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With the continuing trend towards larger ships

the use of fabricated sections, as opposed to

rolled sections, for plate stifferners has increased.
In addition the economics of the fabrication
“process are such as to.favour the asymmetrical
section. Until recently there was no differentiation
between symmetrical and asymmetrical sections
when direct calculations were employed for the
determination of scantlings, However, strain measure-
ment on actual:vessels has indicated disagreement
between’predicted and measured stresses in

certain régions associated with asymmetrical
sections. This has prompted a separate study of
this phenomenon by Dr Shama, B.Sc., Ph.D.,
MRINA, of the Structures Section of the Research
and Technical Advisory Services of Lloyd's Register
of Shipping, from which this article has

becn abstracted.

In the clastic stress analysis of ship struciutes using wic
finite element method (FEM), the face plates of fabricated
girders, transverses, brackets, etc, are normally idealised
by bar or beam elements (Ref 1). For narrow symmetrical
face plates the sectional propertics of the idealised member
can be computed directly from the face plate dimensions,
assuming that it is fully effective. On the other hand, when
dealing with offset or curved face plates, the sectional
properties of the idealissd member should be based on its
actual contribution to the load carrying capacity of the
structure (Ref 2). Using the.full area of the face plate

for calculating the sectional properties of the idealised’

member could lead to serious errors, particularly in the
curved regions. By using the concept of ‘e(fective breadth’,
(Ref 3), these errors can be avoided. .

These remarks apply also to the elastic analysis of plane
and space frames as well as grillage structures, where,
errors in the deflections and hence computed forces,

moments and stresses may arise, particularly when .

asymmetrical sections are present. Much improved accuracy
can be achieved when the sectional properties” utilised in
an analysis represent the effective section of each member.

In the following analysis, a method is given in the Appendix
for. calculating the effective breadth ratio for asymmetric
face plates in terms of the relevant parameters of the
member together with the, torsional properties of the
section. For symmetrical curved face plates, a design curve
based on the method given in Ref 4 for determining the
effective breadth ratio is presented. The validity of thess
methods was examined by using the finite element method
and model testing. .

Effective breadth concept

The fall off in normal stresses across the width of a face
plate can result from shear lag, cross bending, torsion
loading or any combination of these factors depending on
the case under consideration. With straight members, shear
lag effect in symmetrical face plates or flexural warping in
asymmetrical face plates is the main causz of the fall off
in normal stresses., However, in curved members, cross

bending effect is responsible for-the fall off in normal

stresses. :

The concept of effective breadth, Fig I, is widely used in
ship structural analysis to cater for this fall in normal
stresses. Schade (Refs 3 and S5) has ‘investigated various
cases. ' '

In the follewing analvsis, the elfective breadth of face
plates on fabricated girders, longitudinals, brackets, etc, is
investigated. These cases are not covered by Schade’s curves
since curvature and torsion are the main factors responsible
for the fall off in normal stresses across the width of the
face plate. '

(a) Straight members

These include fabricated longitudinals, stiffeniers, girders,
etc. )

(i) Symmetrical face plates. :

The sectional properties of the idecalised bar or beam
clements can be computed directly from the -face. plate
dimensions as the geometry and scantlings normally used
for fabricated symmetrical sections tend to have fully
effective face plates. However, should these face plates
become exceptionally wide, their effective breadth can be
determined using the curves in Ref 3.

(ii) Asymmetrical face plates,

For this case Schade (Ref 5) presented a method and
design curves based on shear lag phenomena, showing that
the maximum effective breadth ratio was 0-25. Yuille (Ref
6), attributed the fall off in normal stresses across the face
plate width to flexural warping stresses. Following Yuille's
conception, a method is given in the Appendix for the
calculation of the effective breadth ratio for a straight
member fully fixed at both e¢nds and ‘subjected to uniform

loading. This ratio is given in terms of the torsional charac-
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teristics of the section and the length of the member.
(b) Curved members
(i) Symmetrical face plates.

The circumferential stresses in a symmetrical face plate
induce radial forces which cause thz cuter edges of the
face plate to deflect radially. This effect is sometimes called
‘cross bending’, see Fig 2, and has an adverse effect on the
effectiveness of such face plates. As a result, high stresses
may be induced in both the.curved plate and the web
near the face plate. Cross bending also induces transverse
stresses in the curved face plate which may be higher than
the circumferential stresses,

For this type of face plate, Bleich (Ref 7), gave coeflicients
for the calculation of both transverse stresses and effective
breadth ratio. Anderson (Ref 4), carried out a theoretical
and experimental investigation for calculating the flexural
stresses in curved beams of I and box sections, and gave
a method for calculating the effective breadth ratio and
transverss stresses. Fig 3 gives a desipn curve, based on
Anderson’s method, for determining the effcctive breadth
ratio of curved face. plates in ierms of the width, thickness
and radius of curvature of the face plate.

The effective breadth ratio is given by:

v — | sin{.cos v+ sinh . cosh 3.
Y cos? + cosh®y .
where ¢ = [28b
" VR.t

b, tr and R are half width, thickness and radius of curva-
ture of the face plate respectively, see Fig 3.
(i1) Asymmetrical face plates.

For this type of face plate, the effective breadth not only
depends upon the width, thickness and radius of curvature
of the face plate, but it also depends upon the stiffness of
the web and attached plating as well as the torsional
characteristics of the section. In this case, cross-bending
and flexural warping are the main factors affecting the
stress distribution across the width of the face plate.

Since a rigorous theoretical solution of this type of face
plate is outside the scope of this study, the effective breadth
is examined using the FEM and model tests, from which
an empirical design curve is presented, see Fig 4.

Elastic stress analysis using the FEM

Twa programs employing the finite clement method
were used for this investigation:

(i) LR 215 Plane Stress Analysis (Lloyd’s Register
Computer Program Library)
(i) ICSL FEM program (Ref 10)

Program (i) is used for the elastic stress analysis of
two dimensional plane stress problems, Triangular and
rectangular plate elements, together with bar elements are
used.

Program (ii) is used for the elastic stress analysis of
two and three dimensional plane stress problems. Triangular
and quadrilateral plate elements, together with beam
elements, are used.

In the above programs, a bar element carries only axial
loading, a beam element carries axial, shear and bending
loads, a triangular plate element assumes uniform normal
and shear stresses and a quadrilateral plate element assumes
linear normal stresses and constant shear stress (Ref 9).
For both types of plate elements, the stresses are computed
at the centroid of the element.

The, cases investigated by the FEM were:

(1) Straight member with asymmetrical face plate.
(2) Symmetrical and asymmetrical curved face plates.

Model tests

A series of twelve model tests was carried out at Lloyd's
Register of Shipping’s Research Laboratory at Crawley. The
main objective of these tests was to investigate the validity
of the theoretical methods. The results of the tests were as
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follows:
(1) Symmetrical curved face plates.

Fig 6 shows the normal stress distribution across
the breadth of the face plate at two sections for model No,
3. When the width of the face plate was reduced and when
a thick face bar was used, the fall off in stress was murkcdly
reduced giving a higher eflcctive brzadth ratio.

(b) Asymmetrical curved face plate.

Fig 7 shows the normal stress distribution across the
face plate width for three sections of model No. 7. When
the width of the face plate was rcduced there was still
a marked fall off in stress which presumably results mainly
from the flexural warping stresses,

(c) Straight mcmbers with asymmetrical face plate.

From the mcasured stress distribution across the width
of the face plate at both midspan and at 0-5 in from the
fixed end, the effective breadth ratio was calculated and
found-to be approximately 0.38 at mid-span. When the
bottom and web plating were stiffencd by stiffeners and
tripping brackets respectively, the effective breadth ratio
was increased to about 0-72. In this case, two tripping
brackets were fitted within the 36 in span.

Discussion of results

I. Straight member with asymmetrical face plate,

From Fig 5 the eflective breadth ratio is calculated for
the two conditions of web thickness and the result is
compared with the corresponding values calculated accord-
ing to the Appendix as follows:

Effective breadth ratio
tw -
mm F.E.M. Proposed method
15 0-3 0256
25 0-31 0-262

The result indicates that the method given in the Appen-
dix underestimates the effective breadth ratio by about 5%.

Also, it is shown that increasing the web thickness by 67%

docs ot improve the effectiveness of the face plate.

Hence the use of the full sectional area of-the face plate
in calculating the sectional properties of the member under-
estimates the maximum stress in both web and face plate.
These errors result mainly from the additional flexural
warping stresses. .

In reference 8, four tests were carried out on stiffened
plating using different sizes of angle stiffeners. From ‘these
test results, the effective breadth ratio was found to vary
between 0.6 and 0.75. Using the method given in the Appen-
dix, the effective breadth ratio at mid-span for these
members varies between 0-62 and 0-83. From these results,
it is shown that for rolled asymmetrical sections, the fall
off in normal stresses in the flanges due to flexural warping
stresses is much less than the fall off in the large fabricated
sections, Furthermore, it is shown that the method given in
the Appendix gives good results for rolled ‘asymmetrical
sections.

For fabricated sections, reinforcement of web plating
seems to be a major factor for improving the effectiveness
of the face plate provided the bottom plate is also stiffened.

Model test results showed that the effective breadth ratio

at mid-span increases by 100% when the web is stiffened
by tripping brackets.
The computed effective breadth ratlo using the method

given in the Appendix is 0.25 for both the ﬁxed end section

and mid-span. This result agrees with the measured value
for the fixed end, which gives XA = 0-265 but is about
13% less at mid-span. This discrepancy jat id-span results
mainly from the bending of the web and the face plate
out of their planes.

The model tests showed that the cffective breadth ratio
is increased by increasing the thickness of the face plate
and/or the radius of curvature or by reducing its width.
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It was also shown that, in gencral, there is good agreement
between the measured effective breadth ratio and the
corresponding values given by Fig 3, as shown in Table 1.
2. Curved members with asymmetrical face plates.

The model tests results showed that, in general, tie
cffectiveness of curved face plates is very low.

The results in Table II demonstrated that increasing the
thickness or Treducing the width of a face plate only
marginally improves i!s load carrying capacity.

The effective breadth ratio calculated from the results of
the FEM for the structure of model test No. 7 was 0-26,
which is in good agreement with the test result. From the
results, it is evident that the flexural warping stresses are
more responsible than the cross bending effect for the
reduction of the effectiveness of asymmetrical curved face
plates. The cross bending effect is sharply reduced because
of the bending of web plating. -

Effective breadth ratio
Model No. Test value Theoretical value
1 0-6 0-57
2 0-84 0-925
3 0-7 0-685
4 0-94 0-89
5 0-93 0-86
6 1-0 0-985

Table 1. Effective breadth ratio for symmetrical curved face
plates

Effective breadth ratio
Test N Test value A
7 0-277 0-410
8 0-412 0-650
10 0-330 0-575
11 0-400 0-880
12 0-588 0-980

Table 11. Effective breadth ratio for asymmetrical curved face
plates A = effective breadih ratio obtained from Fiy 4

“In the clastic stress analysis of ship structures by the
FEM, the face plates of straight and curved members can
be idealised by bar or beam eclements provided that the
sectional properties of these idealised members arc pased
on their effective breadth, as derived from the relevant
design curve or the Appendix.
In order to improve the effectiveness of curved face plates
the following condition should be satisfied:
b < VR .t for symmetrical face plates

The cffectiveness of asymmetrical face plates is greatly
improved if web and plate bending is reduced. This can
be achiceved by {itting effective tripping brackets.

Although service experiznce to date with asymmetrical®

sections has been satisfactory, this study indicates that this

experience may not necessarily be applicable to larger

fabricated sections. The initial advantages in the economy
of fabrication of asymmetrical sections may be outweighed
by a shorter fatigue life as a consequence of the higher
maximum stress compared with the symmetrical section.
This aspect is now the subject of further study.

Appendix

In the followmg aml)sns the effective breadth of an
asymmetrical face pl.ltc is determined using the following
assumptions:
1. The fall off in normal stresses across the width of the
face plate results mainly from the flexural warping
stresses,
The stiffness of the web and attached plating is relatively
large.

o

The flexural warping siresses are calculated from thc
torsion cquation for a uniform member (Ref 12) as follows:

d .d,

Mt=cd~3—cla);’, ........................ )
where C and C, are the torsional and w
respectively. (C =G .J, C, = E.J,).

The torque M. is given by:
My=Mo+qex ............ e 2

where M, = torque at the beam end
e = distance between the applicd load and shear

arping rigidities

centre.
The general solution of equation (1) is as follows:
¢ = ¢o + %:smth+ ¢° , (cosh Kx — 1) +
_Iv_fi, - smh Lx qex- 3
CA\XT =g ) T 3g e e 3)
where K = VC/_C1 et neeaeaaaa @)

¢o, ¢’ and ¢, arc constants of integration and could be
determined from the end conditions.
For a uniform bar fixed at both ends, the end conditions
are:
at x=o0 and x =/
¢ :¢’ =0 . -

Hence ¢o = ¢" = 0

Due to symmetry M, = — _qz_el_
Hence equation (3) becomes:
if .. Kx_ . Kil=x)
_ gel sinh > sinh — Kx(l—x) p
KCy K a | o ®
sinh -

" where q = uniform load per unit length.

The flexural warping stresses are given by {Ref 12).

ce=Bow. $ho ©)
where o = principal scctorial co-ordinate .
id & _ qel [2 K cosh (}\x )
<t T 2C{ 1™ .
. sinh

The bending stress in the face bar due to lateral loading

is given by:
My(Ie . Z—1:.y) ' :
o, = T, 1 =T, e S

\s_'hcre'lz, Iy, Iy« are the moments and product of inertia
about the y and z axes, see Fig 8. ’

However, for the normal dimensions of asymmetrical
sections” used in ship construction, the angle between .the.
v and-z axes and the. principal axes is relatively  small.
Consequently, the bending stress could be approximately
given by:

M,.Z
Iy
where M; = bending moment

_ F_lx+x=
“AlmT7t:

Hence, using equations (6), (7) and (9),
breadth ratio at any position x is given by:
av + [ (o) + ()]

oo + (o)
where (o.)i, (0u)o are the flexural warping stress at the
inner and outer cdges respectively,

The mean effective breadth ratio is given by:

Tb =

the effective

Ax =

!
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At the fixed end, je ut x = 0, equation (6) beccomes:
Eqe K/
= - - — L 12
o C [l 2 tanh KI] “ (
2
and cquation (9) becomes:
__qkf.Z
gy = 12 ]'\-
Hence, the effective breadth rztio js given by:
zF 1-3e K/
....... — | = e (i F o
st < , Ki )
2 tanh =
e g N 236c"< l Kl_j_“ a
PR T U VI At
121, ) 2 tanh
where i, = principal sectorial ce-ordinates for the inne

and outer edges
J. = torsion constant of the section.

NOMENCLATURE

B = total width of a symmetrical face plute
b = width of an asymmetrical face plate or %
width of a symmetrical face plite
b, = effective breadth
C = orsional rigidity of a section (C= G J)
Cy = warping rigidity of u section (C, = E J«}
E = elastic modulus :
e = distance of the shear centre from the web
FEM = finite element method
G = shear modulus
I;,T. = second moment of area about the y and z
axes respectively
I,. = product of inertia about the y und z axes
Ju = torsional constant of a section
Jw = warping constant of a section
K = vC/C
! = length of member
M = bending moment

M. = torque
P = a force vector
q = uniform load
R = radius of curvature
S = spacing between stiffeners or lonuxludmdls
(S = effective breadth of plating)
t = thickness
i, tw = thickness of face bar and web respectively
X,y,z = co-ordinate axes :
Z = distance of face bnr from centroidal axis
o = slress S
o = bending stress
i, 0o = stress at the inner and outer edges of lhc
face plate respectively
o~ = flexural warping stress
(s, (ero)., = flexural warping stress at the inner and

outer edges of the face plate respectively
¢ = angle of twist
principal sectional co-ordinate
effective breadth ratio

It

[

A

I

1-28b
¥ = non-dimensional coefficient ¥ = Vhl
f
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Effective breadth ratio
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Fig 3 EFFECTIVE BREADTH RATIO FOR SYMMETRICAL CURVED FACE PLATES

[flactive breadth ralio

Fig 4 EFFECTIVE BREADTH RATIO FOR ASYMMUTRICAL FACE PLATES
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Fig. 5 FLEXURAL STRESS 1N THE FACE PLATE -
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Fig. 7 BENDING STRESS. DISTRIBUTION [N MODEL(?)
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Fig. 8 COORDINATE SYSTEM,
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