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Abstract An experiment investigating the elastic local buckling response of trough girders composed
of thin profiled steel sheeting has been undertaken. Beam tests were performed to promote initial local
buckling in a region of constant moment in the elastic range of structural response. The results of the
experiments were compared with an elastic complex semi-analytical finite strip method of analysis, and
acceptable correlation was obtained. The post-local buckling behavior was monitored in the experiments,
and this response showed good agreement with a nonlinear finite strip method developed elsewhere.
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INTRODUCTION

Cold formed profiled steel sheeting has been used for
profiled composite slab construction for a number of
years, and it results in a saving in construction time,
labour and materials [1]. The advantages with accrue
to composite slabs have been applied to profiled
composite walls [2] and profiled composite beams
[3], (4] and [5].

Profiled composite beams are a new form of
construction formed by assembling aseries of profiled
steel sheets together either by pre-fabrication or on
site. The former method results in a profiled trough
girder which contains internal bracing and is designed

to withstand the forces to which it is subjected during
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construction, particularly wet concrete loading. The
behaviorof profiled trough girders before wet concrete
loading will involve in-plane stresses, which when
large enough, can cause local instability in zone of
high compressive stresses [6].

This paper presents the results of an analytical and
experimental study of empty profiled trough griders
tested inbending to ascertain the elastic local buckling
behavior. Two profiled trough girders were subjected
to a two-poiit loading arrangement to simulated
uniform bending. The deformations of the cross-
section, which included the load-deflection
characteristics for the in-plane and out-of-plane
deformations, were monitord. The longitudinal strains

were also monitored in the compression zone on both
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sides of the beams beyond the onset of the initial local
buckling. The beams were designed to buckle locally
in the constant moment region in the elastic range of
structural response.

A theoretical model based on a very efficient
complex finite strip method incorporating the so-
called bubble functions developed by Azhari and
Bradford [7] was used to validate the initial local
buckling stresses. Post-local buckling was thenstudied
theoretically using a nonlinear finite strip model
developed by Azhari and Bradford [8] which
incorporates the use of bubble functions. This
postbuckling response was compared with that of
obtained from the tests.

THEORY

The theoretical model deployed for comparison with
the experiments was the semi-analytical initial finite
strip method developed by Azhari and Bradford [7],
and the finite strip postbuckling analysis developed
by Azhari and Bradford [8]. This latter postbuckling
analysis differs from other treatments in its use of
so-called bubble functions, which are extra modes,
zero on the boundaries, representing additional strip
degrees of freedom. The main advantages of the
bubble-strip formulation are in the reduction of the
number of strips into which the topology is divided,
and in substantially more rapid convergence of the
nonlinear stiffness equations.

These advantages are germane to the present
study, since the profiled topology is complex and the
number of nonlinear simultaneous equations is
correspondingly large. Bradford and Hancock [9]
first formulated a post-local buckling analysis using
the finite strip method which employed two
longitudinal harmonics. The flexural displacements
were modified by Azhari and Bradford [8] to include
a quartic bubble, so that the flexural deformationw of

the strip in Figure 1 can be written as
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w=(a, + a,n+ o, P+ a0+ o 1?) sing (D)
and

we= (0, + 01 + 0 1P+ o, 1P+ o 119)sing )

where w, is the initial sinusoidal geometric
imperfection, a.,...,0, are polynomial coefficients,

o, ....0, are coefficients determined prior to the

10

analysis, and where

=X 3
g I 3

and

n= X/i buckling half-wavelength.

The vector of flexural strains in the strip { Agf} =€,

is written from usual linear theory as
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while for the membrane strains {Ag_}, use must be

made of nonlinear theory if the response in the post-
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Figure 1. Finite strip.
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locally buckled domain is to be obtained. Hence the

ol
] o

in which u_ is the initial in-plane displacement. Since

membrane strains are

B(u-uo)+1_ aw2

By 2[
o(u- uo) av
ay ax

the initial in-plane imperfection is much less than the
initial out-of-plane imperfection, u, can be assumed
to be negligible.

The elastic isotripic plate property matrix [D]
defines the membrane and flexural stress-strain

relationship by

{Ao} =[D] {Ag]) )

The vector { Ao} contains the incremental resultant
bending moments and torsional moments and the
resultant forces per unit length of plate, membrane
normal and shear stresses.

where

(D] .
[D]=[ (8)
. [Dn] |
1 0
(D 1=-E v 1 0 )
1-v2
0 0o l-v
2
3
(D1=LD ] (10)
12

The remainder of the finite strip formulation follows
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routine elastic stiffness procedures, coupled with the
principle of virtual displacements, as is fully set-out
by Azhari and Bradford [8]. When this is done, the
total structural nonlinear stiffness equations can be

written as

([K]+[S]+[K1 (A)]+ (K1 (A)] +[K2(A2>]-[K2<A8>]){A}

=([1q+%[1<1 @) \) (Ao} - (F) (11)

where:

{A} = the global displacement vector;

[K] = the constant linear component of the stiffness
matrix;

[S] = the stability matrix which is a function of the
longitudinal applied stresses;

[K,(A)] = the nonliner component of the stiffness
matrix which is a linear function of the nodal line
displacements;

[K,(A%)] = the nonlinear component of the stiffness
matrix which is a quadratic function of the nodal line
displacements;

{£} = the load vector resulting from the longitudinal
compressive strains; and
{A,} = the vector of initial values of the nodal line
displacements.

Equation 11 is nonlinear and not symmetric, and
recourse must be made to a numerical scheme for its
solution. For this, the Newton-Raphson method as
presented by Gallager [ 10] for nonlinear finite element
problem was used.

Following this method, the tangent stiffness
relationship which relates the incremental loads {dF )
to the incremental displacement {dA } may be written

as follows:
{dF} =[T] {dA} (12)

Azhari and Bradford [8] determined the tangent
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stiffness matrix [7] by formal tensor differentiation
in their derivation, and showed that it could be

expressed by the symmetric matrix

[T1= (K] + [S]+ [K,(A)] + [K, (D] + 2 [K(A%)] +
[H(A)] - [H,(A) + [H, (8] - [H2 4]
(13)
In order to use Equation 11 for initial local buckling,
it may be linearised by setting {F} = {0}, {A } = {0}
and neglecting the nonlinear stiffness matrix,

producing the well-known expression
([KD +[SD {a} = {0} (14)

For nontrival {A}, Equation 14 represents a standard
eigenproblem which may be solved for the critical
strain distribution (the eigenvalue) and the buckled
shape {A} (theeigenvector). Note that the eigenvector
{A} in Equation 14 was used as the basis for
determining the vector of geometric imperfections

{A,} for use in the nonlinear theory.
EXPERIMENTS

Two profiled trough girders denoted (B! and B2)
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were tested in a constant moment region to promote
the onset of elastic local buckling. The loading was
then continued past the initial local buckling load.
The cross-sections of the trough girders are shown in
Figure 2 and the set-up used for the experiments is
illustrated in Figure 3. Of the two beams B1 had a
b/t ratio of 100 while B2 had a b/t ratio 80. The
transverse deflections were measured using linear
varying displacement transducers (LVDT) in the
constant moment region. Lateral deflections were
obtaiend using LVDT’s mounted on each side of the
beam at various depths throughout the cross-sections.
Strains were measured in the top flange and top rip of
the beams on either side. The constant moment region

used for the test was of 1 meter length.

EXPERIMENTAL RESULTS

Transverse Load-deflection Plots

The transverse load-deflection response was
monitored on opposite sides of the beam, in order to
obtain any rotation that might have occurred through
eccentric loading. The load deflection reponse of
beams B1 and B2 are shown in Figures 4 and 5

respectively. It can be seen that, as expected, the
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Figure 2. Trough girder cross-sections.
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Figure 5. Load-deflection of profiled trough girder B2

response is initially linear, but the tangent stiffness is
reduced in the postbuckled range as the loading is

increased.

Local Buckling Loads

The local buckling load foreach beam was determined
in the experiments from the load-strain relationships
measured in the compression zone of the trough
girders. Forbeam B1 the load at which the load-strain
relationship became non-linear was when the load
from the jack 2P, was close to 20 kN where P is
local buckling load.

The local buckling 1oad of the beam B2 was also
obtaiend from the load-strain relationship, which
became non-linear when the load in jack 2P , was
about 35kN. Asnoted in several experimental studies,
including those undertaken by Rhodes and Harvey
[11], the elastic local buckling load is often masked,
and this is probably attributable to the presence of

initial geometric imperfections [9].
Measured Buckling Half-wavelengths
The local buckling half-wavelenght of the two beams

was measured using a ruler against the edge of each

6 - Vol. 12, No. 1, February 1999

beam. It was observed that the beams B1 and B2 had
alocal buckling half-wavelength of 75mm and 60mm,

respectively.

Postbuckled Bending Stiffness

The post-local buckling bending stiffness of the trough
girders was determined from the moment-curvature
response. The moment-curvature curves were most
conveniently determined from the linear portion of
the load-deflection reponse of the troughs and the
load-strain response for the non-linear portion. The
moment-curvature response foreach beam at midspan
isshown in Figure 6 forbeams B1 and B2. The tangent
to these curves represents the flexural rigidity. This
property is initially constant, but reducgs as the
postbukling deformations become more severe. The
relationship between the deflection as measured and
the curvature was obtained for the constant moment

region using the step function technique {12].

THEORETICAL COMPARISON

The initial buckling finite strip model developed by
Azhari and Bradford [7] which uses bubble functions

International Journal of Engineering
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Figure 6. Moment-curvature response of profiled trough girders B1 and B2.

was utilized to calculate the initial local buckling
stress and local buckling half-wavelength A of the
beams B1 and B2 which were tested. These compared
exactly with the solution of Equation 14. Note that
since the profiled trough girders were braced
internally, top chord bracing might have influenced
the stiffness and consequently the position of the
neutral axis of the girders. An analysis was undertaken
when the bracing was both present and absent, and
the results were compared with those of the

experiments.

Initial Local Buckling

The initial local buckling load was calculated from
the finite strip analysis for the beams, for the cases
with bracing included and excluded. The local
buckling half-wavelength was varied and the local
buckling stress was determined. The resutls of these
studies are shown in Table 1. The theoretical results
for the

calculate the critical moment M and the critical value

local buckling stress were then used to

of the load from the jack 2P . The following

relationships were used and obtained from Figure 3,

International Journal of Engineering

= Ootlxx
419255

(15)

The results in Table 1 shows that the local buckling
analysis forbeam B 1 withthe bracing absent compared
more favorably than the analysis withbracing present.
The local buckling stress o, versus load buckling
half-wavelength A forthese cases are shownin Figures
7 and 8 respectively. Thusitcan be concluded that the
internal bracing truss had little effect on the bending
stiffness of the trough. The experimental results were
also more accurately modelled from the theory for
beam B2 without including the bracing. The theoretical
local buckling plots of stress versus half-wavelength
ofor the braced and unbraced cases for beam B2 are

given in Figure 8.

Post-local Buckling

Once the initial elastic local buckling stress was
calculated for both beams, the post-local buckling
behavior was then obtained using the nonlinear
buckling model developed by Azhari and Bradford

[8] and outlined in theory section

Vol. 12, No. 1, February 1999 - 7
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TABLE 1. Local Buckling Stresses and Half-wavelengths.

| Theoretical Theoretical Theoretical Experimental Experimental
Beam Bracing local buck- local buckling local buckling half buckling locad
No. ling stress half-wavelength | load from jack wavelength 2P (kN)
o, (MPa) A (mm) 2P (kN) A (mm)
Bi No 140 73 204
r ' 75 20
B1 Yes 144 74 319
| S ] !
B2 No 204 58 34.6 '
: ] P | 60 35
B2 Yes 208 59 49.1

The post-local buckling 1s able to predict the
decrease in flexural stiffness of the member after
local buckling has taken place. This analysis has been
undertaken assuming both nongeometric
imperfections and small geometric imperfection.

The post-local buckling behavior of trough girders
B1 and B2 in pure bending was studied using the
nonlinear finite strip method. Both perfect and
imperfect sections were considered. The geometric
imperfections {A ) in the members were chosen to be
the same as the buckling mode of each member alone
asnoted earlier, with a maximum value of 10% of the
profile thickness, 7.

For a given curvature, integration of the post-
locally buckled stress distribution results in the
development of an axial force. As the section is in
pure bending, this axial force must vanish and so an
additional uniform strain &, was determined using a
trial and error procedure at each value of the applied
curvature.

At each value of curvature P, the moment was
calculated by integrating the stress distribution over
the areatimesitsleverarm numerically. The effective
flexural ngidity $™ was computed from the central
slope of a quadratic fitted through three adjacent
points on the moment-curvature curve derived in this
way. Figure 9 shows the postbuckled stiffness ratio
§*/S for imperfect and perfect trough girder Bl,
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while Figure 10 illustrates S*/S for the trough girder
B2, where S is the value of initial bending stiffness
El,

Azhari and Bradford [8) showed that the minimum
value of the post-locally buckled stiffness ratio S*/S
for an imperfect I-beam whose flange width and web
depth are equal is close to 0.74. Figures 9 and 10 show
that the minimum value of $*/S is about 0.83 which is

greater than the case of an I-beam. This is because in

k= T 1 T S e -
L \
| peatec
|
(1L . E
[ -
| impesiec !
d 1
R
0.904 W
b
Theorelical ™, T
) e
......... Experimental e
0.85 1
i
0.8 : T — = B
0.5 1.0 L5 o

Figure 9. Postbuckled stiffness of perfect and imperfect
trough girder B1.
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the trough girders, only the top portion of the web is
under severe local buckling and the reduction of
stiffness in this portion does not affect the resultant
momentgreatly. However, in the I-beam the reduction
in stiffness of the flange has a considerable effect on
the resultant moment.

The bending stiffness ratio determined from the
experiments using the moment-curvature relationship
was then comparedwith that obtaiend from the theory
using the post-local buckling solution. The results
show that the post-local buckling stiffness with
geometric imperfections predicted by the theory is
conservative for the value of curvature less than
about 1.25p ; however for larger values of the
curvature the prediction is unconservative. Figure 9
shows the experimental and theoretical values for the
non-dimensional bending stiffness with the non-
dimensional curvature for imperfections present and
absent for the beam B 1. Figure 10 illustrates the same
relationships for the beam B2. The maximum
imperfection of 0.1 1 selected for the analytical study
is probably a little high, and the $*/S curve calculated

10 - Vol. 12, No. 1, February 1999

for an imperfection some where between 0.1 and
perfect trough would match very well with the
experiments. For the curvature above about, 1.25p_,
the post buckling half-wavelength changes, whilst
the theoretical postbuckling model assumes that it is
constant. The comparisons demonstrate the well-
known fact that the postbuckling analysis is too stiff
in the advanced stages of loading, although the
disparity between the theory and the tests is not too

severe.

CONCLUSION

The local buckling results of the experiments on
empty profiled trough girders reported in this paper
arein good agreement with the independent theoretical
models with which they were compared. The results
given are for re-entrant L rib type trough girders, and
show good agreement for both initial and post-local
buckling. Further research can be undertaken for
trapezoidal and dove-tailed rib configurations which
may also be deployed for profiled composite beams.

The results of the experiments have provided
benchmark data forthe hollow profiled trough girders
used in profiled composite beam construction, by
identifying the initial and post-local buckling
behaviors of the trough system. The local and post-
local buckling responses are particularly important
for determining deflections of the troughs when
supporting construction loads before the concrete is
poured, so that the propping requirements can be
assessed.
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