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EFFECTS OF LOAD POINT LOCATION ON THE INSTABILITY
AND NONLINEAR BEHAVIOUR OF I, CHANNEL,

AND ZEE SHAPED BEAMS

By Akio HASEGAWA*, NAVEED Anwar** and DELLELEGNE Teshome***

The effects due to an arbitrary location of the load point on the buckling and
post-buckling behaviour of elastic thin-walled beams are investigated. The governing
differential equations and the corresponding stiffness matrices are derived, based on the
virtual work equation of linearized finite displacement. Numerical examples are given to
investigate the behaviour of I, channel and zee shaped beams. Location of load point
greatly affects the post-buckling behaviour as well as the buckling loads. Although zee and
channel sections show a large reserve strength as compared with I-section, this reserve
strength corresponds to fairly large stresses and displacements.

Keywords . lateral instability, nonlinear behaviour, load point location, I-shape, chan-

nel-shape, zee-shape, FEM

1. INTRODUCTION

The design of steel members is often governed by the stability requirements rather than the material

strength requirements. This is specially true for thin-walled beams having comparatively smaller stiffness

in the lateral direction. When such beams are subjected to in-plane loads, they tend to buckle in the

out-of-plane direction by a combination of lateral and torsional effects. This type of buckling normally

referred to as lateral-torsional buckling greatly reduces the load carrying capacity of slender beams.

The lateral-torsional buckling load is affected by the shape and proportion of the cross-section, length

between lateral supports, loading and boundary conditions, Another factor which affects the lateral-

torsional buckling behaviour of thin-walled beams is the level of loading point with respect to the shear

centre as shown in Fig. 1. It is clearly seen, for an example, ,

that a load applied at the top flange of a section will produce S
additional torsional effects after some rotation of the cross-
section, and thus reduce the stiffness of the beam. The effect v «——=0)

of these parameters on the lateral instability of doubly-

symmetric and mono-symmetric I-sections has been investi gated

z

in the past by many researchers’~". However investigation into
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the behaviour of un-symmetric section such as zee and channel

shapes has received much less attention”?,
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Fig.1 Effect of Load Point Location.

* Member of JSCE, Dr. Eng., Professor, Department of Civil Engineering, University of Tokyo (Bunkyo-ku, Tokyo 113, Japan)

#* M. Eng., Managing Partner, Nam Associated Consultants (Model Town, Lahore, Pakistan)

##+ Dr_ Eng., Assistant Professor, Department of Civil Engineering, University of Addis Ababa, Addis Ababa, Ethiopia, formerly

graduate student of University of Tokyo.

59s



82 A, Hasecawa, A, NAVEED and T, DELLELEGNE

Since the availability of extensive computing facilities, many formulations based on the finite element
procedures have been proposed for the nonlinear analysis of thin-walled structures, including the
lateral-torsional buckling of beams”~"», However, in these formulations, the effects due to the location of
load point have not been considered explicitly. The aim of the present study is therefore to incorporate the
additional effects due to the arbitrary location of the load points into the existing formulation® for the
out-of-plane instability of general elastic thin-walled beams, It is further intended to specialize this
treatment to study the behaviour of channel and zee section beams and to compare it to that of I-section,

2. THEORETICAL FORMULATION

Consider a general thin-walled member subjected to nodal forces, and also subjected to distributed loads
along the span as shown in Fig. 2, in which x, y, z are the right hand cartesian coordinates and U is the
axial displacement of the centroid, v,, w, are the displacements of the shear centre in y, z directions of
principal axes respectively, and ¢ is the rotation of the section about the shear centre. The rigorous
expressions for the displacements u, v and w of an arbitrary point across the section are given!” as,

u=u.—vs(y cos ¢—z sin ¢)—wi(z cos ¢+ y sin ¢)— we’

v=vs—(y—y)(1—cos ¢)—(z—z)sing b (1-a~c)

w=wst(y—ys)sin ¢—(z2—z,) (1—cos ¢) :
It is noted that all the displacement components in Eq. (1) are regarded as incremental quantities in
subsequent formulations. It is also noted that all the notations to appear in this paper are the same as in
Ref. 10), unless otherwise specifically mentioned.

It is important to note that the uniform loads and the nodal forces are applied at arbitrary points P,
(Y5, zs) and P,(y,, z,) as shown in Fig. 3 and not at the shear centre. It is assumed that the load points
move with the cross-section during deformation, but the direction of load application does not change, as
has been shown in Fig. 1. In such circumstances, the displacements of the load points are of considerable
importance and can be obtained by substituting the coordinates of P, and P, into the general displacement
field of Eq. (1), and neglecting the third and higher order terms as

o= Vs~ (Y= Ys) (1 —COS ¢)—(2s~25) Sin p=v5—1/2 (y,— yo)p*= v+ 0™ at P,

Wo=WsH(Ys—ys) SIn $—(2,— 25 1 —cos )= w,—1/2 (2,— z)#*= w'+ w'™ at P,
It can be observed from the above equations that the displacement field on the load points contains linear
(L) as well as nonlinear (NL) parts and can be used to evaluate the additional effects due to the location of
load points on the governing equations, The general virtual work equation of such a beam in linearized

(2'3, b)

finite displacement after ignoring third and higher order terms can be obtained as

ﬁ(g}-’jﬁeﬂ% ;8 eﬁj)dV“.[(pgé‘u’i“'?pzﬁuf)dx“[F?ké‘uﬁf'*‘ Fmb\uzLx]Imi,j:O """""""""""" (3)
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i(x=0) itx=l) Fig.3 Location of Load Points on the
Fig.2 Generalized Forces and Displacements. Cross Section.
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in a similar way as derived in Ref. 10), where superscript (0) indicates the quantities defined at the
reference state and g;;, p;, F, u;and e, are incremental quantities measured from the reference state.
The normal stress ¢, at the reference state is defined in terms of the stress resultants, which are the
internal axial force N°, bending moments M, MY and warping moment M¢,, all of which are assumed
constant over the element length, as

N° , (M} M; M:
0o 4V y z R S S PSPPI
o=t (2 () e (1,2 (4)
with reference to the principal axes, where
e e — 2 - 2 - R P ° —
a=[da  Iy=[yda L=[zde  L.=[wda (5-a~d)

Equation (4 ) and the non-zero stress and strain components obtainable from Eq. (1) by making use of the
Green’s strain-displacement and linear constitutive relations, together with the displacement field on the
load points of Eq. (2) are substituted into the virtual work equation (3) of linearized finite
displacements (see Ref, 10) for details) and, through the variational procedures, the governing differential
equations are obtained as,

FAu=ps
ELyv9—N°vi+(— 2N+ M)¢"=py
EIsz(Sé)_NOw/;+(ysNO_Mg)qs//:pz T (6.a~d)

ElLw¢Y—GJ§"+(—2sN°+ MYvi+(yN'— My ws
_(T§N0+ﬂyMoy+/92Moz+lgwM‘c)u)¢”+{pg (Yo— ys)'{'p% (zp'—zs)} $¢=cCr

with the associated boundary conditions at x=0 and L (k=1 and j) as,

U™ Uck or nyEAuC= Fry A
Vs= Usk or nx[—EIyva'+N° U;+(ZSN0_M02)¢/]:FM;
- U;: - 'U,sh: or nx{_EIyyvgwMoz¢]:Dyk
Ws= Wsr or N[ —ELw{+ N wst+(—ysN°+M3y)¢ 1= Fa
—wWom—wWe O Nl —EL wt+MA0]1=D.  p e (7-a~g)
= b or Nl —(Elowd”— GJ#)+ 2N vs—ysN ws
HrAN+ B8 Mo+ B Mo+ BuMu)¢]
HHF Yo=Y+ Foan(zo— 2} ¢x= Crx
—¢'=—¢} or N~ ELw$"]1=Cur
where n,=—1 at x=0, n,=1 at x=L, and

J=[6da Pl Lo A 2/A  B=—2y+ (/L) [ (v 2yda

B.=—2 zo+(1/L2) f '+ 202da Bo=01/I.s) f (4" + 2% ada

These differential equations are important from a theoretical point of view and for obtaining the analytical
solutions, However, for general loading and boundary conditions, these equations are difficult to solve and
a finite element procedure in the form of stiffness equations is more useful from a computational point of
view,

3. FINITE ELEMENT MODEL

In a similar procedure as described in Ref. 10) for warping beams and Ref, 12) for non-warping beams
with the use of the well-known Hermite interpolation polynomials, the general stiffness equation of order
14X 14 for warping beams!® or of order 12X12 for non-warping beams™ subjected to loads applied at
arbitrary points across the section is obtained as
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F. K sym.

U Fox
. Fy O K22 V FO:‘I
F=Kd—F, i.ce. = — T T .
o F, 0 0 Ki % Fo. (9-a, b)
T 0 K. Kis (KutK,+K,)]|® T,

in which the block matrices K;; (i, j=1~4) have been given in Refs. 10), 12).

There are two additional block matrices K, and K, newly introduced in this study in Eq. (9 ). Matrix
K, expressed as

Ka:[pg(yp ys)+pz Zp— Zs)]Ka .................................................................................. (10)
accounts for the additional effects due to the location of uniformly distributed loads pyand p, applied away
from the shear centre, defined at the reference state. The elements of matrix K , for warping beams can be
obtained as,

13 L/35 sym.
Ea:fBBde: —11L*/210 LS/];OS .................................. (11)
L 9L/70 —13 L*/420 13 L/35
13 L?/420 —L*/140 11 L%210 13/105
where B is the well-known third order interpolation vector as given in Ref, 10). Matrix K, expressed as
Kb:[Foyk(yp ys)+ sz 22 ]k-”Kb .......................................................................... (12)

accounts for the additional effects due to the location of nodal forces F,and F, applied away from the shear
centre, defined at the reference state, where [A]s-:; indicates the sum of A defined at k= and k= =j, and
Matrix K, for warping beams is given as

S 0 0 0
— 0 0 0 0
K:BBT: .....................................................................................
i 0 0 6, 0 (13)
0 0 0 0

where, &y and §y; are the well-known symbol of Kronecker’s delta, The vector F, in Eq. (9) is the
equivalent nodal force vector as given by

Fo=(Fox, Foy, Fog, ol -rrrrorr e (14)
where,
Foo=1Dsx [ A'dx  Fo=p, fL B'dx  Fun=p. [ B'dx T.=c. f BT e (15-a~d)

for warping beams, in which 4 is the well-known first order interpolation vector as given in Ref. 10), and
then,

r L L' L LN e,
Jaras=(%. &), [Brae=(£ £ L L) (16-a, b)

For beams having non-warping cross-sectional shapes such as box and tubed sections, the expressions of
K., K,and T, are different from Egs. (11), (13), (15-d), respectively, and can be obtained through a
similar procedure as for warping beams as

— L/3 L/6 — Or O
— T = —_ L e L . b
Ka [AAdx [L/6 L/3] K,=AA [0 &w_] (17-a, b)
in place of Egs. (11) and (13), and
Fu=pe [A'dx  Fu=p,[B'dx  Fu=p.[B'dz  Ti=c. [ ATdz oo (18-a~d)

in place of Eq. (15).

Equation (9) represents the tangent stiffness equation of a general thin-walled beam and includes the
additional effects due to the arbitrary location of uniformly distributed and/or nodal forces applied away
from the shear centre. The additional matrices K, K, and F, which have not appeared in Refs. 10), 12)
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can be incorporated into the nonlinear analysis scheme for elastic thin-walled frames and beams“),
4. LATERAL BUCKLING

Thin-walled beams which are not continuously supported in lateral direction may fail due to a
combination of lateral and torsional deformations known as lateral buckling. Consider a simply supported
beam placed on the x-z plane with y,=0, subjected to axial compressive force P° and bending moment M°
(resulting either from distributed loads or concentrated forces, being considered constant for any
particular element). The stress resultants at the reference state therefore are given as

No=—P° M%=0 Mi=M° MO mm0) ereeemremeen e (19-a~d)
in which P° is taken positive for compressive force, For this particular case, the governing stiffness
equation of order 8X§ for warping beams and 6X6 for non-warping beams can be extracted from the
general expression of Eq. (9) as
Fyl _ K, K. V
T _[ Ko (KutKot+Ky) } o

where K and K, are the small displacement and geometric stiffness matrices, respectively, given for

F=[K;+Kcld i.e.

warping beams as,

(EIyy/L3)K1 O
= N AN (21)
0 (Elpw/ LYK +(GJ /L)K;
and,
0 M°K? o[ K, zsK
K:;:“l‘[ \ \ 3 ]_i [ z ; z :l ............................................ (22)
L| MK, (B.M°K,+K.+Kp) L | z,K, 7K,

in which K;~K, are given in Ref. 10), and the corresponding expressions for non-warping beams can be
obtained through Ref. 12).

At the critical condition, more than one equilibrium state are possible without any additional load being
applied (F=0) and then the non-trivial solution of Eq. (20) may exist as,

[K:+ ,{EG}d:O ......................................................................................................... (23)
where AK ;=K and A represents the eigenvalue usually expressed by M° or P° for the problem of lateral
buckling of beams subjected to in-plane loading, including the effects due to the location of load points
being away from the shear centre. It is noted in the eigenvalue equation (23) that matrix K is symmetric
and positive definite whereas K is symmetric but semi-definite (singular for P°=(). For this case the
smallest eigenvalue which gives the critical load parameter may be found by using the Householder
QR-inverse iteration method".

5. NUMERICAL EXAMPLES AND DISCUSSIONS OF RESULTS

(1) Cross-sectional properties

The behaviour of channel and zee section members as shown in Fig. 4, which are commonly used as
purlins and beams in construction of steel structures, is more complex to analyse than that of I-sections,
due to the fact that both of these sections are not

b b b
doubly symmetric. In the case of channel section —_— —— e
the shear centre does not coincide with the P L c . e e X
centroid and thus produces additional torsional s IE:. g : ‘/“7 3
disturbance due to a possible eccentricity of — :r '
loadings whereas for zee section the principal ! ! ;z
axes are inclined with respect to the web axis, I- SECTION CHANNEL- SECTION (€ 2E€ - SECTION (2)
resulting in additional complications. The so- {+20004m, n=025m,b=005; 0.0; 0.18m for Examples)
called Wagner effects on the instability phe- Fig.4 Cross-Section Types Used for Analysis.
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nomena can also be taken into account by the second order cross-sectional properties such as the
mono-symmetrical properties §,, 8, and asymmetrical property g, as defined in Eq. (8). A derivation of
these sectional properties with respect to the principal axes has been carried out in this study for these
shapes and the resulting formulas are given in APPENDIX. The absolute values of these properties greatly
affect the stability and the large displacement behaviour of beams, specially at high load levels when the
value of the internal stress resultants becomes large.

(2) Beam model for numerical examples

The theoretical formulation presented above is now applied to a simply supported beam as shown in
Fig.5. A span length (L=06.0 m) is used for different cross-section typesi.e. I, Cand Z shapes, having
the same dimensions. Three different values of flange widths (5=0.05m, 0.1 and 0. 15 m) are used for
each section type whereas constant height (h=0.25 m) and wall thickness (#=0.004 m) are used for all
beams. For each section type and flange width, a uniformly distributed load is applied at the top flange
level (TF), at the shear centre level (SC) and at the bottom flange level (BF) as shown in Fig, 5.
Therefore a total of 27 cases have been examined, where each case is designated by the order of section
shape (I, Cor Z), flange width in cm (05, 10 or 15), followed by the point of load application (TF, SCor
BF) suchas 105 TF, C10 SC and so on. The original load is considered to be applied through the web axis
and thus is decomposed into appropriate components for the purpose of analysis. The beam is modelled by
eight elements for the whole beam which were found to be sufficient by the convergence study and was
analysed by using 90 incremental load steps which resulted in a load level of approximately 2.3 times the
buckling load of the corresponding I-section beams with acceptable accuracy. The nonlinear load-
displacement path for each beam was traced by using the finite element procedure given in Ref, 11).

(3) Buckling and nonlinear load-displacement behaviour

Firstly for the verifications of the present formulation for the effects of point of load application, the
lateral buckling loads obtained by the present analysis for I-section beams are compared with the
semi-analytical solutions given by Timoshenko? and Table 1 shows that the results were found to be in
close agreement for different locations of load point and for different values of flange width. It may be
noted that the present results are considered more reliable than those of Ref. 2) which only gave
approximate solutions,

Another way of obtaining the critical loads is to observe the load displacement curve for lateral
displacement and a point where small increment in load causes large lateral displacement may be regarded
as the critical buckling load. The initial imperfection is given in the load-displacement analysis of I-section
beams by a mid-span concentrated lateral load which produces the initial displacement of . 001 L for SC
and BF beams and (. 002 L for TF beams at the initial stage. It is observed that the value obtained from the
curves closely corresponds to the bifurcation load obtained by eigenvalue analysis for I-section beams
(Fig.6(a)). The small difference between the graphical value and the numerical value is partly due to the

Table1 Comparison of Buckling Loads.

lll l l l l l l l l l l l 1 l l l Section | b/h Load Location Pcr(a) Pcr(p) % Diff.

kN/m kN/m
X,u Top Flange 0.37 0.38 - 2.7
y , /] ) 105 | 0.2 | Shear Centre 0.45 | 0.45 0.0
Viow Bottom Flange 0.53 0.52 + 1.8
7
L=60 Top Flange 1.34 1.34 0.0
110 0.4 | Shear Centre i.8l 1.80 +0.6
; ! ! TF Level Bottom Flange | 246 | 2.43 | - 1.2
SC Level
BF Level Top Fiange 33 | 336 | - 15
(£ = 2.04xI0° kN/m? G = 7.90%10" kN/m? ) 115 0.6 | Shear Centre 4.82 485 | ~-06

Bottom Flange 7.16 7.04 +1.6

Fig.5 Beam Model used for Analysis,

Remarks : Pm,(ﬂ) = Ref. 2, Pcr(p) = Present Study

64s



Effects of Load Point Location on the Instability and Nonlinear Behaviour of I, Channel, and Zee Shaped Beams 87

2.50 2.80 2.50
CIOBF cioSsC ziosc
2.00 2.00- ZI08F
i CIOTF B

Q" o5 150 &u 1.50 ZIOTF
o = PN
b= — © P
] B g
- 9 100~ -3 1.00+

0.50 — 0.50

o T T T o T T T 0 T T T L
o] 100 200 -100  -50 o] 50 100 o 100 200
V - Displacement {mm) V— Displacement {mm) V - Displacement (mm)
(@) I10 Beam (b) C IO Beam (c) Z 0 Beam

Fig.6 Effects of Load Point Location on Load-Displacement Curves,

initial imperfections used in the nonlinear analysis to avoid singularity of the tangent stiffness matrix at the
bifurcation point. However, for C and Z section beams, no sudden increase in displacement was observed
and hence they do not exhibit a pronounced buckling phenomenon (Fig.6(b), (c)). This is due to the
simultaneous presence of lateral load component for zee section arising from the inclination of the principal
axis and due to the presence of torsional moment in channel section arising from the eccentricity of the load
from the shear centre and also due to the distance between shear centre and the centroid which gives rise to
additional torsional disturbances. It may be noted that, for the purpose of better comparison, the load on
the vertical axis in all figures has been normalized with respect to the critical buckling load of the
corresponding I-section beam for the case of loading applied at the shear centre. It is also noted that all the
displacements plotted in figures throughout this paper indicates the value at the mid-span of the beam, with
displacement p for the shear center of C-section and for the direction 3" (not principal axis) perpendicular
to the web for Z-section (see Fig.4).

It is observed from a comparison of load displacement behaviour of different shaped beams that
C-Section undergoes the largest rotations even at low load levels (Fig.7(a)) due to the presence of
torsional moment induced by the eccentricity of the load from the shear centre, whereas Z-section shows
the greatest lateral displacement due to the presence of large lateral load component (Fig. 7(b)). Although
C and Z sections do not exhibit any critical buckling phenomena, and seem to give a large reserve strength,
the maximum stress at these load levels far exceeds the yield strength of normal steel. It is also noted that

2.50 2.50
2.00 ¢ 2.00
z
4 2z ¢
5 ™
o 1.50 o5 150
o ~
. T o 4
b=l © I
8 8
3 1.00 4 1.00+
0.50 0.50 ]
0 T T T T H T T T T T T T 0 T T T T
-1.5 -0 -05 o 0.5 1.0 1.5 -50 50 150
Rotafion {rad) V- Displacement (mm)
{a) Rotation {b) Displacement

Fig.7 Comparisons of Rotation and Displacement for 10 SC Beam.
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3
Step 42: -

o®

Yz,w z,w zZ,w
(a) |- Section (b) C- Section {c) Z- Section

Fig.8 Deformed Configurations of Cross Sections for 10 SC Beam.

this reserve strength is available at fairly large displacements, which are not normally allowed in design
practice. Fig.8 shows the actual rotation and displacement of the coss-section, which have been plotted
after every six load steps. It is observed that no “sudden” displacement of Z or C section occurs as in the
case of I-section, which buckles suddenly between load step 36 and 42. It should also be noted that all the
sections undergo fairly large rotation at higher load level, which completely changes the direction of
applied loads (that is oriented in the global axis) with respect to the local member axis, The “snapback” or
reduction in lateral displacement y can also be seen with a greater clarity, which may seem unrealistic at
first glance in the load displacement curves,

The value of lateral buckling load is greatly affected by the flange widthi. e. b/h ratio, and it increases
sharply as the flange becomes wider, as clearly indicated by Table 1. The load displacement behavior of
I-sections for different flange widths (b/h ratio) is nearly similar as can be seen from Fig. 9(a), except
for the fact that the normalizing critical load is different in each case. The behavior of zee and channel
sections is, however, significantly affected by the b/h ratio due to the fact that in both cases the basic
load components are dependent upon the proportions of the cross-section which in turn are affected by the
flange width to web height ratio. For wide flange C-sections, the torsional moment becomes large due to a
bigger value of y, and may completely change the direction and magnitude of displacements (Fig.9(b)).
Similarly the direction of principal axes in the case of Z-section depends upon the b/} ratio, which affects
the direction and magnitude of p, and p, which in turn affect the absolute and relative values of
displacements p and w, as shown in Fig,9(c).

It can be seen from Fig, 1 and from Eq. (9) that any load which is applied at a distance from the shear
cetre (in line with shear centre axis) increases or decreases the stiffness of a member. In other words, the
same load, when applied at different levels along the shear centre axis, will produce different
load-displacement curve, and will result in different values of buckling load. This phenomena are clearly

2.50 2.50 2.50
zl0sc
2.00- 2.00
5 1.50] a8 150
S N
a ] Z05SC
3 g
S 1.00 = .00+ Z158C
0.50 - 0.50
o T T T T T o T T T T o T T T
[ 50 100 150 200 250 -i50  -I00  -50 &) 50 100 s} 100 200
V - Displacement {mm) V - Displacement (mm) V- Displacement (mm)
(a) I Beam (b) C Beam {c) Z Beam

Fig.9 Effects of Flange Width on Load-Displacement Curves (Shear Center Loading).
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demonstrated by this study in Fig. 6 and by Table 1. It is important to note in Fig. 6(a) that the difference
in displacements for a given load level due to the change in the location of load only becomes significant
after buckling of I-sections, and there is practically no difference in behaviour before buckling, except for
the fact that buckling load itself depends upon load location. For channel and zee sections, which start to
undergo large rotations and displacements even at low load levels, load location has a greater effect on the
load-displacement curve (Fig.6(b), (c)). The load carrying capacity of these sections, for a prescribed
value of displacement, increases appreciably when load is applied at the bottom flange, in which case the
design based on shear centre loading is conservative, whereas the shear centre loading assumption gives
unsafe deflections and stresses when actual load is applied at the top flange.

6. CONCLUSIONS

The effects due to an arbitrary location of the load point on the buckling and post-buckling behaviour of
thin-walled beams have been investigated. The governing differential equations and the corresponding
stiffness matrix have been derived, based on the virtual work equation of linearized finite displacement.
This extended stiffness matrix has been incorporated into the finite element model of Hasegawa et al, ' to
trace the nonlinear displacement path. A reduced stiffness matrix has also been derived for the evaluation
of buckling loads. The formulation has been used to numerically investigate the elastic finite displacement
behaviour of I, channel and zee shaped beams. The following conclusions can be drawn from the
computational results obtained in this study.

(1) The finite element formulation with the reduced stiffness matrix presented in this study has glveh
excellent agreement with the available semi-analytical solutions of lateral buckling loads for the effects due
to the different locations of load point.

(2) Location of load point greatly affects not only the buckling loads, but also the finite displacement
behaviour of all the beams used in this study.

(3) Although zee and channel sections show a large reserve strength as compared with I-section, this
reserve strength corresponds to fairly large stresses and displacements.

(4) Flange width to web height ratio has a much greater effect on the load displacement behaviour of
zee and channel sections than on that of I-section.
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APPENDIX : SECTION PROPERTIES

The second order cross sectional properties along with torsional properties are given below for I,
channel and zee sections as shown in Fig.4 with y, z axes being principal axes.

1) I-SECTION

_ bB*HE A , (Lt L)

ﬂyzo ﬂz:O ﬂw=0
9) C-SECTION

3 b? b .
C=®b+h I=Gp+h y=ctd

tb3h2 (3b+2h) _P 2 (Lyy+ L+ Ay3)
Loo=""1376 b ) J=S@b+h) =IO
— ys+~11—[b7[( B4 b2d—6 bdP+4 dY)+ - (= b+2 d)} hdt (12 @2 +h2)]

8:=0 Bo=0
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3) Z-SECTION

[ _tbh*(b+2h) J=Loprn  prmdetld

oo 122 b+h) 3 s A
B,=0 B=0  Bumsim ol 446 bRt A
242 b+ h) Lo
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