Ensuring Advancement in Sandwich Construction Through Innovation and Exploitation

CALCULATION EXAMPLE

No.: D3.5

Design of frameless structures made of sandwich panels

Publisher:

Task:
Objects:

This report includes 57 pages.

Date of issue: 27.10.2011

Saskia Kapplein
Thomas Misiek
Karlsruher Institut flir Technologie (KIT)

Versuchsanstalt flr Stahl, Holz und Steine

3.6

Global design of axially loaded sandwich panels

Design of load application areas of axially loaded sandwich
panels

Design of frameless buildings for horizontal wind loads

Versuchsanstalt fiir Stahl, Holz und Steine, Karlsruher Institut fir Technologie (KIT)  Tel.: +49 (0)721 608 42215
Abt. Stahl- und Leichtmetallbau, D-76128 Karlsruhe, Deutschland Fax: +49 (0)721 608 44078

This report may only be reproduced in an unabridged version. A publication in extracts needs our written approval.



-
tion and Expl

Ensuring Advancement in Sandwich Construction Through b

page 1
of Calculation example

No.: D3.5

Project co-funded under the European Commission Seventh Research and Technology De-
velopment Framework Programme (2007-2013)

Theme 4 NMP-Nanotechnologies, Materials and new Production Technologies

Prepared b

Stahl, Holz und Steine

Saskia Kapplein, Thomas Misiek, Karlsruher Institut fir Technologie (KIT), Versuchsanstalt fur

Drafting Histor

Draft Version 1.1 19.10.2011
Draft Version 1.2
Draft Version 1.3
Draft Version 1.4
Final 27.10.2011

Dissemination Level

PU | Public

sion Services)

PP |Restricted to the other programme participants (including the Commis-

mission Services)

RE |Restricted to a group specified by the Consortium (including the Com-

mission Services)

CO | Confidential, only for members of the Consortium (including the Com-

Verification and approval

Coordinator

Industrial Project Leader

Management Committee

Industrial Committee

Deliverable

wich panels

D3.5: Calculation example - Design of frameless structures made of sand-|Due date:

Month 36
Completed:
Month 37

Versuchsanstalt fur Stahl, Holz und Steine, Karlsruher Institut flir Technologie (KIT)
This report may only be reproduced in an unabridged version. A publication in extracts needs our written approval.




- page 2
e a S l e of Calculation example

Ensuring Advancesment in Sandwich Construction Through Innovation and Exploitation
No.: D3.5

Introduction

Sandwich panels are traditionally used as covering and isolating components, thus being sec-
ondary structural components of the building. The sandwich panels are mounted on a sub-
structure and they transfer transverse loads as wind and snow to the substructure. The panels
are subjected to bending moments and transverse forces only. A new application is to use
sandwich panels with flat or lightly profiled faces in smaller buildings — such as cooling cham-
bers, climatic chambers and clean rooms — without any load transferring substructure.

In this new type of application in addition to space enclosure, the sandwich panels have to
transfer loads and to stabilise the building. The wall panels have to transfer normal forces aris-
ing from the superimposed load from overlying roof or ceiling panels. So the wall panels have
to be designed for axial loads or a combination of axial and transverse loads. Furthermore
horizontal wind loads have to be transferred to the foundation and the building has to be stabi-
lised. Because of the lack of a substructure the sandwich panels have to transfer the horizon-
tal loads. For this purpose the high in-plane shear stiffness and capacity of the sandwich pan-
els is used.

Within the framework of work package 3 of the EASIE project, design methods for frameless
buildings made of sandwich panels have been developed. The investigations are documented
in Deliverable D3.3. In addition a Design guideline for frameless structures made of sandwich
panels, which introduces the calculation procedures, was prepared (Deliverable D3.4 — part 1).
In the report at hand calculation examples for the design of frameless structures are given. In

the examples the following design procedures are considered:

e Calculation example No. 1:

Global design of axially loaded sandwich panels
e Calculation example No. 2:

Design of load application areas of axially loaded sandwich panels
e Calculation example No. 3:

Design of frameless buildings for horizontal wind loads

In the examples for the loads realistic values according to DIN 1055-4:2005 (wind loads) and
DIN 1055-5:2005 (snow loads) have been used. The examples show that in small buildings
without substructure axial loads as well as horizontal wind loads can be transferred by the

sandwich panel without any problems.
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CALCULATION EXAMPLE No. 1

Global design of a iall loaded sandwich panels
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1 Preliminar remarks

In the following a calculation example for the design of axially loaded sandwich panels is pre-
sented. In the example the design of a wall panel of a small frameless building is shown (Fig.
1.1). The panel is loaded by self-weight and snow loads, which are introduced by the roof into
the inner face of the wall panel. Also wind suction loads are considered. Both ends of the wall

panel are regarded as hinged.

self weight load, snow load

Y A 4 A 4 Y Y A 4 \ 4 Y Y Y \ 4
= //\\
roof panel \
§ wall panel
0 -20°C
. 20°C
74 h Ll
wind load
v 6000 v
A /
Fig. 1.1: S stem for calculation e ample

To demonstrate the effects of creeping of the core material more clearly the combination of the
effects of action with snow as the dominant variable action is considered in the following ex-
ample. In addition a wind suction load and a temperature difference (winter time) between in-

side and outside are taken into account. For a complete design of the panel also other effects

of action and combinations have to be considered and may be the relevant ones, e.g. wind as

dominant variable action and temperature difference in summer time.
The snow and wind loads, which are used in the example, have been determined according to
the German standards DIN 1055-4 and DIN 1055-5.

2 Sandwich panel

The walls of the building consist of sandwich panels with lightly profiled steel faces and a poly-
urethane foam core. In the following section the geometry and the material properties of the
panel are summarised. Usually these values are given on the CE-mark of the panel or in (na-

tional) approvals.
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face
Ar, tr, EF
e core
Ac, Gg, Ec
y B y
A A
Fig. 1.2: Cross section of a sandwich panel
2.1 Geometry and material properties
Thickness of the panel D =100 mm
for lightly profiled faces D = e (distance e of centroids of faces)
With of panel B = 1000 mm
Thickness of faces te = 0,75 mm
Elastic modulus of faces (steel) Er = 210.000 N/mm?
Thermal expansion coefficient of faces ar = 12:10°/K

Wrinkling stress

Yield stress of face

Shear modulus of core

Shear strength of core

Reduced long-term shear strength
Creep coefficient 2000 h

Creep coefficient 100.000 h

oy = 70 N/mm?

f, = 280 N/mm?
Gec = 3,3 N/mm?
fe, = 0,08 N/mm?
four = 0,03 N/mm?
2000 = 2,4

@®100000 = 7,0

With these values bending and shear stiffness of the panel can be calculated.

Bending stiffness (faces):

A, - A 2
B, —E, - nAr 2 _qgq s kNm
Apy + Ap, m
Shear stiffness (core):
N
GA=G,. A, =G, -B-e=330k—
m

2.2 Material safety factors

For the following example the values given in EN 14509, Table E.9 are used.

Wrinkling failure of the face
Y™ = 1,25

Versuchsanstalt fur Stahl, Holz und Steine, Karlsruher Institut flir Technologie (KIT)
This report may only be reproduced in an unabridged version. A publication in extracts needs our written approval.



- page 5
e a S l e of Calculation example No. 1

Ensuring Advancesment in Sandwich Construction Through Innovation and Exploitation
No.: D3.5

Yielding of the face

w =11

Shear failure of the core
v = 1,50

3 Actions and loads
3.1 Axial loads introduced by the roof panels

The self weight load of the roof panels is assumed to be
gk = 0,12 kN/m?
With the span of roof panels L = 6,0 m we get the axial load, which is introduced into the walls

Nei =8k '520736k_N
m

For the example at hand the snow load is assumed to be
s, = 0,68 kN/m?
The following axial load results from snow

L kN

NS,k =Sk 3:2,047

3.2 Moments introduced by the roof panels

The axial forces (self-weight, snow) are introduced into the internal face of the wall panel by

contact. This results in additional moments M" at the upper end of the wall panel (Fig. 1.3).

T

Fig. 1.3: Moment caused b a ial force

Because trq = tr; the eccentricity of the axial loads is
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e* = 2
2
The end moments are
kN 100 kNi
M), =N, e¥=036"~ —"" _ 00182
’ ’ m 2 m
1
MY =N, -er=2,04 N 100mm _ 5, KNm
’ ’ m 2 m

3.3 Transverse loads

For the example at hand the wind load (suction) is assumed to be
wi = 0,78 kN/m?

As global geometrical imperfection an initial deflection of the maximum allowable value for

bowing according to EN 14509, D.2.9 is assumed.

e, :L.l <10mm
500

e, = L 4000mm = 8mm

500

initial global
imperfection e

Fig. 1.4: Global imperfection

Together with the axial load the initial deflection causes bending moments and transverse
forces. To be on the safe side for the imperfection the direction, which increases the moments
caused by wind, snow and self-weight, is assumed. The global imperfection is considered by

an equivalent transverse load Qeo.
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N -8-¢,
Geo =
e 2
L

Global imperfection and self-weight:

Ny -8 3.
oa 8¢ _036-8-0008 00, kY

qeOGk: 2 2
L 4 m

Global imperfection and snow:

Ng,-8-e, 2,04-8-0,008 kN
Geosi = IE = P = 0,00816F

Temperature differences between inside and outside cause a deflection wy of the panel.

1
o 12 12-107° -—-4000° mm”*
w, = AT -1~ — 40K - K = 9,6mm
e-8 100mm -8
temperature
deflection wt
+20°C -20°C

Fig. 1.5: Deflection caused b temperature differences

In conjunction with an axial load the deflection wr causes bending moments and transverse
forces.

In the considered example temperature differences between inside and outside cause a de-
flection in the opposite direction of the deflection caused by the wind suction load and the axial
loads. So if the deflection wr is considered, bending moment and transverse force decrease.
Because of that in the example at hand temperature differences are neglected. That is on the

safe side.

Remark:
To consider temperatures differences analogous to geometrical imperfections an equivalent

transverse load q,r can be used.
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N-8-w,

N-a,
9wr =T=AT'

e

3.4 Summary of loads

A summary of the loads, which are considered in the calculation example at hand, is shown in
Fig. 1.6. If sandwich panels are loaded by long-term loads (snow, self-weight) the shear de-
formation increases. For axially loaded panels the increase of deflections causes an increase
of bending moments and transverse forces. Therefore creeping has not only to be considered
in the determination of deflections but also in the determination of transverse forces and bend-
ing moments. In Fig. 1.6 the loads belonging to different periods of time are marked by differ-

ent colours.

lNG
le

=
[}

- . ——
=2
wv

F\ MV, MV F\MPg, MY

- 1 1«
- _+ -

€o Initial >
_ Imperfection N
- > short term load

w| Wi GeosQeos | long term load, 2000h
A long term load, 100.000h
Fig. 1.6: Summary of loads

4 Combination rules, load factors and combination coefficients

The loads are combined according to the following combination rules.
Ultimate limit state (EN 14509, Table E.4)

8, =¥eby 7o O +Z}/Qi.‘P0i'Qki

Serviceability limit state, deflection (EN 14509, Table E.5)
Sd =G, + ¥, Qu +Z‘Pni -\ -0y
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The load factors y¢ are given in Table E.8 of EN 14509.

Ultimate limit state:

Permanent action G (self weight): Yre = 1,35
Variable actions (snow, wind): Yra = 1,50
Creeping: vec = 1,00

Serviceability limit state:
ve = 1,00

For wind and snow the following combination coefficients are used (EN 14509, Table E.6).
qu = 0,6
k|J1 = 0,75

5 Design loads

With the load factors and combination coefficients the design loads are determined.

Ultimate limit state

Permanent loads, self-weight

Axial load
Ny =7ro-Nos =135-036° 0,486
m m
Moment at the upper end
kN kN
MY, = e MY, =135-0,0187" =0,0243"
m m

Equivalent transverse load (initial deflection)

Ge06a =VrG " Geoor =135 0,00144k—]\2/ = 0,001944k—]\27
m m
Variable loads, snow
Axial load:
Ng,=Vro Ngy = L,5- 2’()4@ - 3’06k_N
m m
Moment at the upper end
MY, =y MY, =15-0102°27 _ 5350
m m
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Equivalent transverse load (initial deflection)

Geo.5.0 =Vrc " Deosik =1,5-0,00816k—]\2]=0,01224k—]\2/
m m
Variable loads, wind
Wy =7k “W,ow, :1,5-0,6-0,78k—N:0,702k—N
m m

Serviceability limit state

Permanent loads, self-weight
Axial load

Nga=Ng,i :0,36k—N
m

Moment at the upper end

kN
MY, =M, =0018"""
m

Equivalent transverse load (initial deflection)

9e0.6a = 94De0,65 = 0,00144k—]\2[ = 0,00144k—]\2]
m m

Variable loads, snow
Axial load
NS’d = \Pll * NS,k == 0,75 . 2,04k—N = 1’53k—N

m m
Moment at the upper end

k k
MY, =W, MY, =075-01022 _ 0 9765 "

m m

Equivalent transverse load (initial deflection)

Geos.a =Y "Qeosi = 0,75-0,00816/(—]\2[ = 0,00612k—]\2[
m m
Variable loads, wind
w, =¥, ¥, w, =06-0,75- 0,78k—N:O,351k—N
m m
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6 Deflection, stress resultants and stresses according to 1% Order Theor , creep ef-
fects neglected

6.1 Deflection (serviceability limit state)

In the following the deflections caused by the different loads are given. Each deflection is di-
vided into the bending part wy, and the shear part w,.

Wind load:

; . 5 w,-L' s w, L
Wy, =W w = :

voome T (384 B 8-GA

4 2
wh = > 0351-47) 103514 =1,49 + 2,13 =3,62mm
384 7875 8-330

Snow load:

W[=W +w =
SooTse sy [16-BS 384 B 8-GA

MY - I? LY L
S,d + 5 ) 4qc0.5,4 ]+ [qeO,S,d

, (0,0765-42 5 _0,00612-4“]{0,00612-42

wg = + =0,12 40,04 = 0,16mm
16-787,5 384 787,5 8-330

Self-weight load:

I _ _
Wo =Wep TWe, —(

Mg,d L N 5 _qeo,G,d -L* N 90,6, L
16- By 384 B 8-GA4

, (0,01&42 5 _0,00144-44}{0,00144-42

W = + =0,029+0,009 = 0,038mm
16-787,5 384 787,5 8-330

So the deflection in mid-span is

w! =w), +wi +wl =3,62+0,16+0,04 = 3,82mm

6.2 Stress resultants (ultimate limit state)
The design value of the normal force is
Nd :NG,d +NS,d

N, =0,486+3,06 = 3,546k—N

m
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The distribution of bending moments caused by the different loads is given in Fig. 1.7.

Transverse Moment at Axial force and
load the upper end  global imperfection
M» N
— o |
L ]
L ]
Load |—» %
L
L ]
L ]
A A
MN
Bending g L N-e,
moment 3 2
Fig. 1.7: Distribution of bending moments

The different loads cause the following bending moments in mid-span of the panel.

Wind load:
L .42
MVIV:Wd 20,702 4 :1,404kN_m
8 8 m
Snow load:
1 1
M; :—~MSNd +e, Ng, =—-0,153+O,008~3,06=O,101kN—m
2 ’ ’ 2 m
Self-weight load:
1 1 kNm

Mg == Mg, +eg No, =—0,0243+0,008-0,486 = 0.016==
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So in mid-span we have the bending moment
kNm

MY =ML +M!+M! =1,404+0,101+0,016=1521"—"
m

The distribution of transverse forces caused by the different loads is given in Fig. 1.8.

Transverse Moment at Axial force and
load the upper end  global imperfection
M" N
q
oy | |
—»
—
—
€
Load —
—
—
—
q L MN N'4'€0
2 L L
Transverse
force
qL N-4-e,
Fig. 1.8: Distribution of transverse forces

The different loads cause the following transverse forces at the supports of the panel.

Wind load:
L 2.4
v, =tk 07028 4ou KV
’ 2 2 m
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Snow load:
MY 4., N . .
VSId _Tsa 0 S.d _ 0,153 4 4-0,008 - 3,06 _ 0,063k—N
’ L L 4 4 m
Self-weight load:
MY 4.¢,-N . .
vio- Gad 0 Nea _ 0,0243 N 4-0,008-0,486 =0,01k—N
’ L L 4 4 m

So at the supports we have the following transverse force

V=V V] + V] =1404+ 0,063+ 0,01 = 1,477
m

6.3 Stresses in face sheets and core

With the stress resultants the normal stresses in the face sheets and the shear stresses in the

core are determined.

Normal stress in the face sheet subjected to compression:

11

Opiag = N + M = 3546 +1'521'000:2,364+20,28:22,64—N2

© 24, A.-D 2-750 750-100 mm
Normal stress in the face sheet subjected to tension:

Vi

Opyyg =— N + M =— 3546 +1'521'000=—2,364+20,28=17,92—N2

’ 2-4, A,.-D 2-750  750-100 mm
Shear stress in the core:
r, 18T s N

© A, 100.000 mm

7 Deflections, stress resultants and stresses according to 2" Order Theor , creep

effects neglected
7.1 Consideration of 2" order theory - amplification factor

For axially loaded panels deflections and stress resultants have to be calculated according to
2" Order Theory. Because of the axial load the deflections and the stress resultants increase.
This is considered by the amplification factor a.

1 I
TN T 3546

N 196,5

cr
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Elastic buckling load of the faces (bending)

787 SM
N,=r>—=r’ -—;”=485,8k—N
Sy (4m) m

Elastic buckling load of the core (shear)
GA =330kN

Elastic buckling load of the sandwich section

N,
N,=—% = 4838 =196,5k—N
N, 485,8 m
1+ 1+
GA 330

7.2 Deflection and stress resultants

The deflections and stress resultants according to 2™ order theory are calculated by multiply-

ing the values according to 1% order theory by the amplification factor a.

w'=a-w' =1,02-3,82=3,90mm

N = N' 3546
m
M"=q-M! :1,02-1,521:1,551]‘]\]—"’
m
Vi gy =102-1.477 = 1507
m

7.3 Stresses in face sheets and core

With the stress resultants the normal stresses in the face sheets and the shear stresses in the
core are determined.

Normal stress in the face sheet subjected to compression:

17

Oy = N + M = 3546 +1'551'000=2,364+20,68=23,04L2

© 24, A.-D 2-750 750-100 mm
Normal stress in the face sheet subjected to tension:

1

Opag =— N + M =— 3546 -1-1'551'000:—2,364+20,68=18,32L2

’ 2-4, A,-D 2-750  750-100 mm
Shear stress in the core:

1
de=V _ 1507 0,015 N2
’ A. 100.000 mm
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8 Deflections, stress resultants and stresses according to 2"4 Order Theor , creep

effects considered
8.1 Creep coefficients

If sandwich panel are loaded by long-term loads like snow and self-weight load, the shear de-
formations increase with constant loading. If the panels are loaded with axial loads an increase
of deflections results also in an increase of bending moment and transverse force. To consider
the creep effects the following creep coefficients @, are used.

Snow (2000h):

2000 = 2,4

Self-weight (100.000h):

P100.000 = 7,0

The increase of the deflection of the sandwich section of a panel is considered by the sand-
wich creep coefficient @g;.

k

D :mw'

The sandwich factor k represents the ratio between shear part and bending part of deflection

w, B [00dx

w, G4 J.Mﬂdx

For the panel considered in the example at hand the sandwich factor k is

By 48-e, 7875 488

= : = : =0,30
GA-L* 3-e*+5-¢, 330-4> 3-50+5-8

So we get the following sandwich creep factors.

Snow load (2000h):

0,30
=——.24=0,55
Ds2000 14030

Self-weight load (100.000h):

0,30
=——-70=162
Ds5100.000 14030

8.2 Deflection and stress resultants

For the deflection creep effects are considered by multiplying the shear parts of the deflections

due to long-term loads by the related creep coefficient .
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I
w, = [WW,b Wy, HWwe, +wg (L @y000) Wi, +wg, - (14 (Plooooo)]' o

w =[1,49+ 2,13+ 0,12+ 0,04 (1+2,4) + 0,03 +0,01-(1+ 7,0)]- 1,02 = 4,07mm

For the stress resultants bending moment and transverse force the creep effects are consid-

ered by multiplying the long-term parts of the stress resultants by the related sandwich creep
coefficient @s;.
Axial force:

kN

N}, =N, =3546—
m

Bending moment:
M:,z = [MI/IV +M5{ (14 @g2000) +Mé(1 + (Dsmoooo)]' a

M =[1,404 +0,101-(1+0,55) + 0,016 - (1 +1,62)]-1,02 = 1,635 KVm
m

Transverse force:
le,[z = [Vui + VSI (14 @g000) + VGI (1 + @s100000 )] a

I kN
v, =[1,404+0,063- (1+0,55)+0,01-(1+1,62)]- 1,02 =1,558 —

m
The shear strength of the core material is time-dependent. So for design purposes the trans-
verse force is divided into a short-term and a long-term part.
kN kN

v =v +v} =[1,404-1,02]+[(0,063 1,55 +0,01-2,62) - 1,02]=1,432 =+ 0,126 —
m m

8.3 Stresses in face sheets and core

With the stress resultants the normal stresses in the face sheets and the shear stresses in the
core are determined. Effects of 2" order theory as well as creep effects are considered in the
following stresses.

Normal stress in the face sheet subjected to compression:

MII ) )
Origs = N + L= 3546 +1635 OOO=2,364+21,8=24,16 N2
24, A.-D 2-750 750-100 mm
Normal stress in the face sheet subjected to tension:
M/ .635.
Opog, == N + L =— 3546 + 1.635.000 =-2,364+21,8=19,44 N2
” 2-4. A.-D 2-750  750-100 mm
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Shear stress in the core:
V[I
Teg, =——
t AC
1558 N
Tc,=———=0,016 5
~100.000 mm
As the transverse force the shear stress is divided into a short-term part and a long-term part:
1432 126 N N
To , =Ty + T, = + =0,014——+0,00126——
Cd T A 100.000  100.000 mm’® mm’*

9 Design calculations

To design the panel effects of 2" order and creep effects have to be considered. So the de-
flections and stresses calculated in section 8 are used for the design calculations.

The deflection has to be less than the ultimate deflection wy:. The ultimate deflection is chosen
according to EN 14509, E.5.4.

L
w!' =4,07mm < 40mm = ——
100

The normal stress in the faces is compared to the yield strength and to the wrinkling stress,

whereat in almost every case the wrinkling stress is decisive.

Yielding of the face in tension:

Sox 280 N
=220 = =255
fy°d 7m 1’1 mm2
R N
Cpq =1944N /mm’> < f, , =255——
mm

Wrinkling of the face in compression:

(o
w0 _ N

O ; = = =
vy 125 mm’*

N

2
mm

Opy =2416N/mm’ <o,4 =56

The shear stress is compared to the shear strength of the core. In doing so it has to be con-
sidered, that the shear stress consists of a long-term and a short-term part and each part has

to be regarded with the corresponding shear strength.

fcvd — va,k — 0708 — 0’053 N
’ Vi L5 mm

2
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va,t,d — M — % =0,02 N

1,5 mm

2
m

Tedst + Tean 0,014 N 0,00126

= =0,26+0,063<1,0
Seva  JSevsa 0,053 0,02

10 Conclusions

In the sections above a calculation example for the design of an axially loaded wall panel of a
frameless building is presented. For this purposes a combination of the effects of action has
been chosen with snow as the dominant variable action. So the influence of creep effects and
effects of 2" order theory is demonstrated more clearly. However, the wind load has the main
influence on the deflections, stress resultants and stresses. To design the panel additional
combinations must be considered, e.g. wind as the dominant action etc.

Creeping as well as 2" order effects has only a very small influence. In the above example the
increase of the compression stress in the face is less than 10%, if creeping and 2™ order ef-
fects are considered. So in small buildings without substructure the axial loads can by trans-

ferred by the wall panels without any problems.
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1 Preliminar remarks

In the following a calculation example for the design of the load application area of an axially
loaded sandwich panels is presented. In the example the connection between wall and roof is
considered (Fig 2.1). The roof panels have a span of 6 m and they are loaded by self-weight

and snow loads. These loads are introduced into the internal face of the wall panels as normal

forces.
self weight load, snow load
\ 4 y y A A
i
i
|
/\ roof panel |
|
\ i
introduction of axial
load by contact
wall
panel
__._._._._AV._ X
spanL=6m
Fig 2.1: Load application detail of calculation e ample

The snow loads, which are considered in the example, have been determined according to the

German standard DIN 1055-5 (snow load zone 2).

2 Sandwich panel

The walls of the building consist of sandwich panels with flat steel faces and a polyurethane
foam core. In the following section all calculation requirements, which are needed to design
the load application area, are summarised. Usually these values are given on the CE-mark of

the panel or in (national) approvals.
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face
Ar, tr, EF
) core
Ac, G, Ec
y B y
A A
Fig 2.2: Cross section of a sandwich panel
2.1 Geometry and material properties
Thickness of faces t- = 0,50 mm
Elastic modulus of faces (steel) Er = 210.000 N/mm?
Yield stress of face f,r = 280 N/mm?
Wrinkling stress oy = 70 N/mm?
Shear modulus of core Ge = 3,3 N/mm?
Elastic modulus of core Ec = 7,0 N/'mm?
The bending stiffness of a face sheet is
l3 3 2
El, =E, —F—=210000—" . (0’50’”’")2 _ 2403
12-(1-v2 mm*> 12-(1-03?) mm

2.2 Material safety factor

For the following example the values given in EN 14509, Table E.9 are used. For crippling of
the face at load application area the material factor for wrinkling of a face in mid-span can be
used.

ym = 1,25 (ultimate limit state)

3 Actions and loads

To design the load application area we need the normal forces introduced from the roof into

the wall panels. So self-weight of the roof and snow loads are considered.

The self-weight of the roof panels is assumed to be

gk = 0,12 kN/m?

With the span of roof panels L = 6,0 m we get the axial load, which is introduced into the walls
L kN

NG,k :gk 5:0,36;
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For the example at hand the snow load is assumed to be
sk = 0,68 kN/m?
The following axial load results from snow.

L kN

NS,k =8, 5=2,047

4 Combination rules and load factors

The load application area is designed for ultimate limit state. The following combination rule is
used (EN 14509, Table E.4).

Sy :7G'Gk+7Q1'Qk1+z7gi'lP0i'Qki

The load factors yr are given in Table E.8 of EN 145009.
Permanent action: Yre = 1,35

Variable actions: Yra = 1,50

5 Design load and effects of action

With the load factors and combination coefficients the design value of the axial load is deter-
mined.
kN kN kN

Ny=Vp Nei +7po Ngi =1,35-0,36—+1,50-2,04—=3,546 —
m m m

The following design stress is introduced into the inner face of the wall panels:

N

3546 —
o, =~ mm _ 7, N
¢ tr 0,50mm " mm®

6 Resistance value

The resistance value needed for the design of the load application area is the crippling stress
O... The crippling stress of the free edge is determined based on the wrinkling stress o, in mid-
span.

At first for the considered panel the imperfection factor a is determined.
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:1+ZW-/12-(ZW =X 5 901
) =Y,

(ﬂ' —4

1+0,250-1,419% - (0,250 —1) - 0,250

a= =2,07
0,250 (1,419 -0,7)
with
reduction factor for wrinkling stress:
2.=20 =79 0250
Sfor 280
elastic buckling stress (wrinkling):
acrwzi \/2 El,-G.-E_. 3 -3\/2-2403-3,3-7,02139L2
’ F V9 0,50 9 mm

slenderness for wrinkling:

/” ‘/28 =1,419

A, =0,7

If the imperfection factor a is known, the crippling stress o, of the free edge can be calculated.

N
=054 .- f,r=054-0139-280=21,0——+

mm
with
slenderness for crippling:
A, =22, =/21,419=2,007

reduction factor for crippling stress:
= (1 v, —2,)+ 2 ):% (1+2,07 (2,007 - 0,7)+ 2,007 ) = 3,867

1 1

X = =
g9 — 22 3867+,[3867% —2,007"

=0,139

7 Design calculation

To design the load application area the crippling stress has to be compared to the normal

stress g4 introduced into the face of the panel.
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N

2

N
o,=T1—<0,, =168

mm mm

8 Conclusions

In the sections above a calculation example for the design of the load application area of an
axially loaded sandwich panel is presented. As loading self-weight and snow loads, which are
introduced from the roof into the internal face of the wall panel, are considered. The example
shows that for small buildings without substructure the normal forces can be introduced from

the roof into the face of the wall panels without any problems.
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1 Preliminar remarks

In the following some calculation examples for the design of sandwich panels, which transfer
horizontal loads by in-plane shear resistance, are presented. Because of the high in-plane
shear stiffness and capacity of sandwich panels only the fastenings have to be designed for in-
plane shear loads. In the examples the determination of the forces the fastenings have to be
designed for is demonstrated. Also displacements of the building are determined. For all ex-
amples determination of forces and displacements by numerical calculation is shown. For

some simple applications also determination by analytical calculation is presented.

2 Building and load
2.1 Building and fastenings

The following examples deal with the building shown in Fig. 3.1.

wind direction V

P
s
wind direction B //
. =
pa
e
ps
l/
P
A
wall B
S
< wall A
e
A 4
|l 5 m N
Fig. 3.1: Frameless building of calculation e amples

At the lower end the wall panels are fixed to the foundation by steel angles, which are screwed
to the panels (Fig. 3.2). The distance between the connections is 200 mm. So each panel is
fixed by five connections. Both faces are connected to an angle, so each connection consists

of two fastenings. The stiffness of a fastening is 6,5 kN/mm.
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7777777777777777777777777

, 200 200 200 , 200 , 200 , 200 , 200 , 200

A A A A A A A A

Y
A

Fig. 3.2: Connections between wall and foundation

Fig. 3.3 shows the connections between wall and roof. Steel angles and self-drilling screws
are used. The connections have the distance 333 mm. The internal as well as the external
face sheet are connected. Altogether one connection consists of four fastenings. The stiffness
of a fastening is 6,5 kN/mm.

T

333 333 333 | 333

A<
b
N

=

| *

Fig. 3.3: Connection between wall and roof

The longitudinal joints of the roof panels are connected by blind rivets. Both face sheets are
connected. So one rivet is mounted from the internal and one rivet is mounted from the exter-
nal side. There are 10 connections at each joint (distance 500 mm). The stiffness of a fasten-

ing is 12 kN/mm.
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é'\p-

Fig. 3.4: Connection of longitudinal joints

Connections of the joints of the wall panels are not necessarily required. But connecting the
joints increases the stiffness and the load bearing capacity of the building. In the following an
example for a wall without connections of the joints (section 6) as well as an example for a wall
with connections of the joints (section 7) is presented. It is assumed that the same fasteners
are used as for the joints of the roof panels (stiffness of a fastening 12 kN/mm). The distance

between the connections is 500 mm, i.e. there are 6 connections at each joint.
2.2 Actions and loads

The wind load has to be determined according to national standards or according EN 1991-1-4
and the related national annex. For the examples presented in the report at hand the following
design loads are assumed.
Wind suction load: w*sq = 0,52 kN/m?
Wind compression load: w*cq = 0,78 kN/m?
The walls of the building are directly loaded by the loads given above. From the wall the load
is transferred to the foundation and to the roof. The following line loads are introduced into the
roof.
Wind suction load:

. L kN 3m kN

Wes = Wgy 5=0,52W—=0,787

Wind compression load:
« L kN 3m kN

W., =W, -—=07T8— -—=117—
« “ 2 ) m

Versuchsanstalt fur Stahl, Holz und Steine, Karlsruher Institut flir Technologie (KIT)
This report may only be reproduced in an unabridged version. A publication in extracts needs our written approval.



- page 6
e a S l e of Calculation example No. 3

Ensuring Advancesment in Sandwich Construction Through Innovation and Exploitation
No.: D3.5

WA x> w7
TG 7" i
Pt
W A
i al
Fig. 3.5: Hori ontal loads introduced into the roof

3 Stiffness of connections

Based on the stiffness of the fastenings the stiffness of the connections is determined. This
stiffness is used for the FE-model of the numerical calculation.

At the connection between wall and foundation one connection consists of two fastenings,

which are arranged parallel. So the stiffness of both fastenings has to be added to determine
the stiffness of the connection.

ke =2k, =2-6,5 al =13,0 al
mm mm

At the connection between wall and roof the force is transferred from the roof panel to the an-

gle and subsequently from the angle to the wall panel. Two fastenings are arranged in series.
So the stiffness of one fastening has to be divided by two. Because there are two angles with

this kind of connection both stiffness’s have to be added.

k
k. :2._V:2.6’5k_N:6,5k_N
2 2 mm mm

At the connections of the longitudinal joints (roof and wall) two fastenings are arranged paral-

lel. So the stiffness of both fastenings is added.
kN kN

ko =2k, =12,0-—=240"—
mm mm

If the forces of the fastenings and the displacements of the building are determined analyti-
cally, for simplification the forces of the connections are smeared over the width and length of
the panels. The resulting stiffness per unit length is given in the following.

Connection between wall and foundation:

k
v = ¢ :13—’0:0,065 sz
B/n 200 mm
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Connection between transverse edges of roof and wall:

k
= te 65 60195V _ 19500 Y
B/n 333 mm m
Connection between longitudinal edges of roof and wall:
k
p=te 283 00195 19500 Y
L/n 333 mm m
Connection of longitudinal joints:
k
;= ¢ :ﬁz 0,048 kNZ = 48000k—]\2]
L/n 500 mm m

4 Design of roof - wind direction A
4.1 System and loads

The system and the loads are given in Fig. 3.6. The roof is supported on the walls. Only in-
plane shear forces are introduced into the walls. The connections to the wall have the stiffness
6,5 kN/mm. At the longitudinal joints the panels are connected with 10 connections per joint
(distance 500 mm). The connections have the stiffness 24 kN/mm. The longitudinal edges of

the outer panels are loaded by a wind suction or compression load.

A4

e e S N

A 4

A 4
\ 4

Y
Y

A 4
A 4

Y
\ 4

> 1 2 3 4 5 6 >
» 4 << << >
WD g b WS
Fig. 3.6: S stem of roof
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4.2 Determination of forces and displacements by numerical calculation

In the FE-model the connections are represented by longitudinal springs. The stiffness of the
springs corresponds to the stiffness of the connection. The connections between roof and wall
are represented by one spring. The direction of this spring is parallel to the wall. Because in
the joints forces in longitudinal as well as in transverse direction can be transferred, the con-

nections are represented by two springs which are orthogonal to each other.

:

Fig. 3.7: Connections in the FE-model (longitudinal joint and connection between wall and
roof)

In the following figure the FE-model used for the numerical calculations is shown.

T L L

[ T Y

LTI

P I

FA T A

Fig. 3.8: FE-model of the roof
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By the numerical calculation the displacements of the panels are determined. The highest dis-

placement (0,059 mm) occurs at panel 6.

.
R
2=
I I
0 LOLE0S LOZELTR WOTEZET LOS2E5E
LODES4S LOLBEDEY LOEETRY LOASET A L OGER0E
Fig. 3.9: Displacement of sandwich panels [mm)]

Also the forces of the connections are determined by the numerical calculation. Fig. 3.10
shows the forces of the connections at the transverse edges of the panels. The highest forces
(380 N) occur at the panel 6, where the wind suction loads are introduced. Because internal

and external face sheet are connected, the force of the highest stressed fastenings is

376N

v, — 188N

For this force the fastenings have to be designed.
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Fig. 3.10: Forces of connections determined b numerical calculation

At the longitudinal joints only forces in transverse direction of the panels occur. All connections

of a joint are loaded by the same force. The forces of the connections of the longitudinal joints

are given in Tab 3.1. Because a connection consists of two fastenings, the force of a fastening

is half the force of the connection.

joint between Force of connection Force of fastening
panel [N] [N]
1and 2 215 107 (compression)
2and 3 74 37 (compression)
3and 4 54 27 (tension)
4 and 5 191 96 (tension)
5and 6 359 180 (tension)

Tab 3.1:

Forces of connections at joints determined b numerical calculation

4.3 Determination of forces and displacements by analytical calculation

Alternatively to the numerical calculation shown above the forces and displacements can be

determined by an analytical calculation. For each panel the factors A, B;, C; and F; are deter-

mined and the respective equation is formed.
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Panel 1:
A =k -L=0
/ r kN
B =~k -L+k]-L+2-k, -B)=—(0+48000-5+2-19500-1)=-279000
m
C, =k} -L=48000-5= 240000~
m
F =w,-L=0,78-5=39kN
0-279000-v_, +240000-v_, +3,9=0
Panel 2 to 5:
A =k -L=48000-5= 240000/
m
/ r kN
B, =—{k! -L+k,-L+2-ky, -B)=—(48000-5+48000-5+2-19500-1) = ~519000 “—
m
C, =k} -L=48000-5= 240000
m

F =0
240000-v_, , —519000- v, , +240000-v_,., +0=0

Panel 6:

A, = k' -L=48000-5= 240000
m
1 r kN
By =—(k! -L+k)-L+2-k,, -B)=—(48000-5+0+2-19500-1)= ~279000 "~
m

C,=k,-L=0
F,=w,-L=117-5=585kN

240000 v, —279000- v, +0+5.85=0

So we get the following equation system.

[~279000 240000 0 0 0 0 ] [~3,90]
240000 —519000 240000 0 0 0 0
0 240000 —519000 240000 0 0 | o
0 0 240000 —519000 240000 o | b J= 0
0 0 0 240000 —519000 240000 0
0 0 0 0 240000 - 249000 |—5.85]

Solving the equation system results in the displacement v, ; of the panels.
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[0,045mm |
0,036mm
0,033mm
0,035mm
0,043mm

| 0,058mm

If the displacements are known the forces of the connections can be determined. At the trans-
verse edges of the panels the force of the highest stressed connections (panel 6) is
B
V=v.ky —=0,058-19500-0,333 = 0,377kN
n
For the force of one fastening we get

v, =37%=189N

For the connections of the joints the forces are determined by the following formula. In Tab 3.2

the forces are given for all joints.

Av -k, L
V,=—2—"—=Av_ -48000-0,333
n
Vx -1 vx i
Av =
Vx,[+1 Vx,i
joint between panel Av, [mm] force of connection [kN] force of fastening [N]
1and 2 0,009 0,216 108
2and 3 0,003 0,072 36
3and4 0,002 0,048 24
4 and 5 0,008 0,192 96
5and 6 0,015 0,360 180
Tab 3.2: Forces of connections at joints determined b anal tical calculation

5 Design of roof - wind direction B
5.1 System and loads

For the numerical calculation the system given in the section above is used. But the transverse
edges of the panels are loaded by the wind loads. The system and the loads are given in Fig.
3.11.
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Fig. 3.11: S stem of roof

In the following figure the FE-model is shown.
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Fig. 3.12: FE-model of the roof
The displacement and the rotation of the panels are given in the following figures.
—— ’———-
i
1]
i L
i 4
kY
ol — . T ! | | | | ] | Il 1 § b . M
I‘)"_Lg.n' ¢ ¥ i ) | i 1} | h b W i ks K
|
5 L0201 TESESE L0T2272 LORETRED
LLZ2045 WOZELES LEQZ2TY LEAETLY LB R
Fig. 3.13: Displacement of panels [mm]
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Fig. 3.14: Rotation of panels [rad]

Also the forces of the connections are determined by the numerical calculation. Fig. 3.15
shows the forces of the connections at the transverse edges of the panels (connection be-
tween wall and roof). The highest forces (200 N) occur at panel 1 and 6, where also the high-

est rotation occurs.
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Fig. 3.15: Forces of connection at transverse edges

At the connection between the longitudinal edges of panel 1 or 6 and the wall all connections
are loaded by the same force.

V =390N

So the fastenings of the connections between wall and roof have to be designed for the follow-
ing force

V, = —39§N =195N

The connections of the joints between the roof panels are loaded by transverse as well as by

longitudinal forces. The forces in longitudinal direction are constant for all connections of a

joint.
joint between panel force of a connection [N]
1and 2 390
2and 3 195
3and4 0
4 and 5 195
5and 6 390
Tab 3.3: Forces of connection of joints (force in longitudinal direction)
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The forces in transverse direction are linearly distributed over the length of the joint. The high-

est force occurs at the outer connections of a joint. The forces are given in the following table.

Tab 3.4:

joint between panel
1and 2 2and 3 3and4 4 and 5 5and 6

250 -205 -297 -324 -297 -205
T 750 -159 -231 -252 -231 -159
% 1250 -113 -165 -180 -165 -113
IS 1750 -68 -99 -108 -99 -68
g 2250 -23 -33 -36 -33 -23
§ 2750 23 33 36 33 23
E 3250 68 99 108 99 68
'% 3750 113 165 180 165 113
s 4250 159 231 252 231 159

4750 205 297 324 297 205

Forces of connection at joints (force in transverse direction)

With the longitudinal and the transverse forces the resulting forces of the connections are de-

termined.

The resulting forces are summarised in Tab 3.5.

joint between panel
1and 2 2and 3 3and4 | 4and5 5and 6
250 440 355 324 355 440
T 750 421 302 252 302 421
% 1250 406 255 180 255 406
IS 1750 396 219 108 219 396
E) 2250 391 198 36 198 391
§ 2750 391 198 36 198 391
E 3250 396 219 108 219 396
'% 3750 406 255 180 255 406
8 4250 421 302 252 302 421
4750 440 355 324 355 440

Tab 3.5: Forces of connection at joints (resulting forces)

The highest force of a connection is 440 N. So the fastenings of the joints should be designed

for the following force.
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440N

v, = 220N

5.2 Determination of forces and displacements by analytical calculation

Alternatively to the numerical calculation shown above the forces and displacements can be
determined by an analytical calculation.

Wind suction and compression load are added to the wind load w

wewg +w, =078+ 117195
m

The forces introduced into the walls being parallel to the direction of the load (wall A) are

Vll :—Vr :nﬂ-W~B:§'l,95'l:5,85kN

At the joints the following forces in longitudinal direction occur.

Joint between panel 1 and 2:

V=V, =V'-w-B=585-195-1=390kN
Joint between panel 2 and 3:

v, =V =V)-w-B=390-1,95-1=195kN
Joint between panel 3 and 4:

V=V =V/-w-B=195-195-1=0

Joint between panel 4 and 5:
Vi=V{=V/-w-B=0-195-1=-195kN
Joint between panel 5 and 6:

Vi =V!=V!-w-B=195-195-1=-390kN
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3900N 1950N 0

5850N 3900N 1950N
?1 950N T1 950N T1 950N
Fig. 3.16: Forces in longitudinal direction
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-1950N -3900N -5850N
6]
-1950N -3900N
T1 950N T1 950N T1 950N

To determine the rotations of the panels the factors A, to D; are determined for each panel and

the corresponding equation is formed.

Panel 1:
__kj L -0
: 12
I'L3 BL2 r_L3 ..2 .3
B _k L ky, LKL 19500-1-57  48000-5° oo
12 2 12 2
kr 'L3 . 3
C, =—-2 _ _H000-5" _ _500000knm
12
D, =V +v; )g =(585+ 3,90)-% = 4,875kNm
Panel 2 to 5:
kl 'L3 . 3
A =—= _ _HB000-57 _ _500000/km
12
l_ 3 . . 2 r, 3 . 3 1. 2 . 3
Bi:kj L kyB-L' ;L' _48000-5" 19500-1-5"  48000-5" ) ooco
12 2 12 12 2 12
kr 'L3 . 3
C, = _ _H8000-5" _ _s600004nm
12
D, =(v! +V;)~§=(3,90+1,95)%=2,925kzvm
D, = +v; )g = (1,95 + o)-% = 0,975kNm
D, =l +v; )g =(0- 1,95)% = —0,975kNm
D, =V} +v; )g =(-1,95- 3,90)% = —2,925kNm
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Panel 6:
kl _L3 X 3
g =Kk A8000-5T  500000knm
12 12
l . 3 . . 2 r . 3 . 3 . . 2
g KoLk BeL kL 48000-5' 19500151 o o oo
12 2 12 12
kr 'L3
C,=—-L = =0
12
! r B 1
D, =+, )~E:(—3,90—5,85)-5:—4,875kNm

So we get the following equation system.

[ 743750 —500000 0 0 0 0 4,875 |

—~500000 1243750 —500000 0 0 0 2,925
0 —-500000 1243750 —3500000 0 0 ] 0975
0 0 —-500000 1243750 —500000 0 lo)= -0,975
0 0 0 —-500000 1243750 —500000 -2,925

|0 0 0 0 ~500000 743750 | | —4.875]

Solving the equation system results on the rotations @; of the panels.

[ 1,23-10%rad |
8,48-10 °rad
2,99-10 " rad
[o]= .
-2,99-10" rad
—8,48'10_6md
| —1,23-10" rad |

If the rotations are known the forces of the connections can be determined. For the connec-
tions of the longitudinal edges of panel 1 and 6 (connection between wall and roof) we get the
following forces.

V585
n

V= =0,39kN

For the connections at the transverse edges the highest forces occur at the panels with the
highest rotation, i.e. at panel 1 and 6. The force of a connection is
L B
V=k, ¢ -——=19500-1,23-10"" -2-0,333 = 0,20kN
2 n 2
So the fastenings at the connections between roof and wall have to be designed for the follow-

ing force.
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390N

v, = 195N

At the joints of the panels forces in transverse and in longitudinal direction are transferred. The
force in longitudinal direction is determined by dividing the force Vi' or V" by the number of

connections (n = 10).

joint between panel force of joint [kN] force of a connection [N]
1and 2 0,39 390
2and3 1,95 195
3 and 4 0 0
4and 5 1,95 195
5and 6 3,90 390

Tab 3.6: Forces of connection at joints (force in longitudinal direction)

The force in transverse direction is not constant for the connections of a joint. In the following
for each joint the force of the connection with the highest transverse load is determined.
Joint between panel 1 and 2:
V.o=k,(p - ¢2)~§-£ = 48000-(1,23-10° —8,48- 10")-%0,50 = 0,223kN
n
Joint between panel 2 and 3:

Vo=k,(p, - %)%-5 = 48000-(8.48-10°° —2,99- 10-6)-%0,50 = 0,330kN
n

X

Joint between panel 3 and 4:

V.o=k, (p, - ¢4)é~£ = 48000-(2,99-10°° +2,99- 10")%-0,50 = 0,359kN
n

Joint between panel 4 and 5:

V.=k,-(p, —(05)-§-£ = 48000- (- 2,99-10 +8,48-10‘6)-§-0,50 = 0,330kN
n

Joint between panel 5 and 6:

V.=k, (o, —%)éi = 48000-(~8,48-10°° +1,23-105)%-0,50 = 0,223kN
n

The resulting force is determined by vectorial summation of longitudinal and transverse force.
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joint between panel | force in longitudinal | force in transverse | resulting force [N]
direction [N] direction [N]
1and 2 390 223 449
2and 3 195 330 383
3and 4 0 359 359
4and 5 195 330 383
5and 6 390 223 449
Tab 3.7: Forces of connection at joints (ma imum value of a joint)

So the fastenings of the joints have to be designed for the following force.

449N

v, = 225N

Also the global displacement of the panels can be determined analytically. One part of the

displacement is caused by the force in longitudinal direction. The displacement v, of the

outer panel of the roof is
v 585

Vo, = = =6,00-10"m = 0,0600mm
Lk, 5-19500

The displacement of panel 2 relative to panel 1 is

V[
Vo, = = 390 =1,63-10"m =0,0163mm
P Lok, 5-48000

The displacement of panel 3 relative to panel 2 is

v, 1,95
Visioy = =
L-k, 5-48000

=8,13-10°m = 0,00813mm

Also the rotations cause a displacement of the panels in longitudinal direction. In the following

this part of the displacement is determined for panel 1 to 3.

V1, =B-@ =1000-1,23-107 = 0,0123mm
V2, =B-p, =1000-8,48-107 = 0,00848mm

V2, =B-p, =1000-2,99-10° = 0,00299mm

The maximum displacement occurs at the joint between panel 3 and 4. It is determined by
summation of the displacements v, ;, and v, over the panels, starting at panel 1.
Vl Vl Vl
Vy,3 — 1 + 2 + 3
L-k, L-k, L-k,

+B-¢,+B-¢p, +B- ¢,

v,53=0,06+0,0163+0,00813+0,0123 + 0,00848 + 0,00299 = 0,108mm
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6 Design of wall without connections at joints

From the roof the in-plane shear forces are introduced into the walls. In the following the
forces of the fastenings and the displacements of the panels of wall A are determined. For the
present example it is assumed that there are not any connections of the joints of the wall pan-
els. The wall A is loaded by in-plane shear forces, if the wind load has the direction B. The

load introduced into one panel is (cf. section 5.2, Fig. 3.16)

F, =V—11= 2,85 =L17kN
5
F
> e
4 v 4 b ¢
/TTT7T7777777777777777777 - T
, 200 , 200 , 200 . 200 .
I‘ Cq I‘
Fig. 3.17: S stem of wall panel

The connections between wall and foundation transfer forces in transverse and in longitudinal
direction.
Force in transverse direction:

F 11
Vx:_: ’7
n

=0,234kN

Force in longitudinal direction (outer connections):

y = AL LI7-3 =3,51kN
Y c? 0,40°
c+ b 0,80+
c 0,80
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Resulting force:

V= \V2+V] =40234> +3510° =3,518kN

A connection consists of two fastenings. So the fastenings have to be designed for the follow-
ing force.

_ 3518N

v, =1759N

The moment causes the following rotation.
_12-F-L 12-117-3
LS -k,  1°-65000

=6,48-10"*rad

The transverse displacement of the panel is (upper end of panel)
1,17

X +p-L=—7——+6,48-10"-3=0,00196m = 1,96mm
Bk, 1-65000

7 Design of wall with connections of joints

The wall of the previous section is also considered in this section. But now the connections of
the longitudinal joints of the wall panels are taken into account. So not only a single panel, but
the complete wall has to be considered. The system and the loads are given in Fig. 3.18. Each

connection between wall and roof (three connections per panel) is loaded by 390 N (1170 N

per panel).
= P -3 - B - -3 B -5 -5 P -p -3 P
I
N R S R AR R S R S R A S S S S S S ST S
_b o
Fig. 3.18: S stem of the wall

The following figure shows the FE-model used for the calculations.
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Fig. 3.19: FE-model of the wall

The displacement and the rotation of the panels are given in the following figures.

LEE0YE LIEZ0ES LLBELAE L2Ed B
LJOZZ025 LOEEOT Y LLBSLEE LEZLLTE L239TF222

Fig. 3.20: Displacement of panels (transverse direction), [mm]
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Fig. 3.21: Displacement of panels (longitudinal direction), [mm]
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Fig. 3.22: Rotation of panels, [rad]

Also the forces of the connections are determined by the numerical calculation. Fig. 3.23
shows the forces of the connections between panel and foundation. The highest forces (932
N) occur at the outer connections. Because internal and external face sheet are connected,
the force of the highest loaded fastenings is
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932N
V, =" = 466N
1000
[
800 -
]
600 &
[ |
[
400 |
= o o W o 4 P T Tt e e e o
= W 59 ¢ ¢ o || = ¢ ¢ ¢ ¢ o
2 n [ |
i+
g ° .
c [ |
]
o -200 = =
°
o [ ]
5 |
£ -400 @ forcein transverse direction -
[ ]
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resulting force [ |
-800 =
[ |
'1000 T T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
location of connection b [mm]
Fig. 3.23: Forces of connections between panels and foundation

The connections of the joints between the roof panels are loaded by transverse as well as by

longitudinal forces. The forces in longitudinal direction are constant for all connections of a

joint.
joint between panel force of a connection [N]
1and 2 568
2and 3 805
3and 4 805
4 and 5 865
Tab 3.8: Forces of connection at joints (force in longitudinal direction)

The forces in transverse direction are linearly distributed over the length of the joint. The

forces are given in the following table.
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joint between panel
1and?2 2and 3 3and 4 4 and 5
g 250 266 116 -116 -266
C
§ g 750 139 58 -58 -139
B = | 1250 12 1 -1 -12
c C
8.2 | 1750 -115 -57 57 115
()
3 2250 -242 -114 114 242
Tab 3.9: Forces of connection at joints (force in transverse direction) [N]

Based on the longitudinal and the transverse forces determined by the numerical calculation

the resulting forces are determined.

The resulting forces are summarised in Tab 3.10.

joint between panel
1and 2 2and 3 3and 4 4and 5
g [ 250 | e27 813 813 627
EE| 750 | 585 807 807 585
55 (1250 | 568 805 805 568
§S5 [ 1750 | 580 807 807 580
§ [0 617 813 813 617

Tab 3.10:

Forces of connection at joints (resulting forces) [N]

The highest force of a connection is 813 N. So the fastenings of the joints should be designed

for the following force.

813N

v, = 407N

Remarks:

If the joints of wall panels are connected displacements and rotation as well as the centre of
rotation are unknown. To determine them no set of linear equations is available. So also for

simple configurations an analytical calculation is not reasonable.

In section 6 and 7 the same wall is designed, whereat only in section 7 the connections of the
longitudinal joints are considered. If the forces and displacements of both examples are com-

pared, the influence of the connection becomes obvious.
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If there are no connections of the joints the fastenings of the connections between wall and
foundation have to be designed for 1759 N. With the additional connections given in the ex-
ample this force decreases to 466 N. Anyhow the force of a fastening of the joint is compara-
tively small (407 N).

For the wall without connections of the joints the highest transverse displacement of a panel is
1,96 mm. If the panels are connected to the adjacent panels, the displacement decreases to
0,30 mm.

8 Conclusions

In the sections above some calculation examples for the design of frameless buildings loaded
by horizontal wind loads are presented. In the examples the determination of the forces of fas-
tenings and the determination of displacements of panels is demonstrated. Numerical calcula-
tions are an effective method to determine forces and displacements. For some simple appli-
cations forces and displacement can also be determined by analytical calculation procedures.

With the given examples it could be shown, that the displacements, which are caused by hori-
zontal wind loads are quite small. Also the forces the fastenings have to be designed for are

as small that they can be transferred by conventional mechanical fasteners.
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