simple problems,

INTRODUCTION
the classical plastic limit analysis
method for a given structural system [1-5],
otential collapse mechanisms are
pstulated and the corresponding load
arameters are evaluated by the well-known

the load parameter calculated for any trial
echanism cannot be less than the value
using plastic collapse of the system. If the
tual mode of collapse is selected as a trial
echanism, the classical kinematic method
ctly evaluates the collapse load. For all
her trial mechanisms, the classical method
aluates an unsafe bound to the load.
ywever, the task of generating suitable trial
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ABSTRACT

An automated procedure by linear programming is used for studying
the ultimate resistance of a pure metallic paneled beamn structural
system. The classical method of plastic analysis is useful only for
beside the tedious search needed to get the
potential mode of collapse. The present study gives an optimum
reinforcement for the floor beams and indicates the collapse mode as
well as the ultimate load parameter.
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problems is far from simple. Therefore, it is
desirable to use an automatic procedure for
deriving the collapse mechanism without
first guessing such trial mechanisms.

An  application of this automatic
procedure by linear programming [7] is
presented here for studying the ultimate
resistance of a pure metallic paneled beam
system.

The metallic paneled beam system isa
commonly used structure in practice. An
example is the arrangement shown in Figure
1 to support a floor system composed of
corrugated metallic sheets and concrete
cevering in industrial construction. The
method of Guyon-Massonnet [8-10] perfectly
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echanisms - for  relatively complicated simulates the elastic behavior of this system.
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£
Panelled beam system
Figur"e 1 Tvpical industrial flooring syvstem
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The problem of a pure paneled beam
system could be treated at two different
levels according to either the torsional
rigidity is taken into consideration or not. In
this study, it is assumed that all the metallic
beams have an “I” cross section. The
torsional rigidity of such sections is relatively
small. It can be assumed, without violating
the accuracy, that the resistance offered by
the torsionol rigidity is negligible.

Heyman [11] indicated that for a paneled
I-beam system supported atits four sides,
the error due to this assumption is less than
0.1%. Therefore, the collapse of a paneled I-
beam system could be determined according
to the theory  of plastic analysis by the
formation of failure mechanism [12].

LINEAR PROGRAMMING FORMULATION
Solving a plastic analysis problem for a
paneled beam system, having a  certain
configuration, is a process of two stages.
First, the collapse load factor 7. is to be
obtained. In the second stage, the
corresponding mode = of collapse is

determined. The paneled beam system is'

composed of perfectly plastic prismatic bars

with known plastic moment capacity, “Mp;”

at section j, the system resists a combination
of service loads having certain magnitudes,
directions, and points of application.

In the plastic analysis by linear
programming, the analyzed structure is
subdivided, by potential plastic hinges, into a
number of beam elements as in finite
element method. The location of the potential
plastic  hinges and the number of
subdivisions depend on the boundary
conditions, loading conditions, and desired
accuracy. ‘

Considering the independent
displacement of each deflected node and the
associated plastic hinge pattern obtained
from the independent mechanisms, the
corresponding equilibrium energy
expressions constitute " the - equality
constraint equations of the linear
programming problem. The energy
expressions are obtained by equating the
internal and external work done.

The  linear programming  metl
combines the independent mechanisms
order to achieve the failure mechanism
minimizes  the failure load. This proc
concludes the objective function.

The kinematic approach has been us
in this study because of its simplicii
though static method could be also used
the formulation.

Let i be one of the n possible mdepend;
mechanisms obtained by vi
displacement of the node i, without violatir
the kinematic boundary conditions, 6; be tt
rotation of the plastic hinge j of the
possible plastic hinges, and e; be the wor
done by the unfactored external loads.

The plastic analysis by linez
programming using the kinematic metho
can be formulated as follows.
Find 7., 6, tiforj=1,2,........... S
andi=1,2,............ n such that:

S
= 3 ij E)j = mimimum
J=1

subjected to

Where,
rc : the load multiplier corresponding to
the actual mechanism at collapse A
Mp; : the plastic moment resistance of the |
hinge i i
0; : the actual rotation of the plastic hinge
j corresponding to the actual
mechanism at collapse
63 . the rotation of the plastic hinge j
corresponding to the independent
mechanism i !
t; ;- a factor represents the: We1ght of
" 'participation  of the independent
mechanism i
In Equation 3 the total external virtual
work has been arbitrarily set equal to unity.
The chosen plastic hinge pattern in the
combined mechanism may cause either
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positive or negative rotations, sirailarly the
icipation factors t; may be either positive
negative. These two variables are written

the difference between two positive

, , Equations 1, 2 and 3 may be
presented in the following form:

th -t )e; =1

tisfy the requirement of the simplex

PROBLEM DISCRITISATION

The paneled beam system shown in
U 2 is composed of 10 beams
ersecting at panel distances equal to L
d hinged at both ends.

The floor is supposed to be loaded at each
ersection node by the gravity load Pk . For
case of Py = constant and Mp; = constant,
: proposed floor could be simplified to
dy only one quarter of the floor Figure 3.

BEEE

6 o o6 o o
e

re2 . The studied Floor system

iables to meet most of the simplex code .- .

Ultimate Resistance of Paneled Beém System by Linear Programming
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Figure 3 One quarter of the svmmetric floor with all
possible plastic hinges

All the possible plastic hinges are

indicated in Figure 3 (j=1,2,...... S), where
S = 30.

The independent mechanisms are
presented in Figure 4, where (i= 1,2,...... n)
andn =15

When all beam elements of the paneled
floor are prismatic with constant Mp, the
objective  function which have to be
minimized is represented by the form :

M, {0.5[91+ +6] +....+05 +eg]

+[eg+eg+ ....... +05 +6;

oy 3 + = (7)
¥ 05[816 +616 = . + 620 +620

+ 6;1 +95_1 v s —7—8;0 +eg()
Where 61, 6>......, sand 06, B17,...... Bt

on the line of symmetry.

The function given by Equation 7 is
subjected to the constrains (5) and (6) which
are represented by the form (8) and (9):

O =1l (8)

The matrix A(Sxn) represents the
independent rotations of the plastic hinges
corresponding to the studied independent
mechanisms. The vectors §} and {t} represent
the unknown rotations and participation
parameters, respectively.
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The constraint representing the external energy is given by:

(t; —t7)+ (£, — t3)+ 0.5(t —t3) + 0.5(t] — ta)+(t5 — t5)+(t5 — t6)
+0.5(t; —t7) + 0.5(tg — tg) + 0.25(tg —tg) + 1.5(t] 5 ~ t1o) + 1.5(t;; — t11) 9)

+0.75(t], — ty2)+ 1.5(t] 5 — tiz) + 1.5(t] — tia) + 0.75(t;5 — ti5) = 1

This system of linear programming
equations is ready to be treated by the well-
known simplex code [13].

APPLICATION
For the case of panel distance L=2.0m
(floor dimension 12X12m) the load factor %.
is equal to 0.227Mp. The mechanism of
failure is shown in Figure 5.

@ Plastic hinge

Figure 5 mode of collapse for the original floor

The ultimate resistance of the floor ca
be doubled if the plastic moment capacity
all elements is doubled, i.e., reinforcin
100% of the floor beams . v

A second trial is carried out b
reinforcing only the elements indicated
Figure 6 (only 20% of the floor elements) It
concluded that the ultimate resistance of
floor is increased by 56% .

In a third trial, 30% only of the floc
beams are reinforced (Figure 7) The ultima
resistance of the floor is increased by 80%

Finally, the ultimate resistance ofth
floor is increased by 90% when 47% only ¢
the floor beams are reinforced (Figure 8).

The previous study leads to an optimun
reinforcement arrangement for increasin
the ultimate resistance of the floor system
The same procedure can be carried out fo
various loading conditions.

Figure 6

C 220 Alexandria Engineering Journal, Vol. 38, No. 5, September 1999
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o Plastic hinge

Figure 7

In the above symmetrical cases, studying
one quarter of the floor system was quite
enough. For the cases of unsymmetrical
loading , or unsymmetrical distribution of
the floor beams, the full beam system has to
' be introduced in the study. The same
situation exists when the paneled beam
- system is discontinued due to arbitrary holes

Mode of collapse of the floor (30% of the floor are reinforced)

in the floor. In These unsymmetrical cases,

- the unknowns shall be as follows :

Xe; 65 tr for §=1,2,000 S and i=

These complicated conditions of the paneled
floor could be easily treated by the present
technique.

2Mp
® Plastic hinge

Figure 8

Mode of collapse for the floor (47% of floor beams are reinforced)
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CONCLUSIONS
The classical plastic analysis method by
traditional independent mechanisms is only
convenient for the 'simplest problems. It
requires tedious search for the potential
modes of collapse. The kinematic plastic

analysis by linear programming is a very

powerful method for the evaluation of the
collapse load of a complicated and sensitive
structures such as paneled beam systems. In
this paper, the presented study completely
automates the search for the collapse mode
of the discretised structural model and
provides the corresponding collapse load
parameter as well.

In the application carried out by using
this automated approach, the minimum
reinforcing cost for the paneled beam system
is obtained through simple operations.

The ultimate resistance of the floor
system can be increased by 56% ,80% and
90% when the cost of floor reinforcing is
increased by 20%, 30% and 47%,
respectively.
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