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PREFACE

The preliminary European Recommendations for the design and testing of sandwich panels
were published by the European Convention for Constructional Steelwork (ECCS) in 1991.
These Recommendations, published as ECCS Publication No. 66, concentrated on sandwich
panels with thin metal faces and plastic foam cores. Two years later, the Recommendations
were extended by CIB Commission W56 to cover sandwich panels with cores made of
mineral wool lamellas and other slabstock materials. The work of the CIB Commission was
published in CIB Publication No. 148, originally in 1993 and as a reprint again in 1995.

A great deal of experience of the design and use of sandwich panels with new material
combinations and new areas of application has been gained since the Recommendations were
first drafted. The work of harmonization of the design rules and the standards for loads,
materials and structures within Europe under the auspices of CEN has also emphasised the
need to revise the recommendations for sandwich panels.

In order to bring this new experience and knowledge to interested experts, manufacturers and
suppliers, CIB Commission W56 has prepared a comprehensive textbook covering all of the
important considerations which arise in the design, manufacture and use of sandwich panels.
This book, entitled “Lightweight sandwich construction”, will be published by Blackwell
Science in 2001. On the basis of the material collected for this book, the European
Recommendations for the design of sandwich panels have now been completely updated by a
Joint Working Group composed of the ECCS Technical Working Group TWG 7.9 and the
CIB Working Commission W56.

The following individual members of ECCS TWG 7.9 and CIB W56 have taken part in the
drafting of this document:

B. Abraham (FRA), S. Arda (TUR), K. Berner (GER), H. Blaffart (BEL), G. Bottega (ITA),
S. Charton (FRA), G.M.E. Cooke (GBR), J.M. Davies (GBR, chairman of ECCS TWG 7.9),
J. Gustafsson (SWE), P. Hassinen (FIN), A. Helenius (FIN), L. Heselius (FIN, chairman of
CIB W56), T. Kellner (GER), J. Metsamaki (FIN), R. Mikkola (FIN), J.-C. Miki (SWE), J.
Rasmussen (DEN) and J. Schedin (BEL).

The French producers of sandwich panels have requested that the following statement should
be added to this Preface in order to clarify their position in the context of the special
considerations pertaining to the French market:
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“The French producers of sandwich panels view with favour the present Recommendations
inasmuch that they represent a comprehensive and up-to-date description of the scientific
knowledge in this field. At the same time, it is clear that several topics are still not fully
understood (such as certain properties or the behaviour of certain types of products). In such
cases, the Recommendations give proposals for design whose accuracy and practical and
economic consequences have still to be confirmed. For these reasons, the French producers
believe that they must stress that they consider it to be inopportune to introduce the Present
Recommendations into any normative or regulatory document.”

The technology of sandwich construction continues to advance and the work of developing
the guidelines for design, testing and use continues. ECCS TC7 and CIB W56 will, therefore,
welcome critical comments and proposals to improve the document.

J.M. Davies L. Heselius
Chairman of ECCS TWG 7.9 Coordinator of CIB W56
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1. INTRODUCTION

1.1 General

These Recommendations apply to roof or wall cladding, ceiling and internal wall panels in the
form of a sandwich in which the inner and outer faces are formed from thin metal sheets and
the core is a relatively low density material having both stiffening and insulating properties.
The components of the sandwich must be bonded together in such a manner as to provide a
composite load-bearing panel. Adequate bonding may be achieved by using the inherent
bonding capability of certain rigid plastic foams or by the use of separate adhesives. The
design equations may only be applied to fully bonded panels. If either face is only partially
bonded to the core, all components of resistance must be defined by testing paying due regard
to long-term effects.

One or both metal faces may be flat, lightly profiled or fully profiled. The formulae and the
design rules are applicable for the range of face thicknesses of 0.5 to 2.0 mm and for panel
depths of 30 to 300 mm. Outside these ranges, additional precautions are required.

The core material may be a chemically formulated foam (eg polyurethane, polyisocyanurate,
polystyrene, phenolic resin), mineral wool or other material having similar mechanical and
insulating characteristics. It must have sufficient strength and stiffness to contribute to the
composite action and to enable the panel to adequately carry the design loads. The core itself
and its bond with the face material must have adequate durability with regard to both short
and long term effects including creep and ageing.

The document as a whole is concerned with structural sandwich panels designed to resist such
external loading conditions as wind and snow. For internal construction, less onerous
requirements are also formulated.

The sandwich panel system must include suitable fastenings to secure the composite cladding
units to the supporting framework in a sound and weathertight manner without crushing the
core material.

The design principles and requirements for safety are given in Chapter 2. The design of
sandwich structures is based on the design equation Sg < Rq. Calculation of the effects of
actions (Sq), i.e. stresses and deflections, is introduced in Chapter 3 and the evaluation of
resistances against the different failure modes (Ry) in Chapter 4. In Chapter 5, test procedures
to determine the basic design values and to control the quality of sandwich panels during the
manufacturing process are given. The quality control process and the interpretation of the test
results are also described. In Chapter 6 an alternative design method for sandwich panels
based on full-scale testing is given. Chapter 7 presents the design principles for fastenings
between the sandwich panels and the supporting structures. In Chapter 8, a list of references
is given which provides the technical and normative background to these Recommendations.
The document also includes five Appendices which give additional background information
about the behaviour, design and testing of structural sandwich panels.

The design of sandwich panels is based on simplified calculation models together with basic
material and structural tests. However, the use of more advanced (numerical) methods of
analysis and/or full scale testing may be required in certain cases in order to take into account
special properties of the panel systems. The use of such advanced methods is outside the
scope of these Recommendations.
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1.2 Symbols

The following symbols are used in these Recommendations.

cross-sectional area

flexural rigidity, overall width of the panel

overall depth of the panel, axial rigidity of face sheet
modulus of elasticity

force, load, action

shear modulus, self-weight, permanent action
moment of inertia

buckling coefficient

span, distance

bending moment

axial compressive force

variable action

resistance, reflectivity, parameter

shear rigidity, value of a load effect, effect of an action
temperature

shear force

section modulus

£<HUROZEC A= OEBU W

half buckling wave length

width of test specimen, width of plate, width of plane part in profile
diameter of screw, depth of face profile, depth of core

distance between centroids of faces, base of natural logarithms (e = 2.718282)
strength

self-weight

index

coefficient, parameter (k = 3B/L?S), spring constant

number of tests, number of screws, number of webs

live load

length

thickness of face sheet

deflection

test result

coordinates

£ T UQ D F=0R N AT

ol
=<
N

angle of dispersion, parameter, coefficient of thermal expansion
parameter

strain

ratio (¢ = a/b), angle

shear strain, partial safety factor
creep coefficient

parameter

parameter

parameter (8 = (ap, T2 - ar1 T1) / €)
Poisson’s ratio

stress

shear stress

combination coefficient

€ 39 0 < D> PRGN ™R
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Subscripts

core

face, action (yr)

self-weight, permanent load, degree
material (ym)

variable action

resistance

sandwich part of the cross-section
temperature

HNFOZ QMO

bending

compression, creep

critical, eigenvalue, eigenmode
design

eff effective

i index

characteristic value

profile, buckling of a plane part of face profile
uniform load

snow, support (Ls = support width)
tension, time

ultimate

shear

wind, web

coordinates

N oo a6 o
—. a

§ <8 F»nwo0T K

e
<
N

basic value, unit width
external face, upper face
internal face, lower face

N — O
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Fig. 1.1 Definition of cross-section and material properties of a sandwich panel.
a) Thin-faced panel and

b) panel with profiled and/or thick-faces.



1.3 Definitions

Action

Accidental load

Additional layer

Ageing

Ceiling

Core

Creep

Degradation factor

Discrete core material

Durability
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a load or a temperature difference between the face layers, which

causes stresses and deflections in a sandwich panel.
an exceptional load, e.g. fire, explosion or impact.

fourth and fifth layers placed between the core and faces in order to
improve the fire behaviour of the sandwich panel.

the tendency for panels to suffer a change, most often a loss of strength,
with time. This is usually a consequence of the effect of moisture and
temperature on the core materials, adhesives and binders used during
manufacture.

a part of the roof structure generally mounted below the load bearing
frame inside the building. A ceiling may be subjected to access load.
Typically, the span is the distance between the main load bearing
frames.

the material between the inner and outer faces which forms the contents
of the sandwich panel.

the tendency for panels to suffer increasing deflection with time as a

consequence of viscous flow in the core material.

the ratio of the tensile strength of a core material measured in a
direction normal to the faces after accelerated ageing to the tensile
strength of the unaged material. These strengths should be measured
with the face material in place so that the value reflects both the
strength of the material itself and the bond with the faces.

a core material, which is not foamed in-situ. It is supplied in
finite dimensions, which are equal to or less than the dimensions of the
sandwich panel. Therefore, special attention is required at the
transverse joints between the parts of the core. Slabstock and lamellas

are typical examples of discrete core materials.

the ability of a panel to retain its strength with time in the presence of

climatic attack (moisture and temperature).



External wall

Face

Factored action

Fastening

Fully bonded panels
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a panel which forms the external wall of a building and which is
exposed to actions from the external climate such as wind, temperature
from sunlight etc.

the metal skin of the panel.

combination of loads or actions, which include load and combination
factors.

a point of connection between the sandwich panel and its supporting

framework. A fastening may incorporate one or more fasteners.

The core layer is bonded to the face layers through the whole surface
area between the face and the core. If the face is profiled, a core made
from slabstock is shaped to follow the face profile. If the core is built
up from several parts in the depth direction of the panel, i.e., from a flat
part and separate parts to fill the face profile, the individual parts shall
be bonded to each other over at least 90% of the whole area of their
joints.

In-situ foamed core material a core material, which is formed during the panel

Internal wall

Lamella

Lightly profiled face

production process so that the adhesion between the core and the faces
is established by the foam itself.

a panel which forms an internal wall within a building and which is not

subject to actions from the external climate.

a strip of mineral wool core material formed by cutting a laminar
mineral wool slabstock and turning it through 90° so that the fibres are
reorientated in a more favourable direction (i.e. at approximately 90° to
the faces).

a lightly profiled face contains rolled-in longitudinal profiling of up to
3 mm depth. A characteristic of light profiling is that the bending
stiffness of the face itself can be ignored relative to the bending
stiffness of the panel as a whole, so that the face may be treated as
though flat for the purposes of global structural analysis. However,
light profiling may be of significant benefit in enhancing the wrinkling
stress of the face.



Long term action

Micro-profiled face

Mineral wool

Permanent action

Profiled face

Repeated load

Sandwich panel
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an action of long duration whose long-term effect may cause time-

dependent changes in stresses or deflections (see creep)

a face layer containing a series of small longitudinal profiles made to
add texture for architectural reasons. From a structural point of view, a
micro-profiled face may be considered to be a special case of a lightly
profiled face. (see above)

an extrusion of molten mineral to form fine filaments which are bound
together using an adhesive binder. The term mineral wool includes

stone, glass and slag wools.

an action which is likely to act throughout a given design situation and
for which the variation in magnitude with time is negligible in relation
to the mean value, or for which the variation is always the same

direction (monotonic) until the action attains a certain limiting value.
a metal skin which has been cold-formed to give it bending strength.

a load whose intensity varies with time and where the effect of the

number of cycles of load cannot be neglected.

a composite construction of layered materials which comprises outer
facings of rigid material (usuvally sheet metal) and an adhesively
bonded lightweight core material(s) which provides the insulation and
other mechanical properties. This enables panels to achieve large

span/weight ratios with a high level of thermal insulation.

Self-supporting sandwich panel  see structural sandwich panel

Short term action

Slabstock

Structural ceiling

An action which acts for only a short period of time and whose long-
term effects may be neglected.

core material which is pre-formed into slabs of thickness equal to the
required depth of the core and then bonded to the faces using a suitable
adhesive. The length and width of a slab of core material are less than
or equal to the length and width of the sandwich panel.

the ceiling of an individual room inside a building and which is
designed to support foot traffic and/or permanent services and/or light
equipment.
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Structural sandwich panel a panel designed for use as an external wall or roof
element and subject to the usual requirements for wind load, snow load
etc. and also to full quality assurance.

Static load a load which rises from zero to some more or less constant value in

such a manner that the variation of load with time can be neglected.

Thermal bow the tendency of a sandwich panel to deflect as a consequence of a
temperature difference between its faces.

Thin faced sandwich panel a sandwich panel with flat, lightly profiled or
microprofiled faces. The depth of the face profile is less than 3 mm.
The bending stiffness of the face layer can be neglected in the static
analysis.

Thick faced sandwich panel a sandwich panel in which one or both faces have been
profiled and the depth of the profiling is more than 3 mm. If the
material thickness of a flat face is large, the sandwich panel may also
be classified to the group of thick faced sandwich panels, which is a
very rare case for metal sheet faced sandwich panels. The bending

stiffness of the face layer itself can not be neglected.

Variable action is an action which is unlikely to act throughout a given design situation
or for which the variation in magnitude with time is not negligible in

comparison with the mean value nor monotonic.

Walkability the ability of a roof or ceiling panel to resist access loads either during
or after construction. A typical access load may be caused by an

operative carrying a load across a roof or a ceiling.

Wrinkling flat or lightly profiled faces in compression tend to form a series of
buckling waves. As the load is increased, failure can take place when

one such wave folds into a wrinkle.
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2. SAFETY REQUIREMENTS AND DESIGN PRINCIPLES

2.1 General

It should be verified by means of statical analysis and/or testing that the following equation is
satisfied at both the ultimate limit state and the serviceability limit state:

S, <R, 2.1)
where S, :ZYFiWiSki (2.2)
Rk
Ry=— (2.3)
Y™
v¢ = relevant load factor according to 2.5.2.
ym = relevant material factor according to 2.5.3.
vy = combination coefficient according to 2.5.1
Sx = characteristic value of effect of an action
Ry = characteristic value of resistance at relevant limit state
Sq¢ = design value of the effect of the actions
Rg = design value of resistance at relevant limit state

Equation (2.1) shall be equally satisfied whether the design is carried out on the basis of
calculations (Chapters 3, 4 and 5) or using full-scale testing (Chapters 5 and 6).

2.2 Actions

2.2.1 Permanent actions

The permanent actions shall include the following:

(a) self weight of the sandwich panel (calculated from the nominal dimensions and mean
densities)

(b)  weight of any permanent components of structure which apply load to the sandwich
panel

(¢)  permanent imposed deformations, e.g. in cold stores located within the building
envelope due to the constant negative internal temperature or to pressure difference
(due to high differences of temperatures and to ventilation systems).

2.2.2 Variable actions
The variable actions shall include the following:
(a) Snow

(b) live loads (e.g. due to access to a roof)
(©) wind loads
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(d) climatic effects
(e) construction loads

Representative values of these actions are given in Eurocode 1 /Eurocode 1 1994/ and
National Application Documents.

Notes:

1. In roof and ceiling panels, access loads during construction and maintenance can
be significant and should be considered.

2. In the absence of an alternative loading requirement, it is recommended that the
characteristic value of the uniformly distributed load for roofs and ceilings is
qx = 0.25 kN/m?. In addition, a concentrated load of Fx = 1.2 kN shall be taken
into account in the design of ceiling panels.

3. Sandwich panels are not generally suitable for continuous foot traffic. The
influence of repeated foot traffic on the resistance of the panel has to be studied
case by case.

4, These rules cover the case of occasional access.

5. Further information on walkability is given in section 4.5.

Temperature gradients due to climatic effects may be considered to be short-term actions. The
influence of temperature should always be taken into account in elastic analysis but only in
plastic analysis when it is relevant. The temperature gradient results from the difference
between the outside temperature T) and the inside temperature T,. If National Standards do
not give values for the temperatures of the faces of the element, the following values for the
temperature of the outside face may be used:

The temperature T; of the outside face has a minimum Winter value of -10 °C in a
maritime climate (UK), -20 °C in Central Europe and -30 °C in the Nordic countries.
The temperature of the outside face of a roof panel with an overlying snow load is 0 °C.

The temperature T of the outside face has a maximum Summer value which depends
on the colour and reflectivity of its surface. For ultimate limit state calculations, Ty =
80 °C for all colours. For serviceability calculations, T may be taken as follows:

(1) very light colours, Rg=75-90, T;=+55°C
(i1) light colours Rg=40-74, T;=+65°C
(iii) dark colours Rg=8-39, T;=+80°C

where Rg = degree of reflection relative to magnesium oxide = 100%.



Page 15

Note: The temperature of the outside face of a roof panel with an overlaying snow depends
very much on the density and the moisture content of the snow and it may be much
lower than 0 °C,

Load-span tables may be based on any of the values of T; = 55°C (i), T; = 65°C (ii) and T; =
80°C (iii). If T; =55°C (i) is used, the designer should be sure, that the surface will retain its
original reflectivity for a long time, taking into account the soiling and ageing of the coating.

Examples of the colour classifications in the different groups are:

(1) grauweiss light grey
hellelfenbein light ivory

(i1) sandgelb sandy yellow
lichtblau light blue
reseda griin pale green
olivgelb olive yellow
olivgrau olive grey

(iii)  brilliantblau bright blue
nussbraun nut brown
anthrazitgrau anthracite grey

Comment: Examples of the colours indicating the face temperatures are informative, only.

The value of Rg can be obtained from data provided by the manufacturer of the coating.

In special cases, the value of Rg may be determined by testing (See references ECCA-T3
1985 and ASTM D2244-93 for the test method and the interpretation of the test data) and the
surface temperature T for the specific coating may be interpolated using

T, =55°C for R; =75

R, —40
T, =65°C~—2-—10°C for 40<Rg <75

R, ~15
T, =80°C-—2~—15°C for ISR, <40 and

T, =80°C for Ry <15

A more precise determination of the maximum surface temperature can be obtained on the
basis of the solar heat flow (depending on the location of the building and the orientation of

the sandwich panel) and the coefficient of the solar absorption (o) as measured according to
ASTM E903-96 and EN410 1998.

If ventilated curtain walls are placed in front of a sandwich panel wall, T1 may be reduced to a
value of not less than +40 °C (depending on the degree of shading) for both ultimate and
serviceability calculations. Depending on the transparency of the curtain wall structure, and
the air flow between the outside face and the curtain wall, the temperature of the outside face
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may either increase or decrease in comparison to the temperature of similar faces without the

curtain wall.

In general, the temperature T, of the inside face may be taken as +20 °C in Winter and +25 °C
in Summer for both ultimate limit state and serviceability limit state calculations.

In special situations, where a defined ambient temperature is maintained (e.g. buildings with
air conditioning, cold stores. etc.), T is the ambient operating temperature.

Comment:  Temperatures higher than those given in Section 2.2.2 may be required in
Southern Europe. With an adverse combination of such factors as colour, air
temperature, altitude and orientation, temperatures in excess of 90 °C are not
unusual.

2.2.3 Long-term effects

Shear creep of the typical core layers used in sandwich panels causes additional deflections
and, in general, also changes in the distributions of stress resultants in the course of time.
Changes in stresses and deflections caused by the shear creep shall be taken into account in
design. In principle, the influence of the shear creep has to be considered as an action in both
the ultimate and serviceability limit state calculations.

2.2.4 Impact and dynamic actions

In buildings where impact or vibration may occur, these actions should be given special
consideration. This is done usually by testing in accordance with National Standards.

Impact loading tests are generally applicable to internal and external wall panels located
where they may be exposed to impact loading, for example at ground floor level in buildings
accessible to the public. They are intended to simulate the performance of the panels when
subject to accidental or intended impacts, for example, objects thrown or kicked against them
or accidents involving people or items pushed or falling against them.

2.3 Limit states

2.3.1 Ultimate limit state

The ultimate limit state corresponds to the maximum load carrying capacity and is
characterised by the following failure modes, either individually or in combination (Fig. 2.1):

(a) yielding of the face with consequential failure

(b) wrinkling of the face with consequential failure

() shear failure of the core

(d) shear failure of a profiled face

©) crushing of the core or a profiled face at a support or in contact with a line load
® failure of the fasteners
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(2) failure of the element at the points of attachment to the supporting structure

Modes (b), (c) and (g) may be influenced by considerations of durability.
2.3.2 Serviceability limit state

The verification of serviceability limit states ensures the proper functioning of the elements.
The serviceability limit state is characterised by one of the following:

(a) yielding of the face layer at a single point without consequential failure

(b)  wrinkling of the face layer at a single point without consequential failure

(c) shear yielding of the core layer at a single point without consequential failure
(d)  shear failure of a profiled face

(e) crushing of the core or a profiled face at a support or in contact with a line load
63) failure of the fasteners

(2) failure of the element at the points of attachment to the supporting structure

(h)  the attainment of a specified limiting deflection

For roof panels and ceilings, the deflection caused by the short-term loads should not exceed
the value span/200. Correspondingly, the long-term deflection of roof panels and ceilings
including the effects of creep should not exceed the value span/100. For wall panels, the
deflection should not exceed the value span/100. In special cases there may be other
considerations in the design of sandwich panels, which necessitate more stringent deflection
limits.

Comments:  The short term deflection denotes the combination in which no creep effects are
included. It may include deflections caused by both short-term and long-term
loads and, therefore, it represents the initial deflection. The long-term
deflection consists of the short term deflection plus the additional deflection
caused by the shear creep. It is not correct to associate the short-term deflection
with deflection caused by the short-term loads only and the long-term
deflection with deflection caused by the long-term loads only.

During testing, yielding or wrinkling may be recognised by the presence of
residual deflections (see Sections 5.2.8 and 5.2.9).




a) Tensile or compressive strength of the face by yielding...

a.1) ...at mid span a.2) ...at intermediate support

b) Wrinkling strength of the face...

b.1) ...at mid span b.2) ...at intermediate support

¢) Shear strength of the core

c.1) ...in span : c.2) ...at intermediate support
d) Shear strength of the profiled face

shear buckling waves

I ¢ ? ? ,T\ ,t\ shear buckling waves'

d.1) external face profiled d.2) internal face profiled

e) Strength of core and face on the support

| AAAA A ~

e.1) Compressive strength of the core on the support e.2) Support reaction capacity of the profiled face

f) Strength of the fastener

VY Vv y

g) Strength of panel at the point of fastening

Fig. 2.1 Failure modes in sandwich panels and fastenings.
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2.4 Combination rules

2.4.1 Combination of the effects of actions for the ultimate limit state

For each load case, the design value for the effects of actions shall be determined from
combination rules involving the effects of separate actions, load factors and combination
coefficients. In Eurocode 1 /Eurocode 1 1994/, three combinations of the effects of actions
for the ultimate limit state design are given. The combination, as given in Table 2.1 and in
equation (2.4), corresponds to the combination of persistent and transient actions. The second
and third combinations in Eurocode 1, i.e. the combinations for accidental and for seismic
design situations, are not relevant for the sandwich panels typically used to cover walls and
roofs in buildings.

Permanent actions Gy Variable actions Qq

(self-weight etc.) Dominant with its Others with their
characteristic value combination value

Yo Gk Yo Qu Yai Woi Qui

Table 2.1 Design values of effects of actions for use when combining actions for the ultimate
limit state /Eurocode 1 1994/.

The design values in Table 2.1 shall be combined in the following way:

Se =Gk +1@Qu ‘*‘ZYQi\Vkai (2.4)

i>]

where Gy characteristic value of the permanent action

Q1 = characteristic value of the dominant variable action

Qi = characteristic value of the non-dominant variable action 1 (i>1)
Yc = partial safety factor for the permanent action

vqgi = partial safety factor for the variable action i

Woi = combination coefficient of a variable action i (Table 2.3)

Comment: The design equation (2.4) is based on a rare combination of actions (See also the
comment in section 2.4.2).

2.4.2 Combination of the effects of actions for the serviceability limit states

The combination of actions to be considered for serviceability limit states depends on the
nature of the effects of the actions being checked, e.g. irreversible, reversible or long term. In
Eurocode 1 /Eurocode 1 1994/, three combinations of the effects of actions for the
serviceability limit state design are given. The first and second combinations, designated by
the representative value of the dominant action, are given in Table 2.2 and in Equations (2.5)
and (2.6). However, the second (frequent) combination has been modified to correspond to
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the real combination of actions to which typical sandwich panels are exposed. The third
combination in Eurocode 1 is the quasi-permanent combination, which is not relevant in the
design of sandwich panels. The load factors yg and yq are taken as 1.0 except where specified
otherwise.

Combination Permanent actions Gy Variable actions Qg
Dominant Others

Characteristic (rare) Gy Q1 Woi Qxi

Frequent Gy Wi Qu Woi W1i Qi

Table 2.2 Design values of effects of actions for use when combining actions for
serviceability limit states.

a) Characteristic (rare) combination (for resistance at intermediate supports):

Sy = Zij +Qy "“Z\Vkaa (2.5)

jz1 i>1
b) Frequent combination (for deflections):

Sy = Zij + ¥ Qu +ZW0iW1iQki (2.6)

21 >l

where

Wi = combination coefficient of a variable action i (i>1) to be used in characteristic and
frequent combinations,

V11 = combination coefficient of the dominant action effect Qx; to be used in frequent
combinations and

V1i = combination coefficient of the other action effects Qy; (i>1) to be used in frequent
combinations

Other notations are defined in 2.4.1. Values for combination coefficients yo; and yy; are given
in Table 2.3.
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Comments:
1. The ultimate limit state is always verified for all realistic combinations of permanent
and variable actions (Table 2.1, Equation 2.4). The serviceability limit state is verified
for characteristic or frequent combinations (Table 2.2, Equations 2.5 and 2.6).

2. Variable actions are defined on the basis of a statistical evaluation and characteristic
values are chosen on the basis of a return period of (say) 50 years. The possibility of
two such extreme events occurring simultaneously is remote. Therefore, equation 2.5
applies to these very rare combinations of high values of, for example, wind, snow and
temperature. Conversely, equation 2.6 reflects the fact that a less extreme combination
of wind, snow and temperature, acting together with permanent load, is a more
frequent occurrence.

3. The following variable actions have to be considered for sandwich panels:
- wind
- temperature
- snow (for roofs only)
- concentrated (access) loads during construction and maintenance (for roofs and
ceilings).

Unless directly evident (as, for example, in the case of snow load for roofs), it is
necessary to determine which action has the largest action effect.

4. For verification in the ultimate limit state, the dominant action effect shall be

multiplied by yq and all other action effects by yq yo . This calculation is always done
with the characteristic (rare) combination of actions.

5. For verification in the serviceability limit state, bearing in mind the consideration of
deflection, it is recommended that frequent combinations (Equation 2.6) should be
applied for roof and wall panels.

6. When checking the resistance at an intermediate support for the serviceability limit
state, such as wrinkling of the compressed face or shear of the core or profiled face or
crushing of a face profile, it is recommended that this limit state should be checked
under the characteristic (rare) combination of actions (Equation 2.5).

2.5 Combination coefficients and safety factors

2.5.1 Combination coefficients

Values of the combination coefficients y, and y, defined in 2.4.1 and 2.4.2 are given in Table
2.3. These values have been modified from the y-values given in Eurocode 1 /Eurocode 1
1994/ to take account of the particular requirements for sandwich panels. These may be used
in the absence of national regulations.



Page 22

Snow Wind Temperature
Wo 0.6 0.6 06/1.0"Y
v 0.75/1.02 0.75/1.0? 1.0

D Coefficient Yo = 1.0 is used if the Winter temperature T; = 0°C is combined with snow.

2 Coefficient y; = 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 the sole snow load or the
sole wind load, alone.

Table 2.3 Values of combination coefficients yo and y; (modified from Eurocode 1 1994).

Comment: Because the geographical and meteorological conditions vary considerably within
Europe, the values of combination coefficients in section 2.5.1 can only be
regarded as indicative values.

The value of the combination coefficient y; <1 is based on the fact, that the
characteristic values of snow and wind loads in the design are extreme value loads
with a long return period. Because the deflections, if they can arise freely, do not
cause any damage to the panel, a lower load than the characteristic snow or wind
load can be used in the design for deflections. Where large deflections may cause
damage to the sandwich panel or to other parts of the structure, a higher value than
vy = 0.75 should be used in the frequent combination.

2.5.2 Load factors

The load factors yr are given in Table 2.4. The factor for permanent actions in parenthesis
shall be used if the effect of the action is favourable. The values of the load factors given in
Table 2.4 may be taken as indicative only and may be used if no relevant values in National
Standards are available.

Ultimate limit state

Serviceability limit state

Permanent actions G 1.35 (1.00) 1.00
Variable actions 1.50 1.00
Creep effects 1.00 1.00

Table 2.4 Load factors yr /Eurocode 1 1994/.
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Comments: The following expressions are examples of the load combinations for sandwich
panels to be used in the verification at the ultimate and serviceability limit states.
The expressions have been given in detail in order to illustrate typical
combinations which often determine the design of lightweight sandwich panels.
The expressions given in the list do not necessarily, especially in the case of
sandwich panels with profiled faces, cover all of the combinations which may be
needed in the design. The designer has to study all of the combinations which
may be critical and determine the potential failure modes for the specific case.

For verification in the ultimate limit state, typical design values of action effects
for roof panels are (Eq. 2.4)

S¢ =135-G +150-(Qypy + Qremp) +150-0.6-Qying (Winter, Ty = 0 °C, short-term)

Sq =135-G+150-(Qgoy + Qremp) +1.50-0.6- Qg +1.00-(Gpe,, + Qsnow.creep ) (Winter,
T1 =0 °C, long-term)

Sq=10-G+150-Qq,, +150-06- Qyyy  (uplift; Summer temperature Tj, temperature
dominant)

S¢ =10-G+150-Qyyy +150-0.6- Qq,, (uplift; Summer temperature T; , wind dominant)

and for wall panels

Sq¢ =150-Qypq +150-0.6-Q,,, (Wind dominant)
Sq =150-Qr,p, +1.50-0.6-Qyy,y (temperature dominant)

For verification the deflection in the serviceability limit state typical design
values of deflections for roof panels are (Eq. 2.6)

Wy =wg +10-wg . (Winter, short-term)

Wy =(WG + WG creep) T 10 (Wgpow + Wnow.creep)  (Winter, long-term)

Wg =Wg +1.0-Wre,, (Winter, Ty =-10/-20/-30 °C, short-term)

Wyg =Wg +0.75 - wgy,,, +1.0-10- wp,,, (Winter, T, = 0 °C, short-term)

Wy =Wg +0.75 - W, +1.0-10- Wrgy, +0.6-0.75- wyy (Winter, Ty = 0 °C, short-term)

Wa = (WG + WG creep) + 075 (Wsnow *+ Wnow creep) +1:0-1.0- W (Winter, T1 = 0 °C, long-
term)

Wd = (WG + WG,Creep) + 0.75 . (WSHOW + WSnow,Creep) + 1.0 N 1.0 . WTemp + 06 * 0.75 . WWind (Wil’lter,
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T, =0 °C, long-term)

Wy =Wg + 10 Wrgy, +0.6-0.75-wy,,y (Summer temperature T, , temperature dominant)

Wy =Wg +0.75 Wypg +06-1.0- Wy, (Summer temperature T, , wind dominant)

and design values of deflections for wall panels

wy =10 Wy, (wind only)

Wy =075 Wy +06-1.0-wp - (wind dominant)

wy =10 Wy, +06-075-wy,, (temperature dominant)

When checking wrinkling (orq) over an intermediate support, typical design
values of the compressive stresses in the face of a roof panel are for the
serviceability limit state the following (Eq. 2.5). Similar combinations may
determine the shear failure of a core (tcg) or of a profiled face (tpgq) at an
intermediate support or the crushing failure of a core (cccq) or profiled face
(F4) on an intermediate support or in contact to a line load for the serviceability
limit state.

=G + Qgpow +1.0 Qe +0.6- Qg (Winter, Ty = 0 °C, short-term)

= (G + GCreep) + (QSnow + QSnow,Creep) +1.0- QTemp +06- QWind (Winter’ T,=0 OC’ lOIlg-

term)

=G+ Qreyp +0.6-Qyyyyq  (Summer temperature T, , temperature dominant)

=G + Qying +0.6-Qrep, (Summer temperature Ty , wind dominant)

and of a wall panel

= Qying *+06-Qrep, (Wind dominant)

= Qemp +0.6- Qg (temperature dominant)

In the above expressions, terms with subscripts Snow, Wind and Temp represent
the action effects which are caused by the characteristic snow, wind and
temperature loads. The terms G,Creep (or Creep) and Snow,Creep describe the
action effects caused by the shear creep of the core layer under permanent loads
and snow load respectively.

For more details see Ref. / Lightweight sandwich construction 2000/
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The material safety factors yv for ultimate limit state and serviceability limit state verification
are given in Table 2.5. These should be taken as indicative only and may be used if no

relevant values in National Standards are available.

Ultimate limit state

Serviceability limit state

yielding of a metal face (clause 4.3.1)

wrinkling of a metal face in the span (clause
4.3.2.2)

wrinkling of a metal face at an intermediate
support (interaction with support reaction,
clauses 4.3.2.3 and 4.4.1)

shear of the core (clause 4.3.3)
shear failure of a profiled face (clause 4.3.4)
crushing of the core (clause 4.3.5)

support reaction capacity of a profiled face
(clause 4.4.2)

failure of a fastener (clause 4.3.6 and Chapter 7)

failure of an element at a point of connection
(fastening) (Chapter 7)

1.1
1.25

1.25"

1.25
1.1
1.25
1.1

1.332
1.332

1.0
1.0

1.1

1.0
1.0
1.0
1.0

1.02
1.02

1. The material factor for wrinkling at the ultimate limit state is needed if the design is
based on elastic analysis or if a non-zero bending resistance at intermediate supports is

utilized in a design based on plastic analysis.

2. If the characteristic value of the strength of a fastening is not based on a sufficient
number of tests for a statistically reliable value to be obtained, higher values of the
material safety factors should be used (see 5.2.18).

Table 2.5 Material safety factors yy

Note: The total safety factor (load factor times material safety factor) with respect to the
failure modes in which the properties of core and bond play an important role should
be approximately 2. It is important to bear this in the mind if different material safety
factors than those given in Table 2.5 are used /Lightweight sandwich construction

2000/.
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3. CALCULATION OF THE EFFECTS OF ACTIONS

3.1 General

The design of sandwich elements consisting of two metal faces and a plastic foam or mineral
wool core must be preceded by the determination of the internal stress resultants. This
requires calculations in which some unusual features must be considered which do not
generally occur with other forms of construction. The most important distinguishing feature
is that the core is generally so flexible that the influence of shear deformation cannot be
neglected in the determination of the stress resultants. In contrast to the classical bending
theory for the calculation of composite sections, the Bernoulli hypothesis of plane sections
remaining plane is not valid for the complete cross-section but only for the individual
components of the section.

A constant value of the shear modulus of the core, corresponding to an average value at
normal indoor temperature, may be used for all basic calculations including the calculation of
stress resultants and deflections. The shear modulus shall be based on tests on the particular
sandwich panel product (see Section 5.2.4).

It may be assumed that, for the range of deformations to be considered, the materials of the
core and faces remain linearly elastic. It can also be assumed that the extensional stiffness of
the core is so small in comparison to that of the faces that the influence of longitudinal normal
stresses in the core may be neglected. The load bearing capacity of a sandwich panel can
then, in general, be divided into two components (Figs. 3.1 and 3.3).

€)] For bending moments:
into a moment component Mr in the metal faces and a moment component Mg (the
sandwich part) arising from the normal forces Ny, and N, in the faces multiplied by
the lever arm e

2) For shear forces:
into a shear force component Vi in the faces and a shear force component Vs in the
sandwich part of the section.

If the faces of a sandwich panel are thin and flat or they are lightly profiled, the bending
stiffness of the faces ( Bp; = Er; Ig1 , Bp2 = Epp Iry ) is small and has a negligible effect on the
stress distributions and deflections of the panel. In that case, the bending stiffness of the faces
can be neglected (Br; = Brz = 0) in the analysis and the calculations can be based on the stress
resultants Mg, Nrj, Np, Vs, only (Figs. 3.1 and 3.2, Egs. 3.1 and 3.4).

Normal forces Np; and Np; cause a uniform compressive and tensile stress distribution over
the external and internal faces, while the bending moments My; and My, result in normal
stresses which vary linearly over the depths of the faces. Local buckling of a compressed web
of a face profile make the normal stress distribution in the face nonlinear. The shear force Vg
causes a constant shear stress distribution ¢ over the depth of the core, when the compressive
and tensile rigidity of the core layer in the longitudinal direction of the sandwich panel is
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ignored. The shear forces Vg and Vg, cause shear stresses Tr; , Tr in the face layers with
non-vanishing bending rigidity. These shear stresses tg; , T2 can be assumed to be a constant
over the depths of the webs of the metal face profiles (Figs. 3.2 and 3.4, Eqs. 3.2, 3.3 and 3.5).

Np,
Fig. 3.1 Stress resultants in a thin (flat or lightly profiled) faced sandwich panel. In thin
faced panels, the bending stiffness of the faces can be neglected (Br; = Bp, = 0). The stress
resultants in the cross-section arte M =Mg=¢ Ngy =e Np and V = Vg,

Op

Fig. 3.2 Stress distribution over the cross-section in a thin faced sandwich panel.

NFI VFI MF]
<~y 3
\l/Vs 5 Mg
— | Y
| ! NF2 VFZ MFZ

Fig. 3.3 Stress resultants in a thick faced sandwich panel. In thick faced panels, the bending
stiffness of the faces can not be neglected (Bp; + B, # 0). The stress resultants in the cross-
section are M = Mg + Mp; + Mg and V = Vg + Vg1 + Vs .

Op Or11 Tr
2+% =9 o H

O Tc
B+ = W H
Op Op Tr

Fig. 3.4 Stress distribution over the cross-section in a thick faced sandwich panel.
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M M
Oy =Op — 2 dy , Oy =0p +_I_F2‘d22 (3.3a,b)
F2 F2

Vs

Tc = B (3.4)
V, V.

Ty ==, Ty =——— (3.5a,b)

n; s, t n,8,, t,

In the above expressions, Ar; and Ap, are areas of the cross-sections of the faces, Ir, Irp
second moments of the areas of the faces, sy = di/sin(¢;) and s,y = da/sin(¢,) lengths of the
webs of the profiled faces and n; and n, numbers of the webs in the profiled faces in the panel
width B. Other symbols are introduced in Figs. 1.1 and 3.1 - 3.4.

Based on the structural properties, static system, span widths and the loads of the panel, the
stress resultants Mg, Mgi, Mg, Nr1, Ng2, Vs, Vi and Vg, and deflections can be determined
using analytical or numerical methods. The basis of the available methods is discussed in
Appendix A. In clauses 3.4 and 3.5, results for some loading cases are given based analytical
and approximate methods. Further information concerning the analytical, numerical and
approximate methods and solutions for different static systems and loading cases are given in
the references.

Comment: Solutions to simply supported thin and thick faced sandwich beams exposed to
external and internal loads can be found in references /Allen 1972, Stamm & Witte
1974, Hartsock & Chong 1976/. Approximate solutions based on simplified theory
of sandwich beams are presented for instance in reference /Walfel 1987/.
Numerical methods and results for more complicated loading cases based on
general and exact finite elements are introduced in references /Schwartze 1984,
Davies 1986, Heinisuo 1988/. Numerical methods are especially used to find
solutions for continuous multi-span sandwich beams with thick (profiled) faces.
The static behaviour of thin and thick faced sandwich panels can be simulated
using finite element programmes developed for general purposes. Many modern
finite element programmes contain 3-d shell elements, which include deformations
due to membrane, bending and shear effects. These enable the analysis thin faced
sandwich beams, plates and shells to be carried out. In references /Berner 1998
and Lightweight sandwich construction 2000/ additional tables and graphs are
given with which to determine the stress resultants and deflections for some typical
static systems and load cases for practical design.
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3.2 Static system, geometry and thickness

The static system used in the calculation of sandwich panels shall be in accordance with the
number and location of supports in the practical application for both pressure and uplift loads.
The lengths of spans are generally determined as being the distances between the mid-lines of
the supports. Sandwich panels are usually assumed to rotate and to move axially on the
supports without restraint, thus corresponding to ‘simple’ support conditions between the
sandwich panel and the support. If partial or full rigidity against the rotation at supports is
utilized in design calculations, the validity of the assumption shall be verified experimentally.

Dimensions which are of significance for the static behaviour and resistance, such as the
depth and width and the dimensions of the face profiles, shall correspond to the actual
dimensions of the sandwich panel product in question. If nominal dimensions are used in
calculations, the real dimensions shall agree with the dimensions used in the calculations
within close tolerances.

The thickness of the metal sheet in the faces has a dominant influence on the bending stiffness
and resistance of the sandwich panel. It is recommended that the design thickness of the steel
sheet is taken as tq = tyom - € zine - 0.5 tio1 , Where t,0m 18 the nominal thickness of the steel
sheet, t, the total thickness of the two zinc layers and ty the normal minus tolerance
according to EN10143. The design thickness of other metal facing sheets, such as those made
of aluminium, stainless steel or copper shall be determined so that they represent statistically
reliable minimum thickness values. For these materials the design thickness is recommended
to be taken as tgy = tpom - 0.5 tio1 . In all equations in this document, the design thickness is
denoted by t.

Notes:

1. EN485-4 “Aluminium alloys - sheet strip and plate-Part 4: Tolerances on shape and
dimensions for cold-formed products” gives values of the thickness tolerances for
aluminium sheets and EN10259 “Cold-rolled stainless steel wide strip and plate/sheet -
Tolerances on dimensions and shape” for stainless steel sheets.

2. Other tolerances on geometry etc. are given in the draft CEN standard for sandwich
panels, prENxxxx (no standard number available at the time of drafting these
Recommendations)

3.3 Methods of analysis

The following methods of analysis may be used:

(a)  elastic analysis
(b)  plastic analysis

Elastic analysis should always be used for the serviceability limit state and may be used for
the ultimate limit state. Plastic analysis is only applicable to the ultimate limit state and may




Page 30

be used whenever the design is controlled by bending stresses at an internal support. Plastic
analysis should not be used when the first failure mode is a shear failure of the core, unless
the core material has adequate plastic shear capacity (Section 4.4.3).

3.3.1 Elastic analysis

The action effects S (bending moments, normal and shear forces) resulting from the
combination of all actions applied to the sandwich panels may be found by using the theory of
elasticity taking into account of the shear flexibility of the core material. References to
suitable methods of analysis are given in Chapter 8.

Equation (2.1) shall be satisfied along the whole length of the structural system.
3.3.2 Plastic analysis

The bending moment distribution at the ultimate state in a continuous sandwich element may
be chosen arbitrarily, provided that the internal stress resultants are in equilibrium with the
actions, which shall be equal to or higher than the most unfavourable combination -of factored
actions, and that the internal stress resultants nowhere exceed the plastic resistance of the
cross-section.

In plastic analysis calculations at the ultimate limit state, a continuous multi-span sandwich
panel may be replaced by a series of simply supported panels with zero bending resistance at
intermediate supports. In this calculation model, stresses caused by the temperature
difference between the faces vanish in sandwich panels with flat or lightly profiled faces.

If the inelastic moment of resistance of the sandwich panel at the relevant rotation is known,
the bending moments at the internal supports may be chosen to be equal to this inelastic
moment of resistance with a material factor according to Table 2.5. Otherwise, hinges of zero
bending moment capacity should be assumed at the supports.

3.4 Sandwich panels with plane or lightly profiled faces

In sandwich panels with flat faces or with faces which are only lightly profiled, the bending
stiffness of the faces can be neglected in comparison with the bending stiffness of the
sandwich part of the cross-section. No division of the global stress resultants into
components is therefore necessary. The total bending moment is carried by normal forces in
the faces and the total shear force by shear stresses in the core.

3.4.1 Single span panels

The static behaviour of single span sandwich panels is illustrated by the determination of
stress resultants and deflections caused by a uniformly distributed load and a temperature
difference (stress resultants per unit width).
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A2 2 . 2| M =M, =0, Vi, =V, =0
A V1O
; M, qL’ qL
l L l MS:: 8 9VS_ 2
T T

In the determination of the deformations, however, the shear deformation of the core must be
taken into account. The deflection at mid-span under load q is

5 qL* 16
= e —
V=384 B, ( i k)

3B B. = EnAnEnArx 9_2_
L GeAs’ ’ EpAp +EpApn B

where k= Ag =e

G is the shear modulus of the core material. The flexural rigidity Bs and the area of the core
Ag are given per unit width. In the expression for B the parameter B denotes the width of the

panel.

An unequal temperature extension in the faces does not give rise to any additional stresses.

My =My, =0, Ve = Vg, =0

T, M.=0, V.=0
TL L S > ¥g

e

Under a temperature difference AT = T, - Ty, the deflection at mid-span is

or
V=g

Op, T, —ap T,

where 0=
e

3.4.2 Continuous multi-span panels

With continuous sandwich panels (multi-span panels), the shear flexibility of the core gives
rise to smaller moments at the internal supports than would arise with a shear-stiff connection
between the faces. The unit load method of elastic analysis gives rise to the following
equations.

The static behaviour of continuous sandwich panels is illustrated by the determination of the
bending moment, support reaction and shear force at mid-support and the deflection in the
spans caused by a uniformly distributed load and a temperature difference on a continuous
two-span sandwich panel (stress resultants per unit width).



The point of the maximum deflection depends on the shear flexibility (parameter k) and varies
between Xmax = 0.375 L and 0.5 L for two-span sandwich panels with equal span lengths. The
following expression gives an approximate upper bound value for deflection.

1 gL' 026+2.625k+2k’
48 By 1+k

3B,

In these expressions k = TG.A. G.Aq

Mg, =My, =0, Vi =V, =0

e . S Tl - M. = 3Bse__1__.
om E# T moll ST 2 14k’

| L | L | 3B, 0 1
¢ ¢ ¢ F, = _—,
A L 1+k
F
2
v _,3Bs6 1
ST 2L 1+k

An approximate upper bound value for deflections at mid-span (x = L/2) of a two-span
sandwich panels with equal spans is

_ 81”1089 +396k
T 32 1+k

w

3B,

where 0 is defined in section 3.4.1 above. k= m
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3.5 Sandwich panels with strongly profiled faces

When the bending stiffness of a face in a sandwich panel cannot be neglected, the panel is
itself statically indeterminate in addition to any global structural indeterminacy that may be
present. Explicit solutions are given in the references for a few simple cases but, in general,
numerical methods of analysis, e.g. the finite element method, are required.

3.5.1 Single span panels

The exact analytical solution and an approximate solution introduced in the reference /Wolfel
1987/ for a simply supported sandwich beam with strongly profiled faces or with faces having
large material thickness and loaded by an uniformly distributed load are given in the
following table. The stress resultants are defined per unit width.
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Approximate solution

ql? 1 8
Mg = —“—*—T&-{:l ——'}Ffl().):l

8 1
ql’ a, 1 ]
M, = 8
=g 1+OL|:1+ a Al fl(x)_
ql’ a, 1 |
M —
F2 8 1+ [1—}-8“7\‘2 fl()\')_

2 1+a Al
ql «, 2
=4 ]
V=2 2 1+a[l+akf2(x)J
ql «, 2
V., =+ =
=T, 1+a(1+axfzm)
_ql'| 5 1 ( 8 j
~ B [384+8a73 7 h @)
Where
B B
OL1=B—FS1 a2=~§5:’—
_ By + By
a=0,+a, = B
k=L\/ B G.Aq
BF1+BF2 BS
and
f(A\)=1- f,(A) = tanh(2/2)

cosh(k/ 2)

qL?
M = (1-B,)
qL?
8

My =B, Bq

B - BFI B — BFZ
1 BFI +BF2 2 BFI +BF2
BFI +BF2

B, = .

By + B, + 7/

1+kq
9.6B¢

kq ==

L"G.Aq

In the above expressions
B =B + Bp, + Bs
_ EpAnEnAg ?_2_
° EFlAFl +:EFZAFZ B

the flexural rigidity of the panel

the bending stiffness of the sandwich part of the cross-section.

In the expression for Bs, B is the overall width of the panel
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Br1 = Ep Ip and Bp; = Ep, Ig, are the bending stiffnesses of the upper and lower face,
respectively. Gc is the shear modulus and Ag = e the area of the core. The structural
properties are defined per unit width.

The approximate solutions have been developed for manual calculations for typical loads and
spans. The face stresses given by the above approximate expressions are sufficiently accurate
for practical purposes. The approximate expression for the shear force Vg is less accurate.

The exact analytical solution and an approximate solution presented in the reference /Wolfel
1987/ for a simply supported sandwich beam with strongly profiled faces or with faces having
large material thickness, exposed to an unequal temperature extension in the faces, are given
in the following table. The stress resultants are defined per unit width.
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Exact solutions Approximate solutions
0B
M, = —o—2£,(3) M, = —(1-B;)(By, +By,)0
l1+a
o,0B
Mg = l]+ ons ) M, :B1(1_BT)(BF1 +BF2)9
o,0B
Me, = 12+ocS fi(e) My, =B, (I—BT)(BFl +BF2)9
V= F85 g
s (XS}\aL 2( )
Vo =t o, 0B £
BT T aag AL
Vo, =+ o, 0B £ 00
27 T oo AL 2
9L2 1 8 eLZ
o) w=g(1-81)
Where where
o =2 _Bn B __Bn B __Ben
' By ? Bg ' By +Bg > By +Bp,
By +B B B; +B
a=o, 0, = FIB F2 S:LZGSA BT= F1 FzBS
S ¢ s BF1+BF2+1 k
x—L\/ B GA, . + Ky
BFI +BF2 By kT =_2__.__§...._
L"G.Aq
and
f(A)=1—————= f,(A) = tanh(1/2
1(A) cosh(k/2) (M) ( / )

B = B + B + Br, is the flexural rigidity of the panel

The term 9 is defined in Section 3.4.1 above.

The approximate solutions have been developed for manual calculations for typical loads and
spans. The face stresses given by the above approximate expressions are sufficiently accurate
for practical purposes. The approximate method does not give solutions for the shear forces in
the core and faces.




Page 37

3.5.2 Continuous multi-span panels

This section describes how multi-span thick-faced sandwich panels may be designed by
calculation. However, more favourable results may be obtained by designing on the basis of
tests as described in Chapter 6.

The stress resultants and deflections of continuous thick faced sandwich beams can be
determined analytically for the most important simple cases, as shown in the following
examples. However, in many cases (e. g. panels with unequal spans) the expressions become
relatively complicated and require either the design charts introduced in the reference /Berner
1998/ or computer software to find numerical solutions for practical design.

The static behaviour of continuous sandwich panels is illustrated by the determination of the
bending moment, support reaction and shear force at mid-support caused by a uniformly
distributed load and a temperature difference between the faces on a continuous two-span
panel (stress resultants per unit width).

The exact analytical solution /Stamm 1984/ together with an approximate solution /Berner
1998/ for two-span panels in which one face is strongly profiled or has large material
thickness [the upper face (No. 1) in this example] and which loaded by a uniformly
distributed load, is given in the following table.

Comment: The graphs have been produced for manual calculations. The graphs themselves
are exact. The only approximation is in transforming the graphical information
into the numerical form.
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4(1+a)+12B|1- x in the graphs in Fig. 3.5.
€
=]
€, 5
1 (_8..1_) . tanh() _l_+ cosh(A) -1
s Trall2 » )27 2 cosh())

B B B, +B
oc1=B—FS1 o, = BF: oc=oc1+oc2=———~——FlBs L
— BS A= lﬂ
P=3517 VB

tanh(A) ) 1) cosh(d)-1
TTon )72 T an cosh(A)

|

In graphs
B S
k=30

By =By +BF2 = EFIIFI + EFZIF2

In the above expressions

Bri = Ep; Irr is the bending stiffness of the upper face (face No. 1)

— EnAnEnAp i
’ EnAp +EpAp B

S = G¢ Ag , Ge 1s the shear modulus and
Ag = e the area of the core.

B is the overall width of the panel in the expression for B

The structural properties are defined per unit width.

is the bending stiffness of the sandwich part of the cross-section
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Fig. 3.5 Parameters Boq and Bsq for two-span sandwich panels with equal span lengths.
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The exact analytical solution /Stamm 1984/ and an approximate solution /Berner 1998/ for
two span sandwich panels with one strongly profiled face or one face with large material
thickness (in the example the face No. 1), exposed to an unequal temperature extension in the

faces, is:
i——
o ~AK7T II:/[/IS T ¢ N
1 L J Fl L

T T

Exact solutions

Approximate solutions

Mg =-¢,0B;
My, =¢4, 6B
0B,
F, = ¢ L
P - 0B,
1 *86 L
Where
cosh(A) —1
3(1 1-2————~
( +a)( A cosh(%)j
gy =
tanh(A
1+“+3B@“'ax()j

€
€ = —

2
1 cosh(A) -1 (&, tanh(A.)
&= 1+0L(OL cosh() _(—2—j(1w A D

o, [l1-cosh(h) (e, tanh()
88”:1+oc( cosh(1) —(?j(l-l_ oA D

parameters o , o and A are defined in section 3.5.2 above

1
M,=|—-1M
S (BOT j Fl

MF] = "BST eBD
where
BD = BF]

Values for B, and By, are given
in the graphs in Fig. 3.6

In graphs
B S
k=30

Bp and B and S as in the

previous table

The parameter 0 is defined in section 3.4.1 above.
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Fig. 3.6 Parameters Bor and Bgsr for two-span sandwich panels with equal span lengths.
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3.6 The influence of time on shear deformations of the core

Typical core materials, especially the plastic foams, are visco-elastic materials in which the
deformations increase in the course of time even if the loads remain constant. In the core,
long-term loading causes shear creep which may be considered as a reduction in the shear
modulus G¢ of the core.

In general, the reduced value of the shear modulus G¢; should be determined for a time period
of 2000 hours for snow load in Central Europe and 100000 hours for permanent actions (dead
load). In the absence of test results, Gy may be taken as

B I+o,

(3.6)

Ge

where @, = creep coefficient.

For rigid plastic foams (PUR, EPS, XPS)

¢ = 2.4 fort=2000 hours
7.0 for t = 100000 hours
For mineral wool
¢ = 1.0 fort=2000 hours

2.0 for t = 100000 hours.

More favourable values of the creep coefficient are likely to be determined by test and a
testing procedure for shear creep is given in Chapter 5. The evaluation of the test results is
described in Appendix B. The influence of the shear creep on the stress resultants is studied
in Fig. A4 in Appendix A. If ¢ is less than 0.5, creep effects may be neglected in thin faced
sandwich panels, i.e., in panels with flat or micro or lightly profiled faces.

Comments:

1. For snow load in central Europe the determination of ¢y is based on a time period of
2000 hours. Alternative values may be appropriate for other climates where snow
may persist for greater or lesser periods.

2. Equation (3.6) is valid if the shear stresses causing creep are constant with time and
do not exceed 30% of the ultimate characteristic shear strength. In most cases, creep
causes a change in the stresses with time and this should be taken into consideration
in the calculations.
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4. EVALUATION OF RESISTANCES

4.1 General

The evaluation of the resistance of sandwich panels against different failure modes may be
based on rational analysis in accordance with sections 4.3 and 4.4 in combination with testing
according to Chapter 5.

Comments: For the core materials which were in common use at the time of writing this
standard (polyurethane, expanded and extruded polystyrene and mineral wool), it
is appropriate to make the maximum use of rational analysis and to test only to
determine the relevant properties of the core. The available methods of analysis
may or may not be applicable to panels with other core materials.

At time of drafting these Recommendations, practical experience of phenolic
foam cores was limited. The design of panels utilising this material should
therefore be approached with caution until more information is available.
Particular caution should be exercised with regard to roofs or ceilings subject to
foot traffic or other forms of repeated impact load.

Due regard shall be given to temperature effects and, where relevant, the reduction of shear
strength, creep and degradation under long term loading. However, a consistent value of the
shear modulus of the core, corresponding to an average value at normal indoor temperature,
may be used for all global analysis, including the calculation of stress resultants and
deflections. The effect of temperature on the characteristic values of material properties need
only be taken into account:

a) In the determination of the wrinkling stress
b) When considering the shear failure of the core

4.1.1 Durability

The assessment of durability takes into account the long-term reduction in the strength of the
sandwich element. For the purposes of this assessment, durability is defined in terms of the
loss of strength properties as the result of accelerated degradation. The critical factors are
considered to be the loss of strength in the core itself and its bond with the faces. The
"degradation factor" is defined as the ratio of the tensile strength according to section 5.2.2
after and before accelerated ageing. A suitable procedure for accelerated ageing is given in
sections 5.1.3 and 5.1.4. Figure 4.1 illustrates the possible degradation of the strength of
sandwich panels with time.

The durability of the strength of sandwich panels is affected by variations in moisture and
temperature. The critical layers are the core itself, the bonding layers between the core and
the reverse side of the facings and the reverse side layer (primer layer) of the facings.
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If the sandwich panels fulfil the durability requirements given in section 5.1.4.4, the panels
may be used both internally and externally as wall or roof elements with no restrictions.

The tensile bond strength, defined as the characteristic tensile strength value of the unaged
core and bond on the total cross-section, shall be at least 0.075 N/mm?. A testing procedure to
determine the tensile strength of the core and bond is given in Section 5.2.2.

degredation 1

factor good durability ..
0.8 |- v
0.6 |- a1

controlled durability
0.4 L
02 - poor durability
time
0

Fig. 4.1 Change of degradation factor during the service life of sandwich panel.

Comment: When determining the degradation of the strength properties of a sandwich panel,
the change in tensile strength perpendicular to the faces is chosen to be the
reference property. This is because of the fundamental importance of the bond
strength for good performance of the sandwich panel and because it is relatively
easy to carry out the necessary testing. The test regime described in section 5.1.4
allows the durability to be controlled on this basis

Another possibility is to check the change of the shear strength.

4.1.2 Particular requirements for panels formed using discrete core materials
4.1.2.1 Shear strength
When determining the shear strength of panels formed using discrete core materials with

transverse joints in the core, particular account should be taken of the most unfavourable
position of joints between the core elements.

Comment: The weakest point in the core made of discrete core materials is usually the
transverse joint between the adjacent core elements. In order to compensate for
the weakening effect, discrete core materials can either be provided with
longitudinally staggered joints or elements may be glued together at the
transverse joints. Unless they are adequately strengthened, no transverse joint or
line of joints should extend across more than one quarter of the width of the
panel.
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4.1.2.2 Wrinkling stress

With panels formed using discrete core materials with transverse joints in the core, the
wrinkling stress should be determined by tests for which the panels are chosen to have the
most unfavourable positioning of joints between the individual core elements within the zone
of maximum bending moment. Attention shall be given to the thickness tolerances between
adjacent core elements.

gap
/

T —

Fig. 4.2 Thickness tolerances between adjacent core elements.

Comment: The wrinkling stress may be adversely affected by any gap between the core and
the faces caused by unequal thickness or poor positioning of individual core
elements as shown in Fig. 4.2.

The test specimens should be chosen to reflect the worst situation likely to arise
during normal production. Attention should also be given to this factor during
the quality control (See Section 5.3).

4.2 Geometry and thicknesses

Definitions of the dimensions of the cross-section to be used in the evaluation of the
resistance of sandwich panels are given in Section 3.2.

A definition of the thickness of the metal sheet in faces to be used in the evaluation of the
resistance on the sandwich panel is given Section 3.2.

4.3 Resistance at the ultimate limit state

The appropriate methods of analysis and the conditions under which they may be used are
described in Section 3.3. If elastic analysis is-used, the ultimate limit state corresponds to the
first attainment of one of the conditions given in section 2.3.1.

If plastic analysis is used, the ultimate limit state may be defined in terms of yield or
wrinkling of the faces within the span after plastic hinge action at the internal supports.

The resistances for the potential failure modes limiting the load-bearing capacity of sandwich
panels at the ultimate limit state are specified in 4.3.
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4.3.1 Yielding in a face

The yield stress f, of the face material shall be taken as the guaranteed minimum value for the
metal quality used according to the appropriate standard (e.g. EN10147). Alternatively, it may
be determined by testing according to section 5.2.1.

The tensile and compressive stress in the face shall satisfy equation (4.1)
O <f, /7 4.1)

where f; is the yield stress of the face material and yy the material factor defined for the
yielding failure mode according to Table 2.5.

4.3.2 Compression strength of a face

The methods referred to in sections 3.4 and 3.5 permit the calculation of the bending moments
and forces in the faces, whether these are profiled or flat. In a sandwich panel with flat or
lightly profiled faces the ultimate limit state will generally involve wrinkling of a face (see
section 4.3.2.2). With profiled faces, yield or local buckling of the outer part of the section
may occur (see section 4.3.2.1).

4.3.2.1 Local buckling of a profiled face

If the outermost plate element in a panel is in compression and its breadth to thickness ratio
exceeds

b E
(—j =127 f»—f— (4.2)
t local,lim it f}’

due regard should be given to the effect of local buckling. If the breadth to thickness ratio
(b/t) is higher than the limit given in Equation 4.2, the compressive stress opcq in the most
stressed plane part of the face profile, which is bonded to the core, shall satisfy equation (4.3).

Gch Sch/'YM (43)

where fr. is the strength of the compressed plane part of a profiled face and yy material factor
defined for the yielding failure mode according to Table 2.5.

The compression strength of the profiled faces depends on the yield stress of the face
material, on the breadth to thickness ratio of the most stressed plane part of the profile and on
the compressive and shear stiffness of the core material. Furthermore, it depends also on the
initial imperfections caused by the face, core and the bond. Therefore, it is recommended, that
the compression strength fy of the profiled faces is determined using full-scale tests according
to section 5.2.6. If no test results are available, the compression strength fr. can be evaluated
by calculations based on the effective width approach (Eq. 4.4 and Fig. 4.3). The effective
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widths of plane parts of a face profile are used only in the evaluation of the compression
strength of the face (frc). The calculation of the stresses in the face (o) according to
Sections 3.1 and 3.5 is based on the full cross-section of the face profile.

b,
fr. =—-Bf-f—fy 4.4
where
b 1 0.22
E’ff _ __(1____] 4.5)
}\'p ;\‘p
— [f
N 4.6)
GCI‘
2 2
n° Ep (t)
Oy =K, ——E~| = 4.7
12(1-v2)\b @7

If the elastic support given by the core is ignored, the buckling coefficient in Eq. 4.7 has the
value K, =4.0. If the elastic support provided by the core is utilised in evaluation of the
compressive strength of the face, a higher value of the buckling coefficient may be calculated
using Equations 4.8 and 4.9 /Davies J.M. & Hakmi M.R. 1990, Davies J.M., Hassinen P. and
Hakmi M.R. 1991/.

K, =416+ 7R +0.002R’ (4.8)
JE.Gc (b)?
R =0354-S-C|= (4.9)
EF

The limit of applicability for Expressions 4.4 - 4.7 is b/t < 500 and for Equations 4.8 - 4.9 it is
R £200 and b/t < 250. Ec and G¢ are the mean values for the modulus of elasticity and the
shear modulus of the core respectively.



resistance

stress on
effective
real stress ~ width
distribution

Fig. 4.3 Definition of the effective width of the compressed plane part of a face profile. The
plane part is assumed to be simply supported by two webs of the profile along the longitudinal

Comment: The compression strength of a profiled face can be determined on the basis of the

test results on full-scale single span sandwich panels using the expression (3.2)
given for the stress o in section 3.1 and the expressions given for bending

moments Mg and Mg in section 3.5.1:

M; =(1-B, )M,
Mn = Bl Bq Mu
M M
£ s _ TRy
Fcll eAFl IFI 11
where

M, is the ultimate bending moment in the test and
fre11 the compression strength of the outer plane part of the upper face profile.
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4.3.2.2 Wrinkling stress of flat and lightly profiled faces in the span

The compressive stress in a flat, lightly profiled or micro profiled metal face shall satisfy the
equation

Ora SO [V u (4.10)

where yv is the material factor defined for the wrinkling failure mode in the span according to
Table 2.5.

Because the compressive strength of flat and lightly and micro profiled faces is strongly
dependent on the initial imperfections in the face, core and the bond between them, it is
recommended, that the wrinkling stress oy, of these faces is determined on the basis of full-

scale tests according to Section 5.2.6.

Nevertheless, the wrinkling stress o, of a flat metal face may be calculated using

o, =k3i/[Ecr Gor E 4.11)
w CT ~YCT ~F

where Ger = mean value of the shear modulus of the core

Ecr = mean value of the elastic modulus of the core (taken as the average of the
tensile and compressive moduli)
Er = elastic modulus of metal face.

The subscript T in the expression (4.11) indicates that the formula is valid at both ambient and
elevated temperatures. The values for the modulus of elasticity Ecr and shear modulus Ger
have to be chosen according to the temperature for which the wrinkling strength is evaluated.

Comments:
1. The coefficient k in Equation 4.11 is a constant and its value depends on the
imperfections and quality of the face, core and bond. The typical values of the
coefficient k given below have been determined experimentally.

2. The value k = 0.65 has been found to be appropriate for continuously laminated
polyurethane sandwich panels of good quality. Values k = 0.5...0.65 may be
appropriate for other core materials and methods of manufacture.

3. Unless the stiffness of the core is unusually small (/E-Gc <3N/ mm? ) an

indicative value of the wrinkling stress of a lightly profiled or micro profiled metal
face may be calculated using

k
Ow :Xp_\j3 Ecr Ger Be (4.12)

F
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where Bp=Ep I flexural rigidity of the face per unit width (Br = Eg; I for the
face 1 and B = Ep, I, for the face 2, respectively) and
Ag = cross-sectional area of the face per unit width (Ap; = t; for face 1 and
Apy =ty for face 2)

4. The coefficient k, in Equation 4.12 is a constant and its value depends on the
imperfections and quality of the face profile, core and bond. The value of the
coefficient k;, shall be defined experimentally.

5. If only one face thickness (tcxp) is used in the tests for a sandwich panel with lightly.
profiled faces, the wrinkling stress for larger face thicknesses shall be reduced using
the formula (4.13)

o :'A—F-3 E———Gw,exp (413)

F.exp

where Afexp and By, are the cross-sectional area and flexural rigidity of the face
used in the tests,
Ay and By the cross-sectional area and flexural rigidity of the face with a
larger face thickness and
Ow,exp the experimentally determined wrinkling stress

To the wrinkling stress for the faces with a smaller thickness than that in the test
(t < texp), the value determined in the test Gy, = Ow,exp shall be used.

6. The value k, = 0.95 has been found to be appropriate for continuous laminated
polyurethane sandwich panels of good quality with frequent folds in the compressed
face. If the folds are too far apart, the value of k;, will be reduced as a result of the
tendency to wrinkle between the folds.

Notes:
1. Ect and Ger are the mean values of the material properties of the core at the relevant
temperature of the face in compression. (i.e. for Summer calculation, reduced
Summer values should be used).

2. The calculated wrinkling stress for a lightly profiled face (Equation 4.12) should
normally not be taken as less than that for a plain face of the same metal thickness.

3. The formula (4.12) for the wrinkling stress of a lightly or micro profiled face may be
assumed to be valid provided that the depth of the profile, measured from trough to
crest on one side, is not greater than five times the thickness of the metal face and
b/t < 100 for flat parts of the face.
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4. In many cases the above equations for o, will prove to be conservative and higher
values may be obtained by testing in accordance with section 5.2.6.

5. The formula (4.12) is valid only if the bonding strength fulfils the requirements for
bonding strength (Section 4.1.1).

6. For panels with a core formed of discrete core material (eg slabstock or lamellas), the
wrinkling stress shall be determined by full-scale panel testing because of possible
imperfections in the transverse joints between the discrete core elements (Section
5.2.6).

4.3.2.3 Determination of the wrinkling stress at a support

If elastic analysis is used in the verification for the ultimate limit state, the wrinkling stress of
a flat or lightly profiled compressed face at an intermediate support shall be determined by
testing (Sections 5.2.8 and 5.2.9) or may be calculated using the equations given in Section
4.4.1. If the verification is based on plastic analysis, the value of the compressive strength in
the face is assumed to vanish over the intermediate supports. If the remaining inelastic
resistance is utilized, the compressive strength corresponding to the actual plastic rotation
over the support shall be determined experimentally.

For the wrinkling stress at a support the material factor yy is defined corresponding to the
wrinkling failure mode at an intermediate support as given in Table 2.5.

4.3.3 Shear failure of the core

The shear stress in the core layer has to satisfy the equation

Tcd Sva/YM (4.14)

where fcy is the characteristic shear strength of the core and
vm material factor defined for the shear failure in the core layer according to Table 2.5.

The characteristic shear strength of the core material fc, shall be determined by testing
according to Sections 5.2.4 or 5.2.5 giving due regard to the design temperatures. The
ultimate limit state of shear failure of the core may be determined using the average calculated
shear stress at the section of maximum shear force (Eq. 3.4).

Where panels are produced using adhesives, it must be verified that the adhesive will not fail
before failure of the core itself.
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When panels are produced using discrete core materials with transverse joints, the shear
strength must be assessed using a test on complete panel with the most unfavourable position
of the joints.

When the core layer is only partially bonded to the faces, for instance only to a flange instead
of the whole face profile, the shear strength must be assessed using a test on complete panel
giving due regard to the long term behaviour and strength of the sandwich panel. Such partial
bonding is not recommended because of the shear stress concentrations in the bond and the
potential shear failure risks in the long term.

The shear strength of the core fcy decreases under long-term loading. If a sandwich panel is
designed to carry long-term permanent loads, the reduction in the shear strength should be
taken into account. A test procedure for determining the long-term shear strength is given in
Section 5.2.4.3.

Note: At an internal support, the fundamental equations given in Appendix A may become
badly conditioned during the transition from flat face behaviour (all shear force
carried by the core) to profiled face behaviour (all or most of the shear carried by the
profile). Therefore

(a) for a plain or lightly or micro profiled face, all of the shear force should be
carried by the core

(b) for profiled faces, it should be demonstrated that all of the shear force can be
carried by either the core or by the faces acting alone.

4.3.4 Shear failure of a profiled face layer

The shear stress in the web of a profiled face layer shall satisfy the equation

Teai < Erui [V (4.15)
where 1 = 1 and 2 for faces 1 and 2, respectively.

The material factor for the shear failure in a profiled face yym is defined corresponding to the
shear failure in a profiled face according to Table 2.5.

Methods to evaluate the shear forces, Vg, Vi, in the face layers are introduced in Chapter 3
and Appendix A. The shear stresses in the webs of the face profile can be calculated using the
expressions (3.5a,b).

Unless it can be shown that the entire shear force at any section can be carried within the core
layer according to section 4.3.3, it shall be shown that the entire shear force can be carried by
the profiled face layers. Unless a proven design method which takes account of the
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supporting action of the core is available, the influence of the core in resisting the buckling of
the web of the face profile shall be ignored and the determination based on the following
expressions for trapezoidal metal sheeting /Eurocode 3 1996/

f _
£y, =7_y§- if A, <083

048 fy ) -
e =T~ if 083<A, <140 (4.16a,b,c)
0.67 . —
fr, =—=—— if 140< A,
7\'W
and

) B BPYPL L3 4.17
v \/51:“_' t VE, @.17)

In expressions (4.16) and (4.17), f is the tensile yield stress of the particular face material.
4.3.5 Crushing of the core at a support
The compressive stress in the core layer over a support shall satisfy the equation

GCcd Sch/’YM (418)

The characteristic compression strength fc. shall be determined experimentally according to
Section 5.2.3. The material factor yy for a crushing failure in a core is defined in Table 2.5.
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Fig. 4.4 Support reaction resistance at end and intermediate supports.

At a support, the distribution of the compressive stresses in the core is taken into account by
assuming the support reaction to cause a uniformly distributed stress at mid-depth of the core
(Fig. 4.4). In general, the angle of dispersion of tan” (k) shall be determined experimentally
according to Section 5.2.10. The compressive stress at an end and an intermediate support are

F

Ocu = B(Ls +ke/2) (4.19a)
. F 4.19b)

et T B(L, +ke) @

where k is a distribution parameter.

In the absence of test results, k may be taken as k = 0.5 for rigid plastic foams. For mineral
wool, k should be determined by testing or use k = 0. In these calculations, e is the distance
between the centroids of the face layers. For sandwich panels with e > 100 mm, e = 100 mm
should be used in the expressions (4.19).

If plastic design is used for the calculation of the ultimate limit states, that is after plastic
hinge action at the internal supports, the crushing of the core shall be considered separately
without any interaction with the compressive stresses in the face.
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If elastic analysis is used in the verification of the ultimate limit state, the interaction between
crushing of the core and compressive failure of the face which is placed against the supporting
structure shall be taken into account as described in section 4.4.1.

In order that the compressive stress distribution in the core and the bending rigidity of the
lightly profiled faces may be taken into account more accurately in the evaluation of the
compressive stresses at an intermediate support, special design methods or tests are necessary
/Lightweight sandwich construction 2000/.

Comments:

1. The distribution parameter k takes into account the effect of the bending rigidity of
the face layer to distribute the support pressure in the core.

2. Calculation models for the compressive stress over a support are based on the
assumption that the support plate is rigid and the support pressure is symmetrically
distributed in relation to the mid-line of the support. In the case of flexible
supporting structures, such as cold formed open sections, the support pressure may
be assumed to be distributed over a smaller area; (k; L+ k e / 2) for an end support
and (k¢ L + k €) for an intermediate support, where ke< 1.

4.3.6 Failure of the fastenings

Fastenings at supports are loaded by tensile forces caused by wind uplift loads and
temperature differences between the faces of the panel. Fastenings may also be loaded by
shear forces caused by the self-weight of the panels and by the weight of additional building
components on a wall and roof, by the temperature expansion of the faces and further, by
diaphragm action. For the verification of the failure modes of fastenings, the tensile resistance
and, in the relevant cases, the shear resistance of the fastenings have to be known.

The tensile and shear resistances of the fastenings shall be determined experimentally
according to section 5.2.18 (See also Chapter 7).

The material factor yy for the tensile or shear failure of a fastening is defined, corresponding
to the relevant failure mode, in Table 2.5.

Comments:
The characteristic tensile and shear resistance of the screw and special fastenings of
sandwich panels shall generally be determined by tests.

If no test results for the shear strength are available, in the preliminary phase of
design, the expressions developed for screw connections between two metal sheets
may be used in evaluations of the shear resistance for screw connections of sandwich
panels /Eurocode 3 1996/
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a fudnt/’YM

<12F, (4.20)
Anfu /YM } R

Froa = mln{

where f; is the tensile strength of the face material
d, the nominal diameter of the fastener
t is the thickness of the face which is against the supporting structure
t; the thickness of the thickest sheet in connection (face or supporting
structure)
A, is net sectional area of the face
F, rq is the shear resistance of the shaft of the fastener itself

o =324/t/d, <21 for t=t, and 4.21)
a =21 for t, =25t (4.22)

The shear resistance for the thickness relationships 1<t, /t £2.5 may be determined
by linear interpolation between equations (4.20), (4.21) and (4.22).

4.3.7 Failure of a panel at a point of connection
See Chapter 7.

4.3.8 Failure in transverse bending

When a sandwich panel is fastened to the supporting structure with fasteners placed only in
the longitudinal joints between the adjacent sandwich panels and when the panel is subject to
negative support reactions, the sandwich panel is loaded by transverse bending in addition to
the longitudinal bending, as shown below.

This may give rise to unfavourable effects in panels with one or more highly profile faces. It
is particularly dangerous in mineral wool panels with little transverse shear strength and
stiffness between individual lamellas.
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Fig. 4.5 Transverse curvature of sandwich panel.
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In addition to the additional stresses caused by the transverse bending, transverse curvature
results in some favourable effects which decrease the usual reduction (Sections 4.3.2.3 and
4.4.1) of the compressive strength of the face at intermediate supports. Thus, the transverse
curvature may strengthen the compressed face against a buckling failure over an intermediate
support. The transverse curvature of the panel and the flexibility of the fastening system may
reduce the stresses caused by temperature differences and may change the bending moment
and shear force distributions caused by wind uplift loading. The two loading effects may be
considered separately and it should be demonstrated that there is an adequate reserve of safety
with respect to transverse bending.

4.4 Resistance at the serviceability limit state

The stresses and deflections in the verification for the serviceability limit state should be
based on an elastic analysis. In the verification, the failure mode corresponding to the first
failure at the intermediate supports of continuous panels and in points of line or point loads
has to be studied. The first failure mode may be a wrinkling failure in the face under
compressive stresses, shear failure in the core or a crushing failure of the core or of a profiled
face. In the serviceability limit state verifications, the value of the elastic deflections shall be
compared with the deflection limits given in section 2.3.2.

4.4.1 First yield or wrinkling in flat or lightly or micro profiled faces in contact with a
support or line load

In a continuous sandwich panel, the attainment of first yield or wrinkling at a support or at a
line load may be considered as a serviceability condition when the ultimate limit states are

defined on the basis of a plastic analysis. The considerations are as described in Sections
4.3.1and 4.3.2.

Self weight, wind pressure and snow all cause negative bending moments and positive
support reactions at the intermediate supports in continuous sandwich panels. Positive
support reaction is defined as causing compressive contact stresses between the panel and the
supporting structure. In this loading case, and particularly when considering the serviceability
limit state, the local compressive and bending strengths of the lower face and the compressive
strength of the core are critical (Fig. 4.6a).

The load case of wind suction, and some cases of temperature difference between the faces,
cause negative support reactions. Here, the support reaction force causes local tensile forces
in the connections between the sandwich panel and its supports and these interact with the
compressive stresses in the outer face of the panel (Fig. 4.6b).
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Fig. 4.6 Failure modes of a) positive and b) negative reaction at an intermediate support.

At an intermediate support in a continuous multi-span panel, the compressive strength, which
is defined as the wrinkling stress or apparent yield stress of the face which is in contact with
the support, shall be reduced to take account of the influence of the support force which
causes local deformation of this face. This deformation has a significant influence on the
compressive strength of the face.

For verification of the failure mode at an intermediate support in the serviceability limit state,
the compressive strength of the faces for both the positive and negative support reaction
loading cases have to be known. A test method to determine the compressive strength on the
basis of full-scale panel tests is given in Section 5.2.8.

Design by testing according to Chapter 6 avoids most of the issues discussed in Section 4.4.1.
However, it shall be born in mind that it is often the serviceability condition at internal
support that determines the design of a continuous sandwich panel. Therefore, when
designing on the basis of tests on continuous panels, particular attention must be paid to the
load at which the serviceability limit state is achieved.



Page 59

Comments:
If no test results are available it has been found out to be adequate:

a) for downward loads (positive support reaction) to take a uniform global decrease of 10
% of the wrinkling stress determined within the span of the sandwich panel. This is
applied on the basis of the above evaluation together with the additional reduction (y =
1.4) for the compressive stress in the core over the support which gives the
requirement ( oced / fcc < 1/ 1.4ym = 0.71 / ymy). This method is based on
experimental results for core materials with compressive strength fc, = 0.06 to 0.12
N/mm?. Outside this range, additional precautions are required.

Therefore, for practical design, the interaction between the bending moment M and the
support reaction F can be taken into account without any detailed interaction studies by
reducing the strength of the compressed face at an intermediate support by 10% and by
evaluating the support reaction resistance using the conservative expression with an
additional reduction coefficient 1/1.4 = 0.71, thus:

ch,support = 09 ch (423)
Feg =071Lg fo /Y 0 (4.24)

b) for uplift loads (negative support reaction) the interaction between the transverse forces
caused by screws passing through the panel and the axial compressive load in the face
can be taken into account by reducing the compressive strength of the face at the
intermediate supports. The reduction of the compression strength shall be 20% if the
number of screws at the support is less than or equal to 3 in a panel width of 1 metre.
If the number of screws is larger than 3, the compression strength of the face shall be
reduced according to the equation:

frosumpon = 08Tp, , ifn <3 (4.252)
frosuppon = 0125(11-0)(08Fy, ) , ifn>3 (4.25b)

where n is the number of screws in a panel width of 1 metre.

This method is based on results of tests in which the fasteners were spaced regularly in
the panel. If the fasteners are not regularly spaced across the panel width, the method
gives conservative results.

For sandwich panels fixed with special fasteners placed in the longitudinal joints of the
adjacent panels, the interaction between the transverse forces and the axial force in the
face shall be determined experimentally on the basis of tests on the whole sandwich
panel (See Chapter 5).
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4.4.2 Resistance of a profiled face in contact with an intermediate support or line load

If the face in contact with the supporting structure or line load is profiled, its characteristic
support reaction resistance can be evaluated using the semi-empirical expression derived for
trapezoidal sheets /Eurocode 3 1996/ (Fig. 4.7). This failure mode is generally only associated
with the serviceability limit state.

F., =n015t*,/E.f |1 01\/E 0.5 L. 24 (3)2 426
r =00 ply | 1-01y7 '+50t .+90 (4.26)

where n is the number of webs per unit width, r is the radius of the bend between the lower
flange and the web and ¢ the angle between the support beam and the web of the profile (Fig.
1.1). The expression (4.26) is valid for 45° < ¢ < 90°. In addition, it is assumed, that the
relative difference between the transverse shear forces on each side of the support is small,
ie.,

IVSd,l‘ - {Vsm'

Bv -
lVSd,I{ + IVSd,Z‘

<02 (4.27)

where ‘VS(UI and IVSM‘ are the absolute values of the transverse shear forces on each side of

the intermediate support. If the equation (4.27) is not valid, the value of the support width Ly
in equation (4.26) shall be reduced /see Eurocode 3 1996/.

At an end support (distance between the end of the panel and the supporting structure is less
than 1.5 times the depth of the profile) the support reaction resistance is half of the value
given by Eq. (4.26).

If the lateral support provided by the core layer against the local buckling is neglected, the
interaction between the bending moment Mg, in the profiled face in contact with the
supporting structure or line load and the support reaction or line load F can be evaluated using
the semi-empirical equations derived for trapezoidal sheets /Eurocode 3 1996/ (Fig. 4.8).

Mg, +
MzR/YM FRz/YM

<125 (4.28)
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Fig. 4.8 Bending resistance of a profiled face in contact with an intermediate support or line
load.
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4.4.3 Shear yielding of the core layer

Shear failure of the core is usually a non-ductile failure mode which takes the structure
directly to the ultimate limit state. If, however, the shear stress-strain behaviour of the core
material has elasto-plastic characteristics and the cross-section of the panel has a large plastic
shear resistance, shear yielding of the core may be classified to be a serviceability limit state
failure. Experimental results are needed before utilizing the plastic shear resistance in design.

Comment: There is a considerable difference between core materials. Structural mineral
wools and extruded polystyrene usually exhibit ductile behaviour in shear.

4.4.4 Limit state of deflection

The deflections of wall and roof panels shall be calculated using elastic theory. In such
calculations, the short-term and long-term shear deformations of the core shall be taken into
account. In special cases, the deflections caused by the local deformations of the core over
the supports and by the flexibility of the fastening systems may also be of sufficient
importance to be taken into account in calculations. Limits for maximum deflections are
defined in Section 2.3.2.

4.5 Walkability

For roof and ceiling panels, in addition to the service loads, it shall be demonstrated that the
panel is safe with respect to a single person walking on the panels for occasional inspection.
This requirement may be satisfied by testing according to section 5.2.11 with loads according
to section 2.2.2.

4.6 Impact resistance of wall panels
Where wall panels are located at ground level in buildings accessible to the public, or are

otherwise liable to impact loading, it should be demonstrated that they possess adequate
resistance to impact. Suitable test procedures are given in section 5.2.17.
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5. TESTING AND SAMPLING

5.1 General

In general, and unless stated otherwise, each property shall be determined on the basis of a
minimum of three tests. Where a number of different core thicknesses are to be produced for a
range of otherwise similar panels, it shall be permissible to determine the core-dependent
properties for the thinnest and thickest panels to be produced, together with a panel near the
middle of the range, and to use linear interpolation.

Material properties (tensile, compression and shear strengths and the influence of ageing)
based on specimens cut from full panels shall generally be determined from a considerably
larger number of tests with a minimum of five.

Unless otherwise noted, both the equipment applying the loads and the devices measuring the
load applied shall be capable of working to an accuracy of at least 1 % and all deflections
shall be measured with an accuracy of at least 0.1 mm.

5.1.1 Sampling

The test specimens shall be taken from a range of positions covering the width of the panel.
At least one specimen shall be taken at a minimum distance from an outside edge of 10% of
the cover width of the panel and at least one specimen from the middle of the panel.

5.1.2 Determination of characteristic values from tests

For each of the tests which are described in the following sections, which result in quantified
design parameters, the characteristic values of the relevant properties shall be determined in

accordance with the following procedure.

For each population of the test results, the mean value and the 5% fractile value shall be
determined. The 5% fractile value shall be used as the characteristic value, thus:

X =X-k o

p o Ox
5.1

where X, = 5% fractile value of population x
X mean value
ks, = fractile factor given in the table below
c = standard deviation

Assuming a confidence value of 75% the fractile values are /ISO 12491 1997/
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number of 3 4 5 6 7 8 9 10 15 20 30 60 o
specimens
k 3151268 1246|234 |225({219]2141210]1.99]193]| 187|180 1.76

o7

5.1.3 Test environment and conditioning of test specimens

In the procedures that follow, unless stated otherwise, all testing shall be carried out in a
laboratory under indoor conditions.

The minimum age of the specimens for initial type tests shall be 24 hours. Specimens for
quality control tests may be taken immediately after production. The date, time, temperature
and relative humidity shall be recorded at the time of sampling.

In cases of dispute, or where the temperature or relative humidity are considered to be of
particular significance, control tests shall be carried out under conditions:

Temperature: 23°C £ 5°C
Relative humidity ~ 50% + 10%

For identification purposes, the core density of all tested specimens shall be recorded with the
test results. For this purpose, it is sufficient to weigh three small prismatic core specimens cut
from different regions of each complete panel which is used for the preparation of test
specimens.

5.1.4 Accelerated ageing tests

5.1.4.1 Preparation of test specimens

In order to determine the deterioration of strength with time as a consequence of ageing of the
core material, for each set of tests a minimum of five specimens measuring 100 mm x 100

mm shall be cut from the full thickness of the panel with the faces intact.

The cut edges of the metal facing sheets in the specimens shall be protected from the effects
of corrosion by the application of a suitable silicone-based protecting agent.

Prior to commencing the accelerated ageing tests, the unaged tensile strength Rq shall be
determined in accordance with 5.2.2 with the faces intact.

Prior to the accelerated ageing tests, the specimens shall be stored for at least 24 hours at +
23°C * 5°C under normal laboratory conditions.
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For tests on aged specimens, the specimens shall be prepared by subjecting them to the
following ageing cycles. Between cycles, the specimens shall be transferred from one
condition to another in less than 5 minutes or else they shall be enclosed in an airtight bag.

The dimensions of all test specimens in all three directions shall be measured before and after
the tests and the dimensional changes shall be determined.

5.1.4.2 The basic ageing cycle, C1

The term day shall mean a time period of 24 hours. The basic ageing cycle shall consist of the
following sequences which is denoted as cycle C1:

e 5 days at +70°C % 5°C and RH 90% + 10% followed by
e 1 day at -20°C % 5°C followed by
e 1 day at +90°C £ 5°C and RH < 15%

Note: In the first element of the cycle, the specimen is kept on a grid over water in a closed
box. It is the temperature of the air in the box that shall be controlled, not the
temperature of the water.

5.1.4.3 C2 test

For the test regime denoted C2, the test specimens shall be maintained under constant
conditions for 28 days at +65 £3°C and 100% RH.

Note: In this cycle, the specimen is kept on a grid over water in a closed box. It is the
temperature of the air in the box that shall be controlled, not the temperature of the
water.

5.1.4.4 Cycles to determine the cyclicly aged performance

One set of five specimens shall be subject to a single basic ageing cycle C1. After exposure,
the test samples shall be preconditioned to the initial moisture and temperature prior to tensile
testing. The tensile strength shall then be determined in accordance with 5.2.2. R; is the mean
value of the test results.

A second set of tests shall be subject to five basic ageing cycles C1 under the same conditions
as above. The mean tensile strength value so obtained is denoted Rs .

Depending on the results obtained, it may be necessary to test a third set of test subject to ten
basic ageing cycles under the same conditions as above. The mean tensile strength value so
obtained is denoted R .
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One set of five specimens shall be subject to the ageing cycle C2. After exposure, the test
samples shall be preconditioned to the initial moisture and temperature prior to tensile testing.
The tensile strength shall then be determined in accordance with 5.2.2. Ry is the mean value
of the test results.

5.1.4.5 Test results and acceptance criteria

The following criteria shall be fulfilled:
e The value of R, shall not be smaller than 0.6 Ry
e The value of R5 shall not be smaller than 0.4 Rg
e The value of R; - Rs shall be equal to or smaller than Ry - R
e The value of Ry shall not be smaller than 0.40 Ry

If the third condition is not fulfilled, a third set of test specimen shall be exposed to ten basic
ageing cycles C1. The acceptance criteria shall then be:

e Rs - Ry shall be equal to or smaller than R; - Rs. If this is not fulfilled, but Rjo >
0.60 Ry, the test result is considered to be acceptable.

The dimensional changes after ageing in all of the test procedures described above shall be
less than 5%.

Comment: The work on the testing procedures for the durability of sandwich panels is
reported in ref. /Kerkkdnen & Tiainen 1999/. The test method is still under
process of development and the cycles and the criteria represent the state of
the art at the time of the publishing of the Recommendations.

5.2 Test procedures for material properties
5.2.1 Tensile test on the face material

Tensile tests to determine the yield strength and other properties of the face material should be
carried out in accordance with the standard EN10002-1.

5.2.2 Tensile test on the core material
This test may be performed in one of the two ways:

(a) With the faces of the panel intact in order to determine the tensile bond strength
between the faces and the core or to demonstrate adequate bond.

(b) Before the faces are attached in order to determine the tensile strength of the core.
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In general, the bond with the faces is of fundamental importance and the test should be carried
out with the faces intact and failure should not take place in the bond layer.

Specimens of square cross-section shall be prepared to the dimensions shown and bonded
using a suitable adhesive to platens of sufficient stiffness to ensure a uniform tensile stress
over the area of specimen. With lightly profiled faces, special measures may be required in
order to ensure full adhesion between the platens and the faces.

Load distributing plattens

0.5 dc £b £ 1.5 dc but not less than 50 mm

where

d¢ = thickness of the core of the test specimen

b = width of test specimen

Fig. 5.1 Test arrangements in the tension test of the core and bond.

Notes: 1. For panels with profiled faces the specimens should be cut from the predominant
thickness as shown.

2. Better results are generally obtained with larger specimens and it is recommended
that, where possible, specimens with width b as least 100 mm should be used.

3. Cylindrical test specimens of minimum diameter 50 mm may also be used.

4. For specimens of mineral wool core material, rather larger specimens are generally
required, i.e. 100 mm <b < 2d¢
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The test shall be carried out by loading the specimen in increments in a suitable tensile testing
machine. The strain rate shall have a minimum value of 1% per minute and should not exceed
3% per minute. At each increment of load, the extension shall be measured and a load-
deflection curve drawn.

The tensile strength fc; is given by

Fu
., = s (5.2)
The tensile modulus Ecy is given by
F, d.
E, = v b’ (5.3)

Extension

Fig. 5.2 Determination of the tensile modulus on the basis of the load-displacement curve.

The test report shall state whether failure was in adhesion or cohesion.

For design, but not for quality assurance, this test shall also be carried out on specimens
heated to 80°C + 3°C.

Notes: 1. For specimens which do not exhibit a well-defined ultimate load, F, may
alternatively be defined as the load at a specified relative deformation. For
polyurethane foams, 10% relative deformation is an appropriate limit. For
materials with a more rigid cell structure or of non-cellular structure, a lower value
may be used.

2. The test at elevated temperature is usually carried out by heating the specimen to a
temperature a little above 80°C and then carrying out the test immediately in a
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conventional testing machine before it has cooled below 80°C.

3. The standard EN 1607 “Thermal insulating products for building applications —
Determination of tensile strength perpendicular to faces” introduces the tensile test
for insulating products. The strain rate in the test is 10 mm per minute within a
tolerance of +10% which is much higher than the rate in structural tests. The test
method in EN 1607 is not applicable to measure the tensile strength and modulus
of the core layer of structural sandwich panels.

5.2.3 Compression test on the core material
Specimens of square cross-section shall be prepared to the dimensions shown. The metal

faces need not to be removed but, if the faces are removed, care shall be taken not to reduce
the height of the core.

F
’_L [ Load distributing plattens

0.5 dc £b £ 1.5 d¢ but not less than 50 mm

face —

core ——

where

dc = thickness of test specimen

b = width of test specimen

Fig. 5.3 Test arrangements in the compression test of the core layer.

Notes: 1. For panels with profiled faces, the specimens shall be cut from the predominant
thickness as shown previously for tensile tests on core materials.

2. Better results are generally obtained with larger specimens and it is
recommended that, where possible, specimens with width b as least 100 mm
shall be used.

3. Cylindrical test specimens of minimum diameter 50 mm may also be used.

4. For specimens of mineral wool core material, rather larger specimens are
generally required, i.e. 100 mm <b < 2dc.

5. Apart from the dimensions of the test specimens and the use of fixed loading
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platens, this test shall generally be in accordance with ISO 844 “Cellular
plastics. Compression test for rigid materials” or any other standard relevant to
other core materials.

The specimen shall be placed between the two parallel stiff loading plates of a suitable
compression testing machine and loaded in increments. The strain rate shall have a minimum
value of 1% per minute and should not exceed 3% per minute. At each increment of load, the
displacement shall be measured and a load-deflection curve drawn.

The compressive strength fc, of the core material is given by

Fu
fe, = b (5.4)
The compressive modulus Ec, of the core material is given by
Ee =— 55
Cc Wu bZ ( )

For design, but not for quality assurance, this test shall also be carried out on specimens
heated to 80°C + 3°C.

Notes: 1. See the figure 5.2. For specimens which do not exhibit a well-defined ultimate
load, F, may alternatively be defined as the load at a specified relative
deformation. For polyurethane foams, 10% relative deformation is an appropriate
limit. For materials with a more rigid cell structure or of non-cellular structure, a
lower value may be used.

2. The standard EN 826 “Thermal insulating products for building applications —
Determination of compression behaviour” introduces the compression test for
insulating products. The strain rate in the test is d¢/10 per minute within a
tolerance of £25% which is much higher than the rate in structural tests. The test
method in EN 826 is not applicable to measure the compressive strength and
modulus of the core layer of structural sandwich panels.
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5.2.4 Shear test on the core material
5.2.4.1 Short term loading

The shear strength and shear modulus of the core material shall be determined using the four-
point bending test with a thin-faced specimen as shown.

radius = 15 mm

deflection w;; (é | A <J?deﬂectlon Wy
sheet metal
“_— strip of width
77% @ deflection w Lg ~ 60 mm

|
L/3 l L/3
T

L/3

L =1000

b > 100 mm where b = width of test specimen

Fig. 5.4 Test arrangements in the shear test for a specimen with flat or lightly profiled faces.

The depths D and dc, width b and the net metal thickness of both faces (t, ta) of each test
specimen shall be measured. For each test specimen, the shear modulus Gc shall be calculated

AF
from the slope of the straight part of the load-deflection curve [E:l as follows:

EFI AFI EFZ AF2

Flexural rigidity B¢ = e’ (5.6)
EFI AFI + EFZ AF2
Bending deflection A —AFL3 5.7)
ending deflection Aw, = 56348, .
Shear deflection Aw, = Aw — Aw, (5.8)

AFL L AF
6beAw, 6be Aw,

Shear modulus G = (5.9)

where Epi = Young's Modulus of the top face
Er = Young's Modulus of the bottom face
Ari = area of cross-section of the top face of the test panel (mm?)
Ar2 = area of cross-section of the bottom face of the test panel (mmz)
e = depth between the centroids of the faces (mm)
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Aw = deflection at mid-span for a load increment AF taken from the slope of the
linear part of the load-deflection curve
b = width of the specimen (mm)

The ultimate shear stress fc, of the core material shall be calculated from the maximum load
attained in a specimen failing in shear as follows:

f _ L 5.10
CV_'2be (' )

where F, = ultimate load carried by the specimen failing in shear.

Notes: 1. If the recommended span does not result in a shear failure, the span may be
reduced in increments of 100 mm until a shear failure is obtained. Subsequent
tests shall then be carried out at the reduced span. A typical shear failure is

shown below.

2. To avoid large compressive deformations of the core on the supports compared
to the deflection of the specimen, the span L shall not be reduced too much. For
rigid plastic foams the span L shall conform to the limit

S 108G d.
4L
E¢ d +1

where G¢ = shear modulus of the core material.
Ec = modulus of elasticity of the core material
dc = depth of the core of the specimen
Ls = support width

If the above condition is not satisfied, the compressive deformation of the core
material at the supports may be critical and shall be measured (by gauges giving
values ws; and wg on the diagram). The deflection w to be used in the
calculations shall then be modified by subtracting

(Wsl + Ws2 j
2
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3. As a guide, the condition that a shear failure rather than a wrinkling failure shall
be obtained is

3t,o
fC

w

L<

v

where t; = the core metal thickness of the top face, excluding coatings
fcy = the shear strength of the core material
oy = the wrinkling stress of the top face ( see section 5.2.6)

4. The width of the test specimen b shall be chosen to give flat faces without any
stiffening ribs.

5. The width Ls of the sheet metal strips at the support and load points shall
typically be 60 mm. This value may be increased, if necessary, in order to avoid
local crushing of the core.

6. The loading rate shall be such as to result in failure between 5 and 10 minutes
after the commencement of the test.

7. For the shear strength of panels with rigid foam core material, the four-point
bending test will generally give more reliable values of the shear strength and
stiffness than the alternatives, such as the double block method in EN 12090
(which generally gives low values for the shear modulus). However, for panels
with mineral wool core material, or other slabstock, practical considerations
may dictate the use of either a test on the full width of the panel with joints
between the slabs or lamellas as in practice, or the use of an alternative shear
test such as a lap test.

8. The width b of the test specimen may be higher for mineral wool core material.

9. Alternative methods of obtaining the shear modulus and shear strength of the
core material which are in accordance with National or International Standards
may be used. However, methods based on testing lapped joints in either tension
or compression are not recommended as they often give inferior results to those
obtained from the test which is recommended.

10. If different methods are used for design and quality control, the relationship
between them shall be demonstrated.
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5.2.4.2 Alternative shear test for thick mineral wool panels

The four-point bending test was originally developed for moderately thin plastic foam cored
sandwich panels. When the thickness of the panel increases, a crushing failure tends to take
place at the locations where the forces are transmitted to the specimen i.e. at the loading
points and at the supports. In such cases, the test may be modified by using wider loading
strips at these contact points. Nevertheless, very wide strips hinder the deflection and the
formula (5.9) for the shear modulus G¢ overestimates the value in these cases.

An alternative test method, which is suitable for thick mineral wool cored sandwich panels, is
shown in the figure 5.5. In this test, relative thick platens are used to transmit the load F to
the specimen. The length ‘d’ of the platens and the length of the specimen are chosen so that
crushing failure at loading points does not take place. Instead, shear failure should occur in
the narrow “shear areas”. A suitable length for a shear area is 200 mm. Two displacements
(w1, wp) approximately dy = 100 mm apart are measured in a shear area to obtain the shear
strain. The width ‘b’ of the specimen should be of the order of the height of the beam. No
butt joints in the core material should be in the shear areas or close to them. The loading time
to failure should be between 5 and 10 minutes.

The shear modulus is calculated as

T d AF
Ge=—"=7—" (5.11)
©ve 2eba(w,-w,)
where
d hear stress in th
Te =77 shear stress in the core
¢ 2eb
W, — W, o
Ye R g shear strain in the core
v
dy distance between the displacement transducers
e distance between the centroids of the faces
b width of the specimen
AF load increment and
A(wy - wa) corresponding deflection increment measured as the difference between

wo and w
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test beam
\ e.g. soft plastic
\shear area 1 shear area 2 - ™~ e.g. plywood 22 mm
span width L steel plate 10 mm

M length 100 mm
required length L’ of the specimen

@
©

G displacement transducer

Fig. 5.5 Test arrangements in the alternative shear test.

Note: As an alternative a full-scale test is recommended as described in 5.2.5.

5.2.4.3 Long-term loading

In order to determine the long-term creep-rupture strength, long term loading tests
corresponding to section 5.2.4.1 shall be carried out at a temperature of approximately +20°C
in such a way that n > 10 samples fail within the time interval 0.1 h <t < 10° hours. Ideally,
they should be equally spread out within this range.

Deformation measurements are not required.
Based on the test results, a regression line shall be drawn, as shown below, in order to show
the relationship of the mean long-term shear strength to the initial shear strength (short-term

strength) as a function of the loading time.

The long-term shear strength (e.g. for 2000 or 100 000 hours) shall be calculated using an
expression based on the mean-value regression line.
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for example:

regression line 100*(z / fry) = -4.58911 * In(t) + 87.5289
100*(¢ / frry) = -4.58911 * In(100 000) + 87.5289 = 34.7%

Fig. 5.6 Determination of the long-term shear strength.

5.2.5 Test to determine the shear strength of a complete panel

This test offers a more reliable method of determining the shear strength of panels with a
slabstock core where joints between the core elements may affect the shear properties.

For panels with discontinuous core materials, tests shall generally be carried out on the full
cover width of the panel with joints in the core material in the worst arrangement that may
arise in practice. The joint arrangement used in the tests shall be described in the test report.

The test shall be carried out by subjecting a short, simply supported panel to two line loads
either equally spaced as shown below or applied at the 1/4 points or to air pressure caused by
either a partial vacuum chamber test apparatus or air bags. The panel shall be loaded in
increments up to failure and the failure load noted.

Notes: 1. If the panel has flat or lightly profiled faces, this test may be used as an
alternative to that described in section 5.2.4.

2. This test is not necessary if the test described in section 5.2.6. is carried out on
sufficiently small spans.

3. The span shall be sufficiently short to ensure a shear failure.

4. The loading rate shall be such as to result in failure between 5 and 10 minutes
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after the commencement of the test.

5. When using air pressure loading, the load shall be measured by means of load
cells, not air pressure.
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Fig. 5.7 Shear test with full-scale sandwich panels.

The depths D and d¢ and the width B of the test panel and the net metal thickness of both
faces of each test specimen (t; , tp) shall be measured.

The load F, at failure gives the shear strength of the complete panel including the contribution
of both the core and faces.

For panels with flat or lightly profiled faces, it may be assumed that all of the shear force is
carried by the core so that the ultimate shear strength fcy of the core is given by:

foo b (5.12
“ " 2Be 12)

where F, = ultimate load carried by the specimen failing in shear.
B = overall width of the sandwich panel
e = depth between centroids of the faces

5.2.6 Test to determine the bending strength and stiffness of a simply supported panel

This test is generally used to determine the wrinkling stress and, in such cases, the span L
shall be sufficiently large to ensure a bending (wrinkling or face buckling) failure. The
necessary span is dependent on several factors including the depth D. The following values
are offered for guidance:
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D < 40 mm L=30m
40 < D < 60 mm L=40m
60 < D < 100 mm L=50m
D > 100 mm L=60m

If the above values of span are found to give rise to shear failure, they shall be increased in
increments of 1 metre until a bending failure is obtained.

The test shall be carried out by subjecting a simply supported panel to four line loads as
shown below extending across the full width of the panel or to air pressure caused by either a
partial vacuum chamber test apparatus or air bags. The panel shall be loaded in increments up
to failure and the failure load noted.

vV vV VvV Vv VvV llF/“ l,F/“ \LF/4 \LF/4
| L | |ws] w4 | 4 | s LB
1 T ' T T T T

Fig. 5.8 Bending test using the air bag or partial vacuum chamber method resulting in an
uniformly distributed load or hydraulic jacks causing line loads.

If line loads are applied to a profiled face, they shall be applied through timber or steel
transverse loading beams together with timber loading platens placed in the troughs of the
profile as shown in Fig. 5.9a. A layer of felt, rubber or other similar material may be placed
between the loading platens and the panel in order to reduce the possibility of local damage. If
the trough of the profile includes rolled-in stiffeners, the loading platens may be shaped
appropriately as shown in Fig. 5.9b. The loads shall be maintained perpendicular to the panel
throughout the test.
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b)

Fig. 5.9 Introduction of the line loads on the profiled face a) loading of the lower flange of
the face profile and b) loading of the flange having internal rolled-in stiffeners.
5.2.6.1 Support conditions

In general, the support width shall be within the range 50 to 100 mm. Timber blocks may be
used to avoid deformation of a side rib which does not contain foam.

The test panel may be attached to the supports through either the profile valleys or crests as in
practice.

When this test is used to determine the wrinkling stress for use in design calculations, the

support conditions shall be such as to apply no restraint to the rotation of the panel about the
line of support. A suitable support detail is shown below.

+
i
]
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i
]
]

Fig. 5.10 Singly supported test specimens shall be free to rotate on the supports and free to
move axially on one of the supports.

5.2.6.2 Test control

It is preferable to carry out this test by controlling the deflection rather than the load (i.e.
using a constant deflection speed). However, either procedure may be used provided that the
deflection speed does not exceed 1/50 of the span per minute at any time during the test. The
loading rate shall be such as to result in failure between 5 and 10 minutes after the
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commencement of the test. The load shall be increased steadily until failure occurs. The
failure load and the nature and location of the failure and the relationship between load and
deflection shall be recorded.

Note: It is preferable to preface the formal test by a small preload.

5.2.6.3 Face properties

After completion of the test, the steel thickness without coatings, the profiling of the faces and
the yield stress of each face shall also be determined and recorded.

5.2.6.4 Determination of the wrinkling stress

Although, in most cases, the design value of the wrinkling stress may be calculated, more
favourable values of the wrinkling stress will generally be obtained by testing. In this case, the
wrinkling stress shall obtained by determining the ultimate moment of resistance using the
test procedure described above and then the face stress at failure shall be obtained by
calculation.

For symmetrical or nearly symmetrical panels, it is essential to carry out this test with both
orientations of the panel because the wrinkling stress may be greatly influenced by whether
the face was at the top or bottom of the panel during manufacture. For symmetrical panels, the
design shall be based on the least favourable wrinkling stress.

The wrinkling stress oy, is only directly relevant for panels with flat or lightly profiled faces.
For such cases, oy, is given by:

M
= = 5.13
Ow eBt, ( )

where M, the ultimate bending moment recorded in the test, including the effect of

the self-weight of the panel and the weight of the loading equipment

e = depth between centroids of the faces
B = width of the test specimen (sandwich panel)
t; = core metal thickness of the face in compression

If a partial vacuum chamber or air bag test apparatus is used in order to provide a uniformly
distributed load over the surface of the specimen, the wrinkling stress is:

(F; +F,)L
=0 s 5.14
O 8eBt, (5.14)
where  Fg = self weight of the test panel
F, = q,BL = ultimate applied load
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If the load is applied as four equal line loads at positions 1/8, 3/8, 5/8, 7/8 of the span, the
wrinkling stress is:

(F; +F)L
=4 _ui- 15
O 8eBt, (>-15)
where Fg = self weight of the test panel
F, = ultimate applied load plus the weight of the loading equipment

If the face under tension in this test is profiled, the wrinkling stress of the flat or lightly
profiled face in compression may be determined using

M, -M
_M,-My (5.16)

<
g
[¢]
S
I

the ultimate bending moment recorded in the test including the effect of the
self weight of the specimen and the weight of the loading equipment and
the bending moment carried by the profiled face. The value of Mg; shall be
determined by calculation (see Chapter 3 and Appendix A)

i

Mk,

Notes: 1. The formulae for the calculation of the wrinkling stress are based on an analysis of
elastic buckling with an empirical correction factor to take account of imperfections
etc. The determination of the wrinkling stress by test takes full account of:

e non-homogeneity and anisotropy of the core

e non-linear material behaviour

e lack of flatness of the faces

e the true buckling and post buckling behaviour of the face material in
compression.

2. The distribution of the bending moment at the ultimate limit state, M, = Mg, + Mg
has to be calculated according to the load distribution; uniformly distributed load or
four line loads. If the test panel is loaded by an uniformly distributed load, the
expressions given in 3.5.1 can be used to evaluate Mg and Mp, corresponding the
ultimate load (Fg + Fy).

G = MSu
¥ eBt,

where Mg, = (1 —Bq)Mu

Typically, in the equation for 6, , My, is much less than the bending resistance of
the lower face profile.
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5.2.6.5 Determination of the shear modulus of the core material

This bending test may also be used in order to determine a reliable value for the shear
modulus of the core material.

If both faces of the test panel are flat or lightly profiled, the total deflection at the centre of the
test panel may be divided into two parts:

W = Wp+ Wy (5.17)
where w = measured deflection at mid-span of the test panel

W = deflection due to axial deformation in the faces

Wy = deflection due to shear deformation of the core material

The shear modulus of the core may be determined from wy .

If a partial vacuum chamber or air bag test apparatus is used in order to provide a uniformly
distributed load over the surface of the specimen, the deflection increments at mid-span may
be expressed as:

A —iAFﬁ d A L_AFL (5.18a,b)
Yo =384 B, M VvTEGLA, o
The shear modulus of the core may then be expressed as:
AFL L AF
G¢ (5.19)

T 8Ag(Aw—-Aw,)  8Ag Aw-Aw,

In these expressions, the deflection increment Aw is taken from the linear part of the load
deflection curve and AF is the corresponding increment of the applied load and:

E.A.E.A
B =—HF2" B o2nd Ac =eB (5.20a,b)
s EFl AFI +EF2 AF2 S

If the load is applied as four equal line loads at positions 1/8, 3/8, 5/8, 7/8 of the span, the
expressions for the deflection components at mid-span become:

_ 41 AFD
~ 3072 B,

AFL
and Aw, =

1
L 5.21ab
" T8 G Ag (3.21a,b)

Aw,

The calculation procedure is otherwise unchanged.
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5.2.7 Test to determine the creep coefficient @

A single test shall be sufficient to determine the creep coefficient for a particular core
material.

The test shall be carried out on a complete panel of span equal to that used for the bending test
in section 5.2.6. The core thickness shall be the maximum in the test series.

The test shall be carried out under a constant load which shall be sustained undisturbed for a
minimum of 1000 hours. During this time, the deflection shall be regularly monitored to give
a continuous relationship between deflection and time. The load used for the creep test shall
correspond to approximately 30% of the average load for shear failure at ambient temperature
determined from the tests carried out according to section 5.2.4.

The test shall be carried out by subjecting a simply-supported panel to uniformly distributed
dead load. During the placing of the load, the panel shall be propped from below in such a
way that the propping can be removed quickly and smoothly in order to initiate the test.
Deflection measurements shall commence the instant that the full load is applied.

Alternatively, the initial deflection may be calculated from the slope of the load deflection
curve obtained during the corresponding bending test in section 5.2.6. In this case, the dead
load may be applied more gradually in the conventional manner.

The creep coefficient for the core of a thin-faced sandwich panel shall be determined using
the expression:

W, —W,
=" 5.22
L (5.22)
where w; = the deflection measured at time t,
wo = the initial deflection at the time t = 0 and
wp = the deflection caused by the elastic extension of the faces.

The deflections caused by the bending and shear deformations of a sandwich panel with
strongly profiled faces can not be separated in the expression for the deflection because the
distribution of the bending moment into the sandwich component Mg and the flange
components My, Mg, depends on the shear stiffness of the core (see Section 3.5 and
Appendix A). Therefore, the creep coefficient shall to be evaluated iteratively on the basis of
the measured deflections as a function of the time.

On the basis of the results of the tests within t > 1000 h, creep coefficients may be
extrapolated using a semi-logarithmic diagram in order to determine the creep coefficients
required in the design (i.e. @t =2000 h), and @yt = 100 000 h), see Appendix B).
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Notes: 1. The creep test may alternatively be carried out on a complete panel using a
uniformly distributed load.

2. More exact and usually advantageous values of the creep coefficient ¢, will be
obtained if the duration of the test is extended to (say) 2000 hours.

3. The development of new core materials may give rise to increased susceptibility to
creep and may therefore require longer tests.

4. The load used for creep tests is not unduly critical and similar results will be
obtained for any load in the range 30 % to 40% of the failure load.

5.2.8 Interaction between bending moment and support force
5.2.8.1 Wrinkling stress at an intermediate support

The test arrangement for the interaction between bending moment and- support reaction force
shall be a single span panel subject to a line load. This is often referred to as the "simulated
central support test” because it simulates the conditions in the central support of a two-span
beam. In the test, the complete panel with the full width B shall be used.

F
a) Face against support \l/ sheet metal strip
in practice approx. 60 x 4 mm

L/2 | L2 I

J Face against support
\L F in practice

L2 i L2
T

Fig. 5.11 Simulation of the interaction at intermediate supports of continuous sandwich
panels a) for pressure loads and b) for uplift loads.

In order to determine the wrinkling stress at an intermediate support it is necessary to carry

out two types of test:
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(a) tests which simulate downward load

(b) tests which simulate uplift load
Both of these tests shall be carried out on a full panel width.

It is important that the span (which may in some cases be 5 metres or more) shall be sufficient
to ensure that:

e for tests (a), the compressive stress between the panel and the support (under the line
load) at the time of wrinkling failure is less than the compressive strength of the panel
core material

¢ and for test (b), the forces in the fasteners at wrinkling failure of the panel are less than
their design values.

This ensures that, for the prototype panel, all failure modes (wrinkling of the face,
compressive failure of the core and tensile failure of the connection) are designed for
approximately equal levels of safety.

Note: If the test is carried out on a shorter specimen than that described above, the failure
mode is likely to be dominated by core crushing and a conservative value of the
wrinkling stress will be obtained.

The wrinkling stress o, is only directly relevant for panels with flat or lightly profiled faces.
For such cases, oy, is given by:

_ FL
°w = 4eBt,

(5.23)

Il

where F.
e
B
4

ultimate load carried by the specimen

depth between centroids of the faces

width of the test specimen (sandwich panel)
core metal thickness of the face in compression

Il

5.2.8.2 Remaining bending resistance at an intermediate support

If the load-deflection curve is of type (a), the attainment of maximum bending moment at an
internal support corresponds to a serviceability limit state. Furthermore, a non-zero rest
moment may be determined and incorporated into the calculations at the ultimate limit state.
If the load-deflection curve falls away suddenly, as shown in (b), the attainment of maximum
bending moment at an internal support may be better considered to correspond to the ultimate
limit state.
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Load Load

a) b)

Deflection Deflection

Fig. 5.12 Load-deflection curve of sandwich panel with a remaining (curve a) and a
vanishing (curve b) bending resistance at the intermediate support.

A suitable value for the non-zero rest moment M.s may be determined from a load-deflection
curve type (a) by subtracting the elastic component of deflection and choosing M as the
moment on the drooping part of the curve corresponding to a "plastic hinge" rotation of 3° .

5.2.9 Test on a two-span panel
This test may be used as an alternative to the test described in section 5.2.8 in order to
investigate the interaction between the bending moment and reaction force at an internal

support.

In carrying out this test, one of the arrangements shown below shall be used, following the
principles described in section 5.2.8.

iF/4 lF/4 lF/4 lm F/4 lF/4 lF/4
-

e

|L8] L4 |14 | L4 LB LB L4 | L4 | L4 |Ls |
— * *t LA S * t P—

Fig. 5.13 Bending test arrangements of two-span sandwich panels a) using air bag or partial
vacuum chamber method and b) using line loads caused by hydraulic jacks.

Care should be taken to identify the onset of permanent deformations corresponding to
buckling or yielding of the face or crushing of the core at the internal support. This will
generally require that the panel is unloaded after certain increases in the applied load in order
to determine the residual deflection.



Page 87

Fastenings at the end and intermediate supports have some flexibility, especially against the
uplift loads caused by wind suction and temperature differences between the faces. Thus, the
calculations based on immovable supports overestimate the stresses caused by the temperature
differences and are approximate for the stresses caused by wind suction loads. However, the
flexibility of the fastenings increases the deflections of the panel.

The flexibility of the fastening system, and its influence on the bending moment and shear
force distributions and on deflections, shall be determined experimentally. In such tests,
mechanical loading can be used in the way shown above. The panel shall be supported by the
fastenings against the load, thus, the fastenings will be loaded by tensile forces. The
flexibility of the fastenings can also be tested using loading arrangements which causes a
temperature difference between the faces of the panel as shown (T; > T, ) in the figure.
Results obtained from the measurement of the support reactions and the deflections in the
spans and at the supports make it possible to evaluate the flexibility of the fastening systems
and their influence on the stresses and deflections of the panel system. A possible outcome
from the analysis may be a spring coefficient, which can be used to model the flexibility of
the fastening system against negative support reactions.

fastener at
T, / intermediate support

Fig. 5.14 Testing of the influence of the flexibility of the fastening system on the stress
distribution and resistance of two-span sandwich panel using temperature loading.

5.2.10 Support reaction capacity

As an alternative to basing the support reaction resistance at an internal support solely on the
compressive strength determined in section 5.2.3, this test may also be used to determine the
support reaction resistance at internal support.

A suitable test with which to determine the capacity with respect to an end support reaction is
shown in the figure 5.15. The end support reaction capacity is defined as

Fpy = —2—F (5.24)

RET L +L, '
where F is the maximum load measured in the test or the load corresponding to a deflection
w = 0. e (where e is the distance between the centroids of the faces of the panel) if this is-

lower than the maximum load and on the rising part of the load deflection curve as shown in
Fig. 5.16.
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4Lz+ Lo

DET.

Fig. 5.15 Test arrangements for the determination of the end support reaction capacity.

The dimensions L;, I, and L3 shall be chosen in such a way that the failure mode of the
specimen is a compression failure at the support. If the failure mode is a shear failure between
the loading plate (F) and the support plate (L), the end support reaction capacity may be
taken to be the value of the support reaction force at the time of shear failure.

/‘-_‘\ FRJ

Support reaction F

wie =0.10

Compression w

Fig. 5.16 Definition of the ultimate load from the load-deflection curve in an end support
reaction test.
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The support reaction capacity at an intermediate support is defined as:

FRZ = fCC B(LS -+ ke) (525)
Fri —fco BLg
5.2
where k=2 foo oB (5.26)

In the expressions, B is the width of the test specimen (sandwich panel).

The compression strength fc. of the core shall be determined according to section 5.2.3.

The loading rate shall be such as to result in failure between 5 and 10 minutes after the
commencement of the test.

5.2.11 Test for walkability

There are two parts to this test. Part 1 provides information regarding the safety and
serviceability of roof and ceiling panels with respect to a single person walking on the panel

both during and after erection. Part 2 provides information regarding the durability of the
panel with regard to repeated foot traffic during the life of the panel.

Notes: 1. Most types of sandwich panel are unsuitable for use as walkways or working
platforms without some form of protection from repeated foot traffic.

2. Part 1 is sustained for occasional access. Part 2 is provided access on a regular
basis but not frequent.

Part1:

The tests shall be carried out on single span panels of full width. The span shall be the largest
envisaged in practice. The load shall be applied through a timber block measuring 100 x 100
mm. In order to avoid local stresses, a 10 mm thick layer of rubber or felt may be placed
between the timber block and the metal skin of the panel.

A load of 1.2 kN shall be applied at mid-span on the edge rib or on the edge of a flat panel.
There are three possible outcomes from this test:

(1) If the panel carries the applied load without permanent visible damage, there are no
access restrictions onto the roof or ceiling either during or after erection.

(2) If the panel supports the load but with permanent visible damage then measures shall be
taken to avoid damage during erection (e.g. walking boards). Furthermore, there shall be
no provision for access to the roof after building work is completed.
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(3) If the panel fails to support the load then it shall not be used in practice.

For multi-span panels, the maximum allowable span indicated by the above test may be
increased by 25 %.

Part 2:

This test requires a minimum of 10 tensile specimens with a size of 100 mm x 100 mm
according to section 5.2.2 with the faces intact. 50% of the specimens shall be tested to failure
in tension according to section 5.2.2. The remaining 50% of the specimens shall be first
subject to 250 cycles of compressive loading with a stress level varying between limits of
zero and 0.08 N/mm? applied as a central load 0.45 kN over a loading area of 75 mm x 75
mm. The rate of testing is not critical but shall not exceed 1 Hz. These specimens shall then
be tested to failure in tension as previously.

If the average of the tensile strength results obtained after cyclic loading falls below 80% of
the average value obtained without cyclic loading, the panels shall be considered to be
unsuitable for regular access without added protection.

Note: The Part 2 test for walkability is still under debate within CEN. The above
Recommendation may, therefore, be subject to subsequent change.

5.2.12 Blistering test

Blistering may affect the outer faces of dark coloured foam-filled panels exposed to sunlight
or other panels subject to relatively high temperatures. Blisters are usually associated with
imperfect bond between the core and the faces or voids or imperfections introduced during
manufacture.

The test shall be conducted by heating the outer (or otherwise exposed) face of the panel up to
a uniform temperature of 85°C + 3°C and then maintaining the panel at that temperature for
two hours. The panel shall then be carefully examined for visible blisters before it is allowed
to cool. The test is successful if no visible blisters are observed.

For continuously produced panels, it is sufficient to test a specimen of width equal to the full
width of the panel and minimum length 1 metre.

For panels which are individually moulded by an injection process or manufactured by other
methods which result in a non-uniform distribution of foam, the complete panel shall be
tested.
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Notes: 1. Once the foam formulation and method of manufacture have been shown to be
sound with respect to blistering the test shall be repeated as part of the quality
control.

2. Batch-produced panels tend to be more prone to blistering than those manufactured
on a continuous production line and this shall be borne in mind when agreeing
quality control procedures.

3. When, after some months of continuous production, consistent properties have
been established and the design has been shown to be basically sound with respect
to blistering, the frequency of blistering tests for quality control may be reduced
on the basis that this property will be controlled by tensile bond tests.

5.2.13 Thermal shock test
This test is a development test.

The panel to be tested shall be a little over 6 metres long and shall be fixed by the specified
fastenings to a rigid steel frame arranged so that membrane forces or fixing moments are
avoided and to give two equal spans of 3 metres.

The temperature of the outer face shall then be raised in steps of 10°C up to a maximum of
80°C while the other face is maintained at ambient temperature (#20°C). When the panel has
stabilized at the maximum temperature it shall be suddenly cooled by spraying with cold
water (< ambient temperature).

During the test, any visible damage (wrinkling, buckling, blistering, etc) shall be recorded.

Note: This test does not provide any information regarding the design strength of the
panel. However, it is not unusual for otherwise satisfactory panels to fail this
thermal shock test.

5.2.14 Test for thermal stability
The dimensional stability of the foam core shall be tested at 80°C and -20°C.

The test specimens shall be 100 mm x 100 mm and of the full thickness of the panel with the
faces removed. Their thickness shall be precisely measured. One set of specimens shall be
placed in a heating chamber and the other in a freezing chamber and the requisite temperature
maintained for three hours. They shall then be allowed to return to ambient temperature and



Page 92

the thickness re-measured. The difference in thickness before and after thermal attack shall be
less than 3% as a result of the high temperature and 1% as a result of the low temperature.

5.2.15 Tests for controlling foam reaction and the reaction of adhesives

Predetermined quantities of the foam or adhesive components, according to the recipe, should
be mixed in a disposable container and the phases of the reaction timed and recorded, e.g.:

e starting time

e mixing time or stirring time

e cream time

e rising time

e rate of setting or tack-free time
e end of active bonding.

Specimens should be taken from the specimen of free rise foam for the determination of:

e density
e compression strength
e behaviour under temperature attack (+80°C, -20°C - see section 5.2.14)

The evaluation of these data, together with the size and appearance (cell structure) of the
foamed specimen indicate a number of characteristics of the foam which influence the
laminating process. The successful use of this information is a matter of experience.

Note: These tests are usually carried out before the commencement of a shift. Because free
rise is allowed, the results obtained bear no direct relationship to the characteristics of
the cores of the panels to be produced. They do, however, provide the engineer with
qualitative information which is essential to the successful operation of the plant.

5.2.16 Adhesive bond between faces and prefabricated core material

The adhesive bond between the faces and the core is vital to the satisfactory performance of
the panel and it is essential that every attention is given to the long term properties. of the
completed joint. The properties of the adhesive are fundamental and these must be agreed by
the supplier and the manufacturer of the panel. The following shall be carefully controlled
during manufacture of the panels:

e preparation of surfaces

e temperature and humidity

¢ quantity and uniformity of application of adhesive
e curing pressure and duration.
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A suitable test with which to control the adhesive bond is the wedge test carried out in
accordance with ASTM D3762. The test specimens are fabricated from two strips of the face
material with a width of 20 mm and a length of 100 mm. These strips may either be cut from
the coil material to be used in the manufacturing process or, in the case of panels produced
using autoadhesive bonding, from the manufactured panels. When cutting from completed
panels, the core material shall be carefully removed without damaging the bonding layer with
the surface of the metal face. The strips of face material are then bonded together as shown in
the Figure 5.17.

The wedge is pressed between the two faces, thus causing an initial crack whose length shall
be measured. The wedge should be loaded with a force of 3N. The specimen is then immersed
for 24 hours in water heated to 70°C.

The initial crack should not extend for more than approximately 20 mm and should not grow
by more than approximately a further 20 mm after immersion for 24 hours in heated water.
The crack should appear within the adhesive material itself not in the bond with the face
material.

Dimensions of the aluminium or stainless steel wedge, measures in mm

L 25 1 3+0.1
T T *

—— —p I

25

Wedged crack extension specimen

| omm | omok | 4 |
T T length T T

Ay = crack growth after exposure

Fig. 5.17 Dimensions of the specimen and test arrangements in adhesive bond test.
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Notes: 1. The small force is not included in the ASTM D3762 method and is needed here to
compensate for the use of thin plates in sandwich construction.:

2. This modified ASTM method has not been validated for plate thickness less than
0.5 mm.

In addition regular tensile tests should be carried out in accordance with section 5.2.2 in order
to evaluate the strength of the joint in the manufactured panels.

5.2.17 Impact loading tests

Impact loading tests are according to ISO 7893 and ISO/DIS 7893. They are generally
applicable to internal and external wall panels located where they may be exposed to impact
loading, for example at ground floor level in buildings accessible to the public. They are
intended to simulate the performance of the panels when subject to accidental or intended
impacts, for example, objects thrown or kicked against them or accidents involving people or
items pushed or falling against them.

The type and magnitude of impact will depend on the building use and this makes it difficult
to recommend a universal test(s) suited to all building uses.

The tests shall consist of single impacts applied in several locations.

Where impact loading tests are necessary, the tests shall be carried out with a hard body
and/or a soft body impactor, whichever corresponds most closely to the actual application
(ISO 7892).

Impact loading tests shall be carried out on an assembly of at least two panels incorporating a
vertical joint. The width of the panel assembly shall be not less than 2 m. The height of the
panels shall be as close as possible to the maximum design height, but not less than 2 m. The
panels shall be secured at their upper and lower ends to a suitable support frame using the
attachment method and fasteners according to the end-use condition. The support frame shall
be of rigid construction ( a flexible support frame will, by elastic deformation, absorb some of
the impact energy so reducing the impact sustained by the panel assembly).

The impactor shall be suspended down the face of the panel by a wire at least 3 metres in
length. The position of the impactor shall be adjusted so that it rests against the face of the
panel at the point to be tested. The test shall be conducted by raising the impactor in
pendulum fashion to the required height and then releasing it. The test shall be carried out in
one or more positions on the face of the assembly which are considered to the most critical.
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Peak

. Impactor
deflection

soft or hard body

1A

Fig. 5.18 Principles of impact loading test.

These tests should demonstrate that, when subject to impact loads, the performance of the
panel is such that:

e there is no risk to people either inside or outside the building
e there is no reduction in the structural safety of the building
o there is no risk of panels becoming detached from the supporting framework

Dents, or other superficial damage are acceptable subject to aesthetic considerations.
In the absence of other guidance the following data may be used:

The hard body impactor shall comprise a steel ball of 67.5 mm diameter and weight
approximately 1.0 kg

The soft body impactor shall comprise a spherical canvas bag of diameter 400 mm
filled with 3 mm diameter glass spheres to give a total weight of approximately 50 kg.

The test shall be carried out by applying the impactor at increasing heights until failure
is deemed to have occurred. The initial impactor height H shall be 0.30 m and this
shall be increased by 0.30 m between each impact. At each impact, it is important to
catch the impactor so that only one impact from each height is allowed to occur. The
panel assembly shall be inspected for visible damage after each impact. The failure
criteria may be one of the following:

o first visible damage
¢ maximum allowable deflection
e limit of integrity
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a) screws passed through the panel

b) special fastenings in longitudinal joints

end support
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Fig. 5.19 Testing of tensile resistance of a fastening a) screws passed through the panel and
b) special fastenings placed in longitudinal joints between the panels.
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Note: The German guidelines, in addition to 10 static tests on each arrangement (with
average resistance Fogaric), also require 5 dynamic tests to be carried out with the
following load limits:

Ve
Upper load limit: Frax = 0.5 Fo gtatic
Lower load limit: Fin = 0.1 Finax
Number of load cycles: 5000

After cyclic loading, the connection should be loaded statically to failure and the load
capacity so attained should be not less than 1.3 Fpa. If this requirement is fulfilled,
then:

The design capacity Firq = 0.5 Fru (5% fractile with a material factor yy = 2.0)
Or, alternatively, the design of the connections should be based on :
20S.+ 1.3Sr £ Fry

where Sy is the tension due the load actions
St is the tension due to the temperature actions

In all other cases and if, during the cyclic loading tests, damage is observed (for
example tearing of the metal at the edges of the holes in the faces) then the value

determined by an expert should be adopted. In this case, the design of the
connections should be based on at least:

3.0SL+ 2.0Sr < Fry

In all tests, any noticeable permanent deformations should be recorded.

5.2.18.2 Testing of fasteners in shear

If the distance between the end of the panel and the fastener is less than 30 mm, separate tests
shall be carried out for fastenings at the end of a panel and those at an intermediate support.

For each screw type, the tests shall be carried out for the largest panel depth to be used in
practice.

The load or displacement shall be increased monotonically up to the ultimate load. The use of
a displacement-controlled testing machine is to be preferred. The shear displacement at the
fastening shall be measured in order to determine the shear stiffness and the shear
displacement corresponding to the maximum load in the fastening. The loading rate shall be
such as to results in failure between 5 and 10 minutes after the commencement of the test.

The ultimate load is defined to be the smallest of:

¢ the maximum load recorded during the test
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e the load at which the first fall in load is observed on the load deflection curve

e the load corresponding to a displacement of 3 mm if this occurs on the rising portion
of the load deflection curve.

The ultimate failure load and the mode of failure (pull through, pull out, failure of fastener
itself etc.) shall be recorded.

a) screws passed through the panel b) special fastenings in longitudinal joints
L u
GI ‘:aftﬂ .. | i
- v oo
Tt F
direction of span direction of span

for shear loads at an end of the panel, e; corresponds the minimum end distance and
for shear loads inside the ends of the panel, e; > ¢
t; is the thickness of the supporting structure

Fig. 5.20 Testing of shear resistance of a fastening a) screws passed through the panel and
b) special fastenings placed in longitudinal joints between panels.

5.2.18.3 General notes with regard to the testing of fasteners

The above procedures may be used to give general guidance when local tensile and/or shear
loads are transferred to a panel through other similar types of fastening.

The test arrangements described in Ref. /ECCS 1993a/ may require modification in order to
accommodate the fixings used in sandwich panel construction. When this is the case, the test
set up must be representative of the real situation. Particular attention should be given to:

type of loading

thickness of supporting member
fastener head and washer
quality of core

quality of face material and

end and edge distances

The following test is an additional requirement that is specific to sandwich panels.
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5.2.18.4 Repeated bending test on a fastener

The fastener shall be tested as a cantilever of length 1 equal to the depth of the panel to the
point of connection. The details of the test arrangement shall correspond as closely as possible
to those in the actual structure, in particular, it shall be fixed into material of the same
thickness ‘t” as the supporting member in the actual structure. The head of the fastener shall
not be restrained during the test.

The fastener shall be tested in a displacement-controlled testing machine and shall be
subjected to the following unilateral displacement spectrum where ‘u’ is the maximum lateral
displacement calculated at the point of attachment

(1) 20000 cycles at 4/7 u
(2) 2000 cycles at 6/7 u
(3) 100 cycles atu

The frequency shall not exceed 5 Hz.

After application of the above displacement spectrum, the fastener shall be tested to failure in
tension.

F
Detail A
! material of
-10° 4t I mm substructure
- diamet
[ iameter t
! ’Iof shank T
L o1
L J
Detail A !
SO

s

Fig. 521 Test arrangement for the repeated bending test of a fastener.
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Notes: 1. The arrangement shown represents a suitable arrangement for this test.

By varying | and u, this test can be used to determine the maximum allowable
value of u for different panel thicknesses. In systematic testing of a particular
fastener, the thickness t of the sub-structure material shall also be varied because a
greater thickness results in increased bending restraint and therefore reduced
deformation capacity. Further details of the interpretation of this test are given in
Appendix E.

2. The recommended displacement spectrum is based on a procedure that is accepted
in Germany. This, in turn, is based on the following temperature variations during
a 50 year working life:

number of cycles AT

20000 40°C
2000 60°C
100 70°C.

3. Detail A is designed to allow the head of the screw to rotate freely during the test.
If this detail does in practice not allow free rotation, thus putting the screw into
double curvature, detail A may require modification.

5.2.19 Tests to determine other aspects of physical behaviour

Tests in addition to those described in these recommendations will generally be necessary in
order to determine other aspects of the behaviour of the panel, e.g.

e corrosion resistance

¢ thermal conductivity

e resistance to humidity

e tightness of joints between panels
e resistance to fire

e reaction to fire

¢ acoustical behaviour

The required tests will normally be specified in the relevant Building Regulations.
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Notes: 1. Thermal conductivity. The thermal performance of metal sheet faced sandwich
panels shall be determined by either measurement or calculation. Methods to

determine the thermal resistance of core materials are given in Refs. /prEN13162,
13163, 13164, 13165/.

With many rigid-foams, in particular PUR, the measured values of thermal
conductivity need to be increased by an ageing factor in order to take account of
the slow exchange of cell gases with air.

For PUR, panels which have vapour-tight faces and edge details, the ageing factor
may be taken to be 10%. For panels with lesser degrees of vapour tightness, the
ageing factor may vary between 10 and 50% depending on the details.

2. Fire tests. The tests required in order to determine the behaviour in fire vary
considerably between the different countries and the results given by the different
national test procedures are often not comparable. European harmonisation of fire
test procedures is under consideration but will probably take several years.

5.2.20 Recording and interpretation of test results

For each test series, formal documentation should be prepared giving all the relevant data so
that the test series could be accurately reproduced. In particular, in addition to the results of
the tests, the specimens should be fully and accurately described in terms of dimensions and
material properties. Any observations made during the tests should also be recorded.

Note: The following may serve as a check list for the information to be recorded:

e Date and time of manufacture

¢ Method of manufacture and orientation of panel during manufacture (e.g. which
face was uppermost, which was the leading edge during continuous foaming, etc.)

e Date and time of testing

e Conditions during testing (temperature and humidity)

e Method of loading and details of instrumentation

e Support conditions (number and length of spans, width and details of supports,
number and details of connections to supporting structure etc.)

¢ Orientation of panel during testing

e Properties of face material (thickness, yield stress, geometry etc)

e Properties of core material (density, strength, moduli etc)

e Measurements made during testing (load, deflection readings, temperature etc)
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The analysis of the results of a test shall be based on the measured dimensions and material
properties of the test specimens rather than the nominal values assumed in the design.

For the following failure modes:

e Failure of the profiled metal face in compression
e Failure of the fastenings in tension and shear

the test results shall be adjusted according to the following procedure /Eurocode 3 1996/:

fy ¢ t B
R =R . |—Y— (5.27)
adj,i obs,i fy,obs (tobs)

where Ropsi = the result of test number 1

Ragji = test result of the test i modified to correspond to the design values of metal
thickness and yield stress

fy, = design yield stress

f,0bs = the yield stress measured in the test specimen

t = design metal thickness

tons = the metal thickness measured in the test specimen

a =0iffyg <f

a = 1iffygs >1f,

except that, for the compression failure mode of a profiled face:

. b Er
o =0.5 if fy,obs>fy and *t‘>1.27 -}:}"*

In general:
B =1.0
except that, for the compression failure mode of a profiled face:

B =10 if tope<t

. b Eg

B =1.0 if tgs>t and —<127 |—
t fy

. b Ep

B =20 if typs>t and —>127 |—
t fy

Il

where

c-v-lo‘

width to thickness ratio of the dominant part of the profiled face
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The values R,gj; shall be used to represent the individual test results in the evaluation of
characteristic strengths and resistances.

5.3 Test procedures for quality control
5.3.1 General

Every production facility shall have an adequate quality control procedure which shall include
regular testing of the running production in accordance with the following paragraphs. The
aim of the quality control procedures is to check:

e whether the properties of an individual production batch are such that the panels
produced will satisfy all the functional expectations made in the design and are
adequate for the batch to be acceptable

e whether, during the longer production period, the mean value and the standard
deviation of the relevant properties are in accordance with the assumptions made in
the design.

Regular quality assurance testing should commence at the stage of prototype manufacture and
should continue throughout the duration of manufacture.

Quality assurance tests should be carried out using established procedures. These procedures
should be fully documented when the quality assurance scheme is established. Only the
details particular to any batch of specimens needs to be recorded at the time of the tests.

Quality assurance tests provide a clear documentation of the quality and consistency of
production. They should be regularly used to update the statistical data base of the production
process in accordance with section 5.3.5. Quality assurance test results should be kept
available for at least five years.

Note: The following may serve as a check list for the information to be recorded:

Date and time of manufacture
Type of product
Material specification

Significant results with respect to the quality assurance scheme (e.g. strength,
modulus etc.)

5.3.2 Number of quality assurance tests

A typical minimum quality assurance procedure for a continuous production line for the
manufacture of panels containing polyurethane foamed-insitu shall include testing according
to the following table:
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Type of test Number of Frequency
specimens
Core material
Density 3 1 per shift
Cross-panel tensile strength and modulus 3 1 per shift
Compressive strength and modulus 3 1 per shift
Shear strength and modulus 3 1 per week
Dimensional stability under temperature attack 1 1 per week
Face material All deliveries unless
Tensile strength attested by material
Thickness certificates
Complete panel
Strength and stiffness 1 1 per week
Dimensional control 1 1 per shift
Ageing/durability 5 1 per year

A typical minimum quality assurance procedure for panels formed from slabstock shall

include testing according, to the following table:

Type of test Number of Frequency
specimens
Discrete core material
Density (unless certificated) 3 1 per shift
Cross-panel tensile strength and modulus 3 1 per shift
Compressive strength and modulus 3 1 per shift
Shear strength and modulus 3 1 per week
Dimensional stability under temperature attack 1 1 per week
Face material All deliveries unless
Tensile strength attested by material
Thickness certificates
Adhesive
Shear strength 3 1 per week
Wedge test 3 1 per week
Complete panel
Strength and stiffness of panel 1" 1 per week
Dimensional control 1 1 per shift
Ageing/durability 5 1 per year

* Wrinkling and shear strength shall be tested alternately
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Notes: 1. For panels produced by horizontal batch moulding or other processes whereby the
properties may not be consistent within the area of the panel, a greater number of
tests will be necessary. These tables may therefore be regarded as a minimum
procedure for a "structural sandwich panel".

2. When, after some months of continuous production, an established data base has
been produced, and consistency of properties established, the above frequencies
may be reduced.

3. Although no frequency is specified, the control of the thickness of slabstock and
lamellas and the positioning of the joints between individual slabs is of
fundamental importance and should be continuous.

Typical allowable differences in cutting thickness between adjacent lamellas or
slabstock are as follows:

for fabrication with stiff platens 0.5 mm

4. When several different panel types are produced or when different deliveries of
slabstock are used during a single shift, the manufacturer shall use his own
judgement regarding the number of tests to be carried out.

5. If the producers of pre-formed core materials provide the panel producer with
certificated values of the relevant core material properties, determined in
accordance with the above table, the panel producer may substantially reduce the
quality requirements for those properties so certificated. He shall, however, still
carry out spot checks to confirm that there is no deterioration of these properties as
a result of handling or storing.

5.3.3 Quality control of prefabricated slabs of core material

Material for the cores of sandwich panels shall only be obtained from suppliers of
standardised material who operate an adequate quality control procedure and are prepared to
guarantee the consistency and properties of their products. The following properties shall be
guaranteed by the supplier. Nevertheless, it is recommended that they should be subject to
random checks in accordance with this chapter.

e tolerances (particularly consistency of thickness)
o density

e tensile strength and modulus

e compression strength and modulus

e shear strength and modulus

e thermal conductivity

» reaction to fire
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Notes: 1. The manufacturer should be able to provide statistical data regarding the variability
of the properties of the core material.

2. In order to control the bonding process, particular attention should be given to the
following:

e preparation of surfaces which are to be bonded to other materials (e.g. cutting
marks, contamination by dust or other materials etc)

e temperature and humidity

e quantity and uniformity of application of foam or adhesive

e curing pressure and duration

3. The bond between the face and the core can effectively be checked by carrying out
peel tests.

5.3.4 Dimensional control

All panel dimensions that are of significance for a faultless installation process, for effective
tightness of joints and for satisfactory performance in service should be regularly checked
during production. The main dimensions to be controlled are:

thickness

length

width

flatness of surfaces

profile geometry (including depth of light profiling)
edge details

The dimensions to be controlled and the applicable tolerances may be dependent on the nature
of the panel and its intended usage. Minimum tolerances, together with measuring procedures,
for wall and roof panels are given in the European Standard under preparation by CEN
TC128/SC11.

More stringent tolerances may be agreed between the manufacturer and user as appropriate
for a particular application. In particular, tolerances on length may be advantageously positive
or negative depending on the usage.
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5.3.5 Evaluation of quality assurance tests
In general, a production batch may be accepted with respect to a particular property x if:

X-k,0,2%, (5.28)

where X the 5 % fractile value of the total population according to section 5.1.2 (i.e.
the characteristic value)
X = the average of the values for the batch

the standard deviation for the batch

The values of the fractile factork ; are given in section 5.1.2.

Notes: 1. Where only a single test is carried out, evaluation is only possible over a longer
period.

2. It is permissible for individual test results to fall below the characteristic value X,
provided that the above equation is satisfied for all test results in the longer term.

5.3.6 General control of production

The production process, and therefore the quality of the final product, may be influenced by
the conditions existing during production. It is therefore essential that the quality control
procedures described previously are accompanied by equally stringent checking of the
relevant items in the production process. This checking should include the following list:

e Ambient temperature and humidity

e Temperature of the raw materials

e Temperature of the moulds

e Amount of adhesives

e Temperature of complete panel during and after production
e Adherence to specifications for foaming and glueing

e Control of delivery of core material

e Time and pressure during curing of panels.
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6. DESIGN OF PANELS BY TESTING
6.1 General
6.1.1 Scope

This chapter describes the principles whereby sandwich panels may be designed on the basis
of a comprehensive test programme as an alternative to design on the basis of calculations.

For design on the basis of calculation, as described in previous chapters, the procedure
requires the determination of stresses and deflections for all of the relevant load cases. It is
then checked that the most unfavourable combination of factored loads does not result in
stresses or deflections which exceed the design values in either the serviceability or ultimate
limit states.

This approach is also possible for design by testing. The test program yields values for
deflections, failure loads and, in certain cases, reaction forces. A statistical analysis of the test
results allows these to be reduced to characteristic values. In order to be able to combine load
cases it is necessary to use test arrangements or evaluation methods, which are suitable to take
in account the action effects due to the temperature changes and the shear creep of the core.

6.1.2 Selection of test specimens
A series of test results may be used to derive design data for a given panel or range of panels

only if the thickness and material properties of the facings and the core material of all panels
included in the series are within the following limits compared to the nominal values:

thickness of core between +2% and -4%
density of core +10%
yield stress of face material the correct grade shall be used and

shall have a yield stress within -5 and +25%
of the nominal value
thickness of face material between +10%

6.1.3 Treatment of test results

Before commencing the statistical analysis, individual test results shall be adjusted to
correspond to the nominal values of the geometry and material properties of the specific

sandwich panel product under consideration. The adjustment procedure described in section
5.2.20 shall be used.
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6.2 Limit states

6.2.1 Ultimate limit state

In any test, the ultimate limit state load for the tested panel is defined as the maximum load
sustained by the panel during the test. The failure mode corresponding to this limit state may
be in the faces, in the core or in the connections as described in section 2.3.1.

For design at the ultimate limit state, the forces and bending moments corresponding to.
failure must first be subject to statistical analysis to give characteristic values and must then
be divided by the appropriate material factor given in section 2.5.3 to give design values.

6.2.2 Serviceability limit state

In any test, the serviceability limit state may correspond to any one of the conditions
described in section 2.3.2.

For design at the serviceability limit state, the actions giving rise to the limiting condition
must first be subject to statistical analysis to give characteristic values and must then be
divided by the appropriate material factor given in section 2.5.3. to given design values.

Comment: Material factors for the serviceability limit state verification are generally 1.0
(See 2.5.3).

6.3 Test procedures
All testing shall be carried out using the procedures described in chapter 5.

The following tests are particularly applicable to design by testing:

e Test to determine the ultimate failure load and stiffness of a simply supported panel
(section 5.2.7)

Test on two-span panels ( section 5.2.9). To combine the action effects due to the
temperature, a distance piece over the middle support should be used (see Appendix D)
Thermal load test (section 5.2.12), if necessary

Test to determine the creep deflection (section 5.2.5)

Test for walkability (section 5.2.10)

Tests to determine the degradation factor (sections 5.1.4 and 5.2.2)

These primary tests may be supplemented by

o Tests to determine the material properties of the core of all tested panels:
Density
Tensile strength or bond (section 5.2.2)
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Compression strength (section 5.2.3)

Shear strength (section 5.2.4)
e Tensile tests on the face material of all tested panels (section 5.2.1)
e Tests for fasteners (section 5.2.18).

It is implicit that the primary tests in any programme of design by testing should be carried
out on complete panels or assemblies of complete panels which reproduce as nearly as
possible the loading and support conditions likely to be realised in practice. Where various
supporting arrangements may be used, that which gives the least restraint to the panel should
be used for the test programme.

6.4 Number of tests
6.4.1 Number of short-term tests
The total number of tests shall be sufficient to obtain a valid statistical correlation.

In general, the test series shall embrace the extreme values of all of the variable parameters
and it is permissible to interpolate between test results. However, extrapolation should only
carried out with caution and over a limited range of values.

The test series shall include, where relevant to the practical conditions of use, for each of the
following conditions:

e statical system (one or two spans)

e direction of load (downward or uplift)

e thickness and metal quality of face material
o thickness and material properties of core

e width of supporting member

¢ type and frequency of fastenings

e ageing

It is generally sufficient to test each combination of the above conditions at three different
spans:

e the longest span likely to be used in practice
e the shortest span likely to be used in practice
e an intermediate span

When a panel is manufactured in more than two core thicknesses, the tests may be carried out
for only three thickness, namely the thinnest, the thickest and one of the intermediate
thicknesses with a maximum difference of 30 mm between two tested thicknesses.
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6.4.2 Number of creep tests

It is normally sufficient to carry out a single creep test in order to define the creep behaviour
for a given core material. If the design is to embrace a series of panels with different core
thicknesses, the test should be carried out on the panel with the thickest core. The span is not
critical and should be within the normal range of use.

6.5 Evaluation of test results
6.5.1 General conditions

The evaluation of the test result shall be carried out in terms of the nominal values of the
thickness and material properties of the facings and core materials.

Before embarking on any evaluation of test results, it is necessary to have a suitable analytical
model which defines a relationship between the relevant test result and all of the relevant
parameters in the test series. Thus, if different core or face thicknesses, as well as spans, are
included in the tests, the mathematical model must include terms to cater for these parameters.

In general, designers may choose either a model based on the appropriate equations of
structural mechanics or an entirely empirical approach. However, all methods are required to
show the same level of safety.

Comment: It is implicit in this clause that the more accurately the model reflects the real
behaviour, the more favourable will be the characteristic values resulting from the
evaluation.

The characteristic values shall be obtained from the test results by carrying out a statistical
analysis of the differences between the test results and the values given by the mathematical
model. A suitable method is described in Appendix Z to Eurocode 3.

Comment: The method described in Appendix Z is rather complicated and may be simplified
for this application provided that the implied level of safety is not reduced. A
possible simplification is as follows:

A comparison between the test results r, and the corresponding theoretical values
given by the mathematical model r; can be plotted on a diagram.
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Te ®

T

The mean value of the test results is a straight line passing through the origin. After
adaptation of the model, this should be approximately the line ro = 1,

The mathematical model is then treated as the mean of the test results. In order to
obtain a unified population of values, each test result r. is divided by the
corresponding r;. The standard deviation, s, of this normalised population 1, can
then be found using

2t

n

where n is the number of test results and r, =

The characteristic value obtained from the test results is then given by

I, =T, (1—-k(y s)

for any panel within the range covered by the tests where k, is given in section
5.1.2.

Characteristic values ry are shown by the broken line in the above figure.

6.5.2 Ultimate limit state

For the ultimate limit state verification, the design load is determined using the combination
rules given in section 2.4.1. The design load shall be less than the design value of the
corresponding resistance of the panel. Thus

YGGk+YQ1Qkx+ZYQi\V0iQkiSRd (6.1)

i>1
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where

Gy = characteristic value of the permanent load, e.g. self-weight
Qx: = characteristic value of the dominant live load
Qxi = characteristic values of the non-dominant live loads (i > 1)

R
R,=—% design value of the resistance load of the panel
M

The load Q in the expression (6.1) denotes wind and snow loads and the load caused by the
temperature difference AT between the faces of the panel.

If the resistance of the sandwich panel is determined by tests in which the effects of the
uniformly distributed load q and the temperature difference AT between the faces of the panel
are combined directly, the expression (6.1) can be written as (see Appendix D2)

q;
VoG +YuQu +ZYQi\V0iQki Squ = v : (6.2)
i>1 M

In the expression (6.2) Q denotes the wind and snow loads, only, because the effect of the
temperature difference AT is included in the experimental resistance value qx = qu(q,AT).

Comments:

The resistance load qq is a function of temperature and creep time (See Appendix D2).
Therefore, the resistance load g4 used in the ultimate limit state verification has a different
value in different combinations and it has to correspond the combination of the loads on the left
side of the design equation (6.2).

For the ultimate limit state verification, the design expression (6.2) can typically be written for
roof panels as

1.35-G+150- Qg +1.50-0.6-Qying 9,4 (Winter, T; = 0°C, short-term)
1.35:G +150- Qo +1.50:0.6- Qying £q.q (Winter, Ty = 0°C, long-term)
1.0-G+150-0.6- Qyyy $q,4 (uplift; Summer temperature T, temperature dominant)
1.0-G +150-Qy, g £q,, (uplift; Summer temperature T , wind dominant)

and for wall panels

1.50- Qg 9,4 (wind dominant)

150-0.6- Qg <q,4 (temperature dominant)
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6.5.3 Serviceability limit state
6.5.3.1 Limit state of deflection
For the serviceability limit state verification, the design deflection shall be determined using

the combination rules given in section 2.4.2 The value of the design deflection shall be less
than the allowable deflection. Thus

ZWGJ TYuWaq +ZW0iW1iWQi =W allowable (6.3)
=2l i>1
where

wg = short-term deflection due to dead load
wqi = short-term deflection due to dominant live load
wqi = short-term deflection due to non-dominant live load (i > 1)

Wallowable = @llowable deflection, e.g., /200 or L/100 (See section 2.3.2)

Comment: Examples of the typical combinations for deflections are given in section 2.5.2.

6.5.3.2 Limit state of resistance

The verification of the resistance at the serviceability limit state is normally necessary to
multi-span panels because, for single span panels, the ultimate limit state verification governs
the design with respect to resistance.

Zij +Qy "'Z\VOiQki <R, (6.4

izl i>1

The important failure mode for this verification is the failure causing permanent deformations
at internal supports (e.g. buckling or yielding of the face or crushing of the core). Test
arrangement to combine the effects of the uniformly distributed load g and the temperature
difference AT on the resistance load value q.q are given in Appendix D1.

If the resistance of the sandwich panel is determined by tests in which the effects of the
uniformly distributed load q and the temperature difference AT between the faces of the panel
are combined directly, the expression (6.4) can be written as (see Appendix D1)

Zij +Qy +ZWOiQki <q, -_-__(L'S._

21 i>1 Y™

(6.5)
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In the expression (6.5) Gy denotes the characteristic value of the self-weight and other
permanent loads and Qy the wind and snow loads, only, because the effect of the temperature
difference AT is included in the experimental resistance value qu = qu(q,AT).

Comment:

The resistance load q.4 is a function of temperature (thickness of the distance piece, See
Appendix D1). Therefore, the resistance load value used in the serviceability limit state
verification, has to correspond the combination of the loads on the left side of the design
equation (6.5).

The verification of the resistance at the serviceability limit state includes the checking
wrinkling of the compressed face, the shear failure of a core or of a profiled face and the

crushing failure of a core or profiled face on an intermediate support or in contact to a line
load.

If the effect of the temperature difference AT is included in the experimental resistance value
drd , the design equation can in typical cases be expressed for roof panels as

G+ Qguow 06 Qyia £q,4 (Winter, Ty = 0°C, short-term)
G+ Qgow +06- Qg 4,4 (Winter, Ty = 0°C, long-term)
G+0.6-Qy;y <q,y (Summer temperature T, , temperature dominant)
G+10-Qyie <9,y (Summer temperature T; , wind dominant)

and for a wall panel as
Quwina £q,4 (wind dominant)

0.6 Qg £q,4 (temperature dominant)
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7. FASTENINGS
7.1 Basic principles

7.1.1 Loads on fastenings

Fastenings at supports are loaded by tensile forces caused by wind uplift loads and
temperature differences between the faces of the panel. Fastenings may be loaded also by
shear forces caused by the self-weight and weight of additional building components on a wall
and roof, by the temperature expansion of the faces and, additionally, by possible diaphragm
action (see Chapter 2).

Whereas the sandwich panel itself has to be designed against static loads, the fastenings may
be more sensitive to repeated loading than the panels themselves and repeated loading should
usually be considered in the design.

Comment:  The following loads may arise in the fastenings connecting a sandwich panel to
to supporting substructure: All are likely to be repeated:

Tensile forces - static or repeated
Shear forces - these occur mainly in the inner face

Imposed deformations - imposed differential movements of the faces causing
bending of the fasteners and/or yield/folding of the outer face and/or
deformations or yield in the supports.

7.1.2 Types of fastenings to supports

The following principles of fastening may be distinguished and are embraced by these
Recommendations:

(a) Fastening within the width of the panel
1. Fastening through the overall depth of the panel
2. Fastening through the substructure into an insert

(b) Fastening at the sidelap
1. Fastening through the overall depth of the sidelap with attachment of the outer
face
2. Fastening of the inner face only
3. Fastening of some part of the panel without attachment of the outer face

(©) Proprietary designs not covered by (a) or (b)
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Fig. 7.1 Types of fastenings to supports.

End support = support of the end of a panel
Intermediate support = support in between the length of a panel
Comments:
1. When fastening is through one skin only, local strengthening of the panel

may be necessary in order to avoid crushing, delamination or peeling of the
fixed face at the point of fixation.

Both types of fastenings are common at end supports as well as at intermediate
supports.

The characteristic strength of type (b) fastenings at end supports is usually not
so high as at intermediate supports.

The outer face shall preferably be fixed to the framework.

7.1.3 Types of fasteners

In sandwich panel construction, the following fastener types are commonly used for
connecting sandwich panels to light-gauge metal supporting structures:
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a), c) self-tapping screws
b), d) self-drilling screws

Steel supports Winod supparts

Fig. 7.2 Fasteners for common applications in light-gauge metal constructions.

In addition to these fasteners, nowadays, special fasteners for sandwich panels which have a
face-supporting thread beneath the head of the screw are often used. The types of screw are
the same as above:

Fig. 7.3 Special fasteners for fastening sandwich panels.
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For connecting sandwich panels, as well as conventional sheeting, to concrete supports, a
special nail has been designed, which already has been approved in some European countries.

This nail is hammered through the panel into a predrilled hole in the concrete.

== e

U

Fig. 7.4 Special fasteners for fastening to concrete frames.

7.2 Failure modes of fastenings

7.2.1 Failure modes of fastenings loaded in shear

In sandwich construction, the same failure modes can arise as for fastenings in sheeting, as
described in the European Recommendations for the design and testing of connections in steel
sheeting and sections; Ref. /ECCS 1983a, Section B1.1.1/:

XK ] OO
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Fig. 7.5 Yield of inner panel sheet only.

Detail A
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Fig. 7.6 Yield of inner panel sheet and/or supporting structure.
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Fig. 7.7 Shear of the fastener.

Comment: This mode may occur when the sheets are thick in comparison to the fastener
diameter, or when an unsuitable fastener is used.

In addition, the following failure mode may also occur in fastenings of sandwich panels:




Page 122

TSI RIS
SRS [50RRRKS
R0 0020 % %%
SRR
SRR

b
A Saeeatoaceaes

OO OO0 2020 0 202020 %%
QR RRIIRKS
K SEIRRAFRRIHK KKK

A=
/)

Fig. 7.8 Tilting of the fastener with folding of the inner face of the panel.

Comment: The failure mode involving tilting of the fastener together with folding or tearing of
the inner face of the panel usually arises when the fasteners are relatively flexible.
The inner face will carry most of the shear load and can be assumed to carry all of
the shear load for the purposes of design.

Fig. 7.9 Bending of fastener due to imposed deformation, u.

Comment: A temperature difference between the faces of the panels causes a relative
displacement u which, in turn can cause yield and/or folding of the outer face of the
panel and bending of the fastener. In thin supports (e.g. cold-formed members)
deformations in the supports may also be caused. At a certain value of the
displacement *u’, the fastener may break.
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7.2.2 Failure modes of fastenings loaded in tension

Similar failure modes can arise as for fastenings in sheeting as described in Ref. /ECCS
1983a, Section B1.1.2, Figures 5-11/.
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Fig. 7.10 Tension failure of the fasteners.

Comment: This mode may occur when the strength of panel is high in comparison with the
fastener or when an unsuitable fastener is used.

Fig. 7.11 Pull-out of the fastener by disturbing the thread in the substructure.

Comment: This mode may occur when the support member is thin, or when there is
insufficient anchorage of the fastener.
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Fig. 7.12 Pull-over of the outer face of the panel.

Comments: 1. In sandwich panels, the failure mode of “pull-over” is influenced by the
stiffness of the core material, as shown above.

2. Pull-over of the outer face of the panel may cause loss of weathertightness.

In addition, the following can also occur in sandwich panels:
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Fig. 7.13 Delamination of the inner face (fastening of some part of the panel on inserts
without attachment to the outer face).

Comment: Delamination of the inner face may occur when the pull-out strength of the insert is
higher than the tension strength of the affected core area. This detail is not
generally recommended although it is sometimes used when hygeinic requirements
preclude the use of fasteners which are visible on the non-fastened face.
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PN

Fig. 7.14 Failure of the core.

Comment: Failure of the core may occur in side-lap fastenings when only part of the
panel without the outer skin is attached.

This type of fastening is not
recommended as a sandwich
0’:‘:‘:‘:‘:’:’:‘:’:.:’:‘0{ panel fastening system
9.9:9:9.90:9.9.9.9.0.0.9,
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Fig. 7.15 Delamination of the inner face.
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Fig. 7.16 Pull-out of the inner face.

Comment: Attention should be paid that the fastening systems in the figures 7.15 and 7.16
above have very low characteristic strength. In some European countries they are

not recommended.

i This type of fastening is not
: recommended as a sandwich
panel fastening system
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Fig. 7.17 Peeling of the inner face.

Comments: 1. Delamination of the inner face or pull-out are the likely modes of failure when
only the inner skin is fastened and there is no local strengthening of the panel

(see also note on ”peeling” below)

2. Peeling of the inner face is the likely mode of failure when only the inner skin
is fastened at the sidelap and there is no local strengthening of the panel.
Except in special cases, the design of fastenings which fail by delamination or

peeling is not recommended.
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7.3 Characteristic resistance of fastenings

7.3.1 Characteristic resistance of fastenings under static load

The characteristic resistance of a fastening shall be obtained by testing. At least five, and
usually ten, tests should be carried out on a given arrangement and the results interpreted in
accordance with clause 5.1.2. The strength of a fastening should be taken as the lower of:

the ultimate load

the load achieved with a deformation of 3 mm at the inner face in case of shear.

7.3.1.1 Characteristic resistance of fastenings loaded in tension

The characteristic resistance F;r under both static and repeated tensile load shall be
determined by testing in accordance with the procedures described in section 5.2.18.1.
Depending on the particular fastening arrangement, the tests may be carried out using either a
representative portion of the complete sandwich panel or material from the outside face only.

It is assumed that load is applied centrally and that the diameter of the head of the fastener or
washer minus the diameter of the fastener is at least 7 mm and the washer has sufficient
rigidity to prevent it from being appreciably deformed or pulled over the head of the fastener.
When this is not the case and there are no specific data available from tests on sandwich
panels, the following values (obtained from profiled sheeting) may conservatively be taken.

When the attachment is at a single quarter point, the design value of the resistance shall be 0.9
Fira where Firq is the design value of the characteristic resistance (after application of the
material factor). When the attachment is at both quarter points and the distance apart of the
screws is less than 70 mm, it shall be 0.7 Frq4, otherwise F; rq may be used.

Note: For the diameter of pre-drilled holes for screws, the manufacturer’s guidelines shall be
observed.
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If the individual fasteners are too close together (typically less than about 250 mm), the
characteristic resistance may be reduced by interaction between them. In such cases, the
characteristic resistance shall be determined by tests on the complete fastener group.

7.3.1.2 Characteristic resistance of fastenings loaded in shear

The characteristic resistance under both static and repeated load should normally be obtained
by testing in accordance with the procedures described in section 5.2.18.2. Depending on the
particular fastening arrangement, the tests may be carried out using either a representative
portion of the complete sandwich panel or material from the inner face only.

7.3.2 Deformation requirements for fasteners under static load

The requirements given for sheeting in clauses B1.3 and B1.4 of Ref. /ECCS 1983a/ are valid.
The requirements for shear must be related to the inner face.

7.3.3 Requirements for fastenings under repeated load

Under repeated tension load, the requirements given for sheeting in clause B2 of Ref. /ECCS
1983a/ are valid.

Under repeated shear load the requirements given for sheeting in clause B2 of Ref. /ECCS
1983a/ are valid.

7.3.3.1 Imposed deformations under repeated load

The fastenings should be capable of sustaining the repeated lateral deformations associated
with movements of the structure under load (e.g. thermal bow, inclination of the panel at the
end support). A suitable test for this requirement is described in section 5.2.18.4.

The imposed lateral deformation ‘u’ should be taken to be the difference between the
displacement of the inner and outer faces at the point of attachment. In calculating this
displacement, the most unfavourable combination of loads at the ultimate limit state should be
considered (see section 2.4.1).
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Comments: 1. Due primarily to thermal expansion and contraction of the outer face, the heads
of fasteners which pass through the full depth of the panel may be subjected to
repeated cycles of imposed deformation. The test requirements should therefore
be based on the expected cycles of temperature variation during the life of the
panel.

2. A method of calculating ‘v’ is given in Appendix E. In most cases, it is
sufficient to take account only of temperature differences when calculating ‘u’.

7.3.3.2 Characteristic strength with regard to peeling and delamination

The characteristic strength with regard to peeling and delamination shall be based on tests
which take into account the effect of repeated loading.

This test should follow the loading spectrum given in the appropriate National Standard. In
the absence of such a spectrum, satisfactory performance at the serviceability limit state may
be demonstrated by a preliminary test in which the fastening is subject to 100 cycles of load
up to the serviceability load. This preliminary test is satisfactory if the residual deformation is
not greater than 10% of the maximum deformation achieved during the test.

Comments: 1. Investigation of these modes of failure will usually require testing of a
complete panel assembly which should reflect the real situation as closely as
possible.

2. Peeling and delamination should normally be regarded as serviceability limit
states.

7.4 Design strength of fastenings

The design strength of a fastening should be obtained by dividing the characteristic strength
by the material factor given in section 2.5.3.

7.5 Forces and deformations in fastenings

Primary forces in fastening are those caused directly by the actions (load or temperature).
These must always be calculated and compared with the design strength of the fastening.

Secondary forces are those caused indirectly by the actions (e.g. by rotation of the point of
attachment). They need only be calculated when the deformation requirements given in clause
7.3.2 are not satisfied. The combined effects of primary and secondary forces must then be
considered.
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7.5.1 Shear forces in fastenings

It may be assumed that shear forces are only present in the inner face of the panel. Primary
shear forces may be caused, for example, by:

- dead load (eg of facades)
- temperature changes in the face material

- secondary shear forces may be caused, for example, by:
- rotation at the end of a panel fastened eccentrically with respect to its neutral axis
- unintentional diaphragm action.

Comments: 1. Stressed skin (diaphragm) design in which sandwich panels carrying in-plane
shear forces are used to replace wind bracing is beyond the scope of these
Recommendations.

2. Shear forces in fastenings arising from variations in the temperature of the faces
of the panel may be calculated taking into account slip in the fastenings, strain in
the faces and deflection of the supporting framework. These shear forces may be
neglected when there is sufficient deformation capacity.

3. Appendix 1.B.2 of Ref. /ECCS 1983a/ provides a calculation method for the
shear forces caused by rotation and membrane action of the sheeting.

7.5.2 Tensile forces in fastenings

Primary tensile forces will generally be caused either by uplift loads or by temperature
differences between the faces.

Secondary tensile forces may be caused by prying action under either upward or downward
loads. A method for determining prying forces is given in Appendix LIA of Ref. /ECCS
1983a/.

7.6 Additional considerations with regard to fastening systems

- It should be verified that the performance of the fastening system will not be adversely
affected by creep.

- It should be verified that the performance of the fastening system is not impaired by a
rise in temperature of the core material.

- When designing the fastening system, the possible deleterious effects of corrosion
should be considered. (See ECCS 1983a and ECCS 1983b).

- When designing the fastening system of panels for cold stores, it should be verified that
the lateral deformations of the supporting substructures during the cool-down phase
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cause additional forces in fastenings and panels and the additional forces in the
fastenings and panels can be accommodated (see Fig 7.18).

Comments: 1. Creep occurs primarily in roofs. It can only occur in wall cladding if there is
permanent externally applied load.

2. In general, the mechanical properties of core materials are adversely affected by
a rise in temperature and this may influence the performance of fastenings.
Where relevant, this may require testing at elevated temperature.

3. To avoid additional forces in cold store panels due to lateral deformations of the
supporting substructures special designed clamps are recommended (see ref.
Lightweight sandwich construction 2000).

Relelotetetetetote

Fig. 7.18 Example of special clamp in cold stores.
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APPENDIX A
DISCUSSION OF THE DIFFERENTIAL EQUATIONS

The basic differential equations for the calculation of sandwich elements using the theory of
elastic composite action are given, for example, in references /Allen 1969 and Stamm & Witte
1974/. The equations for the deflection w and the shear strain y for the general case of a
continuous sandwich element with faces having bending stiffness and subject to direct load
and temperature are:

Bp+By w B v 4 q”
_FLTF2 +— - Al
G Ag v B v By  GcAg (Al2)
Bp, + By v, B q’
el A Tt (Alb)
G Ag S G Ag

With this representation, the temperature stresses are considered by the inclusion of the
temperature term in the formulation of the internal stress-deformation equations. For single-
span sandwich elements with bending-stiff faces, by integrating the above equation twice and
observing the equilibrium conditions, the following 4th order equations may also be derived:

By + By v B M q
_JFL PR W = e -0 A2
GoA, © "B, " 7B, G.A, (A22)
By + By B Q
_ "o = A2b
G Ag r B ! G Ag ( )

Here the temperature term 6 = (agT2 - op Ti)/e appears as an inhomogeneity in the
differential equation for the deflection w.

Various methods are given in the literature for the solution of these differential equations. The
classical solution involves integration of the equations with the integration constants
determined by considering the support conditions. A solution using the method of finite
differences is given in reference /Berner 1978/. In reference /Schwarze 1984/, a method is
described in which the classical solution of differential equations is combined with the unit
load method; continuous elements are split up into a row of single span elements by means of
cuts and their deformation terms determined by integration of the differential equations. The
compatibility of deformations at the cuts is then satisfied by the use of stress resultant
components which are determined by means of the unit load method. Reference /Davies 1986/
includes an exact and completely general finite element solution. In addition, general purpose
finite element methods may also used to find solutions for sandwich panels. They are applied
especially in the cases where the panels are to subjected to loads in three dimensions, for

example in the case of sandwich plates and shells which are, of course, beyond the scope of
equations (A1) and (A2).
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Fig. Al. Deflection w and shear strain y in a cross-section of a sandwich beam.

The following basic information can be derived from the solution of the differential equations:

Al

A2

For panels which are statically indeterminate by virtue of their supports, the flexibility
of the core influences the total stress resultants. The distribution of the stress resultants
in a given span is changed in such a way that the total moment at an internal support
becomes smaller in comparison to the theoretical value for a rigid connection between
the flanges. For a given shear stiffness, the reduction is the more pronounced the
bigger the component of bending stiffness of the sandwich part Bg is in comparison to
the total bending stiffness B. As the support moments decrease, the span moments
become correspondingly larger.

The division of the stress resultant components at a given cross-section follows from
the relationship of the bending stiffness of the faces to the stiffness of the sandwich
action. The stiffness of the sandwich action is significantly influenced by the shear
stiffness of the core. The smaller the shear stiffness of the core, the larger is the load
component which must be carried by the faces. The load component in the faces (and
thus the load component in the sandwich part) varies over the length of the element.
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A3 As a result of time-dependent influence (creep of the core under load) the load
component carried by the sandwich part reduces with the passage of time and the
component carried by the faces increases.

A4 Temperature differences between the upper and lower faces lead to both a change in
the total stress resultants over the whole span of sandwich elements with statically
indeterminate supports as well as a change in the components of the stress resultants at
a particular cross-section. These changes are so large that they cannot be neglected in
the design of sandwich elements.

The following example illustrates the distribution of bending moments and shear forces in a
statically indeterminate three-span sandwich beam, the upper face of which is profiled (Fig.
A2). Therefore, the sandwich panel is classified to be a thick-faced sandwich beam in which
the stress resultants M and V are divided into the part carried by the sandwich structure, Mg
and Vg, and the part carried out by the profiled face, Mg; and Vy;. The example shows the
response of the sandwich panel under a uniformly distributed load, q = 1 kN/m, a temperature
difference between the faces of the panel, T; = 0 and T, = 20°C, and a line load in a span, F =
1.2 kN. The influence of the shear creep of the core is described by reducing the shear
modulus, G¢y = Ge/(1+¢y), by the use of a creep coefficient ¢; = 2.4 . The results have been
computed using software based on the exact finite element method for sandwich beams.

200
40, , 114

60

Fig. A2. Cross-section of the sandwich beam in Example Al. The total depth and width of the
panel are D = 95 mm and B = 1000 mm, respectively.

Table Al. Geometrical and material properties of the sandwich panel in Example Al.

Face 1 Core Face 2

Eri = 210000 N/mm* Gc = 4.00 N/mm* Ep, = 210000 N/mm?”
ty = 0.59 mm e=71.5mm t, =0.51 mm

Ap; = 701.4 mm? As = 71050 mm? Ap = 510 mm?

Ir; = 143560 mm”* @ =0and p,=2.4 I =0

Br = 30.15 10° Nmm? Bs =317.06 10° Nmm? Bp, =0

d]] =22.95mm

dip =12.05 mm

arr = 0.000012 1/°C oy = 0.000012 1/°C
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EoA

-o— W]

L, = 3000 | L,=3000 T,=20°C

I.
T T

Fig. A3. Static system and loads for the sandwich panel in Example A1l. The span lengths are
L; + L, + L3 =3000 + 3000 + 2000 mm.

Table A2. Support reactions for the four loading cases in Example Al.

Support reaction Fi,kN F, ,kN F;, kN F4,kN
Load

Uniform load
q=1kN/m (¢, = 0) 1.209 3.391 2.687 0.713

Uniform load
q=1kN/m (¢;=2.4) 1.224 3.364 2.697 0.716

Temperature
difference T1= 0 and -0.377 0.426 0.441 -0.491
T, =20°C

Line load
F=12kNatL,/2 0.504 0.807 -0.131 0.021
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APPENDIX B

TIME-DEPENDENT STRESS DISTRIBUTION

Bl Creep deformations of sandwich panels

The deformations of sandwich elements increase with time under long term actions. The
increase in deformation is caused by the creep of the core under the action of permanent shear
stresses. With constant shear stresses, the shear strain increases in time t from

Yo 10 11
where =7, (1 + @) (B1)

In equation (B1), ¢ is the creep coefficient and v, is the initial value of the shear strain which
may be measured at a nominal start time of t, = 0.1 hours = 6 minutes from the
commencement of loading.

The hypothesis concerning the proportionality between time-dependent deformation and
magnitude of load which underlies equation (B1) is generally satisfied when the stresses in
the core are those at the expected working loads. The magnitude of ¢, depends essentially on
the type of the core material, on the time of initial loading, on the temperature and on the
humidity. Measurements /Just 1992/ show that increases of deformation still appear after over
3 years of continuous loading. Creep coefficients of up to 7 must be expected.

B2 Thin faced sandwich panels

If the both faces of the sandwich panel are flat or lightly or micro profiled, the initial
deflection wy of the panel can be expressed as the sum of the deflections caused by the elastic
extensions of the metal sheet faces wy, and by the shear deformations of the core wy

Wy =Wy W, (B2)

Only the shear deformations of the core increase with time so that the deflection after a
loading time of t is

w,=w, +w, (1+9,) (B3)
From (B2) and (B3) follows
w, =W, +0, (W, ~w,) (B4)

Using equation (B2) in the form w, = w, / (1 + k]) the expression (B3) can also be written in
the form



Page 144

k1
W= wo(1 ) kl)cpt] = w,(1+s,) (B5)
where k, =w,/w, and @g, = ¢, (k,/(1+k,)) (B6a,b)

The creep coefficient ¢, used in the expressions (B3), (B4) and (BS) has to be determined
from expression (B7) based on the experimentally measured initial deflection wo and the
deflection w; after the loading time of't. The partial deflection wy, in the expression (B7) has to
be determined by calculations (See Clause 5.2.6). The expression (B7) is valid for sandwich
panels with plane or lightly or micro profiled faces.

_WemW, 1+k, w,—-w,

= B
(Pt Wo _'Wb k] W ( 7)

4]

B3 Thick faced sandwich panels

If one or both faces of a sandwich panel are profiled, the creep coefficient can be evaluated
from the expression (B8). The expression is derived from the equation for the mid-span
deflection of a thick faced sandwich beam. The method is approximate because it assumes the
relationship between the stress resultants in the sandwich part of the structure and in the
profiled faces to be a constant and, secondly, because it takes into account the change of stress
resultants from the sandwich part of the structure to the profiled faces due to the creep by
means of a relaxation coefficient p. The background to this method is presented in the
reference /Wolfel 1987/.

B(CD“I)
B,(1-p-pp(C,~1))

?, = (B8)

where

Cp = —W‘ is the relationship between the deflection after a loading time of t and the initial
0

deflection (B9)
p =05 isarelaxation coefficient, having here the value of 0.5 (B10)
BFI + BFZ
=t B11
p=—t= (B11)
k,B

B =T (B12)
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— B o
B =By + B, + l—i =B, + By, +7 B, simulated bending rigidity (B13)
2
! (B14)
"I 1vk,
‘B "EpAp ¢’
k, =y S = PR (B15)
L' G:A A, )
282 |41 |G AL
AF]
A =¢B (B16)

The parameter k, given in (B15) is exactly valid for a sinusoidal (q sin(7zx/ L)) load on the
sandwich beam.

Instead of using the expression (BS8), the creep coefficient of the sandwich panels with
profiled faces may be determined numerically on the basis of the analytical or numerical
methods. In these procedures, the experimental and calculated deflections are equated by
varying the creep coefficient in the expression for the shear modulus G, = G./(1+¢, ) used
to describe the shear deformations of the core. Iterative methods are required to find creep
coefficients for the different periods of time.

B4 Determination of the creep coefficients for design

The creep coefficients for a certain loading time, which are needed in the design of sandwich
panels are interpolated or extrapolated from the test results. Extrapolation of test observations
over a greater time period than about ten times the period of observation is problematical
because rules on the basis of simple representative models are not available at present. Using
a linear extrapolation in a semi-logarithmic diagram on the basis of experimental results Qexp1
and Qexp2 at times t; and t; leads to the extrapolation formula (B17). In this expression, the
coefficient y, = 1.2 is a factor which increases the experimentally defined creep coefficient by
20% in order to take into account the fact that a part of the creep deformations of typical core
materials is not recovered during the unloading phase, i.e., in Summer time.

1.2[<pexp2 (1) ~ 1g(t,)) ~ Py (10) - lg(tz))]
(Pt(t) = lg(tz) - lg(t]) .

where Qexp1 and Qexp2 are the experimental creep coefficients at times t; and t.

If the measurement times are defined as t; = 200 h and t, = 1000 h, the expression (B17) can
be written as follows
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02 (0002 (18(1) ~ 16(200)) ~ ..., (1g(t) ~ 1g(1000))]
Pt = 1(1000) — 1g(200)

(B18)

The extrapolation of the creep coefficient on the basis of the experimental values of @exp,; and
Pexp,2 at t; =200 h and t, = 1000 h for snow load persisting for 2000 hours gives the following
expression for @zg00

Pygp0 = 1.2 (1-43@1000 . 0'43(9200) =17 ((PIOOO —-03 (ono) (B19)

The creep coefficient for 2000 hours is used in the calculations of the creep deformations
caused by the snow load, assuming that the Winter period lasts about 3 months and that most
of the creep deformations recover during the summer period.

The extrapolation of the creep coefficient for the permanent load lasting 100000 hours on the
basis of the experimental values of @exp,1 and Qexp2 at t; = 200 h and t; = 1000 h gives the
following expression for @;g0000

100000 =3-80999p —2.860,, (B20)

In the expression (B20), there is no additional factor to increase the creep coefficient because
of non recovered creep deformations (y. = 1.0) because the load is constant during the whole
period of time.

The creep coefficient for 100000 hours (= 12 years) is used for permanent loads. The creep
coefficient for loading of such large duration cannot be reliably predicted from tests with a
practical time scale. For this reason, the indicative values of @jgo000 given in section 3.6 of
these Recommendations should normally be used. As permanent load (self-weight) is usually
a small proportion of the total load, the approximations involved in this procedure are not
significant.

BS5 Examples

Two long-term loading tests, A and B, were made with sandwich panels having profiled faces.
Table Bl gives the span and geometrical, material and structural dimensions of the simply
supported one-span test specimens. The measured mid-span deflections and the analysis of the
creep coefficients are presented following the procedure given in Clauses B3 and B4.



Table B1. Dimensions, loads, deflections and creep coefficients of single-span test panels as
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in Example B1.

Test panel A Test panel B
Span, L (mm) 4000 4000
Load, q (kN/m) 3.625 3.635
Shear stress, Tc (N/mm?) 0.049 0.049
Relative shear stress, tc / fcy (%) 28 28
Flexural rigidity of faces, B;+B, (Nmm?) 23.24 10° 23.24 10°
Distance, e; (mm) 39.86 39.86
Distance, e; (mm) 66.34 66.34
Distance, e=e;+e, (mm) 106.2 106.2
Total width, B (mm) 1000 1000
Modulus of elasticity of face, Er (N/mmz) 210000 210000
Area of facel, A; (mm?) 684 684
Area of face 2, A, (mm?) 411 411
Area of core, Ag = ¢ B (mm?) 1062 1062
Shear modulus, G¢ (N/mmz) 3.29 3.29
Parameter, k, (Eq. B15) 1.074 1.074
Flexural rigidity, B (Nmm?) (Eq. B13) 316.493 10° 316.493 10°
Parameter, B (Eq. B11) 0.073 0.073
Parameter, B; (Eq. B12) 0.038 0.038
Initial deflection, wy (mm) 35.04 35.68
Increase of deflection, (waqo - Wo ) (mm) 11.69 12.53
Increase of deflection, (Wigg - Wo ) (mm) 20.12 23.15
Parameter, Cp 200 = Waoo / Wo 1.334 1.351
Parameter, Cp 1000 = W1000 / Wo 1.574 1.649
Experimental creep coefficient, @z 0.705 0.742
Experimental creep coefficient, @900 1.225 1.388
Extrapolated creep coefficient, @200 1.738 1.999
Extrapolated creep coefficient, ¢100000 2.712 3.235
Mean creep coefficient, @200 1.869
Mean creep coefficient, @100000 2.974
Creep coefficient for design, @000 2.0
Creep coefficient for design, ©100000 7.0
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APPENDIX C
THE INFLUENCE OF EXTRA LAYERS BETWEEN THE FACES AND THE CORE

C1 Four and five laver sandwich panels

In some cases, extra layers of various boards are used between the face and the core. The
primary reason is to improve the fire resistance of panels by protecting the core from exposure
to high temperature and flames. Gypsum, chip boards or other building boards may be used
for this purpose. A typical cross section of such a panel is shown in Fig. C1. The extra layer is
glued to the core and to the thin metal face. The board and the metal face act as the face when
properly bonded together. This face is naturally much stiffer and stronger than the metal face
alone. It is not susceptible to wrinkling and it also distributes point loads in a smoother way to
the core. This increase in load bearing capacity and rigidity is usually not taken into account
in design.

There are nevertheless some specific features that need to be considered when assessing this
type of panel. This appendix introduces these features briefly and the view is limited to
panels with flat faces as in Fig. C1.

__ thin metal face
\- adhesive layer

- —\ extra layer

J/ — core

Fig. C1. Cross-section of a four layer sandwich panel.

C2 Joints between boards

The building boards are produced with fixed dimensions that usually are smaller than the size
of the panels. This means that extra layers consist of separate boards and joints between them
cannot be avoided (see Fig. C2). Boards are usually butt jointed across the panel. Joints can
transfer compressive forces but not tensile forces unless special joining techniques are used.
The combined face has some bending stiffness of its own. The joints are, however,
discontinuities in the face and the face is susceptible to kink along a joint if it is subjected to a
moment that tends to ‘open’ the joint. The following aspects should be noted in the
manufacture, the quality control and the design:
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e The boards should be positioned carefully so that they form a smooth and even surface for
the metal face.

¢ Butt jointing should be made tightly without any gaps between boards.

e The joint should be placed in a panel so that it is not subjected to a moment that opens the
joint. For example a joint should not be near a support if the lower face has a butt jointed
extra layer in order to avoid kinking in the face.

/\ __ thin metal face

s — butt joint between boards

LEA)E, (EW)g, s

Fig. C2. Stress resultants in the extra layer of a four layer sandwich panel.

C3 Different material properties

The boards have a different behaviour than the metal face when subjected to variations in
temperature and humidity. They may cause high stress concentrations in the combined face. A
panel with flat metal faces only does not react on the variations in humidity, but wooden
based boards would exhibit very large strains in this case without the restraint from the metal
face. The boards are usually beneath diffusion tight metal faces but if variations in humidity
of the boards can take place this will result in considerable stresses, as in the case of
temperature loading.

The theoretical solution for the stresses between the metal face and the boards when the
flexibility of the adhesion layer is neglected is in the form of two point loads at the ends of the
panel (see Fig. C2). The magnitude of the point load F follows from the compatibility of the
strains:
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Ag

F= i T S (C.1)

(EA), " (EA), © 2(EW),

where

Ag = dpATr-0pATs+xkrAHE-xpAHE (C.2)
is the difference between the strains in the metal face and the board due to the
variation in temperature or humidity

OF, Op are coefficients of thermal expansion for face and board, respectively

KF, g are coefficients of linear expansion for face and board caused by the change of

humidity
ATg, ATg are the change of temperature of the face and board
AHg, AHg  are the change of relative humidity of the face and board

(EA)r is the axial stiffness of the metal face.
(EA)E is the axial stiffness of the board.
S is the thickness of the board.

(EW)g is the product of the modulus of elasticity and the section modulus of the board.

Note that the force is independent of the lengths of the board or the panel. It acts at the ends of
the panel and also in the joints if the board tends to shorten relative to the metal face (as
shown in Fig. C2). There is some resilience in the adhesion layer but nevertheless high stress
concentrations exist at the ends of a panel. In the assessment of the panel, the reliability of
the bonding between the metal face and the boards should be tested:

e The testing should be made using the anticipated conditions i.e. the variations in
temperature and humidity with the expected number of cycles.

In general, the following rules should be followed:

¢ The boards used as extra layers should be such that the strength and the rigidity of the
panel will not be diminished due to them.

¢ Extra boards should not be placed on the side where condensation is anticipated.
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APPENDIX D

DIRECT COMBINATION OF LOAD CASES q AND AT IN FULL-SCALE TESTS

D1 Two span panels, general remarks

Test arrangement with simulated temperature actions with the help of a distance piece with thickness "d".
I «_} Positive Position
) v v ¥ v v { { v4a profiled
—— face
or
flat
faces
Negative Position
e. g. uplift loads I ﬂ
vy g profiled
. face
or
flat
faces
Fixing of d
a) On the base of a test, only with temperature
T
AT=T,-T o N e—— ——0 :IWAT =d

| |
or

b) On the base of the formulas (section 3.4.1 and 3.5.1)
for panels with plane or lightly profiled faces:

_©-(2-Ly
8

d

for panels with strongly profiled faces (section 3.5.1)

®-(2-L
a=2LLF o)
Q=2 T —oq T
1
Result

load g = q,x (¢,AT) Qs 1S the load of first wrinkling or yielding of the face




D1.1 Panels with flat or lightly profiled faces

+H(Og+ OAT)
:-—f Og+ OAT)

Cross s.

Full scale test with load and temperature at the
same time (most realistic test for combination of
both action efforts).

t————This test can be

replaced by this ——p
test
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Full scale test with load and simulated temperature
effect with the help of a distance piece with
thickness "d".

:I WaT

->—
(&)
—

P N——

Cross s.

+GF= +GAT
: —OF= —OAT

Cross s.

The same siresses due to temperature AT are caused
by a test arrangement with distance piece over the
middle support.

+0d = +OF = +0aT

Cross s.

—Od = —CF = —OAT

Cross s.




D1.2 Panels with profiled faces

+(CGg+ OAT)

Cross s, !

:—!0‘q+ O'AT!

Full scale test with load and temperature at the
same time (most realistic test for combination of
both action efforts).

L——This test can be

replaced by this —p
test
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Full scale test with load and simulated temperature
effect with the help of a distance piece with
thickness "d".

::I WAT

+OFZ +CAT

crosss. % )

: —OFZ —OAT

The same stresses due to temperature AT are caused
by a test arrangement with distance piece over the
middle support.

+0d = +O0F = +0aT

;~Gd = —OF = —OAT

Cross s.

O

Cross s.



Page 155

D2 One span panels

Full scale tests , with simulated actions by considering of Aqar

D2.1 Panels with plane or lightly profiled faces

no influence of AT

D2.2 Panels with strongly profiled faces:

Positive position

fixing of war
1)  onthe base of a test, only with temperature
T

—_————— 7O fwor
T

2)  onthe base of the formulas (section 3.5.1)

@12

Wt 5 (1-B;) ®, Br see section 3.5.1

Negative position

P
!
L]
e—]
L
L—
|
ft—
».
el

fixing of wur
Wt = WAT flatfaces — WAT,prof faces

1) onthe base of a test, only with temperature
WAT,prof. faces

®-12

WAT,ﬂat faces 8

2)  onthe base of the formulas (section 3.5.1)

T2
W = 9—-é—L— (BT) Br see section 3.5.1
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Definition of Aqar: Test-result, load q

Aq
g4+ — —
AqAT’ T '
! >
WAt
qu =q "AqAT
D3 Creep

Positive Position

qlong term
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APPENDIX E

METHOD TO DETERMINE THE RELATIVE DISPLACEMENT BETWEEN THE
INTERNAL AND EXTERNAL FACE AT THE HEAD OF A FASTENER

E1 Mechanisms which cause deflections

Shear-strain y due to elastic shear deformation in the core

Y'_“GC

Bending rotation at the support

_dw
Yl_—dx

u = imposed deflection of the fastener, being the relative displacement between the inner
and the outer skins at the head of the fastener. u is related to reference point A in
figure E1.

u = u(y)-uln)

In accordance with 5.2.17 the requirement is u < Af

The displacement u of the head of the fasteners can be evaluated on the basis of the
superposition of displacements u (y) and u (y;) as shown in figure E1.

u:71'll“7’h
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In the following, calculation methods are given to determine y and y; for different static
systems and load cases.

head

of fastener \

shaft of
fastener

Fig. E1. Displacements at the end of sandwich panel.

E2 Calculation methods for y and v;

The parameters and symbols which are used in these methods are given in Clause 1.2. In
addition:

d=eBG,

— BFI + BFZ
BS

BS
812



E2.1 Sandwich panels with flat faces

E2.1.1 Simply supported panel with uniformly distributed load g,

qoL qO
Q=2 VYV VYV VGV
_ Q S e
X
Y S VAN A.
_ qoL3 _ qoL l L J
' 24B, 28 i '

E2.1.2 Simply supported panel with a line load parallel to the supports

At support A
P(L-e P a
L A——=8 " L
_Q .
LY H“LL 03
PI? ! i

[28—382 +83]+§(1—8)

E2.1.3 Simply supported panel with a temperature difference between the faces

y=0 [T, ()

_ [O‘Fsz _(X'FXTI] L > N
Yl - Je Tz (OC)
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where oy and o, are the coefficients of thermal expansion of faces 1 and 2, respectively.

E2.1.4 Continuous panels

These are solved by the superposition of the simply supported system and the statically

indeterminate forces as shown below.
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N A O 1
AN ~ A A Y, G N
A C A TB C T A TB e
Iy L=L+L, ¢ ‘. L, Iy L, l $ L o Lo o
T T T he T T he he
E2.2 Sandwich panels with profiled faces
E2.2.1 Simply supported panel with uniformly distributed load q,

_ QLB [1 1, 2:}
Y=TR, 27

_al [_1_+,1_ L an’]
TR 24 T 200 T o
E2.2.2 Simply supported panel with a line load parallel to supports
At support A

PL’B ) sinhA(1-¢) IP a

o —— k> S — =

r="g, sinh A g 85T
a

_ P 1[28 I L f_ )_smhx(l-a) . \ a<k

=g, 6T T sinh A

E2.2.3 Simply supported panel with a temperature difference between the faces

0= g T, oy T

€

oL 2
Y = )Lanz

T a2 T
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E2.2.4 Continuous panels

The same procedure shall be followed as described for the panels with flat faces (see E2.1.4)

E2.3 Approximate calculation for single or multi-span panels with flat or profiled faces

3
ufq,]= 9q,L'e

oL L [ L,=L L,=L
u[AT]=Te ! :

@
-o
&
e

o

The limits of application of the above formulae are given by

Li=L,=L,=--=L
BeG
L >25
BS

Reference for Appendix E

Toma A.W. 1989, Proposal for chapter 4 of the European Recommendations for

sandwich panels: Design of fastenings for sandwich panels. TNO Report BI-84-012.
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