validity, and assess its applicability to the seismic design and analysis of braced build­

ing frames.

In Chapter 1, previous research works on physical theory models for steel braces were

reviewed. To give a better understanding of the different approaches used in formulating these

models, the Gugerli and the Zayas models were described in some detail. In addition, limita­

tions of the previous physical theory brace models were identified and discussed.

Various studies of test data were undertaken in Chapter 2 to identify experimental bases

for an improved analytical model. Six representative struts were chosen from the 24 struts

tested by Black, Wenger, and Popov [l J. These six struts, consisting of five wide flanges and a

tube, had two types of boundary conditions, fixed-pinned and pinned-pinned. The effective

slenderness ratios were either 40, 80, or 120. Axial force - plastic hinge moment curves and

axial force - plastic hinge rotation curves were computed for the six struts. The observation of

axial force - plastic hinge rotation curves assessed the existence of the degradation of plastic

hinge rotations in Zone EL2. Tangent modulus versus axial stress histories were computed

from stress - strain diagrams for two coupons. Qualitative observations of these histories were

undertaken for the development of an analytical tangent modulus history model.

In Chapter 3, the formulation of the refined physical theory brace model was introduced.

The geometric representation for this model consisted of a simply supported elastic brace

member with a plastic hinge at midspan. The model included empirical behavioral characteris­

tics noted in Chapter 2. Basic equations were derived with special attention to the variation of

tangent modulus of elasticity during cycles and the effective member length. Two types of

buckling, elastic and plastic, were defined. In addition, the method for the computation of

transition points and the numerical iteration schemes for solving nonlinear equations were
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introduced.

The refined model was applied in Chapter 4 to quasi-static analyses of individual struts.

The analytical results obtained using this model were compared with experimental results based

on many points of view, including hysteresis loops, axial force - plastic hinge moment curves,

axial force - plastic hinge rotation curves, buckling loads, and maximum tensile loads. Also,

the refined model was compared with the Gugerli physical theory model [8] and with a refined

phenomenological model [24]. In addition, the following aspects were studied: (1) the sensi­

tivities of analytical results to uncertainties in empirical parameters, (2) the effect of boundary

conditions, and (3) the relative contributions of major axial displacement components.

In Chapter 5, the refined model was applied to dynamic response analyses of a three-story

X-braced frame, a 5/48 scale model of a Southern California Example Offshore Platform. The

analytical results presented represent the case where inelastic deformations were concentrated in

bracing members. The capabilities of the refined model were assessed by comparing its analyti­

cal results with the test data and with the analytical results obtained using the phenomenological

model. A series of parametric studies were undertaken regarding (1) numerical techniques, (2)

the sectional and material properties of .braces, and (3) earthquake ground accelerations. Both

the numerical techniques and earthquake ground accelerations had a dominant influence on the

frame's dynamic behavior, while the influence of sectional and material properties was relatively

small. Suggestions were made for the proper use of the numerical techniques utilized.

The refined model was applied in Chapter 6 to the study of the design of braced frames.

For this purpose, analyses were performed on a six-story, K-braced, steel frame; a part of a

full-scale, six-story building built and tested in Tsukuba, Japan. The analytical results represent

the case where inelastic deformations spread over braces, columns, and girders. Parametric stu­

dies were performed in order to identify the parameters for braces having large influence on the

performance of the frame. The parameters studied include slenderness ratio, buckling strength,

and material properties. In addition, the nondeterministic nature of the dynamic response of

braced frame was investigated.
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7.2 Conclusions

The major conclusions regarding empirical results, analytical results, and studies related to

design decisions attained through this research are set forth as follows.

(a) Empirical Results

The zone definition presented in Fig. 2.3 (a) through (d) helps the explanation of the

physical behavior of struts with various effective slenderness ratios (kLir = 40, 80, or 120).

This zone definition is applicable to axial force - axial displacement curves, axial force - plastic

hinge moment curves, and axial force - plastic hinge rotation curves. Both elastic zones and

plastic zones (excluding the elastic buckling zone) are irreversible and enter another zone upon

displacement history reversals. Nonlinear transitional regions exist in member behavior in the

transition from an elastic to a plastic zone. For example, plastic hinge rotations degrade in

Zone EL2, an elastic zone. The major causes of this degradation and transition include:

material nonlinearities, nonuniform distributions of axial stresses in the cross section at the

center hinge, partial yielding of the cross section at the hinge, and the gradual spread of

plastification along the length of the brace.

Axial force - plastic hinge moment histories are insensitive to effective slenderness ratios.

The ratios have a large influence on hysteresis loops as well as on axial force - plastic hinge

rotation curves. Several empirical axial force - plastic hinge moment curves showed strain har­

dening or softening in later cycles. Such behavior resulted in discrepancies between the

theoretical axial force - plastic hinge moment interaction curves and experimental ones. In

axial force - plastic hinge rotation curves, the plastic zones are in good accordance with the

theoretical axial force - plastic hinge rotation interaction curve.

Tangent moduli of elasticity are almost constant until a strut experiences tensile yielding

or buckling for the first time. These values increase discontinuously at load history reversals

and decrease after one reversal until the next. Meanwhile the values deteriorate during cycles.



75

(b) Analytical Results

The refined model is able to simulate the cyclic inelastic buckling behavior of braces very

well both in quasi-static and dynamic analyses. Moreover, the refined model is superior to

either the Gugerli model or the phenomenological model. The quality of a brace's axial force ­

axial displacement curve obtained using the refined model has been substantially improved by

varying the tangent modulus of elasticity, degrading plastic hinge rotations in Zone EL2, and so

on. Currently the model still does not completely account for the following features: (1) the

Baushinger effect, including the progressive degradation of the tangent modulus during cycles;

(2) local buckling; or (3) the gradual spread of plastification along the length of the brace. The

performance of the refined model would be improved by the implementation of these features.

In the quasi-static analyses of individual struts, the analytical cyclic behavior of braces is

relatively insensitive to both the required empirical parameters, and the sectional and material

properties of braces. In the dynamic responses, the sensitivity of this behavior is highly depen­

dent on the state of the inelastic deformations of the frame. In the case where inelastic defor­

mations solely occurred in bracing members and the frame contributes significantly to the

lateral resistance, sensitivity to sectional and material properties is substantially low. In the case

where inelastic deformations spread over braces, girders, and columns, and the frame contribu­

tion is low, the sensitivity to these properties is very high. By contrast, the sensitivity of results

to the earthquake ground motion records used is extremely high for both of these cases.

In dynamic response analyses utilizing the DRAIN-2D2 program, the numerical tech­

niques of the program exert an important influence on analytical results. These techniques

must be used properly. It is advisable to use the event-to-event procedure, with analysis time

steps ranging from 10 to 50 percent of the recommended limit in Eq. 5.1.

(c) Studies Related to Design Decisions

The use of slender braces (kLlr~ 80) to achieve a specified buckling load capacity can

increase the initial stiffness of the frame but wastes tensile strength of braces, thus boosting

construction costs. The use of stocky braces (kLlr:::::40) can improve the post-buckling
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behavior of braces without boosting these costs. Stocky braces are suggested for use in the

design of braced frames provided the geometry of the section is resistant to local buckling.

Both an appropriate increase of the buckling capacities of braces and/or their sectional

properties can improve the performance of braced frames. The refined model can be useful in

the determination of appropriate specifications for these values.

The inelastic dynamic response of a braced frame has an unavoidable nondeterministic

nature associated with variations in the yield stresses of the braces and in earthquake ground

accelerations. These variations, which can have a large influence on the dynamic response of

braced frames, must be considered in their design. For the time being, it is advisable to con­

sider several different ground motions. However, the problem of combining the deterministic

computation by the refined model with probabilistic design strategies remains to be solved.
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Table 2.1 List of Test Specimens
(I ft. = 304.8 mm; 1 ksi = 6.89 MPa)

Strut No. Shape kLir kUft.) Yield Stress
(ksi)

struts pinned at both ends

1 W8x20 120 12.5 40.4
3 W6x20 80 10.07 40.2
7 W6x15.5 40 4.87 50.0
18 TS4x4x 1h 80 9.07 82.0

struts pinned at one end fixed at the other end

19 W6x20 40 5.03 40.2
23 W5x16 120 8.40 35.7

Table 2.2 Zone Transition Rules

Current
Possible Next Zones

External External

Zones
Deformation Deformation

Proceeds Reverses
ESI EB,Pl ELl
EB PI EB
PI none ELl

ELl EL2 ESI
EL2 P2, PY ES2
P2 PY ES2
PY none ES2
ES2 ESI EL2

Table 2.3 Theoretical P-M Interaction Curves for Different Cross Sections [8]

Sections Interaction Curve Limits Mp

4 2 !PI< 1

I1D
±m= 1-

3
P

2 3

4 4 !PI>.!...
'4O'yAe

±m= 3±3P 2

HI:
±m=1 !PI<~

A

[±PA-Awr !PI>~
0' yAfe

+m= 1-- 2A
f A
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Af = Cross-sectional area of flanges
Aw = Cross-sectional area of web

p = P/Py

m = M/Mp
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Table 2.4 Plastic Hinge Rotation Behavior

Name of Zones Plastic Hinge Rotation Behavior
ESI gradually increases, the rate of its decrease is amplified

near the buckling point.
EB increases, while axial loads are almost constant.

PI increases following the interaction curve.

ELl slightly decreases when its values are large, whereas (j is
almost constant when its values are small.

EL2 decreases as the tensile loads increase. The axial force
and e are almost linearly related.

P2 decreases following the interaction curve.

PY decreases. The tendencies of the decrease are similar to
those in Zone P2.

ES2 remains almost constant.

Table 4.1 Empirical Parameters for Struts 1, 3, 7, 18, 19, and 23

Parameters
Strut No.

1 3 7 18 19 23

{3 1.2 1.2 1.2 1.2 1.2 1.2

at 0.7 1.0 0.7 0.8 1.0 1.0
a c 0.7 1.0 0.75 0.9 1.0 1.0

PI2 .324 .25 .294 .5 .25 .23
bl 0.0 0.0 0.0 0.0 0.0 0.0
Cl 0.0 0.0 0.0 -1.33 0.0 0.0
a2 .771 .889 .827 1.33 .889 .911
b2 1.42 .889 1.18 -1.33 .889 -.766
C2 -2.19 -1.78 -2.01 0.0 -1.78 -1.69

el 0.30 0.30 0.15 0.05 0.15 0.15
e2 1.0 1.0 0.9 0.9 0.9 0.9
e3 1.25 1.25 1.20 1.25 1.20 1.20
e4 0.0 0.0 0.0 -0.25 0.0 0.0



Table 5.1 Member Sizes and Material Properties [31]
(l ksi = 6.89 MPa; 1 in. = 25.4 mm)
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\

1 Member No.
Description

I 1,3

Tube Dimensions
Nominal Diameter (D)

x Wall Thickness (t) GnJ
2 Ihx 0.049
2 1/2X 0.049
3 x 0.083

3 V2x 0.083
2 Ihx 0.049
8 x 0.188

Yield I Ultimate I
Stress I Stress I
(ksi) I (ksi) I
30.7 I 40.2 I
27.4 I 37.8 ,
31.5 I 51.7 I
32.0 I 53.0 ,

19.6 I 41.0 I'

48.0 1_6_2_.0__.

Table 5.2 Input Data for the Refined Model used in API Frame Analysis
(see Appendix B for Format Specification)

5 2 1 Element 5

I 1 5 60 .000001 .000001
, 2
1.377 24.0 1.201 29000. 0.15 0.90 1.2 O.
\ 6.95 O. l. 1. 1.25 .005 0.5

11.0 -0.168 -0.765 1. -0.168 -0.765
.377 28.8 1.201 29000. 0.15 0.90 1.2 O.

16.95 O. 1. 1. 1.25 .005 0.5
I 1.0 -0.168 -0.765 1. -0.168 -0.765
I 1 6 8 1 4

2 6 7 2 4

Table 5.3 Comparison of CPU Times for Different
Models and Numerical Techniques

Model Phenomenological Refined Physical Theory
Numerical

Techniques Step-by-Step Event-to-Event Step-by-Step
Time Step 0.01 s 0.01 s 0.03 s 0.01 s
Relative

I CPU Time 44% 100% 39% 77%
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Table 6.1 Member Sizes and Material Properties for Frame Members
(l ksi = 6.89 MPa; 1 in. = 25.4 mm)

I

I Section Types
I * I

IYield Stress I
I (ksi) I

1,2
3,4
5

6,11
7,8

9,10
12

13,14,15,16
17,18,19,20
21,22,23,24

WI0 x 30
W10 x 60
W12 x 79

W12 x 106
W12 x 40
W12 x 72

W12 x 136
W16 x 31
W18 x 35
W18 x 40

43.60
42.60
40.75
39.05
40.75
41.75
37.06
40.33
43.59
43.03

*: Agrees with measured values [34]

Table 6.2 Member Sizes and Material Properties for Bracing Members
(l ksi = 6.89 MPa; 1 kip = 4.45 kN)

307.

572.

875.

1459.

42.7

52.4

(58.22) ·1
55.0 I

(55.24) I
55.0 ,I

(62.2) .

6 x 6 x 1/4

6x6xl12

9,10

11,12

Member No. Section Types Yield Stress kUr I Euler Buckling I Py

Description (ksi) i Loads (kips) i (kips)
1,2 4 x 4 x 1/5.56 55.0

I
63.7

I

194. I 151.
(61.49)

3,4 5 x 5 x 1/5.56 I 60.0 I 50.4 390. I 191.

I
I I

I (55.1) I I I I
5,6,7,8 I 5 x 5 x 1/4 I 50.0 51.9 488. 230. I

I

I
I
,

( ) : Measured yield stresses [34]
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Table 6.3 Input Data for the Refined Model
used in the K-Braced Frame Analysis
(see Appendix B for Input Format)

5 12 0 Element 5
1 5 60 .000001 .000001

I 5

1
2.75 55.0 6.7 29000. 0.15 0.90 1.2 O.

I 253.6 O. 1. 1. 1.25 .003 0.5
1.0 O. -1.3333 1.3333 -1.3333 O.
3.47 60.0 16.9 29000. 0.15 0.90 1.2 O.
358.5 O. 1. 1. 1.25 .003 0.5
1.0 O. -1.3333 1.3333 -1.3333 O.
4.59 50.0 16.9 29000. 0.15 0.90 1.2 O.
501.1 O. 1. 1. 1.25 .003 0.5
1.0 O. -1.3333 1.3333 -1.3333 O.
5.59 55.0 30.3 29000. 0.15 0.90 1.2 O.

1

694

.

8 O. 1. 1. 1.25 .003 0.5
1.0 O. -1.3333 .1.3333 -1.3333 O.
10.4 55.0 50.5 29000. 0.15 0.90 1.2 O.
1455.5 O. 1. 1. 1.25 .003 0.5
1.0 O. -1.3333 1.3333 -1.3333 O.

1 2 4 1 4
2 2 6 1 4
3 5 7 2 4
4 5 9 2 4
5 8 10 3 4
6 8 12 3 4
7 11 13 3 4
8 11 15 3 4
9 14 16 4 4

10 14 18 4 4
11 17 19 5 4
12 17 20 5 4



86

Table 6.4 Section Properties of Braces for
Different Effective Slenderness ratios
(l kip = 4.45 kN; 1 in. = 25.4 mm)

80

Section

Properties

Brace

Number 40
Standard

Case
kL/r::::::50

kL/r
I

'I60 70
i I

90

i

IM p (k·in.)

I

1,2
3,4

5,6,7,8 I
9,10
11,12
1,2
3,4

5,6,7,8
9,10
11,12

1,2
3,4

5,6,7,8
9,10
11,12

2.75
3.47
4.59
5.59
10.4
17.0
21.5
28.4
34.6
86.2
404.1
452.1
649.6
742.3
1904.1

2.75
3.47
4.59
5.59
10.4
6.70
13.5
16.9
30.3
50.5
253.6
358.5
501.1
694.8
1455.5

2.75 'I 2.75 3.38 I 4.28 I
3.47 3.57 4.66 I 5.89 I
4.59 4.59 5.13 II 6.50
5.59 I 5.59 I 6.88 8.70
10.4 \ 10.4 i 12.8 I 16.2
7.6 5.6 i 5.2 i 5.2 I
9.6 7.2 I 7.2 I 7.2 I

I ~;:~ ii~3 I 1~~7 I 1~~7 II

38.4 28.2 26.6 I 26.6
269.8 I 231.3 248.9 I 280.0
301.8 265.8 I 303.7 I 341.71
433.7 II 371.7 I 363.7 I 409.1
495.6 I 424.8 1 452.7 I 514.3 I
1269.4 1088.1 1170.9 1317.3 I
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Fig. 1.1 Cyclic Behavior of a Steel Brace [1]
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INDIVIDUAL ELEMENTS

(a) Finite Element Models

(b). Physical Theory Brace Models

LOAD

(c) Phenomenological Models

DISPL

Fig. 1.2 Various Models [2]
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Fig. 1.3 Typical Member Geometry of Point Hinge Model [8]
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Fig. 1.4 P-s Curve used in the Higginbotham Model [3]
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(a) Member Geometry

.81' ,
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I

PLASTIC HINGE ROTATION. e

(b) M-9 Relationship used in
the Elasto-Plastic Hinge

(c) P-s Curves

Fig. 1.6 Elasto-Plastic Hinge Model by Wakabayashi [11 to 14]



(a) Member Geometry (b) P-8 Curve
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Fig. 1.7 End constrained Member Model by Wakabayashi [16]

Fig. 1.8 Definition of the Location of Instantaneous Neutral Axis Yn [8]

_ p _-+ ~;..c)ll!::::.::::"" L..- ----L L

Fig. 1.9 Member Geometry for the Zayas Model [2]
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Fig. 2.3 Definition of Different Zones
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Fig. 2.4 Definition of the Effective Lateral Diselacement d elf
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Fig. 5.7 /\ Photograph or Damages or Brace 2
during the Pscudodynamic Tcst [J2]
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Fig. 5.11 Flip-Flop Type Instability associated with
the Event-to-Event Method
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Hysteresis Loops of Brace 2 for Two Numerical Methods
(A t = 0.01 sec.) (l kip = 4.45 kN; 1 in. = 25.4 mm)
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Fig. 5.15 Effects of Cross-Section Areas on Hysteresis Loops of Brace 2
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Fig. 6.5 Contributing Areas of the Gravity Loads
applied to the K-braced Frame
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Fig. 6.15 Simplified Buckling Stress versus Effective Slenderness
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APPENDIX A

DRAIN-2D2 Program

The refined physical theory brace model has been developed as an inelastic truss element

for the DRAIN-2D2 program. Detailed information on the assumptions and operating charac­

teristics of this program can be found in Reference 25. The basic characteristics of this pro­

gram are briefly described below.

This program is a practical and efficient computer program for the inelastic behavior

analysis of two-dimensional structures. The structure is idealized as a planer assemblage of

discrete elements. The program contains a series of elements in its library; furthermore, 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 shaking. In

.analysis, the direct stiffness method is used with the nodal displacements as unknowns. The

dynamic response is determined using step-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. Equilibrium errors (unbalanced forces) resulting from the

discrepancies between this linear assumption and actual inelastic member behavior are elim­

inated by the application of corrective loads in the subsequent time step. The program includes

an automatic event-to-event computation option. If this option is specified, the tangent

stiffness matrix of the structure is reassembled when the stiffness of a element changes within a

step. The use of this option can lessen the unbalanced forces, reducing cumulative errors and

increasing the stability of analyses.
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APPENDIX B

INPUT DATA FOR THE REFINED PHYSICAL THEORY BRACE MODEL

This appendix presents the input data for the refined model, developed as an element for

the DRAIN-2D2 program. See Reference 25 for remainder of input data required.

B.1 Control Information

(a) First Card

COLUMNS NOTE

5(1)

6-10(1)

11-15(1)

(b) Second Card

NAME

NMEM

KREP

DATA

Punch 5 to indicate element group.

Numbers of elements in group.

Event-to-event calculation indicator.

o: use normal step-by-step method.

1 : use event-to-event method.

COLUMNS NOTE NAME DATA

1-5 (I) (1) INTP Punch 0 if output for mid step events is not desired;

Punch 1 if it is desired.

6-10(1) (2) ISEC Numbers of sub-divisions of zones (Doubled for

Zone pl).

11-15(1) (3) ITEMAX Maximum number of iterations for regula falsi ( must

be greater than 1).

16-25 (F) (3) TOll Tolerance for regula falsi. (in.)

26-35 (F) (3) TOL2 Tolerance for regula falsi. (kips)



170

(c) Third Card

COLUMNS NOTE

5(I)

NAME

NSTF

DATA

Number of stiffness types.

. B.2 Stiffness Types

(a) First Card (NSTF x 3 Cards)

COLUMNS NOTE NAME DATA

l-lO(F) AREA Cross-sectional area.

11·20(F) YIESTR Yield stress.

21-30(F) RI Cross-sectional moment of inertia.

31-40(F) E Initial modulus of elasticity.

41·50(F) (4) el

51·60(F) e2
Constants for defining tangent modulus of elasticity.

61-70(F) e3

71·80(F) e4

(b) Second Card

COLUMNS NOTE NAME DATA

l-lO(F) PLAMOM Plastic moment of cross section (Mp ).

11-20(F) THETA Initial plastic hinge rotation of a strut (radians).

21-30(F) (5) RATET Magnification factor of theoretical P-M interaction

curve for P>O.

31·40(F) RATEC Magnification factor for P< O.



41-50(F)

51-60(F)

61-70(F)

(c) Third Card

(6) BETA

HARDEN

EFF

171

Constant for defining plastic hinge rotation degrada­

tion in Zone EL2.

Strain hardening modulus, a proportion of the initial

modulus of elasticity.

Effective length factor.

COLUMNS NOTE NAME DATA

1-10(F) (7) PI2

11-20(F) b l

21-30(F) CI Constants for defining theoretical P-M interaction

31-40(F) a2 curve.

41-50(F) b2

51-60(F) C2

8.3 Element Generation Data (NMEM Cards)

COLUMNS NOTE NAME DATA

1-5 (I)

5-10(1)

11-15(1)

16-20(1)

21-25(1) (8)

IMEM

NODI

NODJ

ISTF

KOUT

Element number.

Node number at element end I.

Node number at element end J.

Stiffness type number.

Time History output code.

o: no print out;

1 : print only;

2 : print and save;

3 : save only;
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4 : save and print reorganized time history.

B.4 Notes

(1) Standard output is presented only at the specified time intervals. By the use of this

option, the users are able to receive the jnformation between time intervals.

(2) Number of subsection of zones used for the computation of the member tangent stiffness

(read Section 3.7 of Report for more detail). This variable is also used to define the

number of interpolation points between time intervals.

(3) If the number of iteration exceeds ITEMAX, the program takes the last value and contin­

ues the analysis.

(4) See Subsection 3.4.2 (Fig. 3.8) of Report.

(5) See Subsection 3.4.1 (Fig. 3.4) of Report.

(6) See Subsection 3.4.3 (Fig. 3.9) of Report.

(7) See Subsection 3.4.1 (Fig. 3.5) of Report.

(8) Standard outputs are not suitable for the plot of the results. By choosing Option 4, users

can receive reorganized outputs suitable for the plot.
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