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ABSTRACT

INELASTIC-BUCKLING BEHAVIOR OF STEEL STRUTS:
HYSTERETIC MODELING AND APPLICATIONS TO NONLINEAR
"POST-FAILURE" ANALYSIS OF SPACE TRUSSES

By

Mohamad-Samer Alawa

A computationally efficient. element model was developed for ac-
curately predicting the inelastic-buckling behavior of steel struts
under generalized axial excitations. The model was based on theoretical
concepts and the physics of the steel strut behavior, with limited
reliance on experimental data. It is capable of simulating the effects
of the element initial imperfection and end eccentricities, gradual
plastification, deterioration under cyclic loads, and residual stresses
on its response characteristics. The developed model of steel struts
was verified against a wide variety of test results, and it was used for
numerical studies leading to recommendations for selection of variables
in the design of steel struts.

The element model was incorporated into a computer program for non-
linear analysis of space trusses. This computer program is capable of
predicting the inelastic force redistributions within the space truss
systems following the yielding and buckling of some critical elements,
with due consideration to the complex nonlinear behavior of the X-braces

and the in-plane redundants. The structural analysis program is shown



to predict the experimental nonlinear behavior, failure mechanism, and
"post-failure" residual strength of different space truss systems with a
reliable accuracy. The advantages of this program in the design of
structures with ductile failure modes and also in nonlinear analysis of

the complex multiple-structure systems have been discussed.
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CHAPTER 1

INTRODUCTION

Steel struts are the main load carrying elements in space trusses,
and also dominate the response of braced structural systems to certain
loading conditions. While generally considered as pure axial elements
in structural systems, the actual behavior of steel struts might involve
substantial bending, caused by factors such as end eccentricities,
initial imperfections, and post-buckling bowing of the element. Under
cyclic loads, additional factors such as degradation of the strength and
tangent modulus at critical regions further complicate the axial-
flexural behavior of steel struts. Gradual plastification is another
peculiarity of the strut performance, which can have tangible effects on
its response to both monotonic and cyclic loads.

Improvements in inelastic-buckling modeling of steel struts are
pre-requisites to the development of reliable‘ nonlinear structural
analysis programs capable of simulating the inelastic force redistribu-
tion in space trusses and braced structural systems under generalized
loading conditions. Improved inelastic structural analysis techniques
based on the refined element models will be effective tools in predict-
ing the failure mechanism and "post-failure" behavior of structural
systems, thereby providing information on the ductility of structural
failure leading to efficient design modifications for improving this
ductility. The "post-failure" behavior is of special significance in

situations like complete transmission line systems, where a specific



structure (e.g., a transmission line tower) reacts like a component of a
larger system. Such structures will redistribute their forces to the
adjacent components, if they reach the failure conditions. This
redistribution phenomenon is strongly dependent on the "post-failure"
behavior and residual strength of the collapsing components.
Development of nonlinear analysis techniques for complete transmission
line systems, capable of simulating the inelastic force redistributions
following the failure of certain line structures is one of the major
concerns of the electric power industryf‘

The Research project reported herein has been concerned with the
development of a reliable and computationally efficient model of steel
struts, and the application of this element model for a more accurate
prediction of the inelastic behavior of space trusses, without a
detailed treatment of the complexities in the connection nonlinear be-
havior. This investigation has been performed in two phases. Phase one
concentrated on the element modeling, while the structural analysis ac-
tivities were conducted in phase two. Chapters 2,3, and 4 report on
different stages of phase one, and Chapter 5 is devoted to the descrip-
tion of phase two.
| Chapter 2 presents the physical performance of steel struts ob-
served in tests under monotonic and cyclic loads. This chapter also
critically reviews the available element modeling methodologies for
predicting the steel strut performance. A brief discussion on the ex-
perimental behavior and analytical modeling of the common connections of
steel struts is also presented in Chapter 2.

Chapter 3 describes the development of the new strut model which is
distinguished from the previous ones by its computational efficiency,
accuracy in predicting the test results performed on a wide variety of

steel struts, and a heavy reliance on the theoretical concepts governing



the steel performance (with minimum dependence on specific test data).
The developed element model has been verified in Chapter 4, using
numerous test data reported in the literature. The results of an
analytical numerical study with the developed element model, aimed at
generating some practical recommendations for design of steel struts,
are also discussed in Chapter 4.

Chapter 5 presents an illustration of some peculiarities of the
space truss nonlinear behavior, and briefly discusses the analytical
techniques popularly used in nonlinear analysis of structural systems.
The advantages and shortcomings of these techniques in application to
space trusses are also stated. The process of incorporating the
developed element model into a structural analysis program for nonlinear
analysis of the space truss systems is illustrated in Chapter 5. This
Chapter makes a comparison between the experimental nonlinear behavior
of three typical space trusses and the predictions of the develoéed
analytical techniques. Detailed discussions on the inelastic force
redistributions and failure mechanisms of these truss systems, as
predicted by the analytical models, are also presented, and comments are
made on the advantages of a reliable nonlinear structural analysis
program in optimizing the structural design and in securing a ductile

mode of failure.



CHAPTER 2

A LITERATURE REVIEW ON THE INELASTIC CYCLIC

BEHAVIOR OF STEEL STRUTS AND THEIR CONNECTIONS

2.1 INTRODUCTION

Steel struts are commonly used in braced frames (Figure 2.la) and
truss structural systems (Figure 2.1b). Their inelastic-buckling be-
havior tends to dominate the nonlinear response characteristics of such
structures under static and dynamic loads. The steel strut performance
is influenced not only by the material and geometric properties of the
element itself, but also by the performance of their end connections.
The end connections can modify the steel strut behavior by providing
rotational restraint, generating end eccentricities, causing slippage
(in the case of bolted connections), and weakening the element in the
vicinity of the connections.

This chapter presents a review of the literature on the experimen-
tal behavior of steel struts and the modeling techniques adopted for
predicting their hysteretic behavior. The chapter also deals briefly
with the experimental behavior and analytical modeling of the strut con-

nections.

2.2 PHYSICAL BEHAVIOR OF STEEL STRUTS UNDER GENERALIZED LOADS
The inelastic-buckling behavior of steel struts under cyclic loads,

Figure 2.2a, involves several complex physical phenomena including:
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Figure 2.1 Steel Struts and Their Connections in Braced Frames

and Space Trusses



buckling under compression and yielding in tension (Figure 2.2b), non-
linear behavior prior to buckling in compression (Figure 2.2c), post-
buckling loss of the compressive resistance (Figure 2.2d), deterioration
of the buckling load in the subsequent inelastic cycles (Figure 2.2e),
progressive degradation of tangent moduli during cycles in compression
(Figure 2.2f) and in tension (Figure 2.2g), and plastic growth in the
brace length (Figure 2.2h).

The accuracy of the computed inelastic response of steel trusses

and braced frames depends in large part on the accuracy of the strut
1 2 4

models. An ideal strut model is a theoretically-based (and thus
generally applicable) one, capable of properly describing the axial
force-deformation characteristics of the strut ( accounting for the
physical phenomena shown in Figure 2.2). Moreover, the model should be
computationally efficient for analysis of large structural systems.

A considerable amount of information is now available on the
initial buckling load of steel columns.5’6’1 The understandiné of the
inelastic behavior of struts under generalized loading conditions is,
however, just emerging. A number of proposals have been made for mathe-
matical modeling of the strut inelastic-buckling behavior under cyclic

1 2 3 4 8 9
loads,’y;;y

but the state of the art in this area has not yet
developed to the point where all of the influential factors can be ac-
counted for analytically. The key problems in this area seem to be
associated with :
a) Development of a computationally efficient and generally applicable
model for predicting the strut hysteretic behav:Lor;l’2
b) Effect of local plate buckling on the overall hysteretic behavior
1 3 4 6 10
of struts; ' ’ '’

c) Degradation of the steel strut capacity and tangent modulus under

repeated inelastic load reversals (resulting from the Bauschinger
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3
effect and gradual plastification of the highly stressed regions) ;

and
d) Nonlinearities prior to buckling of the virgin element loaded in
compression (due to initial imperfection and residual stresses),

2 5 13
and the consequent reduction of the initial buckling load; ’ '’

2.3 EXPERIMENTAL RESULTS ON STEEL STRUTS
Experimental studies have helped to identify the following impor-

tant aspects of the strut behavior under cyclic loads

2.3.1 Formation of Plastic Hinges : Inelastic deformations concentrate
in the critical regions of steel struts (plastic hinges),2’3’“’15'“s
and repeated inelastic load reversals tend to pronounce this
comcent:rat:i.on.3 Figure 2.3a shows a typical plastic hinge axial force-
moment relationship obtained in cyclic tests on steel st:r\.lt:s.1 The
theoretical first-yield and fully-plastic interaction diagrams are also
presented. The actual plastic hinge behavior shown in this figure tends
to deviate from the commonly assumed elastic-fully plastic type of
response. The gradual plastification of the hinge seems to be a major
factor influencing the behavior. This is confibrmed in Figure 2.3b,
while compares an empirical axial force-plastic hinge rotation relation-
ship with a theoretical curve that has been based on an assumed rigid-
fully plastic behavior of the hinge.

It should be emphasized that plastic hinges deform both rotation-
ally and axially. The plastic hinge axial deformations have been found
to significantly influence the hysteretic performance of steel struts

2
especially those with low and intermediate slenderness ratios.
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2.3.2 Effects of Slenderness Ratio : The strut effective slenderness
ratio has a dominant effect on its inelastic-buckling behavior.z’s
Struts with lower slenderness ratios exhibit a more stable hysteretic
performance. This is typically shown in Figure 2.4 which compares the
experimental hysteretic envelopes of two struts with similar cross sec-
tions but with different slenderness ratios ( hysteretic envelopes

3
enclose all the hysteretic loops).

2.3.3 Effects of Local Buckling : Local plate buckling is generally
recognized as a major factor causing the differences in the inelastic-
buckling performance of struts with similar slenderness ratios but with
different cross-sectional sizes and shapes.s’loA T-section with unstif-
fened plate elements having relatively large width-to-thickness ratios
is shown in Figure 2.5 to have inferior buckling load, post-buckling
behavior and energy dissipation capacity, when compared with a pipe made
from a relatively thick plate.10 Test results have also indicated that
the local buckling distortions tend to grow with increasing compressive
strains, and they generally disappear at tension yielding.lo Even
"compact" sections are observed to suffer local plate buckling at large
inelastic compressive strains.10 The adverse effects of locél plate

buckling tend to grow under repeated inelastic load reversals (which

cause deterioration at the plate buckling locations).

2.3.4 Effects of Initial Imperfection and Residual Stresses : These
factors mainly reduce the initial compressive stiffness and strength of
the virgin elements. Typical effects of the variations in initial im-
perfection and residual stresses of struts on their response to
monotonic compressive loads are shown in Figures 2.6a and 2.6b, respec-

tively.
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2.3.5 Effective Length Concept : Figure 2.7 compares, at different
stages of a cyélic loading history, the buckled shapes of a steel strut
fixed at one end and hinged at the ot:hel:.3 Although the curvature tends
to concentrate more in the plastic hinge region in later cycles, the
inflection points coincide with the elastic predictions. The buckled
shape is also found in Ref. 3 to be independent of the strut slenderness
ratio. Based on these observations, it seems reasonable to adhere to
the effective length concept, according to which the portion of strut
between the inflection points acts as a hinged-hinged element, even un-

der inelastic load cycles.

2.4 ANALYTICAL MODELING OF STEEL STRUTS UNDER GENERALIZED LOADS

Examples of the earlier steel strut hysteretic models used for non-
linear dynamic analysis of space trusses and braced structures are :
"tension-only" without compression resistance, Figure 2.8a, and "yield-
elastic buckling", Figure 2.8l:>.2 These models can not realistically
represent the actual hysteretic performance of struts shown in Figure
2.2a.

More recently, three different modeling techniques have been used
to predict the inelastic-buckling behavior of struts : finite elemeht,

phenomenological, and physical theory.

2.4.1 Finite Element Models : In this alpproach,l’2 the strut is divided
longitudinally into a series of segments, Figure 2.9, which are further
subdivided into a number of layers, and a large displacement analysis is
performed for the complete system. The finite element technique is
generally applicable to many types of problems. In this approach, only
the member geometry and material properties need to be defined. The

finite element technique in application to steel struts is, however,
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computationally expensive, and given the large number of degrees of
freedom in each member and the large storage requirements for the ele-
ment property variables, the method is generally considered to be
impractical for nonlinear analysis of large structures.l’z’s Another
disadvantage of the finite element modeling technique in application to
some structural systems like lattice transmission towers with bolted
connections is the inconsistency in the accuracies achievable at dif-
ferent modeling and analysis steps. Simulation of the behavior of a
bolted connection and selection of the element material and geometric
characteristics, residual stresses and initial imperfections for input
to the finite element model are currently done at degrees of accuracy
which are far below that of the finite element modeling technique.
Hence, it is questionable if the accuracy of the final analytical
results is any where close to the accuracy generally expected from the
time- and storage-intensive finite element technique. The finite ele-
ment models can, however, be useful tools in analytical studies on small
subcomponents of structures and their elements. They can substitute
experimental techniques commonly used to verify the simpler and more

practical element models.

2.4.2 Phenomenological Models : The phenomenological models are cur-
rently the most common strut models used for nonlinear analysis of steel
trusses and braced str:uctures.l Phenomenological models are based on
simplified rules that only mimic the experimental axial force-
displacement relationships, Figure 2.10. These models have only one
local degree of freedom, axial deformation, and they are computationally
efficient. Their users, however, should usually specify numerous em-

pirical input parameters for each strut. Such parameters can be



16

AXIAL LOAD AXIAL LOAD AXIAL LOAD

YIELD‘/— YIELD / YIELD P 7

o ., [
. /

/ / / /

AXIAL DISPL.

AXIAL DISPL. i /| AXIAL DISPL
BUCKLING

BUCKLING BUCKLING
19 . 20 M . 4
a) Nilforoushan, b) Singh c) Maison
AXIAL LOAD AXIAL LOAD
YIELD

1 ,——7, YIELD
’ "
’

.
’ J
’ ‘
’ ’
’ ‘
.

AXIAL DISPL. o AXIAL DISPL.

BUCKLING BUCKLING

0 1

2
4 Jainl e) Ikeda

Figure 2.10 Examples of Phenomenological Models

PLASTIC HINGE

-
-
-
- -—
- -~
- ~
-

p —0O"" \ELASTlc

~
-
-~

Figure 2.11 Typical Element Geometry in Physical Theory Models



17

selected properly only if test results on struts similar to the ones

under consideration become available.

2.4.3 Physical Theory Models : These models incorporate simplified
theoretical formulations based on some assumptions on the physical be-
havior of struts. The main assumption of these models is that inelastic
deformations are concentrated in dimensionless plastic hinges at criti-
cal locations of struts, Figure 2.11. Input parameters for physical
theory strut models are simply the member geometric and material
properties. They also have a small number of degrees of freedom. Their
computational efficiency, however, has been damaged by the fact that the
available formulations of physical theory strut models are based on the
force method of analysis.l’2 This deficiency has been overcome ,in this
study by successfully applying a formulation based on the displacement
method of analysis to these models. With this improvement, the physical
theory modeling technique seems to combine the realism of the finite
element approach with the computational simplicity of the phenomenologi-

cal modeling technique, and to provide a promising method for simulating

the inelastic-buckling behavior of steel struts in large structures.

2.5 STATE-OF-THE-ART IN PHYSICAL THEORY MODELING OF STRUTS
Several physical theory models have been developed for simulating
1 8 9 10 16 18 22 23 24
the inelastic-buckling behavior of steel struts. * ' ' ' ' ' '
These models usually have a plastic hinge at midspan which connects two
elastic segments of the element, Figure 2.11.
The axial component of the plastic hinge deformation was neglected

in the early physical theory strut models in favor of the rotational

component; however, both components have been included in the later
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s. Most of the available physical theory models have been based on

ollowing set of assumptions

1) Material properties are elastic-perfectly plastic;

2)

3)

4)
5)
6)
7)

8)

The plastic state of the hinge is described by an interaction curve
relating the fully plastic values of moment and axial force;
Partial plastification within the hinge and along the element
length are disregarded;

The element bends uniaxially;

There is no possibility of local or torsional-flexural buckling;
Plane sections remain plane after bending;

Shear deformations are negligible; and

The effective length concept is valid even under inelastic load
cycles.

In the following, first a simple (basic) physical theory model is

introduced, and then two recent models that represent the state-of the-

art 1

n this area are critically reviewed.

2.5.1 Gugerli Model : The axial displacement § of the physical theory

eleme

where :

nt model proposed in Reference 38 consists of five components,

o
]
o
o
+
o
+
o
o
+
o
°
+
o

(2.1)

o
]

elastic axial displacement;

§ = geometric shortening;

o
]

plastic hinge displacement;

o
1

accumulated plastic hinge displacement; and

o
]

tensile yield displacement.

The elastic axial displacement 6e is expressed as



19

PL
5 = TEa (2.2)

where A is the cross-sectional area.

The expression for Sg is
) h, (k) 92 L (2.3
g ! P )

where :

sink
N +

2
l6cos '%-
sinhk +1
_k—2 * if P>0
lécosh -

2
k2 _ 1Pl L
EI

ﬁp- plastic hinge rotation; and

1
if P<O

h, (k) =

L = member length.
The axial displacement, SP, associated with the plastic hinge
deformations takes the form :
*
P ds_(P ) *
5 -I —2——— gp (2.4)

*
Po dp

where PO is the axial force value at which the plastic hinge initially
becomes plastic.

Equation 2.4 takes into account the effects of the plastic hinge

axial and rotational deformations on the strut length. A plastic rule

based on Druker’s postulate39 was also used by Gugerli to arrive at an

expression for the incremental axial plastic hinge deformation dé
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d6_ = - y_ df 5
p- 7% (2.3

where Yn denotes the location of instantaneous neutral axis, Figure 2.12
The plastic hinge rotation op can be determined by solving the com-
patibility and equilibrium equations of the elastic segments of the

element model, with due consideration to the boundary conditions

EI
M=g(k) = § 2.6
gk) /7 & (2.6)
where : M = plastic hinge moment;
-k tan - if P<O
2 2
> tanh - if P>0

Five different zones shown in Figure 2.13 are used in formulating
cyclic inelastic-buckling behavior of steel struts based on the above
equations. The Gugerli model distinguishes between the elastic and
plastic states of the plastic hinge behavior, and it accounts for the
yielding of the strut when it straightens under tension. A typical com-
parison of the Gugerli model with test results is presented in Figure
2.14. A major limitation of the Gugerli model is its failure to simu-

late the drastic deterioration in the buckling load with cycles.
2.5.2 1Ikeda Model : In this physical theory element model presented in

Reference 1, the axial displacement of the strut is assumed to consist

of seven components

§ =685 +6_ +6_ + 6§ + 6 + 65 + 6 (2.7)
e g P m
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where : 6§ _, 6§ _, SP, Spo and § tywere defined in the previous section
(see Equation 2.1)
Sm = corrective displacement to remove errors resulting from

sudden change of tangent modulus upon load reversal; and

smo = residual corrective displacement.

The elastic axial and geometric displacements, ée and § g are
derived in Reference 1 using the equilibrium and compatibility equa-
tions, with due consideration to the boundary conditions. The plastic
hinge contributions to the element axial displacement, Sp and 6po’ are
derived in terms of axial load using the fully-plastic interaction
diagram concept together with the outward normal plastic flow rule. The
physical theory strut model developed in Reference 1 also incorporates a
number of empirical refinements illustrated below :

a) Corrective factors are applied to the theoretical fully-plastic
interaction diagram, Figure 2.15a;

b) The material tangent modulus, used in calculating Se and Sg’ is
expressed as a function of axial load, Figure 2.15b; and

c) An axial force-plastic hinge rotation relationship is used to ac-
count for the gradual plastification of the hinge, Figure 2.15c.

Figure 2.16 presents a typical comparison between an experimental
cyclic axial load-displacement relationship and the theoretical predic-
tion of the model of Reference 1. This comparison is made for a 21/2 in
X 0.049 in. pipe having a yield strength of 27.4 ksi and an effective
length of 50 in. The model is observed to overestimate the initial and
consequent buckling loads, and the maximum tensile loads and tangent

stiffnesses of the strut in later cycles.
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The discrepancies between the experimental results and theoretical
predictions observed in Figure 2.16 are possibly caused by the following
shortcomings of the model developed in Reference 1 :

a) Effects of the residual stresses and initial imperfection on the
behavior of the virgin element in compression are neglected;

b) The incorporated modifications in the fully-plastic interaction
diagram and axial force-plastic hinge rotation relationship are
purely empirical and based on limited test data. Their general
applicability is thus questionable;

c) Modification of the tangent modulus in this model is based on the
assumption that the element is under a uniform stress condition
along its length, disregarding the concentration of high axial-
flexural stresses near the plastic hinge; and

d) The possibility of local plate buckling is disregarded in the
model.

There are a relatively large number of empirical parameters that
should be input to this model. Moreover, the formulation of Reference 1
expresses the strut axial displacement in terms of axial force and thus
it is computationally inefficient for incorporation into the conven-
tional computer programs for nonlinear analysis of large structures,

that generally follow the displacement method of analysis.

2.5.3 Zayas Model : In order to overcome the computational inefficiency
of the physical theory strut models, Reference 2 has introduced, but not
fully developed or verified, a theoretical basis for development of an
efficient formulation for these models, which is capable of illustrating
axial force in terms of axial displacement. In this formulation, one
half of the strut, that is assumed to be symmetric, is treated as a two-

degree-of-freedom system (Figure 2.17), and the incremental forces , dP
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and dM, are related to the incremental displacements, d§ and df, through

a tangent stiffness matrix, kt :

] -, [4]

The total incremental strut end deformations are assumed to be the

sum of the elastic and plastic parts.
ds ds das
6] - [2ae] + Lo @9
e P

where the subscripts e and p represent the elastic and plastic contribu-
tions, respectively.

Zayas developed the following incremental equation, where the in-
cremental 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.
dp ds
[dM] = B [doz] (2.10)

The plastic portion of end displacements are related to the plastic

hinge deformations by means of a geometric transformation matrix.
ds cosf Lsindg dL
[dap] - [ 0 1 ] [dap] (2.10)
P P

where Lp is the axial plastic hinge deformation.
39
The outward normal flow rule can be applied to the plastic hinge

deformations.
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5]

e,
[Q’P] A (2.12)

where : A = plastic deformation scalar;
®d = formula for the interaction curve;
Q’P = derivative of & with respect to P; and
O,M = derivative of & with respect to M.

Combining Equations 2.11 and 2.12, the flow rule for the strut end

deformations can be written as follows

[ggp] -2 J (2.13)
P

'P

where : J = [coso ® >

+ Lsind &, ]
M

Employing the condition that the interaction function ® remains

constant, one can arrive at the following equations

dP dé
[dM] - B [da] - JA (2.14)

dé
A =G [dg] (2.15)

where :

Finally, Equations 2.14 and 2.15 can be combined and solved for the

tangent stiffness matrix Kt’

Kt = (B - B.J.G) (2.16)
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Static condensation is then used to reduce the element into a

single-degree-of-freedom system :

dP - K, . d§ (2.17)
P.Fl' Kt
RKenrt %2 (k. - e.F,
where : K, = £22
: ) K . A
1 - ¢ R )
K yp- B-F;

The formulation introduced in Reference 22 employs the outward nor-
mal plastic flow rule and the fully-plastic interaction diagram concepts
to simulate the plastic hinge behavior. This formulation, however, does
not incorporate any of the refinements employed in Reference 1 (e.g.
variation of tangent modulus as a function of force level and gradual
plastification of the hinge). Some corrections and modifications were
found to be necessary, and were incorporated in this research, for im-
proving the above formulation. The approach, as introduced in Reference
2 and then modified in this study, provides an alternative implementa-

tion strategy for physical theory brace models.

2.6 PHYSICAL BEHAVIOR OF STEEL STRUT CONNECTIONS

Connections in space trusses can have detrimental effects on their
overall behavior under load. The ability of connections to transfer
moment and shear between elements, the rotational restraint they provide
at element ends, their flexural capacity or capacity under different
load combinations, slippage of bolted connections, and the weakening of
elements at connections are among the factors related to connection be-
havior that tend to modify the element and structural response

characteristics under generalized loads.
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Connections of steel trusses are generally designed for monotonic
axial forces of elements. Figure 2.18 presents the possible failure
modes of a typical bolted connection with gusset plate under this load-
ing condition. The connections of struts in space trusses might also be
subjected to large bending moments in addition to axial loads. The
bending moments are usually caused by the bowing of elements under
axial loads, Figure 2.19, and by the frame action of trusses (which
depends on the rotational rigidity of connections).

The connections capable of providing substantial rotational
restraints at element ends, which are also the ones developing bending
moments, might yield in flexure. The plastic hinges will thus form in-
side the connections at element ends (Figure 2.20), causing a reduction
in the end rotational restraint. The flexural yielding moment of con-
nections depends on the direction of bending, the level of axial load,
the history of loading, and also the details of connection design.

Another critical aspect of the bolted connection behavior is the
relative movement, slippage, of the connected elements and plates.
Slippage occurs initially when the friction between the connected plates
is overcome, Figure 2.2la, noticing that the bolts will not in general
bear against the hole periphery before some slippage takes place.
Eventually, after some slippage, the bolt will come in touch with the
hole periphery and will induce stress concentration and yielding at the
contact region, leading to the enlargement of the hole, Figure 2.21b,
and continuation of slippage at higher loads. Upon the load reversal, a
more extensive frictional slippage (with no bearing on the hole) will
take place before the contact is made in the other direction (inside the
enlarged hole). As a result of this action, the slippage will tend to

become more dominant under cyclic load applications.
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The element ends are generally weakened by the connecting action
(e.g., drilling holes or welding). Welding might induce large residual
stresses and the drilling of holes reduces the net cross sectional area.
At both the welded and bolted connections, significant stress concentra-

tion might be produced, leading to premature yielding and failure.

2.7 EXPERIMENTAL RESULTS ON STRUT CONNECTIONS

Experimental studies on steel struts have generally been performed
on struts having hinged or fixed supports. Test results on steel struts
with realistic end connections are scarce, and very few comprehensive
tests on truss connections are available in the literature.

References 40,41 and 42 have reported results of monotonic tests
performed during 1950’'s on truss connections with gusset plates. The
results indicate that a complex state of stress is induced in the gusset
plates, leading to major material and geometric nonlinearities. Test
results summarized in Reference 15 indicate that the rotational
restraint provided by the gusset plates influences the buckling strength
of steel struts under monotonic loading. The restraining effects of the
gusset plate connections strongly depend on the direction of element
buckling. If the buckling causes bending of the gusset plates in their
planes, the plates are capable of providing large rotational restraints
(close to fixity), and their large in-plane flexural capacity .forces the
plastic hinges to form inside the element adjacent to the connections,
Figure 2.22a. If the element buckling causes bending of the gusset
plates out of their plane, the rotational restraint at the element ends
are relatively small, and plastic hinges tend to occur inside the gusset
plates, Figure 2.22b. Increasing the thickness (e.g., the rotational
stiffness) of gusset plates is found to be especially effective in in-

creasing the element buckling load. The buckling load is not influenced
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much by the increase in the gusset plate yield strength, (e.g., moment
capacity).

The behavior of steel struts might be adversely influenced by a
brittle failure associated with the rotation of the gusset plate connec-
tions (as is true for their brittle axial failure modes). The test
results presented in Reference 43 have indicated that gusset plates tend
to fracture in a brittle manner at relatively small out-of-plane rota-
tions, if sufficient free length is not provided in the plate for the
formation of a plastic hinge.

As mentioned earlier, the slippage of bolted connection (Figure
2.21) is an important factor influencing the connection and element be-
havior under load. Slippage causes a sudden jump in the strut axial
deformations at a constant axial load . As can be seen in Figure 2.23,
slippage may occur at relatively low axial loads, and can be followed by
an almost elastic behavior of the strut. At higher loads, however, the
local stress concentration at the bolt contact regions leads to yield-
ing, hole enlargement and major nonlinearities. The increased slippage
under load reversal is an indication of the enlargement of the bolt
holes during the earlier load applications. This phenomenon would be
pronounced as the load cycles are repeated. The considerable "pinching"
of the hysteretic loops resulting from the slippage of bolted connec-
tions damages the strut behavior by reducing its hysteretic energy

absorption capacity and axial stiffness.

2.8 CONNECTION MODELING AND DESIGN
Limited analytical studies have been conducted on the steel strut
1
connections. Some investigators have simply substituted the strut end

connections with linear and/or rotational springs, Figure 2.24.
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However, no refined approaches have been reported for deriving the con-
stitutive models (e.g., characteristic force and deformation values and
hysteretic rules) of these idealized springs as functions of the physi-
cal properties of typical strut connections. Some simple simulations,
like those which treat the connection gusset plate as a cantilever
beam‘,'3 do not seem to realistically reproduce the actual behavior
(especially with bolted connections) described above.

Inadequate analytical simulation studies have also led to the adop-
tion of simplistic design approaches for the steel strut connections.
The current practice in design of steel strut connections is to propor-
tion the connection to resist a constant tension force acting through
the centroid of the member, Figure 2.25. The results of existing
tests:s however, indicate that the pure axial loading condition seldom
exist in reality. The post-buckling behavior of steel struts induces
large bending moments in addition to axial forces in connections.
Hence, the design of strut end connections for the combined effects of
bending moment and axial force, Figure 2.26, seems to be more ap-
propriate. The plasticity condition of the connection under axial-
flexural forces may be assumed to define the maximum force limits in

designing the connections.

In spite of the complex stress distribution existing in the steel
40 41 42 44 45

’

strut connections, the beam theory (Figure 2.27) has been
found to satisfactorily predict the maximum of stresses in gusset plates
under monotonic loading. 1In addition, Reference 42 proposes that only
an effective width of the gusset plate in bolted connections is fully
functional in resisting the applied forces. The maximum stresses should

be, according to Reference 42, based on this effective width which can

be obtained (see Figure 2.28) by drawing 30 degree lines from the outer
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fastener in the first row to intersect with a line perpendicular to the
line of force action passing through the bottom row of the fasteners.
Recent studiesv, have indicated that some connection details might have
detrimental effects on the ductility of failure. Reference 43, for
example, suggests that a free length of the gusset plate equal to two
times its thickness should be provided beyond the element ends. This
free length enables the end plastic hinges, forming in the gusset plates
bending out of their plane, to go through large rotations without

restraints that cause brittle fracture of the plates in bending.

2.9 SUMMARY AND CONCLUSIONS

The inelastic-buckling behavior of steel struts and their connec-
tions plays a detrimental role in the response of steel trusses and
braced frames to static and dynamic loads. This chapter has summarized
the results of experimental studies on the inelastic, monotonic aﬁd
cyclic, behavior of steel struts and their connections, and has criti-
cally reviewed the suggested analytical techniques for predicting the
response characteristics of the strut elements and connections under
generalized loading conditions.

The experimental results on steel struts have indicated that the
element behavior under cyclic loads is strongly influenced by :
a) concentration of inelastic deformations in the critical regions
(plastic hinges); b) slenderness ratio of the struts; c) local plate
buckling; and d) initial imperfections and residual stresses. Inelastic
cyclic test data have also indicated that the effective length concept,
commonly applied to struts under monotonic loads, is also applicable
under cyclic loads.

Connections of the steel struts can significantly modify the strut

behavior under generalized loads. They influence the element behavior

1n
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through : a) their ability to transfer moment and shear between adjacent
elements; b) rotational restraint of the element ends; c) weakening the
element by the fastening action (drilling holes and welding); d) yield-
ing and failure of the connections under axial-flexural forces; and e)
slippage at the bolted connections.

The more recently developed analytical models for predicting the
steel strut load-deformation behavior under generalized loads can be
categorized as the finite element, phenomenological, and physical theory
models. Among these, the physical theory simulation techniques seem to
combine the realism and generality of the finite element approach with
the computational simplicity of the phenomenological modeling technique,
and to provide a promising method for simulating the inelastic-buckling
behavior of steel struts in large structures. The physical theory
models incorporate simplified theoretical formulations based on some
assumptions on the physical behavior of struts. From a comprehensive
review of the available physical theory models of steel struts, it may
be concluded that improvements are needed in : a) their computational
efficiency in analysis of large structures; b) consideration of the
gradual plastification of the element; c) accounting for the initial
imperfections and residual stresses which cause nonlinearities prior to
buckling of the virgin element loaded in compression; and d) ec-
centricities of the axial load at element ends. There are also other
aspects of the available physical theory strut models which require im-
provements, but have been outside the scope of this investigation.
These include : a) simulation of local plate buckling, b) the end rota-
tional restraint provided at connections, and c¢) the possibility of
torsional-flexural buckling.

Limited analytical studies have been reported on steel strut con-

nections, especially under cyclic loads. The suggested simplistic
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simulations of the connection physical performance do not seem to
provide realistic means of reproducing the actual behavior, especially
in the case of bolted connections. The current practice in design of
steel strut connections, based on simple connection models and loading
conditions, also fails to account for the combined effects of the trans-
ferred axial-flexural forces and the complex stress distribution

existing inside connections.



CHAPTER 3

THE DEVELOPED ELEMENT MODEL

3.1 INTRODUCIION

The physical theory models of steel struts incorporate simplified
theoretical formulations based on some assumptions on the physical be-
havior of struts?"’s'° The main assumption of these models is that the
inelastic deformations at axial loads below the yield limit are con-
centrated in dimensionless plastic hinges at critical locations of

struts (Figure 3.1). The theoretical basis of the physical theory strut

models improves their reliability and general applicability.

PLASTIC HINGE

Figure 3.1 Pinned-End Physical Theory Model

The input parameters to physical theory strut models are simply the
basic geometric and material properties of the element. These models
also involve a small number of degrees of freedom. They are thus con-
venient to define, and structural analysis employing these models would
require relative small amounts of computer time and memory.

The formulations presented in the literature for physical theory

strut models, however, are computationally inefficient in the sense that

41
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they use the axial force of the element as the input variable defining
the external effects and the output is the axial displacement of the
element. Hence, in application of these models to nonlinear analysis of
structures using the conventional displacement method of analysis, a
time-consuming iterative solution is necessary to obtain the axial force
when the axial displacement is determined for each element. Other
shortcomings of many of the available physical theory strut models
result from their assumption of a rigid-perfectly plastic behavior in
the plastic hinge and a fully elastic behavior in the element outside
the plastic hinge. In the actual behavior, the plastic hinge plastifies
partially prior to full yielding, and the partial plastification might
also penetrate into the elastic segments outside the plastic region.

The above shortcomings of the available physical theory strut
models have been overcome in this study through: a) development of a
computationally efficient formulation which defines the strut axial
force in terms of axial displacement; and b) refining the conventional
physical theory strut model in order to practically simulate the partial
plastification and degradation in the plastic hinge region and along the
element length.

This chapter describes the proposed efficient formulation of the
physical theory strut models and the refinements incorporated for
simulating the partial plastification of the element. The accuracy of
the developed model in predicting the experimental monotonic and cyclic
performance of a variety of steel struts will be demonstrated in the

next chapter.

3.2 THE DEVELOPED FORMULATION
The major assumptions on the basis of which the new formulation for

physical theory strut model has been developed are :



43

1) The effective length concept is assumed to be valid even under in-
elastic cyclic loads. Test results2's support the validity of this
concept (which implies that a strut with any support conditions can
be simulated as a simply supported element spanning between the
strut inflection points).

2) In the basic formulation, the inelastic axial-flexural deformations
(except for axial yield in tension) are assumed to be concentrated
in a dimensionless plastic hinge at the center of the effective
length. It is also assumed that the plastic hinge behaves in a
rigid-fully plastic manner. Later refinements of the basic for-
mulation, however, will account approximately for the partial
plastification outside the plastic hinge and along the element
length, and the gradual plastification prior to full yielding of
the plastic hinge.

3) Shear deformations are neglected.

4) Plane sections are assumed to remain plane after bending.

5) The element is assumed to bend and buckle uniaxially.

Based on the above assumptions, an incremental solution procedure
is employed where the incremental forces are related to the incremental
deformations by means of a tangent stiffness matrix. For the purpose of
developing this stiffness matrix, the strut geometry (Figure 3.1) may be
simplified as shown in Figure 3.2 using the symmetry about the mid-span
of the effective length. This figure also shows the element forces and
deformations. In the development of the basic formulation, a key con-
sideration for improving the computational efficiency is to express the
element forces in terms of its displacements.

When the plastic hinge is activated (i.e. when the axial-flexural

forces at the plastic hinge location reach the fully-plastic interaction
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Figure 3.2 Geometry and Deformations of Half-Strut

diagram), the total incremental end deformations of the strut, dé and dé

are the sums of the elastic, dSe and dﬂe, and plastic, d8p and dop

dv = dv_ * dv (3.1)
P e
. - [1481]. - 148 1. - [146_1
where : dv [|d0| : due |d9:| ; and dyp ldogl
Note: n t mulatio whereve +) 1 ed + orre nds to
tensile axia c and the (-) t mpre ve axial ce.

The midspan lateral deflection, dA, is also assumed to be the sum

total of the elastic and plastic parts.
|dal = |daj| £ |da,| (3.2)

The elastic midspan lateral deflection can be expressed in terms of

the elastic end deformations:
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The plastic midspan lateral deflection may be kinematicaly related

to the plastic hinge deformations, dzp and d?p:

as, = % [-§§91 -% coso] d;p (3.4)

where : dv_ = ldip'
P 1461

The plastic end deformations are related to the plastic hinge

deformations by means of a transformation matrix:
ds cos§ -L sind d?p
a |~ | o 1 a5 (3.3)
P P

Combining Equations 3.4 and 3.5 one can express the plastic lateral

deflection of midspan in terms of the plastic end deformations:

-1
- _sinf L cosé -L sinéd |d8_|
dap = 2 115 2°°s”[ 0 1 ] [ldogl]
- _tanf . L 1dé_|
-5 2 cosd [|dag|]
-+ .
+D dvp (3.6)

The incremental axial force and plastic hinge moment, 4P and dM,
can be related to the elastic end deformations of the strut and the

plastic lateral midspan deflection by means of the elastic force-
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deformation matrix, B:

dS = B dve + R da

3.
dp i 0 o
where : dS = [dM]; and R = [P]
Combining Equations 3.6 and 3.7, one gets:
dS =+ B dv +Q dup (3.8)

where : Q= [sz ng]

The outward normal flow rule can be applied to the plastic hinge

deformations;
dup -0, (3.9)
. ¢, 5] .
where : °’s [Q'P] ;
® = fully plastic interaction function;

Q’P = partial derivative of ¢ with respect to P;

"M partial derivative of ¢ with respect to M; and

©
1

>
]

plastic deformation scalar.

The fully plastic interaction function, ®, is being derived with
due consideration to static equilibrium between the possible forces at
the plastic hinge location (P and M) and the resultants of the internal
stresses across the plastic hinge (assuming all the fibers in the plas-
tic hinge reached their yield stress in tension or in compression).

Combining Equations 3.5 and 3.9, the flow rule for the strut end
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deformations can be obtained :

dv_ = ¢ J (3.10)
P :

where : J = [va cosf - @, L sina]
O,M

The condition that the interaction function remains constant yields

that the incremental forces are tangent to the interaction surface:

¢ =0
a4 =0

@,0 + dS =0 (3.11)
combining Equations 3.1 and 3.8, one gets:

dSs = Bdv + (£ Q -B) dvp (3.12)

Equations 3.10, 3.11, and 3.12 can now be solved for the plastic

scalar, X :

A =G ¢ dv (3.13)

where : G - -[¢?s (+Q-B) J]"(o?s B

Equations 3.10, 3.12, and 3.13 can be solved for the tangent stiff-

ness matrix, Kt :

ds = Kt dv (3.14)

where : Kt - [B + (¥Q-B) J G]
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Equation 3.14 can be used to solve for the incremental forces when
the incremental end displacements are defined. The incremental midspan

lateral deflection can also be expressed in terms of the incremental end

displacements using Equations 3.2, 3.3, and 3.6 :

dA = * F dv (3.15)

where: F = [C + (D-C) J G]

The tangent stiffness matrix, kc' as well as the matrix relating
the midspan lateral deflection to end deformations, F, were derived in
the above formulation assuming that the plastic hinge has reached yield
conditions, and is loaded inelastically. en t oad ,

dvp and )\ are zero and thus matrices kt and F can be simplified as fol-

lows

kt - B (3.16)

F=20C (3.17)

The tangent stiffness matrix, kt’ is a 2x2 matrix. For use in com-
puter structural analysis it is more convenient to represent the brace
in terms of the single degree of freedom, d§. The tangent stiffness,
kt’ can be reduced to a scalar by imposing the conditions of equi-

librium:

M=P.A (3.18)

or

dM = dP « A+ P « d A (3.19)
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Combining Equations 3.14, 3.15, and 3.19, the single degree of

freedom stiffness equations can be obtained :

dP = K, + d§ (3.20)
df = Z « dé (3.21)
P.F, - K
Kerr * Ra2 (k- poF, )
where : k., = ; and
§ K 28
L- (g tl- P.F, )
t22 ch2
7 - A I ™ |
K.,p - P.F, 76 K.,y - P.F;

After each incremental step the element geometry is internally up-
dated and the matrices k& and F are computed according to the above
formulations for use in the next step. In each step, the incremental
value of axial displacement (d§) is the input. The proposed element
model is computationally efficient in application.to complete struc-
tures, because in step by step nonlinear structural analysis, following
the conventional displacement method, the input to the element model is
the incremental displacement. This is compatible with the proposed ele-

ment formulation, and thus iterative solutions at the element level can

be avoided.

3.3 REFINEMENTS OF THE BASIC FORMULATION
The basic formulation for physical theory modeling of steel struts
presented above needs to be modified in order to account for: a) the

effects of the partial plastification in the plastic hinge region and
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along the element length; b) full tensile yielding; and c¢) the pos-
sibility of buckling of straight element (the element might be straight
prior to loading or be straightened by tensile yielding during the
loading). A general discussion on these refinements and the procedures
followed for incorporating them into the basic formulation are described
below.

The experimental data on the cyclic behavior of the plastic hinge
in steel struts indicate a partial plastification of the hinge before
its full yielding. Figure 3.3a presents a typical experimental
relationship between the axial load and bending moment at the plastic
hinge region of a cyclically loaded steel struts. Figure 3.3b shows the
same relationship produced analytically, assuming an elastic-perfectly
plastic hinge behavior. The experimental plastic hinge behavior tends
to deviate from an elastic performance before the fully plastic condi-
tion is reached. The gradual plastification process is indicative of
some partial yielding across the critical sections under the axial-
flexural loading. Another indication of the partial plastification in
plastic hinges is shown in Figure 3.4. This figure compares an ex-
perimental axial load-plastic hinge rotation ;elationship with the
corresponding analytical relationship developed assuming an elast';ic-
perfectly plastic behavior. The analytical curve can not predict the
gradual transition from an elastic to a perfectly plastic behavior.

In order to simulate the partial plastification of hinges in physi-
cal theory modeling of steel struts, it is proposed that the overall
performance of the struts beyond a "first-yield" level of the axial-
flexural load combinations can be presented as a weighted average of the
elastic and fully plastic types of performance, with the fully plastic
one becoming dominant as the fully plastic interaction diagram is ap-

proached.
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Figure 3.3 Effects of Partial Plastification on Axial Force-
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Figure 3.5 Proposed Idealization of Partial Plastification
at the Plastic Hinge

A so called "first-yield interaction diagram" was defined as the
limit for a pure elastic performance (Figure 3.5). Partial plastifica-
tion is assumed to be initiated when the load combination at the plastic
hinge location exceeds this "first-yield" interaction diagram. In the
partial plastification region, the incremental values of the plastic
hinge axial force and bending moment (dP & dM, respectively) are calcu-
lated as weighted averages of the pure elastic and perfectly plastic

ones (Figure 3.5)

dP dpP dp
5] 8]+ o (35
e p
where : dPe' dMe = The axial load and bending moment increments assum-

ing a pure elastic behavior;
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de, de = The axial load and bending moment increments assum-

ing a perfectly plastic behavior of the plastic
hinge, with the fully plastic interaction diagram
scaled down such that the current load combination
is located on it; and
¥ = The weighting factor which ranges from 1.0 on the
first-yield interaction diagram (pure elastic
behavior) to 0.0 on the fully plastic interactive
diagram (perfectly plastic behavior of the plastic
hinge).
The "first-yield" interaction diagram was assumed in this study to

be a scaled down version (by a factor of B,) of the fully plastic one.
When the strut is originally loaded, B, is a function of the residual

stresses (which decide the initiation of the partial plastification).

The value of B, is expected to decrease in the subsequent inelastic load

cycles due to the Bauschinger effect and plastic hinge degradation. 1In

order to consider this phenomena, B, was expressed as a function of the

inelastic load history :

1

pmax'

Po = 318 + b (3.23)

where : z|opmax| = The sum total of the absolute values of the plastic

hinge rotations at the load reversal points;
a, b = Empirical coefficients (a=10.0, b=0.7 derived in
Chapter 4 using 18 cyclic strut test results).
The factor v in Equation 3.22 varies from 1.0 to 0.0 as the axial-

flexural load combination moves from the elastic region to the fully
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plastic condition. The following expression is suggested to be used for

deriving v :
1-8
t ,m .
- 3.24
v ( 1 - B ] ( )
where : ﬂt = an indicative of the level of the axial-flexural

force combination (Figure 3.5);

m = empirical coefficient
- 2.0 for P<O (compression)
2
2.0 [—%—] for P>0 (tension)
P

Under tension, m is expressed as a function of M/Mp to account for

the fact that as the member straightens (and the plastic hinge bending
moment approaches zero), the member tends to yield under pure tension
along its length. 1In this condition, m approaches zero (and vy ap-
proaches 1.0), in order to simulate the gradual spread of the inelastic
deformations (axial yielding) along the element length and the less con-
centration of inelasticities at the plastic hinge region.

Another critical aspect of the steel strut hysteretic behavior
which is not included in the basic formulation presented earlier, is the
partial plastification and full-yielding along the element length. Due
to the Bauschinger effect, the steel modulus of elasticity in the sub-
sequent inelastic cycles tends to decrease under increasing levels of
axial load. In the first cycle also, due to the presence of residual
stresses, there is partial yielding along the element length at axial
loads below the yield level. Another factor contributing to partial

plastification along the element length is the spread of yielding from
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Figure 3.6 Proposed Model of Tangent Modulus of Elasticity

the plastic hinge to the neighboring regions which are generally more
critically stressed than locations further away from the plastic hinge.
In order to approximately simulate of the partial plastification
along the element length, the modulus of elasticity is expressed as a
decreasing function of axial force, varying from a maximum value equal
to the elastic modulus to a minimum value of the strain hardening
modulus as the axial force increases from zero to the yield force of the
element. The general configuration of the model for expressing the tan-
gent modulus of elasticity as a decreasing function of axial force is
shown in Figure 3.6. The value of a in this model was derived empiri-
cally as a function of the sum total of the absolute values of the

plastic hinge rotation at the load reversal points.
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a 1 (3.25)
c Z|6 | +4d ’
pmax
where : ¢, d = Empirical coefficients (c=5.0 d=0.70, derived in

Chapter 4 using 18 cyclic steel strut test results)

The proposed formulation makes the pértial plastification along the
element length a function of the plastic hinge rotations. This reflects
the fact that regions near the plas‘tic hinge are more critically
stressed and thus are more exposed to partial yielding. An important
consequence of using the proposed empirical formulation of the tangent
modulus of elasticity (as a decreasing function of the axial load) is
the simulation of axial yielding of the strut. As the axial load in
tension (or in compression) approaches the element yield strength, the
steel modulus of elasticity in the element model gradually lowered to
the level of the strain hardening modulus. Beyond the yield load, the
modulus of elasticity stays constant at the strain hardening level.
This accounts for the axial yielding of the element and the post-yield
strain hardening of steel (assuming a bilinear stress-strain
relationship).

The possibility of sudden buckling of the straight strut was also
considered in the proposed formulation of the physical theory strut
models. The element might be straight prior to loading, or it could be
straightened during loading by yielding in tension. Buckling of the
straight element is assumed to occur when the compressive axial load
reaches the buckling load given by the AISC manual""7 (without safety

factors)
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2
{ Q1 - kLD 4 p for k1/r<C_

y
P - 2 ¢, (3.26)
c
2
—E—Elg for kl/xr>C
Cc
(kl)
2 1/2
where : C_ = [—2'&]
c Q F
s Yy

P = Axial yield strength;

y
kl/r = Effective slenderness ratio;
E = Tangent modulus of elasticity; and
QS = Reduction factor, accounts for local buckling as specified

17
by the AISC manual.

Upon buckling of the straight element, the axial compressive load
is assumed to remain constant as the lateral midspan deflection and con-
sequently the end axial deformation increase to a level where the
plastic hinge interaction diagram is reached (Figure 3.7). During this
process, from the occurrence of the straight element buckling to the
formation of the plastic hinge, the relationship between the axial and

the midspan lateral displacements is expressed by the empirical

48
function
A = —3;L- e - (3.27)
where : A = Lateral midspan strut deflection;
L = Strut length;
€ = Axial strain, equals to §/L; and

€o = Axial strain when the load equals Pc'
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Figure 3.7 1Idealized Axial Load-Displacement Upon Buckling
of Straight Struts

3.4 ADVANTAGES OF THE PROPOSED MODEL
The suggested formulation for predicting the hysteretic behavior of
steel struts is distinguished from the previous strut models by the fol-

lowing advantages

1) It is practical (economical) for nonlinear analysis of complete
structural systems. It involves a limited number of degrees of
freedom and limited input information on the material and geometric
characteristics of the element, when compared with the finite element
and phenomenological models of steel struts. Relatively small com-
puter storage and user times requirements are thus required for work
with element model. The developed formulation is also computation-

ally efficient for structural analysis, in the sense that it defines
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the element incremental forces in terms of the incremental displace-
ments, and can be efficiently incorporated into the conventional
computer programs for nonlinear analysis of complete structures by

the incremental stiffness method of analysis.

2) In spite of some limited reliance on empirical refinements, the model
is dominantly based on theoretical concepts, and thus, as confirmed
in the next chapter, it is generally applicable to steel struts with

different geometric and material characteristics.

3) The proposed strut model can be used in structural analysis without

requiring a large displacement analysis.

4) The sound theoretical basis of the model makes it possible to incor-
porate further refinements into the formulations with no conceptual

problems,

5) The model approximately accounts for partial plastification within
the plastic hinge and along the element length, following semi-
empirical procedures which are based on the physics of strut behavior

under cyclic loads.

6) The effects of the end eccentricity and initial imperfection of the
element on the steel strut inelastic-buckling behavior under general-

ized excitations have been accounted for in the proposed formulation.

With the above advantages, as shown in the next chapter, the
proposed model is capable of accurately predicting the hysteretic be-

havior of steel struts with relatively small computer time and memory.
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3.5 SUMMARY AND CONCLUSIONS

The developed physical theory model of steel struts incorporates
simplified theoretical formulations based on some assumptions on the
physical behavior of steel struts. This model involves a limited number
of degrees of freedom and requires limited computer storage for specify-
ing the geometric and material characteristics of the element.

A computationally efficient formulation has been developed for
predicting the inelastic-buckling behavior of steel struts under
generalized cyclic loading conditions. This formulation expresses the
element incremental forces in terms of the incremental axial displace-
ment. It can thus be efficiently incorporated into a conventional
nonlinear structural analysis program which follows the incremental
stiffness method of analysis. The basic formulation developed in this
investigation is also capable of acco(mting for the effects of the
initial imperfection and end eccentricities. |

The basic physical theory strut models assume a rigid-perfectly
plastic behavior of the plastic hinge and a pure elastic behavior along
the element length outside the hinge. This basic model has been refined
to consider, in a practical manner, the effects of partial plastifica-
tion and degradation of the plastic hinge under cyclic loads and the
softening, partial plastification and axial yielding along the element
length outside the plastic hinge. These refinements were based on semi-
empirical procedures, with due consideration to the physics of the strut

inelastic-buckling behavior observed in tests.



CHAPTER 4

VERIFICATION OF THE ELEMENT

MODEL AND PARAMETRIC STUDIES

4.1 INTRODUCTION

The constant coefficients of the proposed physical theory brace
model are derived empirically in this chapter using the results of tests
on a variety of steel struts subjected to generalized axial excitations.
The final version of the model is then verified by comparing its predic-
tions with the experimental monotonic and cyclic axial load-deformation
relationships of steel struts having different material and geometric
properties, subjected to concentric and eccentric loads. Many of the
tested struts used in this verification have not been used in deriving
the empirical coefficients of the model.

Following the full development and verification of the proposed
modgl of steel struts, it has been used in a parametric study on the
effects of different design variables on the monotonic and cyclic axial
load-deformation relationships of steel struts. 1In this parametric
study, the effects of the material yield strength, end support rota-
tional fixity (effective length), cross sectional shape, initial
imperfection, and end eccentricity on the strut axial load-deformation
characteristics have been evaluated. The results can help designers in
optimizing their strut designs through the proper selection of design

variables.

61
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4.2 EMPIRICAL DERIVATION OF THE MODEL VARTABLES

The basic formulation of the proposed element model has been based
on some theoretical concepts and certain assumptions which comply with
the physical performance of steel struts observed in tests. The
proposed refinements (for simulating the partial plastification and
degradation at the plastic hinge and along the element length) were also
based on some physically meaningful criteria. Partial plastification,
however, is a complex phenomenon, and the proposed simple approach to
the modeling of this phenomenon involves some degree of empiricism.

Eighteen cyclic strut test results, reported in Reference 3, were
used to empirically derive the variables a & b (used for simulating the
plastic hinge partial yielding and degradation in Equation 3.23 of
Chapter 3), and ¢ & d (used for idealizing the softening and partial or
full yielding along the element length in Equation 3.25 of Chapter 3).
Table 4.1 summarizes the material and geometric properties of these
hinged-hinged steel struts which were subjected to severe cyclic loading
histories. All the struts were concentrically loaded and their material
yield strengths were measured using coupon tests.

The variables a,b,c and d were selected to give desirable com-
parisons between the analytical and experimental hysteretic
relationships for the eighteen tested steel struts shown in Table 4.1.
The comparison between the experimental and analytical results was per-
formed subjectively (based on the investigator’'s judgement), with due
consideration given to the achievement of analytical buckling load and
tangent stiffness deteriorations, hysteretic energy absorptions and
post-buckling losses of strength which compare well with the correspond-
ing experimental performances. A subjective approach was employed for

this comparison based on the overall hysteretic performance of the
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3
Table 4.1 Cyclically Loaded Steel Struts

Strut Shape Slenderness Ratio Yield Strength
No.o Kl/r ksi
1 W8 X 20 120 40.4
2 Wé6X25 40 42.4
3 wWeé6X20 80 40.2
4 We6X20 80 40.2
5 W6 X20 80 40.2
6 W6 X116 120 44.7
7 W6 X15.5 40 50.0
8 2L 6 X 3-1/2 X 3/8 80 . 40.8
9 2L 5 X 3-1/2 X 3/8 40 43.6
10 2L 4 X 3-1/2 X 3/8 120 41.6
11 2C 8 X 11.5 120 35.5
12 WT 5 X 22.5 80 39.5
13 WT 8 X 22.5 80 41.8
14 Pipe 4 Std. 80 47.5
15 Pipe 4 Std. 80 47.5
16 Pipe 4 X-Strong 80 24.0
17 TS 4 X 4 X 1/4 80 59.0
18 TS 4 X 4 X 1/2 80 82.0

Table 4.2 The Empirical Values of the Element Model Variables

Variable Value
a 10.0
b 0.7
c 5.0
d 0.8
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struts, mainly because there are many aspects of the hysteretic perfor-
mance which of interest, and emphasize on improving the comparison of
certain aspect might actually damage some other aspects of comparisons
between the experimental and analytical results.

The empirical values, derived for the model variables a,b,c and 4,
are presented in Table 4.2. It is worth mentioning that the sensitivity
of the element hysteretic model to the variations in these variables is
relatively small. This is typically shown in Figures 4.1 a,b and c,
which compare the analytical hysteretic relationships for strut No.3
(see Table 4.1) derived with the hysteretic variables of Table 4.2 times
1.0, 0.8 and 1.2, respectively. These variations of the hysteretic
variables are observed to have relatively small effects on the element

hysteresis.

4.3 COMPARISONS WITH MONOTONIC EXPERIMENTAL RESULTS

In order to verify the proposed approach to modeling the steel
strut axial load-deformation behavior, the accuracy of the model in
predicting several monotonic (and cyclic, in the next section) test data
reported in the literature for steel struts with a variety of cross-
sectional dimensions and slenderness ratios has been assessed. The
monotonic test results used in this section are all for angular cross-
sections loaded concentrically or eccentrically. Depending on the
experimental data presented for each test, the comparisons have been
made either on the maximum compressive strength or the complete axial
compression load-deformation relationship.

The first series of comparisons were made on the maximum compres-
sive strength of angular struts subjected to monotonic compressive
loading with or without end eccentricities. Table 4.3 presents some

45
details of the tested steel struts. All the struts were L 3.54in x
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Table 4.3 Material and Geometric Properties of L 3.54in X

3.54in X .27in (L 90mm X 90mm X 7mm) Tested in
45
Monotonic Compression

Slenderness Ratio Yield Strength End Eccentricities

Kl/r ksi ez, in e in

20,40,60,70,80,90,
100,110,130,150 44.1 0.0 0.0

20,40,60,70,80,90,
100,110,130,150 46.9 0.697 0.0

20,40,60,70,80,90,
100,110,130,150 45.5 0.0 0.685

20,40,60,70,80,90,
100,130,150 45.5 0.697 0.685

3.54in x .27in (L 90mm x 90mm x 7mm), and they were hinged-hinged. Ten
tests were performed on elements of different lengths with each of the
following loading conditions: concentric, eccentric around the minor
axis, eccentric around the major axis, and biaxially eccentric.

Figures 4.2a,b,c and d present the experimental and analytical max-
imum compressive loads as functions of the minor axis slendness ratio
for the angular struts loaded concentrically, eccentrically (about the
minor ;xis), eccentrically (about the major axis), and with biaxial ec-
centricity, respectively. The comparisons between the experimental and
analytical compressive strengths of steel struts subjected to different
loading conditions are observed to be satisfactory. In order to analyze
the struts loaded with biaxial eccentricity or uniaxial eccentricity
around the major axis, which are commonly encountered in bolted space
trusses like lattice transmission towers, some modifications were made

in the proposed formulation which was originally derived for steel
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struts with uniaxial eccentricity around the minor axis. These
modifications were based on the physical behavior of steel struts ob-
served Iin tests. It was assumed that prior to the formation of the
plastic hinge, the axial deformations of the strut consist of three com-
ponents related to axial shortening, bowing around the minor axis, and
bowing around the major axis. After formation of the plastic hinge, in
the post-peak region, the member is assumed to bow uniaxially around its
minor axis. This assumption agrees with the observed behavior of
biaxially loaded steel struts in tests. Upon the formation of the plas-
tic hinge, it is assumed that the midspan lateral deformation around the
minor axis increases to a value equal to the resultant of the minor and
major axis lateral deformations, with the major axis lateral deforma-
tions disappearing. The plastic hinge is formed when the axial-flexural
force combination (assuming that the resultant lateral deformation oc-
curs around the minor axis) reaches the fully plastic interaction
diagram of the element in bending around the minor axis. In the post-
peak region, additional bowing of the element is assumed to take place
only around the minor axis, and the effects of the major axis ec-
centricity are neglected. The shift in the direction of bending of the
biaxially loaded struts is a phenomenon which has been observed in ex-
periments. It is stimulated by some twisting of the element.

The monotonic experimental axial load-deformation relationships of
some angular elements were also compared with the theoretical ones.
Table 4.4 presents the geometric and material characteristics as well as
the end support conditions and eccentricities of the monotonically
loaded angular struts used in these comparisons?e"7

Figures 4.3a through 4.3d compare the experimental and analytical
axial load-deformation relationships of the concentrically loaded an-

gular elements No.l through No.4 in Table 4.4. It may be concluded from
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Figure 4.3 that the proposed formulation is capable of predicting the
experimental performance of the struts subjected to monotonic concentric
loading with a reasonable accuracy. It is worth mentioning that the end
fixtures in tests presented in Figure 4.3 were bolted. Slippage of the
bolts might have been a reason for the lower initial stiffness of the
struts in tests when compared with the analytical results.

For the steel struts No.5 through No.8 loaded under monotonic com-
pression with uniaxial eccentricity around the minor axis, Figures 4.4a
through 4.4d present the experimental and analytical axial load-
deformation relationships. From Figure 4.4 it may be concluded that for
struts with uniaxial eccentricity, the proposed physical theory formula-
tion is capable of closely simulating the experimental behavior. The
discrepancy between the analytical and experimental initial stiffnesses
of strut No.8 might have been caused by the slippage at the bolted end
fixtures of the element in the experiment. |

Figures 4.5a through 4.5c present the experimental axial load-
deformation relationships of the biaxially loaded steel struts No.9
through 11 versus the analytical ones. Although the accuracy of
analysis for the biaxially loaded struts is less than that for the
uniaxial ones (compare Figures 4.4 and 4.5), the proposed analytical
approach is still capable of predicting test results with an accuracy

which is acceptable for many practical applications.

4.4 COMPARISONS WITH CYCLIC EXPERIMENTAL RESULTS

A verification of the proposed formulation of physical theory strut
models was also made using the test data derived from a comprehensive
experimental study on steel struts with a variety of geometric and
material properties tested under concentric cyclic loading. The

proposed formulation was used to derive the axial load-deformation and
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the plastic hinge axial force-bending moment relationships. these
analytical results were compared with the corresponding experimental
ones. Some comparative studies were also made between the proposed
analytical approach and some other available analytical models, 'in order
to demonstrate the advantages of the proposed formulation in efficiently
and reliably predicting the experimental results.

Comparisons were also made between the cyclic experimental and
analytical behavior of the steel struts shown in Table 4.5. The wide
selection of the steel strut cross-sections, slenderness ratios, and
material yield strengths (see Table 4.5) provide data for a comprehen-
sive verification of the proposed physical theory steel strut model.

Figures 4.6a through 4.14a present the experimental axial force-
deformation relationships of “the steel struts introduced in Table 4.5.
The corresponding analytical relationships are presented in Figures 4.6b
through 4.14b. The proposed analytical model is found to be capable of
accurately predicting the cyclic axial load-deformation relationships

for the wide selection of steel struts. Phenomena like the

18
Table 4.5 Properties of the Steel Struts Tested Under Cyclic Loads '’

Strut Cross- Slenderness Yield Strength End Connections

No. Section Ratio, Kl/r Ksi Type
1 w8 X 20 120 40.4 hinged-hinged
2 W6X 20 80 40.2 hinged-hinged
3 W6 X 15.5 40 50.0 hinged-hinged
4 Weé6X20 40 40.2 hinged-fixed
5 Weé6X20 80 40.2 hinged-hinged
6 W6 X16 120 44.7 hinged-hinged
7 WT 8 X 22.5 80 41.8 hinged-hinged
8 Pipe 4 Std. 80 47.5 hinged-hinged
9 TS 4 X 4 X 1/4 80 59.0 hinged-hinged
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deteriorations of the buckling load, axial stiffness and energy absorp-
tion capacity under repeated inelastic load cycles are closely simulated
by the proposed model.

The analytical cyclic axial load-deformation relationships. of steel
struts No.l through 4 derived using the refined physical theory strut
model of Reference 1 (described in Chapter 2) are also presented in
Figures 4.6c through 4.9c. The refined model of Reference 1, which in-
volves a large number of empirical coefficients and is computationally
inefficient (i.e., presents axial displacement in terms of axial load),
is clearly inferior to the proposed formulation in predicting the
deteriorating hysteretic behavior of steel struts under cyclic loads.

The comparisons between the experimental and analytical plastic
hinge axial force-bending moment relationships are presented in Figures
4.6(d,e,f) through 4.9(d,e,f). The analytical results have been derived
using the proposed physical theory formulation and also the refined
model of Reference 1. These comparisons are also indicative of the high
degree of accuracy and the realism of the proposed formulation. they
also indicate the superiority of the proposed formulation over the com-
plex physical theory model of Reference 1. The proposed model is
observed to satisfactorily simulate the partial plastification
phenomenon in the plastic hinge, which leads to a gradual transition
from the elastic axial force-bending moment relationship to the fully
plastic one.

Based on the comparisons between the experimental and analytical
performance characteristics of steel struts, it may be concluded that
the proposed model provides a practical (economical) tool for accurate
prediction of the steel strut inelastic-buckling behavior under general-
ized loading conditions. The proposed techniques for the simulation of

partial plastification also seem to produce a realistic idealization of
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the actual hinge behavior.

4.5 NUMERICAL STUDIES AND DESIGN RECOMMENDATIONS FOR STEEL STRUTS
Development of reliable models and analysis procedures can reduce
the reliance on costly and time-consuming experimental investigations
for assessing the effects of different design variables on the perfor-
mance characteristics of structural systems, and for optimizing the
design. The developed analytical model of steel struts can be used for
numerical (instead of experimental) parametric studies, leading to the
selection of the optimum material and geometric properties of the struts
for achieving superior performance characteristics at minimum cost. The
model can also be used to numerically evaluate the effects of the wvaria-
tions in the initial imperfection and end eccentricity of steel struts
on their performance under load. The results of a numerical study aimed
at generating the information needed for optimum design of steel struts

are presented below.

4.5.1 Influence Of The Yield Strength : Figures 4.15a and 4.15b present
the effects of yield strength on the axial load-deformation relationship
of steel struts with effective slenderness ratios of 60 and 200, respec-
tively. Each figure presents the monotonic axial load-deformation
diagrams as well as the envelopes of the cyclic diagrams. The envelope
curves are chosen to represent the overall hysteretic performance
characteristics of the struts. The steel strut under study is a 3in x
3in x 1/4in (76mm x 76mm x 6.3mm) angle, and all the force values in
Figure 4.15 have been normalized by the yield force of a strut with 36
Ksi (248 Mpa) yield strength.

The angular section introduced above, and the described axial force
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normalization process are typical of the ones adopted in the other
stages of this parametric study.

From Figure 4.15a it may be concluded that an increase in yield
strength from 36 Ksi (248 Mpa) to 50 Ksi (345 Mpa) enhances practically
all aspects of the monotonic and cyclic axial load-deformation charac-
teristics of the steel strut with an effective slenderness ratio of 60.
The ultimate compressive and tensile strengths, the post-buckling resis-
tance and the hysteretic energy absorption capacity of the strut all
improve noticeably as the yield strength increases from 36 Ksi (248 Mpa)
to 50 Ksi (345 Mpa).

A comparison of Figures 4.15a and 4.15b indicates that the more
slender strut of Figure 4.15b is less sensitive to the variations in
yield strength, when the loading is in compression. Under tension,
however, the variations in yield strength significantly influence the
strut performance. It seems that designers should be careful in balanc-
ing the cost versus the performance improvements corresponding to the
use of higher strength materials for steel struts, especially at higher
slenderness ratios.

The variations in the actual material yield strength, compared to
the specified one, for sfeel struts is another important concern in
design. Figures 4.16a and 4.16b present the effects of such variations
on the axial load-deformation characteristics of steel struts with ef-
fective slenderness ratios of 60 and 200, respectively. The steel strut
is a 3in x 3in x 1/4in (76mm x 76mm x 6.3mm) angle, and the diagrams in
Figure 4.16 are produced for steel struts having the specified yield
strength of 36 Ksi (248 Mpa), an increase in yield strengt