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Summary 

This master’s thesis deals with a GFRP sandwich panel with through-thickness fiber 

insertions, more specific the TRANSONITE® panel. First experiments were carried out on 

samples of the complete panel as well as on samples of the different components. It is found 

that because of the irregular pattern of the fiber insertions the skin material has anisotropic 

properties. In x-direction the samples show trilinear behavior while in y-direction a bilinear 

behavior is observed. The fiber insertions fail brittle. The results of bending tests on the 

complete panels also show a bilinear behavior. Using the material properties found in the 

experimental work a finite element (FE) model is created. The skins are given anisotropic 

elastic and isotropic plastic properties, the fiber insertions have both anisotropic elastic and 

plastic properties and the foam is modeled as an elastic material. There are two possibilities. 

On long samples the panel can be modeled just as the skins and fiber insertions. In that case 

the fiber insertions have been given material properties to account for the presence of the 

foam too. For short samples the foam should always be added to avoid excessive horizontal 

deformations of the fiber insertions. In this case the properties of the fiber insertions should 

not include the presence of the foam. The comparison of the performed experiments and the 

results of the FE model show good similarity. At last a parametric study is carried out using 

the FE model. The TRANSONITE® panel shows the same trends as other GFRP sandwich 

panels with through-thickness fiber insertions. 

Keywords 

GFRP sandwich panel, through-thickness fiber insertions, FE modeling, anisotropic 

mechanical properties, plasticity 
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Abstract: This master’s thesis deals with a GFRP sandwich panel 

with through-thickness fiber insertions, more specific the 
TRANSONITE® panel. Experiments were carried out on samples of 
the complete panel as well as on samples of the different components. 
Using the material properties found in the experimental work a three-
dimensional finite element (FE) model is created. The skins are given 
anisotropic elastic and isotropic plastic properties, the fiber insertions 
have both anisotropic elastic and plastic properties and the foam is 
modeled as an elastic material. The comparison of the performed 
experiments and the results of the FE model show good similarity. A 
parametric study is carried out using the FE model showing the same 
trends as other GFRP sandwich panels with through-thickness fiber 
insertions.  

Keywords: GFRP sandwich panel, through-thickness fiber 
insertions, FE modeling, anisotropic mechanical properties, 
plasticity 

I. INTRODUCTION 
Sandwich panels have been used since long time in 

aerospace, marine and transportation industries. More and 
more they are being used in construction industry too. 
Especially a GFRP sandwich panel with a foam core is an 
interesting alternative for the traditional construction materials 
because it is lightweight and yet has a large stiffness. 
Furthermore the foam core provides insulating properties to 
the structural panels. As they are used in building construction 
it is useful to take a closer look at their composition and more 
important at their mechanical behavior. 

The sandwich panel investigated in this study is a 
TRANSONITE® panel consisting of two glass fiber reinforced 
plastic (GFRP) face sheets and a polyisocyanurate (PIR) foam 
core. The two face sheets are bonded together with through-
thickness fiber insertions (Figure 1). The total thickness of the 
panel is 88.9 mm, the core is about 80 mm thick. The core 
material exists of TRYMER® 200L from ITW Insulation 
Systems. The glass fibers in the skins consist of four plies of 
25 oz/yd² (≈ 0.848 kg/m²) woven roving of which 12.26 oz/yd² 
(≈ 0.416 kg/m²) is in the 0° or lengthwise direction and 12.74 
oz/yd² (≈ 0.432 kg/m²) in the 90° or crosswise direction [1]. 
The glass fibers in the skin run along orientations x and y in 
Figure 1. The fiber insertions have a repeated pattern as shown 
in the same figure. The distance between two successive fiber 
insertions is smaller in the x-d1irection than in the y-direction. 
The latter is the direction in which the sandwich panels are 
pultruded. TRANSONITE® panels are patented by Ebert 
Composites Corporation and presently manufactured by 
Creative Pultrusions, Inc. 

                                                 
This paper is written by Tine Lanssens and Charlot Tanghe as an extended 
abstract to their thesis ‘Modeling of 3-D GFRP sandwich panels with through-
thickness fiber insertions’, submitted in order to obtain the degree of Master of 
Science in Civil Engineering at Ghent University (June 2013). 

 
Figure 1 Pultruded GFRP sandwich panel with 3-D fiber insertions. 

II. RESEARCH SIGNIFICANCE 
Since structural insulated sandwich panels such as the 

TRANSONITE® panels are used in building construction, 
their mechanical behavior needs to be known. Sandwich 
theories describe the behavior of sandwich panels based on a 
three-layer-concept wherein the three layers are the two skins 
and the core. Because of the through-thickness fiber insertions 
these theories are not applicable. Therefore the behavior of the 
sandwich panel is investigated by making use of a finite 
element model. In order to set up this FE model experimental 
work is needed to obtain properties of the separate components 
of the sandwich panel. Therefore tests are performed on the 
sandwich’s skins and on the fiber insertions. Besides these 
tests experiments are done on the entire sandwich panels to 
compare the model’s results with actual test results. 

III. EXPERIMENTAL INVESTIGATION 

A. Tests on components of the sandwich panel 
Tension tests were performed on the face sheets and the fiber 

insertions of the sandwich panel. In order to obtain anisotropic 
properties dumbbell-shaped samples were cut out of the 
panel’s skin in three different directions: the perpendicular 
directions in which glass fibers run (x and y) and the direction 
at 45° between x and y. These specimens were labeled with 
capital letters according to the direction wherein they are cut: 
X (x-direction), Y (y-direction) and D (45° between x and y). 
These samples showed a bilinear behavior in the stress-strain 
curves in the y- and 45°-direction as displayed in Figure 2 for 
the Y-samples, and a trilinear behavior in the x-direction. 
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Figure 2 Stress-strain curves of tension tests on skins in the y-
direction. 

An initial linear elastic region can be distinguished in the 
stress-strain curves of the tension tests on the skins and an 
average elastic modulus E1 is determined for each direction. 
After this region the stress increases with a reduced stiffness 
up till brittle failure. The failure corresponds with a maximum 
stress σmax. A reduced elastic modulus E2 is defined between 
the point where the linear region stops and the point of failure 
of the sample. The elastic moduli and maximum stresses 
achieved in the different directions are given in Table 1. It can 
be concluded that the GFRP skins consist of an anisotropic 
material. The y-direction, this is the direction in which the 
panel is pultruded, seems to be the stiffest and the strongest 
direction. This is because the fiber insertions create zones of 
imperfection among the glass fibers in the skin which results in 
a decrease of the face’s elastic modulus. In the y-direction the 
fiber insertions are spaced further apart than in the x-direction 
which explains why the skin is stiffer and stronger orientated 
along the y-axis. 

Table 1 Mechanical properties of the skins in different directions. 

 X-samples Y-samples D-samples 
E1 (MPa) 7,931 9,729 6,346 
E2 (MPa) 5,119 6,183 1,417 
σmax (MPa) 95.805 176.594 49.644 

 
The experiments on the fiber insertions showed an 

approximate linear behavior up till brittle failure (Figure 3). 
They resulted in the following average mechanical properties 
of the fiber insertions: an elastic modulus E of 18,726 MPa and 
a tensile strength of 369 MPa. 

 
Figure 3 Stress-strain curves of tension tests on fiber insertions. 

A fiber insertion is certainly not isotropic since it is very stiff 
and strong in the direction in which the glass fibers are 
orientated (z) but much weaker in the directions normal to the 
fibers (x and y) as they break very easily in these directions. 

B. Tests on panels 
A number of experiments were performed on the entire 

sandwich panel and only the most important results are given 
in this extended abstract.  

Bending tests were performed on long and short beams. 
Because of the small length of the short samples, the bending 
tests on these samples can be seen as shear tests. All of the 
beams had their longitudinal direction orientated along the x-
axis of the sandwich panel. Both the short and long samples 
were 88.9 mm high and 76.2 mm wide. Their span length was 
177.8 mm and 558.8 mm respectively. 

The stress-strain curves of the three-point bending tests on 
the long samples with a span length of 558.8 mm is displayed 
in Figure 4. The overall panel shows a linear elastic behavior 
until the first shear crack was formed in the foam. Shear cracks 
are shown in Figure 5 and they result in sudden stress drops in 
the stress-strain curves. Because of these cracks in the foam 
the stiffness of the overall panel decreases. The behavior of the 
sandwich panel in bending can be approximated as bilinear and 
an initial and a reduced elastic modulus can be found, 
indicated as E1 and E2 respectively. The average of E1 for the 
different samples equals 691.911 MPa and of E2 it is 115.128 
MPa. The bending test was stopped before failure to prevent 
the beam from touching the testing machine and therefore the 
maximum allowable stress is not known. Since in sandwich 
panels bending moments are mainly carried by the skins the 
stresses were calculated for the ultimate fibers of the faces and 
the elastic modulus E1 should represent the flexural modulus 
of the skins. Four-point bending tests on the long samples led 
to similar results. 

 
Figure 4 Stress-strain curves of three-point bending tests on long 
samples. 

 
Figure 5 Shear cracks in three-point bending test on long sample. 

Figure 6 gives the shear stress-strain curves of the three-point 
bending tests, or shear tests, on the short samples. The graphs 
show a linear elastic region up till a shear strain of about 0.05 
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which corresponds with some little cracks in the foam at the 
edges of the beam. After this region the shear stress increases  
but the shear stiffness has clearly decreased. The short samples 
experience a sudden drop in shear stress along with the 
formation of a big crack in the foam (see Figure 7). Because the 
shear stress does not increase significantly after this crack it 
can be said that the failure of the foam in shear results in the 
failure of the entire panel. This confirms that shear stresses in a 
sandwich panel are mainly carried by the core material 0. 

The shear modulus G1 corresponding with the initial linear 
region in the shear stress-strain curves has an average value of 
3.846 MPa for the three samples. Four-point bending tests on 
the short samples led to similar results. 

 
Figure 6 Shear stress-strain curves of three-point bending tests on 
short samples. 

 
Figure 7 Shear crack in three-point bending test on short sample. 

IV. FINITE ELEMENT ANALYSIS 

A. FE Modeling 
The FE software Abaqus is used to model the sandwich 

panel. The geometry is created in AutoCAD and imported in 
Abaqus as a part. The entirety of the sandwich’s faces and the 
fiber insertions makes one part and optionally the foam can be 
added as another part. Material properties are assigned for the 
skins, the fiber insertions and the foam. Solid linear 3D Stress 
tetrahedral elements are used to mesh the model. 

Adding the foam leads to a large increase of the number of 
elements in the model and it would take a considerable amount 
of time to run each simulation with the foam included. 
Therefore most of the simulations are done without the foam. 
The fiber insertions are then representing the entire core and 
have corresponding properties. If the foam is added to the 
model the fiber insertions do not have to take into account the 
contribution of the foam and their properties are different from 
the ones used in the model without the foam. 

The properties of the GFRP skins are given in Table 2. The 
elastic moduli E1, E2 and E3 are corresponding to the initial 
elastic moduli of the skins in the x-, y- and z-direction 
respectively. E1 and E2 were derived in the experimental work. 

The plastic behavior is derived from the same tension tests. 
The other properties are either derived by applying Hooke’s 
law or are reasonable assumptions. 

Table 2 Material characteristics of the GFRP skins. 

Elastic – Type: Engineering Constants 

Plastic – Type: 
Isotropic 

Yield 
stress 

Plastic 
strain 

E1 
7,931 
MPa ν23 0.3 G23 

3,500 
MPa 

25.5 
MPa 0 

E2 
9,729 
MPa ν13 0.3 G13 

2,000 
MPa 

83.5 
MPa 0.011 

E3 
1,000 
MPa ν12 0.3 G12 

2,000 
MPa 

95.8 
MPa 0.020 

 
The material characteristics of the through-thickness fiber 

insertions in a model without foam can be found in Table 3. E3 
is the elastic modulus in the z-direction, derived from the 
tensions tests on the fiber insertions. Also the strength of 369 
MPa is a result from these tests. The other characteristics are 
assumptions or have been derived using Hooke’s law. In case 
the foam is added to the model E1 and E2 become 1,000 MPa, 
the Poisson’s ratios change to 0.05 and G12 amounts to 500 
MPa.  

Table 3 Material characteristics of fiber insertions in a model without 
foam. 

Elastic – Type: Engineering Constants 

Plastic – Type: Isotropic 

Yield 
stress 

Plastic 
strain 

369 MPa 0 

E1 8 MPa ν23 0.01 G23 
7,000 
MPa 

Anisotropic plastic 
parameters 

E2 8 MPa ν13 0.01 G13 
7,000 
MPa 

R11 
= 

R22 
0.2 R12 0.001 

E3 
18,726 

MPa ν12 0.01 G12 
4 

MPa R33 1 
R13 
= 

R23 
0.3 

 
Finally the foam is modeled with an elastic modulus of 

4.068 MPa and a Poisson’s ratio of 0.3. No plastic properties 
are added to this component. 

B. Comparison with experimental results 
The bending tests performed on the panels were modeled in 

Abaqus. The original and the deformed shape of the model of a 
three-point bending test on a long sample are shown in Figure 
8. By comparing the stress-strain curve of the simulation to the 
stress-strain curves of the actual tests (Figure 9) it can be 
concluded that the model gives a reasonable approximation of 
the behavior of the sandwich panel. The model where the foam 
is added can only be compared to the experiments in the linear 
region since no plastic behavior was added to the foam. Figure 
10 shows that the model with the foam gives a reasonable 
approximation of the linear elastic behavior of the panel. 
Simulations of four-point bending tests give similar results. 
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Figure 8 – (a) Model without foam for three-point bending test on 
long sample; and (b) Deformation of model without foam in three-
point bending test on long sample. 

 
Figure 9 Stress-strain curves of all samples and FE model simulation 
without foam in three-point bending tests on long samples. 

 
Figure 10 Stress-strain curves of all samples and FE model simulation 
with foam in three-point bending test on long samples. 

Three- and four-point bending tests were also simulated on 
short samples, both with and without foam. The shear stress-
strain curves resulting from the FE model without foam and 
from the actual experiments of a three-point bending test are 
given in Figure 11. Except for the lack of brittle failure the 
model seems to behave quite similar to the actual sandwich 
panel. 

 
Figure 11 Shear stress-strain curves of all samples and FE model 
simulation without foam in three-point bending test on short samples. 

C. Model applications 
Since the model seems to represent the behavior of the 

sandwich panel quite well the FE model can be used for 
practical applications. For example a table can be set up in 
which maximal allowable loads are given as a function of the 
span length L and the allowable deflection w. This load table 
can be visualized in a graph (Figure 12). 

 
Figure 12 Allowable concentrated load in function of span length for 
different L/w ratios as a result of FE modeling. 

Another advantage of the FE model is that it can be used to 
perform a parametric study in order to optimize the design of 
the sandwich panel. The influence of three different geometric 
parameters has been examined in this study. The results of 
these investigations were similar to the parametric studies done 
on comparable sandwich panels (e.g. 0). Increasing the density 
of fiber insertions makes the panel stiffer and giving the 
insertions an alternating wall pattern also increased the overall 
panel stiffness (Figure 13). Varying the overall panel thickness 
between a minimum and a maximum thickness clarified that an 
optimal overall thickness could be found (Figure 14). A thicker 
panel increases the overall stiffness by placing the skins further 
away from each other and therefore raising the panel’s second 
moment of area. But increasing the thickness also leads to 
longer fiber insertions which decreases their flexural rigidity. 
This decrease makes them weaker in shear and  lowers the 
overall panel stiffness. These two effects counteract each other 
which explains why an optimal panel thickness can be found. 
Finally increasing the skin thickness causes a higher overall 
panel stiffness (Figure 15).  
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Figure 13 Effect of fiber insertion pattern on the overall stiffness of 
the panel. 

 
Figure 14 Effect of the overall panel thickness on the overall stiffness 
of the panel. 

 
Figure 15 Effect of the skin thickness on the overall stiffness of the 
panel. 

V. CONCLUSIONS 
The FE model seems to approximate the behavior of both 

short and long samples quite good. All models that were tested 
had an elastic or shear modulus, for the simulation of long and 
short samples respectively, that are about the same as was 
found from experiments. Modeling of bending tests on the 
long samples also gave good approximation of the plastic 
region. The resemblance between the model and the actual 
tests is due to the fact that the material characteristics assigned 
to the modeled components was achieved from experiments. 
Nevertheless a number of assumptions had to be made for the 
material properties so more experimental work should be done 
on the different parts of the sandwich panel in order to make a 
model that would not only predict the sandwich behavior in 
one-way bending but also for other load configurations. 
Additional experiments would then be performed on the 
complete panels to verify the accuracy of the model in other 
conditions.  
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Samenvatting: Deze masterproef behandelt een glasvezel versterkt 

(GFRP) sandwich paneel met glasvezel doorvoeringen die de dikte 
van het paneel overbruggen, meer bepaald het TRANSONITE® 
paneel. Verscheidene experimenten werden uitgevoerd op 
proefstukken van het gehele paneel alsook op de verschillende 
onderdelen van het paneel. De materiaaleigenschappen die uit dit 
experimenteel onderzoek volgen werden gebruikt om een eindige 
elementen (EE) model op te stellen. Aan de huiden van het paneel 
worden anisotrope elastische en isotrope plastische eigenschappen 
toegekend, de glasvezel doorvoeringen bezitten zowel elastisch als 
plastisch anisotrope eigenschappen en het schuim wordt als een 
elastisch materiaal gemodelleerd. Vergelijkingen tussen de resultaten 
van de uitgevoerde experimenten en het EE model tonen goede 
overeenkomsten. Een parameterstudie werd uitgevoerd gebruik 
makend van het opgestelde EE model. Hieruit konden gelijkaardige 
trends afgeleid worden als eerder werden gevonden voor GFRP 
sandwich panelen met glasvezel doorvoeringen.  

Trefwoorden: GFRP sandwich panel, glasvezel doorvoeringen 
door de dikte van het panel, eindige elementen modelering, 
anisotrope mechanische eigenschappen, plasticiteit 

I. INLEIDING 
Sandwich panelen worden al sinds langere tijd gebruikt in 

de luchtvaart-, scheepvaart- en transportindustrie. Steeds meer 
worden ze ook gebruikt in de bouwindustrie. Vooral GFRP 
sandwich panelen waarbij de huiden van elkaar gescheiden 
worden door een schuim vormen een interessant alternatief 
voor de traditionele bouwmaterialen aangezien zij een gering 
gewicht hebben en toch een aanzienlijke stijfheid bieden. De 
schuimkern voorziet het paneel ook van isolerende eigen-
schappen. Omwille van het groeiende gebruik van deze 
panelen in de bouwindustrie is het zinvol om hun 
samenstelling en vooral hun mechanisch gedrag van dichterbij 
te beschouwen. 

Het sandwich paneel dat in deze studie onderzocht wordt, is 
het TRANSONITE® paneel dat bestaat uit twee glasvezel 
versterkte huiden gescheiden door een polyisocyanuraat (PIR) 
schuim. De huiden worden met elkaar verbonden door 
glasvezel doorvoeringen (Figuur 1). De dikte van het gehele 
paneel is 88.9 mm en de kern bestaande uit het PIR schuim en 
de glasvezel doorvoeringen is ongeveer 80 mm dik. De 
schuimkern bestaat uit TRYMER® 200L van ITW Insulation 
Systems. De glasvezels van de huid zijn opgebouwd uit vier 
vellen van ~0.848 kg/m² geweven vezels waarvan ~0.416 
kg/m² in de lengterichting en ~0.432 kg/m² in de dwarsrichting 
[1]. Deze glasvezels lopen in de x- en y-richting in Figuur 1. De 
glasvezel doorvoeringen hebben een herhaald patroon zoals 
ook in deze laatste figuur is aangegeven. De afstand tussen 
twee opeen2volgende glasvezel doorvoeringen in de x-richting 
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is kleiner dan in de y-richting. Deze laatste richting is de 
richting waarin het paneel gepultrudeerd werd. 
TRANSONITE® panelen zijn gepatenteerd door Ebert 
Composites Corporation en worden thans geproduceerd door 
Creative Pultrusions, Inc. 
 

 

 
Figuur 1 GFRP sandwich paneel met 3-D glasvezel doorvoeringen. 

II. BELANG VAN HET ONDERZOEK 
Aangezien bouwkundige, geïsoleerde sandwich panelen 

zoals het TRANSONITE® panel gebruikt worden in de 
woningbouw, moet hun mechanisch gedrag gekend zijn. Het 
gedrag van sandwich panelen wordt beschreven in sandwich 
theorieën gebaseerd op een drielagenconcept waarin de drie 
lagen de twee huiden en de schuimkern voorstellen. Wanneer 
glasvezel doorvoeringen aanwezig zijn in het paneel, zijn deze 
theorieën niet langer toepasbaar, waardoor het gedrag moet 
onderzocht worden gebruik makend van een eindige 
elementen model. Om dit model op te stellen moet 
experimenteel onderzoek verricht worden waaruit de 
eigenschappen van de afzonderlijke delen van het paneel 
volgen. Hiertoe werden testen uitgevoerd op de huiden en de 
glasvezel doorvoeringen van het paneel. Daarnaast werd ook 
het paneel als een geheel getest zodat de resultaten van het EE 
model met deze resultaten kunnen vergeleken worden. 

III. EXPERIMENTEEL ONDERZOEK 

D. Proeven op afzonderlijke delen van het sandwichpaneel 
Er werden trekproeven uitgevoerd op de huiden en de 

glasvezel doorvoeringen van het sandwich paneel. Om 
anisotrope eigenschappen te bekomen, werden haltervormige 
proefstukken uit de huid van een paneel gesneden in drie 
verschillende richtingen: de twee loodrechte richtingen waarin 
de glasvezels lopen (x en y) en volgends de bissectrice tussen 
deze richtingen (45°). Deze proefstukken werden gemerkt met 
hoofdletters die de richting aanduiden: X (x-richting), Y (y-
richting) en D (45° tussen x en y). De proefstukken toonden 

                                                                                      
behalen van de academische graad Master of Science in de 
ingenieurswetenschappen: bouwkunde aan de Universiteit Gent (Juni 2013). 



xiv   
een bilineair gedrag in de spanning-rek curves in the y- en 45°-
richting (Figuur 2) en een trilineair gedrag in de x-richting. 

 
Figuur 2 Spanning-rek krommen van trekproeven op de huid in y-
richting. 

Een initieel elastisch gebied kan onderscheiden worden in 
de spanning-rek krommen van de trekproeven op de huid en 
een gemiddelde elastische modulus E1 kan afgeleid worden 
voor de verschillende richtingen. Na dit elastisch gebied stijgt 
de spanning met een gereduceerde stijfheid totdat het 
proefstuk bros breekt. Het breken komt overeen met de 
maximum spanning σmax. Een gereduceerde elastische 
modulus E2 is gedefinieerd als de helling tussen het punt waar 
het initiële elastische gebied stopt en het punt waarop het 
proefstuk breekt. De elastische moduli en de maximum 
spanningen worden voor de verschillende richtingen weer-
gegeven in Tabel 1. Er kan worden geconcludeerd dat de GFRP 
huiden uit een anisotroop materiaal zijn opgebouwd. De y-
richting, i.e. de richting waarin het paneel gepultrudeerd werd, 
lijkt de stijfste en de sterkste richting te zijn. Dit komt doordat 
de glasvezel doorvoeringen zones van imperfecties creëren 
tussen de glasvezels van de huid, wat leidt tot een afname van 
de stijfheid van de huid. In de y-richting is er een grotere 
afstand tussen de opeenvolgende glasvezel doorvoeringen dan 
in de x-richting, wat verklaart waarom de huid stijver en 
sterker is in de y-richting. 

Tabel 1 Mechanische eigenschappen van de huid in verschillende 
richtingen. 

 X-proefstukken Y-proefstukken D-proefstukken 
E1 (MPa) 7 931 9 729 6 346 
E2 (MPa) 5 119 6 183 1 417 
σmax (MPa) 95,805 176,594 49,644 

 
De proeven op de glasvezel doorvoeringen tonen een 

benaderd lineair gedrag totdat bros falen optreedt (Figuur 3). 
De volgende mechanische eigenschappen konden worden 
afgeleid: een elastische modulus E van 18 726 MPa en een 
treksterkte gelijk aan 369 MPa.  

De glasvezel doorvoeringen zijn niet isotroop aangezien ze 
heel stijf en sterk zijn in hun lengterichting (z-richting), maar 
makkelijk breken in de richtingen uit het vlak van de 
glasvezels en dus veel zwakker zijn in deze richtingen. 

 
Figuur 3 Spanning-rek krommen van trekproeven op de glasvezel 
doorvoeringen. 

E. Proeven op paneel 
Er werden een aantal proeven uitgevoerd op proefstukken 

van het paneel zelf. Enkel de meest belangrijke resultaten 
zullen hier beschreven worden. 

Er werden zowel op lange als op korte proefstukken 
buigingstesten uitgevoerd. Omwille van de kleine lengte van 
de korte proefstukken kunnen deze buigproeven ook als 
afschuifproeven beschouwd worden. Alle proefstukken 
hadden hun lengterichting gericht volgens de x-as van het 
sandwich paneel. Zowel de korte als lange proefstukken 
hadden een hoogte van 88,9 mm en waren 76,2 mm breed. 
Hun overspanning bedroeg respectievelijk 177,8 mm en 558,8 
mm. 

De spanning-rek krommen van de driepuntsbuigproeven op 
de lange proefstukken met overspanning van 558,8 mm zijn 
weergegeven in Figuur 4. Het gehele paneel toont een lineair 
elastisch gedrag totdat een eerste afschuifscheur zich 
ontwikkelt in het schuim. De afschuifscheuren worden 
getoond in Figuur 5. Het gevolg van deze scheuren is een 
plotse daling in de spanning. Omwille van deze scheuren daalt 
de stijfheid van het paneel. Het gedrag van het sandwich 
paneel kan als bilineair benaderd worden en een initiële en 
gereduceerde elastische modulus kunnen gevonden worden, 
respectievelijk aangeduid met E1 en E2. De gemiddelde 
initiële elastische modulus E1 is gelijk aan 691,911 MPa en de 
gemiddelde gereduceerde modulus E2 bedraagt 115,128 MPa. 
De buigproef werd gestopt vooraleer breuk van het proefstuk 
zich kon voordoen om te vermijden dat het paneel de 
testmachine zou raken. Hierdoor is geen maximale spanning 
gekend. In sandwich panelen worden de buigmomenten vooral 
gedragen door de huiden 0. De spanningen werden berekend 
in de uiterste vezel van de huiden en de elastische modulus E1 
stelt bijgevolg de buigmodulus van de huid voor. 
Vierpuntsbuigproeven op de lange proefstukken leidden tot 
gelijkaardige resultaten.  

Figuur 6 geeft de schuifspanning-glijding krommen van de 
driepuntsbuigproeven, of afschuifproeven, op de korte 
proefstukken. De grafiek toont een lineair elastisch gebied tot 
een glijding van 0.05 is bereikt. Bij deze glijding ontstaan 
kleine scheurtjes aan de uiteinden van de proefstukken. Na dit 
gebied stijgt de schuifspanning terwijl de stijfheid is 
afgenomen. De korte proefstukken ondervinden een plotse 
daling in schuifspanning wanneer een grote scheur zich in het 
schuim ontwikkelt (zie Figuur 7). Na deze grote scheur stijgt de 
schuifspanning niet langer en dus kan geconcludeerd worden 
dat het falen van de schuimkern het falen van het gehele 
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paneel impliceert. Dit bevestigt dat de schuifspanningen in het 
paneel hoofdzakelijk door de kern gedragen worden 0. 

De glijdingsmodulus G1 die overeenstemt met het initiële 
lineaire gebied in de schuifspanning-glijding krommen heeft 
een gemiddelde waarde van 3,846 MPa. Vierpuntsbuigproeven 
op de korte proefstukken leidden tot gelijkaardige resultaten. 

 
Figuur 4 Spanning-rek krommen van driepuntsbuigproeven op lange 
proefstukken. 

 
Figuur 5 Afschuifscheuren in lang proefstuk in driepuntsbuigproef. 

 
Figuur 6 Schuifspanning-glijding krommen van driepuntsbuig-
proeven op korte proefstukken. 

 
Figuur 7 Schuifscheur in driepuntsbuigproef op kort proefstuk. 

 

 

IV. EINDIGE ELEMENTEN ANALYSE 

A. EE modellering 
De eindige elementen software Abaqus werd gebruikt om 

een model van het sandwich paneel op te stellen. De geometrie 
werd getekend in AutoCAD en geïmporteerd in Abaqus als een 
‘part’. De huiden en de glasvezel doorvoeringen vormen één 
‘part’ en het schuim kan eventueel toegevoegd worden als een 
andere ‘part’. Materiaaleigenschappen worden toegekend aan 
de huiden, de glasvezel doorvoeringen en het schuim. ‘Solid 
linear 3D Stress’ viervlakkige elementen worden gebruikt om 
het model te meshen. 

Wanneer het schuim wordt toegevoegd aan het model stijgt 
het aantal elementen significant en stijgt bijgevolg ook de tijd 
die de EE software nodig heeft om de berekeningen uit te 
voeren. Hierdoor worden de meeste simulaties uitgevoerd met 
het model waar geen schuim aan is toegevoegd. De eigen-
schappen van de glasvezel doorvoeringen moeten in dat geval 
de volledige kern voorstellen. Wanneer het schuim wel is 
toegevoegd, moet voor de eigenschappen van de glasvezel 
doorvoeringen het schuim niet langer in rekening gebracht 
worden en worden deze bijgevolg andere eigenschappen 
toegekend. De eigenschappen die ingegeven worden voor de 
huiden zijn gegeven in Tabel 2. De elastische moduli E1, E2 en 
E3 stellen de initiële elastische moduli voor van de huid in 
respectievelijk de x-, y- en z-richtingen. E1 en E2 volgen uit de 
trekproeven uitgevoerd op de huid. Het plastische gedrag is 
afgeleid van de trekproeven op de proefstukken in x-richting. 
De overige eigenschappen werden ofwel afgeleid uit de wet 
van Hooke of zijn redelijke aannames. 

Tabel 2 Materiaalkarakteristieken van de GFRP huiden. 

Elastisch – Type: ‘Engineering 
Constants’ 

Plastisch – Type: 
Isotroop 

Vloei-
spanning 

Plastische 
rek 

E1 
7 931 
MPa ν23 0,3 G23 

3 500 
MPa 25,5 MPa 0 

E2 
9 729 
MPa ν13 0,3 G13 

2 000 
MPa 83,5 MPa 0,011 

E3 
1 000 
MPa ν12 0,3 G12 

2 000 
MPa 95,8 MPa 0,020 

 
De materiaalkarakteristieken van de glasvezel door-

voeringen in het model zonder schuim kunnen teruggevonden 
worden in Tabel 3. E3 is de elastische modulus in de z-richting 
zoals werd afgeleid uit de trekproeven op de glasvezel 
doorvoeringen. De sterkte is gelijk aan 369 MPa en volgt uit 
diezelfde proeven. De overige karakteristieken zijn aannames 
of werden afgeleid door gebruik te maken van de wet van 
Hooke. In het geval dat het schuim toegevoegd wordt aan het 
model moeten de elastische moduli E1 en E2 aangepast 
worden naar 1 000 MPa, de Poisson’s ratios naar 0,05 en de 
schuifmodulus G12 wordt dan 500 MPa. 

Wanneer het schuim wordt gemodelleerd, krijgt het een 
elastische modulus van 4,068 MPa toegekend en een Poisson’s 
ratio van 0,3. Er wordt geen plastisch gedrag van het schuim 
toegevoegd aan het model. 
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Tabel 3 Materiaalkarakteristieken van de glasvezel doorvoeringen in 
een model zonder schuim. 

Elastisch – Type: ‘Engineering 
Constants’ 

Plastisch – Type: Isotroop 

Vloei-
spanning 

Plastische 
rek 

369 MPa 0 

E1 
8 

MPa ν23 0,01 G23 
7 000 
MPa 

Anisotrope plastische 
parameters 

E2 
8 

MPa ν13 0,01 G13 
7 000 
MPa 

R11 
= 

R22 
0,2 R12 0,001 

E3 
18726 

MPa ν12 0,01 G12 
4 

MPa R33 1 
R13 
= 

R23 
0,3 

B. Vergelijking met resultaten uit experimenteel onderzoek 
Het EE model werd gebruikt om de buigingsproeven die 

eerder werden uitgevoerd te simuleren. Het model voor een 
driepuntsbuigproef op een lang proefstuk en zijn vervorming 
tijdens de test zijn gegeven in Figuur 8. Na vergelijking van de 
spanning-rek kromme van de simulatie met de spanning-rek 
krommen van de eigenlijke testen (Figuur 9) kan ge-
concludeerd worden dat het model een aanvaardbare 
benadering van het gedrag van het sandwich paneel geeft. De 
resultaten van het model waarbij het schuim werd toegevoegd 
kunnen enkel vergeleken worden met de experimenten in het 
elastisch gebied van de spanning-rek krommen aangezien het 
plastisch gedrag van het schuim niet werd gemodelleerd.  
Figuur 10 toont dat de resultaten van dit 

(a) 

 
(b) 

 
Figuur 8 – (a) Model zonder schuim voor driepuntsbuigproef op lang 
proefstuk; en (b) Vervorming van het model zonder schuim in 
driepuntsbuigproef op lang proefstuk. 

 
Figuur 9 Spanning-rek curves van alle proefstukken en simulatie met 
het EE model zonder schuim in driepuntsbuigproef op lange 
proefstukken. 

 
Figuur 10 Spanning-rek krommen van alle proefstukken en de 
simulatie met het EE model met schuim in driepuntsbuigproef op 
lange proefstukken. 

model een aannemelijke benadering zijn van het elastische 
gedrag van het paneel. Simulaties van de vierpuntsbuig-
proeven hadden gelijkaardige resultaten. 

Dezelfde proeven werden ook gesimuleerd op de korte 
proefstukken, zowel met als zonder schuim toegevoegd aan 
het model. De schuifspanning-glijding krommen als resultaat 
van het EE model zonder schuim en van de proefstukken in 
een driepuntsbuigproef zijn gegeven in Figuur 11. Het model 
omvat geen brosse breuk van het paneel, maar het initieel 
elastische en plastische gedeelte worden goed benaderd door 
het model. 

 
Figuur 11 Schuifspanning-glijding krommen van alle proefstukken en 
de simulatie met het EE model zonder schuim in driepuntsbuigproef 
op korte proefstukken. 

C. Toepassingen van het model 
Aangezien het model het werkelijke gedrag van de panelen 

goed lijkt te benaderen, kan het gebruikt worden voor enkele 
praktische toepassingen. Bijvoorbeeld kan een lastentabel 
opgesteld worden waarin de maximaal toelaatbare last wordt 
gegeven in functie van de overspanning L en de toegelaten 
doorbuiging w. Deze tabel kan gevisualiseerd worden zoals in 
Figuur 12.  

Een andere toepassing voor het EE model is het uitvoeren 
van parameterstudies zodat het ontwerp van de sandwich 
panelen kan worden geoptimaliseerd. De invloed van drie 
verschillende geometrische parameters werden onderzocht in 
deze studie. De resultaten van deze parameterstudie zijn 
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Figuur 12 Toelaatbare lijnlast in functie van de overspanning voor 
verschillende verhoudingen L/w als resultaat van het EE model. 

gelijkaardig aan deze die volgden uit parameterstudies 
uitgevoerd op gelijkaardige panelen, zoals bijvoorbeeld in 0. 

Een hogere dichtheid van de glasvezel doorvoeringen 
hebben een hogere stijfheid van het paneel tot gevolg (Figuur 
13).  Uit diezelfde figuur blijkt ook dat een ‘afwisselende 
muur’ de meest efficiënte schikking van de glasvezel 
doorvoeringen is. Wanneer de totale dikte van het paneel 
wordt opgedreven, blijkt duidelijk dat er een optimale dikte 
bestaat (Figuur 14). Bij een dikker paneel is de afstand tussen 
de huiden groter en bijgevolg ook het oppervlaktetraagheids-
moment. Daarentegen stijgt ook de lengte van de glasvezel 
doorvoeringen en daalt hun buigstijfheid. Hierdoor worden 
deze zwakker in afschuiving en daalt de stijfheid van het 
paneel. Deze twee effecten werken elkaar tegen en verklaren 
waarom er een optimale dikte bestaat. Het verhogen van de 
dikte van de huiden verhoogt eveneens de stijfheid van het 
paneel (Figuur 15). 

 
Figuur 13 Invloed van het patroon van de glasvezel doorvoeringen en 
hun densiteit op de stijfheid van het paneel. 

 
Figuur 14 Invloed van de totale dikte op de stijfheid van het paneel. 

 
Figuur 15 Invloed van de dikte van de huid op de stijfheid van het 
paneel. 

V. CONCLUSIES 
Het eindige elementen model benadert het gedrag van zowel 

korte als lange proefstukken met redelijke nauwkeurigheid. 
Alle geteste modellen hadden een glijdings- of elastische 
modulus, voor de simulaties op korte en lange proefstukken 
respectievelijk, die ongeveer gelijk waren als deze die werden 
afgeleid uit de experimenten. Modeleren tot in de plastische 
zone gaf ook voor de lange proefstukken goede benaderingen. 
Deze goede resultaten volgen uit het feit dat de 
karakteristieken die gebruikt werden in het model volgden uit 
experimenten. Daarentegen werden een aantal materiaal-
eigenschappen aangenomen zodat verder experimenteel 
onderzoek moet uitgevoerd worden om ook deze eigen-
schappen te bepalen. Hierdoor zou het model niet enkel het 
gedrag van het paneel in enkelvoudige buiging kunnen 
voorspellen, maar ook voor andere lastenconfiguraties. Testen 
uitgevoerd op het gehele paneel moeten in dat geval worden 
verricht om de nauwkeurigheid van het model in deze 
lastenconfiguraties na te gaan.  
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1 Introduction 

The subject of this study was established by the entry of team BEMANY in the Solar 

Decathlon China 2013 competition. 

In the summer of 2013 China will host the Solar Decathlon China competition for the 

first time. The competition is a cooperation between the U.S. Department of Energy (DOE) 

and China’s National Energy Administration (NEA) and is organized in the city of Datong by 

Peking University. The competition aims to raise awareness about sustainable energy 

solutions and get students and the industry to think about the energy problem and come up 

with innovative solutions (SDChina, n.d.). 

The competition challenges 22 teams of students from all over the world to design and 

build a sun-powered home that is affordable, attractive and energy-efficient. During the 

competition the different houses are judged in ten contests, the reason why it is called 

‘decathlon’. Some of the contests are juried, for example the design of the house, the 

affordability and the market appeal. In some other contests the teams will be ranked based on 

measured properties of their house, like how much energy is needed to provide the house of 

warm water during a complete day and the net energy the house produces (or consumes) 

during the competition (SDChina, n.d.). 

Team BEMANY is a collaboration between Ghent University (Belgium), Worcester 

Polytechnic University (US) and Polytechnic Institute of New York University (US). The 

interdisciplinary team consists of students of the civil engineering department, architectural 

department, mechanical engineering department and many more. While the design is spread 

out over the three universities, the physical work is performed in Worcester. With the help of 

students of the Worcester Technical High School, several professionals and technicians the 

house is built in a warehouse in Worcester, disassembled and shipped to China to compete in 

the SDChina 2013 competition.  

Team BEMANY’s house is called the Solatrium, a house designed around a central 

atrium (Figure 1-1) creating an open interior enabling the sunlight to enter the house and 

spread out a warm and pleasant atmosphere. One of the special features of the house are the 

concrete tiles that are made of phase-changing material. When the outside temperature drops 
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the tiles release heat that was hold during warmer temperatures, regulating the inside 

temperature.  

 

Figure 1-1: Solatrium house of team BEMANY. 

Another innovative feature is the use of glass fiber reinforced composite (GFRP) 

sandwich panels, called TRANSONITE®. These panels are the topic of this research study. 

The ceiling, the floor and the walls are all made of TRANSONITE® panels. The use of the 

very light-weight GFRP sandwich panels makes the house easy to transport and assemble 

with limited use of big machinery. A very air-tight and well-insulated construction is possible 

with these panels. 

The TRANSONITE® sandwich panel described in this study consists of two face sheets 

separated by a foam core. The face sheets provide flexural stiffness to the panel and by 

placing them further apart the stiffness can be increased. Sandwich panels can be compared to 

steel I-beams. The skins act as the flanges of the beam while the function of the core is similar 

to that of the web of an I-beam, i.e. carrying the shear forces.  

Different materials can be used for the skins and core. The skins can have different 

surface finishes and colors and the core can exist of an insulating foam, making the panels 

very suitable for use in houses. 

Sandwich panels have been used since long time in aerospace, marine and 

transportation industries. Because a big variety in composition and geometry is possible with 

GFRP sandwich panels also construction industry shows more and more interest in the use of 

these panels. Especially architects like that a design involving different geometries is still 

feasible with the use of sandwich panels. 
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2 Literature review 

2.1 History of sandwich structures 

2.1.1 History of sandwich structures 

The history of sandwich structures goes back to 230 BC when Archimedes developed 

the law of lever (EconHP Holding, n.d.). This law explains the idea behind sandwich 

structures. Creating a distance between two panels by connecting another material between 

them increases the second moment of area of the global panel and thus the stiffness. Sandwich 

panels consist of two thin skins with a high modulus of elasticity which provide the panel its 

flexural strength, bonded to a thick core that separates the skins in order to increase the 

second moment of area and provides enough resistance to induced shear stresses (Dawood, 

Taylor, Ballew, et al., 2010).  

A formula to calculate the second moment of area of a sandwich panel was formulated 

by Duleau in 1820. He was the first to unveil the advantages of sandwich panels. In the 

1930’s structural adhesives were invented in England which led to the widespread application 

of bonded sandwich composites (Zenkert, 1997). During the fifty-fourth annual meeting of 

the American Society for Testing Materials on June 21, 1951 in Atlantic City, Markwardt 

(1952) gave a lecture on ‘Developments and Trends in Lightweight Composite Construction’ 

in which he, among materials used in sandwich structures and other subjects, discussed some 

of the applications of sandwich panels at that time. During World War II the DeHavilland 

Mosquito Bomber was developed. This airplane was made of plywood facings covering a 

low-density balsa wood core. The success of the Mosquito Bomber can be ascribed to the use 

of wood instead of metal which was very in demand for the fabrication of weapons during the 

war. Another big advantage of the panels is the low weight. Since it’s more economical to 

transport as less weight as possible the low-weight sandwich panels were very efficient in 

reducing the costs of a flight (Markwardt, 1952).  

Chance Vought Aircraft Co. developed Metalite, a sandwich panel consisting of an end-

grain-balsa core bonded to aluminum-alloy sheet facings. The Vought Pirate, a jet-fighter 

designed for the US Navy during the end of World War II, had almost its entire structure 

made of Metalite. A lot of tests have been carried out on the panels leading to a wide variety 

of aeronautical applications. Because of the widespread use of sandwich panels during World 



4  Literature review 

War II the first theories on sandwich constructions and the behavior of sandwich panels were 

published around that time (Markwardt, 1952). This will be discussed in detail in paragraph 

2.3. 

In 1935 U.S. Forest Products Laboratory built a one-story prefabricated house out of 

panels consisting of framing members to which plywood sheets or other materials were 

bonded. In the space between the facings insulation and vapor barriers were inserted. In 1937 

two other prefabricated houses were constructed, namely a one- and a two-story house. In 

1962 two panels of the one-story house built in 1937 were removed to investigate the effect of 

time on the panels. Figure 2-1 shows the cross-section of a wall panel of this house. No visual 

evidence of any deterioration was found (Heyer & Blomquist, 1964).  

 

Figure 2-1: Cross-section of a wall panel used in the experimental house constructed by U.S. Forest Products 
Laboratory (Heyer & Blomquist, 1964). 

The Chrysler Corporation developed sandwich panels which were tested on portable 

arctic shelters of the Army in Alaska. After satisfactory results the panels were also used for 

the building of a warehouse in Highland Park, Michigan and in one of the plants of Chrysler 

Corporation in Indianapolis. The panels used in this plant consisted of sheet aluminum facings 

and a honeycomb shaped core of craft paper (Markwardt, 1952).  

Several new technologies like rocketry and computer technology made the first moon 

landing on July 20, 1969 possible. The spacecraft Apollo 11 was built using the sandwich 

technology. The wall of the spacecraft was made out of two interconnected sandwich shells as 

shown in Figure 2-2. The outer shell had a honeycomb core surrounded by two thin steel face 

sheets (Davies, 2008).  

 
Figure 2-2: Composition of the wall of the Apollo capsule (Davies, 2008). 
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In the following decades more research was done on the properties of sandwich panels. 

They are widely used in prefabricated houses and in the automobile, shipping and aviation 

industries. The reason for its widespread applications is the extended list of advantages the 

panels have over other construction materials. In sandwich panels each material is used to its 

ultimate limit (Zenkert, 1997). Some advantageous are (Davies, 2008; Zenkert, 1997): 

− high strength-to-weight and stiffness-to-weight ratio; 

− excellent thermal and acoustical insulation possibility; 

− absolute water and vapor barrier; 

− choice of surface facing: resistance to weathering and aggressive environments; 

− can be manufactured in large sheets: low number of connections needed; 

− fast installation because of prefabrication possibility; 

− easy to repair or replace in case of damage; and 

− long service life with low maintenance costs possible. 

To be able to explain the developments of sandwich panels leading to the panel which 

will be described in this paper, some things need to be said on GFRP, glass fiber reinforced 

plastics. 

2.1.2 Glass Fiber Reinforced Plastics 

Glass fiber reinforced plastics (GFRP) are composite materials made through a 

pultrusion process. During a continuous molding process preselected materials such as mats 

and fiberglass roving go through a resin supply where all fibers are impregnated with a resin. 

This process is illustrated in Figure 2-3. The fibers are formed to the desired shape in the 

forming guide and then pulled through a heated steel die where the resin is cured. The result is 

a continuous part which can then be cut to length. When using different molds a big variety of 

shapes can be made with the pultrusion process among which U- and I-profiles, angles, 

tubular profiles and many other. With this process a large production is possible with 

minimum man-labor hours. Once a mold is made and raw materials are available the process 

can continue, saving time and money (Creative Pultrusions, n.d.-a). 

Apart from glass fiber reinforcement the composite could also be made with carbon or 

aramid fibers as reinforcement (Zenkert, 1997). 
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Figure 2-3: Pultrusion Process (Gravina's Window Center, n.d.). 

FRP (fiber reinforced plastics) profiles are used for many purposes. In corrosive 

environments FRP profiles are used because of their good anti-corrosion properties. Because 

of their high strength-to-weight ratio compared to other building materials such as steel and 

concrete they are widely used in aircraft, ship building, railways and transport.  

Another application of FRP profiles is building construction. Startlink, a modular 

construction system based on several GFRP profiles, was developed in the UK by a 

consortium of companies. The house can be assembled rapidly without the use of metal 

fastenings, avoiding thermal bridges, is low-cost and, when using appropriate insulation, 

thermally efficient. The profiles are stable, inert and impervious to moisture. Because of the 

low weight of the profiles shipping and assembly costs are much lower. One of the few 

disadvantages of the building system is the lack of thermal mass, it is hard to buffer the 

summer temperatures. This could be solved using reflective materials at the external surfaces 

(Hutchinson & Singleton, n.d.). Figure 2-4 shows the components that are used to build a 

Startlink house.  

Site waste accounts for about 17,5 % of all UK waste and this won’t be different for 

other countries using the same building methods. Because in the Startlink building system all 

parts are predesigned and fabricated the amount of waste created at the construction site can 

be much less compared to traditional construction methods involving concrete, steel or timber 

(Hutchinson & Singleton, n.d.).  

The Startlink houses can be custom-made. Because of the pultrusion process different 

surface finishes and colors can be chosen.  
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Figure 2-4: Components used in the Startlink house (Hutchinson & Singleton, n.d.). 

Since FRP profiles are much lighter than concrete or steel, the Startlink houses don’t 

need massive foundations, but they can be supported on pultruded piles driven into the ground 

at the load-bearing layer. Where a traditional building requires several trucks to get all 

materials needed for the construction to the working site, all materials needed for the Startlink 

house fit in one truck. This remarkably reduces the transportation emissions and costs. After a 

building’s service time the different parts of the building can be dismantled and recycled 

separately (Hutchinson & Singleton, n.d.).  

Bridges are another widespread example for the use of FRP profiles. The high strength-

to-weight ratio enables light construction, facilitating the installation of bridges. All different 

components of the bridge can be made of GFRP, such as the load-bearing girders, the deck 

and the parapets. Creative Pultrusions, Inc. developed Superdeck™, a GFRP panel with 

interior reinforcements, shown in Figure 2-5. 

 
Figure 2-5: SuperdeckTM panel (Creative Pultrusions, n.d.-c). 
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According to the data sheet Superdeck™ is intended for highway traffic, is corrosion 

resistant and weighs only one fifth of the weight of a traditional concrete deck (Creative 

Pultrusions, n.d.-c).  

Another product of Creative Pultrusions, Inc. are the SUPERArmor FRP Ballistic 

Panels. These bulletproof panels are commonly used in court rooms, banks, safe rooms or 

storm shelters. The panels protect against small arms and shotgun fire and fragmentation from 

explosion. Because of their light weight they are easy to install and very useful in temporary 

shelters and military purposes (Creative Pultrusions, n.d.-b). 

Fiber reinforced plastics are now often used as skins for sandwich panels. Properties as 

low weight, high strength, good corrosion resistance and low thermal conductivity offer a lot 

advantages for sandwich panels with FRP skins compared to metallic or wooden skins. Some 

of the present applications of these panels include trailer bodies and containers. Innovative 

Composites International, Inc. (ICI) created a sandwich panel consisting of thermoplastic 

fiber reinforced composite skins and a foam core that adds fire resistance and insulating 

properties to the panel. The panels are called Structure-Lite and a, maybe misleading since the 

core exists of foam material and not a honeycomb structure, illustration is given in Figure 2-6. 

The panels can be used for containers, emergency shelters as well as eco-friendly housing. 

Containers made of Structure-Lite panels weigh only half the weight of steel containers and 

they can be folded up when empty, making them easy to transport since several containers can 

be stacked on top of each other. Truck bodies can also be made of the Structure-Lite panels 

resulting in lower fuel consumption because of the low weight. The panels are rot and rust 

resistant and don’t decay when exposed to UV light. These properties make the panels also 

very suitable for housing applications (Innovative Composites International, 2011).  

ICI created a prefabricated modular housing system called EcoScape. The houses are 

easy to install, don’t need special equipment and can be built in a couple of hours or a few 

days, making them ideal for use in areas struck by hurricanes, tsunamis, earthquakes or other 

disasters. The EcoScape buildings are currently built on a large scale in Brazil. ICI signed an 

agreement in 2011 to supply EcoScape modular homes to Brazil who is the host of the 2014 

UEFA World Cup and the 2016 Summer Olympics and started an ambitious accelerated-

growth program (Programa de Aceleração do Crescimento (PAC)). Part of this program is the 

Minha Casa, Minha Vida project, aiming to build two million homes for low-income families 

before 2014 (Reinforced Plastics.com, 2011). 
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Figure 2-6: Structure-Lite panel of ICI (Innovative Composites International, Inc.). 

 

2.1.3 Foams as core material 

The first composite sandwich panels were made with a balsa wood core but this has 

been replaced by other, lighter materials. 

First honeycomb cores were used in composite sandwich panels which could be made 

out of fiber-reinforced materials, metals, paper, etc. Honeycomb cores have the greatest shear 

strength and stiffness-to-weight ratio. Some disadvantages are the high cost needed to 

manufacture the honeycomb and the bonding between the faces and the honeycomb structure. 

This bonding needs to be performed very precisely (Zenkert, 1997). 

During the late 1950’s and early 60’s the first use of polyvinylchloride (PVC) and 

polyurethane (PUR) as core material was noted. The foams were already created in Germany 

in the 1940’s but the first use came only in the 1960’s because of the reduced strength 

compared to honeycomb core materials. Then why did they replace the honeycomb cores with 

foam cores? Foams have much better workability and are cheaper to produce. They also offer 

good thermal insulation and acoustic damping properties. With a simple surface preparation a 

good adhesive bond between the skin and the foam can be obtained. Because of the closed 

cell structure buoyancy is ensured and water penetration prevented (Zenkert, 1997).  

 Panels with a foam core have practically the same applications as sandwich panels 

with metallic honeycomb cores. Sandwich panels with foam cores used in construction are 

often called structural insulated panels, or SIPs (SIPA, 2011). The foam core makes it 

possible to produce an airtight and well insulated building. Because SIPs are prefabricated 
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and light-weight they are very suitable for emergency shelters such as the Safehut, a building 

system developed by the company Safehut in Sanford, Florida. The wall, floor and roof 

panels of the Safehut consist of GFRP skins and a low density polyethylene terephthalate 

(PET) foam core. The Safehut can be set up by three people in less than 10 minutes and is 

only 40 cm high when folded. Up to 10 units can fit in a shipping container, making them 

easy to transport (Reinforced Plastics.com, 2012). Because of these advantages the shelters 

can be used as emergency shelters in areas struck by natural disasters or war, temporary 

housing for workers on construction sites, medical services, military housing, hunting cabins 

and many more (SAFEHUT.com, 2012). Vectorworks Naval Engineering LLC, Titusville, 

Florida, performed load and wind calculations and concluded that the Safehut can withstand 

(Reinforced Plastics.com, 2012):  

− 250 km per hour winds; 

− 3.6 kPa snow load on the roof; 

− 3.6 kPa live load on the floor; and 

− 1.15 g lateral acceleration seismic load. 

As mentioned in paragraph 2.1.2, bridge decks can also be fabricated from sandwich 

panels. Composite Advantage, Dayton, Ohio, developed several panels that can be used for 

pedestrian and vehicle decking of which FiberSpan™ is one. The panel is a sandwich panel 

with fiberglass facings and a closed cell foam equipped with fiberglass shear webs (Figure 

2-7). The internal bidirectional shear webs provide good load distribution of heavy truck 

loads. The prefabricated panels allow a quick connection to the superstructure, reducing 

installation time and cost. The decks can be fitted with features such as drainage scuppers, 

electrical boxes, curbs, expansion joints and a non-slip wear surface (Composite Advantage, 

n.d.). 

 
Figure 2-7: Section of FiberSpan™ panel (Composite Advantage, n.d.). 
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2.2 TRANSONITE® panel 

The sandwich panel investigated in this study is a TRANSONITE® panel consisting of 

two glass fiber reinforced plastic face sheets and a polyisocyanurate foam core. The two face 

sheets (also called the faces, facings or skins) are bonded together with through-thickness 

fiber insertions. Figure 2-8 shows the panel with and without core material.  

In 1998 Ebert Composites Corporation proposed to design a prototype machine that 

could precisely and rapidly insert vertically oriented reinforcing glass fibers through 

horizontally constructed composite material. This machine would allow for efficient, low-cost 

production of composite materials which would be almost equally strong in three dimensions. 

Later they created an automated, multiple-fiber-insertion machine that could produce large 

panels up to 1.2 m wide and 10 cm thick (National Institute of Standards and Technology, 

n.d.). With this machine TRANSONITE® panels could be produced. TRANSONITE® panels 

are patented by Ebert Composites Corporation and presently manufactured by Creative 

Pultrusions, Inc. 

The composite skins can exist of a wide range of fibers, fabrics and resins. The core 

material may vary between foam, balsa, phenolic and other materials. The width of the panel 

can vary from 152.4 mm up to 2.59 m and the overall panel thickness from 12.7 mm until 

101.6 mm. The length is minimum 25.4 mm and has no maximum limit. The skin thickness 

can be at least 2.54 mm and can go up to a maximum of 12.7 mm. For higher skin 

thicknesses, difficulties arise when inserting the 3-D through-thickness insertion. (Ebert 

Composites Corporation, 2012).  

  
Figure 2-8: TRANSONITE® panel with core material (left) and without core material (right) (Ebert Composites 

Corporation, 2012). 
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Two of the common problems with traditional sandwich panels is delamination between 

the core and the skins and between the skin layers. To prevent this, the TRANSONITE® 

panels are provided with 3-D through-thickness fibers that tie the face sheets together. In 

addition the fiber insertions provide the core a higher shear stiffness. The fiber insertion 

density can go from 0 fipsi (fiber insertions per square inch) which means no insertions, up to 

16 fipsi (or 2.48 fiber insertions per square centimeter). 

For this study one specific TRANSONITE® panel is used. The total thickness of the 

panel is 88.9 mm, the core is about 80 mm thick. The core material exists of TRYMER® 

200L from ITW Insulation Systems, especially designed for structural sandwich panels. This 

material has a lower polyisocyanate-to-polyol ratio than conventional polyisocyanurate 

foams, contributing to improved handling and machinability. Because the foam has fewer 

voids there is a smooth and uniform surface. This improves the adhesion with the skins (ITW 

Insulation Systems, 2011). The strength properties of TRYMER® 200L are given in Table 

2-1. 

Table 2-1: TRYMER® 200L strength properties (ITW Insulation Systems, 2011) 

Property (unit) Value 

Density (kg/m³) 32.0 

Compressive strength, parallel to rise (103 Pa) 207 

Compressive modulus, parallel to rise (103 Pa) 5,171 

Tensile strength, 3D average (103 Pa) 207 

Tensile modulus, parallel to rise (103 Pa) 8,274 

Shear strength, average of parallel to rise and extruded directions (103 Pa) 159 

Shear modulus, parallel to rise (103 Pa) 1,793 

Flexural strength, parallel to rise (103 Pa) 269 

Flexural modulus, parallel to rise (103 Pa) 4,068 

The skins are made from glass fiber reinforced plastics. Both have a slightly different 

lay-up. The first skin, starting from the core material to the outside of the panel, is made of 

four plies of 25 oz/yd² (≈ 0.848 kg/m²) woven roving of which 12.26 oz/yd² (≈ 0.416 kg/m²) 

is in the 0° or lengthwise direction and 12.74 oz/yd² (≈ 0.432 kg/m²) in the 90° or crosswise 

direction, one layer of 1 oz/yd² (≈ 339 g/m²) continuous filament mat and one layer of 1.35 

oz/yd² (≈ 45.9 g/m²) Reemay® Spunbond Polyester Surfacing Veil, which has a resin rich 

surface, giving the panel a smooth surface with enhanced UV-protection (Toddie, 2013).  
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The other skin has the same lay-up (four plies of 25 oz/yd² (≈ 0.847 kg/m²) woven 

roving and one layer of 1 oz/yd² (≈ 34 g/m²) continuous filament mat) but instead of the 

Reemay® Spunbond Polyester Surfacing Veil there is a 0.85 oz/yd² (≈ 28.9 g/m²) nylon veil. 

The complete lay-up of the TRANSONITE® panel used in this study is given in Figure 2-9. 

 
Figure 2-9: TRANSONITE® panel lay-up. 

The resin used as the matrix material for the skin consists of 80% by weight low 

viscosity polyester and 20% by weight brominated polyester resin, together with three parts of 

antimony trioxide. For viscosity reduction 25 parts of calcium carbonate, 25 parts of clay and 

one part of a BYK® additive are added to the resin. Two parts of an internal mold release 

agent were needed for processing (Toddie, 2013). 

The fiber insertions exist of glass fibers impregnated with a polyester resin and are 

inserted through and fixed to the skins. They have very low shear strength. In this specific 

panel the fiber insertion pattern is as displayed in Figure 2-10. The returning pattern consists 

of four rows with equally spaced fibers on each row. An insertion on the second row is always 

spaced 5.08 mm to the right of an insertion of the first row, one on the third row 8.89 mm left 

from one on the second row and the fourth row is spaced 5.08 mm to the left of the third row. 

Then the pattern is repeated with the first row 8.89 mm to the right of the fourth row. 

  

Figure 2-10: Picture of the fiber insertion pattern (left) and spacing of the fiber insertion pattern (right) (dimensions 
in 10-3 m). 
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2.3 General behavior of sandwich panels 

A typical sandwich panel consists of a low density core material and two thin outer face 

sheets. The face sheets  have a high stiffness and their behavior is similar to that of the flanges 

of an I-beam. The face sheets, or skins, carry the tensile and compressive loads. The core 

material, representing the web of the I-section, provides shear resistance to the sandwich 

panel. The face sheets have a higher flexural stiffness than the core and the farther away they 

are from each other, the higher the overall stiffness of the panel. By increasing the thickness 

of the core material, the stiffness of the panel increases but the weight remains almost the 

same, so the different components can be optimally utilized (Patrick, 2007). This means that 

the structural behavior of a sandwich panel depends on the geometry and relative stiffness of 

the face and core materials (Reis, 2006). 

2.3.1 Failure modes 

There are several concerns associated with the design of sandwich panels which can be 

related to the way in which they fail (Patrick, 2007). By examining the various types of failure 

and especially the cause of each failure mode, the function of the different sandwich 

components becomes clearer and the design of sandwich panels can be optimized. Because of 

their composite behavior, sandwich panels are subject to a number of different failure modes, 

as illustrated in Table 2-2. This table gives the typical failure modes and their causes for a 

lightweight sandwich beam under static loading (Taylor, 2009). 

Besides these eight failure modes there is also the possibility of fatigue failure under 

cyclic loads. In case of vibration or impact loads, dynamic effects should be taken into 

account (Van Straalen, 2000). 

The most common problem in sandwich structures arises when the face sheets 

delaminate from the core material (Patrick, 2007). The presence of the through-thickness fiber 

insertions helps prevent this type of failure. The fiber insertions also increase the shear 

strength and stiffness of the panel. Research indicates that the failure mode can be affected by 

the characteristics of the polymeric foam material used. The type of foam material also has an 

influence on the fatigue behavior (Dawood, Taylor, Ballew, et al., 2010). 
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Table 2-2: Failure modes of lightweight sandwich panels under static loading. After Taylor (2009). 

Failure mode Schematic presentation 
1. Facing failure 

         

Initial failure may occur in either compression or 
tension face, caused by insufficient panel thickness, 
facing thickness or facing strength. (Schematic 
presentation: failure in tension face). 
2. Transverse shear failure 

         
Caused by insufficient core shear strength or panel 
thickness. 
3. Flexural crushing of core 

         
Caused by insufficient core compressive strength 
flatwise or excessive beam deflection. 
4. Local crushing of core 

         
Caused by low core compressive strength. 

5. General buckling 

 
Caused by insufficient panel thickness or 
insufficient core shear rigidity. 
6. Shear crimping 

 
Sometimes occurs following, and as a consequence 
of, general buckling. Caused by low core shear 
modulus or low adhesive shear strength. 
7. Face wrinkling 

 

Facing buckles as a plate on an elastic foundation. 
It may buckle inward or outward, depending on 
relative strengths of core in compression and 
adhesive in flatwise tension. (Schematic 
presentation: (a) Adhesive bond failure – (b) Core 
compression failure). 
8. Intracellular buckling (dimpling) 

 

Applicable to cellular cores only. Faces buckle into 
core cells. Occurs with very thin facings and large 
core cells. This effect may cause failure by 
propagating across adjacent cells, thus inducing 
face wrinkling. 
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2.3.2 Classification of sandwich theories 

A lot of research has been done on the behavior of sandwich panels and many theories 

have been developed. All these theories aim to give mathematical descriptions for the 

deformation of a sandwich panel. Their fundamental principle is the three-layer concept: a 

sandwich panel consisting of two faces and a core. In each theory certain assumptions are 

made on how to model the behavior of the faces, the core and the interaction between both. 

This leads to a set of differential equations, which have to be solved analytically or 

numerically. Even though there is no well-established classification of the theories, they can 

be divided into three major categories (Van Straalen, 2000): 

− classical theories; 

− superposition approaches; and 

− high-order theories. 

2.3.2.1 Classical theories 

The first type of analytical solutions have been mainly developed in the period after 

World War II. At that time the first important structures incorporating sandwich panels were 

introduced (Allen, 1969). A lot of researchers studied the behavior of this new type of 

structural components and most of their work have been gathered by Plantema, Allen (1969), 

Stamm and Witte (1974), and by Zenkert (1997)  (Van Straalen, 2000).  

The basic assumptions for the classical theories are: 

− The modulus of elasticity of the core in planes parallel with the skins is zero but 

the shear modulus in planes perpendicular to the skins is finite. This means that 

the core doesn’t contribute to the bending stiffness of the beam and no 

transverse flexibility of the core material takes place. This is known as the 

concept of the “antiplane” core (Allen, 1969); and 

− The displacement of the core in the longitudinal direction is linearly distributed 

over the height (Van Straalen, 2000).  

The transverse displacement w of a sandwich panel is calculated in the classical theories 

by applying the Timoshenko beam theory. The bending deformation is the sum of two parts, 

as displayed in Figure 2-11. The primary deflection is obtained by applying the ordinary beam 
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theory, also known as the Euler-Bernoulli beam theory. This beam theory assumes that planes 

that are perpendicular to the longitudinal axis of the unloaded beam remain so during 

bending. This displacement due to bending is called w1. The secondary deformation is caused 

by shear strains in the core, which are constant over the height of the core. The faces of the 

panel now bend about their own neutral axis while the core undergoes shear deformation. The 

geometric relationship between the slope of the panel and the core shear strain gives the shear 

deformation w2 at the center of the beam (Allen, 1969). 

Analytical solutions consisting of differential equations have been developed over the 

years for sandwich beams, struts, plates and shells in case of bending, overall buckling, 

wrinkling and vibration. Only for some simple cases of loads and supports, closed-form 

solutions are given in literature. More complex cases have to be solved numerically (Van 

Straalen, 2000).  

 

 
Figure 2-11: Deflection of a simply supported sandwich beam under a point load – (a) Unloaded beam; (b) 

Deformation w1 due to bending; (c) Deformation w2 due to shear deformation; and (d) Total deformation w. After 
Allen (1969). 
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2.3.2.2 Superposition approaches 

To examine the influence of local geometry or local loads on the behavior of sandwich 

panels, some researchers proposed superposition approaches. They first describe the local 

effects separately and then superpose them upon the solution of a classical theory. 

The first form of local failure or instability that researchers considered is the rippling 

wrinkling of a face (see Figure 2-12). For a sandwich panel under a compressive load both 

skins can wrinkle, either symmetrically or asymmetrically. For a panel subject to pure 

bending the wrinkling is only a problem for the skin in compression (Stamm & Witte, 1974).  

 
Figure 2-12: Local instabilities of a sandwich beam – (a) Symmetrical wrinkling of the faces of a panel under 

compressive load; (b) Unsymmetrical wrinkling of the faces of a panel under compressive load; and (c) Wrinkling of 
the compression face of a panel under bending. After Stamm and Witte (1974). 

Most of the work on the wrinkling theory is done by Gough, Elam, De Bruyne, Hoff 

and Mautner. In this theory, the wrinkling of a skin is modeled as the buckling of a plate on 

an elastic medium. The wavelength of the buckled form of the skin is of the same order of 

magnitude as the thickness of the core.  The elastic supporting medium can sometimes be 

replaced by a set of springs. This approximation is called the Winkler hypothesis (Allen, 

1969) and is shown in Figure 2-13. 

 
Figure 2-13: Schematic presentation of the Winkler hypothesis. After Allen (1969). 

Other forms of local failure are mostly due to localized loads. The effects of such loads 

are studied by Frostig and Thomsen. Again, the overall behavior of the panel is solved with a 

classical theory and the effects of the localized loads are taken into account by superposition 

(Van Straalen, 2000). 
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2.3.2.3 High-order theories 

In case the core of the sandwich panel is made of a soft material such as a foam or a 

lightweight honeycomb, the classical theories are not applicable. During plastic deformation, 

dense solids are incompressible. Foams and lightweight honeycombs however change their 

volume because their cells collapse when compressed. Because of this their indentation 

hardness is less than that of a dense solid with the same yield strength (Gibson & Ashby, 

1997). 

The classical theories assume the core is incompressible and therefore no transverse 

flexibility of the core occurs. Consequently, the longitudinal displacement of the core is 

linearly distributed along the height (Van Straalen, 2000). However, a soft core material is 

transversely flexible and this should be taken into account because it might lead to premature 

failure of the sandwich panel due to local stress concentrations (Thomsen & Rits, 1998). 

Another reason why the classical theories are not applicable is the poor description of 

the supports. In the classical theories the boundary conditions are assumed the same for the 

entire height of the section while this is not very feasible in practice. 

High-order theories have been introduced by Frostig and Thomsen to take both the non-

linear displacement of the core material and realistic boundary conditions into account. This 

type of theories are called “high-order” because the set of differential equations is of a higher 

order than the sets for the classical theories. According to these theories the deformation of 

the two skins of the sandwich panel is no longer equal and the longitudinal displacement of a 

cross-section in local conditions is not linear anymore (Van Straalen, 2001) (see Figure 2-14). 

 
Figure 2-14: Schematic presentation of the deformation of a sandwich beam according to different theories. After Van 

Straalen (2001). 
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The bending behavior of a sandwich beam with isotropic skins and compressible cores 

was investigated by Frostig and Baruch. The mathematical formulation of the general 

behavior is carried out by superposition of two substructures. The first one has a beam 

behavior with an antiplane core and in the second one the height of the core can change 

(Frostig & Baruch, 1990). A number of publications followed studying solutions for various 

cases of sandwich panels and their applications. A lot of this research was done by Frostig 

and Thomsen (e.g. Frostig and Shenhar (1995); Thomsen and Rits (1998)). 

2.3.3 Formulas for analysis 

2.3.3.1 General formulas 

In this section formulas are given for the analysis of sandwich beams. The analysis of 

sandwich panels will not be considered.  

The classical theories are a good approximation for the behavior of sandwich beams and 

are easily applied in some simple cases. According to the different basic assumptions two 

main classical theories can be distinguished: 

− The Elementary Sandwich Theory (EST) (Reis, 2006) or Linear Sandwich 

Theory (Zemčík et al., 2011) follows the Euler-Bernoulli beam theory for the 

faces and the Timoshenko beam theory for the core. The model takes into 

account the shear deformation of the core. 

− The Advanced Sandwich Theory (AST) (Reis, 2006) is built on the EST but 

allows for the effect of the local bending stiffness of the faces on the shear 

deformation of the core. 

In the entire section it is assumed that the beams have unit width and thus all properties, 

loads and internal forces are given per unit width (Zenkert, 1997). It is also assumed that the 

beams are narrow so that stresses crosswise are zero. The face and core materials are 

considered isotropic and the two face sheets are equal (Allen, 1969). Because sandwich 

panels used for construction purposes are mainly subject to bending, only the expressions for 

a sandwich beam under bending are given. The beams are simply supported. Formulas for 

other situations with respect to geometry, boundary conditions or types of loading are to be 

found in the main classical textbooks such as Allen (1969) and Stamm and Witte (1974). 
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The sign convention used for all internal forces in the longitudinal direction is presented 

in Figure 2-15. The sign conventions for the other directions are similar. Stresses are positive 

when they are in the direction of a positive coordinate and acting on a surface with a positive 

normal vector. They are also positive when in the direction of a negative coordinate but acting 

on a surface with a negative normal vector. E.g., σx is positive when acting on the right 

surface in Figure 2-15 and in the positive x-direction or when acting on the left surface and in 

the negative x-direction. A bending moment is positive when it is introducing a positive 

deformation. u and w are the deformations in the global x-direction and z-direction 

respectively.  

 
Figure 2-15: Sign convention for the longitudinal direction or the x-direction. After Zenkert (1997). 

For an ordinary beam, the flexural rigidity is usually denoted by EI and calculated as the 

product of the modulus of elasticity E and the second moment of area I of the beam. For a 

sandwich beam, the flexural rigidity is represented by the symbol D and is the sum of the 

flexural rigidities of the separate components (faces and core) about the centroidal axis of the 

entire cross-section (Allen, 1969): 

1226

323 bcEbtdEbtED cff ⋅+⋅+⋅=  (2.1) 

Ef and Ec are the elastic moduli of the skins and the core respectively. The other 

variables in the formulation of the flexural rigidity D are dimensions defining the cross-

section of the beam, as shown in Figure 2-16. h is the overall height of the sandwich beam, t 

the thickness of a skin and c the thickness of the core. b stands for the width of the beam and 

d for the distance between the center lines of the skins (Allen, 1969). 
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Figure 2-16: Dimensions of a symmetrical sandwich beam cross-section. 

In many practical sandwiches the first and third term of equation (2.1) can be neglected 

without much error. This is the case for sandwich panels with a thin face and a weak core. A 

term is negligible if it amounts to less than 1% of the dominant term. This means the first 

term can be omitted if d and t have the following relation (Allen, 1969): 
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Allen (1969) defines a face with a thickness t less than 
77.5
d  as a “thin” face. If t is 

more than 
77.5
d  the face is “thick”. 

The third term of equation (2.1) is negligible when 
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Many of the actual sandwich panels have thin faces so that 1≅
c
d  and 1.002.0 ≤≤

c
t  

(Allen, 1969). This means that equation (2.3) is satisfied for these panels if cf EE ⋅> 67.166  

or cf EE ⋅> 33.833  depending on the ratio of 
c
t . It is almost certain that in practice condition 

(2.3) will be fulfilled (Allen, 1969) so that the core is “weak” compared to the faces. The 

concept of the weak core is also referred to as an “antiplane” core in which the elastic 

modulus in the plane parallel to the skins is zero. 

The GFRP sandwich panel considered in this study, the TRANSONITE® panel, 

complies with conditions (2.2) and (2.3) as proved in equations (2.4) and (2.5). 
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Since the local bending stiffness of the skins (bending about their own center lines) is 

negligible (equation (2.4)) and the bending stiffness of the core makes also no considerable 

contribution to the flexural rigidity of the panel (equation (2.5)), only the flexural rigidity of 

the skins about the center line of the entire cross-section remains in the expression for D. 

Equation (2.1) becomes: 

2

2btdED f ⋅=  (2.6) 

In what follows expressions will be given for the deformation of and the stresses and 

strains in sandwich beams subject to bending. A distinction has to be made between beams 

with thin faces and beams with thick faces according to the definition of “thin” and “thick” 

mentioned before. Sandwich beams with thin faces are calculated according to the 

“Elementary Sandwich Theory” or EST (Reis, 2006). For beams with thick faces additional 

considerations have to be made. In this case the bending of the faces about their own center 

lines is influencing the shear deformation of the core. The thick skins of the sandwich panel 

are reducing the shear deflection since they aren’t able to follow the infinite curvature in the 

shear deformation at the center of the beam. The “Advanced Sandwich Theory” or AST 

describes this phenomenon and thus the behavior of beams with thick faces. 

2.3.3.2 Elementary Sandwich Theory 

 

Figure 2-17: Bending of a sandwich beam in accordance with the Euler-Bernoulli theory for the entire cross-section. 
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At first, it is assumed that the entire cross-section deforms according to the Euler-

Bernoulli beam theory. This means that sections remain plane and perpendicular to the 

longitudinal center line of the cross-section during bending (Figure 2-17). Later it will be 

shown that this assumption for the deformation is not realistic and has to be adapted (Allen, 

1969). 

Because of the Euler-Bernoulli hypothesis, the axial strain εx at a point at a distance z 

below the centroidal axis of the entire beam is 

D
zM x

x
⋅

=ε  (2.7) 

where Mx is the bending moment (Zenkert, 1997). The bending stress σ at this point is 

then given by the product of the axial strain with the appropriate elastic modulus. Thus, the 

bending stresses in the face and core are respectively: 
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This implies that the bending stress varies linearly within each component but there is a 

leap in the stress at the interface between skins and core (Figure 2-18 (a)). One skin is 

subjected to compressive stresses while the other one undergoes tensile stresses. By assuming 

that the core is weak ( fc EE << )it can be said that the bending stresses in the core are 

negligible to the bending stresses in the faces and that the core doesn’t carry bending 

moments (Figure 2-18 (b)). If the sandwich beam not only has a weak core but also thin faces, 

the bending stresses in the skins can be assumed to be constant within a skin (Figure 2-18 (c)) 

(Zenkert, 1997). 

 
Figure 2-18: Bending stresses for different levels of approximations – (a) No approximations; (b) Weak core 

approximation; and (c) Thin face and weak core approximation. After Zenkert (1997). 
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For a homogeneous beam following the Euler-Bernoulli theory, the shear stress τxz at a 

point at distance z1 below the center line of the beam is calculated as 

bI
SV

y

yx
xz ⋅

⋅
=τ   (2.10) 

where Vx is the shear force at the considered section and Sy the first moment of area of 

the part of the section for which z > z1. Iy stands for the second moment of area of the entire 

section about the central axis yy and b is the width at the level z1 (Allen, 1969). 

To take into account the composite material properties equation (2.10) has to be 

modified to include the different moduli of elasticity of the sandwich elements (Allen, 1969): 
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In this expression D is the flexural rigidity of the entire cross-section. 

Equation (2.11) can be written for the different components and becomes for the faces 

and the core respectively: 
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The variation of the shear stress along the height of the cross-section is presented in 

Figure 2-19 (a). The weak core assumption implies that Ec is negligible in comparison to Ef 

and may be equated to zero (Allen, 1969). This leads to a constant shear stress in the core 

(Figure 2-19 (b)). If, in addition, the faces are thin, then the shear stress distribution over the 

thickness of a face is linear (Figure 2-19 (c)). The reason for this is the assumption that the 

bending stresses are uniform in each skin (Allen, 1969).  

From the formulas for bending and shear stresses, it can be concluded that in most of 

the practical applications for sandwich beams, the faces carry the bending moments as tensile 

and compressive stresses and the core carries transverse forces as shear stresses (Zenkert, 

1997).  
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Figure 2-19: Shear stresses for different levels of approximations – (a) No approximations; (b) Weak core 

approximation; and (c) Thin face and weak core approximation. After Zenkert (1997). 

As mentioned before, the deflection of the sandwich beam with thin faces and an 

antiplane core can be calculated as the sum of two parts: a deformation w1 due to bending and 

a deformation w2 due to shear (Figure 2-11). The deformation w1 can be determined with the 

ordinary theory of bending. The shear deformation is calculated by a geometric relationship 

illustrated in Figure 2-20. In this schematic presentation, 
dx

dw2  is the slope of the beam and γ  

the shear strain of the core. The distance mo is equal to 
dx

dwd 2⋅  (assuming the deformations 

are little and the shear strains in the faces to be negligible). mo is also the same is np, which 

equals γ⋅c  (Allen, 1969). 

 
Figure 2-20: Shear deformation of a short length of a sandwich beam. After Allen (1969). 

Therefore 

d
c

dx
dw

⋅= γ2   (2.14) 
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The shear stress in the core τxz,c is constant and equal to 
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Equation (2.15) is found by filling in the expression (2.6) for the flexural rigidity of a 

sandwich with thin faces and a weak core. It is known that a shear stress τ is the product of a 

shear strain γ  and a shear modulus G. Thus, the expression for the shear strain cxz ,γ of the core 

(γ  in Figure 2-20) is: 

Gbd
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Introducing equation (2.16) in equation (2.14) gives 
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U stands for the core shear stiffness of the sandwich beam (Allen, 1969). 

The transverse deformation w2 associated with the shear deformation of the core is 

obtained by integrating equation (2.17) (Allen, 1969). The total deformation w of the 

sandwich beam is then achieved by adding the two deflections w1 and w2. This is illustrated 

in Figure 2-21. 

 
Figure 2-21: Bending of a sandwich beam after including the shear deformation of the core. 
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The closed-form expressions for the deflection w at the center of a sandwich beam are 

given in two special cases. The first case is a beam with a point load P at the center of the 

beam: 
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The second case is a beam with a uniformly distributed load q acting on it: 
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In these expressions, D1 stands for the flexural rigidity given in expression (2.6) and L 

is the span length of the beam. 

2.3.3.3 Advanced Sandwich Theory 

Modifications to the EST have to be made for beams with thick skins. If the faces, 

subject to bending as in Figure 2-11 (b), have to stay in contact with the core, which is 

deformed due to shear as in Figure 2-11 (c), they are expected to make an infinite curvature at 

the center of the beam (Reis, 2006). Given that this is impossible, the skins are bending 

locally about an axis at some distance on either side of the centroidal axis of the entire cross-

section. This way, the discontinuity in the shear deformation is smoothened and the local 

bending stiffness of the faces is influencing the shear deformation of the core. By reducing the 

shear deformation of the core, the faces become subject to additional bending moments and 

shear forces (Reis, 2006). The effect of the local bending stiffness of the faces on the shear 

deformation of the core is very little for thin faces but is significant for thick faces. For the 

following expressions it is assumed that the core is weak, in other words, it is a sandwich 

beam with antiplane core (Allen, 1969). 

As stated before, the deflection of a sandwich beam is the sum of two parts. First, the 

sandwich beam undergoes a deformation w1 associated with the bending moment M1. At this 

point the skins and the core share the same shear force 
dx

dMV 1
1 =  (Allen, 1969). Due to V1 

the core experiences a shear deflection. The skins are participating in this second deformation 

w2 by bending about their own center lines. Since they are carrying a second bending moment 
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M2, they are subject to another shear force 
dx

dMV 2
2 = . The shear force applied to the beam 

has to be the sum of V1 and V2. The relationship between w2 and the core shear strain makes 

it possible to write V1 as a function of V2. This results in a differential equation for V1 (Allen, 

1969). The solution of this differential equation is a function of a lot of variables and this is 

why the complex formulas of the AST have a lot of parameters. They will not be studied in 

detail in this literature review, only some closed-form solutions will be given next. 

The formulas for the mid-span deflection of a simply supported sandwich beam under 

bending are gained by adding some parameters to the formulas of the EST. These parameters 

are different dependent on the type of load. 

 A simply supported sandwich beam with a central point load P has peak values for 

deflection w, shear stress τ and bending stress σ given by the following expressions:   
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In these formulas D1 stands for the flexural rigidity given in expression (2.6) and If is 

the second moment of area of the face sheets about their own centroidal axes. I is the second 

moment of area of the entire cross-section. The expressions for the parameters 1ψ , 2ψ  and 3ψ  

are too complex and not relevant to be mentioned. However it is worth noting that 1ψ , 2ψ  and 

3ψ  are always less than or equal to unity (Allen, 1969). The higher the core shear modulus, 

the more these parameters lean towards unity. If the values for the ψ ’s are, on the other hand, 

further away from one, the sandwich beam behaves more as two separate beams, namely the 

two skins. As the purpose of a sandwich element is to prevent this phenomenon the core has 

to be stiff enough so that the sandwich can act as a whole (Allen, 1969).   
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2.4 Overview of parametric studies 

When manufacturing GFRP sandwich panels there are many parameters that can be 

changed, including the fiber insertion density and fiber insertion pattern, the overall panel 

thickness, the skin thickness and the skin modulus. The influence of these changes on the 

panel behavior has been discussed by several authors and an overview of their conclusions is 

given in the following paragraphs. 

2.4.1 Effect of the fiber insertion pattern and density 

During the manufacturing process of pultruded sandwich panels the amount of 3-D 

through-thickness fibers and their pattern can be adapted. One parameter that can be modified 

is the angle of the fiber insertions. In the panel used in this study, the through-thickness fibers 

are inserted perpendicular to the plane of the faces. Cartié and Fleck (2003) investigated the 

effect of this angle on the panel stiffness and strength. One example of an insertion 

arrangement, a pyramidal arrangement, is given in Figure 2-22. They found that the way the 

fiber insertions are arranged, if it is pyramidal, tetrahedral or random, does not affect the 

stiffness and strength of the panel. 

 
Figure 2-22: Pyramidal fiber insertions arrangement (Cartié & Fleck, 2003). 

Dawood, Taylor, Ballew, et al. (2010) proposed six insertion configurations (Figure 

2-23) and investigated their effect on the panel behavior. The fiber insertions have an 

influence on the effective core shear modulus because they resist the deformation of the core 

by dowel action when a shear force is working on the panel. Since fiber insertions have a high 

elastic modulus while the foam only has a low modulus, the effective core shear modulus will 

be higher when insertions are present.  
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Figure 2-23: Fiber insertions patterns (Dawood, Taylor, Ballew, et al., 2010). 

The alternating wall patterns give a higher average effective core shear modulus 

compared to the regular array pattern (Figure 2-24). An alternating wall pattern creates a 

continuous shear wall mechanism which lowers the stress concentrations at the fiber 

insertions and skins connection, while the shear stress transfer in the regular array pattern 

must rely only on the flexural rigidity of the individual insertions (Reis & Rizkalla, 2008).  

 

Figure 2-24: Influence of insertion pattern and overall panel thickness on effective core shear modulus (Dawood, 
Taylor, Ballew, et al., 2010). 
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A higher fiber insertion density increases the shear rigidity of the core of the panel 

because of the dowel action of the insertions. The fiber insertion density also has an effect on 

the skins. Tests set up by Reis and Rizkalla (2008) showed that increasing the amount of fiber 

insertions decreases the elastic modulus of the faces and their tensile strength (Figure 2-25). 

The fiber insertions are pulled through the fiber mats of the skins during the manufacturing 

process. This creates zones of imperfection and waviness in the skins, lowering their strength. 

  

Figure 2-25: Effect of fiber insertion density on elastic modulus (left) and tensile strength (right) of skins (Reis & 
Rizkalla, 2008). 

 

Mouritz (2006) did research on the out-of-plane compression properties of the fiberglass 

skins of sandwich composites with PVC foam as core material and through-thickness fibers. 

In the article he concludes that the compression modulus (Figure 2-26 (a)) as well as the yield 

strength (Figure 2-26 (b)) increase linearly with the fiber insertion density. These graphs also 

show that the diameter of the fiber insertions does not influence the compressive modulus and 

compressive yield strength of the panel. 

 
 

Figure 2-26: Effect of the fiber insertion density on the (a) out-of-plane compression modulus and (b) the out-of-
plane compressive yield strength (Mouritz, 2006). 
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2.4.2 Effect of the overall panel thickness 

The overall panel thickness also  has an influence on the panel behavior. When varying 

this thickness only the foam thickness and the length of the fiber insertions vary, the skin 

thickness remains the same. Increasing the overall panel thickness increases the flexural 

rigidity of the panel and the second moment of area.  

Dawood, Taylor, et al. (2010b) researched the two-way bending behavior of 3-D GFRP 

sandwich panels. They concluded that for thicker panels the behavior can be approximated by 

the linear plate bending mechanism, while for thinner panels which have lower flexural 

rigidity and second moment of area, there are large deformations in two-way bending that are 

mainly controlled by membrane action. 

According to tests performed by Dawood, Taylor, Ballew, et al. (2010) on a sandwich 

panel with GFRP skins and a polyisocyanurate foam core, the effective shear modulus of the 

core decreases when increasing the overall panel thickness as was also shown in Figure 2-24. 

In the previous paragraph it was mentioned that the presence of the fiber insertions increases 

the effective core shear modulus of the panels. When increasing the panel thickness the fiber 

insertions become longer and their flexural rigidity decreases, lowering the effective core 

shear modulus. At a certain panel thickness the fiber insertions and the foam have a 

comparable flexural rigidity and the presence of the fiber insertions no longer increases the 

effective core shear modulus. 

Contrary to these results, other researchers found from their tests that increasing the 

panel thickness didn’t significantly change the shear modulus of the panel but decreased the 

shear strength (Reis & Rizkalla, 2008). 

2.4.3 Effect of the skin thickness 

The skin thickness is varied by changing the number of plies forming the skin. Figure 

2-27 (b) shows that increasing the number of skin plies also increases the skin thickness. 

When extrapolating the fitted curve in Figure 2-27 (b) to zero skin plies one can see there is 

still a skin thickness of 1.4 mm (Dawood, Taylor, Ballew, et al., 2010). This is the thickness 

of the veil and the chopped strand mat that are part of the skin and the excessive adhesive 

material used in the manufacturing process. Increasing the number of skin plies increases the 



34  Literature review 

effective skin elastic modulus, shown in Figure 2-27 (a), from which it can be concluded that 

an increased skin thickness leads to a higher effective skin elastic modulus.  

In the article where the two-way bending behavior of pultruded GFRP sandwich panels 

is discussed (Dawood, Taylor, et al., 2010b) it is concluded from Figure 2-28 that increasing 

the number of skin plies also increases the overall stiffness of the panel. 

 
Figure 2-27: Influence of the number of skin plies on (a) the effective skin elastic modulus and (b) the skin thickness 

(Dawood, Taylor, Ballew, et al., 2010). 

 
Figure 2-28: Effect of the number of skin plies on the overall stiffness of the panel (Dawood, Taylor, et al., 2010b). 

2.4.4 Effect of the skin modulus 

In the previous paragraph it was shown that increasing the skin thickness increases the 

effective skin elastic modulus. There are two other ways to increase the modulus of the skins 



Literature review  35 

(Dawood, Taylor, et al., 2010b): the fiber volume fraction of the skins can be increased or the 

skins can be manufactured using fibers with a higher elastic modulus. 

 

Figure 2-29: Effect of skin modulus on overall panel stiffness (Dawood, Taylor, et al., 2010b). 

Figure 2-29 gives the total applied load in function of the relative mid-span 

displacement for panels with different skin modulus. Because of a higher skin modulus the 

overall panel stiffness increases. 
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3 Problem statement and scope of work 

The different sandwich theories discussed in the literature review were all based on the 

three-layer concept. The sandwich panels used in the Solatrium house and studied in this 

work however have 3-D through-thickness fiber insertions which makes the sandwich 

theories not really applicable. Other researchers (Dawood, Taylor, Ballew, et al., 2010; 

Dawood, Taylor, et al., 2010b; Reis & Rizkalla, 2008) assumed the core with fiber insertions 

to be one homogeneous layer and proposed “smeared” properties for this layer. The aim of 

this work is to include the fiber insertions separately and to examine the effect of them on the 

overall behavior of the sandwich panel. A way to approach this problem is the use of a finite 

element modeling software such as Abaqus. In order to set up a finite element model (FE 

model) experimental work is needed to obtain properties of the separate components of the 

sandwich. In addition to tests on the separated elements experiments on samples of the entire 

panel are useful to compare the behavior of the FE model with actual test results. Besides 

adding the fiber insertions in the FE model another target is to study the plastic behavior of 

sandwich panels. Research (e.g. Dawood, Taylor, et al. (2010b)) has been done on the 

performance of sandwich panels in a linear elastic region but what happens if the 

deformations are increased beyond the elastic region? If there is a plastic behavior this could 

be added to the properties of the FE model. 

The main goal of this work is to deliver a well-functioning FE model which can predict 

the behavior of the sandwich panel under different types of loading. This model could then be 

used by construction companies e.g. to foretell the deformation in a certain load situation, to 

determine the failure load, to calculate the plastic strength reserve. By adjusting the geometry 

of the different components other configurations can be modeled and overall panel properties 

can be defined with the FE model. By performing a parametric study using the FE model 

companies could optimize their sandwich panels depending on the required overall stiffness 

and strength and the load configurations acting on them in different cases. 

First the experimental work is described in chapter 4 followed by the FE modeling in 

chapter 5. The comparison of the FE model results with the experiments is carried out in 

chapter 6. This part also contains possible applications of the model. Finally conclusions and 

propositions for future research are made in chapters 7 and 8 respectively. 
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4 Experimental work 

In order to understand and predict the behavior of the TRANSONITE® sandwich 

panels, several experiments must be performed. The company who made the sandwich panels, 

Creative Pultrusions, Inc., provided some data about tests they carried out but since there is 

only little information about how the experimental work was executed, additional tests are 

needed. 

At first the sandwich panels are tested as an entity (see section 4.1). One of the uses of 

the TRANSONITE® panels is construction. The panels can be used for floors, ceilings as 

well as for walls. This means different types of loads can act on these panels. A floor or a 

ceiling panel is mainly subjected to bending moments and shear forces. A wall panel on the 

other hand is mostly loaded in compression due to the axial loads acting on it. Walls are also 

subject to shear forces because of horizontal loads such as wind and seismic loads. 

Next, the sandwich element is taken apart and the different components are examined 

(sections 4.2 and 4.3). Much is already known about the polyisocyanurate foam used for the 

core material so the attention is focused on the skins and the connection between the upper 

and lower skin, being the 3-D through thickness fiber insertions. These components are made 

out of glass fiber reinforced plastics and are composite materials on their own. Since it is hard 

to find the exact characteristics of a particular composite, tests are performed on these 

composites to get their properties.  

4.1 Tests on panels 

A number of bending tests are carried out on sandwich beams to investigate the 

approximate behavior of sandwich panels used as floor panels or as a ceiling. Besides these 

bending tests, edgewise compression tests are performed on the sandwich panels to find the 

maximum compression stresses that can occur in walls constructed with this material.  

4.1.1 Bending tests 

In this first section of the experimental work, an overview of the results of bending test 

performed on long and short samples is given. Four kinds of bending tests were performed, 

namely a three- and a four-point bending test on long samples and a three- and four-point 

bending test on short samples. It is recommended in ASTM Standard D7250 (2006 (2012)) to 
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perform tests on both a long span sample which has relatively high flexural deformation and 

on a sample with a short span with relatively high shear deformation. At first the tests on the 

long samples are described and thereafter the ones on the short samples. In a three-point 

bending test the sandwich panel is subject to both shear and flexural forces over the complete 

length of the sample. In the four-point bending test the panel is subject to these two types of 

forces in the area between the supports and the load but between the load lines only flexural 

forces exist. The standard could be used to calculate the flexural stiffness, the transverse shear 

rigidity and the core shear modulus of the sandwich panel. When the facing modulus is 

unknown, as was the case at the start of this study, several combinations of loading conditions 

are given along with the formulas to calculate the panel’s properties. For the long samples it 

was decided to use the first combination, namely one D7249/D7249M Standard 4-point 

loading configuration and one 3-point mid-span loading configuration. Since the standard 

recommends to do tests both on long and short samples, also tests were performed on short 

samples with dimensions as described in ASTM Standard C393 (2011e1).  

The test specimen dimensions were chosen so that the formulas in ASTM Standard 

D7250 (2006 (2012)) could be used to derive some flexural and shear properties of the panel. 

In paragraph 4.1.1.1 it is demonstrated that because of a lack of knowledge about the material 

properties the specimen dimensions weren’t conform the standards so that the flexural 

stiffness, the transverse shear rigidity and the core shear modulus of the sandwich panel could 

not be calculated as indicated in the standard D7250.  

The fibers in the skins are orientated along the X- and Y-direction and the fiber 

insertions along the Z-direction. As was said in section 2.2 in the description of the sandwich 

panel used in this study, the panels don’t have a regular fiber insertion pattern but a repeated 

pattern which is different in two perpendicular directions. For the bending tests all samples 

were cut from the same panel and in the same direction. The length of the samples is in the X-

direction, the direction where the fiber insertions are closest together, and thus the width is in 

the Y-direction where the fiber insertions are spaced further apart. All of this is visualized in 

Figure 4-1 for a long sample, together with the coordinate system that is used for calculations 

in the following paragraphs. The short samples have the same fiber insertion orientation and 

the same coordinate system is used.  
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Figure 4-1: Orientation of fiber insertions in long sample and coordinate system. 

 

4.1.1.1 Bending tests on long samples 

The bending tests on the long samples were performed according to the specifications 

given in ASTM Standard D7249 (2006). Following the standard, one has to choose between a 

standard configuration and a non-standard configuration depending on the properties of the 

skins and the core material of the sandwich panel. When the material properties of the 

sandwich panel can be approximated or predicted the following equations should be used to 

see if a standard configuration can be used: 
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In these equations the variables stand for (ASTM Standard D7249, 2006): 

− sL = support span length (m); 

− lL = loading span length (m); 

− fσ = expected facing ultimate strength (Pa); 

− t = facing thickness (m); 

− c = core thickness (m); 

− Fs = core shear allowable strength (Pa); 

− kc = core shear strength factor to ensure facing failure (recommended kc = 0.75); 

− Lpad = dimension of loading pad in specimen lengthwise direction (m); and 

− Fc = core compression allowable strength (Pa). 



42  Experimental work 

When a sample satisfies the equations (4.1) to (4.3) the skins should fail during the 

tests. A standard configuration sample has a width of 3.0 in. (or 76.2 mm) and a length of 

24.0 in. (or 609.6 mm). When these dimensions don’t satisfy equations (4.1) to (4.3) a non-

standard configuration should be used and the dimensions must be chosen so that there will be 

facing failure during the test. The cutting of the samples and the tests were performed in the 

US by American technicians. This explains why the samples have the imperial dimensions 

suggested in the standards and not the metric dimensions. 

Since not much was known about the panel used in this study before the bending tests 

were carried out,  no realistic predictions on the facing ultimate strength and the core shear 

and compression strength could be done. Because of that the tests were carried out on samples 

with the standard dimensions. The exact dimensions of all long samples are given in Table 

4-1. Both three- and four-point bending tests were done on the samples. In the first column of 

Table 4-1 next to the test specimen name in superscript is given what test was done; ‘3’ stands 

for the three-point bending test and ‘4’ for the four-point bending test. On three of these 

samples both a three- and four-point test were carried out. In that case the first number in 

superscript gives the test that was done first and the second number stands for the test that 

was carried out until the maximum deflection possible with the testing machine was reached. 

Table 4-1: Dimensions samples long bending tests. 

 depth (10-3 m) width (10-3 m) length (10-3 m) 

Long sample 14-3 88.900 76.200 606.425 

Long sample 23-4 88.900 73.025 606.425 

Long sample 33-4 88.900 74.613 611.188 

Sample A3 88.900 80.124 603.250 

Sample B3 88.900 78.994 603.250 

Sample C3 88.900 78.384 608.013 

Sample D3 88.900 80.709 609.600 

Sample E4 88.900 80.924 600.075 

Sample F4 88.900 77.826 604.838 

The stress-strain curves resulting from the three- and four-point bending tests on the 

long samples are given in Appendix A. 
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4.1.1.1.1 Three-point bending test 

4.1.1.1.1.1 Test setup 

The three-point bending tests were carried out with a Tinius Olsen Universal Testing 

Machine with a capacity of 2,000 kN. The supports were placed 558.8 mm (= 22 inches) apart 

and the load was applied as a line load in the middle between the supports. The test setup (a) 

and a picture of the actual testing (b) are given in Figure 4-2. According to ASTM Standard 

D7249 (2006) the speed of testing should be set so that the samples fail within three to six 

minutes. The standard speed for constant head-speed tests is 0.25 inch/min, or 6.35 mm/min, 

which is the speed used in the tests. The test was finished manually before the bottom of the 

panel hit the machine. Since the supports had a height of 50.8 mm the maximum deflection 

possible with this machine and these supports was 50.8 mm.  

(a) 

 

(b) 

 
Figure 4-2: Test setup of three-point bending test on long sample –   

(a) drawing (dimensions in 10-3 m); and (b) picture. 
 

4.1.1.1.1.2 Results and analysis 

As discussed in paragraph 4.1.1 the dimensions of the samples were chosen according 

to the standard configuration described in ASTM Standard D7249 (2006). In this standard it 

says the standard configuration can be used in case the skins of the sandwich panel fail when 
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a three-point bending test is performed on the sample with the standard dimensions. Once the 

tests were carried out it was clear the skins didn’t fail which means the equations in ASTM 

Standard D7250 (2006 (2012)) could not be used to calculate the flexural stiffness, the 

transverse shear rigidity and the core shear modulus of the sandwich panel.  

This can also be proved by filling in equations (4.1) to (4.3). According to data received 

from Creative Pultrusions, Inc. the facing compressive strength is 59.374 MPa (Creative 

Pultrusions, 2012). Because in bending one skin is compressed and the other one is in tension 

the lowest strength is used for facing ultimate strength σf which is for the GFRP skins the 

compressive strength. The core shear allowable strength Fs is derived in paragraph 4.1.1.2 

and equals 0.252 MPa. 

Because in the through-thickness direction the fiber insertions are much stiffer than the 

foam material the insertions will transfer compressive loads in that direction. Therefore the 

core compressive strength Fc equals the strength of the fiber insertions. In section 4.3.2 their 

tensile strength is derived and it is assumed the compressive strength is equal to this tensile 

strength of 369.209 MPa. 

Cylindrical bars were used as loading pads which means there is theoretically only one 

point of contact with the specimen. In reality there is a small region of contact due to wearing 

of the bars and the dimension Lpad of this region in specimen lengthwise direction is assumed 

to be 1.0 mm.  

In equations (4.1’) to (4.3’) it is proven that the formulas from ASTM Standard D7250 

(2006 (2012)) cannot be used because not all the equations are satisfied. This means a non-

standard configuration of the samples should have been used instead with dimensions so that 

equations (4.1) to (4.3) are fulfilled. 
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Nevertheless the data from the tests could still be used to investigate the behavior of the 

long samples in a three-point bending test.  

The test outputs are the force-displacement data as measured by the testing machine. 

Using this data the stress-strain curves given in Appendix A are calculated. The strain ε  

equals: 

ρ
ε z

−=  (4.4) 

In this equation z equals the distance of the center of gravity to the point where the 

curvature needs to be known. In this case the strain is calculated at the ultimate fiber of the 

panel’s skin, so z equals h/2 with h the total thickness of the sandwich panel.  

ρ is the radius of curvature and can be derived from Figure 4-3 using Pythagoras’ law in 

the red triangle: 
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Δ is the vertical displacement of the middle of the beam in a three-point bending test. 

Working out equation (4.5) gives: 
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2Δ  can be neglected because it is small compared to the other terms. Further working 

out gives a formula to calculate the radius of curvature: 
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Inserting equation (4.7) into equation (1.4) and setting z equal to h/2, with h the overall 

thickness of the sandwich panel, gives: 
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Figure 4-3: Calculation of radius of curvature for bending test. 

The stress σ  in the beam can be calculated as: 

I
Mz

=σ  (4.9) 

In this equation is M the bending moment and I the second moment of area of the cross-

section of the panel. In this case, the stress is calculated at the ultimate fiber of the cross-

section of the beam at the midpoint of the beam and thus the ultimate stress in the panel’s 

skin.  

The second moment of area I of the cross-section of a sandwich panel is calculated as 

the second moment of area of the skins about the center line of the entire cross-section and is 

therefore equal to (cfr. section 2.3.3.1): 
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b is the width of the beam, t the face thickness and d the distance between the 

centerlines of the opposite faces. 

In the case of a three-point bending test, the bending moment in the middle of the beam 

M equals: 

4
sPL

M =  (4.11) 
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P is the total load applied by the testing machine. When inserting equations (4.10) and 

(4.11) in equation (4.9) the formula for the stress σ in the midpoint of the beam in a three-

point bending test at the ultimate fiber of the bottom skin, so z equals h/2, becomes: 
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The width b and total thickness of the sandwich panel h of all samples are given in 

Table 4-1. The span length Ls equals 558.8 mm. The face thickness t of the sandwich panels 

cannot be measured without removing the foam so the value was used as measured on the 

dumbbell samples for the tensile testing of the skins, as discussed in section 4.2.2. The mean 

value of the measured skin thickness of all samples is 4.87 mm. 

 
Figure 4-4: Stress-strain curves of three-point bending tests on long samples. 

Figure 4-4 gives the stress-strain curves of the three-point bending tests performed on 

the long samples. It is clear that they all show the same behavior. There is a first part with a 

linear stress-strain relationship until there is a sudden drop of stress. During the test, at the 

moment of the drop, a loud snap was heard which went together with the development of 
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shear cracks in the foam under an angle of about 45° (Figure 4-5). It is not clear whether or 

not the development of a shear crack goes together with the breaking of fiber insertions. It is 

possible that the fiber insertions hold the skins together and put a pressure on the foam core. 

When a fiber insertion snaps shear forces are induced in the foam core, causing shear cracks.  

 
Figure 4-5: Development of shear cracks while loading Sample D in three-point bending test. 

After each drop the stress increases again until a next drop occurs. The tests were 

stopped before complete failure could occur because the bottom of the sample would touch 

the bottom plate of the testing machine. 

Examining Figure 4-4 leads to the understanding that the long samples approximately 

have a bilinear behavior in three-point bending. Because of this two moduli can be found: an 

initial modulus E1, giving the stiffness of the total panel in the first elastic part of the test, and 

a reduced modulus E2 that gives the reduced stiffness of the panel after the development of 

shear cracks. The maximum stress before the first drop in stress is called the elastic limit 

stress σel. The elastic limit strain εel is the strain until which a linear, elastic stress-strain 

relationship is assumed and is calculated as εel = σel/E1. Beyond that strain the sample has a 

plastic behavior with an average stiffness equal to the reduced modulus E2. Because the test 

was stopped before complete failure could occur, the maximum stress cannot be derived from 

the data of the tests. 

As indicated in Table 4-1 the three-point bending test was the first test to be performed 

on Long sample 2 and Long sample 3. Because of that the loading was stopped before the first 

shear cracks developed so the stress-strain curves of these samples show only a first linear 

part. For the calculation of an average initial and reduced modulus, these two samples could 

only be used for the initial modulus. 
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To calculate this initial modulus E1 the part between 0.002 and 0.01 strain was 

considered. These limits were chosen because all samples have a linear behavior between 

these strains. This means the initial modulus E1 equals: 

008.0
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It is assumed the panel has a stiffness equal to E1 until the elastic limit stress σel is 

reached. From that point, the stiffness is assumed to be equal to E2. Once E1 and σel are 

known, the elastic limit strain εel can be calculated. The reduced stiffness E2 equals the slope 

of the line connecting (εel, σel) and (εmax, σmax) where σmax is the maximum stress that was 

obtained in the test and εmax is the corresponding strain.  
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In Table 4-2 the values of E1, E2 and σel are given for all the long samples tested in a 

three-point bending test. 

Table 4-2: Initial modulus, reduced modulus and elastic limit stress of long samples in a three-point bending test. 

 
E1 (106 Pa) E2 (106 Pa) σel (106 Pa) 

Long sample 1 650.382 67.173 11.046 
Long sample 2 773.910 - - 

Long sample 3 661.306 - - 
Sample A 684.378 127.605 9.528 
Sample B 698.921 142.661 9.467 
Sample C 696.037 119.652 10.517 

Sample D 678.442 118.549 9.847 
average 691.911 115.128 10.081 

The bilinear behavior, with the average panel properties given in Table 4-2, is shown in 

Figure 4-6 together with the stress-strain curves of all samples indicating that the assumption 

of a bilinear behavior is a reasonable approximation. The average initial modulus is 691.991 

MPa and the average reduced modulus equals 115.128 MPa. The first shear crack developed 

when the stress reached about 10 MPa.  
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When a three-point bending test is performed on long beams, the beam is mainly 

subjected to flexural forces while the shear forces remain small compared to the shear forces 

in short samples. In the literature review it was mentioned that in a sandwich panel the skins 

provide the flexural stiffness of the panel while the core resists induced shear stresses. The 

results from this three-point bending test on the long samples thus can be used to derive the 

flexural properties of the skins. This means the initial flexural modulus of elasticity of the 

skins is approximately equal to 691.911 MPa and the reduced flexural modulus of elasticity of 

the skins equals 115.128 MPa.  

 
Figure 4-6: Bilinear behavior of long samples in three-point bending test. 

 

4.1.1.1.2 Four-point bending test 

4.1.1.1.2.1 Test setup 

The four-point bending tests were carried out with the same testing machine as the 

three-point bending test, namely a Tinius Olsen Universal Testing Machine with capacity of 

2,000 kN. Also the support length (Ls) stayed the same, 558.8 mm. The loading span length 

(Ll) is chosen to be 2Ls/11,which equals 4 inch or 101.6 mm. The speed of testing was set at 
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0.25 in./min (= 6.35 mm/min). The test setup is presented in Figure 4-7. The test was finished 

before the bottom of the panel touched the bottom plate of the machine or when the horizontal 

bar used for the loading hit the top of the panel, whichever happened first. 

(a) 

 

(b) 

 
Figure 4-7: Test setup of four-point bending test on long sample –   

(a) drawing (dimensions in 10-3 m); and (b) picture. 
 

4.1.1.1.2.2 Results and analysis 

The testing machine measures the crosshead displacement and the total load applied. In 

a three-point bending test this displacement was equal to the displacement of the midpoint of 

the beam. This is not the case in the four-point bending test where the measured displacement 

is the displacement of the load bars and thus at a distance of 2 in. or 50.8 mm from the 

midpoint of the beam. The stress and strain at these points can be calculated in a similar way 

as for the three-point bending tests. The strain is calculated with equation (4.8) in which Δ is 

now the displacement of the load bars, while equation (4.9) must be adapted for the case of a 

four-point bending test. The bending moment between the loads in a four-point bending test 

equals: 
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In this formula, P stands for the total applied load of the testing machine, so each line 

load brings over a load equal to P/2 to the sample. Inserting (4.15) in equation (4.9) gives the 

formula that is used to calculate the stress at the ultimate fiber of the bottom skin of the panel 

right underneath the load bars:  
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The dimensions used in this equation are given in Table 4-1. In Figure 4-8 the stress-

strain curves of all the four-point bending tests performed on long samples are given. The 

curves of the test on each sample individually are given in Appendix A. 

 
Figure 4-8: Stress-strain curves of four-point bending tests on long samples. 

Long sample 1 was first tested in four-point bending and afterwards in three-point 

bending which means it wasn’t tested until failure in the four-point bending test. This explains 

why there is only an approximately straight line in the stress-strain curve. From the curves a 
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similar behavior is seen as was found in the three-point bending test, namely a first 

approximately straight line until there is a sudden drop of stress followed by an increasing 

stress with the development of more shear cracks. In Figure 4-9 the shear cracks of Sample F 

are clearly shown. As for the stress-strain curves of the three-point bending tests, in a four-

point bending test the long samples again show a bilinear behavior. For each test specimen an 

initial and reduced modulus was derived together with the elastic limit stress. The initial 

modulus was calculated between 0.003 and 0.01 strain.  

007.0
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)(
)( 003.001.0

003.001.0

003.001.0
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σσ
εε
σσ −

=
−
−

=E  (4.17) 

The reduced modulus is calculated using equation (4.14). The results are listed in Table 

4-3. 

 
Figure 4-9: Development of shear cracks while loading Sample F in four-point bending test. 

Table 4-3: Initial modulus, reduced modulus and elastic limit stress of long samples in a four-point bending test. 

 

E1 (106 Pa) E2 (106 Pa) σel (106 Pa) 
Long sample 1 622.064 -  -  
Long sample 2 548.819 42.065 9.528 
Long sample 3 629.326 74.476 8.734 
Sample E 625.453 112.705 7.016 

Sample F 643.053 132.072 7.240 
Average 613.743 90.329 8.130 

The average initial modulus E1 equals 613.743 MPa, the average reduced modulus E2 

90.329 MPa and the average elastic limit stress σel equals 8.130 MPa. The average bilinear 

behavior of a long sample in a four-point bending test is shown in Figure 4-10. The stresses 

and strains in the graphs are the maximum stresses and strains in the cross-section of the beam 

just underneath the points where the loads are applied. 
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Figure 4-10: Bilinear behavior of long samples in four-point bending test. 

The flexural moduli of the three- and four-point bending tests should not be compared 

because the strains were measured at different places on the sample. The stresses, on the other 

hand, can be compared since no deflections were used in the calculation of the stress. In a 

four-point bending test, in between the loads, there is only a bending moment and no shear 

forces. The bending moment in the middle of the beam in a four-point bending test is, when 

the force is the same, lower than for a three-point bending test. From equations (4.12) and 

(4.16) for three-point bending and four-point bending respectively, the load Pel can be 

calculated at which the first shear crack develops and a drop of stress occurs. To do these 

calculations the dimensions suggested by ASTM Standard D7249 (2006) were used since the 

real dimensions of all samples differ from one to the other. These dimensions thus are: b = 

76.2 mm, h = 88.9 mm, t = 4.87 mm and d = 84.03 mm. With these dimensions the second 

moment of area I, using equation (4.10), equals 1,311,621.822 mm4. The load mentioned 

above can be calculated for the three-point bending test, being Pel3, and for the four-point 

bending test, being Pel4. In the following equations, σel3 is the average elastic limit stress in 

the three-point bending test (= 10.081 MPa) and σel4 is the average elastic limit stress in the 

four-point bending test (= 8.130 MPa). 
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This shows the stress drop happens in both cases when the load is about 2.1 kN. 

4.1.1.2 Bending tests on short samples 

The short test specimens have dimensions according to ASTM Standard C393 (2011e1). 

Similar as in paragraph 4.1.1.1 for long samples, the dimensions of the specimen need to be 

chosen so as to allow the core or core-to-facing bond to fail in the desired failure mode. The 

standard configuration has a length of 8.0 in. (= 203.2 mm) and a width equal to 3.0 in., which 

equals 76.2 mm. If the following equations are satisfied using these dimensions the standard 

configuration can be used for the tests. Otherwise a non-standard configuration should be set 

up so that the failure mode would be as desired. The equations to satisfy are (ASTM Standard 

C393, 2011e1):  
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with the same meaning of the symbols as in paragraph 4.1.1.1 and fk  a facing strength 

factor to ensure core failure. The recommended value for fk  is 0.75. 

The same reason as in paragraph 4.1.1.1 leads to the use of the standard configuration 

for the test specimens. Table 4-4 gives the measured dimensions of the test specimens used 

for the bending tests. On the short bending samples both three- and a four-point bending tests 

were performed. The superscript in the first column of Table 4-4 indicates the order of the 

testing performed on the specimen. ‘3-4’ means the three-point bending test was performed 

before the four-point bending test, while ‘4-3’ means the tests were carried out in the opposite 

order. The first test wasn’t carried out until failure but until plastic deformation was noticed. 
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Table 4-4: Dimensions samples short bending tests. 

test specimen name depth (10-3 m) width (10-3 m) length (10-3 m) 

Short sample 14-3 88.900 74.613 200.025 

Short sample 24-3 88.900 74.613 200.025 

Short sample 33-4 88.900 74.613 203.200 
 

4.1.1.2.1 Three-point bending test 

4.1.1.2.1.1 Test setup 

The three-point bending tests on the short samples were carried out by a Tinius Olsen 

Universal Testing Machine with capacity of 2,000 kN. The support length was 7.0 in., or 

177.8 mm, so each side of the panel sticks out 12.7 mm beyond the supports that are placed 

on blocks to make larger deformations possible. The speed of testing was set at 6.35 mm/min, 

which is also the suggested standard speed for this constant head-speed test (0.25 in./min). A 

schematic drawing of the test setup and an image of the actual testing are given in Figure 

4-11. The tests were stopped when the probability of the sample shooting of the supports 

became too high. 

a) 

 

b) 

 
Figure 4-11: Test setup of three-point bending test on short sample –  

(a) drawing (dimensions in 10-3 m); and (b) picture. 
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4.1.1.2.1.2 Results and analysis 

4.1.1.2.1.2.1 Extracting core shear modulus from stress-strain curves 

When subjecting short samples to a bending test, the sample works mainly in shear and 

less in bending. Hence, not the flexural stress-strain behavior was calculated from the force-

displacement data but the shear stress-strain curve was derived for all samples. The shear 

strain γ can be calculated with equation (4.21) in which Δ is the deflection of the sample, in 

this case of the midpoint of the beam, and c is the core thickness, while the shear stress is 

calculated with equation (4.22) in which V is the shear force that equals P/2 in the middle of 

the span in a three-point bending test, b is the width of the sample and d is the distance 

between the centerlines of the skins. These formulas are based on the assumption of a small 

angle of inclination between the original and the deformed cross-section normal to the 

longitudinal axis of the beam. 

c
Δ

=γ  (4.21) 

bd
P

bd
V 2/

==τ  (4.22) 

The shear stress-strain curves were derived for all short samples and the results are 

given in Appendix B for the samples individually and in Figure 4-12 for all samples together. 

At the start of the test there is a small toe region in which there is a take-up of slack and 

the sample is seating or aligning (ASTM Standard D7250, 2006 (2012)). After that there is a 

linear part with a slope that is equal to the initial shear modulus G1 until a shear stress is 

reached after which another linear part continues but with a smaller slope, called the reduced 

shear modulus G2. The stress at which the kink in the linear behavior happens is called the 

elastic limit shear stress τel. The second linear part finishes in a sudden drop of shear stress. 

The shear stress that was reached just before this drop is called the maximum shear stress 

τfailure. 
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Figure 4-12: Shear stress-strain curves of three-point bending tests on short samples. 

The transition between the two linear parts happens together with some quiet cracking 

of the foam and the development of small cracks at the side ends of the sample. When the 

drop of stress happened a loud snap was heard and a shear crack developed in the foam. The 

observed behavior of the short samples differs from the behavior of the long samples. For the 

short samples the stress only rises slightly after the drop and no other drops occur. At each 

side of the supports only 0.5 inch or 12.7 mm was left. Because of this the samples could not 

be tested up to higher deflections because the samples would shoot off the supports so it is 

unknown from the tests whether or not there would be other stress drops after the first one. A 

picture that was taken at the end of the three-point bending test on Short sample 2 is given in 

Figure 4-13. 
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Figure 4-13: Development of cracks while loading Short sample 2 in three-point bending test. 

From the stress-strain curves given in Appendix B and Figure 4-12 the initial and 

reduced shear moduli can be calculated for each sample. The initial shear modulus G1 was 

calculated between 0.01 and 0.04 shear strain (equation (4.23)) and the reduced shear 

modulus is equal to the slope of the line connecting the maximum shear stress τfailure and its 

corresponding shear strain γfailure with the elastic limit shear stress τel and the elastic limit 

strain calculated as γel = τel/G1 (equation (4.24)). 
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The results are given in Table 4-5. Since Short sample 3 wasn’t tested until failure, no 

reduced shear modulus and elastic limit shear stress could be calculated for this sample. 

Table 4-5: Initial shear modulus, reduced shear modulus and elastic limit shear stress of short samples in three-point 
bending test. 

 G1 (106 Pa) G2 (106 Pa) τel (106 Pa) τfailure (106 Pa) 
Short sample 1 3.863 1.575 0.158 0.224 
Short sample 2 3.851 1.245 0.178 0.280 
Short sample 3 3.826 - - - 
average 3.846 1.410 0.168 0.252 

The average shear strength equals 0.252 MPa. From literature it is known that the skins 

provide the flexural strength of the sandwich panel while the core has to resist the shear 
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stresses (Dawood, Taylor, Ballew, et al., 2010). The shear strength of the panels thus equals 

the shear strength of the core. 

In Figure 4-14 the average bilinear behavior of a short sample subjected in a three-point 

bending test is given.  

  
Figure 4-14: Bilinear behavior of short samples in three-point bending test. 

 

4.1.1.2.1.2.2 Calculating core shear modulus from ASTM Standard D7250 

When the samples meet the requirements given in equations (4.18) to (4.20) the core or 

core-to-face bond should fail during the test and the formulas given in ASTM Standard 

D7250 (2006 (2012)) can be used to calculate the flexural stiffness, the shear rigidity and the 

core shear modulus.  

To check if the equations are satisfied, the same values for σf, Fs and Fc are used as in 

paragraph 4.1.1.1.1.2, namely 59.374 MPa, 0.252 MPa and 369.209 MPa respectively. Using 

these values it is proved that the samples with dimensions of the standard configuration 

satisfy the equations (equations (4.18’) to (4.20’)). 
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In section 4.2.2.1 an average elastic modulus of the skin in X-direction is calculated. 

This means the facing modulus is known and the following equations can be used to derive 

the flexural stiffness D, transverse shear rigidity U and core shear modulus G1 respectively. 
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In these equations h is the total sandwich thickness (= 88.9 mm), c the core thickness (= 

79.16 mm), b the width that equals 74.613 mm for all the short samples and t is the face 

thickness and this equals 4.87 mm. Δ is the mid-span deflection when a load P is applied. Ls 

is the support span length of 177.8 mm while Ll is the loading span length which is zero in a 

three-point bending test. 

The facing modulus Ef that is needed to solve the equation of the flexural stiffness D is 

the flexural modulus of elasticity of the skins. This modulus was found by testing long 

samples in a three-point bending test. From paragraph 4.1.1.1.1.2 it is known that the initial 

flexural modulus of elasticity equals 691.911 MPa until a stress of 10.081 MPa is reached. 

After this stress the modulus decreases to 115.128 MPa. In the three-point bending tests on 

the short samples the maximum load applied of all samples is 3.514 kN and this corresponds 
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to a bending stress of 5.406 MPa in the skins. This means only the initial flexural modulus of 

elasticity is needed to calculate the flexural stiffness D.  

 
Figure 4-15: Shear modulus as a function of applied load of Short sample 1 in three-point bending test. 

Figure 4-15 shows the relationship between the shear modulus and the applied load. 

Between 0 and 0.2 kN the curve is very irregular. As was told before, at the start of a test 

there is a toe region in which no material properties can be derived. This toe region 

corresponds with this irregular relationship between the shear modulus and the applied load. 

In the calculation of an average shear modulus this region should not be taken into account. 

At a load of about 2 kN the shear modulus drops. This corresponds with the failing of the 

sample. The shear moduli after this load also shouldn’t be taken into account.  

The average shear modulus for Short sample 1 is calculated within the range indicated 

by the orange line in Figure 4-15. Figure 4-16 shows the relationship between the shear 

modulus and the applied load in a three-point bending test for all short samples. The darker 

lines show the relationship over the whole range of applied loads, while the lighter lines give 

the part in which a linear behavior of the samples is found. 
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Figure 4-16: Shear modulus as a function of applied load of short samples in three-point bending tests. 

This method only gives an initial shear modulus, while the method with the shear stress-

strain graphs gave both an initial and reduced shear modulus. The initial shear modulus that 

was calculated for each specimen and the average value of the initial shear modulus are listed 

in Table 4-6. 

Table 4-6: Initial shear modulus of short samples in three-point bending test. 

 
G1 (106 Pa) 

Short sample 1 3.995 
Short sample 2 3.792 
Short sample 3 4.056 
average 3.947 

Using ASTM Standard D7250 (2006 (2012)) an initial shear modulus of 3.947 MPa is 

found while the method with the shear stress-strain graphs delivered an average initial shear 

modulus of 3.846 MPa. It can be concluded that both methods give about the same value and 

thus both methods can be used to calculate the initial shear modulus. 

 

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

0 0,5 1 1,5 2 2,5 3 3,5 4

G
 (1

06  P
a)

 

Applied load (103 N) 

Shear modulus in function of applied load of short samples in three-point 
bending test 

G of three-point bending test on Short sample 1
G of three-point bending test on Short sample 1 (linear behavior)
G of three-point bending test on Short sample 2
G of three-point bending test on Short sample 2 (linear behavior)
G of three-point bending test on Short sample 3
G of three-point bending test on Short sample 3 (linear behavior)



64  Experimental work 

4.1.1.2.2 Four-point bending test 

4.1.1.2.2.1 Test setup 

The four-point bending test on the short samples had a support span of 7 in., which 

equals 177.8 mm, and a load span length of Ls/3, equaling 7/3 in. or 59.267 mm. Again the 

supports were mounted on top of blocks to allow bigger deflections of the samples. The speed 

of testing was set to 0.25 in./min or 6.35 mm/min. Figure 4-17(a) shows the drawing of the 

test setup with the dimensions and Figure 4-17(b) is a picture of the actual test setup. 

(a) 

 

(b) 

 
Figure 4-17: Test setup of four-point bending test on short sample –   

(a) drawing (dimensions in 10-3 m); and (b) picture. 
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4.1.1.2.2.2 Results and analysis 

4.1.1.2.2.2.1 Extracting core shear modulus from stress-strain curves 

In a four-point bending test the displacement measured by the testing machine equals 

the displacement of the test sample just underneath the place where the loads are applied. In 

this case this means that the deflection of the panel is known at distances equal to 29.633 mm 

from the midpoint of the beam. At these places the strain and stress can be calculated with 

equations (4.21) and (4.22) respectively since the shear force in the beam under the applied 

loads in a four-point bending test also equals P/2.  

Only one short sample was tested until failure in the four-point bending test. The results 

of the other two samples can be used to calculate the initial shear modulus. The shear stress-

strain curves of the three short samples are given in Figure 4-18. The individual curves can be 

found in Appendix B. 

 
Figure 4-18: Shear stress-strain curves of four-point bending tests on short samples. 

The short samples in three-point bending and four-point bending show the same 

behavior. The stress-strain curve of the four-point bending test also starts with a toe region 
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followed by a linear part. This linear behavior continues in a part with a slope lower than the 

first part which finishes in a sudden drop of stress. The change in slope happens for the same 

reason as in the three-point bending test, namely because of the development of cracks on the 

outside of the panel. The stress drop occurs when shear cracks develop on the inside of the 

panel (Figure 4-19). The initial shear modulus G1 is calculated between 0.01 and 0.025 strain 

(equation 4.28) and the reduced shear modulus G2 is calculated with equation (4.24). The 

results are given in Table 4-7 . 
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−
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=G  (4.28) 

 
Figure 4-19: Development of cracks while loading Short sample 3 in four-point bending test. 

Table 4-7: Initial shear modulus, reduced shear modulus and elastic limit shear stress of short samples in four-point 
bending test. 

 G1 (106 Pa) G2 (106 Pa) τel (106 Pa) τfailure (106 Pa) 
Short sample 1 5.528 - - - 
Short sample 2 6.050 - - - 
Short sample 3 5.740 2.050 0.199 0.363 
average 5.773 2.050 0.199 0.363 

The average initial shear modulus in the four-point bending tests equals 5.773 MPa. The 

reduced shear modulus, the elastic limit stress and the maximum shear stress are the results of 

only one test and can thus not be said to be average results. 

An approximated bilinear behavior of the short sample in four-point bending is given in 

Figure 4-20. 
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Figure 4-20: Bilinear behavior of short samples in four-point bending test. 

 

4.1.1.2.2.2.2  Calculating core shear modulus from ASTM Standard D7250 

To calculate the core shear modulus with ASTM Standard D7250 (2006 (2012)) the 

mid-span beam deflection is needed. The output of the testing machine is the displacement of 

the machine head and thus gives the deflection of the beam at the point where the load is 

applied. For this reason the core shear modulus could not be derived using this standard. 

4.1.2 Compression tests 

The purpose of this compression test was to get the compressive properties of the 

sandwich construction in a direction parallel to the sandwich skins. In accordance with ASTM 

Standard C364/C364M (2007 (2012)) the five test specimens were 88.9 mm (= 3.5 inches) 

thick and had dimensions of 177.8 mm (= 7 inches) by 177.8 mm. A drawing of a test sample 

is shown in Figure 4-21. The measured dimensions of the cut samples are given in Table 4-8. 
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Figure 4-21: Drawing of a test sample. 

Table 4-8: Dimensions samples compression tests. 

 length (10-3 m) width (10-3 m) thickness (10-3 m) 

Sample 1 176.213 174.625 88.900 

Sample 2 173.038 179.388 88.900 

Sample 3 174.625 176.213 88.900 

Sample 4 173.038 173.038 88.900 

Sample 5 174.625 177.800 88.900 

By recording applied force versus head displacement of the test machine in a continuous 

way the ultimate edgewise compressive strength can be calculated using equation (4.29) 

(ASTM Standard C364/C364M, 2007 (2012)). 

tb
P

c ⋅⋅
=

2
maxσ  (4.29) 

where 

− σc = ultimate edgewise compressive strength (Pa); 

− Pmax = ultimate force prior to failure (N); 

− b = width of specimen (m); and 

− t = thickness of a face sheet (m). 

Equation (4.29) implies that the in-plane compression load is completely carried by the 

two skins. This is a valid assumption since the elastic modulus of the foam material is 

negligible compared to the elastic modulus of the fiber reinforced plastic. 
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4.1.2.1 Test setup 

For this test a Tinius Olsen Universal Testing Machine with a capacity of 2,000 kN was 

used. The samples were placed on the machine with the faces in a direction perpendicular to 

the machine’s bottom plate as shown in Figure 4-22. The speed of testing should be set so that 

the specimen fails within three to six minutes. Because the ultimate strength is unknown the 

speed was set to the suggested speed of 0.02 in./min (= 0.508 mm/min) (ASTM Standard 

C364/C364M, 2007 (2012)). 

  
(a) (b) 

Figure 4-22: Test setup of the compression test – (a) drawing (dimensions 
in 10-3 m); and (b) picture. 

 

4.1.2.2 Results and analysis 

The stress-strain curve of the experiment can be composed out of the recorded force P 

versus head displacement Δ. The engineering stress σ and strain ε are calculated as in 

equations (4.30) and (4.31) respectively. 
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σ  (4.30) 

0h
Δ

=ε  (4.31) 

In these expressions, A is the cross-section carrying the compressive load and h0 is the 

initial height of the specimen, i.e. 177.8 mm.  
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 The resulting stress-strain curves of the five different samples are given in Appendix C. 

Figure 4-23 shows the stress-strain curves of all of the samples combined in one graph. 

 
Figure 4-23: Stress-strain curves of the compression tests. 

It is obvious that the stress-strain curves of the various samples differ a lot from each 

other. Samples 1, 4 and 5 resemble each other the most so only these samples will be selected 

for calculating the compressive properties of the sandwich panel. The mean ultimate 

compressive strength σc amounts to 26.674 MPa. This is about half of the compressive 

strength the company Creative Pultrusions, Inc. claimed the sandwich panel had, i.e. 59.374 

MPa (Creative Pultrusions, 2012). The reason for this is that the tests performed in this study 

were not properly fulfilled. The ASTM norm specifies that both end supports of the specimen 

have to be clamped and that failing within one specimen thickness of the end support is an 

unacceptable failure mode. The performed tests are violating these two rules as visualized in 

Figure 4-24. The five samples initially underwent short-column compression failure at the 

bottom end of one face sheet (Figure 4-24 (a)) which was followed by global buckling of the 

panel (Figure 4-24 (b)). This resulted in premature failure of the samples (ASTM Standard 

C364/C364M, 2007 (2012)) which makes it plausible that the obtained ultimate compressive 

strength is smaller than the actual strength. In fact this experiment may not really be referred 
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to as a compression test because the specimen does not fail due to pure compression but to a 

combination of buckling and bending. 

  
(a) (b) 

Figure 4-24: Consecutive failure modes of the samples – (a) Face sheet compression 
failure; and (b) Global buckling of the panel. 

 

 

Furthermore the samples were not flat due to the cutting. All of this leads to less useful 

results. Eventually the test results were not of great importance for the Solar Decathlon 

competition. It was decided to provide the sandwich walls of the Solatrium house with GFRP 

columns at both ends. These columns serve two purposes. For one thing it is now guaranteed 

that the vertical loads are going to be carried by the much stiffer columns. On the other hand, 

columns are needed for the specific method of construction used for the Solatrium house. The 

hollow square GFRP columns can contain a plastic cube that is holding bolts connecting 

horizontal and vertical sandwich panels. Since it is impossible to make an internal thread in 

the sandwich panel itself, the columns and cubes are necessary. With these columns the 

sandwich panels will no longer be subjected to big compressive loads. 

4.2 Tests on skins 

The ASTM Standard D638 (2010) is the standard test method for determining the 

tensile properties of reinforced plastics such as the skins of the TRANSONITE® sandwich 

panel. The tensile test needs dumbbell-shaped test specimens so that the deformation and 

failure can occur in the region with the smaller cross-section. The larger ends of the samples 

assure a good grip. The specimen’s dimensions are shown in Figure 4-25 and given in Table 

4-9 (ASTM Standard D638, 2010). The standard emphasizes that the values in SI units should 
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be used. Nevertheless since the samples were prepared in the US, the values had been 

converted to imperial units. This could have created small deviations from the desired 

dimensions. 

 
Figure 4-25: Specimen dimensions tensile tests. 

Table 4-9: Dimensions samples tensile tests (referring to Figure 4-25). 

Dimension 10-3 m 

W – Width of narrow section 13 

L – Length of narrow section 57 

WO – Width overall, min 19 

LO – Length overall, min 165 

D – Distance between grips 115 

R – Radius of fillet 76 

G – Gage length 50 

The dumbbell-shaped samples were cut out of a panel using a water jet cutter as shown 

in Figure 4-26. The jet of water of the tool had a pressure of 40,000 psi or 275.790 MPa. 

Since it was not known whether the faces of the sandwich panel are isotropic or not, samples 

were prepared in three different directions. The directions are named in accordance with the 

orientation of X, Y and Z of the samples that were tested in three- and four-point bending. Y 

is the direction in which the sandwich panels are produced. X is perpendicular to Y but still in 

the plane of the skins. The third direction (D) has been chosen at a 45° angle between X and 

Y. If the skins of the sandwich panels are isotropic the tensile properties of these three 

directions should be the same. Since the glass fibers are oriented in two perpendicular 

directions the skins should be orthotropic. The labeled specimens are presented in Figure 

4-27. The upper skins of the dumbbell-shaped sandwich panels were sawn off the panels and 

used for the tests. 
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Figure 4-26: Sandwich panel positioned in the water jet cutter. 

 
Figure 4-27: Sandwich panel with labeled samples in different directions. 

 

4.2.1 Test setup 

The machine used for the tensile tests was an Instron 5567A. It is a static tester with a 

load capacity of 30 kN. The machine has a fixed and a movable member and grips for holding 

the test specimens. The grips are chosen so that they allow as little as possible slippage of the 

specimens relative to the grips while holding them. The test setup is shown in Figure 4-28. 

The speed of testing was 5 mm/min in accordance with ASTM Standard D638 (2010). 
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(a) (b) 

Figure 4-28: Test setup of the tensile test – (a) drawing (front view left and 
side view right); and (b) picture. 

 

4.2.2 Results and analysis 

The results are split up for the three types of samples: the samples in the X-direction, 

the ones in the Y-direction and the ones at 45° or the “Diagonal” samples. The stress-strain 

curves for all of the tested specimens can be found in Appendix D. The strains given in these 

curves are engineering strains, this means they are calculated as the extension given by the 

testing machine divided by the original length of the specimens between the grips. The tensile 

stress is computed by dividing the applied load by the average original cross-sectional area in 

the gage length region (ASTM Standard D638, 2010). Therefore the dimensions of the 

specimens have been measured at three different points along the gage length before testing. 

The average cross-sectional area in the narrow section is given in Table 4-10 for each sample. 

The average width of the narrow section of all the samples equals 12.714 mm and the mean 

thickness of the samples is 4.870 mm. Of all the tests the position of failure has been recorded 

and all of the samples failed at the narrow cross-sectional region. 
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Table 4-10: Average cross-sectional area along the gage length of the samples in tension tests. 

 Average area (mm²)  Average area (mm²)  Average area (mm²) 

X1 60.103 Y1 59.266 D1 62.784 

X2 64.787 Y2 59.731 D2 61.707 

X3 61.584 Y3 61.043 D3 61.359 

X4 62.521 Y4 60.677 D4 60.504 

X5 63.605 Y5 56.938 D5 59.400 

X6 62.569 Y6 61.481 D6 61.836 

X7 61.435 Y7 61.751 D7 63.289 

X8 62.121 Y8 59.913 D8 68.269 

X9 59.999 Y9 59.179 D9 61.284 

X10 67.882 Y10 58.500 D10 64.556 

X11 63.650 Y11 60.055   

X12 64.259     

The stress-strain curves all showed a toe region that did not represent a property of the 

material. This false start of the curve could be caused by some slack in the load or 

imperfections in the alignment of the specimen. ASTM Standard D638 (2010) recommends to 

compensate this toe by correcting the zero point on the strain axis. This point can be found by 

continuation of the linear region of the curve through the zero-stress axis. The intersection is 

the corrected zero-strain point. This appearance at the start of the stress-strain curve has been 

compensated for all tested samples. 

The typical failure of a specimen started by the quiet sound of crunching followed by a 

big crack corresponding to the breaking of the surfacing veil and finally the peak load was 

reached when the glass fibers had lost their strength. During the tests important observations 

were registered such as the moment where it was possible to hear little cracks for the first 

time and the load at which the veil split in two parts. The initial cracks occurred at the point 

where the linear behavior in the force-displacement curve stopped.  

With the grips used in the experimental setup it was impossible to avoid all slippage. To 

take this into account the distance between the grips was measured before and after every test. 

This length did not always correspond to the maximum extension given by the machine. Also, 

if the specimen slipped between the grips, it was noticed that this happened after the linear 

part in the force-displacement curve. The strains have been corrected for these slippages. 
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4.2.2.1 Samples in the X-direction 

The stress-strain curves for the tension tests on the samples in the X-direction are given 

in Figure 4-29. An initial linear part can be observed for all samples. The stress and strain at 

which the linear part ends are called the elastic limit stress and strain. After this point the 

stress continues to increase until the stress suddenly drops. This moment matches with the 

breaking of the filament mat and therefore the corresponding stress and strain are designated 

as failure stress and strain. The curve even keeps climbing up to a peak stress and strain. 

For all of the samples an elastic modulus E1 has been determined for the initial linear 

region. Also the tensile stress at the elastic limit σel, at failure σfailure and the maximum stress 

σmax have been defined. It is assumed that the stress-strain curve is linear between the point 

where the elastic region stops and failure and between failure and maximum stress. 

Connecting the different points provides reduced moduli, E2 and E3 respectively. 

By comparing the results of the different samples, only samples X2, X3, X4, X8, X11 

and X12 were selected for calculating the average properties. The other samples either left the 

linear elastic region too soon (sample X1) or had slipped too much to give useful results 

(samples X5, X6, X7, X9 and X10). The stress-strain curves of the selected samples are given 

in Figure 4-30 and the obtained tensile properties are listed in Table 4-11.  

Table 4-11: Average tensile properties of the skins in the X-direction. 

Property Average value 

Elastic modulus E1 7.931∙109 Pa 

Reduced modulus E2 5.119∙109 Pa 

Reduced modulus E3 1.357∙109 Pa 

Elastic limit stress σel 25.534∙106 Pa 

Elastic limit strain εel 3.220∙10-3 

Failure stress σfailure 83.521∙106 Pa 

Strain at failure εfailure 1.455∙10-2 

Maximum stress σmax 95.805∙106 Pa 

Strain at maximum stress εmax 2.360∙10-2 
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Figure 4-29: Stress-strain curves of all of the samples in the X-direction. 

 
Figure 4-30: Stress-strain curves of the selected samples in the X-direction. 
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4.2.2.2 Samples in the Y-direction 

The stress-strain curves of the samples in the Y-direction also show a linear behavior in 

the beginning as displayed in Figure 4-31. As opposed to the samples in the X-direction the 

point at which the surfacing veil breaks is not that clear. In fact the behavior of the Y-

specimens can be described as bilinear. For that reason only the elastic modulus for the initial 

part E1, the elastic limit stress σel and the point at which the maximum stress σmax is reached 

are determined for all samples. Also the strain εmax corresponding with the peak stress is 

noted. The strain corresponding with the elastic limit stress can be achieved by dividing the 

stress σel by the initial elastic modulus E1. Connecting the point at the boundary of the elastic 

region and at maximum stress with a straight line gives a reduced modulus E2 which can be 

easily calculated as the ratio of the difference in stresses to the difference in strains. 

Samples Y9 and Y11 were excluded because they slipped a lot and samples Y1, Y5 and 

Y8 because their elastic limit or failure stress deviated too much from the average values. The 

stress-strain curves for the selected samples are displayed in Figure 4-32. The average tensile 

properties are given in Table 4-12. 

It seems that the faces of the sandwich panel are a little stiffer and a lot stronger in the 

Y-direction compared to the X-direction. The reason for this is the fiber insertion pattern. In 

the Y-direction the spacing between two consecutive fiber insertions is bigger than in the X-

direction (see section 2.2). These insertions are zones of imperfection among the fibers in the 

face which results in a decrease of the face’s elastic modulus. The imperfections also lower 

the tensile strength of a face sheet. So the smaller the distance between two insertions, the 

more imperfections there are and the lower the elastic modulus of the skin and its tensile 

strength. This explains why the X-direction is weaker than the Y-direction. The faces of the 

sandwich panel are not isotropic but orthotropic. 
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Table 4-12: Average tensile properties of the skins in the Y-direction. 

Property Average value 

Elastic modulus E1 9.729∙109 Pa 

Reduced modulus E2 6.183∙109 Pa 

Elastic limit stress σel 40.482∙106 Pa 

Elastic limit strain εel 4.161∙10-3 

Maximum stress σmax 176.594∙106 Pa 

Strain at maximum stress εmax 2.617∙10-2 

 
Figure 4-31: Stress-strain curves of all of the samples in the Y-direction. 
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Figure 4-32: Stress-strain curves of the selected samples in the Y-direction. 

 

4.2.2.3 Samples at 45° between X- and Y-direction 

Figure 4-33 gives the stress-strain curves for the tension tests on the D-samples, i.e. the 

samples in the direction at 45° between the X- and Y-direction. Again a bilinear behavior can 

be distinguished. For each sample the elastic modulus of the initial linear part E1, the elastic 

limit stress σel, the peak stress σmax and corresponding strain εmax are defined from which the 

reduced modulus E2 follows. 

For the calculation of the average properties of the D-samples only the results from the 

specimens D2, D4, D5, D6 and D8 were selected. Samples D1 and D3 were excluded because 

they did not show a bilinear behavior. D7, D9 and D10 showed too much slippage. The 

obtained tensile properties are listed in Table 4-13. The results confirm that the skins are not 

isotropic because the D-samples are less stiff and strong than the X- and Y-samples. 

In a homogeneous orthotropic material the strength in a direction at 45° between two 

perpendicular directions X and Y should be bigger than the strengths in the two perpendicular 

directions separately. Since the face of the sandwich panel is a composite and the glass fibers 
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are distributed orthotropically, i.e. there are fibers in the X- and in the Y-direction but there 

are none in the diagonal direction, the strength is lower in the diagonal direction than in the 

X- and Y-direction. 

 

Figure 4-33: Stress-strain curves of all of the samples in the direction at 45° between X and Y.  

Table 4-13: Average tensile properties of the skins in the direction at 45° between X and Y. 

Property Average value 

Elastic modulus E1 6.346∙109 Pa 

Reduced modulus E2 1.417∙109 Pa 

Elastic limit stress σel 23.325∙106 Pa 

Elastic limit strain εel 3.675∙10-3 

Maximum stress σmax 49.644∙106 Pa 

Strain at maximum stress εmax 2.225∙10-2 
 

0

10

20

30

40

50

60

0 0,005 0,01 0,015 0,02 0,025 0,03

St
re

ss
 (1

06  P
a)

 

Strain (-) 

Stress-strain curves tension tests skins at 45° between X and Y (all samples) 

D1

D2

D3

D4

D5

D6

D7

D8

D9

D10



82  Experimental work 

 
Figure 4-34: Stress-strain curves of the selected samples in the direction at 45° between X and Y. 
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avoided. A picture of the actual test setup is given in Figure 4-35. The specimens were tested 

at a speed of 0.05 in./min or 1.27 mm/min.  

  
(a) (b) 

Figure 4-35: Test setup of tension test on fiber insertions – (a) drawing; and (b) picture. 

4.3.2 Results and analysis 

The output of the tests are the force-displacement data that were measured by the testing 

machine. From these data the stress-strain relationship must be obtained. Since this is a 

normal tension test the strain and engineering stress can be easily calculated using equations 

(4.32) and (4.33) respectively. 

il
Δ

=ε  (4.32) 

π
ϕ

σ

⋅







= 2

2
av

P  (4.33) 

li is the initial gage length, so the distance between the grips before the test was started 

and Δ is the extension measured by the testing machine. In equation (4.33) P stands for the 

load applied by the testing machine and avϕ  is the average diameter of a fiber insertion. The 

fiber insertions are surrounded by resin that isn’t equally distributed along the length of the 

fiber insertion, leading to different diameters of the fiber on different places. The diameter 
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was measured at three places along the length of the fiber insertions. In Table 4-14 the 

average of these three measurements is given together with the initial gage length. 

Table 4-14: Minimum diameter and initial gage length of fiber insertion samples. 

 φav (10-3 m) li (10-3 m)  φav (10-3 m) li (10-3 m) 

Sample 1 1.888 24.524 Sample 7 2.032 24.765 

Sample 2 2.007 24.587 Sample 8 1.731 24.841 

Sample 3 2.019 24.625 Sample 9 2.256 24.816 

Sample 4 1.901 24.689 Sample 10 2.053 24.524 

Sample 5 1.880 24.740 Sample 11 1.909 24.689 

Sample 6 2.091 24.879 Sample 12 1.795 24.498 

Figure 4-36 gives the stress-strain curves of the tests on all samples. The individual 

stress-strain curves can be found in Appendix E.  

 
Figure 4-36: Stress-strain curves of tension tests on fiber insertions. 
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calculated differently for all samples. For each sample a line was drawn that approximated the 

first part of the graph and E1 is the slope of that line. σmax is the maximum stress that was 

obtained during the test. 

There is a big diversity in behavior of the different samples. Sample 6 wasn’t fixed 

deeply enough into the grips and thus appears to have a low strength. Sample 5 and 7 are 

much stronger than the other samples and failed at a high strain, while sample 3 and 9 appear 

to have strength values around the average but failed at a higher strain than average. 

From these results it was decided not to take the results of all samples into account 

when investigating the overall behavior of the fiber insertions. Sample 1 is not taken into 

account because it had a stress-strain curve that differs from all the other samples. All samples 

have an increase in stress until a maximum and then the stress lowers while for Sample 1 the 

stress remains uniform and only drops after a while. Samples 3, 5, 6, 7 and 9 were excluded 

for the reasons said before. The average elastic modulus of the considered samples equals 

18,726 MPa and the maximum stress is 369 MPa. Figure 4-37 shows the stress-strain curves 

of the selected samples along with the approximated linear behavior. 

 
Figure 4-37: Linear behavior of fiber insertions in tension test. 
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4.4 Comparison GFRP sandwich panel with traditional building materials 

Knowing the material properties of the TRANSONITE® GFRP sandwich panel, it can 

be compared to the traditional building materials being concrete, steel and wood. According 

to Blicblau et al. (1993) for any common material design a sandwich construction delivers the 

highest stiffness to weight ratio. This ratio is also called the ‘specific modulus’ of the 

material. It is defined as the ratio between the Young’s modulus (in N/m²) to the specific 

weight of the material (in N/m³) (Department of Commerce (Doc) Staff, 1983). In order to 

compare the TRANSONITE® panel with concrete, wood and steel, the specific modulus of 

these materials is calculated. The elastic moduli and weight densities of the materials are 

found in Table 4-15. The modulus of elasticity or Young’s modulus is normally determined 

for a material in tension. For concrete however the elastic modulus is defined in compression. 

For a high-strength concrete this modulus amounts to 31 GPa. Wood has a Young’s modulus 

of about 12 GPa and for steel this is 210 GPa. For the TRANSONITE® panel the modulus of 

elasticity is set to the average value of the skin’s moduli in x- and y-direction, being 7,931 

MPa and 9,729 MPa respectively. The specific modulus of the different materials is given in 

Table 4-15. 

Table 4-15: Determination of the specific modulus of different materials. 

Material 

Modulus of elasticity 

(109 N/m²) 

Specific weight 

(103 N/m³) 

Specific modulus 

(106 m) 

Concrete 31 24 1.292 

Wood ~12 ~6 ~2.000 

Steel 210 77 2.727 

TRANSONITE® 8.83 ~2.759 ~3.200 

The sandwich panel has the highest stiffness to weight ratio compared to concrete, 

wood and steel. Therefore it is very efficient if the aim is to make a stiff element with the 

lowest possible weight. 
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5 FE Modeling 

The Finite Element Analysis (FEA) and simulation software Abaqus 6.12 is used to 

model the behavior of the TRANSONITE® sandwich panel. One way to model the structural 

components of the sandwich panel is by using shell elements for the faces and truss elements 

for the fiber insertions. The three-dimensional components would then be approached by a 

two-dimensional theory. Instead of this a more sophisticated model is developed by creating 

the 3-D geometry of the sandwich panel in the computer-aided design program AutoCAD and 

importing the volume into Abaqus as a part. The entirety of the GFRP skins and the through-

thickness fiber insertions are designed as one consistent part (see Figure 5-1). This way the 

skins and fiber insertions are functioning together. Since these two types of components have 

different strength and stiffness properties the part is split up into two solid, homogeneous 

sections, one for the skins and another one for the fiber insertions. 

 
Figure 5-1: Model of a long sample without foam together with its coordinate system. 

The polyisocyanurate foam can be either added to the model or left out. The material 

properties of the fiber insertions will be different for the two cases. If the foam is not modeled 

the fiber insertions are taking into account the presence of the foam and its contribution to the 

mechanical behavior. When the foam is added the properties of the fiber insertions do not 

have to represent the contribution of the foam anymore. Because the foam has a large volume 

compared to the other sandwich components and the number of elements increases 

enormously when adding the foam. It would take a considerable amount of time to run each 

simulation with the foam included which is why most of the simulations are carried out on a 

model without the foam. When the foam is added, the outer surface is tied to the outer surface 

of the fiber insertions and the skins. 
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5.1 Material characteristics 

The model consists of two or three components depending on  whether the foam is 

modeled or not. In this paragraph the material properties of each of these components are 

described. Figure 5-2 shows the directions in which the different elastic and shear moduli 

apply. Each plane is defined by its normal axis. For example, G12 is the shear modulus on 

plane 1 in the direction of 2 and G31 is the shear modulus on plane 3 in the direction of 1.  

 

Figure 5-2: Meaning of symbols of elastic and shear moduli. 

 

5.1.1 Glass fiber reinforced plastic skins 

The stress-strain curves of the performed tension tests on the skins have been 

approximated with curves consisting of straight lines. For the Y- and D-samples a bilinear fit 

was applied (Figure 4-32 and Figure 4-34) and for the X-samples the curve was approached 

by three linear parts (Figure 4-30). The skin has isotropic properties in the 3-plane (or xy-

plane) but different properties along the z-axis. The skin material is approximately a 

transverse isotropic material. This is not entirely correct because the material properties in x- 

and y-direction differ due to the pattern of the fiber insertions. The approximately transverse 

isotropic behavior of the GFRP skins is modeled by inserting elastic properties in three 

perpendicular directions. The different directions in the GFRP skin are shown in Figure 5-3. 
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Figure 5-3: Orientation of the skin. 

The elastic moduli of the faces Ef,1 and Ef,2, the moduli in the x- and y-directions, are 

obtained from the experimental work results on the sandwich’s faces. Ef,1 is equal to the 

initial modulus that resulted from the tension tests on the X-samples, i.e. 7,931 MPa. Ef,2 has 

a higher value because it originates from the tension tests on the skin samples in the stiffer Y-

direction. Ef,2 equals 9,729 MPa. The value for the elastic modulus in the through-thickness 

direction of the skin was not measured experimentally. Since there are no fibers aligned along 

the z-direction in the skin the modulus of elasticity in that direction is approximately the one 

of the polyester resin which is about 1 GPa (MatWeb, n.d.). There are no experimental results 

on the shear moduli of the skin. Therefore these values have been estimated. G12 is assumed 

to be equal to the homogenous value of the shear modulus in the 12-plane, i.e. ~3.5 GPa, 

based on Hooke’s law, 
( )12

12 12 ν+⋅
=

EG with E an averaged value of the stiffnesses of the 

skin in the directions 1 and 2. G13 and G23 are the homogenous values of the shear moduli in 

the 13- and 23-plane respectively and are, when rounded, both equal to ~2 GPa. The 

Poisson’s ratios of GFRP are between 0.25 and 0.35 when the load works in the direction of 

the fibers. For ν12, ν13 and ν23 this is the case, so they are assumed to be equal to 0.3 (Bernard 

Potyrala, 2011). 

After the initial linear behavior of a skin in the performed tension tests the stiffness of 

the samples decreased and a reduced modulus was found between the point where the linear 

elastic behavior stops and the point at failure of the sample. This decrease in stiffness is 

approached by modeling a plastic behavior starting from the point where the linear elastic 

region ends. Since the sandwich panels subjected to bending tests all were orientated with 

their x-direction along the longitudinal axis of the beam the plastic properties for the x-

direction are used in the model. Even though the GFRP skins are anisotropic in the plastic 

region, an isotropic plastic behavior is modeled. It is expected that this deviation from the 

reality will not change the results significantly because the skins are mainly loaded in the x-

direction in the performed bending tests. 
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The yield stress of the skin matches with the elastic limit stress σel of 25.5 MPa. The 

second value for the yield stress is the failure stress σfailure, 83.5 MPa, and the plastic strain is 

the difference between the strain at failure εfailure and the elastic limit strain εel, this is 0.011 

(Table 4-11). The final input value for the yield stress is the maximum stress σmax of 95.8 

MPa with a corresponding plastic strain of 0.020 (εmax - εfailure). The characteristics of the 

GFRP skins used in the model are given in Table 5-1. 

Table 5-1: Overview of the material characteristics of the GFRP skins. 

Elastic – Type: Engineering Constants 
Plastic – Type: Isotropic 

Yield stress Plastic strain 

E1 7,931 MPa ν23 0.3 G23 3,500 MPa 25.5 MPa 0 

E2 9,729 MPa ν13 0.3 G13 2,000 MPa 83.5 MPa 0.011 

E3 1,000 MPa ν12 0.3 G12 2,000 MPa 95.8 MPa 0.020 

If the sandwich beams were to be modeled with their longitudinal axis in the y-

direction, the series of yield stresses and plastic strains should be inserted according to Table 

5-2. The elastic and shear moduli and the Poisson’s ratios would stay the same as in Table 

5-1. 

Table 5-2: Plastic material characteristics for a sandwich beam with the longitudinal axis in the y-direction. 

Yield stress Plastic strain 

40.5 MPa 0 

176.6 MPa 0.022 

5.1.2 Through-thickness fiber insertions 

Next the properties of the fiber insertions are added to the model. The performed 

tension tests on the fiber insertions show an elastic behavior together with some yielding right 

before the maximum stress is reached. In the model this elastic behavior will be taken into 

account until the maximum stress is reached and from there on the strain increases with 

constant stress. The orientation of a fiber insertion is shown in Figure 5-4. The glass fibers are 

only running in the z-direction. First the properties of the fiber insertions are determined for a 

model without foam and when they are therefore representing the entire core. Afterwards the 

mechanical properties for the insertions are given in case they are not incorporating the 

foam’s behavior.  
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Figure 5-4: Orientation of a fiber insertion. 

In paragraph 4.3.2 the elastic modulus and the strength of the fiber insertions in the 

direction of the fibers are derived from experiments. Efi,3 equals 18,726 MPa and the strength 

at which the elastic region ends is 369.209 MPa. (Dawood, Taylor, et al., 2010b) found for a 

similar sandwich panel as the one in this study a shear modulus of the entire panel of  ~4.0 

MPa. This value is assumed to be the shear modulus of the complete core and since the foam 

is not modeled it is assumed the shear modulus of the fiber insertions in the 12-plane, G12. 

The elastic moduli Efi,1 and Efi,2 are equal to each other because of the transverse isotropic 

behavior of the fiber insertions. Their value is derived from the shear modulus G12 and is 

assumed ~8 MPa, similar as in section 5.1.1. The shear moduli G13 and G23 are equal and are 

assumed to be ~7 GPa, i.e. the rounded homogenous value derived from the elastic moduli 

using Hooke’s law. To apply Hooke’s law, the Poisson’s ratios need to be known. In literature 

it is found that ν12, ν13 and ν23 are in the interval between 0.02 and 0.05 (Bernard Potyrala, 

2011). Because of the large difference between the elastic moduli mutually and the shear 

moduli, material stability in Abaqus can not be obtained for Poisson’s ratios of 0.05. The 

conditions needed to have material stability require Poisson’s ratios of 0.01 or lower, so they 

are set equal to 0.01 (Abaqus/CAE User's Manual, 2012). 

In case the foam is added to the model the material properties of the fiber insertions 

should no longer include the contribution of the foam since otherwise this contribution will be 

counted twice. The elastic modulus along the z-axis, Efi,3, remains the same. The elastic 

moduli Efi,1 and Efi,2 are set equal to the elastic modulus of the polyester resin, i.e. 1 GPa. 

Using Hooke’s law, Gfi,12 is 500 MPa. It will be explained in paragraph 5.1.3 that the foam is 

modeled as if it would behave elastically throughout the strain range that is modeled. This 

does not reflect the reality since the foam will crack and lose some of its strength. Because of 

this the contribution of the foam in the model is bigger than what it would be in reality. For 

this reason, the shear moduli Gfi,13 and Gfi,23 of the fiber insertions should be lower compared 
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to the case where the foam is not modeled and they are assumed to equal ~500 MPa. Since the 

difference between the elastic moduli in the different directions is lower now, material 

stability in Abaqus could be obtained for Poisson’s ratios of 0.05. 

Because the strength of the fiber insertions differs significantly in the different 

directions an anisotropic yield potential is used to simulate the anisotropic behavior of the 

fiber insertions. The reference yield stress is the one that is entered for the plastic behavior so 

here this is 369.209 MPa, the strength of the fiber insertions in the z-direction. The anisotropic 

behavior is introduced by stress ratios. R33 is the ratio between the yield stress in the z-

direction and the reference stress so this is 1.0. The shear strength of a fiber insertion in the 

xy-plane is very low, so R12 is assumed to equal 0.001. The tensile strength in the x- and y-

direction are equal to each other. Also the shear strength ratios R13 and R23 equal each other. 

No values could be found in literature. Because of that they are chosen so that the behavior of 

the model resembles the behavior of the test specimens. Table 5-3 gives the characteristics of 

the fiber insertions used in the model without the foam and Table 5-4 gives the characteristics 

used when the foam is modeled. 

Table 5-3: Overview of the material characteristics of the fiber insertions in the case the foam is not modeled. 

Elastic – Type: Engineering Constants 

Plastic – Type: Isotropic 

Yield stress Plastic strain 

369 MPa 0 

E1 8 MPa ν23 0.01 G23 7,000 MPa Anisotropic plastic parameters 

E2 8 MPa ν13 0.01 G13 7,000 MPa R11 = R22 0.2 R12 0.001 

E3 18,726 MPa ν12 0.01 G12 4 MPa R33 1 R13 = R23 0.3 

 

Table 5-4: Overview of the material characteristics of the fiber insertions in the case the foam is modeled. 

Elastic – Type: Engineering Constants 

Plastic – Type: Isotropic 

Yield stress Plastic strain 

369 MPa 0 

E1 1,000 MPa ν23 0.05 G23 500 MPa Anisotropic plastic parameters 

E2 1,000 MPa ν13 0.05 G13 500 MPa R11 = R22 0.2 R12 0.001 

E3 18,726 MPa ν12 0.05 G12 500 MPa R33 1 R13 = R23 0.3 
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5.1.3 Foam 

The specific polyisocyanurate foam used as core material is the TRYMER® 200L 

which has strength properties shown in Table 2-1. The elastic behavior of the poly-

isocyanurate is modeled as a simple isotropic material. The flexural modulus of the foam 

(4.068 MPa) is taken as the input value for the elastic modulus in Abaqus. The Poisson’s ratio 

is set at 0.3, which is the value for the Poisson’s ratio of PUR, a foam comparable to 

polyisocyanurate (Wijnands, 2010). Since the foam takes up most of the volume of the 

sandwich construction, and therefore most of the mesh elements in the model, no plastic 

properties are introduced in the foam material. It would take too much CPU time to run a 

model with plastic foam (or better crushable foam) properties.  

Since only the elastic behavior of the foam is modeled only the elastic region of the 

load-displacement curve of the simulation of a bending test can be compared to the obtained 

load-displacement curves of the corresponding actual tests. 

5.2 Element types 

Solid linear 3D Stress tetrahedral elements were used to mesh the model. This element 

type has the shape of a tetrahedron, uses linear interpolation, has 4 nodes and is referred to in 

Abaqus as C3D4. A schematic presentation of this mesh element is shown in Figure 5-5. 

 
Figure 5-5: Element type C3D4. 

In every model the size of the mesh elements is set to 12.7 mm. Figure 5-6 gives the 

meshed model in the simulation of a bending test on a long sample. 
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Figure 5-6: Example of the entire mesh of a model. 

 

5.3 Boundary conditions 

The different kind of bending tests and the compression test are simulated by inserting 

certain boundary conditions. For the bending tests the nodes of one support are fixed in the x- 

and z-direction while the other support is only fixed in the z-direction. The applied line load is 

modeled by introducing an imposed displacement in the z-direction to the nodes directly 

under the line load. In the middle of this line load one node is hindered from having any 

displacement in the y-direction. As an example Figure 5-7 shows the boundary conditions for 

a three-point bending test. 

 
Figure 5-7: Boundary conditions (in orange) for a three-point bending test. 
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The boundary conditions for the compression tests are introduced as shown in Figure 

5-8. Because of the big volume of the panel the foam is not added to the model. The axial 

displacement is enforced in the x-direction. The top of the panel is not fixed in the directions y 

and z. The supporting boundary conditions are assigned so that the deformation of the model 

under compression approaches the actual deformation of the samples in the experiments as 

well as possible. Because the samples showed a thickening of the skins at the bottom of the 

panels boundary conditions are only given to the nodes at the interior of the skins. These 

nodes are fixed in the x-direction in order to support the panel axially. They are also fixed in 

the z-direction because the foam core keeps the interior sides of the skins together and in the 

y-direction because the samples did not move in that direction. 

 

Figure 5-8: Boundary conditions (in orange) for the compression test. 
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6 Results 

6.1 Comparison of experimental and model results 

As mentioned before the FE model should be using different material properties for the 

fiber insertions in case the foam is or is not modeled. When the foam is not added to the 

model the fiber insertions should be given properties as in Table 5-3 and otherwise the ones in 

Table 5-4. The two cases will be modeled in this section for both a three- and four-point 

bending test on a long sample and for a three- and four-point bending test on a short sample. 

The results are compared to the ones obtained from experiments. From this comparison it can 

be concluded in what cases the foam should be added to the model. 

6.1.1 Long bending model 

6.1.1.1 Three-point bending test 

6.1.1.1.1 Model without foam  

At first the results of the FE model without foam added are compared to the results of 

the experiments. Figure 6-1 (a) shows the Abaqus model with the boundary conditions. 

Abaqus calculates the load that is needed to reach a certain displacement. In Figure 6-1 (b) the 

deformation of the panel is shown. 

(a) 

 

(b) 

 

Figure 6-1: (a) Model without foam for three-point bending test on long sample; and  
(b) Deformation of model without foam in three-point bending test on long sample. 
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The results of the simulation are given by the black line in Figure 6-2. The elastic 

modulus of the complete panel is calculated in the same way as was done for the experiments 

in section 4.1.1.1.1, namely between 0.002 and 0.01 strain and is equal to 628.934 MPa. The 

average elastic modulus derived from the experiments equals 691.911 MPa. In the graph it 

seems like the sample behaves a little stiffer in the FE model than in the experiments, but it 

leaves the elastic region earlier, explaining why the elastic modulus is smaller in the strain 

range of 0.002 to 0.01. 

 
Figure 6-2: Stress-strain curves of all samples and FE model simulation without foam in three-point bending test on 

long samples. 

From Figure 6-2 it is clear that the model gives a reasonable approximation of the 

behavior of a sample with span length 558.8 mm. The accuracy of the model in the elastic 

region can also be derived using hand calculations. As an example the load is calculated 

needed to achieve a vertical displacement of the midpoint of the beam of 10 mm. According 

to the experiments the stress should still be in the elastic region for this displacement. The 

load corresponding with a displacement of 10 mm equaled an average value of 1.501 kN in 

the experiments (Pexp) and 1.410 kN in the FE model (PFE). Using the EST the load is 

calculated using equation (6.1). 
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In this equation E is the elastic modulus of the skins in the x-direction, i.e. 7,931 MPa 

and U is the core shear rigidity. U can be calculated as the product of G and A where G is the 

shear modulus of the core, being 4 MPa, and A equals 
c

bd ²
with b the width of the sample (= 

76.2 mm), d the distance between the center lines of the skins (= 84.03 mm) and c the core 

thickness (= 79.16 mm) (Allen, 1969). When the displacement w is 10 mm the load Pcalc 

equals 1.822 kN. This load is higher than what was found from the experiments and the FE 

model. This does not mean the model is not accurate because this is only a theoretical 

approach. PFE is a little smaller than Pexp. When the force-displacement curve is drawn 

(Figure 6-3) it appears that the FE model already went into the plastic region at a 

displacement of 10 mm. To avoid this plastic region the same calculations are done as before 

but for a displacement of 5 mm. In that case Pcalc equals 0.911 kN, Pexp 0.752 kN and PFE 

0.784 kN. For a displacement of 5 mm the FE model gives a higher load needed to achieve 

this displacement than what followed from the experiments. This again shows that the FE 

model is stiffer at the start and goes sooner into the plastic region compared to the 

experiments. 

 
Figure 6-3: Load as a function of mid-span displacement of FE model without foam and experiments in three-point 

bending test. 
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6.1.1.1.2 Model with foam 

In this section the behavior of a model is put under investigation in which the foam core 

is added. Because only the elastic behavior of the foam material is modeled only the elastic 

region of the stress-strain curve can be compared with the elastic regions of the stress-strain 

curves of the experiments. The model that is used for this simulation is given in Figure 6-4 (a) 

and the deformation in Figure 6-4 (b).  

(a) 

 

(b) 

 

Figure 6-4: (a) Model with foam for three-point bending test on long sample; and  
(b) Deformation of model with foam in three-point bending test on long sample. 

The black line in Figure 6-5 is the stress-strain curve that followed from the FE model. 

The FE model gives an elastic modulus of 655.904 MPa. This elastic modulus approximates 

the one that was derived from the experiments better than the model without the foam added. 

For a three-point bending test on a long sample it can be concluded that modeling in the 

elastic region is best done using the model with the foam, but when stresses need to be 

approximated in the plastic region the model without the foam will give reasonable results. 
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Figure 6-5: Stress-strain curves of all samples and FE model simulation with foam in three-point bending test on long 

samples. 

 

6.1.1.2 Four-point bending test 

6.1.1.2.1 Model without foam 

Figure 6-6 (a) shows the model that is used to simulate a four-point bending test on a 

long sample and its boundary conditions. Figure 6-6 (b) shows the deformation of the sample 

at the end of the test. This figure shows clearly that the insertions between the line loads do 

not deform which means they are not subjected to shear forces. The fiber insertions at the left 

end of the sample have larger displacements than the others. This was also the case in the 

previous simulations. This is because at that side the sample is fixed in both z- and x- 

direction so the bottom skin could not freely deform. At the right side the sample is just fixed 

in z-direction and the fibers do not have this large deformation. 
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(a) 

 

(b) 

 

Figure 6-6: (a) Model without foam for four-point bending test on long sample; and  
(b) Deformation of model without foam in four-point bending test on long sample. 

The black line in Figure 6-7 again gives the stress-strain curve as a result of the FE 

model simulation. The same comments can be given as was the case for the three-point 

bending test simulation without foam. The average elastic modulus that was derived from the 

results of the experiments is 613.743 MPa and the elastic modulus following from the results 

of the FE model is 626.678 MPa so the model shows about the same stiffness as the samples 

during the actual testing. The sample in the simulation behaves plastic at a strain of about 

0.006 while for the experiments this only happened at 0.013 strain. The model thus gives a 

reasonable approximation of the elastic region and the general behavior of the plastic region 

but it should not be used in the transition zone between these two. 

 
Figure 6-7: Stress-strain curves of all samples and FE model simulation without foam in four-point bending test on long 

samples. 
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6.1.1.2.2 Model with foam 

(a) 

 

(b) 

 

Figure 6-8: (a) Model with foam for four-point bending test on long sample; and  
(b) Deformation of model with foam in four-point bending test on long sample. 

The four-point bending test on a long sample was also modeled with the foam included. The 

model and its deformation are given in Figure 6-8 (a) and Figure 6-8 (b) respectively. In this 

last figure the four-point bending deformation is clearly seen. The faces stay more or less 

straight between the line loads and the fibers do not deform because of shear. The elastic 

modulus that is derived from the stress-strain curve of the FE model under four-point bending 

(Figure 6-9) is 649.071 MPa. This means the model with foam behaves a little bit stiffer than 

the model without foam. To model this sample under four-point bending the model without 

foam is best used because the elastic modulus better approximates the test results and it takes 

less CPU time to run the model. 

 

Figure 6-9: Stress-strain curves of all samples and FE model simulation with foam in four-point bending test on long 
samples. 
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6.1.2 Short bending model 

6.1.2.1 Three-point bending test 

6.1.2.1.1 Model without foam 

The model without foam that is used to simulate a three-point bending test on a short 

sample is given in Figure 6-10 (a) and its deformation in Figure 6-10 (b). The model does not 

predict the behavior of the short sample in a three-point bending test as good as it can predict 

the behavior of a long sample. This is seen in Figure 6-11. The shear modulus in the elastic 

region according to the model is 3.513 MPa while the shear modulus that was derived from 

the experiments equals 3.846 MPa. The model thus gives a reasonable approximation of the 

shear stiffness in the elastic region but once the plastic region is reached the model 

overestimates the strength and stiffness of the panel. The shear stress should become constant 

with increasing shear strain but in the model the shear stress keeps increasing. The model 

should only be used to simulate the behavior of a short sample in three-point bending in the 

elastic region. 

 (a) 

 

(b) 

 

Figure 6-10: (a) Model without foam for three-point bending test on short sample; and  
(b) Deformation of model without foam in three-point bending test on short sample. 
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The fact that the model works good in the elastic region can also be checked using hand 

calculations as was done in paragraph 4.1.1.1.1 for a three-point bending test on long samples. 

Equation (6.1) can be used to calculate the load that is needed to have a deflection of 3 mm; 

Pcalc = 1.822 kN. The load that is found using the FE model PFE is 1.963 kN and from the 

experiments this load Pexp is 1.735 kN. These loads are all very similar so it is again 

concluded that the FE model can be used to simulate the behavior in the elastic region with 

reasonable accuracy. 

 
Figure 6-11: Shear stress-strain curves of all samples and FE model simulation without foam in three-point bending 

test on short samples. 

 

6.1.2.1.2 Model with foam 

The fiber insertions are given different properties and the foam is added to the model 

(Figure 6-12 (a)). The deformation of the sample is given in Figure 6-12 (b). The model gives 

a shear modulus of 4.158 MPa while the shear modulus derived from the experiments was 

3.846 MPa. The model thus behaves a little bit stiffer than it actually is. The reality can be 

found somewhere between the results of the model without foam and the model with the 

foam. Both the simulations give reasonable results but the model with the foam takes longer 

to run. Because of this it is recommended to use the model without the foam added to 
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simulate a three-point bending test on a short sample. It will take less time and an idea is 

given of the plastic behavior. 

(a) 

 

(b) 

 

Figure 6-12: (a) Model with foam for three-point bending test on short sample; and  
(b) Deformation of model with foam in three-point bending test on short sample. 

 
Figure 6-13: Shear stress-strain curves of all samples and FE model simulation with foam in three-point bending test 

on short samples. 
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6.1.2.2 Four-point bending test 

6.1.2.2.1 Model without foam 

(a) 

 

(b) 

 

Figure 6-14: (a) Model without foam for four-point bending test on short sample; and  
(b) Deformation of model without foam in four-point bending test on short sample. 

Short samples have also been subjected to a four-point bending test so they are 

simulated using the FE model as well. The model and the deformation are given in Figure 

6-14. The curve of the shear stresses in function of the shear strain is given in Figure 6-15. 

The model gives very good results. The shear modulus that was found from the four-point 

bending tests on the short samples is 5.773 MPa while the shear modulus derived from the 

shear stress-strain curve resulting from the FE model is 5.445 MPa. Also the plastic region is 

approximated with reasonable accuracy. Once the failure stress is reached the model no 

longer gives good results. The shear stress keeps increasing with increasing shear strain while 

in reality the stress should become more or less constant. 
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Figure 6-15: Shear stress-strain curves of all samples and FE model simulation without foam in four-point bending 

test on short samples. 

 

6.1.2.2.2 Model with foam 

The model with the foam added used in the simulation of a four-point bending test on a 

short sample and its deformation are given in Figure 6-16 (a) and (b) and the shear stress-

strain curve is shown in Figure 6-17. 

 
Figure 6-16: Shear stress-strain curves of all samples and FE model simulation with foam in four-point bending test 

on short samples. 
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(a) 

 

(b) 

 

Figure 6-17: (a) Model with foam for four-point bending test on short sample; and  
(b) Deformation of model with foam in four-point bending test on short sample. 

The shear modulus found with the FE model is 5.991 MPa. This is a little higher than 

the shear modulus derived from the experiments (i.e. 5.773 MPa). Only the first linear part is 

modeled. If the behavior of a short sample in a four-point bending test in the plastic region is 

desired the model without foam should be used. 

6.1.3 Compression model 

The model used to simulate a compression test is given in Figure 6-18 (a). The 

boundary conditions are explained in section 5.3. Figure 6-18 (b) shows the deformation of 

the FE model. This deformation is similar to the experiments and demonstrates the thickening 

of the skins at the bottom of the panel. 
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(a) 

 

(b) 

 

Figure 6-18: (a) Model without foam for compression test; and  
(b) Deformation of model without foam in compression test. 

The yield stress of the GFRP skins used in the model is changed from 369 MPa to 

26.674 MPa which is the mean ultimate compressive strength that was reached in the 

experiments. The stress-strain curve obtained from the FE model is shifted to a larger 

displacement in order to start the simulation at a point where the toe-region noticeable in the 

stress-strain curves from the experiments has stopped. This way a quite acceptable 

approximation of the sandwich panel in a compression test is achieved (Figure 6-19). The 

stiffness in the linear elastic region seems very similar to certain experimental results. But 

because the experiments show so many differences in their results and the behavior of the FE 
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model is very dependent on the assigned boundary conditions it is not possible to verify the 

accuracy of the model with this compression test. It can only be said that by choosing right 

boundary conditions a certain deformation can be gained which is similar to the deformations 

seen in experiments.  

 
Figure 6-19: Load-displacement curves of all samples and FE model simulation in compression test. 

 

6.1.4 Conclusion 
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perform a parametric study. 
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6.2 Load tables 

In order to verify the FE model for bending of a sandwich beam with a certain span 

length the line load that needs to be applied in the middle of a sandwich beam to have a 

certain deflection is compared with the load found in a load table made available by Creative 

Pultrusions, Inc. As a function of different span lengths L and various L/w  ratios the 

maximum allowable loads are given. w is the mid-span deflection of the beam. The load table 

for a single span simply supported beam is given in Table 6-1. 

Table 6-1: Load table for a single span simply supported beam (Creative Pultrusions, Inc.). 

  Allowable Concentrated Load Table (kN/m width of panel)  
  L/w ratios 
Span (m) 180 240 360 

0.50 **** **** 7.6 
0.75 **** 8.3 5.5 
1.00 8.0 6.0 4.0 
1.25 5.9 4.4 3.0 
1.50 4.5 3.4 2.2 
1.75 3.5 2.6 1.7 
2.00 2.8 2.1 1.4 
2.25 2.3 1.7 1.1 
2.50 1.9 1.4 0.9 
2.75 1.6 1.2 0.8 
3.00 1.3 1.0 0.7 

The maximum allowable load Pmax,allow is calculated as: 
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According to Creative Pultrusions, Inc. the variables in equation (6.2) are equal to: 

− w is the mid-span deflection according to the L/w-ratio; 

− L is the span length; 

− E = 12,410.563 MPa; 

−  















 −
⋅+⋅=

23

212
2 thbtbtI  = 3.865∙10-6 m4/m; and 
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− ( )( )thbGAU w 2MPa263.48 −⋅⋅==  = 968.440 kN. 

E.g. for a beam with a span L of 1 m and a ratio L/w of 180 the maximum allowable 

load is 

( )
kN/m023.8

kN440.9684
m1

/mm10865.3kN/m²104111248
m1

180m1

466

3max, =

⋅
+

⋅⋅⋅⋅

=

−.

/P allow . 

In the experimental work (section 4) three-point bending tests were performed on long 

samples with a span length of 558.8 mm. The average load of all samples that corresponds 

with a deflection w of 1.552 mm (L/w = 360) is 2.631 kN/m. The loads needed to have a 

deflection w corresponding to L/w = 360 for spans of 0.5 m and 0.75 m are 7.6 kN/m and 5.5 

kN/m respectively according to Table 6-1. These loads are a lot higher than the one derived 

from the experiments. It seems like the panel has been considered stiffer than it actually is. 

Equation (6.2) is the same equation as can be derived from equation (3.19), so the EST 

is used to calculate the allowable loads. Some remarks can be made on the way the variables 

are determined. In the EST the core shear stiffness U is calculated as 
c

bdG
2

⋅ (equation 

(3.18)) with c the thickness of the core material of the sandwich beam and d the distance 

between the center lines of the faces of the beam. If this formula is used, the core shear 

stiffness becomes 1,075.455 kN. Also according to the EST the second moment of area of the 

skins around their own neutral axis can be neglected, so the second moment of area of the 

cross section of the sandwich beam becomes 3.861∙10-6 m4/m.  

The EST is developed for sandwich panels consisting of two skins that are attached to 

the core material using adhesives. It does not include the influence of the 3-D through-

thickness fiber insertions that are present in the panel discussed in this study. As mentioned in 

section 4.1.2 the fiber insertions create zones of imperfections in the skins. Because of this the 

stiffness and strength of the skin both decrease. The load table given in Table 6-1 was drawn 

up using the elastic modulus of an undisturbed flat GFRP sheet. To bring the fiber insertions 

into account, a lower elastic modulus should be used, this is in this case the elastic modulus of 

the skins in the x-direction (= 7,931 MPa) which was calculated in section 4.2.2. The shear 

modulus G that is used by Creative Pultrusions, Inc. equals 48.263 MPa. No reference could 
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be found for this value. This shear modulus is a lot higher than the 4 MPa that is found from 

literature (Dawood, Taylor, et al., 2010b).  

When adapting the values used by Creative Pultrusions, Inc. to the values that were 

found in this study (E = 7,931 MPa and G = 4 MPa), the load table given in Table 6-2 is 

found. 

Table 6-2: Adapted load table for a single span simply supported beam. 

  Allowable Concentrated Load Table (kN/m width of panel)  
  L/w ratios 
Span (m) 180 240 360 

0.50 **** **** 0.93 
0.75 **** 1.31 0.87 
1.00 1.59 1.20 0.80 
1.25 1.44 1.08 0.72 
1.50 1.28 0.96 0.64 
1.75 1.14 0.85 0.57 
2.00 1.01 0.75 0.50 
2.25 0.89 0.67 0.44 
2.50 0.79 0.59 0.39 
2.75 0.70 0.52 0.35 
3.00 0.62 0.47 0.31 

These allowable loads are a lot smaller compared to the ones given by Creative 

Pultrusions, Inc. Especially the core shear modulus seems overestimated. The load table set 

up using the FE model is given in Table 6-3. The loads that are found are higher than the ones 

in Table 6-2. Even though a ‘smeared’ core shear modulus was assumed in Table 6-2 the fiber 

insertions weren’t taken into account separately. They will give the panel a higher stiffness 

and thus a higher load is needed to have the same deflection.  

The line load obtained from experimental results corresponding to a ratio L/w = 360 for 

a span of 558.8 mm, i.e. 2.631 kN/m, can approximately be found from Table 6-3. Hence 

Table 6-3 seems to be giving reasonable results. When comparing this table with Table 6-1 

some significant differences are found. In Table 6-1 the allowable loads differ a lot between 

small and large spans. For a span of 0.5 m and L/w = 360 the allowable load is almost 11 

times higher than the allowable load for a span of 3.00 m and same length-to-deflection ratio. 

In Table 6-3 this is only two and a half times, which is about the same difference as in Table 

6-2. Figure 6-20 and Figure 6-21 show the allowable load as a function of the span length as 
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calculated by Creative Pultrusions, Inc. and as a result of the FE model respectively. The 

allowable load drops quickly with increasing length in Figure 6-20 while there is a more 

uniform decrease in Figure 6-21. The allowable loads as given by Creative Pultrusions, Inc. 

are higher than the ones resulting from the FE model until a span length of about 1.5 m. From 

then on they are smaller than the ones from the FE model. 

Table 6-3: Load table for a single span simply supported beam (FE model). 

  Allowable Concentrated Load Table (kN/m width of panel)  
  L/w ratios 
Span (m) 180 240 360 

0.50 **** **** 2.631 
0.75 **** 3.120 2.082 
1.00 4.312 3.235 2.158 
1.25 3.676 2.763 1.843 
1.50 3.300 2.478 1.652 
1.75 3.080 2.311 1.541 
2.00 2.838 2.129 1.420 
2.25 2.704 2.028 1.352 
2.50 2.495 1.871 1.247 
2.75 2.213 1.660 1.107 
3.00 2.067 1.550 1.033 

 

 
Figure 6-20: Allowable concentrated load in function of 
span length for different L/w ratios as given by Creative 

Pultrusions, Inc. 

 
Figure 6-21: Allowable concentrated load in function of 

span length for different L/w ratios as a result of FE 
modeling. 
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Table 6-1 was calculated using values of the elastic and shear modulus for which no 

reference was found. Table 6-3 is the result of a finite element model with properties based on 

experimental work on samples with a span length of 558.8 mm and 177.8 mm. Both tables are 

based on assumptions so it can not be said which load table is the most reliable. Experiments 

on samples with different span lengths should be done to be able to know if the allowable 

loads in the load table correspond to the reality. 

6.3 Parametric study 

Another application of the FE model is the possibility to perform a parametric study in 

order to optimize the sandwich panel as a function of its intended use. As the sandwich panel 

in structural applications is mostly subject to bending a parametric study is executed for a 

sandwich beam in a three-point bending configuration. The length of the sample is chosen 24 

in. (= 609.6 mm), the width is 3 in. (= 76.2 mm) and the support span equals 22 in. (= 558.8 

mm), as in the experimental bending tests on the long samples. The influence of three 

different parameters is investigated: the fiber insertion pattern, the overall panel thickness and 

the skin thickness. For all the simulations the material characteristics given in section 5.1 are 

retained. The parameters that are not examined are kept equal to the dimensions of the long 

samples tested in the three-point bending configuration described in section 4.1.1. For 

example, when the influence of the overall panel thickness is investigated, the skin thickness 

remains 4.87 mm and the insertion pattern is as in Figure 2-3 and when the effect of different 

insertion patterns is looked further into, the panel thickness is 88.9 mm and the skin thickness 

4.87 mm. 

6.3.1 Effect of the fiber insertion pattern 

The influence of five different insertion patterns (see Figure 6-1) on the overall behavior 

of the sandwich panel is checked. The first pattern is the original one studied in this work. It is 

a rather irregular insertion pattern with a density of 4 fipsi (Figure 6-1 (a)). The second and 

third pattern are regular. Both a density of 4 fipsi (Figure 6-1 (b)) and a density of 8 fipsi 

(Figure 6-1 (c)) are considered for the regular pattern. Finally two different types of an 

alternating wall pattern are inserted in the FE model. These alternating wall patterns are based 

on the work of Dawood, Taylor, et al. (2010c). One has a density of 8.5 fipsi (Figure 6-1 (d)) 

and the other one corresponds to a density of 7.6 fipsi (Figure 6-1 (e)). The continuous line of 
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insertions, or the continuous ‘wall’, is aligned along the longitudinal direction x of the 

sandwich beam. 

  
(a) (b) 

  
(c) (d) 

 

 

(e)  
Figure 6-22: Overview of the different insertion patterns – (a) Irregular pattern 4 fipsi; (b) Regular pattern 4 fipsi;  
(c) Regular pattern 8 fipsi; (d) Alternating wall pattern 8.5 fipsi; and (e) Alternating wall pattern 7.6 fipsi. 

The load-displacement curves for the different insertion pattern configurations are 

displayed in Figure 6-2. In general, increasing the density of fiber insertions results in a stiffer 

sandwich panel. Nevertheless the through-thickness insertions weaken the skin and lower its 

stiffness. Since the irregular pattern with 4 fipsi has a bigger distance between two 

consecutive insertions in the x-direction than the regular one with the same amount of fipsi, 

the sandwich construction with the irregular pattern is stiffer than the one with the regular 

pattern. If on the other hand the sandwich beams were aligned along the y-direction of the 

insertion patterns, the regular pattern would be the stiffest of the two. 

There is no significant difference between the load-displacement curves of the panels 

with a fiber insertion pattern of about 8 fipsi. The alternating wall patterns have a higher 

effective shear stiffness of the core compared to regular patterns with a similar fiber insertion 

density (Dawood, Taylor, et al., 2010c). The higher shear stiffness results in a higher overall 

panel stiffness as both configurations with an alternating wall insertion pattern are reacting 

stiffer than the regular pattern with 8 fipsi density. 
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Figure 6-23: Effect of the fiber insertion pattern on the overall stiffness of the panel. 

 

6.3.2 Effect of the overall panel thickness 

According to Dawood, Taylor, et al. (2010c) increasing the overall panel thickness 

decreases the effective core shear modulus because the length of the fiber insertions grows 

and their flexural rigidity therefore lowers. Besides this effect increasing the overall panel 

thickness also leads to a bigger distance between the center lines of the two faces. This then 

results in a higher flexural rigidity of the sandwich panel. These two effects are counteracting 

each other. The first effect is lowering the overall panel stiffness with growing panel 

thickness, the second effect is increasing the overall panel stiffness with growing panel 

thickness. Since the company Creative Pultrusions, Inc. is able to vary the overall panel 

thickness from 12.7 mm to 101.6 mm (Toddie, 2013) these two extreme values are modeled 

together with three thicknesses in between, being 34.925 mm, 57.15 mm and 79.375 mm. The 

resulting load-displacement curves for the different simulations are given in Figure 6-3. 

Increasing the thickness from 12.7 mm to 34.925 mm shows that the flexural rigidity of 

the panel rises remarkably. If the sandwich panel becomes thicker than 34.925 mm the overall 

stiffness of the panel diminishes because the longer the fiber insertions, the weaker the core is 

in shear. The beneficial contribution of the larger distance between the opposite skins can not 

outweigh the adverse effect of the decreasing core shear modulus and the overall panel 
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stiffness is going down with increasing panel thickness. Figure 6-3 shows that 34.925 mm is 

the optimal value (amongst the five given thicknesses) for the sandwich beam to withstand 

bending. 

 
Figure 6-24: Effect of the overall panel thickness on the overall stiffness of the panel. 

 

6.3.3 Effect of the skin thickness 

Creative Pultrusions, Inc. is able to vary the thickness of the skins from 2.54 mm up till 

12.7 mm (Toddie, 2013). Hence, five different configurations are modeled in Abaqus with 

skin thicknesses varying between these extremes. The chosen values for the skin thickness are 

2.54 mm, 5.08 mm, 7.62 mm, 10.16 mm and 12.7 mm. Figure 6-4 shows the resulting load-

displacement curves for the simulations. 

Dawood, Taylor, et al. (2010b) demonstrated that a higher skin thickness induces a 

higher effective elastic modulus of the skin. In another publication (Dawood, Taylor, et al., 

2010a) it is said that a larger number of skin plies (and therefore a thicker skin) increases the 

overall stiffness of the sandwich panel. This trend is manifest in the load-displacement curves 

in Figure 6-4. The higher the skin thickness the stiffer the sandwich panel is reacting to the 

applied load. 
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Figure 6-25: Effect of the skin thickness on the overall stiffness of the panel. 
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7 Conclusions and future work 

7.1 Conclusions 

The basic aim of this study was to better understand the behavior of a certain 3-D GFRP 

sandwich panel with through-thickness fiber insertions, namely the TRANSONITE® panel. 

The behavior of this TRANSONITE® panel has been examined by performing several 

experiments on the entire sandwich construction as well as on its different components. 

Tension tests on the skins revealed a tri- or bilinear stress-strain relationship depending on the 

direction in which the samples were cut from the panel and tension tests on the fiber 

insertions showed that their behavior can be approximated with a linear relationship. The 

material characteristics following from these experiments were used to model the sandwich 

panel in the finite element analysis software Abaqus. Several cases have been simulated 

(three- and four point bending tests on both long and short samples and a compression test) 

and compared to the results of experiments that were performed on samples of the sandwich 

panel as a whole.  

Because of the 3-D through-thickness fiber insertions the behavior can not be 

approached by a classical sandwich theory. The easiest way to examine this type of sandwich 

panel is by making a finite element model of it. In contrast to most of the existing FE models 

on 3-D GFRP sandwich panels with through-thickness fiber insertions which only simulated 

the linear elastic region, such as in the studies performed by Reis and Rizkalla (2008) and 

Dawood, Taylor, et al. (2010b), the aim of this study was to take the behavior after this initial 

elastic region into account too. Although this behavior is brittle there is some kind of strain 

hardening where the stress increases a little as the deformation continues. This behavior has 

been approximated by introducing plasticity to the model. This may not represent the reality 

but it is a good way to account for the plastic strength reserve the sandwich panel has. The 

plastic behavior of a simulation with a model without foam approximates the general trend of 

the real behavior quite good. When the foam is added to the model though, only the elastic 

region resembles the reality since only the elastic behavior of the foam is modeled. Another 

improvement on some existing models is the fact that the core is modeled as it is, i.e. fiber 

insertions surrounded by polyisocyanurate foam, and not simulated as a ‘smeared’ core. The 

presence of the fiber insertions, distributed in an irregular pattern, also has an effect on the 

stiffness and strength of the skin material. Where existing models assume the skins are 
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isotropic, in the model that was created in this study the weakening of the skins (as a result of 

the pultrusion of the fiber insertions) is included by giving anisotropic material properties to 

the skins.  

The FE model seems to approximate the behavior of both short and long samples quite 

good. All models that were tested had an elastic or shear modulus, for the simulation of long 

and short samples respectively, similar to the ones found in experiments. Modeling of 

bending tests on the long samples also gave a reasonable approximation of the plastic region. 

The transition zone between elastic and plastic behavior of the model did not correspond with 

the experiments because the brittle behavior was approached by plasticity. 

It is clear there are several advantages of the model created for this paper (e.g. it can be 

used  to perform a parametric study or to put together a load table) but there are also some 

shortcomings to the model. Some material properties are not based on the results of 

experimental work but derived from the ones that followed from the experiments. This means 

the model is accurate enough for the panel configuration discussed throughout this study, but 

it will not certainly give completely accurate results for other panel configurations.  

It can be concluded that this study delivered a model that will predict the behavior of 

the TRANSONITE® panel with configuration and dimensions as discussed in section 2.2 

when subjected to a line load. For other dimensions the model can be used with reasonable 

accuracy. This model can be used by companies working with TRANSONITE® panels used 

as ceilings, floor panels or any other use in which the panels are subjected to one-way 

bending. 

7.2 Future work 

Even though there are several advantages of the model created for this paper, more 

research can be done to optimize the model. Some material properties have been derived from 

the ones that were found in the experimental work and were not measured. Because of the 

transverse isotropic behavior of the skin material and the 3-D through-thickness fiber 

insertions Hooke’s law is not valid in all directions meaning that the assumed values are not 

necessarily correct. As a consequence the model can give a good approximation of the 

behavior of a TRANSONITE® panel but it is not completely accurate. More experiments 

should be done on the different components of the sandwich panel, being the skins, the fiber 
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insertions and the foam, so that the results can be included in the model and more accurate 

results can be obtained. Future work should focus on the shear properties of the fiber 

insertions since especially these properties are uncertain. 

Another shortcoming of the model as it is now is that it will not give the stress and 

strain at which the core fails. This is because the foam is modeled as an elastic material 

instead of a crushable foam  and the fiber insertions have a plastic behavior beyond a certain 

strain while in reality they show a brittle failure. When this is taken into account the load at 

which the foam and fiber insertions would break and thus the panel loses its functionality 

could be found with the model.  

The model gives good results for samples on which a line load is acting. It should be 

investigated how the model would react under different kind of loads, e.g. when a uniform 

load is acting on the sample or when the sample is subjected to axial loads. To know if the 

model works under these different loads more experiments on the complete sandwich panel 

should be performed. If it can be predicted how the panel will react when subjected to 

compressive loads parallel to the skins, the model could also be used to achieve the allowable 

loads of the panel used as a wall panel. 
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Appendix A 

Results bending tests on long samples
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Figure A-1: Stress-strain curve of three-point bending test on Long sample 1. 

 
Figure A-2: Stress-strain curve of three-point bending test on Long sample 2. 
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Figure A-3: Stress-strain curve of three-point bending test on Long sample 3. 

 
Figure A-4: Stress-strain curve of three-point bending test on Sample A. 
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Figure A-5: Stress-strain curve of three-point bending test on Sample B. 

 
Figure A-6: Stress-strain curve of three-point bending test on Sample C. 
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Figure A-7: Stress-strain curve of three-point bending test on Sample D. 

 
Figure A-8: Stress-strain curve of four-point bending test on Long sample 1. 
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Figure A-9: Stress-strain curve of four-point bending test on Long sample 2. 

 
Figure A-10: Stress-strain curve of four-point bending test on Long sample 3. 
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Figure A-11: Stress-strain curve of four-point bending test on Sample E. 

 
Figure A-12: Stress-strain curve of four-point bending test on Sample F.

0

2

4

6

8

10

12

0 0,01 0,02 0,03 0,04 0,05

St
re

ss
 (1

06  P
a)

 

Strain (-) 

Sample E 

0

2

4

6

8

10

12

0 0,01 0,02 0,03 0,04 0,05

St
re

ss
 (1

06  P
a)

 

Strain (-) 

Sample F 



Appendix B  133 

Appendix B 

Results bending tests on short samples
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Figure B-1: Shear stress-strain curve of three-point bending test on Short sample 1. 

 
Figure B-2: Shear stress-strain curve of three-point bending test on Short sample 2. 
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Figure B-3: Shear stress-strain curve of three-point bending test on Short sample 3. 

 
Figure B-4: Shear modulus in function of applied load of three-point bending test on Short sample 1. 
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Figure B-5: Shear modulus in function of applied load of three-point bending test on Short sample 2. 

 

Figure B-6: Shear modulus in function of applied load of three-point bending test on Short sample 3. 
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Figure B-7: Shear stress-strain curve of four-point bending test on Short sample 1. 

 
Figure B-8: Shear stress-strain curve of four-point bending test on Short sample 2. 
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Figure B-9: Shear stress-strain curve of four-point bending test on Short sample 3.
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Figure C-1: Stress-strain curve of compression test on Sample 1. 

 
Figure C-2: Stress-strain curve of compression test on Sample 2. 
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Figure C-3: Stress-strain curve of compression test on Sample 3. 

 

Figure C-4: Stress-strain curve of compression test on Sample 4. 
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Figure C-5: Stress-strain curve of compression test on Sample 5.
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Figure D-1: Stress-strain curve of tension test on Sample X1. 

 
Figure D-2: Stress-strain curve of tension test on Sample X2. 
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Figure D-3: Stress-strain curve of tension test on Sample X3. 

 
Figure D-4: Stress-strain curve of tension test on Sample X4. 
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Figure D-5: Stress-strain curve of tension test on Sample X5. 

 
Figure D-6: Stress-strain curve of tension test on Sample X6. 
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Figure D-7: Stress-strain curve of tension test on Sample X7. 

 
Figure D-8: Stress-strain curve of tension test on Sample X8. 

0

20

40

60

80

100

120

0 0,005 0,01 0,015 0,02 0,025 0,03 0,035

St
re

ss
 (1

06  P
a)

 

Strain (-) 

X7 

0

20

40

60

80

100

120

0 0,005 0,01 0,015 0,02 0,025 0,03 0,035

St
re

ss
 (1

06  P
a)

 

Strain (-) 

X8 



Appendix D  153 

 
Figure D-9: Stress-strain curve of tension test on Sample X9. 

 
Figure D-10: Stress-strain curve of tension test on Sample X10. 

0

20

40

60

80

100

120

0 0,005 0,01 0,015 0,02 0,025 0,03 0,035

St
re

ss
 (1

06  P
a)

 

Strain (-) 

X9 

0

20

40

60

80

100

120

0 0,005 0,01 0,015 0,02 0,025 0,03 0,035

St
re

ss
 (1

06  P
a)

 

Strain (-) 

X10 



154  Appendix D 

 
Figure D-11: Stress-strain curve of tension test on Sample X11. 

 
Figure D-12: Stress-strain curve of tension test on Sample X12. 
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Figure D-13: Stress-strain curve of tension test on Sample Y1. 

 
Figure D-14: Stress-strain curve of tension test on Sample Y2. 
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Figure D-15: Stress-strain curve of tension test on Sample Y3. 

 

Figure D-16: Stress-strain curve of tension test on Sample Y4. 
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Figure D-17: Stress-strain curve of tension test on Sample Y5. 

 
Figure D-18: Stress-strain curve of tension test on Sample Y6. 

0

20

40

60

80

100

120

140

160

180

200

0 0,005 0,01 0,015 0,02 0,025 0,03 0,035

St
re

ss
 (1

06  P
a)

 

Strain (-) 

Y5 

0

20

40

60

80

100

120

140

160

180

200

0 0,005 0,01 0,015 0,02 0,025 0,03 0,035

St
re

ss
 (1

06  P
a)

 

Strain (-) 

Y6 



158  Appendix D 

 
Figure D-19: Stress-strain curve of tension test on Sample Y7. 

 
Figure D-20: Stress-strain curve of tension test on Sample Y8. 
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Figure D-21: Stress-strain curve of tension test on Sample Y9. 

 
Figure D-22: Stress-strain curve of tension test on Sample Y10. 
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Figure D-23: Stress-strain curve of tension test on Sample Y11. 
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Figure D-24: Stress-strain curve of tension test on Sample D1. 

 
Figure D-25: Stress-strain curve of tension test on Sample D2. 
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Figure D-26: Stress-strain curve of tension test on Sample D3. 

 
Figure D-27: Stress-strain curve of tension test on Sample D4. 
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Figure D-28: Stress-strain curve of tension test on Sample D5. 

 
Figure D-29: Stress-strain curve of tension test on Sample D6. 
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Figure D-30: Stress-strain curve of tension test on Sample D7. 

 
Figure D-31: Stress-strain curve of tension test on Sample D8. 
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Figure D- 32: Stress-strain curve of tension test on Sample D9. 

 
Figure D-33: Stress-strain curve of tension test on Sample D10.
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Figure E-1: Stress-strain curve of tension test on Sample 1. 

 
Figure E-2: Stress-strain curve of tension test on Sample 2. 
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Figure E-3: Stress-strain curve of tension test on Sample 3. 

 
Figure E-4: Stress-strain curve of tension test on Sample 4. 
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Figure E-5: Stress-strain curve of tension test on Sample 5. 

 
Figure E-6: Stress-strain curve of tension test on Sample 6. 
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Figure E-7: Stress-strain curve of tension test on Sample 7. 

 
Figure E-8: Stress-strain curve of tension test on Sample 8. 
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Figure E-9: Stress-strain curve of tension test on Sample 9. 

 
Figure E-10: Stress-strain curve of tension test on Sample 10. 
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Figure E-11: Stress-strain curve of tension test on Sample 11. 

 
Figure E-12: Stress-strain curve of tension test on Sample 12.
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