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Single story steel structure with steel roofing made of corrugated steel
sheet has been widely used in the industrial building. Corrugated steel
roof is often regarded as retaining structure which only takes the vertical
loads. However, the corrugated steel sheet has the significant capacity of
in plane shear resistance and it can receive a lot of horizontal load
through the strong enough connections to building steel structure and
transfer the loads to end gables of the building. This phenomenon is
called stressed skin effect or diaphragm effect. It could be used to
improve the overall stiffness of the main structure and decrease the
horizontal deformation of columns at roof level.

In this master’s thesis, the author uses the one span and one-story
building steel frame with flat roof structure as an example for the
analysis. The basic theory and calculation formulas for the stressed skin
are presented for different types of the roof systems. The Excel
calculation was proposed as a simple design method to figure out the
equivalent structure for description for the roof diaphragm, which can be
easily conducted in the global FEM structural analysis. Through the
comparative analysis of different ways of modelling, we could get the
following conclusions: The stressed skin effect of the roof can be
simplified into the equivalent horizontal truss structure made of steel or
spring members or surface member. All the methods work properly, and
the designer of the building steel structure can choose the suitable way
to perform structural analysis. Comparison of 3D analysis models of steel
structure with or without stressed skin effect shows that by utilizing of
stressed skin effect, the roof sheet can replace the often used horizontal
roof truss and that it also may decrease the displacements and reduce
shear force of the main columns under the same performance.
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Teollisuuden yksikerroksisissa terasrunkoisissa rakennuksissa kaytetaan
usein terasohutlevysta tehtya profiilipeltikattoa. Suunnitteluvaiheessa
profiilipeltikattoa ké&sitelldan usein vain katon pystykuormia kantavan
rakenteena. Muotolevylla on kuitenkin suuri leikkauskestavyys katon
tasossa ja se kestdd merkittavid vaakatasoisia kuormia, joka vélitetdan
terésrakenteesta riittdvan vahvojen kiinnikkeiden avulla, ja voi siirtaa
kuormituksen rakennuksen péaatyyn. Tata ilmiota kutsutaan nimelld
profiilipellin levyvaikutus. Kattorakenteen levyvaikutusta voidaan kayttaa
parantamaan rakennuksen kokonaisjaykkyytté ja pienentamaén
vaakasuuntaisia siirtymia katon tasossa.

Tassa opinnadytetydssa analysoitava rakenne on yksikerroksinen
tasakattoinen terasrakenteinen rakennus. Levyvaikutuksen toiminta ja
laskentakaavat esitetaan erityyppisille profiilipellilla toteutettaville
kattojarjestelmille. On myos laadittu Excel-laskentapohja, jota on
ehdotettu yksinkertaistetuksi suunnittelumenettelyksi, kun maaritellaan
levyvaikutusta vastaava rakenne, joka voidaan helposti luoda globaalissa
FEM-laskentamallissa. Vertailevien analyysin kautta voidaan tehda
seuraavat johtopéatokset: Katon levyvaikutus voidaan yksinkertaistaa
vastaavaksi vaakaristikkorakenteeksi, jossa on teréssauvat tai
jousielementit, tai levyvaikutus voidaan kuvata kalvorakenteena, jolla on
levyvaikutuksen jaykkyysominaisuudet. Kaikki menetelmat toimivat
riittdvéan hyvin ja terasrakenteen suunnittelija voivat valita kohteeseen
sopivan tavan. Vertaamalla 3D analyysin avulla terasrunkorakeita
levyvaikutuksen kanssa ja ilman, kay ilmi, ett& profiilipellin levyvaikutus
voi korvata katon ristikon ja vahentad vaaka siirtymaa ja paasarakkeiden
leikkausvoimaa samalla suorituskyvylla.
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Symbols and definitions

a

A
b
c

C11
C1.2
C21
C22

Length of diaphragm in the direction perpendicular to the corrugations -
[mm].

Cross-sectional area of longitudinal edge member [mm?2].

Depth of diaphragm in the direction parallel to the corrugations [mm].
Overall shear flexibility of diaphragm [mm/kN].

Flexibility due to distortion of the corrugation [mm/kN].

Flexibility due to shear strain in the sheetingimm/kN].

Flexibility due to movement in sheet to purlin fasteners[mm/kN].
Flexibility due to movement in seam fasteners[mm/kN].

Flexibility due to movement in shear connectors[mm/kN].

Flexibility due to axial strain in the purlins [mm/kN].

Pitch of corrugations [mm].

Orthogonal bending stiffness of profiled sheet per unit length
perpendicular and parallel to the corrugation respectively [kKN mm2/mm].
Modulus of elasticity of steel [kN/m2].

Design strength of an individual sheet to perpendicular member
fastener[kN].

Design strength of an individual purlin to rafter fastener[kN].

Design strength of an individual seam fastener [kN].

Design shear resistance of an individual sheet to shear connector fastener
[KN].

Sheeting constants for distortional flexibility.

Height of profile [mm].

Flexibility of main frame [mm/kN].

Width of corrugation crest [mm].

Number of panels within length of diaphragm assembly.

Number of sheets to perpendicular member fasteners per sheet width.
Total number of seam fasteners per side lap.

Total number of shear connector fasteners in line.

Number of sheet width per panel.

Total number of perpendicular members (purlins) within the depth of the
panel.

Span of diaphragm between[mm]

Point load on the diaphragm [KN].

Pitch of the sheet/purlin fasteners [mm].

Uniformly distributed load on the diaphragm [KN/m].

Slip(flexibility) per sheet to purlin (or edge beam) fastener per unit
load[mm/kN].

Slip(flexibility) per seam fastener per unit load[mm/kN].

Slip(flexibility) per sheet to shear connector fastener per unit
load[mm/KkN].

Movement of perpendicular member to parallel member connection per
unit load[mm/kN]

Net sheet thickness excluding galvanizing and coatingsf[mm]

Deflection of an individual diaphragm [mm]

Shear load on an individual diaphragm [KN].



Vcr,g
Vcr,l
Vra

Vred

u
a,ay, 03
Ay, Ay

B1. B2, B3
V)

A

Fv,Ed
Ft,Ed
Fb,Rd
Fp,Rd
Fv,Rd

Fo,Rd
Ms,Ed

Ms,Rd
Ms gq
Mg ra
Re,Ed

Res,Rd

Rs,Ed

Rs,Rd

Design value of the gobal shear buckling strength of the diaphragm[kN].
Design value of the local shear buckling strength of the diaphragm[kN].
Design shear capacity of the diaphragm [kN].

Design value of the reduced shear buckling strength of the diaphragm
under combined local and global buckling[kN].

Perimeter length of a single corrugation [mm]

Non-dimensional factors.

Non-dimensional factors.

Non-dimensional factors.

Deflection of an individual diaphragm [mm]

Mid-span deflection of a diaphragm beam [mm)].

Shear force in the plane[kNm].

Pull-out force[kNm].

Resistance with respect to bearing failure[kN]

Resistance with respect to pull-through failure[kN].

Resistance with respect to shear failure[kN].

Resistance with respect to pull-out failure[kN].

Support moment at the intermediate support due to usual transverse
action[kNm/mm].

Resistance with respect to support moment[kNm/mm].

Moment in span due to self weight and usual snow load[kNm/mm].
Resistance with respect to moment in the span[kNm/mm].

Reaction at the end support due to transverse action[KN/m].
Resistance with respect to the end support reaction in accordance with
EN 1993-1-3[kNm/mm].

Support reaction at the intermediate support due to usual transverse
action[kKNm/mm].

Resistance with respect to support reaction [kKNm/mm].

Support reaction caused by the shear force[kN/m].

Maximum shear flow[kN/m].

Design value of shear force resistance with respect to global
buckling[kN/m].

Design value of shear force resistance with respect to web buckling
[KN/m].

Design value of shear force resistance with respect to flange
buckling[kN/m].

Design value of shear force resistance with respect to flexure of the profile
corner[KN/m].

List of abbreviations

2D
3D
FEM
RFEM

Two-dimensional

Three-dimensional

Finite element method

3D finite element analysis software developed by Dlubal Software.
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INTRODUCTION

1.1 Background

Stressed skin effect was original discovered in structural engineering in
the early 1950s. The factory and warehouse buildings without
intermediate floor were studied at that time. Studies indicated that the
walls and roof structures have some capacity to stabilize the whole
building and the lateral deflection of the whole roof is significantly
decreased due to stiffness of steel sheeting. This effect is called stressed
skin effect or diaphragm effect. However, this capacity is often
disregarded due to difficulties in performing structural analysis in the
design phase and lack of relevant instructions.

In 1982, Bryan & Davies have published a manual regarding the
theoretical background of the stressed skin effect, and this was used as a
design guideline. Also, a remarkable progress took place in 1995, because
at that time the design document European Recommendations for the
Application of Metal Sheeting acting as Diaphragm (ECCS) was published.
Furthermore, the book named by Stabilization by Stressed Skin
Diaphragms Action was written by Torsten Hoglund in 2002 and design of
the metal sheets and fasteners used for stressed skin were discussed in
detail in this book.

The corrugated steel panels are often used as roof structure in the
industrial building, sport centers and schools as shown in Figure 1.

Figure 1. Ruukki Corrugated steel panel is used in Project: Ruukki
Birsta Handel (Sweden)

However, the idea of using corrugated steel sheet as stabilization of the
steel structure is not popularly applied in Finland. Instead, it is a
traditional practice in Finland that the lateral wind bracing system is used
to transfer the horizontal force to vertical stabilizing structure at end of
the building and the shear capacity of the sheeting structure is not
considered at all. Figure 2 represents corrugated steel sheeting of one
sport centers in Helsinki. The lateral bracing on the roof has been
designed to keep the main truss structure stable, which is proved to be
the traditional design approach.



Nowadays, a large number of recent researches indicate that the
diaphragm action of the metal sheet can be used to replace the lateral
wind bracing system as shown in Figure 3. This Thesis will figure out and
how the corrugated sheet acting as stressed skin influence the behavior
of the overall steel structure of the building and what is the equivalent
steel truss structure of the diaphragm structure so that the stressed skin
effect could be correctly taken into consideration in common design
procedure.

Figure 2. Roof structure of one sport center in Helsinki.

no shear connectors shear connectors
at end frames
\

I A<
/ZOm\ \ L 2om ] /

frames at 12m centres

A -Wind bracing B - Diaphragm action

Figure 3. Structure comparison of lateral wind bracing and stresses
skin action (J.M. Davies and E.R. Bryan, 1982, P.11)

1.2 Objectives and scope

The primary objective of this master’s thesis is to investigate the
stabilization of a simple building steel frame stiffened by corrugated steel
sheet and develop the practical design method to consider corrugated



sheet as part of stabilizing system of the building steel structure. The
studied structure type is the low-rise single-story flat roof structure which
is commonly used in the industrial and agricultural building. Basic frame
types for this kind of buildings are shown in Figure 4. This thesis gives the
comparison of RFEM analysis results for each three types in Chapter 7.

p = r M
/ / | | ]
| / f
s
(@) Columns fixed frame (b) Portal frame (c) Rigid frame

Figure 4. Types of load bearing systems (Torsten Hoglund,2002,P.1)

The general theory of the stressed skin effect is introduced in this thesis.
The diaphragm strength and flexibility of the stressed skin roof sheeting
structure are further calculated. An Excel calculation of the shear
flexibility of the corrugated roof panel including flexibility of screw
fastenings has been developed, so that the designer of structural steel
could take the advantage of the stressed skin design and in simple way
create a structural model for global analysis of building steel structure
during normal design work.

The approach of how to take the stressed skin effect into account in the
design work is proposed.

1.3 Method of investigation

To use and utilize stressed skin effect of roof sheeting in real design
projects there is a need for a simple enough and easy to use design tool
to calculate stiffness and shear strength properties of roof sheeting. An
excel calculation sheet to solve this problem has been developed during
this thesis investigation.

Calculation method of stiffness for the stressed skin diaphragm when
roof sheeting type and fastenings of the sheet has been specified

The properties of the equivalent truss members (or spring) for the
horizontal truss of same dimensions as stressed skin diaphragm is
calculated.

Another simple calculation method to define an equivalent horizontal
truss made of steel tube members and with selected height of truss to
describe stiffness properties of corrugated sheet acting as stressed skin.

Three design examples from reference books have been performed by
the Excel.
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Finite element method (FEM) analysis is performed to verify the results of
the Excel tool and the design examples. The finite element analysis
program RFEM is used as structural analysis software in this thesis

Thirdly, a parameter study regarding the factors to affect the stressed
skin effect is carried out. Three factors such as sheet fastened in every or
alternates corrugation, thickness of the sheet, purlin or edge beam are
investigated for the parameter study.

1.4 Outline of the Thesis

There are 8 chapters in this thesis and the content is presented as
follows.

Chapter 1 introduces the objectives and method of this thesis work.

Chapter 2 presents the literature review regarding the principles of
diaphragm action.

Chapter 3 focuses on how to determine the shear strength and shear
stiffness of the stressed skin diaphragm.

Chapter 4 explains the interaction between the main frame and the roof
diaphragm and the different RFEM modelling approaches.

Chapter 5 presents the design checking list for corrugated steel sheet and
relevant fixings.

Chapter 6 proposes the simplified design method and introduce the Excel
design tool.

Chapter 7 compares the analysis results between Excel and RFEM analysis
models. The parameter study based on Excel is discussed. Furthermore,
3D RFEM models for different load-bearing systems are compared.

Finally, chapter 8 gives the conclusions and recommendations for the
stressed skin design and further studies in the future.

2 PRINCIPLES OF STRESSED SKIN DESIGN

There are following introductions and regulations regarding the stressed

skin design from Eurocode 3 Design of steel structures - Part 1-3: General
rules - Supplementary rules for cold-formed members and sheeting. (SFS-
EN 1993-1-3, P.95-96)



In stressed skin design, advantage may be taken of the contribution that
diaphragms of sheeting used as roofing, flooring or wall cladding make to
the overall stiffness and strength of the structural frame, by means of
their stiffness and strength in shear.

Roofs may be treated as deep plate girders extending throughout the
length of a building, resisting transverse in-plane loads and transmitting
them to end gables of the building, or to intermediate stiffened frames
inside building. The panel of sheeting may be treated as a web that
resists in-plane transverse loads in shear, with the edge members acting
as flanges that resist axial tension and compression forces. It can be seen
from Figure 5, how the loads can be transferred to building gable at level
of the roof.

Similarly, rectangular wall panels may be treated as bracing systems that
act as shear diaphragms to resist in-plane forces.

H (a) Sheeting
¥ X (b) Shear field in sheeting
1 / / (c) (c) Flange forces in edge

—
QN w members

(a)

Figure 5. Stressed skin action in a flat-roof building (SFS-EN 1993-1-3)

2.1 Types of diaphragms

There are two principal types of diaphragms as shown in Figure 6. The
internal forces in the roof diaphragm are listed in the Table 1. (Torsten
Hoglund, 2002, P.8).

Corrugated sheets directly on main beams
Corrugated sheets on purlins



v Vb v v _
T l_'T'_i_'"]

' | | I | I\AI '

[
Lo - . — L. —
Sheets directly on main beams S N

| U I SR [P ra—
Sheets on purlins
P Wind 8 U

bracing S=shear flow
N=normal for-
ces in purlins

~ OO 2nel elge

eams
Moment M

Shear force V

Figure 6. Diaphragm types (Torsten Hoglund,2002, P.8)

Type of the forces | Sheets directly on Sheets on purlins

main beams
Shear flow g=VY_4a _aa S ~ 1,15K

b 2b 2b b

Normal forces in N=M_a? N ~058Y%
purlins and edge b &b b
beams
Reactionforceon |y =4 y =43
both sides of the 2 2
building

Table 1. The internal force in the roof diaphragm

g= uniformly distributed load on the diaphragm[kN/m].
L= length of the diaphragm[m].

a= the distance between the rafters[m].

b= the length of diaphragm[m].

2.2 The basic arrangement of the roof diaphragm

The basic roof diaphragm was shown in Figure 7, which consists of
trapezoidal sheeting, purlins and edge beams, rafters (main beam or truss
of the building), and the connections between these.




(@) individual lengths of profiled sheet

{c) parallel member
(rafter)

b

///
//
{ e :21 Al ol
b /

{d}seam fasteners ;
ﬂ {e) sheet[perpendicular /, \x_
‘//} member fasteners { b} perpendicular
<& \f member {purlin)

v

(b} perpendicular
member (purlin}

(9} shear connector

{f] sheet/parallel
member fasteners

Figure 7. Basic arrangement of an individual diaphragm (J.M. Davies
and E.R. Bryan, 1982, P.19)

(@) Individual lengths of profiled steel or aluminum sheeting.

(b) Perpendicular members (Purlin)

(c) Parallel members (Rafters)

(d) Seam fasteners

(e) Sheet to perpendicular member fasteners.

(f) Sheet to parallel member fasters

(9) Shear connectors

(h) Connections between perpendicular and parallel members (Purlin to
rafter connections.

Different fastening arrangement can be designed for the diaphragm as
shown in Figure 8. Case (1) and (2) require that the tops of the members
are at the same level or that shear connectors (additional purlin on top of
rafter) are used, allowing four sides of the shear panel to be fastened.
Case (3) and (4) occur when the tops of the member are at different
levels so that only two sides of the shear panel can be fastened. In case
(3), shear connectors must be used at the end rafters. Case (4) is not
normally recommended because there are no connectors to the edge
member. (ECCS,1995)

This thesis only focuses on Case (1) and (2) and the excel calculations has
been prepared only for case (1) and (2), which are 4 sides fastened
situations.
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case (1) decking perpendicular
4 sides fastened

O I

e

)

4 $

case(3) decking perpendicular
2 sides fastened

e

may or
may not be
present

)

case (2) decking parallel
4 sides fastened

L B

case(4) decking parallel
2 sides fastened

Figure 8. Alternative fastener arrangements (J.M. Davies and E.R.

Bryan, 1982, P.18)

2.3 Necessary conditions for stressed skin design (SFS-EN 1993-1-3. P. 96)

Methods of stressed skin design that utilize sheeting as an integral part of
a structure, may be used only under the following conditions:

- the use made of the sheeting, in addition to its primary purpose, is
limited to the formation of shear diaphragms to resist structural
displacement in the plane of that sheeting;

- the diaphragms have longitudinal edge members to carry flange forces

arising from diaphragm action;

- the diaphragm forces in the plane of a roof or floor are transmitted to
the foundations by means of braced frames, further stressed-skin
diaphragms, or other methods of sway resistance;

- suitable structural connections are used to transmit diaphragm forces to
the main steel framework and to join the edge members acting as

flanges;

- the sheeting is treated as a structural component that cannot be
removed without proper consideration;
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- the project specification, including the calculations and drawings, draws
attention to the fact that the building is designed to utilize stressed skin
action;

- in sheeting with the corrugation oriented in the longitudinal direction of
the roof the flange forces due to diaphragm action may be taken up by
the sheeting.

Stressed skin design may be used predominantly in low-rise buildings, or
in the floors and facades of high-rise buildings.

Stressed skin diaphragms may be used predominantly to resist wind
loads, snow loads and other loads that are applied through the sheeting
itself. They may also be used to resist small transient loads, such as surge
from light overhead cranes or hoists on runway beams but may not be
used to resist permanent external loads, such as those from plant.

2.4 Profiled steel sheeting

Profiled steel sheeting is thin-walled cold formed steel profiles. Some of
the trapezoidal sheeting and deck are presented in Figure 9. The depth of
the panels usually ranges from 20-250mm, while the thickness is from 0.4
to 1.5 mm.

{a) (b}
Figure 9. Metal sheet profiles and linear trays

(@) Shallow deck (50-100mm) (b) deep deck (150-250 mm)

Material properties are presented in the Table 2. The basic yield strength
fyp and ultimte tensile strength f,, are listed.



All steels used for cold-formed members and profiled sheets should be

suitable for cold-forming and welding, if needed. Steels used for
members and sheets to be galvanized should also be suitable for
galvanizing. (SFS-EN 1993-1-3. P. 12)

The nominal values of material properties given in this section should be
adopted as characteristic values in design calculations. (SFS-EN 1993-1-3.

10

P.12)
Type of steel Standand Grade fie Nimm® o Nimar
Codd reduced seed sheel of struciral | 1504997 TR 10 =0 300
quality CR 250 250 330
R 320 320 400
Continuous hot dip zinc couted carbon | EN 10326 SINGDE i 300
ste] sheet of structurl quality SIS0GDZ 250 330
SIR0GDEE. 20 360
SIHGDT 320 390
S3S0GDET 350 420
Hotrolled flal products made of high | EN 10149; Pan 2 5315MC 315 390
z:"” “Eﬂt‘;‘_—"ﬂs “’;ﬂ;tf::”@ Pﬂ 5 355 MC 355 430
thermomechanically rofled stects 5 420 MC 420 480
5 460 MC 460 520
5 500 MC 500 550
5 550 MC 550 00
§ 600 MC 00 50
5 650 MC 650 00
5 700 MC 7o) 750
EN 10149 Fart 3 5 260 NC 2601 370
5315NC 315 430
5355 NC 155 470
5 420 NC 420 530
Cobdrollcd flat products mede of high | EN 10268 HIO0LA 30 0
:ﬂiillk:‘riggﬂu micro-alloyed steels For HOROLA ) 370
HI0LA 320 400
HIG0LA 3600 430
HA0OLA 400 460
Continuoasly hot-dip coated strip and | EN 10292 HIGOLAD 24002y M0
:ﬂ"':‘ﬂ j::in:‘“‘ bigher yicki siczgth HAHOLAD 1802} 3702
HHOLAD 3202} 4002)
HISOLAD 4603 4302
HI20LAD 4002 4602)
Continuously hot-dipped zinc-aluminiom | EN 10326 SINGDZA 0 300
(£A) coated steel strip and sheet S250GD=TA 250 330
S2B0GDEZA 20 360
SI0CDHZA 320 390
S3S0GDEZA 350 420
Continuously hol-dipped alumimium-zne | EN 10326 ST AL =0 300
(AZ) comtexd stec strip and shict SISOGDAT 250 330
SIRNGDEAT ) 360
SINCDAZ 320 390
S3S0GD=AT 350 420
Crntinuously hot-dipped  zine coated | EN 10327 DX5 1D+7 ET o)
:;E“:f ghect: ol vinid ;s e o DX52D+7 140 1} 10 1)
DX53D:7 1401} 01

1y Mininmm values of the yiekl strength and ultimate tensile strength are not given in the standard. For all steel grades a minimum value of 140 Mmm® for
vicld strenzth and 270 Nimm? for ultimate tensile strength may be assomed.

23 The yield strength values given in the names of the materials comespond (o transversal tension. The valses for longitodinal tension are given in the table.
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Table 2. The material strength of the Profiles sheeting (SFS-EN 1993-
1-3. P. 14)

The most commonly used steel grades for cold formed steel sheets is
S280GD+Z, S320GD+Z, S350GD+Z.

There are following regulations can be found in Eurocode regarding
profiled panel of stressed skin. (SFS-EN 1993-1-3. P. 97)

Small randomly arranged openings, up to 3% of the relevant area, may be
introduced without special calculation, provided that the total number of
fasteners is not reduced. Openings up to 15% of the relevant area (the
area of the surface of the diaphragm taken into account for the
calculations) may be introduced if justified by detailed calculations.

Areas that contain larger openings should be split into smaller areas, each
with full diaphragm action.

All sheeting that also forms part of a stressed-skin diaphragm should first
be designed for its primary purpose in bending. To ensure that any
deterioration of the sheeting would be apparent in bending before the
resistance to stressed skin action is affected, it should then be verified
that the shear stress due to diaphragm action does not exceed 0,25
fyb/yMl.

The shear resistance of a stressed-skin diaphragm should be based on the
least tearing strength of the seam fasteners or the sheet-to-member
fasteners parallel to the corrugations or, for diaphragms fastened only to
longitudinal edge members, the end sheet-to-member fasteners. The
calculated shear resistance for any other type of failure should exceed
this minimum value by at least the following:

- for failure of the sheet-to-purlin fasteners under combined shear and
wind uplift, by at least 40%;

- for any other type of failure, by at least 25%.

2.5 Fastening

It is extremely important that the connections have the enough strength
to make sure that the stressed skin effect works properly. Types of the
fasteners are shown in Table 3 and 4.
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Field of application

Outdoors, stainless austenitic steel, up to

Indoors. zinc plated carbon steel, Corrosivity

Sheet/rafter

¢ 6.3
B-type thread

Corrosivity Class C4 Class C1
Self-drilling Thread forming Self-drilling Thread forming
. : 48,55and63 |?48and6.3
b SSoon “54'8 mt:l:} 6':; (AB) TR C-type thread (AB)
Sheet/lightweight Type thica
beam
$ 5.5 h 6.3

B-type thread

:

Sheet/sheet

s

¢ 4.8, 5.5 and 6.3
See 3.32

$ 4.8, 5.5 and 6.3
See 3.32

Table 3. Sheetmetal screw (Torsten Hoglund,2002, P.12)

Field of application

Designhation

Fastener

Dimension

Corrosivity Class

Side overlap and
reinforcement

Pressure-tight rivet
with mandrel, blind
rivet

—

4 4.0, 4.8 and 6.4

C1 — C4 (aluminium
rivet)

lightweight beam

screw type TAP-TITE

[ @

Sheet to steel girder | Cartridge fired pin b 4.5 Cc1
£> 6.0 mm Q; ;

Predrilled lightweight | Flanged screw and M12 SF1 (1 §
beam etc flanged nut M6 MF12

Fixing and jointing of | Thread forming M8, M10 Cc1

Table 4. Other fastener types (Torsten Hglund, 2002, P.12)

According to Eurocode 1993-1-3, there are following regulations

regarding fastening of stressed skin: (SFS-EN 1993-1-3. P. 97)

1) Inaprofiled steel sheet diaphragm, both ends of the sheets should be
attached to the supporting members by means of self-tapping screws,
cartridge fired pins, welding, bolts or other fasteners of a type that will
not work loose in service, pull out, or fail in shear before causing tearing
of the sheeting. All such fasteners should be fixed directly through the
sheeting into the supporting member, for example through the troughs
of profiled sheets, unless special measures are taken to ensure that the
connections effectively transmit the forces assumed in the design.

The seams between adjacent sheets should be fastened by rivets, self-
drilling screws, welds, or other fasteners of a type that will not work
loose in service, pull out, or fail in shear before causing tearing of the
sheeting. The spacing of such fasteners should not exceed 500 mm
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3) The distances from all fasteners to the edges and ends of the sheets
should be adequate to prevent premature tearing of the sheets.

DETERMINATIONS OF SHEAR STRENGTH AND SHEAR FLEXIBILITY FOR
A DIAPHRAGM

When an individual panel is loaded in shear up to failure, the load-
deflection curve has the form shown in Figure 10.

Itis crucial to figure out the shear flexibility, which will be explained in
this chapter. Then the deflection of the panel under the shear force can
be easily calculated with the following formula.

9 =cx*V (1)
Where c=the flexibility of an individual diaphragm [mm/kN]

V=shear load on an individual diaphragm [kN]
9 =deflection of an individual diaphragm [mm]

load V
|
‘ .|<|II
f_,-""--__ = T
I-,I-.
P
4
/
4 ' al |
/ slope — =- |
S, h s _'__ =3
! pl !
v
) -
Displacement v
Figure 10. Typical load-deflection curve of a basic shear

panel (ECCS, 2012, P.379).
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8
E 1 I el
panea| pane| panel
1 2 3
V’ panel arrangement
P
(v i P
i P etc
shear force diagram

deflection diagram

Figure 11. Forces and deflections in flat roof diaphragms
(J.M. Davies and E.R. Bryan, 1982, P.44)

The basic shear panel assembly into the overall diaphragm layout is
shown in Figure 11. Therefore, when the shear flexibility of one panel
was defined, the total deflection of the whole diaphragms structure can
be given by the following formula:

2 2
A:%cqa or A:%CP (2)

Where A= mid-span deflection of a diaphragm beam[mm)].
P=point load on the diaphragm[kN].
g= uniformly distributed load on the diaphragm[kN/m].
a= the distance between the rafters[m].
n=number of panels within length of diaphragm assembly.

3.1 Determination of shear strength of diaphragms

The maximum load of the shear panel is the condition of the diaphragms
design. The panel would get failed when the shear force is exceeding to
some limitation. The ultimate strength of the diaphragm is obtained by
considering all kinds of possible failure modes and the lowest strength
would define the panel strength. Figure 12 listed all the possible failure
modes. Failures at fasteners (a) (b) (c) (d) are ductile failures which are
always aimed for during the stressed skin design. Therefore, the shear
strength of diaphragm shall be designed to fail in one of the modes
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shown in Table 5. The other failure modes shall always be checked in
design and they shall show a 25% safety reservation to the lowest load

related to the failure modes in Table 5.

— 38— ——— = = =
| in . |
| M b " .
il -I . 1 ‘
- - - |
! . | ’ sl O | o el o il :‘
I L —1 1
I
' v '\U'
(a) seam fasteners (b) sheet/shear connector (c)sheet/purlin
4 sides fastened
[

(d) sheet/purlin (e) end collapse of profile

2 sides fastened

(9) edge member forces (h) profile distortion
every trough fastened

]
o A
-"f -‘:’-ﬁf ]
-
= P -
- _.,.A'#.-/
- : o
.-f"-f’
-

(j)shear strain in sheeting

Il W

(f)sheet buckllng

(i) profile distortion
alternate troughs fastened

.
4
)

p
| 3
P ———
.‘\. I'.
.: |
——

(k)Purlin/rafter connection

Figure 12. Design criteria for diaphragm strength and

flexibility (ECCS. 1995)
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Type of diaphragm Failure mode
Diaphragm fastened on four sides - failure at seam fasteners or
(direct shear transfer) - failure at shear connector fasteners
Diaphragms fastened on two sides = failure at seam fasteners, or
(indirect shear transfer) - failure at end sheet to purlin fastener

Table 5. Ductile failure mode of diaphragm depending on side
fastening (Dan Dubina, ECCS 2012, P.381)

3.1.1 Failure along a line of seam fasteners

The expression for the design strength for this mode of failure is:

B
VRd.l = nst + B_:onP (3)
Where V ra.1=Shear strength of seam fasteners[kN].

n =total number of seam fasteners per side lap (excluding
those, which pass through both sheets and the supporting
purlins)- (Red line figure 13)

n,,=total number of perpendicular members (purlins or
edge beams) within the depth of the panel.

F ¢=design strength of an individual seam fastener[kN]. See
table 12.

F,=design strength of an individual sheet to perpendicular
member fastener[kN]. See table 12.

B1=defined in Table 5.

ng=number of sheets to perpendicular member fasteners
per member per sheet width - (Blue line figure 13)

-1
Bs = (ns )/nf for case a; =1 for case b.
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i s O W | (] A e [ N _
P o d oo o oo o lo o e in _|® ool ee o e o PR
—pt g lpsve sy oulln |85 859080 eBen
| | o]
:o :o o
Ll s R
| | 0
o 10 o
. ol L
L poeeoposecelee pulin_|e ofeloc o es e
I° e
0 lo lo o
I seam fasténer || O sheet to purlir |©
[o] 1
\\ I throughl two |0 \k \\ lO fastener through |IC
:0 sheet thicknesses 10 loll one or mare lo
[ )| I ol L | loftre tcknesses o]
)}__ts feeceo e poe T |e eeee e seseoe
1 L] ] e T H]_ et
Ng=10, Ny=3 N;=6 Ng =12, Np=3, Ng=7
A =0 A =0.833 A =133 ga 10
(a) Case of sheeting (b) Case of decking
Figure 13. Alternative seam arrangements (a) case of

sheeting (b) case of decking

Total number of fasteners = Factor /, _ Factor
pet et Wil oy Case | —sheeting  Case 2 — decking ) _

2 0.13 [.00 1.00

3 0.30 100 1.00

4 .44 |04 1.11

5 .58 .13 1.25

i 0.7 122 1.4

7 (.54 1.33 1.56

8 (.97 I .45 1.71

9 .10 .56 1.88

{4 1.23 .68 2.04

Table 6. Factors to allow for the number of sheet/purlin fasteners per
sheet width (ECCS,1995)

3.1.2 Failure in fasteners to shear connectors (at end frame)
The expression for the design strength for this failure mode is:
VRd.Z = nscFSc (4)

Where V ra 2=Shear strength of fasteners to shear connectors[kN].
ng.=total number of shear connector fasteners in line.
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F;.=design strength of an individual shear connector
fastener[kN]. See table 12.

3.1.3 Failure in the sheet to perpendicular member fasteners in a direction parallel to
the span of the sheeting (Two sides fastened only)

This type of failure shall be checked when it is two sides fastened only,
which is not the focus of this thesis. But the method of the calculation is
introduced here. This failure mode is complicated, and it includes two
parts: Sheet to purlins connections and purlin to rafter connections. Both
need to be checked.

The expression for the design strength for the sheet to purlin fasteners is:
VRd.3 = ﬁanFp (5)

Where V ra 3=shear strength of sheet to purlin fasteners in a
direction parallel to the span of the sheeting[kN].
n,,=total number of perpendicular members (purlins) within

the depth of the panel.

F,=design strength of an individual sheet to perpendicular
member fastener[kN]. See table 12.

PB.=defined in table 6.

The strength through the connection between purlin and rafter.
VRd.3 = onpr (6)

Where F,,=design strength of an individual purlin to rafter
fastener [KN]. See Table 7.
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'Connection| Type of purlin

Connection detail

Design resistance

Flexibility

number (and cleat) Fo, [kN] e [mmVkN]
102 = 51 oamiegm B
| rolled steel 1 I , 4.3 0.84
channel ,
(89 = 64 » 7.8 e |
. angle cleat » 89 /' welded 20.0 0.1l
mm long) /
152 = 76 N
rolled steel —  Twel9mm
3 channiel - diamcter bolls 14.4 .64
| (76 %6462 i
fangle cleat = 127 =——™ %
aﬂgu
4 mm long) 1 - ynbolted 7.2 1.20
rit
:
Flange
| o ﬂl' 7 lted 19.6 .35
I3 ir '_.-_
Flange
f 1 < bolted 250 0.13
‘: 1_ s —
I— - ; i
Stiffened
7 : 1 E cheat 25.0 0.05
2saxImx [F— - B ]
22 kg'llm - dl:;:u:-lll':lhs
8 Universal beam | | 10.0 2.60
203 = 5:1 x2.0 Two [6 mm
g i ! _dil‘lnu:Lc: [T 44 1.40
(178 =80 =04 __,ﬁd‘
angle cleat = 127 —
mm long) Biiffened
10 %, cleat T2 038
e S
(NOTE: The strength and Aexibility of other types and sizes of purlin/rafier
connections may be estimated from the values given above or may be obtained by
LEsE.

Table 7. Design strengths and flexibilities of purlin/rafter connections.
(ECCS,1995)

3.1.4 Failure due to shear buckling (global shear buckling)

In the case of corrugated steel sheet is on top of the purlins, the expression
for the design strength [kN] for this failure mode is:

14.4
L€7ﬁg

—D‘*D‘*(n —1)2 > Viy

(7)
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Where V. g=the design value of the gobal shear buckling strength of
the diaphragm[kN].
Dx, Dy=Orthogonal bending stiffness of profiled sheet per
unit length perpendicular and parallel to the corrugation
respectively[kN mm2/mm]. The calculation formula was

given by:
__ Et3d
Dy = 12(1-92)u (8)
EI
D, =~ 9)
Where ly=second moment of area about the neutral axis for a single

corrugation. [mm4]

u=the perimeter length of a single corrugation[mm]

d=pitch of corrugations[mm]

n,,=total number of perpendicular members (purlins) within
the depth of the panel.

In the case of corrugated steel sheet is on top of the rafters, the expression
for the design strength [kN] for this failure mode is:

-Fasteners in every corrugation

288 e Vid (10)

Vcr,g X7y =

-Fasteners in every second corrugation

1440 e Ved (11)

Vcr,g X"y —

Note: additional safety of 25% was considered in the formulas in this
section 3.1.4.
3.1.5 Failure due to shear buckling (local shear buckling)

When the corrugation is unstiffened, the expression for the design
strength for this failure mode is:

Vers = 483Dt E- ()% 2 Vi (12)
Where V., =the design value of the local shear buckling strength of
the diaphragm[kN].

When the corrugation is stiffened (shown in Figure 14), the expression
for the design strength for this failure mode is:
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b
Ver, = 36 g“/px - D3 > Vpg (13)

- { b
k!
\
A
\
#
Figure 14. Stiffened corrugation
Where b, =the width of the stiffened corrugation, See Figure 14.
D, =4 (14)
by
__ Et3
by = 10.92 (15)
Where Ic=the second moment of area of the corrugation about its

horizontal axis.

Note: additional safety of 25% was considered in the formulas in this
section 3.1.5.

3.1.6 Failure due to interaction of global and local shear buckling

The interaction of global and local shear buckling can be neglected if the
following condition meets:

E

(16)
fy
Otherwise, the expression for the design strength for this failure mode is:

l<209
t

VergVer,
Viea = m 2 Vra (17)
Where I=width of the top or bottom flange of the sheeting,

whichever is wider[mm].
t=net sheet thickness excluding galvanizing and
coatings[mm].
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V-.q=the design value of the reduced shear buckling
strength of the diaphragm under combined local and global
buckling[kN].

fy=the nominal yield strength of the steel sheet[N/mm2].

3.1.7 Failure in the sheeting to perpendicular member fasteners in a direction
perpendicular to the span of the sheeting

In the case of corrugated steel sheet is on top of the purlins, the expression
for the design strength for this mode of failure is:

Where

Vega = —2 2= Vgq (18)

Vra a=sShear strength of the sheet to purlins in a direction
perpendicular to the span of the sheeting[kN].

b=is depth of diaphragm in the direction parallel to the
corrugations[mm].

p= the pitch of the sheet/purlin fasteners. When the sheet is
fastened in every trough, p is the same as pitch of
corrugation. When the sheet is fastened in every other
trough, p is two times of the pitch of corrugation [mm].
as=non-dimensional factors. See Table 7.

In the case of corrugated steel sheet is on top of the rafters, the
expression for the design strength for this mode of failure is:

Where

VRaa = — = Vra (19)

Vra 4=Shear strength of the sheet to rafters in a direction
perpendicular to the span of the sheeting[kN].

a= the length of diaphragm in the direction perpendicular to
the corrugations[mm].

Note: in oder to take account of the effect of combined shear and wind
uplift load, additional safety of 40% was considered in the formulas in
this section 3.1.7.

3.1.8 Failure due to end collapse of sheeting

In the case of corrugated steel sheet is on top of the purlins:

When the roof sheet is fastened in every corrugation, the expression for
the design strength[kN] for this mode of failure is:

3
Vas = 0.9f,b \/% > Vra (20)
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Where Vra s=Shear collapse strength of the end sheeting[kN].
d=pitch of corrugations[mm]
t=net sheet thickness excluding galvanizing and
coatings[mm].

When the roof sheet is fastened in every other corrugation, the
expression for the design strength for this mode of failure is:

t3
Vras = 0.3fyb\/; > Vra (21)
In the case of corrugated steel sheet is on top of the rafters:

When the roof sheet is fastened in every corrugation, the expression for
the design strength[kN] for this mode of failure is:

Vras = O.9fya\/§3 > Vra (22)
When the roof sheet is fastened in every other corrugation, the
expression for the design strength for this mode of failure is:

Vras = 0.3fya\/§3 > Vra (23)
Note: additional safety of 25% was considered in the formulas in this

section 3.1.8.

3.1.9 Failure of the edge member in compression or in combined compression and
bending

The internal force of edge member shall be calculated by table 1 in
Chapter 2.1(Note: additional safety of 25% wasn’t considered in the
formulas). When the internal force is obtained, the edge member can be
designed in compression or in combined compression and bending
according to relevant Eurocode regulation.

3.2 Determination of the shear flexibility of diaphragms

3.2.1 Flexibility due to distortion of the sheeting profile

The expression for the distortional flexibility of a panel is (when the sheet
is on the purlins)

ad?Sa a.K
CL1= s, (24)
Where 1 = flexibility due to distortion of the

corrugation[mm/kN].
a= the length of diaphragm in the direction perpendicular to
the corrugations[mm].
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b=is depth of diaphragm in the direction parallel to the
corrugations[mm].

d=pitch of corrugations[mm].

E=modulus of elasticity [kN/mm2].

t=net sheet thickness excluding galvanizing and
coatings[mm].

K=non dimensional sheeting constant. K can be obtained by
linear interpolation from Appendix A.5 and A.6. It is defined
by the sharp of the corrugation (8, 1/d, h/d). See Figure 15
and Figure 16. When the sheet is fastened in every trough,
K1 shall be used. When the sheet is fastened in alternates
trough, K2 shall be used.

a,, a,=non-dimensional factors. See Table 8 and 9.

The expression for the distortional flexibility of a panel is (when the sheet
is connected directly to the rafters)

_ adZ'SaSK

€11 — Et25p2 (25)
Where as=non-dimensional factors. See Table 10 and 11.
Y
- - Pre
l--— L f/ ":')
(a) fastened in every trough (bl fastened in alternate troughs
Figure 15. Profiles distortion with alternative fastener

arrangements (a) fastened in every trough (b) fastened in alternate
troughs. (J.M. Davies and E.R. Bryan, 1982, P.35)

Figure 16. Basic dimension of the corrugated steel sheet
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Total number ni?urilfin!-'. per panel (or Factors
per sheet length for ;) n, %y iy it
2 1.00 1.00 100
3 1.00 1.00 |00
4 0.85 0.75 (.50
5 0.70 0.67 (.80
6 0.60 0.55 0.71
7 0.60 0.50 0.64
8 0.60 0.44 (.58
9 0.60 0.40 0.53
10 (.60 0.36 0.49
11 (1.6 0.33 .45
12 0.60 0.30 0.42
13 0.60 0.29 0.39
14 0.60 0.27 0.37
13 (.60 0.25 0.35
16 0.6 (.23 0.33
17 0.60 (.22 0.31
18 0.60 0.21 0.30
19 0.60 0.20 0.28
20 0.60 0.19 0.27

Table 8. Factors to allow for the effect of intermediate purlins (ECCS,

1995)
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Fastener positions
every corrugation | alternate corrugation | SVEFY COTTugation| every corrugation at one
i 2 shon at both sheet ends sheet end
one sheet 1
length for T
full depth of] b
diaphrzgm Hi i i |
T T i+ HH
il | I [} : : E t : : :: :
=K, K=K, K=K, j}:gl
e, from Tahle 5.7 oy from Tahble 5.7 =1 @=0.5
i) (2) R @)
my, sheet , : —
lengths in «| - !
depth of A
diaphragm F0H Him 1
:.i.i.i j o= r=—p {?:__I:I:_ _;_.?E:
| ; Il
;—Ku A=k K=K, K=K
a, from Table 5.7 for| from Table 5.7 =1 ¢ from Table 5.7 fora
a number of u-:lins for a number of number of purlins per
er sheat [p h purlins per sheet sheet length
length 1)
a=(1+0.3n IEREth A [ 1
( (5) 4) o= 1+0.3n,) a=(1+0.3n;) ay=(1+0 J”h]'.'l =y
o U (8)

Table 9. Factors a, to allow for the member of sheet lengths in the
depth of the diaphragms (ECCS,1995)
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Separate sheet a | -| ‘ L H ‘
length per panel e |
!_ _n panels
s = |
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b
23 3 F ¥ F ¥
Overlapping “I i - ; i

separate sheets _ :
n; sheet lengths each spanning one panel i.e. _

m=n

as 1s given by Table 5.12

. i P P P P

1 w: [ L___'I' T___j -

Overlapping ! i __[]__JE_:
continuous sheets i - ‘

ru sheet bengths each spasming m
paEnels Le mny = n

s 1s given by values in Table 5.12 divided by m

m is the number of shear panels within a sheet length;
n 1s the number of shear panels in the length of the diaphragm assembly;
n is the number of sheet lengths in the length of the diaphragm assembly

(1.e. m-n = n).

Table 10. Influence of sheet length when sheets are directly on the
rafter (ECCS,1995)

Number of sheet lengths n, fits
2 1.0

3 0.9

4 0.8

3 or more 0.7

Table 11. Factor a5 to allow for sheet continuity

3.2.2 Flexibility due to shear strain in the sheet

The expression for the distortional flexibility of a panel is

2h
2a(1+v)(1+ )
Crz = T() (26)
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¢, , =flexibility due to shear strain in the sheeting[mm/kN]
h = height of profile[mm]

3.2.3 Flexibility due to movement at the sheet to perpendicular member fasteners

The expression for the distortional flexibility of a panel is

Where

2
Cpq = ‘;S;p (27)

c, 1 =flexibility due to movement in sheet to purlin
fasteners[mm/kN]

s, =flexibility per sheet to perpendicular member fastener
per unit load[mm/kN]. See Table 12.

a=the length of diaphragm in the direction perpendicular to
the corrugations[mm]

b=depth of diaphragm in the direction parallel to the
corrugations[mm].

p=pitch of sheet to perpendicular member fasteners[mm].
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(1) Sheet/purlin and sheet/shear connector fasteners

Design shear strength
: . Design values 4P
e ; Bn
typ (mm) gz:f& KN i i (mm/kN)
thickness of sheet
Collar 3.5 1.9f.dt 6.5 0.15
head 6.3 1.9f,dt 8.0 '
Collar
I, | ewds 5.5 1.9f,dt 6.5 -
Neoprene 6.3 1.91.dt 8.0 '
washer
s 23 mm 37
Fired ¢
pins steel o 2.9f.dt 8.0 0.10
washer 48
(2) Seam fasteners (no washers)
Overall Design shear strength F, Slip
diam. Design Design values s,
(mm) formula kN per mm (mm/kN)
thickness of sheet
Screws HL0 | 290 Y 2.5 0.25
Steel or monel 17 e
blind rivets 4.8 3.2(e/dy fdt 28 0.30
Motes:
{1} In the above table, f, is the specified ultimate tensile strength of the steel sheet
(KN/mm?), d is the nominal diameter of the fastener (mm) and ¢ is the net sheet thickness
{mum}.

(2} The design strengths and slip values in this table apply to the range of fasteners,
number of fasteners, sheet thickness and material strengths typically found in stressed skin
panels. For other conditions, lap joint test should be made, in accordance with
recommendations given in Chapter 7, to determine the resistance and slip values and to
ensure that failure occurs by tearing of the sheeting. Strength formulas from above are in
fact the bearing resistances for edge or end fasteners, and they have been obtained by using
the relevant formulae of Chapter 7, Tables 7.8, 7.13 and 7.14, using for v, the value of 1.1
instead of 1.25 (due to large number of fasteners in panel). For sheet-to-purlin and sheet-
to-shear connector fasteners, it is assumed that the two material thickness,
ty or t, > 2.5, where ¢ is the sheet thickness. For seam fasteners it assumed that the sheet
thicknesses, which overlap, are equal. Alternatively the full calculation procedures,
according to Tables 7.8 and 7.13 may be used. However end distance, edge distance and
spacing limits for fasteners must be rigorously respected, and it is essential that the
absolute limits on design strengths given in Table 5.5 to be not exceeded.

(3) Shear strength and slip values in this table are based on the following assumptions:
- the net sheet thickness is between (.5 mm and 1.2 mm;

= the nominal yield and ultimate tensile strength of steel sheet do not exceed
355N/mm’ and 480N/mm” respectively.

Table 12. Design strength and slip values for fasteners (ECCS,1995)

3.2.4 Flexibility due to movement in the seams

The expression for the distortional flexibility of a panel is
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_ SsSp(nsp—1)
22 = s 8)
Where c, » =flexibility due to movement in seam fasteners[mm/kN]

ng, =number of sheet width per panel.

s, =slip(flexibility) per seam fastener per unit load[mm/kN].
See Table 11.

s, =slip(flexibility) per sheet to purlin (or edge beam)
fastener per unit load[mm/kN]. See Table 12.

3.2.5 Flexibility due to movement in the sheet to parallel member fasteners

The expression for the flexibility due to movement in the sheet to parallel
member fasteners is, if the sheeting is fastened to the supporting structure
on four sides.

2Sgc
C23 = o (29)
Where c, 5 =flexibility due to movement in shear
connectors[mm/kN]
n,. =total number of sheet to shear connector fasteners per
rafterfmm/kN]

ssc =slip(flexibility) per sheet to shear connector fastener
per unit load[mm/kN]. See Table 12.

3.2.6 Flexibility due to movement at the perpendicular member to parallel member
(Purlin to rafter) connections

The expression for the flexibility due to movement in the sheet to parallel
member fasteners is, if the sheeting is fastened to the supporting structure
on four sides.

-2 5p
C23 — ny (Spr + ﬁz) (30)
Where spr =movement of perpendicular member to parallel

member connection per unit load[mm/kN]. See Table 7.

3.2.7 Flexibility due to axial strain in the purlins or edge members.

The expression for the flexibility due to axial strain in the purlins or edge
members is:

_ n?p3
4.8EAa?

(31)

C3
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Where c; [mm/kN] is flexibility due to axial strain in the purlins or

edge members.

A=the cross-sectional area of purlins or longitudinal edge

member [mm?]

3.3  Summary

The formulas of calculating the diaphragm shear strength and stiffness
for both types are classified in this section, which is also the base of the

Excel design tools.

3.3.1 Sheets on purlins

The roof layout for sheets on purlins is demonstrated in Figure 17.
Expressions for diaphragm strengths are summarized in the Table 13.
Expressions for diaphragm shear flexibility are summarized in the Table 14.

P P P Purlin
)ﬁ
i i |
Direction of span
N A\ of sheefing
5 a
V=P(n-1/2 SR R \_Rafter V=P(n-1)/2
Length L=nxa
Figure 17. Sheets on purlins
Ultimate seam strength p1
= + —
loads (kN) Vea1 = nsfs Bs pFe
strength in fastener to
shear connectors Vra2 = NgcFse
Strength at end sheet Vraz = B2npF,

to purlin fasteners (2
sides fastened only)

or

VRd.3 = onpr

Design shear capacity Vx4

Vra is the minimum of the values
above

Global shear buckling

144 1 3
Vcr.g = TD:D;(I’IP - 1)2 2 VRd
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Local shear buckling

t
Vep = 4.83th(i)2 > Via

The interaction of global and local shear o Verg *Vern v
buckling A
General requirement for sheet to the v 0.6bF, oV
perpendicular member fasteners ka4 ™ pa, — R4
End collapse of sheeting .3
VRd.S = ngyb E 2 VRd
(Every corrugation)

3
Veas = 0.3f,b \/% > Via

(Every two corrugation)

Table 13. Summary of the expressions for diaphragm strength

Where

c=overall shear flexibility of diaphragm [mm/kN]

Shear flexibility due to:

Sheets directly on main beams

Shear flexibility mm/kN

Sheet deformation | Profile _ad*aya,K
distortion €11 = T pias)2
Shear strains 2aa,(1 + v)(1 + (Zd_h))
“12 = Etb
Fastener Sheet to purlin _ 2asppas
deformation C21= "2

Seam fasteners

_ 2sssp(ng, — 1)

€22 = 2ngs, + BNy Ss
Connections to 4(n + 1)ss.
Rafters 23 = ey
Flange forces Axial strainin _ nfa’az
purlins 3 = 48EADb?
Total shear flexibility C=C1FtCipFtCy1 T Crp+ 03
+ c3

Table 14. Summary of the expressions for diaphragm shear flexibility

3.3.2 Sheets directly on rafters

The roof layout for sheets on rafters is demonstrated in Figure 18.
Expressions for diaphragm strengths are summarized in the Table 15.
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Expressions for diaphragm shear flexibilities are summarized in the Table
16. As it can be seen from the Figure 16 and 17, the definition ofaand b is
different from each other.

P P g P Edge beam
F—
o - e
Direction of span
- of sheeting
V=P(n-1/2 “bﬁp \ Rafter V=P(n=1)/2
Length L=nxa
Figure 18. Sheets directly on rafters
Ultimate seam strength a B
= — + —
loads (kN) Veax = (nsFs = p mpFr)
strength in
a
fastener to shear Vags = — (neeFse)
connectors b
Strength at end Vras =3 (L5B2F,)
sheet to purlin or
fasteners (2 sides a
Vras == (1.5E
fastened only) ras =, (15Fpr)

Design shear capacity V4

Vra is the minimum of the values above

Global shear buckling

_ 288a % % 5
trg = 2 DXDy(np — 1) > Vg
(Every corrugation)
or
Vg = %D%D%(n —-1)2=V
cr.g — b2 x~y\!''p = VYRd

(Every two corrugation)

Local shear buckling

t
Vp1 =483 %bx*tx E(i)2 > Vra

fasteners

The interaction of global and . Verg " Vera -V
local shear buckling T Vg ¥V R
General requirement for sheet 0.6aF,

, v = >V
to the perpendicular member Rd4 p ~— K
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End collapse of sheeting

t3
Vias = 09f,b j; > Veg

(Every corrugation)

3
Veas = 0.3f,b \/% > Via

(Every two corrugation)

Table 15. Summary of the expressions for diaphragm strength

Shear flexibility due to:

Sheets on purlins

Shear flexibility mm/kN

Sheet Profile distortion
deformation

_ad**asK
117 Tgpzspe

Shear strains

2a(1+ )1+ (3))

‘12 = Etb

Fastener Sheet to purlin _2aspp
deformation 217 T2

Seam fasteners ., = SsSp(nsp, — 1)

' NgSp + B1Ss

Connections to _ 28y

Rafters 23 =5
Flange Axial strainin _ n*p?
forces purlins s = 18EAq?
Total shear flexibility b?

c= ;(01.1 + 1+ 01+ 0pp*Cr3)

+ c3

Table 16. Summary of the expressions for diaphragm shear flexibility

4.1 Elastic design of the global analysis

INTERACTION OF SHEAR DIAPHRAGMS AND MAIN FRAMES

The flexibility of the shear diaphragm c¢ and the flexibility of the frame k
are the deflections under 1kN horizontal load, which are shown in Figure

19.

The relative flexibility can be represented:

=5/
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Where k= flexibility of frame of the structure[mm/kN].
c=overall shear flexibility of diaphragm[mm/kN].

_—11( _f"_.g *lc L1

/

/
. LA /
(a) frame

(b) sheeting panel

Figure 19. Definitions of frame and panel flexibilities: (a)
frame (b) sheeting panel

When the horizontal load is applied into the global analysis, part of the load is
carried by main frames and part of the load is carried by diaphragm effect on the
roof (Figure 21). The distribution of load between the main frames and the
claddings is dependent on their relative stiffness. The two systems should work
together, and finally they have the same deflections.

The structure with five frames is illustrated in Figures 20 and 21.

P i ﬂ
P ~
= ™~ gable frame &
E —h] I

frame 4
Figure 20. Flat roof structure with stressed skin effect

frame 3

frame 2

gable frame 1
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gable frame1 R,+R,
-t
shear force * P-R, |t
R,+ R e oy
R = '
P 2 2 = ]
—_— = - i J
frame 2 /
shear force R, et R
R = 3
Bl Bl 3 1 o, T i
.ll.l'
=1 ¢
A 2 b | frame3 |/
{bl frames
P —
gable frame 5 R+ R,
2
(8} sheeting panels
Figure 21. Forces and deflections of components of

building (a) sheeting panels. (b) frames

4.2 Modeling of the stressed skin effect in the overall FEM model

In order to solve loading carried by diaphragm, overall load distribution
within load bearing structures as well as deformations, it is convenient to
use global structural analysis by computer software.

There are diverse ways to model the stressed skin effect is in the FEM
model. The shear panel can be simplified into the equivalent truss
structure or spring member or surface member in RFEM.

(@) The roof panel between two rafters can be described an equivalent
tie as shown in Figure 22.

Edit Cross-Section X
No. Color Cross-Section Description [mm] U BETET EEEE
L0 SRR e
Cross-Section Properties Rotation Modify
Cross-Seciion Properties
Moments cf inertia
a = EE x
Material
E 2[Steels355 | EN1s03-1-1:2005-05 -]
Comment
I = (5=
D |

The cross section of the equivalent tie is given by:
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A=the cross-sectional area of the equivalent tie[mm?2]

L=the length of the equivalent tie[mm]

a= the length of diaphragm in the direction perpendicular to
the corrugations [mm].

b=depth of diaphragm in the direction parallel to the
corrugations [mml].

c=overall shear flexibility of diaphragm, it is obtained by
Table 14 or Table 16 [mm/kN].

(b) The roof panel can be modelled into an equivalent spring as shown in
Figure 23. The stiffness of the spring is calculated by the section area
and length of the equivalent tie. The principal of this approach is as
same as previous approach. It is an easier modelling method than the
equivalent tie because only one parameter (the axial stiffness) needs

to be inputted.

Edit Parameters for Member of Type 'Spring’
General SelfWeight

Definition Type

®) Parameters

(O Diagram

Spring Constant
Axial Stiffness

C1,1: I 3069 00C]E ' [HNJ‘m]I

Figure 23. 3D FEM model with spring member

The stiffness of the equivalent spring given by:

Where

EL

Ci1 = o (34)

C, 1=Axial stiffness of the equvalent spring[kN/m].
A=the cross-sectional area of the equivalent tiefmmz2].
L=the length of the equivalent tie[mm].

(c) The roof panel can be modelled as an equivalent truss as shown in
Figure 24. In this method, the users can define the height of the truss
by themselves. Correspondingly, the top chord and truss chord would
be defined by the designer. Figure 25 demonstrates part of the
equivalent truss. Bt is the height of the equivalent truss.
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The equivalent truss members can be fast obtained by choosing the
closest deformation in Excel and then they can be modelled in RFEM
to take part into the global analysis.

Calculation method is simplified and does not give absolutely correct
deflection for the equivalent steel truss, but steel profiles and truss

geometry based on this approach are correct enough to specify

elastic stiffness of stressed skin diaphragm in analysis model.

Figure 24.

Figure 25.

General Options  Effective Lengths Modify Stfiness

Member No Line No Member Type

[134135.178 || (35171178 |5 Weeam

Node No. QRO 100x4
27.46.123.124: 27,124

Member Rotation via
@Angle g | [=0ls!

OHelpnode Inside SEE

Cross-Section

rrrrrrr

Member start ﬁm 5| QRO 1004 | steels 355

Memberend:  |As member start

Member Hinge

Membersiart (] 2 Local | ] [OCIM

Memperend:  |[] 2 [Local | ] | JOM

2| & B &

3D FEM model with equivalent truss

The equivalent truss parameter (part)

6l
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Vertical deformation at brace end is given by:

FB;
EAg sin 62

dyd = (35)

Where: Bi=the height of the truss, defined by designer[m].
Aq=the section area of the diagonal member[mm2].
F=the axial force of the diagonal member[kN].
B=the angle marked in Figure 25.

If 2*m = even number:
ZF — Rim—(m-1)P

If 2*m = odd number:
__ Ry(m+1/2)—(m—-1/2)P
ZF - sin 6

sin 6

Where: Y:F=sum of axial forces in diagonal braces[kN].
P=Horizontal point load on the diaphragm [KN].
R1=Reaction force at end of truss. R1=mP.
m=(n-1)/2. number of forces P corresponding to reaction R.
n=number of main frames.

Hence, deflection of equivalent steel truss due to elastic deformation of
diagonal braces is given by:

If 2*m = even number:
P(m?-m+1)B;

Ydyd =——2 (38)
If 2*m = odd number:;
m2_"m41
Sdya = U ) (39)

Deflection of equivalent steel truss due to elastic deformation of truss
chords is given by:

__ 5npPI3
dyc = 384E1, (40)
2
Where: I, = stiffness truss chords = 2(Bf—A‘ +21,) 1,25

4
(1.25 is correction factor defined by the author. It based on

the control calculations and it has been proved that it works
well.)

Ac=the section area of the chord member[mm?2].

la = second moment of area about the neutral axis of the
chord member[mm4].

The total deflection of the equivalent steel truss is to add up the deflection
of diagonal braces and chord memebers:
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f= X dyd +dyc (41)

(d) The roof panel can be modelled into an equivalent orthotropic
surface panels as shown in Figure 26.

Edit Surface Stifness - Drthotrofic x

General by s,

Stiffess Matrx Elements (Bending ard Torsion)

o [ 15318022

Stiffvess Matrx Elements (Shear) Dy 0 0 s

Dus: [ €7307700F )] kiml Das: | [ Dy Dis,

Dss 67307706 ] ienm Das

Stfiess Matix Elerteats (Membrane)

fose- | sts0o0ftls wum | oer: [ eszs0z0ctsl] um

prr: [ 2307690005 | pkevim)

Stiffress Matrx Elements (Eccantic Eflects)

Dis. QOO kNmim] D7 | OUOCEE | fkNej]

Nz [ ounE] i) g =
2@ 4=
2 @
Figure 26. 3D FEM model with equivalent surface member

The following figure shows the general stiffness matrix of an orthotropic
surface in RFEM analysis software.

[, By Dy Dyy 0O 0 Dy Dy Dyl Fx
bl Dy D 0 0 Dy Dy Dg Ky
My D3 © 0 D3 Dy Dy By

% D D O B 8 Yer
vy Dy 0] ) 0 Vyz
y SYITI, Deg Dsz Dga £y
y Dy Dyg Sy
I | Dgsl | 7]

(42)
The designer can input all of them manually. It seems complicated to
calculate all of them. However, only the axial action along the purlins or
edge member and in-plane shear of roof sheeting matters like illustrated
in Figure 27. D66 represents the axial stiffness of the purlin member or
edge member and D88 is the in-plane shear stiffness They can be
calculated by:

AXE

Dge = e (43)
Das = 5. (44)
Where: A=the cross-sectional area of longitudinal member [mm2]

cc=the distance between the longitudinal members in
diaphragm [mm]

c=overall shear flexibility of diaphragm, it is obtained by
Table 14 or Table 16 [mm/kN].
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L
M

1
1l

£.=1

Il
' Ap L HESN R

(b) axial action perpendicular to the corrugation

A33
IR L
¥ i~
-
(c) in-plane shear
Figure 27. In plane loading of orthotropic member

5 METAL SHEET AND FASTENER DESIGN

The profiled sheeting and fasteners shall be designed for the vertical
loads. In addition, roof sheeting needs to be designed for the in plane
horizontal loads if the roof structure is working as stressed skin
diaphragm.

Since the resistance data of the sheeting and fasteners shall be supplied
by the manufacturer, metal sheet and fastenings are usually designed by
the manufacturer produced software, such as Poimu (Ruukki), Optimi
(Weckmann) and others. There is an option that the stressed skin effect
can be considered in the software. The stressed skin effect data can be
given in Poimu, which is demonstrated in Figure 28.

In this section, the theory of designing the sheet and fasteners are
demonstrated. An example of design metal sheet and fastener made by
Poimu is presented in Appendix A.4.
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Stressed skin effect data b4

Building dimensions
Basic data

Calculation model

(@) Simplified examination Considering the flexibility of sheet field and frame
Type of the roof

[(] Displacement of top flange on end support prevented
i A-|- Support symbol
B
BI C
D Direction of the sheet
B
== Number of frames: [st] 6
Cl
Lv Le
L
Gl Gl

Length of the building (sheet field length): L [mm] 30000
Width of the building: B [mm] 12000

Effective sheet field width: Bl [mm] 12000

Distance of the frame from the left gable-wall: Cl [mm] 3000
Sheet field maximum length in the left end: Lv [mm] 0
Sheet field maximum length in the right end: Lo [mm] 0

X cancel ? Help
Figure 28. stressed skin effect data by Poimu

5.1 Design for sheeting

It is well known that the sheet member is cold-formed thin wall structure.
Therefore, local buckling and global buckling are one of the major
considerations in the design of corrugated sheeting. In this section, the
design checking list for corrugated steel sheet designed for stressed skin
action is summarized according to ‘Stabilisation by Stressed Skin
Diaphragm Action’ (Hoglund, 2002, P.24-27).

5.1.1 Individual plate element of corrugated sheet
Local buckling of corrugated sheet web shall be checked by:
VEd < Vi rd (45)
Combined moment and shear force shall be checked by:

Sed . Ted <13 (46)
Mfrd  VwRd
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Veq =is maximum shear flow in plane of steel sheeting
[KN/m]

Vv ra =is design value of shear force resistance with respect
to web buckling, is given by the sheet manufacturers or can
be calculated by EN 1993-1-3[kN/m]

Mg g4 =is moment in span due to self-weight and other
vertical loads [kKNm/mm]

M gq =is resistance to bending moment, is given by the
sheet manufacturers or can be calculated by EN 1993-1-3
[KNm/mm]

Local buckling of corrugation sheet flange shall be checked by:

VEd < Vira (47)

Combined moment and shear force shall be checked by:

Where

0.8 Meed 4 Ved 99 (48)

Mfrd  VfRrd

Vr ra =is design value of shear force resistance with respect
to flange buckling, is given by the sheet manufacturers or
can be calculated by EN 1993-1-3[kN/m]

Global buckling shall be checked by :

Where

5.1.2 End support

VEd < Vgra (49)
Vy.ra =is design value of shear force resistance with respect
to global buckling, is given by the sheet manufacturers or
can be calculated by EN 1993-1-3[kN/m]. See also chapter
3.1.4 where global buckling of corrugated sheet has been
discussed.

Flexure of profile corners (end collapse of corrugated sheet profile) shall
be checked by:

Where

VEd < Vird (50)

V; ra =18 design value of shear force resistance with respect
to flexure of the profile corner, is given by the sheet
manufacturers[kN/m]]. See also chapter 3.1.8 where end
collapse of corrugated sheet has been discussed. Design
value of end collapse depends in the type profile fastening
at end support.



44

Web crippling shall be checked by:

Rvea < Resrd (51)
Rekd 4 Rved 4 g (52)
Res,Rd Res,Rd
Where Ry g4 =is the support reaction caused by the shear
force[kN/m].
R, g4 =is the support reaction at end support due to vertical
loads[kN/m]

R.s ra =is the resistance with respect to the end support
reaction in accordance with EN 1993-1-3. [kN/m]
5.1.3 Intermediate supports

Local buckling of web and web crippling shall be checked by:

0.8Rskd 4 Ved 91 (53)

Rs,Rd VW,Rd

Where R; gq =is the support reaction at the intermediate support
due to usual transverse action[kKNm/mm]
R; rq =is the resistance with respect to support reaction,
calculated in accordance with EN 1993-1-3 [KNm/mm]

Local web buckling due to shear force and bending moment shall be

checked by:
Ms,Ed + VEed S 1]3 (54)
Ms,Rd Vw,Rd

Where Mg g4 =is the support moment at the intermediate support

due to usual transverse action[kKNm/mm]
Mg rq =is the resistance with respect to support
moment[kNm/mm]

5.1.4 Wind on the end

When the wind load is on the end, it will transfer a normal force in the
sheet to the top of the columns.

Normal force in the sheet shall be checked by:
Neq < N¢ra (59)

Where N4 =is the maximum normal force in sheet[kN/m]



45

N, ra =is the resistance with respect to buckling of the
sheet, is given by the sheet manufacturers or can be
calculated by EN 1993-1-3[kN/m]

Normal force and bending moment shall be checked by:

Ned (1 +0,5(1 — NEdy) + 2EEd < 7 0 (56)
N Nc,Rd

c,Rd M¢Rrd

Where Mg g4 =is moment in the span due to transverse action
[KNm/mm]
M gq =is resistance with respect to moment in the span
[KNm/mm]

Normal force, bending moment and diaphragm force shall be checked by:

M N \%
fEd + Ed + 2,Ed S 1]3 (57)
Mfrd Nrd VwRrd
M N \Y
08—1E4 +08-Ed 4+ -2Bd <11 (58)
M Rd Nrd  V¢Rrd

5.2 Design for fasteners

The most common connections for sheets sections are screws. There are
three types of the screws: Self-tapping screws; self-drilling screws;
thread-forming screws.

In this section, the design checking list for fasteners is summarized
according to Stabilisation by Stressed Skin Diaphragm Action (HOglund,
2002, P.31). The failure modes of the screwed connections are presented
in Figure 29. Figure 30 gives a clear image of the fastener component

force.
}
|7 F t | E t f %) [ 1 ' 1
[ _l' N = T | I 1
‘ | ! | | I |
(@) Tensile failure (b) Pull out failure (c)Pull over

!
1 i ’
[ bTC
| | N P
(d) Pull through (e) Gross distortion

Figure 29. Failure mode



Frea = (EF)? + (T Fp)? (59)
Fipa =2 F (60)
Where F, gq =is shear force in the plane[kNm]

F; gq =is pull-out force[kNm]

Figure 30. Fastener force components

FV,Ed + Ft,Ed S 1]0 (61)
Fbrd FpRrd
FV,Ed + Ft,Ed S 1]0 (62)
Fyrda  14FtRra
I:V,Ed < Fv,Rd (63)
Fted < Fird (64)
Fted < Ford (65)

Where Fp ra =is the resistance with respect to bearing failure[kN]
F, ra =is the resistance with respect to pull-through
failure[kN]

F, rq =is the resistance with respect to shear failure[kN]
F, rq =is the resistance with respect to pull-out failure[kN]

6 PROPOSED DEISGN METHOD

6.1 Proposed design procedures for sheeting acting as diaphragm

Design procedure for sheeting acting as diaphragm is described in figure
31. The detailed instructions are as follows:

Step 1: The type of the corrugated steel sheet and the type and number
of the screws can be chosen by Ruukki software Poimu or Weckman
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software Optimi according to the vertical loads, such as self-weight,
imposed loads, snow load and etc. Design for in plane horizontal forces
should also be performed in step 1.

Step 2: The total shear flexibility of a single sheeting panel between
rafters and the maximum deflection of the whole roof sheeting
diaphragm can be calculated by Excel calculation tools for the corrugated
steel sheets and screws chosen in step 1. In additional, the equivalent
truss structure or spring or surface panel can be defined based on the
calculated stiffness of stressed skin diaphragm. This is initial data for step
3.

Step 3: The equivalent element member for the roof diaphragm can be
modelled in the global analysis by RFEM or other computer analysis
program so that the stressed skin effect of roof sheeting is properly taken
into account in the structural analysis.

If step 2 or 3 results show that roof sheeting diaphragm is too flexible,
the steel sheet and fasteners shall be checked again by Ruukki software
Poimu or Weckman software Optimi with the combination of vertical
loads and horizontal loads.

Excel Computer

screws by by the manufacturer

produced software CREl Analysis

(RFEM)

Figure 31. Design method proposed for stressed skin
design

6.2 Excel design tool

The Excel calculation template is developed based on the stressed skin
theory in Chapter 3. Sheet on the Purlins (four sides fastened) and sheet
on the main beams (four sides fastened) are the cases which are included
in excel design tool.

There are three pages for each case in the Excel calculation. The excel
calculation for sheet on the purlins is displayed in Figure 32, 33, 34. The
excel calculation for sheet on the rafters is presented in Appendix A.2.

Here is a short introduction of the Excel calculation. Item 01-05 is the
input data and item 06-13 is the calculation results. Yellow colour means
that the figure can be changed, and light blues are the calculation results.
Initem 03 and item 05, the roof sheet and screws can be obtained by
sheet manufacturer software Poimu or Optimi as mentioned in Step 1 of
the proposed design procedures. In this thesis, some of the commonly
used type are implemented into the data base so that the designer can
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easily choose from the Excel list. The types of the sheet product are
demonstrated in Table 17. The fasteners are illustrated in Table 18 and
19.

Weckman product Ruukki product
W-45JA/900 T45-30L-905
W-70/900 T70-57L-1058
W-115/750 T130M-75L-930
W-130/950 T153-40L-840
W-155/840

Table 17. The sheet can be chosen from Excel design tool

Sp Ssc
Screw collar head 5,5 0,15 0,15
Screw collar head 6,3 0,15 0,15
Screw collar head +Neoprene 5,5 0,35 0,35
Screw collar head +Neoprene 6,3 0,35 0,35

Table 18. Sheet to purlins / shear connector fastener by Excel

Ss
Screw 4,8 0,25

Table 19. Sheet to sheet fastener by Excel

Item 06 calculates the shear flow and the normal force of the purlins or
edge beams according to Table 1. Item 07 gives the diaphragm strength
which is based on Table 13 and 15. Item 08 describe the flexibility of the
single shear panel according to Table 14 and 16. Item 09 gives the
displacement of the middle span, which can be verified by comparing the
RFEM results. Item 10-11 give the crucial input data for the global
analysis model when the diaphragm effect is taken into account.

As it can be seen, the shear flexibility and middle span displacement can
be calculated immediately if we have input data ready. This Excel give a
clear guide to the designers that how to simulate the stressed skin effect
in the global analysis model. There are three different approaches so that
the users can choose their own way depending on which software they
are using and sometimes also rely on the project properties. For
example, equivalent truss method (Item 11) is the most useful and
flexible method because the corresponding truss can be found
straightway to describe the stressed skin effect and it can be proceeded
with all the calculation software.
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STRESSED SKIN DESIGN ACCORDING TO ECCS "Design of Code-formed Steel Structure’ (2012)

P

P P Purlin

l p .
& 3

4 b r

_Direstion of span L - =
of sheeting ’ +
R I ALY
YWePln=1/2 7 Raffer WePin=12 - 3 _
Length L=ruxa case (1) decking perpendcular
i sudes  fastened
Input data

01 Data of building {(main frame):

a= am Length of dia m A . .
b il el nbineg Building/Roof sheet dimension
H= am Height of building
n= [ Number of panels within diaphragm assebly
L= 30 m Length of building L=n"a
02 Wind load on side of building
Q.= 1,20 kN/m2 Peak velocity pressure (EM 1991-1-4) -
Yo = 1.9 Partial load factor Wlnd Ioad
p= 3,00 kNfm  Wind load at edge of the roof p=qg,"H*0.5
P& 4,50 kNfm  Design wind load pd=p*rQ
P= 15,00 kN Point load on top of the building column P=p*a
03 Choosed roof profile: W=43JA/S00_Narrow flange against the support  (Based on results of roof sheet calculations)
]
Steel grade: S5350GD+Z
- S e Pen et Type of the sheet can be chosen
= 420 N'/mm2  Ultimate tensile strength from the list.
= 0.5 mm Sheet thickness, based on roof sheet design e :
S 0,46 mm Mominal sheet thickness used in design L d
= 210 kMN/mm2 Modulus of elasticity
G= 81 kN/mm2 Shear modulus |
u= 0.3 Poisson's ratio
u= 227 mm Perimeter length of sheet corrugation Second moment of area of a single corrugation
b= 163,77 mm/mm Second moment of area{from manufacture) bi=l*d= 29479 mm*
d= 180 mm Pitch of corrugation
= 77 mm See the picture on the right Sheet profile distortion factor
hid= 0,24 See the picture on the right K pimm)
K= 0,110 Fasteners in every cormugation 0,110 180
K= 1,068 Fasteners in every alternate cormugation 1,068 360
04 Choosed Purlin: IPE &0 cp= 15 m Distance between the purlins
Steel grade: 5395
f= 355 N'mm2 Basic yield strength = 5.2 mm .
- s G i o k4 Type of purlin can be chosen from
E 210 kN/mm2 Modulus of elasticity the list.
G= 81 kN/mm2 Shear modulus
0= 0.3 Paoisson's ratio
A= 764 mm° Cross-section

05 Fastener(Types and amounts)

{a) Sheet to purin connection

Screws collar head 5,5

Type of screws can be chosen from

K= 1,068 Fasteners in every alternate corrugation the I|St

p= 360,000 mm Distance between fasteners in connection to purlin .

F.= 2,02 kN Design shear resistance of individual sheet-to-purlin fastener Table 12

= 0,15 mmkN Slip{flexibility) per sheet to purlin fastener per unit load. Table 12

n= 4 Mumber of sheet to purlin fasteners per sheet width. This can be calculated based on d and sheet type.

n,= 9 Total number of purlins{Edge+intermediate) width of roof, b

n= 7 Number of sheet lengths within the lengths of diaphragm

Ny 1 Mumber of sheet widths per pannel a

(b} Seam fasteners Screw 4.8 Seam fastners in the crests ﬁL‘

F.= 0,87 kN Design shear resistance of individual seam fastener Table 12

Figure 32. Excel calculation for the case when sheet on the

purlins (page 1)
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v Designer |Phase/Area |Projectnr
SWECO ﬁ Engineering
Project: Date Page
Subject: Comugated sheet as sfressed skin, deformation calculation 1.5.2020
Sen 0,25 mm/kN Slip{fiexibility) per seam fastener per unit load Table 12
n.= 40 Number of seam fasteners per side laplexcluding those which pass through both shees and the
a;= 0.6 By = 0.44 Mon-dimensional factors
a,= 0.4 By= 1,11 ati, o2, a3 depend on n, (Table 7)
5= 0,53 Bx= 0,75 B1, B2 depend on n, (Table 5)
o= 1 a4 (Table 8)
{c) Sheet to shear connector fasteners Screws collar head 3,5 Shear connectors transfer forces between
steel sheet diaphragm and building frame
Fa= 202 kN Diesign shear resistance of individual sheet-to-shear connector fastener Table 12
Be™ 0,15 mmfkN Slip(flexibility) per sheet to shear connector fastener per unit load Table 12
Nec™ 4900 Number of sheet to shear connector fasteners per end rafter
N~ 49,00 Number of sheet to shear connector fasteners per intermediate rafter

Result

06 Actions on diaphragm due to wind

(a) Wind on long side

B

Ry= 67,50 kN Support force at gable of the building
Ng= 24 4T kN MNormal force in edge beam at long sides of building \
WV ogm™ 5,39 kN/m  Maximun shear flow Vi — bencing B o
{b) Wind on end (Cnly for checking the shear flow of the sheet) thosc i E m';l;:'m
=
Ry= 27,00 kN Support force in long sides omens o ILLLTETIEIREE S
Ny= 10,13 kN Normal force in end rafter Note: When the wind is on the end of the building,
M= 2,61 kN MNormal force in edge beam the stressed skin diaphragm height is 2/3*a.
07 Diaphragm strength Uility grade
{a) Seam strength Vg = 45,38 kN RV = 1,48 Check number and type of fasteners ||| N
(b} Strength in fasteners at shear connecto Vi, .= 898,93 kN RyWVpy2= 0,68 oK
{c) Global shear buckling resistance: Dx= 1,48 kN*mm~/mm
, L Dr 34391,7 kN"mm~/mm
Vor g= 52 DxiDys(n — 1= 1712,66 kN RaVerg= 0,04 ok
{d) Local shear buckling resistance:
Vor1-4.B30eE (1)Y= 199,82 kN RV, = 0,34 oK
(e) The interaction of global and local shear buckling = Resistance for shear buckling:
VgV,
Vigy= Tﬂfﬁ: 178,94 kN RulV,oq = 0,38 oK
g i
{f) Sheet-to-purlin fasteners:
Vg = °::: 76,19 kN RuVra s = 0,89 oK
(@) End collapse of sheeting profile
t
Vs = iJ-‘Jf,-h\,E= KN RilVpas= 2,304 _
Vrias = 0.36b ||§: 29,30 kN Fasteners in every second comugation
Design shear capacity Vo= 45,38 kN
08 Comonents of shear flexibility: Shear flexibility duse ta: Sheets on puriing
{a) Flexibility due to profile distortion Gpg= 0,321 mm/kM
Shead Mexibility mm
(b) Flexibility due to shear strain cia= 0,007 mmkN et [ oot iy
; P
{c) Flexibility due to deformation in shest to purlin fasteners oo st o, - st 400+ ()
Caq= 0,002 mm/kN : _
{d) Flexibility due to deformation in seam fasteners sl Elaaial ot .
Cpy = 0,029 mmdkMN I I
{e) Flexibility in connections to shear connectors S ateert Con = w
Can= 0,002 mm/kN Eintp + Pty
o= 0.361 mmikN Conrmections 1o _ ‘_1'!'t| + i]!_.,.
v Raft ™ —y
(f) Equivalent shear flexibility due to axial strain in purins . 4%
Ca= 0021 mmyki Flange Aoigl strasn in n A%ay
farces purling % = JBEAD®
Total shear fexibility c= 0,382 mm/kN i SRR TR
08 Mid-span deflection
N=PIn"2/8)*c= 258 mm |>  A,..=H/300= 16,67 mm |

Figure 33.

purlins (page 2)

Excel calculation for the case when sheet on the
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L)
SWECO ﬁ
Project:
Subject: Corrugated sheet as stressed skin
10 Equivalent tie or equivalent spring member

Input data of three different modelling method to
take stressed skin into account in the global model.

Cross section area of equvalent tie A=
Length of equvalent tie L=
Modulus of elasticity of equivalent tie E=

Axial stiffiness of the eguivalent spring member
K=

190,00 mm2
13 m
210 kN/mm2

3069 kMN/mm

11 Equivalent steel truss, simplified calculation
Definition of truss geometry:

a= 5,00 m B=
n= 6m L=
P= 15.0 kN

t =arctan (B,a) = 0,675 radians

38,6598 degrees

m=(n-1y2= 25
m= number forces P comesponding reaction R1
Ri=m'P= 3758 kN

Selection of steel tubes in truss
Diagonal brace  PB0x60x4
Truss chord PE0x60x4

Calculation of deflection:

o _ Pe(mP-m+1)+8
f 2m = even il PP it
2y E « Ay sinf?
Pe(m-24+1)up
if 2m = odd Ty, = @

E» Aysing?

SensPel®

d =
¥ 384+ E+ly

Moment of inertia for truss chords:
la ={El.=|f2".o\'-’|L +21,)"1.25 = 7,1829E+09

of deflection in the middle of the truss

Deflection due to elastic deformation on diagonal braces:

Deflection due to elastic deformation of truss chords:

4.00 m
30,00 m

835 mm’

855 mm* 4,355E+05 mm*

754 mm

20,98 mm

f= Fdyy + dy, = 28,5 mm

mm
12 Equivalent surface member
Stiffiness Matrix Elements(Membrane) i 1 b
u A
Dgs= 21840 kM/m e
Dgy= 1090 kN/m -
T Feallerwwineg figuee shows the general stiffness matris of an orthotrople surface in RFEM.
[ B 9; by © 0 By Dy Dy y Ay s e it et
o By On © © Du Dy Ou| | g e
Dy © 0 Dy Dy Oyl |%e
Y Qe Da 07070 ] L et o [ A it 21| AT ot ||
¥y Oy @ 0o @ L ot 2| A £
ny wym D Der D : . - b
My Dy Dy 3
Ay Dy, oy e .
L rom e f i
By = - 1A, (2% :
D = KT, : 'I ’ .'lI‘
Figure 34. Excel calculation for the case when sheet on the

purlins (page 3)
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7 VERIFICATION AND COMPARISON OF THE RESULTS

7.1 Varification design examples by Excel design tool

The main target is to develop the Excel calculation to be a design tool. It
is worth to test that the Excel works properly in different cases.
Therefore, three examples from previous research are used to verify the
Excel results. The results obtained by Excel are compared with the results
from the original books.

Example 1

This example is referred from the Example 5.1 in the ECCS book, 2012,
P.426-435. The corrugated steel sheet is connected with the purlin (the
roof sheeting on the purlins). The entire Excel calculation is attached in
Appendix A.1.

The building’s geometry is shown in Figure 35. Portal frames of 12 m
span, at 5 m centers and purlins at 1.5 m centers. The shear flexibility of
single panel which is calculated by Excel is 0,382 mm/kN and the middle
span deflection is 25,8mm. See Figure 36. The shear flexibility obtained
by ECCS is 0,39 mm/kN and deflection is 26,3mm.

Direction of span . Frame7

of sheeting ™, . ,.-f‘xf ;
|'-}, - .
Purlins at 1.5m -/L_T = A e
-/ il -%
S . : .
- -_ L e

i 1
=) b’l'a:y}n:fl,.fﬂ o l=nxa=

; g “6x Sm=30m

F=5m ,_f:'}-i“x_ -
- ""'\-\._H.
1 'I-r-'--; ""‘\G v
5 b=12m
Figure 35. Flat roof building with roof sheets on purlins

(ECCS, 2012)
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08 Comonents of shear flexibility:

r flexibili = 100 F n purl
(a) Flexibility due to profile distortion ¢ ; = 0,321 mm/kN Shear exibiiy due to sheets on purins
Shear flexibility mm/kN
(b) Flexibility due to shear strain = 0,007 mm/kN ] Lt Al S
Shy trail . 2h
(c) Flexibility due to deformation in sheet to purlin fasteners aibics B 2aa(1+v)(1 + ()
= 0,002 mm/kN i ok
(d) Flexibility due to deformation in seam fasteners ;‘:‘{:‘r':;“on Sheett pulln =%
Cop = 0,029 mm/kN
(e) Flexibility in connections to shear connectors Seam fasteners c.. = 2asp(a-1)
Ca3= 0,002 mm/kN T sy +Fanps,
' ! Connections to 4(n+ 1)s,,
c'= 0,361 mm/kN Rafters L R
(f) Equivalent shear flexibility due to axial strain in purlins _
A Flange Axial strain in ncata,
C5= 0,021 mm/kN forces purlins 2 = TBEALT
Total shear flexibility €=Cpa + 6=ty F0an+ g
Total shear fexibility c= 0,382 mm/kN 4o,
09 Mid-span deflection
A=P(n"2/8)*c= 258mm < Amax= H/300= 16,67 mm =

Figure 36.

Flexibility of single shear panel and total

deflection calculated by Excel

Example 2

This example came from example 1 in the book stabilization by stressed
skin diaphragm action (HO0glund, 2002, P.76). This case is the roof
sheeting on the rafters. The entire Excel calculation is attached in
Appendix A.2.

The building’s geometry is shown in Figure 37. b, is 25m and the
distance between the rafters are different. Cy.qf¢er is 7 m and Crqfiers IS
5m. Here, it is practical to use 7m so that the Excel can be applied. The
shear flexibility of single panel which is calculated by Excel is 0,165
mm/kN and the middle span deflection is 58mm, which can be seen in
Figure 38. The shear flexibility obtained by Hoglund is 0,160 mm/kN and
deflection is 50,29mm.

D23 ®

bmof

® 4

Q?
=
o

(=] £ 116

®® @ ® O
0 1T ]
SBARARES
B L
= I

4—hf—-—

Cratter| | Crafter2

A
Y

Cop

Figure 37.
2002)

Y

roor

Building with roof sheets on rafters (Hoglund,

|
@
i
e NI T T

47braof4l"
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08 Comonents of shear flexibility:

(a) Flexibility due to profile distortion [ 1,340 mm/kN

(b) Flexibility due to shear strain Cyp= 0,134 mm/kN
(c) Flexibility due to deformation in sheet to purlin fasieners

Cpq = 0,085 mm/kN
(d) Flexibility due to deformation in seam fasteners

Cpz = 0,337 mm/kN
(e) Flexibility in connections to shear connectors

[ 0,007 mm/kN

c'= 1,903 mm/kN

(f) Equivalent shear flexibility due to axial strain in purlins

C3= 0,016 mm/kN

Total shear fexibility c= 0,165 mm/kN

Shear flexibility due to:

Sheets on pa.;'r\ins

Shear flexibility mm/kN

Sheet
deformation

Profile distortion

ad*da,a,K

€13 = —Fpaspe

Shear strains

Zao.(1+v)(1 ‘-{%l—}l

f2 = Eth

Fastener
deformation

Sheet to pulin

Seam fasteners

2asypa.

Q_S,SP[Vn,b-I'J
G R SR T
=T 2ngsy + Bings,

Connections to
Rafters

4(n+ 1)s,.

oy n°n,

Axial strain in
purlins

Flange
forces

n*ata,
€3

= $BEAD®

Total shear flexibility

C=0Cp, FCa+ECx; F gt 0y
+cy

09 Mid-span deflection

A=P(n"2/8)*c= 58,0 mm

Figure 38.
deflection calculated by Excel

Example 3

<

Amax= H/150=

58,53 mm

Flexibility of single shear panel and total

This example is also refered from example 2 in the book stablilisation by
stressed skin diaphragm action (Héglund, 2002, P.89). This case is the
roof sheeting on the purlins. The entire Excel calculation is attached in

Appendix A.3.

The building’s geometry is shown in Figure 39. b, is 36m and
Crafter is 7,2 m. The distance between the purlin is 2m. In this case, the
diaphragm shall be considered as two desperate interacting diaphragms
because the roof sheets do not continue at roof ridge. The shear
flexibility of single panel which is calculated by Excel is 0,063 mm/kN and
the middle span deflection is 12,5mm. See Figure 40. The shear flexibility
obtained by HOglund is 0,064 mm/kN and deflection is 12,74mm.

Cpurh‘n'l "t

broof

'y
Y

roof

Figure 39.
2002)

(1)

®

©

1:10

R

T S
A
A

e — b roof————|

Building with roof sheets on purlins (Hoglund,
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08 Comonents of shear flexibility:

Shear flexibility due to:

Sheets on purlins

(a) Flexibility due to profile distortion Ciq= 0,004 mm/kN
Shear flexibility mm/kN
(b) Flexibility due to shear strain Eia= 0,005 mm/kN e | edbtartion P i
Sh: i } 2h
(c) Flexibility due to deformation in sheet to purlin fasteners earstrans e 2aa:(1 +2)(1+(F)
Cpq = 0,001 mm/kN - Eth
(d) Flexibility due to deformation in seam fasteners Fasteer Sheetto pln -~
Coz= 0,015 mm/kN R s
22 .
(e) Flexibility in connections to shear connectors Seamfasteners Con = 2% (0an1)
Coa= 0,006 mm/kN z“jv *f‘“vsi
Connections to (n + 1)s,,
c'= 0,029 mm/kN Rafters 23 =,
(f) Equivalent shear flexibility due to axial strain in purlins -
_ Flange Axial strain in n*aa,
C3= 0,034 mm/kN forces purlins % = 18EAD®
gt Total shear flexibility e=c ety teateag
Total shear fexibility c= 0,063 mm/kN 45
09 Mid-span deflection
A=P(n"2/8)*c= 125mm < Amax=H/300= 29,33 mm

Figure 40.
deflection calculated by Excel

7.2 Verification design examples by RFEM analysis

Flexibility of single shear panel and total

The RFEM analysis model with different method are conducted to verify
the Excel calculation. The same design examples as previous section are

used in this section.

The displacement under the horizontal loads can be calculated by RFEM.
By comparing the results with Excel, it is easy to figure out how excel is

working.

Example 1

The deflection of single shear panel under the shear force was illustrated
in Figure 41. As it shows, the results of the different modelling way are
similar. The flexibility of the shear panel is 14,4mm/37,5kN=
0,384mm/kN, which is same as the excel calculation.
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- 5.000 -‘

g

o

(@) Spring (b) Bar (c) Surface
Figure 41. Deflection of single shear panel

The whole roof with different methods are modelled in RFEM. It is notice
that the middle span deflections of the whole roof panel are 25,8mm to
28,3mm, which are demonstrated as Figure 42. The displacements of the
first shear panel are 14,0 mm to 14,7mm, which is same as the results of
test by single panel.

Example 2

Same procedure for example 2. Total deflections of the whole roof panel
calculated by RFEM is 53,2mm to 58,8mm, which are illustrated as Figure
43.

Example 3

Total deflections of the whole roof panel calculated by RFEM is 11,8mm
to 13,3mm, which are revealed as Figure 44.

The comparison of the calculation results with different approaches for
three design examples are summarized in Figure 45. As it is observed, the
results obtained by RFEM are very similar to the Excel calculation.
Therefore, it shows that the excel results are reliable.
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Figure 42.
Rfem for example 1 (2D)
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(d) Equivalent truss which is 3m high(100x100x4)

Deflection of the roof diaphragm calculated by
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156.38

(a) Bars (b) Springs

2
g 165 Opop 131

() Truss (d) Surfaces

Figure 43. Deflection of the roof diaphragm calculated by
RFEM for example 2 (2D)

ofeigis (o) Truss (d) Surfaces

Figure 44. Deflection of the roof diaphragm calculated by
RFEM for example 3 (2D)



Deflection (mm)

Deflection comparion (2D)

70
60
50
40
30

20
10
0

Design example 1

M Results from book

M Excel

i RFEM(Bar)

M RFEM(Spring)
M RFEM(Truss)
M RFEM(Surface)

Figure 45.

26,3
25,8
26,4
26,5
27,2
25,8

Design example 2
50,29
58
58,8
58,8
53,2
58,4

Comparison of deflection (2D)

7.3 Parameter study of stressed skin effect

59

bl b | |

Design example 3
12,74
12,5
133
13,3
11,8
133

It is proved that the Excel calculation is reliable as in previous section.
Then the Excel can be used to carry out a parameter study.

The parameters of the roof sheet used in design examples are listed in
Table 20 and Figure 16 indicates the basic dimension of the roof sheet.
As it can be seen, the height of the roof sheet is 43mm, 112mm, 22mm.
Usually, the height of the roof sheet is decided by the vertical loads and
the distance between the supporting beams. Hence, the type of the roof
sheet is not investigated here.

Case | Type of roof I d h 0 h/d I/d K1 K2
sheet

Example | W-45JA/900 | 77 | 180 | 43 | 33,00 | 0,24 | 0,43 [0,110| 1,068
1

Example| TRP110 68 | 237 | 112 | 25,00 | 0,47 | 0,29 |0,209 2,708
2

Example TRP22 25 | 90 22 | 2550 | 0,24 | 0,28 |0,130|0,763
3

Table 20. The parameters of the roof sheet

There are a varies of factors influence the shear stiffness and the
horizontal deflections in the diaphragm effect. It is not possible to study
all of them. Therefore, three factors which have great impact to the
stressed skin effect are investigated in this section: every or alternates
corrugation fastened; thickness of the sheet; purlin or edge beam.




60

7.3.1 Every or alternates corrugation fastened

As it can be noticed from Table 20, that K1 for sheeting fastened in every
troughs and K2 for sheeting fastened in alternate troughs have a great
difference. Figure 46 shows the test results for both Every and alternates
corrugation for all the design examples. It can be proved that every
alternate trough fastened make the shear panel much more flexible than
every trough fastened. In the example 2, the sheet is connected directly
to the rafter and the roof panel is already so flexible that every trough
fastened is the only choice in that circumstance.

Influence by the corrugation fastened

600
500
= 400
E
=
= 300
ko
a 200
100
_H —_d
Design example 1 Design example 2 Design example 3
M Every corrugation 6,3 57,6 12,4
M Alternate corrugation 25,8 501,6 16,2
Figure 46. Influence by the corrugation fastened

7.3.2 Thickness of the roof sheet

The roof sheets with thickness of 0.5mm, 0.6mm, 0.7mm, 0.8mm,0.9mm
and 1 mm are commonly used. Therefore, all these different thicknesses
are tested for three design examples. Figure 47 illustrates the results. As
it is observed, increasing of the thickness can make the displacement
much smaller. Especially in example 1 and 2.
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Effect by thickness of the sheet

120
. 100
S
£ 80
=
2 60
o
= 40
7 "
20 . i
0 Esm B e b
Design example 1 Design example 2 Design example 3
M t=0.5mm 25,8 106,5 133
M t=0.6mm 17,3 72,8 12,6
M t=0.7mm 12,8 54,8 12,1
M t=0.8mm 10,1 44,1 11,9
M t=0.9mm 8,5 37,4 11,7
Mt=1mm 7.4 32,8 L5
Figure 47. Influence by thickness of the roof sheet

7.3.3 Purlin or edge beam

IPE 80, IPE 100, IPE 120, IPE 140, IPE 160 are tested as the purlin or edge
beam. The results are illustrated in Figure 48. It is proved that the size of
the Purlin or edge beam plays an important role for stressed skin effect.

Effect by Purlin or edge beams

80
70
T 60
E 50
=
2 40
2 30
a8 20
0 bt
0 . ; .
Design example 1 Design example 2 Design example 3
M |PE 80 25,8 72,7 20,2
M IPE 100 254 67,5 16,4
M IPE 120 25,2 64,2 141
M IPE140 25 61,9 12,4
M IPE160 24,9 60,2 11,2
Figure 48. Influence by purlins or edge beams

7.4 Stressed skin behaviours for different load bearing structures

As it has been mentioned in Chapter 4, the main frame and diaphragm
together carry all the horizontal loads. In order to figure out how the
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relative flexibility influence the final deflections, 3D analysis models for
different load-bearing structures are executed. Three different
structures for design example 1 are implemented in RFEM model. The
deflections can be calculated as Figure 50 and the shear force of the
columns and normal force of the surface panel are demonstrated in
Figure 51.

Figure 49 summarizes the deflection of with and without the stressed
skin effect. Firstly, itis clear that the shear panel distributes the
horizontal loads evenly and displacement with considering stressed skin
effect are smaller than the displacement without stressed skin effect for
different load-bearing structures.

Secondly, stress skin effect has greatest influence in portal frame
structure and has smallest influence in rigid frame structure.

ECCS Example (3D)
30
25
€
£ 20
=
= 15
ko
© 10
o
5 n
0
Columns fixed Portal frame Rigid frame
at the base
m Without stressed skin 12,3 28,2 58
m With stressed skin 9,4 15,3 53
Figure 49. Comparison of the deflection for different

structures.
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a) Columns fixed at the base

Without stressed skin effect With stressed skin effect

b) Portal frame

Without stressed skin effect With stressed skin effect

c) Rigid frame

Without stressed skin effect With stressed skin effect

Figure 50. Deflection comparison for different structures
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a) Columns fixed at the base

Basic Internal Forces
e [kMm]

367
3.00
233
166
1.00
033
0.34
-1.01
-167
234
-3,
-368

Max : 3.67

L

Basic Internal Forces
fx [kM/m]

633
512
391
289

¢) rigid frame

Basic Internal Forces
ng [kN/m]

1.82
143
104
065
0.26
-0.14
-0.53
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Figure 51. Shear force of the columns and the axial force
of the diaphragm

8 CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

It is obvious that the corrugated steel sheet can significantly decrease the
lateral deflection under the wind load or horizontal load. The lateral
bracing system on the roof aiming to stabilize the whole structure can be
replaced by the corrugated roof structure if the fasteners and the
corrugated sheet have adequate strength and overall in plane
deformation of roof is at acceptable level.

An Excel design tool has been developed to make the design work easier.
It is the main goal of this thesis work. By using the Excel calculation table,
the designer can get the initial data for the global analysis model. The
roof stressed skin effect can be simplified into an equivalent horizontal
truss structure at roof, using steel or spring members as diagonals.
Another option is to use a surface diaphragm with the equivalent
stiffness.

A parameter study is carried out by Excel in this thesis. Two advices are
given here. Firstly, Roof sheets fastened in every or alternates
corrugation have significantly different stiffness and strength for in plane
loading. Sheet fastened in every corrugation is strongly suggested for the
stressed skin design, especially when the sheets are connected directly to
the rafters. Secondly, in situation when the type of the corrugated sheet
has been chosen, increasing thickness of the sheet or increasing the size
of the purlin or edge beam can benefit the overall situation.

The roof diaphragm is load-bearing structure, which is working together
with the main frame to carry the horizontal load as well as vertical roof
loads. The design of roof diaphragm is as important as the main frame.
By considering the roof stressed skin effect in structural analysis, the
internal force can be distributed properly, and the shear forces of the
columns become smaller than without consideration of stressed skin
effect. The stressed skin has most impact in the portal frame structures
than the others.

8.2 Recommendations for future studies

Stressed skin design is a complicated issue in the real project and there
are more than three factors affect the stressed skin effect, such as the
number of the purlins, the number of the fasteners between the seams
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and so on. Therefore, deeply parameter study can be designed and
performed.

How does the roof opening affect to the flexibility of the diaphragm is not
discussed in this thesis. Nevertheless, it has a lot of engineering value to
be studied furthermore.

Different roof structures or wall structures can be also investigated
further, such as two layers of corrugated steel sheets plus insulation
material inside.
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Stabilization by stressed skin diaphragms action -Torsten Hoglund, 2002
Eurocode 3: 1993-1-1 Design of steel structures. General rules and rules
for buildings.

Eurocode 3: 1993-1-3 General rules. Supplementary rules for cold formed
members and sheeting.
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2012

ECCS Publication N0.88(1995): European recommendations for the
application of metal sheeting acting as a diaphragm

European Recommendations on the stabilization of steel structures by
Sandwich panels.

A.1 Excel calculation regarding sheets on purlin (Design example 1)

A.2 Excel calculation regarding sheets on main beams (Design example 2)
A.3 Excel calculation regarding sheets on purlin (Design example 3)

A.4 Sheet and fastener design example made by Poimu (Ruukki software)
A.5 Values of K1 for fasteners in every trough

A.6 Values of K2 for fasteners in every alternate trough



\ A.1 Excel calcualtion regarding sheets on purlin(Design example 1) Designer |Phase / Area |Project nr
SWECO ﬁ Engineering
Project: Date Page
Subject: Corrugated sheet as stressed skin, deformation calculation 1.5.2020
STRESSED SKIN DESIGN ACCORDING TO ECCS 'Design of Code-formed Steel Structure' (2012)
P P P Purlin
JUUA ¥ ¥
4
S0 I
L L J
© t S A
Directi f E F =v r | J
o qooeet— A
V=P(n-1)/2 '%“ Rafter V=P(n-1)/2 § 4 i
Length L=nxa casell) decking perpendicular
4 sides  fastened
Input data

01 Data of building (main frame):

a= 5m Length of diaphragm

b= 12 m Depth of diaphragm

H= 5m Height of building

n= 6 Number of panels within diaphragm assebly

L= 30m Length of building L=n*a
02 Wind load on side of building

OQuw= 1,20 kN/m2 Peak velocity pressure (EN 1991-1-4)

0o = 1,5 Partial load factor

p= 3,00 kN/m  Wind load at edge of the roof p=q,*H*0,5

P&~ 4,50 kN/m  Design wind load pd=p*rQ

P= 15,00 kN Point load on top of the building column P=p*a

03 Choosed roof profile:

Steel grade:
f,=

f,=

t=

thom=

E=

G=

W-45JA/900_Narrow flange against the support

S350GD+Z

350 N/mm2 Basic yield strength

420 N/mm2 Ultimate tensile strength

0,5 mm Sheet thickness, based on roof sheet design
0,46 mm Nominal sheet thickness used in design

210 kN/mm2 Modulus of elasticity

81 KN/mm2 Shear modulus

0,3 Poisson's ratio
227 mm Perimeter length of sheet corrugation

163,77 mm*/mn Second moment of area(from manufacture)

(Based on results of roof sheet calculations

d u

M
L]

Second moment of area of a single corrugation
ly=l,*d= 29479 mm*

= 180 mm Pitch of corrugation
= 77 mm See the picture on the right Sheet profile distortion factor
h/d= 0,24 See the picture on the right K p(mm)
K= 0,110 Fasteners in every corrugation 0,110 180
Ky= 1,068 Fasteners in every alternate corrugation 1,068 360
04 Choosed Purlin: IPE 80 cp= 15m Distance between the purlins
Steel grade: S355
f,= 355 N/mm2 Basic yield strength t= 5,2 mm
f,= 510 N/mm2 Ultimate tensile strength
E= 210 kN/mm2 Modulus of elasticity
G= 81 kN/mm2 Shear modulus
u= 0,3 Poisson's ratio
A= 764 mm° Cross-section

05 Fastener(Types and amounts)

(a) Sheet to purlin connection

K= 1,068 Fasteners in every alternate corrugation

p= 360,000 mm Distance between fasteners in connection to purlin

Fo= 2,02 kN Design shear resistance of individual sheet-to-purlin fastener

Sp= 0,15 mm/kN Slip(flexibility) per sheet to purlin fastener per unit load.

n= 4 Number of sheet to purlin fasteners per sheet width. This can be calculated based on d and sheet type.
n,= 9 Total number of purlins(Edge-+intermediate) width of roof, b

ny,= 1 Number of sheet lengths within the lengths of diaphragm

Ngp= 6 Number of sheet widths per pannel a

(b) Seam fasteners

Fe=

Screws collar head 5,5

Screw 4,8

0,87 kN Design shear resistance of individual seam fastener

M

Seam fastners in the crests

Table 12
Table 12

Table 12




\ A.1 Excel calcualtion regarding sheets on purlin(Design example 1) Designer |Phase / Area |Project nr
SWECO ﬁ Engineering
Project: Date Page
Subject: Corrugated sheet as stressed skin, deformation calculation 1.5.2020
Sq - 0,25 mm/kN Slip(flexibility) per seam fastener per unit load Table 12
ng= 40 Number of seam fasteners per side lap(excluding those which pass through both shees and the
= 0,6 B, = 0,44 Non-dimensional factors
0= 04 B, = 1,11 al, a2, a3 depend on n, (Table 7)
az= 0,53 By = 0,75 B1, B2 depend on n; (Table 5)
= 1 a4 (Table 8)
(c) Sheet to shear connector fasteners Screws collar head 5,5 Shear connectors transfer forces between
steel sheet diaphragm and building frame
Fee= 2,02 kN Design shear resistance of individual sheet-to-shear connector fastener Table 12
Sec= 0,15 mm/kN Slip(flexibility) per sheet to shear connector fastener per unit load Table 12
Ng.= 49,00 Number of sheet to shear connector fasteners per end rafter
Nge= 49,00 Number of sheet to shear connector fasteners per intermediate rafter
Result

06 Actions on diaphragm due to wind
(a) Wind on long side

Rg= 67,50 kN Support force at gable of the building
Ng= 24,47 kN Normal force in edge beam at long sides of building
Vimax= 5,39 kN/m  Maximun shear flow : f;;';f:a'l‘?;
(b) Wind on end (Only for checking the shear flow of the sheet) oo ';dl;:r'*ns
Ry= 27,00 kN Support force in long sides koot beams
Ng= 10,13 kN Normal force in end rafter Note: When the wind is on the end of the building,
Ng= 2,61 kN Normal force in edge beam the stressed skin diaphragm height is 2/3*a.
07 Diaphragm strength Utility grade
(a) Seam strength VRra1= 45,38 kN R4/Vra1 = 1,49 Check number and type of fasteners_
(b) Strength in fasteners at shear connecto Vgg,= 98,93 kN R4/Vra2 = 0,68 OK
(c) Global shear buckling resistance: Dx= 1,48 kN*mm?/mm
., by= 34391,7 kN*mm?/mm
Verg= 1= DxaDy4(n, —1)*=  1712,66 kN RalVerg = 0,04 oK
(d) Local shear buckling resistance:
Ver.=4,83btE ()= 199,82 kN Ry/Ver) = 0,34 oK
(e) The interaction of global and local shear buckling = Resistance for shear buckling:
V. _ Vcr.g*Vcr.l_ _
red = m— 178,94 kN Ry/Vieq = 0,38 OK
(f) Sheet-to-purlin fasteners:
Vias = "s;’;v: 76,19 kN Ra/Vraa = 0,89 oK
(g9) End collapse of sheeting profile
3
Vras = 091 [5= N RiVegs= 2304 e
Vras = 0.3fyb\E: 29,30 kN Fasteners in every second corrugation
Design shear capacity Vra= 45,38 kN
08 Comonents of shear flexibility: — - -
(a) Flexibility due to profile distortion Ci1= 0,321 mm/kN shear flexbiity due to: sheets on purlins
Shear flexibility mm/kN
(b) Flexibility due to shear strain C1p= 0,007 mm/kN et e | e cistortion o =%
i 2h
(c) Flexibility due to deformation in sheet to purlin fasteners shear strains (= 2aa; (L)1 +(F)
Cot = 0,002 mm/kN _ ) Etb
(d) Flexibility due to deformation in seam fasteners e | S P 010 = 5P
Cop = 0,029 mm/kN
(e) Flexibility in connections to shear connectors $eam fasteners = M
Cos= 0,002 mm/kN Nstp + Binpss
c'= 0.361 mm/kN Connections to . _w
1 Raft 23 = P
(f) Equivalent shear flexibility due to axial strain in purlins e T
Ca= 0.021 mm/kN Flange Axial strain in nafo,
3 ! forces purlins % = 18EAD®
Total shear fexibility c= 0,382 mm/kN Total shear flexibility C=1Cpg+ Cpn ++C:g: + €30+ Caa

09 Mid-span deflection
A=P(n"2/8)*c= 258 mm > Apyg,=H/300= 16,67 mm |




\ A.1 Excel calcualtion regarding sheets on purlin(Design example 1) Designer |Phase / Area |Project nr
SWECO ﬁ Engineering
Project: Date Page
Subject: Corrugated sheet as stressed skin, deformation calculation 1.5.2020

10 Equivalent tie or equivalent spring member

Cross section area of equvalent tie A= 190,00 mm2 /\ /|\
Length of equvalent tie L= 13 m L igp——epo— o
Modulus of elasticity of equivalent tie  E= 210 kKN/mm2
Axial stiffiness of the equivalent spring member

K= 3069 kN/mm

e ————%

/L

11 Equivalent steel truss, simplified calculation of deflection in the middle of the truss
Definition of truss geometry:

a= 500 m B= 3,00 m

n= 6m = 30,00 m

P= 15,0 kN
g =arctan (By/a) = 0,540 radians

30,963757 degrees
m=(n-1)/2 = 2,5 il o rem— T Lo —
m= number forces P corresponding reaction R1 4 A : >
Rl=m*P= 37,5 kN >

Selection of steel tubes in truss -
Diagonal brace  P100x100x4 Ay= 1495 mm?
Truss chord P100x100x4 A = 1495 mm? a= 2,264E+06 mm*

Calculation of deflection:

Deflection due to elastic deformation on diagonal braces:

Px(m?—m+1) B,

2m = even dyg = mm
20Ys E x A;sin g3
P*(mz—m+1/ )*B
; — — 2 2 t
if 2m = odd Sdyy = Ev A, sings 579 mm
Deflection due to elastic deformation of truss chords:
3
dy, = S*xnxPs L7 21,32 mm
384 + E * I
Moment of inertia for truss chords: f=Sdyy + dy, = 27,1 mm
lo =(BZ/2*A, + 21,)*1.25 = 7,0686E+09 mm*
12 Equivalent surface member

Stiffiness Matrix Elements(Membrane)
Dec= 107008 kN/m
Dgg= 1090 kN/m

KNml  Dus

The following figure shows the general stiffness matrix of an orthotropic surface in RFEM.

Mx Py D Dis o 0 Dy Dy Dig fox o Nl :

. D> Dy3 0 o Dys Dy Dag iy Das: | 275006406 % | kM/m] Yis oo D,
My Ds3 0 0 D3s D3; Dsg Koy — — — )
V| Dys Dgs O o R (4.1 | om: [ 118806065 7] hhuanl D — K] 010007 4] whivin]

Yy Dss 0O 0 0 Yyz 0z 000 % 1| K] 0,000  +] ki)

ny sym. Dgs D¢z Des =4 0.000 5 +| ftimm]

ny, D;; Dgg Ey e

Ny Dag Ty bt

ey = EAY
T

Das = Gl Dys = G,




v A.2 Excel calcualtion regarding sheets directly on main beams Designer |Phase / Area |Project nr
SWECO ﬁ Engineering
Project: Date Page
Subject:  Corrugated sheet as stressed skin, deformation calculation 12.1.2020

STRESSED SKIN DESIGN ACCORDING TO ECCS 'Design of Code-formed Steel Structure' (2012)

P P P P Edge beam “ ‘ +
rs -‘ -8 ——‘
k=
L
L ~—— |
= -— . -— b |
L
L ]
i Direction of span o000 __-J
of sheeting * *
V=P(n-1)/2 '%“\ Rafter V=Pln-1)/2 case(2) decking parallel
Length L=nxa 4 sides fastened
Input data
01 Data of building (main frame):
a= 25 m Length of diaphragm
= 7m Depth of diaphragm
H= 8,78 m Height of building
n= 9 Number of panels within diaphragm assebly
= 63 m Length of building L=n*a
02 Wind load on side of building
qQu= 1,13 kN/m2 Peak velocity pressure(EN 1991-1-4)
Uo= 1,5 Partial load factor
p= 4,96 kN/m  Wind load at edge of the roof p=q,,*H*0,5 (This load valuse was made
pP&= kN/m  Design wind load pd=p*rQ according to the original book)
pP= 34,72 kN Point load on top of the building column P=p*a |

03 Choosed roof profile:

TRP110

S350GD+Z

Steel grade:
f,=
f=
t= 0,68 mm
thom= 0,64 mm
E=
G=
u= 0,3
u= 379 mm
ly1=

= 237 mm
= 68 mm
h/d= 0,47
K= 0,209
Ky= 2,708

350 N/mm2 Basic yield strength
420 N/mm2 Ultimate tensile strength

Sheet thickness, based on roof sheet design
Nominal sheet thickness used in design

210 kN/mm2 Modulus of elasticity
81 kN/mm2 Shear modulus

Poisson's ratio
Perimeter length of steel corrugation

1840 mm*/mmr Second moment of area(from manufacture)

Pitch of corrugation

See the picture on the right

See the picture on the right

Fasteners in every corrugation
Fasteners in every alternate corrugation

(Based on results of roof sheet calculations)

Second moment of area of a single corrugatio
l,,=l,*d= 436080 mm*

Sheet profile distortion factor

K p(mm)
0,209 237
2,708 474

04 Choosed Edge beam:

Steel grade:
f,=
fu=
E=
G=
u:
A=

0,3
2814

355 N/mm2 Basic yield strength
510 N/mm2 Ultimate tensile strength
210 kN/mm2 Modulus of elasticity

81 kN/mm2 Shear modulus

mm?

P150x150x5

S355

te=

Poisson's ratio
Cross-section

5 mm

05 Fastener(Types and amounts)

(a) Sheet to edge beam connection

K= 0,209
p= 237,000

= 2,31
Sp = 0,35
n&= 3
n,= 2
ny= 1
Ngp= 35
n- 2

(b) Seam fasteners

mm
kN
mm/kN

Fasteners in every corrugation

Screws collar head +Neoprene 6,3

Distance between fasteners in connection to edge beam
Design shear resistance of individual sheet-to-purlin fastener
Slip(flexibility) per sheet to edge beam fastener per unit load.
Number of sheet to purlin fasteners per sheet width.This can be calculated based on d and sheet type.
Total number of purlins(Edge+intermediate) per width of roof, b
Number of sheet lengths within the lengths of diaphragm

Number of sheet widths per pannel a
Number of sheet lengths
Screw 4,8

WAt

Seam fastners in the crests

Table 12
Table 12




% A.2 Excel calcualtion regarding sheets directly on main beams Designer |Phase / Area |Project nr
SWECO Engineering
Project: Date Page
Subject:  Corrugated sheet as stressed skin, deformation calculation 12.1.2020
Fs= 0,87 kN Design shear resistance of individual seam fastener Table 12
Sg - 0,25 mm/kN Slip(flexibility) per seam fastener per unit load Table 12
ng= 25 Number of seam fasteners per side lap(excluding those which pass through both shees and the supporting purlin
= 1 B = 0,3 Non-dimensional factors
a,= 1 B, = 1 al, a2, a3 depend on n, (Table 7)
az= 1 By = 0,67 B1, B2 depend on n; (Table 5)
o5= 1 a5 (Table 9)
(c) Sheet to shear connector fasteners Screws collar head +Neoprene 6,3  Shear connectors transfer forces between
steel sheet diaphragm and building frame
Fee= 1,16 kN Design shear resistance of individual sheet-to-shear connector fastener Table 12
Sgc= 0,35 mm/kN Slip(flexibility) per sheet to shear connector fastener per unit load Table 12
Ng.= 100,00 Number of sheet to shear connector fasteners per end rafter
Nge= 100,00 Number of sheet to shear connector fasteners per intermediate rafter
Result
06 Actions on diaphragm due to wind vy + 4 1 3 b
(a) Wind on long side I'—"I"—‘l—'q—"l—"l"—‘l—'ﬂ
Ry4= 156,26 kN Support force at gable of the building : | | i | | | |
Ng= 98,45 kN Normal force in edge beam ! I | i | '[ei 1
Vdmax: 6,25 kN/m Maximun shear flow Lo L. i R N
(b) Wind on end(Only for checking the shear flow of the sheet) il ARRCHY G i DA s N
Ry= 14,13 kN Support force in long sides
Ng= 0,00 kN Normal force in edge beam Note: When the wind is on the end of the building,
V dimax= 3,48 kN/m  Shear flow at long sides < Vmax the stressed skin diaphragm height is 2/3*a.
07 Diaphragm strength Utility grade
(a) Seam strength VRa1= 84,93 kN Ry/Vra1 = 1,84 Check number and type of fastener_
(b) Strength in fasteners to shear connec Vgq,= 412,97 kN Ry/Vra2 = 0,38 OK
(c) Globle shear buckling resistance: Dx= 3,15 kN*mm%mm
- Dy= 386400 kN*mm?/mm
Vcr,g=28.81;iszZDyZ= 303,44 kN Ra/Verg = 0,51 Fasteners in every corrugation OK
@, 1 3
Verg=14.45 DxaDys= kN
(d) Local shear buckling resistance:
Vcr.l=4v83th(§)2: 402,519 kN Ry/Very = 0,39 OK
(e) The interaction of global and local shear buckling = Resistance for shear buckling:
V. =YergVerl_ 173014 kN Rg/Vreq = 0,90 oK
red Vcrg"'vcr‘l
(f) Sheet-to-rafter fasteners:
v = 06aFy_
Ra4 = 0= 146,37 kN Ro/Vrga = 1,07 | FALURE |
(g9) End collapse of sheeting profile
Vras = 0.9fya\/‘_§= 261,91 kN R4/Vras = 0,597 Fasteners in every corrugation OK
t3
VRd.S = 0.3fya E: kN
Design shear capacity Vre= 84,93 kN
08 Comonents of shear flexibility: PP P e e — -
(a) Flexibility due to profile distortion ¢, = 1,340 mm/kN ear flextbility due to: ets on purins
Shear flexibility mm/kN
o . Sheet Profile distorti d>Sa, K
(b) Flexibility due to shear strain C12= 0,134 mm/kN Aeformation || eeran ey =
(c) Flexibility due to deformation in sheet to purlin fasteners shear stralns . e o)l €D
Cou = 0,085 mm/kN Etb
(d) Flexibility due to deformation in seam fasteners Fostener | Sheettopulin s, = 2250PTs
b_
C2 = 0,337 mm/kN
(e) Flexibility in connections to shear connectors Seam fasteners €0 = 2S5 ])
Cas= 0,007 mm/kN aSp ¥ FillpSs
c'= 1.903 mm/kN Connections to o= 4(n+1)s,.
l Rafti 23T T 2.7
(f) Equivalent shear flexibility due to axial strain in purlins e e
Cs= 0.016 mm/kN Flange Axial strain in _ nfaay
! forces purlins C2 = 1 BEABT
o Total shear flexibility C=0Cy, + €t Cay 0t Cag
Total shear fexibility c= 0,165 mm/kN +6
09 Mid-span deflection
A=P(n"2/8)*c= 58,0 mm < Apay=H/150=_ 58,53 mm




v A.2 Excel calcualtion regarding sheets directly on main beams Designer |Phase / Area |Project nr
SWECO ﬁ Engineering
Project: Date Page
Subject:  Corrugated sheet as stressed skin, deformation calculation 12.1.2020

10 Equivalent tie or equivalent spring member

o "
Cross section area of equvalent tie A= 808,60 mm2 /\
Length of equvalent tie L= 25,9615 m B e
Modulus of elasticity of equivalent tie E= 210 kN/mm2 : F
WL
Axial stiffiness of the equivalent spring member ETO, | A
K= 6541 kKN/mm i

e ————%

i

11 Equivalent steel truss, simplified calculation of deflection in the middle of the truss
Definition of truss geometry:

b= 7,00 m B= 7,00 m
n= 9m L= 63,00 m
P= 34,7 kN
g =arctan (BJ/a) = 0,785 radians
45 degrees
m=(n-1)/2 = 4 Fr
m= number forces P corresponding reaction R1 4 A
R1=m*P= 1389 kN >
Selection of steel tubes in truss
Diagonal brace  P150x150x8 Ay= 4324 mm?
Truss chord P150x150x8 A= 4324 mm? 3=

Calculation of deflection:

Deflection due to elastic deformation on diagonal braces:

Px(m?—m+1)+*B,

1,412E+07 mm*

f2m = even dyy = 9,84 mm
20Y E x Agsing3
P*(mz—m+l/ )*B
; _ _ 2 2 t
if 2m = odd Sdyy = Evd,sing’ mm
Deflection due to elastic deformation of truss chords:
3
dy,=  ornrPel 43,55 mm
384 x E * I,
Moment of inertia for truss chords: f=Sdyy + dy, = 53,4 mm
lo =(B&2*A, + 21)*1.25 = 1,1126E+11 mm*
12 Equivalent surface member

Stiffiness Matrix Elements(Membrane) o
Dgs= 23637,6 kN/m
Dgg= 1698 kN/m F————

u: | 264896065 | BNml  Das

The following figure shows the general stiffness matrix of an orthotropic surface in RFEM.

M Dy Dy Dy o 0 Dig Dy Dig fox

Wy Dy Dy 0 o Dy Dy; Dag i

My D33 0 0 Dy Dy Dy Foxy .

Ve | _ Dsy Dys O 0 S I -~ (4 | ow:[ 1mmews ‘(w. wl Ou 0000 %+ k]
v, Dss O 0 O i o 0000 £ | Ktew]
Ny sym. Dss  De7 Deg Ex

n, Dy; Dy 5% o & &

n, Dgg Yoy =

Das = Gy

Dz = EAy,
Dz = vDi;
Dys = G,




\ A.3 Excel calcualtion regarding sheets on purlin(Design example 3) Designer |Phase / Area |Project nr
SWECO ﬁ Engineering
Project: Date Page
Subject: Corrugated sheet as stressed skin, deformation calculation 1.5.2020
STRESSED SKIN DESIGN ACCORDING TO ECCS 'Design of Code-formed Steel Structure' (2012)
P P P Purlin
JUUA ¥ ¥
4
S0 I
L L J
© t S A
' e 2
Direction of span : :p r J
of sheeting +'..._" T +
V=P(n-1)/2 '%“ Raffer V=P(n-1)/2 § 4 i
Length L=nxa casell) decking perpendicular
4 sides fastened
Input data
01 Data of building (main frame):
a= 72 m Length of diaphragm
b= 18 m Depth of diaphragm
H= 8,8 m Height of building
n= 10 Number of panels within diaphragm assebly
L= 72 m Length of building L=n*a
02 Wind load on side of building
OQuw= 0,50 kN/m2  Peak velocity pressure (EN 1991-1-4)
0o = 1,5 Partial load factor
p= 2,20 kN/m  Wind load at edge of the roof p=q,*H*0,5 (This load valuse was made
P&~ kN/m  Design wind load pd=p*rQ according to the original book)
P= 15,84 kN Point load on top of the building column P=p*a |
03 Choosed roof profile: TRP22 (Based on results of roof sheet calculations
Steel grade: S350GD+Z d U
f,= 350 N/mm2 Basic yield strength
f,= 420 N/mm2 Ultimate tensile strength
t= 0,627 mm Sheet thickness, based on roof sheet design M
thom= 0,587 mm Nominal sheet thickness used in design
E= 210 kN/mm2 Modulus of elasticity
G= 81 kKN/mm2 Shear modulus (
u 0,3 Poisson's ratio
u= 118 mm Perimeter length of sheet corrugation Second moment of area of a single corrugation
ly1= 60 mm*/mm Second moment of area(from manufacture) lys=ly*d= 5400 mm*
= 90 mm Pitch of corrugation
= 25 mm See the picture on the right Sheet profile distortion factor
h/d= 0,24 See the picture on the right K p(mm)
K= 0,130 Fasteners in every corrugation 0,130 90
Ky= 0,763 Fasteners in every alternate corrugation 0,763 180
04 Choosed Purlin: IPE 140 cp= 2m Distance between the purlins
Steel grade: S355
f,= 355 N/mm2 Basic yield strength t= 6,9 mm
= 510 N/mm2 Ultimate tensile strength
= 210 kN/mm2 Modulus of elasticity
= 81 kN/mm2 Shear modulus
u= 0,3 Poisson's ratio
A= 1643 mm’ Cross-section

05 Fastener(Types and amounts)

(a) Sheet to purlin connection

K=
p:
Fo=
Sp =
ng=
np:
Np=
Nsh=

0,130
90,000 mm
2,95 kN

0,15 mm/kN

4

10

2

8

(b) Seam fasteners

Fs

1,24 kN

Screws collar head 6,3

Fasteners in every corrugation
Distance between fasteners in connection to purlin
Design shear resistance of individual sheet-to-purlin fastener
Slip(flexibility) per sheet to purlin fastener per unit load.
Number of sheet to purlin fasteners per sheet width. This can be calculated based on d and sheet type.
Total number of purlins(Edge-+intermediate) width of roof, b
Number of sheet lengths within the lengths of diaphragm
Number of sheet widths per pannel a

M

Screw 4,8 Seam fastners in the crests

Design shear resistance of individual seam fastener

Table 12
Table 12

Table 12




\ A.3 Excel calcualtion regarding sheets on purlin(Design example 3) Designer |Phase / Area |Project nr
SWECO ﬁ Engineering
Project: Date Page
Subject: Corrugated sheet as stressed skin, deformation calculation 1.5.2020
Sq - 0,25 mm/kN Slip(flexibility) per seam fastener per unit load Table 12
ng= 117 Number of seam fasteners per side lap(excluding those which pass through both shees and the
= 0,6 B, = 0,44 Non-dimensional factors
0= 0,36 B, = 1,11 al, a2, a3 depend on n, (Table 7)
az= 0,49 By = 0,75 B1, B2 depend on n; (Table 5)
= 1,6 a4 (Table 8)
(c) Sheet to shear connector fasteners Screws collar head 6,3 Shear connectors transfer forces between
steel sheet diaphragm and building frame
Fee= 2,95 kN Design shear resistance of individual sheet-to-shear connector fastener Table 12
Sec= 0,15 mm/kN Slip(flexibility) per sheet to shear connector fastener per unit load Table 12
Ng.= 12,00 Number of sheet to shear connector fasteners per end rafter
Nge= 12,00 Number of sheet to shear connector fasteners per intermediate rafter
Result
06 Actions on diaphragm due to wind T T TR T -
(a) Wind on long side Fﬂ R /
Rg= 79,20 kN Support force at gable of the building [SEEJZC :
Ng= 45,94 kN Normal force in edge beam at long sides of building Sheets on "”min
Vdmax= 5,06 kN/m  Maximun shear flow I e, F2S 9 el
(b) Wind on end (Only for checking the shear flow of the sheet) 3' o N i sl o
Rg= 0,00 kN Support force in long sides ol g
Ng= 0,00 kN Normal force in end rafter Note: When the wind is on the end of the building,
Ng= 0,00 kN Normal force in edge beam the stressed skin diaphragm height is 2/3*a.
07 Diaphragm strength Utility grade
(a) Seam strength VRra1= 162,43 kN R4/Vra1 = 0,49 OK
(b) Strength in fasteners at shear connecto Vgq,= 35,41 kN R4/Vra2 = 2,24 Check number and type of fasteners_

Dx=
Dy=

(c) Global shear buckling resistance:

2,97 kKN*mm?*mm
12600 kN*mm?/mm

1 3
Verg= 1= DxsDys(n, —1)*= 910,26 kN RalVerg = 0,09
(d) Local shear buckling resistance:
Vcr.l=4v83th(§)2: 5908,45 kN Ra/Ver = 0,01
(e) The interaction of global and local shear buckling = Resistance for shear buckling:
Verg*V.
Vyeq = %V‘”: 788,74 kN RulVieq = 0,10
crgtVerl
(f) Sheet-to-purlin fasteners:
Viaa = "j:j": 722,71 kN ReVraa = 0,11
(g9) End collapse of sheeting profile
3
Vras = O-9fyb\/§= 268,79 kN Ra/Vras= 0,295 Fasteners in every corrugation
VRd.S = 03fybl§: kN
Design shear capacity Vra= 35,41 kN
08 Comonents of shear flexibility: — - -
(a) Flexibility due to profile distortion Ci1= 0,004 mm/kN shear flexbiity due to: sheets on purlins
Shear flexibility mm/kN
(b) Flexibility due to shear strain C1p= 0,005 mm/kN et e | e cistortion o =%

(c) Flexibility due to deformation in sheet to purlin fasteners

Cy1 = 0,000 mm/kN
(d) Flexibility due to deformation in seam fasteners
Cop = 0,015 mm/kN
(e) Flexibility in connections to shear connectors
Cy3= 0,006 mm/kN
c'= 0,029 mm/kN
(f) Equivalent shear flexibility due to axial strain in purlins
Ca= 0,034 mm/kN
Total shear fexibility c= 0,063 mm/kN

Shear strains

2ae, (1 +v)(1+ (E;—)]
Eth

€2 =

Fastener
deformation

Sheet to pulin _ Zasypag

Cay = BT

Seam fasteners 2855p(ngp-1)

=% 2ngsp, + Bings,

Connections to _4n+1)s,
Rafters 22T nn,”
Flange Axial strain in nafo,
forces purlins s = 18EAD®
Total shear flexibility C=Cpy+CintCay +Caz+Can
+ 0y

09 Mid-span deflection
A=P(n"2/8)*c=

124 mm <

Apay= H/300=

OK

OK

OK

OK

OK

29,33 mm




\ A.3 Excel calcualtion regarding sheets on purlin(Design example 3) Designer |Phase / Area |Project nr

SWECO ﬁ Engineering
Project: Date Page
Subject: Corrugated sheet as stressed skin, deformation calculation 1.5.2020
10 Equivalent tie or equivalent spring member e

Cross section area of equvalent tie A= 1705,24 mm2 /\ /|\ /

Length of equvalent tie L= 19,3866 m L igp——epo— o S

Modulus of elasticity of equivalent tie  E= 210 kKN/mm2

Axial stiffiness of the equivalent spring member

K= 18472 kN/mm

11 Equivalent steel truss, simplified calculation of deflection in the middle of the truss
Definition of truss geometry:

a= 7,20 m B= 8,00 m

n= 10 m = 72,00 m

P= 15,8 kN
g =arctan (By/a) = 0,838 radians

48,012788 degrees
m=(n-1)/2 = 4,5 il o rem— T Lo —
m= number forces P corresponding reaction R1 4 A : >
Rl=m*P= 71,3 kN >

Selection of steel tubes in truss -
Diagonal brace  P300x300x10 Ay= 11257 mm?
Truss chord P300x300x10 A = 11257 mm? a= 1,552E+08 mm*

Calculation of deflection:

Deflection due to elastic deformation on diagonal braces:

Px(m?—m+1) B,

2m = even dyg = mm
20Ys E x A;sin g3
P*(mz—m+1/ )*B
; — — 2 2 t
if 2m = odd Sdyy = Ev A, sings 2,41 mm
Deflection due to elastic deformation of truss chords:
3
dy,=  ornrPel 9,68 mm
384 + E * I
Moment of inertia for truss chords: f=Sdyy + dy, = 12,1 mm
lo =(BZ/2*A, + 21,)*1.25 = 3,7856E+11 mm*
12 Equivalent surface member

Stiffiness Matrix Elements(Membrane)
Dec= 172473 kN/m
Dgg= 6369 kN/m

KNml  Dus

The following figure shows the general stiffness matrix of an orthotropic surface in RFEM.

Mx Py D Dis o 0 Dy Dy Dig fox o Nl :

. D> Dy3 0 o Dys Dy Dag iy Das: | 275006406 % | kM/m] Yis oo D,
My Ds3 0 0 Dy Dy Dy Py = m— s D3 D%
V| Dys Dgs O o R (4.1 | om: [ 118806065 7] hhuanl D — K] 010007 4] whivin]

Yy Dss 0O 0 0 Yyz 0z 000 % 1| K] 0,000  +] ki)

Ny sym. Deg Dg7 Des =4 0000 % +| timm]

n, D;; Dgg £ e

ny Dgg ’,”y = e

ey = EAY
T

Das = Gl Dys = G,
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A.4 Sheet and fastener design example made by Poimu (Ruukki software)

Sweco, Mei Wang

DIMENSIONING OF THE STRUCTURE

Print Date
Time

11.4.2020
16.33.09

Filename:

S:\FI\Exchange-Area\FIMEIW\Text+Excel\Example_Red_book.pmu

Dimensioning code: SFS-EN 1993-1-3:2006+AC:2009, Finnish NA/NAD

* * * GENERAL INFORMATION OF THE STRUCTURE * * *

Basic data of the structure

Length of the building:

Width of the building:

Width of the sheet field (side-wind):
Length of the sheet field in the left end:
Profiled sheet on purlins

Frames center distance from constructions left gable:

Safety class :

Combination type in serviceability limit state
Structure type:

Deflection limit:

Roof slope:

Torsion free supports

Sheet:

- material:

- zinc coating:

- modulus of elasticity:

- perforation of the profile:

Supports and splices
- support beam material:

- support steel yield strength:
- support wall thickness:

30000 mm
12000 mm
12000 mm
8000 mm

3000 mm

RC2

Characteristic combination
Load bearing roof (deck)
L/200

0.0°

Ruukki T45-30L-905
Construction steel
Zn275

210000 N/mm?2

No perforation

Steel beam
355 N/mm2
3 mm

Support Support width Type of splice Support piece
A 100 End support No
B 100 Continuing, same sheet No
C 100 Continuing, same sheet No
D 100 Continuing, same sheet No
E 100 Continuing, same sheet No
F 100 Continuing, same sheet No
G 100 Continuing, same sheet No
H 100 Continuing, same sheet No
[ 100 End support No
Left end support: Upright support
Right end support: Upright support
Chosen sheets
T45-30L-905 Narrow flange against the support
Nr Thickness/Strength Overlap* Length Weight
[mMm]/[N/mm2] [Folds st] [mm] [kg/st]
1 0.90/350 0 12200 107.74

Total weight of the sheeting: 9.76 kg/m2
*Side overlapping
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rUU(l(I P O 1 MU Design program for trapezoidal profiles (Ver 5.45.1.0)

Page 2
Sweco, Mei Wang Print Date 11.4.2020
DIMENSIONING OF THE STRUCTURE Time 16.33.09
- Chosen sheets fulfill dimension criterions. Maximum utilityrate: 83.8 %
- Chosen fastenings fulfill dimension criterions.  Maximum utilityrate: 99.2 %

Structural model

12200

—

100 100 100 100 100 100

100 100
t 1500 t 1500 t 1500 t 1500 ﬁ 1500 t 1500 t 1500 t 1500
7 7 7 7 71 7 7 7
A B C D E F G H

***LOADS***

Dead loads
Structure weight without sheet 0.00 kN/m2
Type Support F1 F2 F3 F4 Movement

1 Uniform load A 0.30 0 12000 -
Snow loads - no loads

Wind loads
Basic wind load 1.20 kN/m2

Load case: 1
- Form factors

H=0.70
12000

0.84
KN/m2

% 1500 e 1500 e 1500 e 1500 f 1500 e 1500 e 1500 e 1500 ﬁ
7 7 7 7 71 7 7 7 71

A B C D E F G H 1

- Stressed skin design
Line load to side of the building: 3.00 kN/m

Load case: 2

- Stressed skin design
Line load to gable wall: 3.00 kN/m



rUU(l(I P O 1 MU Design program for trapezoidal profiles (Ver 5.45.1.0)
Page 3

Sweco, Mei Wang Print Date 11.4.2020
DIMENSIONING OF THE STRUCTURE Time 16.33.09
Load case: 3
Load case: 4
Live loads - no loads
Explanation for loadparameters F1, F2, F3 and F4
- Uniform load: F1 load intensity [KN/m2]
F3 distance from the left support to load begin [mm]
F4  loading length [mm]
- Trapezoid load: F1 load intensity at left end [kN/m2]
F2 load intensity at right end [KN/m2]
F3 distance from the left support to load begin [mm]
F4  loading length [mm]
- Line load: F1 load intensity [kN/m]
F3 distance from the left support to load begin [mm]
F4  loading length [mm]
Partial safety factors for loads: Ultimate limit state Serviceability limit state
Max Min Comb.fac Max Min Comb.fac
Dead loads: 1.15 0.90 1.00 1.00
Snow loads: 1.50 0.00 0.70 1.00 0.00 0.70
Wind loads: 1.50 0.00 0.60 1.00 0.00 0.60
Live loads: 1.50 0.00 0.70 1.00 0.00 0.70
Minimum load: 1.35 * Dead loads
* * * RESULTS * * *
Degree of utilization in each sheets
T45-30L-905 Narrow flange against the support
Sheet  Thickness/Strength Field Support Deflection  Stressed skin effect
Nr [mm]/[N/mm2] [%] [%] [%] [%]
1 0.90/350 6.8 9.2 7.9 83.8
Maximum utilityrate: 83.8 %

Dimensioning case: Sheet reaction, (stressed skin design)
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Degree of utilization in each spans

T45-30L-905 Narrow flange against the support

Field/ M R/VIN Combination Deflection
Support [%] [%] [%] [%]

A 0.0 27R 2.2 M+R
1 6.8 (603) 7.9 (603)
B 8.5 3.8R 9.2 M+R
2 4.8 (163) 1.9 (750)
C 6.1 3.2R 6.9 M+R
3 3.8 (750) 3.5 (750)
D 6.8 34R 7.5 M+R
4 3.6 (750) 3.1 (750)
E 6.6 3.3R 7.3 M+R
5 3.6 (750) 3.1 (750)
F 6.8 34R 7.5 M+R
6 3.8 (750) 3.5 (750)
G 6.1 3.2R 6.9 M+R
7 4.8 (1337) 1.9 (750)
H 8.5 3.8R 9.2 M+R
8 6.8 (897) 7.9 (897)
I 0.0 2.7R 2.2 M+R

(The dimensioning point is printed in braces)

Maximum utilityrate: 83.8 %

Dimensioning case: Sheet reaction, (stressed skin design)

Span results

Span/ Moment KNm/m Point load capasity kN/m Deflection mm
Support Msd Mc,rd Fsd Rw,rd f f,allowed

A 0.00 4.43 1.02 37.63

1 0.30 4.43 -0.6 7.5
B -0.37 4.36 292  77.58

2 -0.21 4.36 -0.1 7.5
C -0.27 4.36 2.48  77.58

3 0.17 4.43 -0.3 7.5
D -0.30 4.36 2.60 77.58

4 0.16 4.43 -0.2 7.5
E -0.29 4.36 256  77.58

5 0.16 4.43 -0.2 7.5
F -0.30 4.36 2.60 77.58

6 0.17 4.43 -0.3 7.5
G -0.27 4.36 2.48  77.58

7 -0.21 4.36 -0.1 7.5
H -0.37 4.36 292  77.58

8 0.30 4.43 -0.6 7.5
I

0.00 4.43 1.02  37.63
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Print Date 11.4.2020
Time 16.33.09

* * * STRESSED SKIN DESIGN * * *

Maximum sheet forces

Gable wall Side wall
Case Bracing Edge member Bracing Edge member Shear force
[KN] [KN] [KN] [KN] [KN/m]
1 67.5 0.0 0.0 24.5 5.17
2 0.0 10.1 27.0 0.0 3.38
Dimensioning case: 1

Degree of utilization in each sheets

T45-30L-905 Narrow flange against the support

Sheet Thickness/Strength Vsd Tau Vw,Rd/M+Vw VI, RA/M+VT Vg,Rd/Vg+Vf
Nr [mm]/[N/mm2] [KN/m] [%] [%] [%] [%]
1 0.90/350 5.2 (1) 6.9 3.0/ - 3.1/ - 2.7/ -
(The dimensioning wind case is printed in brackets)
- Left end support:
End collapse of the profile in the end support: Vr,Rd 0.0 %
- Right end support:
End collapse of the profile in the end support: Vr,Rd 83.8 %
* * * DIMENSIONING FOR FASTENINGS * * *
Fastening to support
Support beam material: Steel beam
Support steel yield strength: 355 N/mm?2
Support wall thickness: 3 mm
Screw material, gasket: Carbon-steel, hardened, with washer
Screw type: SD14-T15-5.5*32
Manufacturer: SFS intec Oy
Number of fasteners/width meter: 60 pc/m
Support Pc./ Utilityrate vd Fd Fv FvRd Ft FtRd
trough [%] [KN/m] [KN/m] [KN]  [kN] [KN]  [kN]
A 1 38.8 5.2 0.0 0.8 2.0 0.0 2.0 5
B 1 6.3 0.8 0.0 0.1 2.0 0.0 2.0 5
C 1 6.3 0.8 0.0 0.1 2.0 0.0 2.0 5
D 1 6.3 0.8 0.0 0.1 2.0 0.0 2.0 5
E 1 6.3 0.8 0.0 0.1 2.0 0.0 2.0 5
F 1 6.3 0.8 0.0 0.1 2.0 0.0 2.0 5
G 1 6.3 0.8 0.0 0.1 2.0 0.0 2.0 5
H 1 6.3 0.8 0.0 0.1 2.0 0.0 2.0 5
I 1 38.8 5.2 0.0 0.8 2.0 0.0 2.0 5
Side overlap
Screw material, gasket: Carbon-steel, hardened
Screw type: SL2-4.8*20
Manufacturer: SFS intec Oy

Number of fasteners/width meter: 37 pc/m
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Span clc Utilityrate Fv FvRd
[mm] [%] [KN] _ [KN]
1 360 99.2 1.9 1.9 5
2 360 99.2 1.9 1.9 5
3 360 99.2 1.9 1.9 5
4 360 99.2 1.9 1.9 5
5 360 99.2 1.9 1.9 5
6 360 99.2 1.9 1.9 5
7 360 99.2 1.9 1.9 5
8 360 99.2 1.9 1.9 5
Dimensioning criterion: -5) Bearing resistance

* % * GHEET LIST ** *
Sheet: T45-30L-905

Thickness/Strength Total length Total weight
[mm]/[N/mm2] [mm] [kd]

1 0.90/350 12200 107.7




A.5 Values of K1 for fasteners in every trough
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A.6 Values of K2 for fasteners in every alternate troughs
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