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Symbols and notations

Ac
Ar

Eo
Er

El:
GA
Ge

L/n

Jeo

qwt

ke

Ky
kw

Kt

kWI

cross section area of core

cross section area of face sheet

width of panel

flexural rigidity of panel

distance between connections at transverse edge
thickness of panel, for panels with flat or lightly profiled faces also distance between
centroids of faces

elastic modulus of core material

elastic modulus of face sheets

bending stiffness of face sheet

shear rigidity of panel

shear modulus of the core

length of panel

distance between connections at longitudinal edge
bending moment

end moment due to eccentric axial load

normal force, axial load

elastic buckling load of a sandwich panel

variable load

transverse force

distance between centroids of faces

initial deflection

distance between centroidal axis and face, loaded by axial fore (eccentricity)
shear strength of the core

thickness of face sheet

self-weight load

equivalent load (initial deflection)

equivalent load (temperature difference)

relationship between deflection due to shear and deflection due to bending, stiff-
ness of a connection [KN/mm]

stiffness of a connection [N/mm]

stiffness of a fastening [KN/mm]

stiffness of connections of joints [kN/mm?]

stiffness of connections between wall and foundation [kN/mm?]

stiffness of connections between wall and roof (transverse edge) [kN/mm?]

stiffness of connections between wall and roof (longitudinal edge) [kN/mm?]

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



easie page 5
Ensuring Advan t in Sandwich Construction Th h Innovation and Exploitation Of DeSIgn Gu'dellne
ing Advancement wich Construction Througl vation al ploitatio NOH D3.4 _ part‘]
w deflection, wind load
w,, deflection due to bending

w, deflection due to transverse force

a amplification factor, imperfection factor
or thermal expansion coefficient of faces
v load factor

ym Material safety factor

O« €lastic buckling load (crippling)

Oqw €lastic buckling load (wrinkling)

o. crippling stress

or normal stress in the face sheet

Oy wrinkling stress

Ac slenderness of face (crippling)

Aw  Slenderness of face (wrinkling)

X. reduction factor (crippling)

Xw reduction factor (wrinkling)

7c shear stress in the core

@st sandwich creep coefficient

@; creep coefficient

Y  combination coefficient

M,V w! moment, transverse force, deflection calculated by 1% Order Theory
Y RAVARRYY moment, transverse force, deflection calculated by 2™ Order Theory
Subscripts

G self-weight load, permanent load
Q variable load

S snow load

W  wind load

T  temperature load

d design

k  characteristic

st  short-term

It long-term
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1 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 apply
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 (Fig.
1.1).

Fig. 1.1: Buildings made of sandwich panels but without 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 also have to transfer the hori-
zontal loads. For this purpose the high in-plane shear stiffness and capacity of the sandwich

panels is used.
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Within the framework of work package 3 of the EASIE project, design methods for frameless
structures made of sandwich panels have been developed. The investigations are docu-
mented in Deliverable D3.3 [2], [3], [4]. In the guideline at hand calculation procedures and
design methods, which can be used for the design of frameless structures, are introduced.
Calculation examples are given in Deliverable D3.5 [5].

2 Frameless buildings

Frameless buildings are made of sandwich panels only; they do not have a load-bearing sub-
structure. The buildings consist of vertically spanning wall panels and roof panels, which are
supported by the wall panels.

direction of span
of roof panels

roof panel

support of roof
wall panel panel by wall panel

Fig. 2.1: Frameless building

At the connection between wall and roof normal forces as well as in-plane shear forces are
introduced from the roof into rectangular adjacent wall panels. Normal forces are usually intro-
duced by contact, whereas in-plane shear forces are introduced through mechanical fasteners.
Wall and roof panels are connected by steel or aluminium angles, which are mechanically fas-
tened to the face sheets of the panels (Fig. 2.2). For these fastenings usually self-drilling
screws or blind rivets are used. To get a sufficiently stiff and strong connection it is recom-
mended to connect both face sheets. Furthermore the angles should be comparatively stiff, i.e.

they should be made of relatively thick sheets.
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Fig. 2.2: Possible versions of connections between wall and roof

There are also some manufacturer-specific details available. E.g. wall and roof are connected
by PVC-angles injected with polyurethane, with a came-lock system. In the guideline at hand
only the standard solutions are considered.

The wall panels are either directly fixed to the foundation or they are connected to an addi-
tional panel, which builds the ground floor of the building. In this case the connection is very
similar to the connection between wall and roof. The panels are fixed to comparatively stiff
profiles by mechanical fasteners. Also for these connections fixing of both face sheets is rec-
ommended. In Fig. 2.3 some possible versions of the connection between wall and foundation

are shown.
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Fig. 2.3: Possible versions of connections between wall and foundation

A connection of the longitudinal joints of wall panels is not necessary, but it increases the stiff-
ness and load-bearing capacity. Connecting the joints of roof panels, however, is mandatory.
Transfer of horizontal loads via the roof is not possible, if the joints are not connected. To con-
nect the joints mechanical fasteners as self-drilling screws or blind rivets can be used. To get
strong and stiff joints both face sheets should be connected. It is possible to use one screw,
which passes through the whole thickness of the panel or to use a pair of screws or blind riv-

ets, one mounted from the internal and one from the external side.

blind rivet or self-

/drilling screw
VY.
T o

self-drilling screw

one o

Fig. 2.4: Connections of longitudinal joints
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The connections between wall panels at the corners of a building are not necessary for load
transfer. They mainly contribute to the water tightness of the building.

3 Load bearing behaviour of sandwich panels

3.1 Transverse and axial load

3.1.1 General

In sandwich panels with flat or lightly profiled faces, bending moments and axial forces are
transferred by normal stresses in the face sheets. A normal force is distributed to both face

sheets in relation to the thickness of the faces.

étﬂ - N+

N
D -« >
NE2
f <!
te2

Fig. 3.1: Load bearing behaviour of panels subjected to an axial force
The normal forces acting on the face sheets are

A
Npy=N-—F— (3.1)

AFI + AFZ

A

N, =N.—2rr__ (3.2)
AFl + AF2
with
A, =B-t. cross sectional area of a face sheet
tr thickness of a face sheet
B width of panel
From the normal force the following normal stress results in the face sheets.
Op =0py = N (3.3)
F1 = CF2 =" .
AFI + AF2

A bending moment M is transferred by a force couple in both face sheets.
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Fig. 3.2: Load bearing behaviour of panels subjected a bending moment

The stress in the face sheets of a sandwich panel loaded by a bending moment M is

p— 3.4
" e, (3.4)

with

e distance between centroids of the faces (for panels with flat or lightly profiled faces

equal to thickness D of the panel)

The load bearing capacity of a sandwich panel subjected to bending moments and axial forces
is mostly restricted by reaching the ultimate stress in the compressed face sheet (Fig. 3.3).
Failure by yielding of the face sheet subjected to tension occurs very rarely. The face sheet
represents a plate which is elastically supported by the core material. The stability failure of
the compressed face sheet is termed wrinkling; the ultimate compression stress is termed
wrinkling stress o,,. Usually the wrinkling stress of a panel is determined by bending tests ac-
cording to EN 14509 [6].

Fig. 3.3: Wrinkling of the compressed face sheet

The withstanding of transverse forces V is done by shear stresses in the core of the panel.
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Fig. 3.4: Load bearing behaviour of panels subjected to a transverse force
The shear stress in the core is calculated by
Tc = d 3.5
“ A, (3.5)

A-=B-e cross sectional area of the core

When reaching the shear strength fc, of the core material shear failure occurs (Fig. 3.5). Also

the shear strength of the core material is determined by testing according to EN 145009.

Fig. 3.5: Shear failure of the core

Because of the relatively soft core layer for sandwich panels deflections caused by transverse
forces have to be considered. So the deflection of a sandwich panel consists of the bending

part wy, and the shear part w,.

MM - dx VV - dx
+]

w=w, + w, = 3.6
’ I B, GA (3-6)
with
bending stiffness:
Ay - A
By =E, ——%.¢ (3.7)
AFl + AF2
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shear stiffness:
GA=G-Ac (3.8)

Er elastic modulus of the face sheets

Gc shear modulus of the core

3.1.2 Long-term behaviour

Both, organic core materials, such as polyurethane or expanded polystyrene, and mineral wool
show creep effects under long-term loads, e.g. dead-weight load and snow. If a constant load
acts on a panel over a long period of time, the shear strain y increases with constant shear
stress. The shear deformation of the core material and thus the shear part w, of the deflection
increase. For sandwich panels the time-dependent shear strain y(t) is usually described by a

creep function @(t).

7(©)=7(0)-(1+ (1)) (3.9)
Therefore the time-dependent deflection of a sandwich panel with constant transverse loading

is

MM - dx J‘Vf'dx~(1+

o (1)) (3.10)

w(t) = j

For design purposes not the complete creep-function must be known. Usually only two creep
coefficients ¢, are used. The creep coefficient @00 (at time t = 2000 h) is used to consider
snow loads; the creep coefficient @100.000 (at time t = 100.000 h) is used to consider permanent
loads (self- weight).

The creep coefficients are determined by long-term tests according to EN 14509. In (bending-)
creep tests on panels subjected to a constant transverse dead load the deflection of the panel
is measured for a period of 1000 hours and the creep function @(t) is recalculated. Based on
the experimentally determined creep function, the creep coefficients @000 and @1g0.000 are de-
termined by extrapolation. According to EN 14509 the creep coefficient @200 determined in the
test has to be increased by 20%. So it is taken into account that a part of the creep deforma-

tion caused by snow loads during winter time is not recovered during summer time.

For transverse loaded single-span sandwich panels creeping of the core material results in an
increase of deflections only, whereas bending moment and transverse force are not influ-
enced. If a panel is additionally loaded by an axial load, an increase of deflection causes also
an increase of bending moment and transverse force. Therefore, creep effects have not only

to be considered in the design of serviceability limit state (deformation limit) but also in the

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



= page 14
e a S l e of Design Guideline

Ensuring Advancesment in Sandwich Construction Through Innovation and Exploitation
No.: D3.4 — part 1

design of ultimate limit state (load-bearing capacity), i.e. creeping must be taken into account

for the determination of moment and transverse force.

w
Aw, 2 AM, = N-Aw, M =N-w

Fig. 3.6: Creeping of axially loaded panels

3.1.3 Effects of 2" order theory

If (slender) building components are loaded by axial compression loads, effects of 2" order
theory have to be taken into account, i.e. deformations are considered in determination of
bending moment and transverse force. If stress resultants are determined according to 1 or-
der theory deformations are neglected. So if effects of 2" order theory are considered, also
geometrical imperfections such as initial deflections must be taken into account. Furthermore
deflections, which are caused by temperature differences between inside and outside, cause
additional bending moments and transverse forces.

Because of effects of 2" order theory stresses do not increase proportionally to the axial load.
Due to the axial force an increase of deflection also results in an increase of moment and

transverse force.
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€0 M' = N-eq
w'=a-e, M' = a-M'

Fig. 3.7: 2" order effects for a panel with initial deflection and axial load

The increase of the stress resultants bending moment M and transverse force V as well as the

amplification of the deflection w can approximately be considered by the amplification factor a.

M"=a-M' (3.11)
v =og.v?! (3.12)
w' =a-w (3.13)
N Z N (3.14)
1
a =
- N (3.15)
NCV
with
M,V w! moment, transverse force and deflection according to 1% order theory
[V RAVARRYY moment, transverse force and deflection according to 2" order theory

For determination of the amplification factor the elastic buckling load N, of the sandwich panel
has to be determined. The elastic buckling load of a sandwich panel loaded by a centric axial
load consists of the part Ny; considering the bending rigidity of the face sheets and the part GA
considering the shear rigidity of the core. The part Ni; corresponds to the elastic buckling load
of both face sheets.
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N,
Ncr = b
14 Ny (3.16)
GA
with
elastic buckling load due to bending rigidity
7’ B
Nki = L—2S (317)
elastic buckling load due to shear rigidity

3.2 Area of load application of axially loaded panels

Axial forces may not only cause wrinkling failure in mid-span, but also a local failure at the load
application area, where the normal force is introduced into the panel, e.g. at the connection
between wall and roof or between wall and foundation. For the common load application de-
tails (cf. Fig. 2.3) the axial force is introduced into the face of the wall panel by contact. The
failure mode of the load application area is usually crippling of the face at the loaded cut edge
(Fig. 3.8). This stability failure mode is strongly related to crippling of the compressed face in
mid-span. The ultimate stress of the compressed face sheet at the free edge is termed as
crippling stress o..

Fig. 3.8: Crippling of the face at load application area

3.3 In-plane shear load

Sandwich panels have a very high stiffness and load bearing capacity, when loaded by in-
plane shear forces. Both, stiffness and load bearing capacity are very much higher than the
corresponding values of the fastenings. So if sandwich panels are designed for in-plane shear
loads the shear deformation of the panels can be neglected. Only the flexibility of the fasten-
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ings has to be considered. Also for the load-bearing capacity only the fastenings are decisive.
Thus, if a sandwich panel is loaded by in-plane shear loads, the fastenings have to be de-
signed for this load.

4 Loads on frameless structures

4.1 Characteristic loads

Self-weight (G) and snow (S) loads

Roof panels are loaded by self-weight and snow loads. Snow loads can be determined accord-

ing to EN 1991-1-3 [11] and the related national annex or according to national standards.

self-weight and snow load

AA222222212121211]

Fig. 4.1: Self-weight and snow loads

Wind loads (W)

Roof as well as wall panels are loaded by wind loads. They wind load is applied to the panels

as transverse load. Horizontal wind loads are transferred from the directly loaded walls into the
roof, where they cause in-plane shear forces. From the roof they are transferred to the walls.
In these walls also in-plane shear forces occur. Finally they are introduced into the foundation.
The characteristic wind loads can be determined according to EN 1991-1-4 [12] and the re-

lated national annex or according to national standards.
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Fig. 4.2: Wind loads

Temperature differences between inside and outside

Temperature differences between inside and outside cause deflections as well in wall as in

roof panels. For a single span panel the deflection caused by a temperature difference AT is

LA
wy = AT -2 (4.1)
8-e
with
OF coefficient of thermal expansion of faces

For single span panels in conventional applications, i.e. for panels without axial load, this de-
flection does not lead to additional stress resultants. But if a panel is also loaded by an axial

force a deflection causes additional bending moments and transverse forces.

80°C
—————————————— / R R

/I L e — _l\ ................ ~ L

| : deflecion wt due to : \
1k temperature difference Ak
i w i

80°C 41 1 80°C
! | 20°C WT/| |
" !
! i
J L
Fig. 4.3: Temperature differences
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Note:
If multi-span panels are subjected to temperature differences, moments and transverse forces
occur, even if there are not any axial forces. In EN 14509 calculation formulae are given for

these cases.

Geometrical imperfections

If building components are axially loaded also geometrical imperfections have to be consid-
ered when calculating moments and transverse forces. As geometrical imperfection an initial
deflection e, is applied. The range of this imperfection can be selected according to the maxi-
mum allowable longitudinal bowing following EN 14509.
e, = 1. L <10mm

500

Together with the axial force the initial deflection causes bending moments and transverse

(4.2)

forces.

' )
Y il
! ]!
1! !
e ' o . — ‘
eo” || initial defelction € | ; |
| -
Y ]
L L

Fig. 4.4: Initial deflection of wall panels

4.2 Design loads

Design loads are determined by multiplying the characteristic load by the corresponding load
factor yr and by the corresponding combination coefficient W. They are given in EN 1990 [9] or
national standarts. Load factors and combination coefficients for the design of sandwich pan-

els are also given in EN 14509. A summary of the design loads is given in the following table.

permanent action (self-

dominant variable ac-

other variable actions

(displacements)

weight) Ggq tion Qg1 Qqi
ultimate limit state 76 -Gy Yor Ou Yo Woi Ou
serviceability limit state
Y G, ¥ Ou Vo Wi Oy

Tab. 4.1:

Design loads according to EN 14509, table E.4 and E.5
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EN 14509. They have to be used if there are not any

ultimate limit state

serviceability limit state

(displacements)

permanent action G 1,35 (1,00) 1,00
variable action 1,50 1,00
temperature actions AT 1,50 1,00
creep effects 1,00 1,00

Tab. 4.2:

Load factors according to EN 14509, table E.8

Also combination coefficients W are given in EN 14509. As an alternative the combination co-

efficients according to EN 1990 or according to national standards may be used.

snow wind temperature
W, 0,6 0,6 0,6/1,07
W, 0,75/1,0” 0,75/1,0” 1,0

b)

the sole wind load, acting alone.

2 Wy = 1,0 is used if the winter temperature T, = 0°C is combined with snow

W, = 0,75 for snow and wind is used if the combination includes the action effects of two or more
variable actions and coefficient y; = 1,0 for snow and wind is used if there is, in the combination, only a
single action effect representing the variable actions and it is caused by either the sole snow load or

Tab. 4.3:

5 Resistance values

5.1 Sandwich panels

Combination coefficients according to EN 14509, table E.6

The characteristic resistance values and some additional calculation requirements are usually

given on the CE-mark of the sandwich panels. For design of the panels, which are considered

in the report at hand, the following resistance values and additional calculation requirements

are needed.

e Wrinkling stress of a compressed face sheet o,

¢ Yield strength of face sheet f,

e Shear strength of core f¢,

e Shear strength after long-term loading fc,

e Design thickness of the faces t¢

e Shear modulus of the core material G¢

e Elastic modulus of the core material E¢

e Creep coefficients @ag0 for t = 2000 h (snow) and @p0000 t = 100000 h (permanent

load)
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e Crippling stress at load application area o (cf. section 8.3)

The design resistance values are determined by dividing the characteristic values by an ap-
propriate material factor yy.

Wrinkling stress of compressed face sheet:

O-w k
Gw,d = : (51)
Y m
Yielding strength of a face sheet:
S
fra="" (5.2)
M
Shear strength of core:
va,k
Jeva = (5.3)
VY m
Shear strength after long-term loading
va, Jk
Sevia = : (5.4)
M
Crippling stress at load application area:
O_c k
Gc,d = : (55)
Y u

For sandwich panels the material factors yy represent the variability of the mechanical proper-
ties of the panel. They are determined by the results of initial type testing and factory produc-

tion control.

5.2 Fastenings

In addition to the panels the fastenings have to be designed. Usually the load-bearing capacity
of the fastenings is determined by testing. The characteristic values are given in European
technical approvals (ETA) or in national approvals. For some kinds of fastenings the character-
istic values can also be determined by calculation. E.g. the characteristic values of fastenings
of metal sheeting can be calculated according to EN 1993-1-3 [13]. For direct fixings of sand-
wich panels calculation formulae are given in Deliverable D3.3 — part 3 [1].

The design value of the load-bearing capacity of a fastening is determined by dividing the

characteristic value by the material factor yy.

v
Vg =2 58)
Y
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The material factor yy is given by national specifications. According to EN 1993-1-3 yy = 1,25,

according to different approvals and EN 14509 yy = 1,33 has to be used.

6 Design of roof panels
6.1 Static system and loads

The roof panels are supported by the wall panels. They introduce self-weight and snow loads
as normal forces into the walls. At external walls the roof panels are usually supported only by
the internal face of the wall panels. For design of the roof panels this support can be regarded

as hinged. The hinged support is located at the internal face sheet of the wall panel.

IR N N BN

Fig. 6.1: Static system of roof panels

If there are also internal walls, which support roof panels, the roof panels are multi-span

beams. The interior walls also represent hinged supports.

i R i

Fig. 6.2: Support of a roof panel by an interior wall

The roof of a frameless building is loaded by self-weight, snow and wind loads. Also tempera-
ture differences between inside and outside may be available. As stress resultants there are

bending moments and transverse forces.
6.2 Design procedures
6.2.1 Preliminary remark

Roof panels are loaded by transverse loads only. As stress resultants bending moments and

transverse forces act. So the conventional design procedures according to EN 14509 are suf-
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ficient to design roof panels of frameless structures. For self-weight and snow loads creeping

of the core material has to be considered.
In the following exemplarily the design formulae for single span panels are summarised. For-

mulae for two- and three-span panels can be found in EN 14509, Table E.10.
6.2.2 Deflections

According to EN 14509 the deflection of sandwich panels has to be limited. The deflection is

calculated for serviceability loads (cf. section 4).

The deflection of a single-span panel loaded by a uniform transverse load q is
S g lgl

" 384 B 8 GA

w=w, +w

(6.1)

Also temperature differences AT between inside and outside cause a deflection

ap AT I
Wy = = (6.2)
e 8
OF thermal expansion coefficient of faces

Due to creep effects of the core material the shear part w, of the deflection increases for long-
term loads. The additional deflection caused by creep effects is determined by creep coeffi-

cients .

W, =Wg, + W, (1 + @000 ) T Wep T We, (1 *+ @100.000 ) + Wyr (6.3)

Ws deflection due to snow load (long-term load, t = 2000 h)

Wg deflection due to permanent load (long-term load, t = 100.000 h)
war  deflection due to temperature difference

P2000 cCreep coefficientt = 2000 h

P100000 Creep coefficient t = 100000 h

Note:
Temperature differences, which are caused by climatic effects, can be considered as short-
term loads [7]. E.g. in cooling rooms, where temperature differences are not caused by cli-

matic effects, they have to be considered as long-term loads.
In EN 14509 for roofs and ceilings the following deflection limits are given.
Short-term loading

L
W< —— (6.4)
200
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Long-term loading (including creep effects)

< — 6.5
" =700 (6-5)

Note:

The short-term deflection is the initial deflection, i.e. the deflection at t=0; no creep effects are
considered. It includes deflections due to short-term loads (e.g. wind) and also deflections due
to long-term loads (e.g. snow and self-weight). The long-term deflection consists of the short-

term deflection and the additional deflection caused by creeping.
6.3 Stresses in face sheets and core

Also the stresses in the face sheets and in the core of a sandwich panels have to be limited.
This is done for the ultimate limit state (cf. section 4).

A bending moment M causes the following normal stresses in the face sheets.

Md

e- A

GF,d = (66)

The stress in the compressed face is compared to the wrinkling stress.
o-F,d < o-w,d (67)
The stress in the face subjected to tension is compared to the yield strength.

Orag S fy,d (6.8)

A transverse force V causes shear stresses in the core.
=— (6.9)

The shear stress is divided into two parts — the short-term shear stress ¢« is caused by short-
term loads and the long-term shear stress 1¢; by long-term loads (snow, self-weight).

e

_ Ustd
Tesd = P

c
d

(6.10)

Vi
Ac

(6.11)

Toid =

Vet transverse force due to short-term loads
Vi transverse force due to long-term loads

The shear stresses are compared to the shear strength of the core material.

T T
C,st,d + C,lt,d <1

el y e < (6.12)
va,d va,t,d
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Note:
For determination of moments, transverse forces and deflections of panels with three and four
supports (and also for panels with profiled faces) calculation formulae are given EN 14509,
Annex E. In these systems creeping influences not only the deflection but also bending mo-
ment and transverse force. Therefore the stresses in the face sheets and in the core are also
time-dependent. To consider this the shear modulus G¢ can be reduced to the notional time-
dependent shear modulus Gg;.
GC
B 1+ ¢,

G, (6.13)

7 Design of wall panels for axial and transverse load
7.1 Preliminary remark

In EN 14509 [6] no design methods for axially loaded sandwich panels are given. Within the
framework of work package 3 of the EASIE project design procedures for sandwich panels
with axial load or a combination of axial and transverse load have been developed. The design
model is based upon the existing model for sandwich panels subjected to transverse loads
according to EN 14509. The existing model is extended in a way that consideration of axial
forces and influences of 2" order theory is possible. Also the behaviour due to long-term loads
(creeping of the core material) is considered in this model. To design sandwich panels for axial

load no additional tests are necessary.
7.2 Static systems

The wall panels of frameless buildings are usually single span elements. They have one sup-
port at the connection between wall and foundation and the other one at the connection be-
tween wall and roof. For design purposes both supports can be regarded as hinged. The wall
panels are loaded by transverse loads as wind and equivalent line loads resulting from geo-
metrical imperfections (initial deflections) and deflections due to temperature differences. Fur-
thermore they are loaded by the axial force, which is introduced from the roof. The axial force
is usually introduced in one face sheet only. Because of this eccentricity an end moment oc-
curs. Depending on the kind of connection there is an end-moment on both ends of the wall

panel or only at the upper end, where the wall is connected to the roof.
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e* eccentricity of axial load
—+— - end moment N-e*
axial load introduced—___ [N
from ceiling
o  /
4—
4—

transverse load (wind, ¢«
equivalent line load)

4—

4—

Fig. 7.1: Static system of wall panels

At the lower end the reaction forces are directly transferred to the foundation. At the upper end
the horizontal reaction forces are introduced into the roof. So the roof panels are loaded by in-
plane shear forces. Through the roof the in-plane shear forces are transferred to the walls,
which are parallel to the direction of load, and finally they are introduced in the foundation (cf.

section 9).
7.3 Loads on wall panels

Axial loads

Dead weight loads and snow loads are introduced from the roof into the wall panels as axial

loads.
Ng dead weight load (7.1)
Ns snow load (7.2)
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Fig. 7.2: Axial load

End moments

If the axial load is introduced in one face sheet only, additional end-moments occur.

MY=N_-e* dead weight load (7.3)
M =Ng-e* snow load (7.4)
with
e* distance of loaded face from centroid of the wall panel

N

~OM" = N-e*

Fig. 7.3: End moment

Transverse loads

Wind is applied to the panel as a distributed transverse load.

w wind load (7.5)
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As geometrical imperfection an initial deflection eq is assumed. The initial deflection and the

axial load cause additional bending moments and transverse forces. Therefore the initial de-

flection e is considered by equivalent line loads qeo.

Guo=Ng -8 z_g dead weight load (7.6)
€
Quos = N -8-? snow load (7.7)

Temperature differences between inside and outside cause a deflection w+ of the panel.
a, - L
e-8

Together with the axial force the deflection wr causes bending moments and transverse

w, =AT - (7.8)

forces. The deflection is considered by equivalent line loads qur.

Goro=Ng -8 % =N, -AT % dead weight load (7.9)
Gurs =N, -8-%:1\@ AT ZE snow load (7.10)
e

In the following figure the loads usually acting on a wall panel of a frameless structure are
summarised. The both most common static systems are shown. In system (a) at the upper end
the axial loads are introduced into one face sheet and at the lower end they are introduced into
both face sheets. In system (b) at both ends the axial loads are introduced into one face sheet

only.
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Fig. 7.4: Loads on wall panels

7.4 Deflections

7.4.1 1% order theory without consideration of creep effects

deflection
due to AT
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= |ong-term loads, t = 100.000h

The deflections according to 1% order theory without consideration of creep effects are calcu-

lated by the following formulae.

w =wl, +wi, +wl+wl

with

e Deflection due to wind load (W)

Wy =Wy 5 (W) + Wy, (W)

o Deflection due to temperature difference (AT)

Wir = WiT,b (qu,S )+ WiT,v (qu,S )+ WiT,b (qu,G) + WiT,v (qu,G )
o Deflections due to snow load (S)

Wy =Wy, (duos) + Ws, (Qeos) + W, (M) +wg (M)

o Deflection due to self-weight load (G)

I I I I N I N
We =Wsy (qeO,G) +Wws, (qeO,G) +Ws, (Mg )+ Wae.y (M)

(7.11)

(7.12)

(7.13)

(7.14)

(7.15)
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The single components of the deflections are calculated by the following formulae:
o Wind loads (W)

P 5 w-L

WW’b(W):ﬁ. B (716)
S
2

wyy (W) = % : ij (7.17)

¢ Snow load and temperature difference

5 qus L' 5 Ng-w,-I?
War s (@urs) = wa TBf R TR— (7.18)
S S

1 quS 'Lz _NS Wy

w! = = (7.19)
AT v(qwr s)= 8 A GA
o Self-weight load and temperature difference
; 5 Gure L' 5 Ng-w,-L?
W _ 2 . ; —— - ¢ "t = 7.20
AT b (qu,G) 334 B, 48 B, ( )
1 qu G’ L2 NG * Wy
w! = = (7.21)
AT v(qu )= 8 A A
e Snow load and initial deflection
I 5 qeo,s'L4 5 Ng-e, L
w _ . - . 7.22
S.b (qeO,S) 334 B, 48 B, ( )
1 qeO s’ L2 NS 1€
w _ _ (7.23)
s, v(qeO S) GA GA
¢ End moment due to snow load
1 ML 1 Ng-e* L’
wg,MYy=——"3—=—.5 — — 7.24
0 (M) 16 B, 16 B, system (a) (7.:24)
1 MGL 1 Ng-e*L’
wg, (M5 = s B, =3 B, system (b) (7.25)
ws, (M)=0 (7.26)

system (a) and (b)
o Self-weight load and initial deflection

I 5 quo L' 5 N, -e, L’
w _ . Lo, B Gt 7.27
G.b (qeO,G) 384 B, 48 B, ( )

Wey (Ge0c) = =6 (7.28)
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¢ End moment due to self-weight load

1 Mg-Lzzl N, -e*-L?

[ N = —— — —
Wos (M o) =1¢ B, 16 B system (a) (7.29)
1 MYI* 1 N.-e*.I?
I Ny _ . G — . G
WGh(MG - 8 BS 8 BS System (b) (730)
Wi, (M) =0 (7.31)

system (a) and (b)

7.4.2 Effects of 2" order theory

The effects of 2" order theory are considered by the amplification factor a.

a= !
- N (7.32)
NCV
with
Elastic buckling load
N,
Ncr = —kl
1+ Ny (7.33)
GA
Bending part of elastic buckling load
7’ B
N, = L—2S (7.34)
Shear part of elastic buckling load
GA=G, - A, (7.35)

7.4.3 Creep effects

Creeping of the core material is considered by creep coefficients ¢.. For snow loads the creep
coefficient Qo000 (t = 2000 h) and for permanents actions (self-weight load) @100.000 (t = 100.000
h) is used. Creeping causes an increase of the shear deflection w, only. The bending deflec-

tion w,, is not influenced by long-term effects.
7.4.4 Deflection according to 2™ order theory with consideration of creep effects

To considerate creep effects the shear deflections are multiplied by the corresponding creep
coefficients. The effects of 2" order theory are considered by multiplying the total deflection

(including creep effects) by the amplification factor.

11

w,

I I I I I I
= (WW T Wyr F W, W, (1 + ¢’2000)+ Wop TWa, - (1 + 160,000 )) a (7.36)
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7.5 Moments and transverse forces
7.5.1 1% order theory without consideration of creep effects

In the following the stress resultants according to 1% order theory are given. Creep effects are

not considered.

M' =M} +M, +M,+M],. (7.37)
VIi=Vy +Vo +Vi +Vg (7.38)
with

¢ Moments and transverse forces due to wind load (W)

ML =M!(w) (7.39)
vy =V (740
¢ Moments and transverse forces due to temperature difference (AT)

M =M (@rs)+ M (qur6) (7.41)
Vir =Var @rs) +Vir (@,r.6) (7.42)

¢ Moments and transverse forces due to snow loads (S)

Mg =M(qus)+Mg(M) (7.43)
Vi =V§(qus)+Vs (M) (7.44)
¢ Moments and transverse forces due to self-weight load (G)

Mg =Mg(q,0)+MgMS) (7.45)
Vi =V Qo)+ Ve (M() (7.46)

The single components of the bending moments and transverse forces are calculated by the
following formulae. The distribution of the moments and transverse forces is given in Fig. 7.5.
In the following the values in mid-span are given.

e Wind load (W)

I w- L2
M, (w)= . (7.47)
L
Vi () === (7.48)
¢ Snow load and temperature difference
Qurs L’
My (gr5)=—"2—=Ng-w, (7.49)

8
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Gurs L _ Ng-4-w,
2 L

VAIT (qu,S) =

o Self-weight load and temperature difference

2
qu,G ’ L

Mir (qu,G )= 3

=Ng-wy

qu,G .L — NG .4.WT
2 L

e Snow load and initial deflection

VA]T (qu,G )=

2

M (gas) == =Ns ¢,

Vi @as) = q"o’; L 'L4.e°

¢ End moment caused by snow load

M (M) = MT;V N NST.e* system (a)
Mg(M§)=N-e* system (b)
viouy=2s NSL'e* system (a)
Vs (Mg)=0 system (b)

o Self-weight load and initial deflection

2

M0 =222 N, e,
AUMEES =X L”

¢ End moment caused by self-weight load
iy =Me et
Ms(Mg)=Ng-e* system (b)
HUE ML‘]?V e systom (a)
VG] (Mév )=0 system (b)

page 33
of Design Guideline

No.: D3.4 — part 1

(7.50)

(7.51)

(7.52)

(7.53)

(7.54)

(7.55)

(7.56)

(7.57)

(7.58)

(7.59)

(7.60)

(7.61)

(7.62)

(7.63)

(7.64)
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Fig. 7.5: Distribution of moment and transverse force (1St order theory, without creeping)

7.5.2 Effects of 2" order theory

The effects of 2" order theory are considered by the amplification factor a according to formu-
lae (7.32) to (7.35).

7.5.3 Creep effects

Creeping of the core material is considered by “sandwich creep coefficients” @s;. For snow

loads the coefficient @s2000 and for permanents actions (self-weight load) @s100.000 is used. The

coefficient @g; describes the increase of the deformation of the sandwich part of the cross-
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section and not only the increase of the shear deformation. So these coefficients can be used
to determine the increase of bending moment and transverse force.

k

=— 7.65
Ds 1+ k ?, ( )

w, B J- VVdx

14

W, GA [ Midx

(7.66)

The “sandwich factor” k corresponds to the relationship between deflection due to shear and
deflection due to bending. Unlike the creep coefficient ¢, the “sandwich creep coefficient” @s; is
not a material parameter. It also considers the long-term loads acting on the panel. Therefore
it has to be calculated for each single load case.

For the typical systems and loads of axially loaded sandwich panels the sandwich factor k is
calculated by the following formulae.
System (a):

_ By 48-¢
GA-L* 3-e*+5-¢,

(7.67)

System (b):
By 48-¢,
GA-L’ 6-e*+5-¢,

(7.68)

€ initial deflection

*

e distance between centroidal axis and face loaded by axial force N

7.5.4 Stress resultants according to 2" order theory with consideration of creep effects

To consider creep effects the stress resultants are multiplied by the corresponding sandwich

creep coefficients s, The effects of 2" order theory are considered by the amplification factor

a.
e Moment:
M/ = (MV[V + My + M '(1 + (pszooo)"'Mé '(l T Ps100.000 )) a (7.69)

e Transverse force:
v = (ng +Vyr + VS[ : (1 * Ps2000 )+ Vé ' (1 F D5100.000 )) o (7.70)
For design purposes the transverse force is divided into two parts — the first part V' is caused

by short-term loads (wind, temperature difference), the second part V" is caused by long-term

loads (snow, self-weight).

vi = +vi)a (7.71)
VltH = (VSI : (l + (952000)"' ch : (l * @s100.000 )) o (7.72)
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¢ Normal force:

N"=N"=Ng+N, (7.73)

Note:
In some applications temperature differences are not caused by climatic effects, e.g. in cooling
chambers. In these cases bending moments, transverse forces and deflections caused by

temperature difference must be considered as long-term loads.

I I I I I
Wl = [WW T Wary T W (WS,V +War, (Gurs )) (1 + (/72000)+J

(7.74)
+ Wé,b + (Wé,v + WiT,v (qu,G )) (1 + (0100.000)

Mt” = (MVIV + (Mé + Mér (4,75 )) (1 * Ps2000 )+ (Mé + MiT (46 )) (1 * Ps100.000 )) a (7.75)

v = (Vni + (VSI +Vy (9.7 )) (1 * Ps2000 )+ (VG[ +Var (qu,G))' (1 T Ps100.000 )) a (7.76)
V)=V «a (7.77)
V' = ((Vsl +Vr (Gurs ))' (1 + Ps2000 )+ (VGI +V 3 Gur ))' (1 * @s100.000 )) x (7.78)

7.6 Stresses in faces and core

If the moment according to 2™ order theory is known, the normal stresses in the face sheets

can be calculated.

N Mt”
O = - (7.79)
AFI + AF2 D- AFI
N M
O (7.80)

= +
AFI + AF2 D- AF2

The transverse force causes shear stresses in the core. As the transverse force the shear

stress is divided in a short-term part t¢c st and a long-term part tc .

17

C,st [C ( )
T, = i (7.82)
C.,lt [C .

7.7 Design calculations

To design a sandwich panel according to EN 14509 design calculations for the serviceability
limit state (deflections) and for the ultimate limit state have to be done. For a single span panel
with axial and transverse load the following design calculations have to be provided.
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Serviceability limit state

For the serviceability limit state the deflection is limited.

ww,, (7.83)
According to EN 14509 for wall panels
L
W, =— 7.84
ult 100 ( )

can be used, if there are not any other values from national standards.

Ultimate limit state

For the ultimate limit state the stresses in the face sheets and in the core are limited to the
resistance values (cf. section 5.1).

¢ Wrinkling of a face sheet subjected to compression

Orag <0,4 (7.85)
¢ Yielding of a face sheet subjected to tension

Ora < fia (7.86)
e Shear failure of the core

To T
C,st,a’+ C,lt,d <1

< (7.87)

va,d va,t,d

8 Load application areas of axially loaded sandwich panels
8.1 Introduction

In section 7 the global design of axially loaded wall panels was introduced. Additionally the
load application area, e.g. at the connection between wall and roof or at the lower end of the
wall, has to be designed. At the load application area the axial load is introduced into the face

of the panels by contact (Fig. 8.1).

roof panel

A

D

/A

|
|
!
roof panel !
|
|

wall panel
wall panel

Fig. 8.1: Examples of load application areas
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The failure mode of the load application area is crippling of the face at the free cut edge (Fig.

3.8). That is a stability failure mode, which is related to wrinkling of a face in mid-span. The

ultimate compression stress of the free edge is termed crippling stress o.. Because of the rela-

tion between wrinkling stress and crippling stress the resistance value for the design of the

load application area is determined based on the wrinkling stress of a face in mid-span. So to

be able to design the load application area of an axially loaded panel no additional tests have

to be performed.
8.2 Loads

The cut edge of the face is loaded by normal forces, which are introduced into the wall panel.
At the connection between wall and roof forces are introduced from the roof into the wall. At
the lower end of the wall forces are introduced from the wall into the foundation. Usually self-
weight loads and snow have to be considered in calculation of the introduced normal com-

pression stress 0.

self weight load, snow load

i
|
| Od
roof panel |
\ |
load application area m——
wall
panel
Fig. 8.2 Normal stress introduced into the wall panel

8.3 Crippling stress

The resistance value for the design of the load application area is the crippling stress o.. Be-
cause it is related to the wrinkling stress, the basis of the determination of the crippling stress
is the wrinkling stress o,, in mid-span.

Based on the wrinkling stress the imperfection factor a of the considered panel is calculated.
The imperfection factor depends on imperfections resulting from the production process as
well as on the quality of the bond between core and face. As a minimum value a = 0,21 is

used.
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.32 —1)—
a:1+ZW lw (IW 1) ZW 20’21 (81)
Z w (/I wo ﬂ’0 )
with

reduction factor for wrinkling stress:

GW (8 2)
Aw= .
pr,F
elastic buckling load (wrinkling):
3 2
O_cr,w:A_.\/a'EIF'GC'EC (83)
F

slenderness of the face (wrinkling):

P (8.4)

w
o

EIF  bending stiffness of the face sheet

2, =07

With the imperfection factor a the crippling stress o.* of the face at the free edge is deter-
mined. This value only considers imperfections, which are available at the free edge as well as

at mid-span. Further imperfections of the free edge, e.g. contact imperfections, are not consid-

ered.
o, =X for (8.5)
slenderness of the face (crippling):
A =2-2, (8.6)
reduction factor for crippling stress:
P B

el o7
¢=%-(1+a-(1c—10)+/1§) (8.8)

To consider further imperfections of the free edge, e.g. uneven cut edges, which can cause
contact imperfections or small cracks between core and face, an additional reduction of the
crippling stress has to be taken into account. From the stress o.* the characteristic value of the

crippling stress is calculated with

o, =054-0, (8.9)
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8.4 Design calculations

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

normal compression stress oy.

v, <o, (8.10)

9 Transfer of horizontal wind loads and stabilisation of the building
9.1 Introduction

In comparison to the bending stiffness the in-plane shear stiffness of sandwich panels is very
high. Thus, if a frameless building is subjected to horizontal wind loads, walls and roof are
loaded by in-plane shear forces only. Besides in the directly loaded walls, no bending mo-
ments and transverse forces arise due to a horizontal load.

Because of the very high in-plane shear stiffness the deformation of in-plane shear loaded
panels can be neglected; only the flexibility of the connections has to be considered. Also the
load bearing capacity of in-plane shear loaded sandwich panels is very high. So only the fas-
tenings and not the panels have to be designed for horizontal wind loads. In doing so, the
forces of the different fastenings have to be determined. The design force of a fastening is

compared to the design resistance value.
V,<V,, (9.1)

The load of the fastenings depends on their stiffness. So to design a frameless building for the
transfer of horizontal wind loads knowledge of the stiffness of the fastenings is mandatory. An
easy method to determine the forces of the fastenings and the displacements of the panels are
numerical calculations. For some simple applications it is also possible to determine forces

and displacements by analytical calculations.
9.2 Basic principles of load transfer

Horizontal wind loads are introduced into the wall panels of a building as transverse load.
From the directly loaded wall one part of the horizontal load is transferred directly to the foun-
dation; the other part is transferred to the roof. Through the roof the load is introduced into the

walls and finally into the foundation.
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Fig. 9.1: Introduction of horizontal loads into the roof

Depending on the relation of direction of load and span of roof panels the load transfer through
the roof is different.

Fig. 9.2 shows the general load transfer through a building, if the roof is loaded by horizontal
wind loads acting in orthogonal direction of the span of the roof panels. The outer (directly
loaded) roof panels transfer a part of the load to the wall panels, which support this roof pan-
els. So in these wall panels in-plane shear forces occur. A second part is transferred to the
adjacent roof panel via the longitudinal joint. The same applies for the following roof panels. In
the longitudinal joints only forces in transverse direction are transferred. Depending on the
direction of the wind load we have tension or compression loads in the joints of the roof pan-

els.

T O

joint subjected to tension wind suction load

compressed joint% / /

wind compression load ~

OAT AT AA

P4

shear force introduced
into wall panels

¥

*

k shear force introduced
in foundation

4

Fig. 9.2: Transfer of loads through the roof

Fig. 9.3 shows the general load-transfer through a building subjected to horizontal wind loads
acting parallel to the span of the roof panels. The wind load is transferred through the roof to

the walls, which are parallel to the direction of the load. In addition forces are introduced into
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the walls, which are orthogonal to the direction of load. A circumferential shear force occurs,

which is comparable to the shear forces of shear diaphragms in conventional buildings with a
substructure. In addition to a displacement in longitudinal direction a rotation of the roof panels

occurs. So in the longitudinal joints of the roof panels forces in longitudinal as well as in trans-

verse direction have to be transferred. Through the walls the forces are introduced into the

foundation.

joint subjected to shear
and tension/compression

load

> 4

shear force introduced '/
in wall panels

2

-
shear force introduced
in foundation
Fig. 9.3: Transfer of loads through the roof

In-plane shear forces resulting from horizontal loads are introduced from the roof into the up-
per end of the walls. So also in the wall panels in-plane shear forces occur, which are trans-
ferred to the foundation. If the longitudinal joints of wall panels are not connected, the panels
are not influenced by adjacent panels; each panel acts as a single element. In this case the
wall panel is loaded as a lever arm. A horizontal force and a moment have to be transferred by
the connections between panel and foundation. In the connections forces in longitudinal and in

transverse direction occur. The longitudinal forces are caused by the moment.
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AN

Fig. 9.4: Transfer of in-plane shear loads through a wall panel

F-L

If the longitudinal joints of wall panels are connected, the stiffness and also the load-bearing
capacity increase. The panels do not act as independent single elements, they influence each
other. Thus the load is not distributed uniformly to all connections. The connections between
wall and foundation as well as the connections of the joints are loaded by transverse and by

longitudinal forces.
9.3 Stiffness of connections

To determine the forces of the fastenings the stiffness of the different connections has to be
known. The stiffness of a fastening depends on the kind of fastener as well as on the panel,
e.g. on the thickness of the face sheets. Especially the geometry of the joints has a wide influ-
ence on the stiffness (and also on the load-bearing capacity) of the fastenings. So the stiffness
of the fastenings has to be determined for each single case. This should be done by small
scale tests, e.g. according to [8] and [9]. In addition to the stiffness also the load-bearing ca-
pacity of the fastening can be determined by these tests. For some kinds of fasteners there
are also calculation procedures available to determine stiffness and load-bearing capacity, e.g.
[1].

With the stiffness of the single fastenings the stiffness of the connection is determined. In do-
ing so it has to be noted that e.g. at the connection between wall and roof the load is trans-

ferred from the roof panel to an angle and subsequently from the angle to the wall panel, i.e.
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one connection consists of two fastenings, which are arranged in series. So the stiffness de-

termined for one fastening has to be divided by two to get the stiffness of a connection consist-

ing of two fastenings and an angle. The angles are assumed to be rigid. If there are several
connections between the panels - e.g. internal as well as external face sheet are connected -

the stiffness (and the load-bearing capacity) of these connections has to be added to get the

resulting stiffness (and load-bearing capacity). In the following figure the determination of the

stiffness of a connection is shown for some exemplary cases.

stiffness of connection . .
between wall and roof stiffness of connection

ko=2-k,/2 [kN/mm] Ee_tl‘("'fzeﬂd\\?l/éﬂ n’c:]ﬂd roof
C= Ry,

[\

/[\ stiffness of the

connection
| | — | ke=2-ky
stiffness of one \ | stiffness of one
fastening k, B -l fastening ky
\ stiffness of one TP T

fastening ky

stiffness of the
connection k,/2

Fig. 9.5: Determination of stiffness of connections

9.4 Determination of forces by numerical calculation

Because the panels are assumed to be stiff and only the fastenings are flexible, a numerical
determination of the forces, the fastenings have to be designed for, is relatively easy. In addi-
tion to the forces of the fastenings also the displacements of the panels can be determined by
a numerical calculation. In the FE-model the panels are modelled as rigid bodies. E.g. shell
elements with a comparatively high thickness and a high elastic modulus can be used. The
connections are represented by longitudinal springs. The stiffness of the springs corresponds
to the stiffness of the connections. If one connection consists of several fastenings, the stiff-
ness is determined as shown above.

Through the connections of the longitudinal joints and through the connections between wall
and foundation forces in longitudinal as well as in transverse direction of the panel are trans-
ferred. To represent these connections in the FE-model two springs should be used — one
spring acts in longitudinal the other one in transverse direction (Fig. 9.6). The resulting shear
force of a fastening is calculated by vectorial addition of the longitudinal force V, and the

transverse force V,.

=)+, ) 9.2)

y
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Fig. 9.6: Connection of joint and connection to foundation in the FE- model

Exemplarily the FE-models of a roof and a wall are presented in the following figures. In the
figures the panels, the supports and the load are shown. The springs between adjacent panels

and between panel and supports are not displayed.

Fig. 9.7: FE-model of a roof
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Ensuring A in Sandwich Through

Fig. 9.8: FE-model of a wall

9.5 Analytical determination of forces
9.5.1 Basics

For simple applications the distribution of forces to the different fastenings and the displace-
ment of the panels can also be determined analytically.

To simplify the calculation procedures the forces of the connections are smeared over the
width B or over the length L of the panel. The stiffness of the longitudinal springs is trans-

formed into a stiffness per unit length [N/mm?]. For the connection between wall and roof the

stiffness is

ky, =k, % at the transverse edge of the panel (9.3)
ky, = k¢ A at the longitudinal edge of the panel (9.4)
with

kc stiffness of one connection

B/n  distance between connections at a transverse edge
L/n distance between connections at a longitudinal edge
For the connections of longitudinal joints the stiffness is

n
k, =k -Z (9.5)
With
ke stiffness of one connection

L/n  distance between connections at a longitudinal joint
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For the connections between wall and foundation the stiffness is

n
ky =k. E (9.6)
with
ke stiffness of one connection

B/n  distance between connections at a longitudinal joint

9.5.2 Roofs with load in transverse direction of the panels

If the horizontal wind load acts in orthogonal direction to the span of the panel, only forces in
transverse direction occur. For analytical determination of forces and displacements only the
connections in transverse direction are considered. Fig. 9.9 shows the resulting model. The
wind load is introduced in both outer panels of the roof. So we have a line load w; introduced
in panel 1, and a line load w, introduced in panel n. At the transverse edges of the panels
there are longitudinal springs with stiffness k. Between adjacent panels there are longitudinal

springs with stiffness k.

Kwi Kwi Kwi
W_»NWIW\'IW\'NWNWJVW kJNWMMMMMNW kJJ\/W_rW\rNWWV'rWV'NW_>
e A Wy AW MW W,
—> AW~ M WA~ MM —>
—> A Wy AW MWy —>
— AW~ M WA~ MM —
> AW~ M WA~ MM —>
—> AW MWy AW AW —>
™ panel1 [Wv ‘W paneli W WM paneln [
I V1 W Wy Vi W Wy Vx,n B
> AW~ M WA~ MM —>
> AW~ M WA~ MM —
> AW~ M WA~ MM —>
—> AW Wy AW AW —>
—> AW~ M WA~ MM —>
—> J\/\/\rk M WA~ K MM —>
_>-'WJM/J-AMJ-'WJM/JJVWJ J\NVWWWWWJ\/WJ MN—'M-’WJ-’M-’M-’WJ_>
Wit kWt kWt
Fig. 9.9: Model of a roof for analytical calculation

At each panel i a displacement v,; in transverse direction occurs. By multiplication of the dis-
placement and the stiffness of the connections the forces acting on the panels are calculated
(Fig. 9.10).

Connection between wall and roof:

Fy,=v. ky B (9.7)
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Longitudinal joint between panels i and i-1:

Fpoo =V =vi )k, L (9.8)

Longitudinal joint between panels i and i+1:

F,,, = (Vx,i+1 _Vx,i)' ky-L (9.9)

At the outer panels the external force has to be considered, i.e. at panel 1

F=w L (9.10)

and at panel n

F =w, L (9.11)

Vy 1-kwe'B Vy.i'kwi'B Vyn-kwe'B

Frzwell aner1 [Vt o | paneli [Vl 1 paneln R, =wil
(Vyi-Vii) kL (Vxn-1-Vn)-kell

Fig. 9.10: Forces acting on the panels of a roof

Equilibrium of forces for panel i results in the following equation.

Wris =) K - Lt (v = v ) b5 L=20v, ey - L+ F, =0 (9.12)
4v  +B v, +Cv  +F =0 (9.13)
with

A =k -L (9.14)
B,=—(k! -L+k-L+2-k, -B) (9.15)
C =k L (9.16)

Fi external load according to (9.10) and (9.11)

This equation is set up for each panel. So for n panels we get a linear equation system con-
sisting of n equations. Solving the equation system results in the displacement v,; of each

panel.
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If the displacements are known the forces acting on a connection can be calculated by the
following formulae.

Connection between wall and roof:

B
V=v, ky — (9.17)
n

Connection of longitudinal joints:

V=Av, k= (9.18)
n
vx,i—l - vx,i
Av,, = (9.19)
vx,i+l - vx,i

9.5.3 Roof panels with load in longitudinal direction

The wind loads acting on both ends of the roof (in general wind suction and wind compression
load) are added to a resulting load w.

wW=wg + W, (9.20)
Ws wind suction load

W¢ wind compression load

Fig. 9.11 shows the longitudinal forces, which act on the panels of a roof. These forces are
determined by equilibrium of forces. The forces, which are introduced in the walls being paral-
lel to the direction of load, are.

I r_ Nsw
Vi=-V,=——w-B (9.21)

2

with
nsw  humber of sandwich panels

B width of a panel

The longitudinal forces, which are transferred by the connections of a joint, are determined by

equalisation of forces for each panel.
v/ =V/-w-B (9.22)

vi=v/ (9.23)
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Fig. 9.11:

Vi'|| panel 1

A

e

v,

panel 2

e

Vo'

panel n

e

Forces acting in longitudinal direction of the panels

In Fig. 9.12 the displacements und the transverse forces, which result from the rotation @; of a
panel, are shown. The forces are determined by multiplying the displacement by the stiffness
of the connection. For the connections at the longitudinal joints the difference of the displace-

ments of adjacent panels has to be used.

Vyi /A/(T/ or8/2
K- @i-L/2
L y —— @rL/2 Ko (@r-@i1)-L/2 — ﬁ:p_/> - K (@i-@is1)L/2
\ \\
‘ \
‘ \
‘ \
\ .
@ilrad] | Vi
\ Y W
. ) )
\ \\
‘ \
‘ \
‘ \
‘ \
‘ \
== \ =—I"
- «— «— «— «—
£ B 1 Kue ®rrL/2
displacements forces

Fig. 9.12: Displacements and transverse forces caused by rotation ¢;

In Fig. 9.13 the forces resulting from the smeared forces given in Fig. 9.12 are shown. In addi-
tion the external wind load and the longitudinal forces, which can be determined from equilib-

rium of forces, are shown.
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Kwi@i-L/2-B
—

K- (@i1-@i)L*/8 Ky (@i Pist)-L*/8
- — =

% y@ v

X

2/3L

| 2 r 2 T
Ky“(Pi-1-@i)-L7/8 Ky (Qi-@i+1)-L/8

-
Kwe ®irL/2-B

w-B

Fig. 9.13: Resulting forces of panel i

With this forces the equilibrium of moments (with reference to the centre of the panel) for panel

iis
I’ 2 I’ 2 L B
-k o -0 )V=—2L-k o0.-0 )=—2L-k -0 -B-=-L+WV'+V’')==0 (9.24
J (q)z ¢z—l) 8 3 J (q)z ¢z+l) 8 3 wt ¢l 2 (1 i ) 2 ( )
Ai O +Bi % +Ci Qi = Di (9.25)
with
/ 3
Ai=—k" L (9.26)
12
1 3 2 r 3
Bizk’ L +kW’ B-L +k’ L (9.27)
12 2 12
r 3
Ci=—k" L (9.28)
12
D, =+ V)g (9.29)

So we get a linear equation system consisting of n equations. The solution of the equation

system is the n unknown rotations ;.
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If the rotations are known the forces of the connections can be determined.

Connections at transverse edges:
L B

V=ky ¢,-—— (9.30)
2 n

B/n  distance between connections at the transverse edge of a panel

Connections at longitudinal edges (connection between roof and wall):

A

4 (9.31)
n
or
V= v, (9.32)
n
n number of connections at the longitudinal edge of a panel
Connections at longitudinal joints:
Transverse direction (force of highest loaded connection at y = +L/2):
L L
Vosk, (0 =)~ (933)
n
or
L L
Ve=k, (@ =) == (9.34)
2 n
L/n distance between connections of a joint
Longitudinal direction:
y!
V,=—" (9.35)
n
or
V'
V,=—— (9.36)
n
n number of connections of a joint
Resulting force:
=)+ (©37)

Also the global displacement of the panels can be calculated analytically. In doing so, the lon-
gitudinal displacement of each panel relative to the adjacent panel has to be determined. Sub-
sequently, the global displacement of a panel is determined by summation of the single rela-

tive displacements over the roof, starting at one of the outer panels. The highest global dis-
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placement occurs at the inner panel of a roof. In the following it is assumed that the summa-
tion starts at panel 1, which is located at the left edge of the roof.
The displacement in longitudinal direction of a panel consists of two parts. The first part results
directly from the longitudinal forces in the joints or for the outer panels from the force of the
connection between roof and wall (formulae (9.21) to (9.23)). The second part results from the
rotation of the panel, which causes an additional displacement in longitudinal direction.
The displacement resulting from the longitudinal forces is calculated by the following formulae.
It refers to the adjacent panel or for the outer panels to the wall.

Displacement v, 1, of the outer panel of a roof:

Vll (9.38)
v Ly = .
g Lk,
Displacement vy ;;.1, of a panel i relative to panel i-1:
V»I
Vit == 9.39
y,ili-l, L . kj ( )
panel 3
panel 2
panel 1
______ A
AVy2ny _ 1 Vyse
Vy 1 VTl | Vy,1,v+V,y2/1,v+Vy,3/2,v
Fig. 9.14: Displacements of panels resulting from forces acting in longitudinal direction
The displacement caused by the rotation of the panel is
Vyip = B0, (9.40)
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Fig. 9.15: Displacements of panels resulting from rotation

The global displacement of a panel j is determined by summation of the displacements vy,
and vy, over the panels, starting at panel 1.

v Loy
Y TR +ZL-k
wi J

i=2

+zj:3'¢i (9.41)

i=1

9.5.4 Wall panels without connections of the joints

To transfer horizontal wind loads for wall panels a connection of the longitudinal joints is not
necessarily required. In this case the panels are not influenced by adjacent panels; each panel
acts as a single element. An analytical determination of forces and displacements is possible.
If the longitudinal joints of wall panels are connected, also for simple configurations an analyti-
cal determination of forces and displacements is not reasonable. For all panels displacement
and rotation as well as the centre of rotation are unknown. To determine them no set of linear
equations is available. Therefore design should be done by numerical calculations.

If the joints are not connected the panel is loaded as a lever arm. A horizontal force and a
moment have to be transferred by the connections between panel and foundation. So these
connections are loaded by transverse forces and by a couple of longitudinal forces, which
counteracts the moment resulting from the introduced force and the lever arm. Fig. 9.16 shows

the forces for a panel with two connections to the foundation.
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Fig. 9.16: Forces at an in-plane shear loaded wall panel

If there are more than two connections, the highest longitudinal force occurs at the outer con-

nection. This force is determined by the following equation.

Yy = c2F cL2 (9.42)
c++
c c
with
Ci distance between pair of connections
c distance between outer connections
foer b
|j> Y’ Co ¥
¥, C1 v,
/IV S /IV
Fig. 9.17: Longitudinal forces resulting from a moment

The horizontal force is distributed constantly to the connections of the edge. So for one con-

nection we get the following horizontal force
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F
V.o=— (9.43)
n
n number of connections at the edge

The resulting force of a connection is determined by vectorial addition

v=yJw.) +,) (9.44)

The horizontal force causes a displacement v, of the panel. The moment leads to a rotation ¢
around the centre of the lower transverse edge. To determine the displacements smeared

connections with a continuous stiffness ky (formula (8.6)) are used.

Fo

Fig. 9.18: Displacement and rotation of a wall panel

The rotation of the panel is

_12-F-L 0.45
S ' (9.49)
The displacement in transverse direction of the panel is
v, = il +@-L 9.46

Bk, 7 (9.46)

This displacement occurs at the upper and of the panel.
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10 Summary

Sandwich panels are traditionally used as covering and isolating components. A new applica-
tion is to use sandwich panels in frameless structures, i.e. the panels are applied 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 arising from the superimposed load from overlying roof or ceiling
panels. Furthermore horizontal wind loads have to be transferred to the foundation and the
building has to be stabilised.

In the guideline at hand calculation procedures and design methods for sandwich panels of

frameless structures are introduced. Calculation examples can be found in Deliverable D3.5

[5].
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