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Twenty-Second International Specialty Conference on Cold-Formed Steel Structures
St. Louis, Missouri, USA, November 5 & 6, 2014

Developmentsin the Finite Strip Buckling Analysis of Plates
and Channel Sectionsunder Localised L oading

Gregory J Hancock' and Cao Hung Pham’
Abstract

Thin-walled sections under localised loading may lead to web crippling of the
sections. This paper develops the Semi-Analytical Finite Strip Method (SAFSM)
for thin-walled sections subject to localised loading to investigate web crippling
phenomena. The method is benchmarked against analytical solutions, Finite
Element Method (FEM) solutions, as well as Spline Finite Strip Method (SFSM)
solutions.

Introduction

Thin-walled sections and plates under localised loading leading to plate buckling
have been studied analytically for a long period mainly as part of investigations
of web plates of sections at points of concentrated load. Two of the most
comprehensive summaries of the work to date have been by Khan and Walker
(1972) where the buckling of plates subject to localised loading was investigated
and Johansson and Lagerqwist (1995) where the resistance of plate edges to
localised loading is summarised. More recently, Natario, Silvestre and Camotim
(2012) have further developed these investigations for beams subjected to
concentrated loads using Generalised Beam Theory (GBT). They benchmark
GBT for plates, un-lipped channels and I-sections against the earlier research
and the Shell Finite Element method (SFE). To date, the Finite Strip Method
(FSM) of analysis developed by YK Cheung (1976) does not appear to have
been used for buckling studies under localised loading. As the Finite Strip
Method (FSM) is used extensively in the Direct Strength Method (DSM) of
design of cold-formed sections in the North American Specification NAS S100
(AISI, 2102) and the Australian/New Zealand Standard AS/NZS 4600
(Standards Australia, 2005), it is important that the FSM of buckling analysis is
extended to localised loading.

' Emeritus Professor and Professorial Research Fellow, School of Civil
Engineering, The Univ. of Sydney, Sydney NSW 2006, Australia.

* ARC Australian Postdoctoral Fellow, School of Civil Engineering, The Univ.
of Sydney, Sydney NSW 2006, Australia.
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This paper further develops the Semi-Analytical Finite Strip Method (SAFSM)
for thin-walled sections subject to localised loading and benchmarks it against
the Spline Finite Strip Method (SFSM) used previously by Pham and Hancock
(2009) for shear buckling problems and the Finite Element Method program
ABAQUS (Hibbitt, Karsson and Sorenson, 1997).

Folded plate and finite strip theories for the buckling analysis of thin-walled
sections and stiffened panels in longitudinal and transverse compression and
shear have been developed since the mid-1960s. The solutions of Plank and
Wittrick (1974) were based on the SAFSM of analysis developed by YK
Cheung (1976). Recently, Chu et al (2005) and Bui (2009) have applied the
SAFSM to the buckling of thin-walled sections under more general loading
conditions so that multiple series terms are used to capture the modulation of the
buckles that occurs. These latter papers are restricted to bending of the sections
and transverse compression and shear are not included. The application of the
SAFSM to uniform shear of thin-walled sections has recently been applied by
Hancock and Pham (2013) where multiple series terms in the longitudinal
direction are used to perform the buckling analyses. In the present paper, the
method in Hancock and Pham (2013) is extended to include the potential energy
resulting from varying longitudinal, transverse and shear stresses. Multiple
series terms in the longitudinal direction are used to compute the pre-buckling
stresses in the plates and sections, and to perform the buckling analyses using
these stresses. Solution convergence with increasing numbers of series terms is
provided. The more localised the loading and hence buckling mode, the more
series terms are required for accurate solutions especially for longer sections
with concentrated loads.

Finite Strip Pre-Buckling and Buckling Analyses

The SAFSM allows the deformations and stresses to be computed for any folded
plate system satisfying the boundary conditions assumed. Normally, the sections
are assumed simply supported at the ends so that the harmonic functions in the
longitudinal direction are orthogonal thus allowing the different series terms to
be uncoupled in the linear stiffness analysis. Longitudinal functions for other
boundary conditions can be chosen which are also orthogonal as given by
Cheung (1976). The resulting stiffness equations are summarised by:

[K1{6} = (W} (1

where [K] is the system stiffness matrix based on a strip subdivision of a thin-
walled section as shown in Fig. 1, {8} are the nodal line displacements of the
strips in the global X,Y,Z axes, and {W} are the nodal line forces (line loads) as
also shown in Fig. 1. Equation 1 can be solved for the nodal line displacements
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{8} in the global X,Y,Z axes, and the pre-buckling membrane stresses {c} in the
strips which are also described by harmonic functions.

Based on the pre-buckling membrane stresses {c}, the stability equations given
by Equation 2 can be derived from the minimum total potential of the system
undergoing buckling deformations. Since the buckling deformations also satisfy
the simply supported boundary conditions, the same displacement functions are
used for the buckling deformations as for the pre-buckling deformations.

([K] = A[6D{s} =0 2)

where [G] is the system stability matrix and A is the load factor against buckling.

~J

F(2), R (Z). F,(Z)
are line loads
per unit length

Figure 1. Line loads on channel section showing global axes X,Y,Z

Plate deformations

The plate flexural deformations w of a strip can be described by the summation
over p series terms as:

w= an=1f1m(J’)-X1m(x) (3)

where w is in the z-direction perpendicular to the strip as shown in Fig. 2.
The function f;,,(y) for the mth series term is the transverse variation given by:

fimn(¥) = a1pm + Aapme (%) + a3pm- (};})2 + aypm- (%)3 “4)

where the 4 polynomial coefficients o, for the mth series term depend on the
nodal line deformations of the strip. The term b is the width of the strip.
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The function X;,(x) is the longitudinal variation of the mth series term and is
given by:

Xim(0) = sin (*77) 5)
where L is the length of the strip. The function X;,(x) satisfies the simply
supported boundary conditions assumed in this paper. Other boundary
conditions can be used in the SAFSM as set out in Cheung (1976 ) but are not
considered in this paper.

Nodal Line 1 -—<7

x/&\\/ “Nodal Line 2

Fig. 2. Strip local axes x,y,z and nodal line deformations for the mth series term

The plate membrane deformations (u, v) in the (X,y) directions respectively can
be described by the summation over p series terms as:

v = Xonet fom @) Xim (%) (6)
=Ty fum @) Xim ().~ (7)
The functions f,(y) and f,,(y) are the transverse variations given by:
fom@) = a1um + Qaum- (%) (®)
fum (V) = Asym + Aapm- (%) ©)

where the 4 polynomial coefficients a;y, for the mth series term depend on the
nodal line deformations of the strip.

The nodal line flexural deformations {Ogm} = (Wim, Oxim» Wam, Bom) " in Fig. 2
can be related to the polynomial coefficients in (4) above by:

{6rm} = [Cellapm} (10)

T
where {Opm} = (OiFm  O2Fm  O3Fm  O4Fm )
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Similarly, the nodal line membrane deformations {Oym} = (Wims Vim, Uzm, Vzm)T
in Fig. 2 can be related to the polynomial coefficients in (8) and (9) above by:

{6um} = [Cul{amm} (1D
where {aMm} :(dle OoMm  O3Mm  O4mm )T
The matrices [C] and [Cy] have inverses [Cg]”, [Cu]" which are given in

Hancock and Pham (2014). The resulting equations for the plate flexural and
membrane deformations are given by:

w = 3h o X [Te ) [Ce] ™ {Bpm} (12)

where Mol =[1 (v/b) (v/b)? (y/b)*] (13)
U= Yot Xime = [Tl [Ca] ™ (prm} (14)

where [Tyl =10 0 1(y/b)] (15)
v = Yhcs Xim [Taw ) [Cy] ™ (Spm) (16)

where [Twe] =[1 (y/b) 0 0] (17)

In the computation of the potential energy described later, derivatives of the
plate flexural and membrane deformations are required. The derivatives used
are as follows:

Z_Z = Yrea[Tr ] X {em} (18)

z—vyv = Yty [Ter] Xym{arm) (19)

where Trrl=10 1 2(y/b) 3(y/b)?] (20)
= Xy X~ [T (o} 1)

= Xy X Tl {um} (22)

M embr ane stresses

The plate membrane theory is that used by Cheung (1976) and is given by:

{o} = [Dyl{e} (23)
E, VvE, 0

[Dyl= |vE, E, © (24)
0 0 G
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{o} = (Ox Oy Txy)T (25)
u v u v T
=3 & 2+ (26)

with the plate membrane rigidity E; = E/(1-v%), and where G is the shear
modulus = E/2(1+v). Substitution for v from (16) and u from (14) in (26) allows
the membrane stresses to be computed from the nodal line deformations using
(23). Note that the normal stresses vary as the sine function whereas the shear
stresses vary as the cosine function.

Strain energy and potential energy

In order to compute the stiffness and stability matrices of the strip according to
conventional finite strip theory (Cheung, 1976), it is necessary to define the
strain energy in the strip under deformation and the potential energy of the
membrane forces.

The flexural strain energy Ur is given by:

1L b 2%w 2%w o%w
Ur = Efo fo(—Mxm—Mym'FZM —_—

) dydx  (27)

The membrane strain energy Uy, is given by:

1 (L (b
Uy = Efo Jo (Oxex +0y8y + Tyy¥iy) dy dx (28)
The flexural potential energy of the membrane forces Vg is given by:
1 oL (b aw\2 aw\? a a
Ve == 203 [ (0:0).(3) + 0y (). (%) + 27, (0) (35) (%)) tdy dx
(29)
where o4(x), oy(x), and T,(x) are the assumed membrane normal and shear

stresses with the signs given in Fig. 3, and t is the plate thickness.

The transverse stress and shear stress in a strip are each assumed uniform across
the strip width and computed from the means on the two nodal lines. The
resulting membrane stresses can be described by harmonic functions in the
longitudinal direction and linear or constant functions in the transverse direction
as follows:

o,(x) = (al(x) + (az(x) - al(x))_ (%))

= Y1 k(). (o1x + (O2k = T110)- (%)) (30)
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where 0, (x) = sin ("Lﬂ) (1)
ay(x) = Xioy 0 (). (o7 (32)
Ty () = Thoy T (0. (7) (33)
where 7, (x) = cos ("Lﬂ) (34)

Substitution of Equations 30, 32 and 33 in Equation 29 using Equations 18 and
19 results in

Ve = Vi + Ver + Vigy + Vis, (35
where
Figure 3. Assumed membrane stresses (k= 1)
1 (L b uou
Ve, = — Ef f Z Z{aFm}T[FFL]TX{m'
070 m=1n=1
Yteer 0k (). (O1x + (02 — O1p0)- (%))[FFL]X{n{aFn}tdxdy (36)
U ou
1 (LrP 1
Ver = — E f f Z Z{aFm}T[FFT]TEXIm'
o Jo
m=1n=1 1
Zﬁ:l 0y (x). (o7i) [Ter] ;X1n{0-’Fn}fdydx (37)
U
1 L rb
Ves1 = — Ef f Z z{aFm}T[FFL]TX{m-
0 -0 m=1n=1

Tho1 ). (@ [Ter ] Xinlap Jedydx (38)
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1l e v 1
Visa = — E f f Z Z{aFm}T[FFT]TEXIm'
0 Jo

m=1n=1

ZZ:l T (). (T ) [T )X 1n{apn }tdydx (39)
The membrane potential energy of the membrane forces Vy, is given by:

Vo= R0 (2) +o0 () wyar @0

Substitution of Equation 30 in Equation 40 using Equations 21 and 22 results in

Vs = Vamu + Varw 41)
where
1 (Lo L
Vi = — E L j;) z z{aMm}T[FMu]TX{;n %
m=1n=1 L
b1 0. (O + (O = 03 (EDITandXih = {tpJtdydx  (42)
1 (L b U
VMv = - EJ- f Z Z{aMm}T[FMV]TXl,m-
0 -0 m=1n=1

Yie=1 0k (0. (015 + (02 — 011). (%))[FMv]X{n{aMn}fdydx (43)
Stiffness and stability matrices

For equilibrium, the theorem of minimum total potential energy of the flexural

energy with respect to each of the elements {Jgm} is:
O(UF+Vp) _

Mopm} “44)

The result is:

[ka]{SFm} + Z§=1[gan]{6Fn} = 0 m= 1! 2' ey H (45)

The matrices [Kem] and [Qrmn ] are given in Hancock and Pham (2014). The
integrals can be evaluated exactly for the harmonic functions satisfying the
simply supported boundary conditions.

For equilibrium, the theorem of minimum total potential for the membrane
energy is:

OWUm+Vm) _
H{Smm} 0 (46)
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The result is:

[ka]{aMm} + Z§=1[ngn]{6Mn} = 0 m = 1! 2! LA H (47)

The matrices [Kym] and [Qvma ] are given in Hancock and Pham (2014). The
integrals have been evaluated exactly for the harmonic functions satisfying the
simply supported boundary conditions.

For folded plate assemblies including thin-walled sections such as channels, (45)
and (47) must be transformed to a global co-ordinate system to assemble the
stiffness [K,] and stability [G,,,] matrices of the folded plate assembly or
section.

A computer program bfinst10.cpp has been written in Visual Studio C++ to
assemble the stiffness equations and stability equations to solve for the pre-
buckling displacements and pre-buckling stresses using equations 1 and 23, then
buckling load factors (eigenvalues) and buckling modes (eigenvectors) using
Equations 2, 45 and 47. The matrix [G] has 4 * N * u degrees of freedom where
N is the number of nodal lines and p is the number of series terms. If the rows
and columns in the matrix [G] are organised so that each degree of freedom is
taken over the p series terms, then the half-bandwidth of the matrix is simply p
times the half-bandwidth of the problem with one series term. This speeds the
computation of the eigenvalues and eigenvectors considerably.

Solutionsfor plate simply supported on all four edges with localised loading
at centre

The solutions for a plate of length L simply supported along all four edges
determined using the bfinst10.cpp analysis is compared with the solution based
on the equation of Johansson and Lagerqvist (1995), the Spline Finite Strip
Method (SFSM) (Pham and Hancock 2009) and the Finite Element Method
program ABAQUS (Hibbitt, Karsson and Sorenson 1997). The equation for the
elastic buckling of a rectangular plate is given as:

k m2E n
Ocr = 209 (h/t)z/(ﬁ) (48)

where n is the length of the loaded portion subject to the stress o, h is the depth
of the plate which may consist of multiple strips and k is the plate buckling
coefficient for transverse compression.

The analysis is carried out for 8 equal width strips and an increasing number of
series terms. Load length ratios (n/L) of 0.025, 0.05, 0.200 and 0.250 and aspect
ratios (h/L) of 1:1, 1:5 and 1:10 have been investigated and the solutions for the
buckling coefficient k are compared in Table 1 with those of Johansson and
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Lagerqvist (1995), the SFSM where 8 strips and 80 splines have been used, and
the FEM where Smm square elements have been used.

Load Aspect Johansson SFSM FEM SAFSM
length ratio and (ABAQUYS) (bfinst10.cpp)
ratio (L/h) Lagerqvist (seriestermsin
(n/L) (1995) brackets)
0.250 1.0 3.450 3.383 3.399 3.480( 5)
3.478 (11)
0.050 2.0 2.409 2.360 2.368 2.421(5)
2.404(11)
2.404(15)
0.200 2.0 2.544 2.508 2.515 2.549 ( 5)
2.545(11)
0.050 5.0 2.178 1.983 1.991 2.066 (11)
2.018 (19)
0.200 5.0 2.628 2.582 2.590 2.697 (7)
2.597 (11)
0.025 10.0 2.138 1.392 1.392 1.433 (25)

Table 1. Buckling coefficients k for simply supported rectangular plates
under localised load along one longitudinal edge at the centre of the plate

It is clear that the SAFSM solutions become more accurate with increasing
numbers of series terms, and that more terms are required for higher aspect
ratios and lower load length ratios. The solutions converge to values slightly
higher than those of the SFSM and FEM. Five series terms seem adequate for
square plates and plates with an aspect ratio of 2.0. However, for higher aspect
ratios such as L/h = 5.0, at least 11 series terms are necessary and 19 series
terms are needed to achieve accuracies better than 2% when the load length ratio
n/L = 0.05. This is a fairly concentrated load on a longer length. For an aspect
ratio of 10, an accuracy better than 3% is achieved with 25 series terms. It is
interesting to note that the equation of Johansson and Lagerqvist (1995) is not
accurate for aspect ratios of 5.0 and 10.0.

The buckling mode for an aspect ratio (L/h) of 5:1, a load length ratio (n/L) of
0.20 and 11 series terms determined from bfinst10.cpp is plotted in Fig. 4.
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Figure 4. Rectangular plate buckling mode single edge loading
L/h=5.0,0/h=1.0

Lipped channel section under localised loading

A 200 mm deep lipped channel with flange width 80mm, lip length 20 mm as
studied by Pham and Hancock (2009) and Hancock and Pham (2013) has been
investigated. These dimensions are all centreline and not overall. In Pham and
Hancock (2009), the section studied was 2 mm thick. This has been reduced to 1
mm to match with the 200 mm deep plate simply supported on all four edges in
the previous section. Further, the section now contains rounded corners with an
internal radius of 5 mm. The strip subdivision used is 1, 4, 8, 4 strips for each of
the lips, flanges, the web and each of the corners respectively making 34 strips
in total with 35 nodal lines. The length is 1000 mm and the loading applied is
along a length n = 200 mm or n = 50 mm at the centre and located at the
junction of the corner and top flange for IOF loading and also at the junction of
the corner and bottom flange for ITF loading. These nodal lines are also
assumed to be prevented against lateral deflection in the direction perpendicular
to the web and load. Two different sets of boundary conditions have been used
in the FEM analysis for comparison. These are the web only simply supported
(SS), and the web, flange and lip simply supported (i.e. no buckling deformation
in the plane of the cross section at the ends but free to deform longitudinally).
The latter boundary conditions are the same as assumed in the SAFSM analysis
with the simply supported harmonic functions.

The buckling loads are given in kN in Table 2. The SAFSM solutions are close
to the FEM web, flange and lip simply supported cases as would be expected
since these are the boundary conditions assumed for the simply supported
boundary conditions of all strips. The buckling coefficients according to Eq. 48
are also given in Table 2 and can be compared with those in Table 1. The
buckling coefficients are more than 2.5 times those for the simple plate in Table
1. The SAFSM (bfinst10.cpp) solutions with 7 series terms are accurate to better
than 0.2% when compared with the FEM solutions for both the IOF and ITF
loading cases when n/L = 0.20 (200mm case). They are accurate to better than
1.0% with 15 series terms when n/L = 0.05 (50mm case).
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Loading | Length FEM FEM SAFSM Buckling
Case (mm) (ABAQUYS) (ABAQUYS) (bfinst10) Coefficient
in Eq. 48
L oad Web only Web, flange (series
length SS and lip SS termsin k
(mm) brackets)
IOF 1000 5.410 6.009 6.024 (7) 6.665 ( 7)
200 6.017 (11) 6.657 (11)
6.016 (15) 6.656 (15)
ITF 1000 2.731 3.056 3.051(7) 3375(7)
200 3.049 (11) 3.374 (11)
3.049 (15) 3.374 (15)
IOF 1000 4.766 5.175 5303 (7) 5.867( 7)
50 5.234 (11) 5.791 (11)
5.221 (15) 5.778 (15)
ITF 1000 2.472 2.727 2.746 (7) 3.039(7)
50 2.737 (11) 3.028 (11)
2.735 (15) 3.026 (15)

Table 2 Lipped channel buckling loads in kN and coefficients k

The buckling mode for the IOF case with L= 1000 mm and n = 200 mm is
shown in Fig. 7.

/

Z/

4

NI,
/22505

44440657

55191591515
/]

Figure 7. Lipped channel with IOF central load at flange/corner junction
n=200mm, L = 1000mm
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Web-stiffened channel under localised loading

A 200 mm deep lipped channel with flange width 80 mm, lip length 20 mm,
web stiffener with a rectangular indent of 5 mm over a depth of 80 mm located
symmetrically about the centre of the web, as studied by Pham and Hancock
(2009) and Hancock and Pham (2013) has been investigated. These dimensions
are all centreline and not overall. In Hancock and Pham (2013), the section
studied was 2 mm thick. This has been reduced to 1 mm to match with the 200
mm deep plate simply supported on all four edges in the previous section. The
section now contains rounded corners with an internal radius of 5 mm. The strip
subdivision used is 1, 4, 4, 1, 4 strips for each of the lips, flanges, the web flats,
web stiffeners and each of the corners respectively making 40 strips in total with
41 nodal lines. The SAFSM (bfinst10.cpp) solutions shown in Table 3 with 25
series terms produce an accuracy better than 2.0% when compared with the
FEM solutions for the IOF loading case when n/L = 0.05 (50 mm case) and the
flange, web and lip are simply supported. Localisation of the buckle in the
flange as shown in Fig. 8 requires more series terms than for the simple lipped
channel shown in Fig. 7 where localization does not occur. The buckling
coefficients k for the IOF case are more than four times those for the simply
supported plate in Table 1.

Loading | Length FEM FEM SAFSM Buckling
Case (mm) (ABAQUS) | (ABAQUS) | (bfinst10.cpp) | Coefficient
in Eq. 48
Loading | Web only Web, (seriesterms
Length SS flange and in brackets) k
(mm) lip SS

IOF 1000 6.725 7.894 8.526 (7) 9.432(7)
50 8.421 (15) 9.317 (15)

8.212(21) | 9.085(21)
8.063(25) | 8.921(25)

ITF 1000 4.152 5.417 5482(7) | 6.066( 7)
50 5480 (11) | 6.062(11)
5475(15) | 6.058(15)

Table 3 Web-stiffened channel buckling loads in kN and coefficients k

The loads for the case of web only simply supported computed using the FEM
are considerably lower than the flange, web and lip simply supported case and
demonstrate that this problem is more sensitive to the end boundary conditions
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than the simple lipped channel. Alternative orthogonal functions X,(x)
according to Cheung (1976) are under investigation for this case and other
boundary conditions such as the end one flange EOF and end two flange ETF
loading cases.

Figure 8 Web-stiffened channel with IOF central load n=50mm L = 1000mm
Conclusions

A semi-analytical finite strip method (SAFSM) buckling analysis of thin-walled
section subjected to localised loading has been developed and benchmarked
against spline finite strip method (SFSM) and finite element method (FEM)
solutions. The method has proven to be accurate and efficient compared with the
SFSM and FEM methods. The more localised the load, and the longer the
section under load then the greater the number of series terms required.
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