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FLAT PANELSIN SHEAR —POST-BUCKLING ANALYSIS

PREFACE

ThisDataltem introduces aFortran computer program, ESDUpac A0205, for the analysisof aflat, stiffened
panel forming the web of a beam, the web having buckled under shear. The program can provide either
(i) adetailed analysis of the strengths and buckling loads of the individual components of asingle panel or
(ii) the minimum plate reserve factor, the minimum stiffener reserve factor, the minimum flange reserve
factor, theratio of nominal shear stresstoinitial plate buckling stress and the weight of the panel (excluding
the flanges) per unit run for a number of different user-specified panels, so allowing a comparison of their
performance to be made. The program is a computerised form of the analysis performed in Data Item
No. 77014 (Derivation 9). The initial buckling analysis of the plate applies only to the elastic range but
the post-buckling analysis takes account of inelastic behaviour in the plate and stiffeners. The analysisis
only applicable to panels fabricated from isotropic materials.

The Dataltem consists of two sections. Section 1 describes the application of the program and itstheoretical
basis. Section 2 describes the use of the program, its input and output, and gives example calculations
using the program.

The program isavailablein two formats: (a) aFortran source code with exampleinput and output files, and
(b) an executable program for use within ESDUview. Both versions can be found in ESDUscope (the CD
version of the Series), on the internet version of the Series, and on disk in the Series Software Volume.

ESDU Copyright material. For current status contact ESDU.

Documents

i Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 02005 2003


http://www.avadocuments.com/doc/esdu-02005-2003
http://www.avadocuments.com/doc/esdu-02005-2003

=S 02005

FLAT PANELSIN SHEAR —POST-BUCKLING ANALYSIS

ESDU Copyright material. For current status contact ESDU.

CONTENTS
Page
1 APPLICATION OF THE PROGRAM AND THEORETICAL CONSIDERATIONS 1
11 Introduction 1
12 Notation 5
121 Suffixes 9
13 General Application and Limitations of the Analysis 10
14 The Parts of the Analysis and Detailed Consider ations 10
1.4.1 Initial Buckling of Plate 11
14.2 Strength of Plate 11
1.4.2.1 Plate strength remote from the edges 11
1.4.2.2 Plate strength at plate-to-flange joint 11
143 Strength of Stiffeners 12
1.4.3.1 Buckling of stiffeners 12
1.4.3.2 Forced crippling of stiffeners 13
1.4.3.3 Failureof the stiffener attachments 13
144 Strength of Flanges 14
1.4.4.1 Strength of the flange attachments 14
145 Post-buckled Stiffness of Panel 15
1.4.6 Multiple Pane Analysis 15
15 Derivation 16
2. USE OF ESDUPAC A0205 17
21 Introduction 17
2.2 Program Scope and Limitations 17
221 ReserveFactors 18
2.2.2 Interpolation and Extrapolation 18
2.3 Data I nput 18
2.4 PROGRAM OUTPUT 36
24.1 General Output Form 36
2.4.2 Title, Input Data Check and Input Data Warningsand Error M essages 36
24.3 Results 36
2.4.3.1 Resultsfor multiple panel analysis (Icg = 1) 36
2.4.3.2 Resultsfor detailed analysisof asingle panel (Icg =2or 3) 38
24.4 Completion of Output 41
245 Application of the Results 42
2.4.6 Input Data Checks, Warningsand Error M essages 42

Documents

i Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 02005 2003


http://www.avadocuments.com/doc/esdu-02005-2003
http://www.avadocuments.com/doc/esdu-02005-2003

EESDU

Engineering Sciences Data Unit

02005

25 Examples
251 Multiple Panel Analysis
2.5.1.1 Example Multiple Panel Analysis|nput Data File
2.5.1.2 Example Multiple Panel Analysis Output File
2.5.2 SinglePanel Analysis
2.5.2.1 Example Single Panel AnalysisInput Data File
2.5.2.2 Example Single Pand Analysis Output File

ESDU Copyright material. For current status contact ESDU.

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 02005 2003

46
46

49
55
56
57

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/esdu-02005-2003
http://www.avadocuments.com/doc/esdu-02005-2003

=S 02005

FLAT PANELSIN SHEAR —POST-BUCKLING ANALYSIS

1. APPLICATION OF THE PROGRAM AND THEORETICAL CONSIDERATIONS
1.1 I ntroduction

ThisDataltem introducesaFortran computer program, ESDUpac A0205, for theanalysisof aflat, stiffened
panel forming the web of a beam, the web having buckled under shear. A panel is defined as athin plate,
or sheet, reinforced by a system of longitudinal and transverse membersreferred to asflangesand stiffeners
respectively, as shown in Sketch 1.1. The panels are assumed to be part of a beam, asin an aircraft spar.
The program provides an analysis of either (i) the detailed component loads, shear and direct stresses, and
buckling and failure stresses (asapplicable) in the plate, flanges, stiffenersand fastenersof asinglespecified
panel or (ii) the minimum plate reserve factor”, the minimum stiffener reserve factor, the minimum flange
reserve factor, the ratio of nominal shear stress to initial plate buckling stress and the weight of the panel
(excluding the flanges) per unit run for a chosen number of predefined panelsin which the plate thickness,
stiffener pitch, stiffener thickness and stiffener height may each take up to five different values. The Data
Item isacomputerised form of the analysis performed in Dataltem No. 77014 (Derivation 9). In addition,
use is made of associated ESDU Data Items, Derivations 1, 5t0 8, 10to 12 and 14.
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Sketch 1.1 Typical panel layout

" A “reservefactor” is defined as the ratio of allowable load to applied load.
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The action of aweb in shear may be explained with the aid of the simple structure shown in Sketch 1.2a,
consisting of aninitially rectangular frame of stiff bars, pinned at the corners and braced internally by two
slender diagonals of equal size. Aslong as the applied shear load, Q,, is small, the two diagonals will
carry equal and oppositeloads. Atacertainvalueof Q, , thecompressiondiagonal will buckle(Sketch 1.2a)
and thusloseits ability to take any additional load. Consequently, if Q, isfurther increased, the additional
diagona bracing force must be furnished by the tension diagonal; at high applied loads, the load in the
tension diagonal will be so largethat theload in the compression diagonal will be negligible by comparison.
An analogous change in the state of stresswill occur if the internal bracing is replaced by athin plate (see
Sketch 1.2¢).

Thus, a panel buckled in shear deforms into a set of inclined waves and carries, when these are fully
developed, a tensile stress, approximately parallel to the waves, together with a smaller, perpendicular
compressive stress (see Sketches 1.2c and 1.2d). Thisleadsto a compressive load and a bending moment
in the panel flanges and a compressive load in the stiffeners. Thus the stress distribution can be described
as a combination of pure shear stress and a “diagonal tension field” acting in the general direction of the
buckles (see Sketches 1.2b and 1.2d). The proportion of thetotal shear reacted by diagonal tensionistermed
the diagonal tension factor, k, and values for this factor, for flat panels, are given by the formula

tanh[0.510g,4(0,/dp)] -

Theinitia buckling analysis of the plate performed by the program applies only to the elastic range but the
post-buckling analysis takes account of inelastic behaviour in the plate and stiffeners. The analysisisonly
applicable to panels fabricated from isotropic materials. The program performs an analysis of the
post-buckled stress system in the panel as a beam element subjected to an applied transverse shear load,
Q,- Inaddition to this, there will be an end load, Psm, in the flanges due to the overall bending moment,
M psON the beam in the plane of the plate. The end load, Pt isassumed to be constant along the flanges;
however, in reality, P varies along the flanges. The applied transverse shear load, Qa , and the overall
bending moment on the beaminthe plane of theplate, M, are assumed to bein afixed ratio to one another.
The program provides data on the following aspects.

0] Initial buckling of the plate.
(i) Strength of the plate.

(iii) Strength of the stiffeners.
(iv) Strength of the flanges.

ESDU Copyright material. For current status contact ESDU.

(v) Post-buckled stiffness of the panel.
(vi) Weight of the panel.

It should be noted that the program does not provide a compl ete analysis of the flanges and a more precise
analysis, making use of form factors, should be carried out by the user as appropriate.

The relationship between the stresses in the panel and the applied load is not an explicit one. Asaresult
of this, the program goes through an iterative process for each of the components of the panel in turnin
order to determine the shear load, Q, that would result in a stress in the component under consideration
equal to the allowable stress of the relevant material. The ratios of those loads to the actual applied load
are the reserve factors for each of the components of the panel.

Section 1.3 providesagenera guideto the application of the program and limitationsonitsuse. Section 1.4
gives a description of the different aspects of the analysis and the detailed considerations associated with
them.
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Sketch 1.2b Stress systemsin diagonal tension panel
(assuming the angle of the diagonal tension stress to be 45°)
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Sketch 1.2c Internal and external loadsin diagonal tension panel (exploded view)
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Sketch 1.2d Typical diagonal tension beam
(from NACA Technical Note No. NACA TN-2661)
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1.2

Notation

Both Sl and British units are quoted but any coherent system of units may be used.

A cross-sectional area of flange and associated skin excluding m? in
associated plate, see Section 1.3 and Table 2.3

Ase cross-sectional area of flange, associated skin and associated m? in?
plate, see Table 2.3

Aq cross-sectional area of stiffener excluding associated plate (bt~ m? in?
including any pad that is present)

Ag cross-sectional area of stiffener and associated plate (including ~ m? in?
any pad that is present)

a full depth of panel excluding skin thickness, see Sketch 1.1 m in

a, depth of web used for buckling analysis, see Table 2.3 m in

b stiffener pitch or spacing m in

bp width of plate used for buckling analysis, see Table 2.2 m in

d flange or stiffener free (unattached) height, see Tables 2.3 and m in
2.2 respectively
elastic modulus of component material N/m? Ibf/in?

T tangent modulus of component material (see Derivation 8) N/m? Ibf/in?

€m manufacturing eccentricity of stiffener m in

F flange or stiffener reserve factor

Fic reserve factor relating to maximum compressive stressin
flanges

Ft min minimum flange reserve factor taken from F;., F;, and Fy

Fir reserve factor relating to maximum stress at innermost rivet
line of flanges

Fit reserve factor relating to maximum tensile stress in flanges

FO,X , FIoir , reserve_ lectors relating to fo,X , fIoir , fsd , fSfc , fs oT fSZ and fT

Feg + Fster respectively

Fs, oT! I:sz !

Fr

Fs min minimum stiffener buckling reserve factor taken from F ,,
Foirs Feq » Fsicr Fgorr Foy @d Fp (seeSections 1.4.3.1
t0 1.4.3.3)

f direct stress in component N/m? Ibf/in?

fo allowable extreme fibre stress of stiffener material N/m? |bf/in?

fap+ s stress at which E; = E/2 for plate and stiffener materials N/m? Ibf/in?
respectively (see Derivation 8)

fo,X overal flexural buckling stress of stiffener/plate combination N/m? Ibf/in?
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fors oo stresses at points on plate material stress-strain curve N/m? Ibf/in?
Foir inter-rivet buckling stress of plate material acting with stiffener ~ N/m? Ibf/in?
or tensile stressin plate normal to flange cross-section at N/m? Ibf/in?
flange-to-plate rivet line
fs average applied compressive stress in stiffener at centre of its N/m Ibf/in
length
f. oo stresses at points on stiffener material stress-strain curve N/m? bf/in?
feq local buckling stress of stiffener outstand (stiffener element N/m? Ibf/in?
with dimension dg in Table 2.2)
fe o value of f at which forced crippling of stiffener occurs N/m?  Ibf/in®
. fe, maximum compressive stress at heel of stiffener N/m? Ibf/in?
[a
2 fs oT torsional-flexural buckling stress of stiffener/plate N/m? Ibf/in?
§ combination
5 fe, local buckling stress of stiffener flange (stiffener element with ~ N/m? Ibf/in?
It dimension z in Table 2.2)
= fr puretorsional buckling stress of stiffener/plate combination N/m? Ibf/in?
% figs i tensile strengths of flange and plate materials respectively N/m? Ibf/in?
= G shear modulus of component material N/m? Ibf/in?
(8]
5 Gg, Gy secant and tangent moduli respectively of plate N/m? Ibf/in?
-‘_é; he distance between centroids of flanges (area A;,) m in
2 o identifier for form of analysis
S
e lem identifier for plate and stiffener material stress-strain curve (as
-'é: denoted by appropriate suffixes)
§' IDe flange dimensiong/section properties indicator
é IDyype stiffener type (see Table 2.2)
wl
la1.2 indicator for attached or integral stiffener (see Table 2.1d)
lag 2 indicator for the type of stiffener outstand with height dg and
thickness tg (see Table 2.1d)
P second moment of area of flange (area A;) about axis through m* int
its centroid normal to plate
lt12 indicator for single or double flange (see Table 2.14)
P second moment of area of flange including associated skin and m* int
associated plate (area A;,)
lo1,2 indicator for open- or closed-section stiffener (see Table 2.1d)
| pee polar moment of inertia of stiffener and associated plate about ~ m?* int
axis through its shear centre
ls1 2 indicator for single- or double-sided stiffener (see Table 2.1d)
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indicator for whether stiffener is asymmetrical or symmetrical

about y-axis (see Table 2.1d)

second moment of area of stiffener (area A) about axis
through its centroid parallel to plate

second moment of area of stiffener and associated plate
(area Ag,) about axisthrough its centroid paralel to plate

torsional constant of stiffener cross-section (area A,)
(see Table 2.2)

torsional constant of stiffener and associated plate
cross-section (area A, ) (see Table 2.2)

buckling stress coefficient defined by q, = KEp(tp/bp)
(see Derivation 7)

2

diagonal tension factor
stiffener-to-plate attachment factor (see Table 2.1b)

radius of gyration of stiffener (area Ay)

radius of gyration of stiffener-plate combination (area Ay, )

equivalent pin-ended column length of stiffener

rivet pitch along stiffener
overal bending moment on beam in plane of plate
maximum local bending moment in flange

material characteristics of plate and stiffener materials
respectively (see Derivation 8)

number of panels selected for output (for multiple panel
anaysis, lop = 1)

number of plate thicknesses, stiffener pitches, stiffener

thicknesses and stiffener heights, respectively, to be considered

in multiple panel analysis

allowable load in component (as denoted by appropriate
suffixes)

applied direct (end) load in flange due to overall bending
moment on beam, Pim = Mb/he

flange compressive load component due to diagonal tension
field

maximum resultant shear flow on attachments of flange (in
stiffener region)

failing end load of stiffener and associated plate,
P =f A

sult o0,X "'se
allowable shear load on panel paralel to stiffeners for failure

of each of components (as denoted by appropriate suffixes)
applied shear load on panel parallel to stiffeners

-

Licensee=/, User=,
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m* int
m* in?
m?* in*
m* in*
m in
m in
m in
m in
N m Ibfin
N m Ibf in
N | bf
N | bf
N | bf
N/m [bf/in
N | bf
N | bf
N | bf
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shear load on panel paralle to stiffeners at which plate first
buckles, Qb = thetp

applied shear load on panel paralldl to stiffeners at which no
permanent deformation is permitted

alowable shear stress in plate (as denoted by appropriate
suffixes)

nomina applied shear stressin plate, g, = Qa/hetIO
shear stress at which plate first buckles

plate reserve factor based on general permanent deformation,
plate reserve factor based on local permanent deformation,
Ry = dgi hety/Qyq
minimum plate reserve factor taken from Rdg, Ry Rp and
R

pfr
plate reserve factor based on failure away from edges,
RIO = qp hetp/Qa
plate reserve factor based on failure at the flange joint
(innermost rivet line), RIOfr = Opfr hetp/Qa
component thickness

0.2 per cent proof stresses in tension of flange, plate and
stiffener material s respectively

weight per unit length of panel (excluding flanges)

dimension of flange, stiffener or pad

effective width of plate acting with stiffener, see Table 2.2
distance of shear centre from centroid of stiffener and
associated plate in x-direction

distance between centroid of flange (area A;) and mid-plane of
skin

distance between centroid of flange (area A;,) and mid-plane
of skin

distance between centroid of flange (area A;,) and innermost
fibre of flange

distance of innermost rivet/bolt row from heel of flange
(see Table 2.3)

distance between centroid of flange (area A;,) and innermost
rivet line

algebraic distances from neutral axis to extreme fibres above
and below axis (see Derivation 14)

distance between centroid of stiffener (area A and mid-plane
of platein y-direction

offset of neutral axis of stiffener and associated plate from
mid-plane of plate

8
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N | of

N | of

N/m? of/in?

N/m? |bf/in?

N/m? |bf/in?

m in

N/m?2 |bf/in?

kg/m Ib/in

m in

m in

m in

m in

m in

m in

m in

m in

m in

m in

m in
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2 1.2.1 Suffixes

2

=

o c

3 d

o e

L

_ f

.©

E’ foot

@

€

b= g

.20 h

S

o |

3

S m

g p
padl, pad2
r
S
sk
t
ult
X, Y

dimension of stiffener (see Table 2.2)

distance between first and second rows of stiffener fasteners
(see Table 2.2)

coefficient for effective width of plate acting with stiffener,
B =05(1-k)

total warping constant” of stiffener about its shear centre
(Fsl + Fsz)
primary warping constant” of stiffener about its shear centre

secondary warping constant” of stiffener about its shear centre
strains at points on plate material stress-strain curve

strains at points on stiffener material stress-strain curve
Poisson’'s ratio for stiffener material

density of component material

compression

permanent deformation

effective value calculated including contribution from plate
flange

stiffener foot, excluding plate (for integral stiffeners only, see
Table 2.2)

generd

hedl of flange of stiffener
loca

moment loading

plate

pad between stiffener and plate
rivet or fastener row
stiffener

skin

tension

ultimate stress

local axes parallel and perpendicular to plate respectively (see
Table 2.2)

kg/m®

lb/in3

" The warping constant can be obtained using the Struct 00.07 series of Items, Item No. 77023, or Derivation 13, depending on the stiffener type.
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13 General Application and Limitations of the Analysis

The program is based on the analysis given in Derivation 9 and associated Items; the mgjority of the data
on which those Data ltems are based were derived from experiment and therefore include the effects of any
non-uniformity in the stress pattern in the panel. The analysisis based on the assumption that the panel is
loaded in pure shear but will usually be applied to beams in which the flanges carry tensile or compressive
loads. Thedatastrictly apply topanelswith 0.2 < b /a < 1.0 withawell developed tensionfield, g,/qj,

greater than about 2, in which case the effect of initial irregularities of manufactureis not significant. For
loadsthat give alesswell developed tension field, initial irregularities of the plate may become significant.
In thisregion it may be more efficient to design apanel in which the stiffeners are of reduced stiffness and
the plate of increased thickness so that failure occurs by simultaneous buckling of the plate and stiffeners.

The program performs adetail ed stress, strength and buckling analysis of the panel plate, flanges, stiffeners
and fasteners. This can be performed either (i) for one specific panel, in which case full details of the
analysis will be output, or (ii) for up to 625 panels of different plate thickness, stiffener pitch, stiffener
thickness and stiffener height (each may take up to 5 values) in which case results, including panel weights,
will be given for a specified number of panels.

The initial buckling analysis of the plate applies only to the eastic range but the post-buckling analysis
takes account of inelastic behaviour in the plate and stiffeners. The analysis is based on the assumption
that the stiffeners and flanges are manufactured from materials having the same values of modulus of
elasticity asthe plate. The program will accept data for stiffeners and flanges with different moduli from
that of the plate but it is assumed that they are sufficiently similar for the loading in these members to be
calculated using asimple direct ratio between their moduli and that of the plate. The stiffenersand flanges
may bedefined by either their dimensionsor properties. Theanalysisisonly applicableto panel sfabricated
from isotropic materials.

When applying the datato abeam in bending it is necessary to determine an effective width of skin acting
as part of the flange area A;; here an effective width of skin equal to the flange width is used. However,
the program can be used to analyse panelswith no skin attached to the flanges. For the compressiveflange,
the effective width of skin acting as part of it is likely to be governed by considerations of compressive
instability and reference should be made to Data Items dealing with compressive buckling of plates. As
stated earlier, the program does not provide acomplete analysis of the flanges and amore precise anaysis,
making use of form factors, should be carried out by the user as appropriate.

ESDU Copyright material. For current status contact ESDU.

14 The Parts of the Analysis and Detailed Consider ations

The program considers the analysis of asingle panel in five parts as detailed in Sections 1.4.1t0 1.4.5. In
addition an analysis can be performed to obtain the strength versus weight of anumber of panels asdetailed
in Section 1.4.6.

Section 1.4.1 - Initial buckling of plate.
Section 1.4.2 - Strength of plate.

Section 1.4.3 - Strength of stiffeners.

Section 1.4.4 - Strength of flanges.

Section 1.4.5 - Post-buckled stiffness of panel.
Section 1.4.6 - Multiple panel analysis.
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1.4.1 Initial Buckling of Plate

The program includes the option for the user to specify an independently calculated value for the initial
plate buckling stress, gy, . If that option is not chosen, the program calculates the elastic stress at which the
plate first buckles based on the data provided in Derivation 7. That derivation provides data computed for
theinitial buckling stress of flat panels that form a continuous beam of the type illustrated in Sketch 1.2d.
The datarelate to panelsin which the flanges provide either clamped or simply-supported conditions at the
top and bottom of the panel (see Table 2.3); the stiffeners are of identical section and equally spaced, and
their thickness, t , isequal to, or greater than tIO . The program will, however, analyse panels for which tg
islessthan tIO , in which case a warning message is given in the program output.

The program calculates the nominal applied shear stress in the plate, g, the initial plate buckling shear
stress, g, (unlessavalue has been entered by the user, in which case it is that value that is used) and their
ratio. These values are given by program outputs P1, P2 and P3.

142 Strength of Plate

Theanalysisconsiderstheplate strength at two points, (i) remotefromitsedgesand (ii) at theplate-to-flange
joint.

1.4.2.1 Plate strength remote from the edges

The buckled plateis subjected to a combination of shear, tensile and bending stresses, the effects of which
are most severe at the crests of the waves. Therefore yielding first occurs at these crests and is evidenced
by a dlight waviness of the plate after unloading, without appreciable damage to the form of the whole
panel. With increased loading the yielding progresses through the thickness of the plate with the waviness
becoming sufficient to cause appreciable permanent deformation of the whole panel. For ductile materials
fracture of the whole plate, by tearing in a direction normal to the principal tensile stress, will not occur
until, over some region of the plate, the average stress through the thicknessiis sufficient to cause failure.

The program assesses the likelihood of failure and permanent deformation away from the edges by
calculating thenominal shear stressat failure, g, , the nominal shear stressfor local permanent deformation,
Qg » and the nominal shear stress for general permanent deformation, dgg - Failure and general permanent
deformation have been assessed using the principal stress criterion in conjunction with the tensile strength,
ftIO , and the 0.2 per cent proof stress of the plate material, t2p , respectively. Loca permanent deformation
has been assessed by using the shear strain energy criterion of von Mises and Hencky with the 0.2 per cent
proof stress, t2p' The stress dy should be compared with Qa/hetp and gy, and dag should be compared

with Q,/ hetIO . These comparisons are given in program outputs P4, P5 and P6.

ESDU Copyright material. For current status contact ESDU.

The data used for these calculations have been obtained from Figure 1 of Derivation 9. They have been
derived on the assumption that the panel boundary members are rigid and therefore take no account of any
non-uniformity of the stress pattern in the plate or of the effects of stress concentrations such as those that
occur at rivet holes. Therefore in practice the plate may fail at stresses slightly below the values obtained.

1.4.2.2 Plate strength at plate-to-flange joint

In practice the stress distribution in the plate along the joint with the flange is different from that prevailing
near the centre of the plate. The program calculates the nominal shear stress at failure of the plate at the
innermost rivet line, q ;.. Thisisgiven in program output section P7. It has been assessed by comparing
thetensile strength of the plate materia with both the shear strain energy criterion of von Misesand Hencky
and the principal stress criterion and outputting the value that resultsin failure at the lowest stress.
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The data used for these calculations have been obtained from Figure 2 of Derivation 9. They have been
derived on the assumption that stress concentration effects due to flexibility of the flanges or the presence
of rivet holes may be neglected. Small effects due to the variation of the diagonal tension factor, k, have
been eliminated by taking the relevant minimum values. In the presence of stress concentrations a more
detailed calculation of the maximum stress can be made by taking account of the three individual
components of the stress field and applying the appropriate stress concentration factor. The three
components are a diagonal stress, 2kq, (assuming the angle of the diagonal tension stress to be 45°), a
pure shear stress, (1 — k)q,, (see Sketch 1.2b), and atensilestress, f . The value of the diagonal tension
factor, k, and the angle of the diagonal tension stress may be obtained from Derivation 3.

143 Strength of Stiffeners

After the plate has buckled the stiffeners are required to support compressive loads due to the diagonal
tension field and to resist out-of-plane forces associated with the plate buckles. The stiffeners are therefore
proneto failure (i) by buckling, (ii) by forced crippling associated with the plate buckle, and (iii) by failure
of their attachments. The stiffeners may be attached to one side of the plate only, referred to as single
stiffeners, or else to both sides, back to back, referred to as double stiffeners, see Table 2.2.

When double stiffeners are used, the average compressive stress throughout the stiffener section, fs, is
obtained using the formulae in Derivation 3. When single stiffeners are used the reduced stiffnessimplied
by the offset of the stiffener centroid from the plate isto some extent counter-acted by the tendency of the
diagonal tension field to keep the stiffener straight. Thus the average stressis similar to that for a double
stiffener of the same area, A,. For adouble stiffener the stress at the hedl, f,, , is the same as the average
stress, f, but for asi nglestlffener itisdifferent. A conservative estimate of the stress at the heel of asingle
stlffener is obtained by replacing the area A, by AJ/[1 + (y2A /Ix ¢)1. Thisisdone by the program.

Both f  and fy, are given in program output Sl for comparison Wlth the buckling and crippling stresses of
the stlffener and plate that are output by the program and discussed in the following sections.

1.4.3.1 Buckling of stiffeners

Four aspects of stiffener stability are considered in the analysis. (i) overall flexural buckling, (ii) pure
torsional buckling, (iii) torsional-flexural buckling, and (iv) local buckling. A number of effects are taken
into account when considering stiffener stability. Firstly, an effective width of the adjacent plate may be
considered to act with the stiffener. The effective widths of plate acting with the various stiffenersare given
in Table 2.2; however, for torsional buckling the effective plate width is taken as [(wg—z)/2] +z,, and
wg for single- and double-sided attached stiffeners respectively and as 30t for integra stiffeners.
Additionally, the effective length of the stiffener is affected by the facts that the tension field gives some
restraint to the stiffener against overall flexural buckling and that the attachment to theflanges also provides
some further constraint. Since the stiffener load arises from the plate, single stiffeners are eccentrically
loaded and both single and double stiffeners are subject to the eccentric loading effects of manufacturing
inaccuraci es. For the stiffener/plate combination, the program calculates the effective width of the plate,

, the effective cross-sectional area, A, the effective second moment of area, Ix , the effectiveradius
of gyration, kg, the offset of the neutral aX|s Yse » ad the reduced equivalent pin- ended strut length, 1.
The program calculates wy, and |” using theformulae in Derivation 2. Values of these effective parameters
are given in section S2 of the output for reference purposes.

ESDU Copyright material. For current status contact ESDU.

The overall flexural buckling stress and the failing end load of the stiffener/plate combination, f, , and
P it respectively, are calculated using Derivation 14 and given in section S3 of the output. The overaII
flexural buckling stress, fo,x, should be compared to stress f, given in section S1. In the single panel
analysis the comparison is represented by the factor FO’X = fO’X/ fs.
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The pure torsional buckling stress, f, and the torsional-flexural buckling stress, f_ , of the stiffener
attached to the plate are calculated using formulae from Derivations 4, 10 to 12 and 14 and are given in
sections S4 and S4A of the output respectively. Stiffeners attached to a plate have a shear centre at a
calculated point along the mid-plane of the plate (see Table 2.2). Therefore the pure torsional buckling
stress, f;, and the torsional-flexural buckling stress, f_  ;, for the stiffener/plate combination are
calculated using the warping constant and polar moment of inertia about the shear centre, and using the
effective torsional constant of the stiffener, J,,. The f; and fg 41 values should be comparedto f , given
in section S1. In the single panel analysis the comparison is represented by the factors F = f /f; and
Fs o = fs oT/fs- Inpracticethe plate provides additional restraint against torsional deformation because
of the diagonal tension stress so that the simple estimate given hereislikely to give values bel ow the actual
torsional and torsional-flexural buckling strengths. There is no torsional-flexura buckling for stiffeners
with symmetry about the y-axis (that is, stiffener types 7 to 10 and 13 to 14 of Table 2.2) because the fibres
of the stiffener in contact with the plate cannot flex in the plane of the plate and flexure in the direction
perpendicular to the plate is independent of torsion. Thetorsional and torsional-flexura buckling analysis
for closed-section stiffeners(that is, stiffener types 11 and 12 of Table 2.2) are not performed by the program
because torsional instability is unlikely ever to be critical for such stiffeners.

The local buckling stresses of the stiffener flange (as applicable) and outstand, f., and f_, respectively,
are calculated using Derivation 14 and given in section S5 of the output. These stresses should be compared
to fg, given in section S1. In the single panel analysis these comparisons are represented by the factors
Fy = foy/fs and Fg, = f/f..

1.4.3.2 Forced crippling of stiffeners

Failure of the stiffener by forced crippling occurs when the buckled plate, assisted by compressive load in
the stiffener, forces the stiffener to deform locally with a plate buckle. The forced crippling stress of the
stiffener, fS for iscalculated using the formulae in Derivation 3. The value of fS fo isgiven in section SHA
of the output and it should be compared to f_ for double stiffenersand f, for single stiffeners, both given
in section S1. In the single panel analysis the comparison is represented by the factors F ;. = fg ;. /fg,
for single stiffenersand F ;. = f, ;. /f for double stiffeners. For integral stiffeners (that is, stiffener types
1510 20 of Table 2.2), forced crippling of the stiffener is not considered by the program.

1.4.3.3 Failureof the stiffener attachments

The analysis considers the attachment of the stiffeners at two points: (i) at the stiffener-to-plate interface,
and (ii) at the flange-to-stiffener interface.

ESDU Copyright material. For current status contact ESDU.

If the plate and stiffener are riveted together, there existsthe possibility of buckling between therivets. The
tension caused by the buckled plate tending to force the stiffener and plate apart may cause the rivets to
fail. Where double-sided stiffeners are used, inter-rivet buckling of the plate materia acting with the
stiffener is highly unlikely owing to the clamping effect of the stiffeners; therefore, for panels with
double-sided stiffeners, the inter-rivet buckling stress of the plate is not calculated by the program.
However, for panels with single-sided stiffeners, inter-rivet buckling of the plate materia acting with the
stiffener ismore likely and for such panels the possibility of buckling between the rivets must therefore be
considered. The inter-rivet buckling of the plate material acting with the stiffener is calculated using
Derivation 14. The value of this stress is given in section S6 of the output and it should be compared to
the stress at the heel of the stiffener, f,,, givenin section S1. In the single panel analysis the comparison
isrepresented by the factor Fpir = f.i /T, - Thelocations of therivets on the stiffener flange are specified
in the program input.

pir''sl

If apadis present between the stiffener and the plate, and if the plate thicknessislessthan the pad thickness,
then inter-rivet buckling of the plate will occur before that of the pad. Conversdly, if the plate is thicker
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than the pad, the plate will constrain the pad; therefore, a buckling analysis of the pad is not performed by
the program as buckling of the pad is unlikely ever to be critical.

For integral stiffeners (that is, stiffener types 15 to 20 of Table 2.2) inter-rivet buckling cannot arise due to
the absence of rivets and so it is not considered by the program.

The flange-to-stiffener rivets or bolts are required to transmit the compressive load in the stiffener. The
averagestressin the stiffener decreasestowardsthe endsof the stiffener owing totheincreaseintheeffective
width of the plate acting with the stiffener. The load taken by the flange-to-stiffener rivets, P, , whichis
the total load on the stiffener (or both stiffeners if they are double-sided) (excluding the associated plate)
at theflanges, is calcul ated by the program taking account of these effects by using aformulation provided
by Derivation 9. Thisload is given in section S7 of the outpuit.

It should be noted that the strength of the flange-to-stiffener attachmentsis highly dependent on the local
configuration of thejoints. A detailed analysis of the jointsis beyond the scope of the program and should
therefore be performed separately as necessary.

144 Strength of Flanges

The components of the diagonal tension field parallel to and normal to theflangesintroduceinto theflanges
adirect compressive load, Pfq, to add to the applied end load, P; ., and alocal bending moment, M;-.

Note that the loads in the upper and lower flanges, Py, due to the overall bending moment on the beam
inthe plane of the plate are equal in magnitude and opposite in direction, see Sketch 1.2c. Moreover, Py,
is assumed to be constant along the flanges, whereasin fact it varies along the flanges.

The compressive load component from the applied shear load, P, , iscalculated by the program and given
in output section F2. The value of Ptq isderived from the formulae givenin Derivation 2. The maximum
local moment loading on the flange, Mg, is calculated by the program from data provided in Figure 13 of
Derivation 9 and given in section F3 of the output. The datafrom which that figure was derived are based
largely on experiment and, owing to the limited number of data available, it is not possible to determine
where the maximum value of the bending moment occurs. In the absence of other information, it is
suggested that the maximum bending moment should be assumed to occur both at the stiffeners and, with
opposite sign, midway between them.

The stresses in the flanges due to the loads Py, and Pf0| and moment M; are calculated by the program
and given in section F4 of the output as (i) the maximum compressive stress in the flanges, f;_, (ii) the
maximum tensile stress in the flanges, f; , and (iii) the maximum stress at the innermost rivet or bolt line
of theflanges, f;, . The maximum stressin the compression flange, f;. , occursin theinnermost fibre of the
flange at the stiffeners, and the maximum stressiin the tension flange, f;;, occursin the innermost fibre of
the flange midway between the stiffeners. The value of f;. is derived on the assumption that the stress
concentration effects due to flexibility of the flanges or the presence of rivet holes may be neglected. It
should be noted that the program does not consider the area lost owing to rivet holes when calculating the
cross-sectional area of the flange, A;.

ESDU Copyright material. For current status contact ESDU.

1.4.4.1 Strength of the flange attachments

The rivets joining the plate to the flanges must transmit the shear complementary to that portion of
Q, carried by the plate in pure shear, together with the components of the diagonal tension field parallel to
and normal to the flange. The resultant loading has amaximum value, Py, in the region of the stiffeners,
The program cal culates the value of thisload based on data from Figure 14 of Derivation 9 and givesitin
section F5 of the output.
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Post-buckled Stiffness of Panel

With the development of the diagonal tension field the overall in-plane stiffness of the panel is reduced.
The reduction is represented by the secant modulus, Gg, and the tangent modulus, G, which are
respectively the ratio of the nominal shear stress in the plate to the total shear strain of the panel, and the
rate of increase of nominal shear stress in the plate with the total shear strain of the panel. The values of
Gg and G are calculated by the program on the basis of data given in Figures 15 to 17 and Figures 18 to
20, respectively, of Derivation 9. These values are given in section P8 of the output. The program also
calculates the panel shear deflection over the pitch of the stiffenersand the value for thisisgiven in section
P9 of the output.

Multiple Pandl Analysis

In addition to the calculation of the stresses, loads and stiffnesses given in Sections 1.4.1 to 1.4.5 for a
single panel, the program can also be used to assess the comparative weight of a number of panels.

For each panel the analysis provides

) the distance between the flange centroids, h,,
(i) the panel weight per unit length, W, excluding the weight of the flanges,

(iii)  theminimum plate reserve factor, R chosen from Rdg’ Ry Rp and R

min’ pfr

chosenfrom F F F

(iv)  theminimum stiffener buckling reservefactor, F o,x* Fpir

Fe, and FT,

For F

smin’ sfc' ' soT:

(v) the minimum flange reserve factor, F; ..., chosenfrom F;., F; and F,
(vi)  theratio of nomina applied shear stressto initia plate buckling stress, d,/q,, and
(vii)  thebuckling stress coefficient, K.

These quantities are listed in a table for the specified number of panelsin order of increasing weight/unit
length, W. The analyses performed to obtain the stresses are those given in Sections 1.4.1 to 1.4.5. The
calculation of the weight of the panel is approximate and intended to be used for comparative purposes
only. Itisbased on Equations (1.1) to (1.3) which ignore the weight of the flanges, fasteners, cut-outs and
other details. If a pad is present then it is taken into account when calculating the stiffener sectional
properties and the weight per unit length of the panel, with the pad material properties assumed to be the
same as those of the stiffener.

Panel weight per unit length, W,

W = (W + Wp)/b , (1.1)
where stiffener weight, W, = Aghgpgand (1.2
plate weight, Wp = ba tIO pp . (1.3
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