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Abstract 

In this study, the advantages of 3D concrete printing are combined with the advantages of sandwich 
structures. The main goal of this study is to analyse the behaviour of sandwich structures with 3D 
concrete printed faces and prove their structural capacity, and secondly, make a numerical model of 
this structural sandwich element which can provide an optimization of the sandwich with printed 
concrete faces. This study considers a simply supported sandwich beam subjected to two 
symmetrical point load, to simplify the experimental tests and numerical model. The beam is only 
studied in terms of short term loading.  
 
Sandwich beams with different materials and on different scales were manufactured to examine the 
composite behaviour with the concrete faces both in the production process as in a simple bending 
experimental test. The structural and composite properties of the different core materials, ultra-
lightweight concrete, polyurethane foam and expanded polystyrene, were obtained by experimental 
tests on the material and the sandwich. 
 
The properties of the ultra-lightweight concrete core are characterized by a high thermal conductivity, 
a poor formability resulting in a partial connection with the concrete faces and a high density resulting 
in the bulking of the faces during production. Polyurethane foams proved to have many advantages 
over ultra-lightweight concrete; a low thermal conductivity, an excellent formability, a sufficient 
connection with the concrete, a low density and different stiffnesses available, however, the 
production process of sandwich panels with polyurethane cores also proved difficulty. The use of 
polyurethane in large voids gives rise to a significant production of heat and shrinkage. Lastly a 
sandwich with an EPS core was tested, which eliminated some of the production problems of the 
other materials but has insufficient structural properties, another problem with EPS is that an adhesive 
has to be used for the connection with the faces.  
 
Aside from experimental testing, a numerical model is used to get better insight into the comparison 
between the design rules and the actual material behaviour, this model was verified using the load-
deflection graphs of the experimental tests. The numerical model simulates the nonlinear behaviour of 
reinforced concrete by means of a concrete damaged plasticity concept, which can simulate the 
damaged behaviour of concrete, and uses crushable foam hardening behaviour, which can simulate 
the increase in stiffness of foam when compressed. The numerical model does not show the cracking 
of the concrete, only the loss of stiffness in elements is visible. A load-controlled method is used, 
which cannot show the load drop behaviour of the load-deflection curves of the experimental 
sandwich beams, since these tests are displacement controlled.  
 
The structural behaviour of sandwich beams is affected by several properties, the influence of these 
properties is analysed and are then considered for the numerical and experimental sandwich beams. 
From these factors a possible optimization method for a concrete printed sandwich beam is 
explained. The goal of the optimization is to decrease the deflection of the beam by arranging the face 
materials differently. The analytical results are used as parameters for the input in the numerical 
model and in the end a smaller deflection is reached with the same amount of concrete and core 
material as a standard sandwich panel with rectangular faces. 
 
When verifying the numerical model, the model demonstrates the elastic behaviour of the sandwich 
beams with an Illbruck PUR core accurately, however, the load-deflection curve of the test specimens 
shows the presence of initial cracks by a slight plastic curve, which is not accounted for in the 
numerical model. The sandwich specimens with an ultra-lightweight concrete core experienced many 
different discontinuities resulting in an entirely different load-deflection behaviour than the numerical 
model, the model does not account for these discontinuities. The verification of the numerical model 
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of the sandwich beams with an EPS core showed dissimilarities in failure mode and bending stiffness, 
this could be explained by the resistance between the roller supports and the concrete which makes 
the beam not simply supported and could account for some catenary action in the reinforced 
concrete.   
 
This study is the first step towards the production of structural 3D printed sandwich elements, further 
experimental and numerical investigations are needed into the composite behaviour of different core 
materials. 
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List of symbols  

 Upper case letters 
A Area 

D Flexural rigidity of the sandwich structure 

E Modulus of elasticity 

G Shear modulus 

I Second moment of area 

Kc Ratio of the second stress invariant on the tensile meridian to compressive meridian at initial 
yield with default value 2/3 

M Total cross-sectional moment 

P Point load 

Q Maximum shear force in the beam 

S First moment of area 

W Weight of the sandwich  

  

 Lower case letters 
b Width of beam 

d Distance between the centre-lines of the faces 

h Thickness 

k Slope of load-deflection curve 

l Span  

w Deflection of the beam 

z location of the line of gravity of the sandwich cross-section 

  

 Greek letters 
Ψ Angle of dilatation; takes into account the increase in plastic volume under pressure of 

concrete after the critical stress value is reached (Abaqus Manual) 

γ Shear strain 

ε Strain 

κ Curvature  

ν Poisson ratio 

ρ Density 

σ Stress 

τ Shear stress 

φ Angular rotation 
  
ϵ Eccentricity of the plastic potential surface with default value of 0.1 
  

Subscript 
f1,2  Upper face, lower face 

c Core 

w1,2 Bending deflection, shear contribution of the deflection 
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1 Introduction 

The way buildings are constructed is always evolving; new techniques have to be faster, cheaper and 
more efficient. Engineers can calculate the most efficient structure which will decrease the amount of 
material used. However, the production process of material efficient structures will be harder since 
difficult shapes will also have difficult production methods and repetition of structural elements will be 
less efficient. So, to actually bring down the costs of building a structure, both the structure and the 
production process have to be optimized. 3D printing can be a solution to make the production 
process easier. Nowadays 3D printers are mostly used in design, but with the upcoming technology of 
printing in concrete and steel, they can also be used for the construction of buildings. 3D printing has 
several advantages when compared to the traditional production method; freeform in construction, 
higher speed, no mould needed, less manpower required and the printed structure can be fully 
integrated. Also, with this method, building a new shape will cost the same as repeating an identical 
shape over and over. 

1.1 3D concrete printing 
3D concrete printing is a relatively new technique, arisen from another technique called contour 
crafting (CC) (Wolfs, 2015). In contour crafting, computer control is used to take advantage of the 
superior surface forming capability of trowelling to create smooth and accurate, planar and free-form 
surfaces (Khoshnevis & Dutton, 1998). This method is an extrusion process that first shapes the 
surface and then, by injection or pouring, fills it up. The two trowels are used to create a smooth top- 
and side surface. Several materials can be used in CC, including thermoplastics, metal, plaster, 
cement, clay and concrete. 
 
Concrete printing, a technique developed at Loughborough University, is slightly different from CC. 
The difference lies in the time of the extrusion. CC extrudes after depositing the material with the 
trowels and concrete printing extrudes just before depositing the material, see Figure 1.1. Because of 
the different approach, concrete printing has a larger degree of freedom, however it does not have a 
smooth side. 
 

  
Figure 1.1. Left contour crafting (Aalto University, Finland), right concrete printing (TU/e Eindhoven) 

 
This report is in association with the current 3D Concrete Printing (3DCP) facility at the Eindhoven 
University of Technology (TU/e), see Figure 1.2. The printer uses the concrete printing approach; first 
the concrete mixture is made outside the printer, then the material is pumped into a hose which is 
connected to the printer head and finally the concrete will move into the nozzle. The nozzle can have 
different shapes of openings, but now a rectangular shape of 40 x 10 mm is mainly used (Bos, Wolfs, 
Ahmed, & Salet, 2016). The robot has 4 degrees of freedom and a print area of 9 x 4.5 x 2.8 m. 
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The concrete used with this printer is a certain ‘non-slump’ concrete, this means that the material will 
not change of shape after printing. This grants the printer precision and the possibility of stacking 
layers. 
 

 
Figure 1.2. 3D concrete printer TU/e 

 
Already some research has been done concerning the concrete mixture, the nozzle and the printing 
speed, and there is ongoing research about reinforcing the concrete with rebar and/or with steel fibres 
in the concrete mixture. When the concrete mixture has enough strength to serve as a structural 
element, printing, compared to casting concrete, will offer more freedom in design and complete 
integration of installations, building physics and structural requirements is possible. This will reduce 
the building time substantially. 

1.2 Sandwich structures 
One of the integrated options 3D concrete printing may bring is a sandwich structure. A sandwich 
structure is a composite element consisting of two thin, stiff outer faces with a high density and a 
larger core with a relatively weak stiffness and low density. In bending the faces will act as a tension-
compression couple and the core will transfer the forces in shear. This structural element is primarily 
used in aircrafts and space crafts since the 1940’s because of its high stiffness and low weight (Laura 
& Rossit, 2001). When the sandwich is compared with a homogeneous structure, the flexural rigidity 
increases with height but the weight stays the same, see Figure 1.3. Besides the structural 
advantages of a sandwich, the insulating properties of the core material also make the sandwich 
energy efficient. This resulted in an interest for the application of sandwich structures in the building 
environment. 
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Figure 1.3. Bending strength of a sandwich beam compared with a concrete beam 

 
Different compositions of sandwich panels are used in the building environment, also sandwich 
panels comprised of concrete faces and an insulating core material. In previous research about 
concrete sandwich panels a key problem arises regarding the bond between the core material and the 
concrete faces. 
 
In this report, the sandwich panel is studied as an integrated structural element for the 3D printing of 
buildings. The core will provide insulating and shear properties and the faces will mostly provide the 
structural properties, with the concrete for compression and the reinforcement for tension. As was 
mentioned before, the advantage of concrete printing is that the structure can take various shapes. 
These shapes can be varied to fulfil the requirements for application in roof, wall and floor structures, 
and to meet the architect’s shape requirements. If the nozzle of the printer could print the faces at the 
same time with the insulating material, as in Figure 1.4, the production time and freedom of shape of 
the sandwich would be significantly improved compared to the traditional production method. This 
way a complete house could be printed with structural sandwich panels used as an outer skin, or floor 
elements able to endure wind, snow, temperature, bending and dead loads, see Figure 1.4. 
 

 

 
 

 
Figure 1.4. Sandwich wall panel with loading 
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1.3 Research goal and method 
This graduation project consists of two research goals. The first and most important goal is to create a 
sandwich panel with the 3D printer and proving the structural capacity of the structure. The second 
goal is to create a numerical model of the sandwich structure that mimics the real behaviour so it can 
be used to optimize the sandwich in terms of shape and weight. The main research question is then: 
 
Can sandwich panels, consisting of 3D printed concrete faces and an insulating core material, have 
structural capacity and can they be realized with the 3D printer? 
 
With the subgoal: 
Generating a numerical model with the same structural behaviour as 3D printed sandwich panels so 
that it can be used to find an optimal design of the sandwich. 
 
Since the manufacturing of sandwich elements with a 3D concrete printer is new, the research is trial-
and-error based. This thesis will explain the influence of different core materials on the structural 
behaviour. Furthermore, the numerical model will be developed in finite element program Abaqus® 
and will be verified using experimental tests. The experimental testing of sandwich structures can be 
complex, therefore, this model can be used to explore different designs and to find a more optimal 
design of the sandwich without having to do experimental tests for each change in design. This will 
reduce the cost and increase the efficiency of designing and predicting structural elements. 
 
The outline of the report is schematized in Figure 1.5. First in the analysis of sandwich structures, 
Chapter 2, a sandwich beam will be reviewed and analysed in terms of bending. In this chapter the 
influence of the core and face material and dimensions will be discussed and will be concluded by 
methods for optimizing the sandwich. Then this optimization will be tested numerically in Chapter 3. 
Chapter 4 will determine the structural properties of the different core materials using experimental 
tests, followed by the experimental tests of the different sandwich beams in Chapter 5. Finally, the 
results of the experimental tests will be used to verify the numerical model in Chapter 6. The report 
ends with the conclusions and recommendations in Chapter 7. 
 

 
 Figure 1.5. Research strategy scheme with reference to the chapters 
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2 Analysis of sandwich structures 

2.1 Introduction 
In this chapter the different aspects of the sandwich are studied. First the theory of a sandwich 
structure is viewed, beginning with the composite action, then the analysis of a sandwich beam in 
bending will be explained. The influences of the core and face material and thicknesses on the 
sandwich behaviour will be discussed next, followed by an optimization process for the sandwich 
structure. 

2.2 Sandwich theory 
One of the first to analyse the sandwich theory was Howard G. Allen (Allen, 1969), he discovered the 
sandwich theory as an extension of the ordinary beam theory. Allen analysed the effect of the 
thickness of the faces and core thoroughly, and distinguished the sandwich based on the thickness of 
the faces, this will be explained in this chapter. First the sandwich structure is explained as a 
composite structure with different amounts of composite action.  

2.2.1 Composite action 

A sandwich structure can be distinguished based on the degree of composite action, which depends 
on the amount of shear transfer between the faces (Benayoune, Abdul Samad, Trikha, Abang Ali, & 
Ellinna, 2008). A fully composite sandwich panel has two concrete faces acting together as one 
element, see Figure 2.1.a). This behaviour is possible when a sufficient amount of shear connectors 
are applied or when the core is stiff enough to ensure complete longitudinal shear transfer. When the 
core does not act fully stiff or when there is an insufficient amount of shear connectors, the shear 
transfer in the core will only be partial and the sandwich will behave partially composite, see Figure 
2.1.b). The last type of sandwich is the non-composite sandwich panel, which has two faces acting 
independently without any shear transfer in the core, the strain distribution can be seen in Figure 
2.1.c). 
 

 
Figure 2.1. Strain distribution of sandwich under bending 

 
In this project the sandwich behaviour without shear connectors was studied, therefore, it must be 
taken into consideration that full composite action of the sandwich cannot be reached. Shear 
connectors have not been tested before for printed concrete, however, in a parallel project concrete 
printed sandwich wall elements with wall ties were tested for a pavilion in Nyborg (Bos F. P., 2017). In 
Figure 2.2 the wall ties are shown. Bending tests on this structure caused cracks over the full 
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interface of the concrete layers located at the layers with wall ties. From this research it was 
concluded these wall ties should not be used for further research.  Appendix C shows the full  scope 
of the experimental tests of the Nyborg project.  
  

  
Figure 2.2. Wall tie in Nyborg element 

2.2.2 Bending stiffness sandwich beam 

For a beam with a homogeneous section, the stiffness of the beam is only depending on the bending 
stiffness of the beam, for these types of analysis the beam theory or Euler-Bernouilli theory is used. A 
fundamental assumption of this theory is that the cross-section of the beam is infinitely rigid in its own 
plane (Bauchau & Craig, 2009). The theory is based on the assumption that the cross-section in 
bending will stay plane and perpendicular to the deformed axis of the beam, see Figure 2.3 (b). For 
sandwich beams this is not the case because the deformation as a result of shear cannot be 
neglected when the core material has a significantly lower shear modulus than the faces, this shear 
deformation is shown in Figure 2.3 (c). 
 

 
 Figure 2.3. Deflection of sandwich beam (Allen, 1969). (a) Beam without loading, (b) beam with point load, deformation 

according to beam theory, (c) beam with point load, shear deformation, (d) beam with point load according to 
Timoshenko 

 
Now consider a sandwich beam as shown in Figure 2.4 with a central point load P. The faces have a 
thickness hf,1 and hf,2,, and are separated by a thick core with a thickness of hc. The distance from the 
centre of the top face to the centre of the bottom face is denoted as d. 
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 Figure 2.4. 3-point bending of sandwich beam with cross-section 

 
The centre of gravity in z-direction can be calculated using, 
 

zz =
∑AiEiyi
∑AiEi

 2.1 

 
Where y is the distance between the centre of a part till the top of the section. 
 
The flexural rigidity of a beam composed of multiple materials depends on the connection of the 
layers and the flexural rigidities of the separated faces and the core. The calculation will be explained 
in terms of no connection, 100% connection and a partial connection of the faces. When there is no 
connection of the faces with the core, the bending stiffness can be calculated with: 
 

EIbond0% = �Ef,1
bhf,1

3

12
+ Ef,2

bhf,2
3

12
+ Ec

bhc
3

12
� 2.2 

 
When the bond between the faces and the core is 100%, the flexural rigidity can be calculated with 
the sum of the flexural rigidity of all the separate parts plus the effect the parts have in the total 
moment of inertia, also known as the Steiner’s theorem: 
 

EIbond100% = �Ef,1
bhf,1

3

12
+ Ef,2

bhf,2
3

12
+ Ec

bhc
3

12
� + �bhf,1 �

d
2
�
2

Ef,1 + bhf,2 �
d
2
�
2

Ef,2� 2.3 

 
And lastly with a partial connection, the bending stiffness can be calculated with: 
 

EIpartial bond = �Ef,1
bhf,1

3

12
+ Ef,2

bhf,2
3

12
+ Ec

bhc
3

12
� + �bhf,1 �

d
2
�
2

Ef,1 + bhf,2 �
d
2
�
2

Ef,2� γ 2.4 

 
Where γ is the bondfactor. 
 
For the continuing analysis of the sandwich it is assumed that the bond is 100% and the sandwich 
consists of equal faces, hf,1 = hf,2, equation 2.3 then simplifies to: 
 

EI = Ef
bhf

3

6
+ Ef

bhfd2

2
+ Ec

bhc
3

12
 2.5 

 𝐼𝐼 𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼𝐼𝐼   

 
where b is the width of the beam, Ef and Ec are the moduli of elasticity of respectively the face and the 
core material.  Part I of the formula represents the flexural rigidities of the faces, part II represents the 
two separate parts and part III represents the core. For certain sandwich beams the formula for the 
flexural rigidity of the beam, equation 2.5, can be simplified to: 
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𝐸𝐸𝐼𝐼 = 𝐸𝐸𝑓𝑓
𝑏𝑏ℎ𝑓𝑓𝑑𝑑2

2
 2.6 

 
This is because part I and III of the formula will account for less than 1% in relation to the part II of the 
formula, and can therefore be neglected when these terms are met (Allen, 1969): 
Part I can be neglected when the faces are thin, when 3 �𝑑𝑑

hf
�
2

> 100 and part III can be neglected 

when the core stiffness is relatively low in comparison with the faces,  6 𝐸𝐸𝑓𝑓
𝐸𝐸𝑐𝑐

hf
ℎ𝑐𝑐
� 𝑑𝑑
ℎ𝑐𝑐
�
2

> 100. 

2.2.3 Deflection of sandwich beam 

As mentioned earlier, the deformation as a result of the shear deformation of the core in a sandwich 
cannot be neglected. The total deflection can then be calculated by the sum of the bending and the 
shear deformation, shown in Figure 2.3 (d). 
 

w = w1 + w2 2.7 
 
w1 can be derived from the flexural rigidity with the integration method, view Table 2.1 for the full set 
of derivations.  σ 
 

Table 2.1. Sign conventions 
Deflection w w w 
Angular rotation φ w’ 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
  

Curvature κ w’’ 𝑑𝑑2𝑑𝑑
𝑑𝑑𝑑𝑑2

  

Bending moment M EIw’’ 𝐸𝐸𝐼𝐼 𝑑𝑑
2𝑑𝑑
𝑑𝑑𝑑𝑑2

  

Shear force Q EIw’’’ 𝐸𝐸𝐼𝐼 𝑑𝑑
3𝑑𝑑
𝑑𝑑𝑑𝑑3

  

 

 
 Figure 2.5. Cut at x in the beam 

 

�𝑀𝑀 = 0    𝑀𝑀 =
𝑃𝑃
2

 𝑥𝑥 – P (𝑥𝑥 – 
𝑙𝑙
2

) 2.8 

  

𝐸𝐸𝐼𝐼𝐸𝐸’’ =
𝑃𝑃
2

 𝑥𝑥 – P (𝑥𝑥 –  
𝑙𝑙
2

 ) 2.9 

  

𝐸𝐸𝐼𝐼𝐸𝐸’ =  
𝑃𝑃
4

 𝑥𝑥2 −
𝑃𝑃
2

 (𝑥𝑥 −  
𝑙𝑙
2

 )2  +  𝐶𝐶1 2.10 

  

𝐸𝐸𝐼𝐼𝐸𝐸 =
𝑃𝑃

12
 𝑥𝑥3 −

𝑃𝑃
6

 �𝑥𝑥 −  
𝑙𝑙
2

 �
3

+ 𝐶𝐶1𝑥𝑥 + 𝐶𝐶2 2.11 



9 
 

 
Constants C1 and C2 can be calculated with the boundary conditions: 

i) 𝑥𝑥 =  0, 𝐸𝐸 =  0  

ii) 𝑥𝑥 =  𝑙𝑙, 𝐸𝐸 =  0 

 
From this follows  

i) C2 = 0 

ii) 0 = 𝑃𝑃
12

 𝑙𝑙3 − 𝑃𝑃
6

 �𝑙𝑙 −  𝑙𝑙
2
 �
3

+ 𝐶𝐶1𝑙𝑙   

𝐶𝐶1  = −𝑃𝑃 𝑙𝑙2

16
   

 
Resulting in: 

EIw =
P

12
 x3 −

P
6

 �x −  
l
2

 �
3

−
P l2

16
x 2.12 

 
The maximum deflection of the beam is at 𝑥𝑥 =  𝑙𝑙/2, therefore: 
 

EIwmax  =
P

12
 �

l
2
�
3

−
P
6

 �
l
2
−  

l
2

 �
3

−
P l2

16
l
2

 
 

2.13 
 

  

EIwmax  =
Pl3

96
−

P l3

32
 

 

2.14 
 

  

wmax = w1  =
Pl3

48EI
 

 

2.15 
 

 
The deflection of the sandwich accounted for by the shear deformation of the core can be derived 
from the relation between the slope and the core shear strain, γ, of the beam, and can be seen in 
Figure 2.6. The shear strain is related to the shear stress, τ: 
 

τ =
Q

bd
, γ =

Q
G𝑐𝑐bd

 2.16 

 
where Q is the shear force in the beam, b is the width and d is the distance between centres of the 
faces. 
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Figure 2.6. Shear deformation of a beam in bending (Allen, 1969) 

 
Then from Figure 2.6, the slope can be derived:  
 

dw2

dx
= γ

hc
d

=
Q

G𝑐𝑐bd
∙

hc
d

=
Q

AG𝑐𝑐
 2.17 

 
Where w2 is the shear deformation of the beam, and AGc is the shear stiffness of the core of the 
sandwich. 
 
The shear force is P/2 at any place in the beam, so the displacement from the shear deformation is 
then: 

𝐸𝐸2 =
𝑃𝑃

2𝐴𝐴G𝑐𝑐
𝑥𝑥 + 𝐶𝐶1 2.18 

 
Constant C1 can again be calculated with the boundary conditions: 

i) 𝑥𝑥 =  0, 𝐸𝐸2  =  0  
 
From this follows: 

i) C1 = 0 
Resulting in: 

w2 =
P

2AG𝑐𝑐
x 2.19 

 
Now the total deflection of the beam will be the sum of deflections, from equations 2.6, 2.14 and 2.15, 
 

w = w1 + w2 =
P

12
 x3 −

P
6

 �x −  
l
2

 �
3

−
P l2

16
x +

P
2AG𝑐𝑐

x 2.20 

 
At mid-span of the beam, this will be: 

w =
Pl3

48EI
+

Pl
4AG𝑐𝑐

 2.21 

 
Where 𝐴𝐴 = 𝑏𝑏𝑑𝑑2

ℎ𝑐𝑐
 and Gc is the shear modulus of the core. 
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2.2.4 Stresses in the sandwich beam 

The tensile and compressive stresses in the core and faces are determined with the use of the 
ordinary bending theory, and adapted to be used for a composite cross-section. The stresses in the 
faces and core are respectively, 
 

σf =
Mz
D

Ef ,           with �
hc
2
� ≤ z ≤ �

h
2
� ;  −�

h
2
� ≤ z ≤ −�

hc
2
�  2.22 

  

σc =
Mz
D

Ec ,              with − �
hc
2
� ≤ z ≤ �

hc
2
� 2.23 

 
The maximum stresses in the face are obtained with z = h/2 and z = -h/2, the maximum core stress is 
located at z = hc/2 and z = -hc/2. 
 
The shear stress, τ, can also be derived from the ordinary theory of bending, with the shear stress in a 
homogeneous beam: 

τ =
QS
Ib

 2.24 

 
with Q, as the shear force in the section, I, the second moment area of the complete cross-section, b, 
the width and S, the first moment area of the part of the section. For a sandwich cross-section the 
different stiffnesses of the cross section must be taken into account: 
 

τ =
Q

Db
�(SE) 2.25 

 
Where ∑SE represents the sum of the products of S and E of the elements below the gravity line. The 
shear stress in the core can then be defined as: 
 

τ =
Q
D
�

hfd
2

Ef +
1
2
�

hc
2

4
− z2�Ec� 2.26 

 
with the shear distribution shown in Figure 2.7a. 
 

  
Figure 2.7. Shear distribution of sandwich beam with a) true shear stress distribution, b) effect of weak core and c) effect of 

weak core, neglecting the local bending stiffnesses of the faces (Allen, 1969) 
 
For a weak core, Ec = ±0, the shear stress in the core may be calculated with: 
 

τ =
Q
D

Efhfd
2

 2.27 

 
The shear distribution is shown in Figure 2.7b. 
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2.2.5 The faces 

Allen defines the sandwich three definitions for the thicknesses of the faces; a very thin face, a thin 
face and a thick face. The thin faces is defined as a face with negligible stiffness in bending, the 
thickness of the faces can be neglected, so in the equations hc is equal to d. A thin face also has 
negligible stiffness in bending about its own axis, but is not thin enough so that d can also be used for 
the value hc. Lastly, the thick face is defined by a stiffness of the faces which is not negligible in 
bending about its own axis and the faces have a thickness that has to be accounted for in the 
calculation for the cross sectional volume. These definitions are summarized in Table 2.2. 
 

Table 2.2. Conditions thickness of faces 
Very thin face 𝑑𝑑

ℎ𝑓𝑓
> 100 𝐴𝐴 = 𝑏𝑏𝑑𝑑 Neglect If 

Thin face 100 >
𝑑𝑑
ℎ𝑓𝑓

> 5,77 𝐴𝐴 =
𝑏𝑏𝑑𝑑2

ℎ𝑐𝑐
 Neglect If 

Thick face 𝑑𝑑
ℎ𝑓𝑓

< 5,77 𝐴𝐴 =
𝑏𝑏𝑑𝑑2

ℎ𝑐𝑐
 Include If 

 
Now taking in mind the printer constraints, it is not realistic to go for a sandwich with very thin faces. 
The minimum thickness of concrete that could be printed at this moment is 40 mm, however, it often 
occurs that the thickness of the concrete is even more than expected during printing. A thin faced 
concrete sandwich would then apply if, with 40 mm faces, the core thickness is smaller than 3960 mm 
and larger than 190.8 mm. The difference between thin and very thin faces in simply the difference 
between 𝐺𝐺𝑐𝑐𝑑𝑑

2

ℎ𝑐𝑐
 and 𝐺𝐺𝑐𝑐𝑑𝑑 as the shear stiffness of the core.  

 
The input for the sandwich beams tested in this study was for almost all thin faces, however, due to 
small unexpected differences in the printing process, this was not the output, resulting in thick faced 
sandwich beams. Only the first tested sandwich beams with a large core to face thickness ratio can 
be defined as a thin face sandwich. 

2.2.6 The core 

The core of the sandwich must have suitable properties with regard to the shear strength, density, 
manufacturing process and building physics. Materials such as plywood, fibre materials, foams, cork, 
foamed concrete have been used as insulation for building structures. 

2.2.6.1 Structural properties 
A core material has two main functions; divide the faces and hold them at a set distance from each 
other and prevent sliding of one face over the other. To assure these functions, the core must have 
sufficient tensile and compressive properties perpendicular to the faces and shear properties in the 
planes perpendicular to the faces. Aside from these functions, it is also preferred the core material 
has a low density, to minimize the structural weight of the sandwich structure. 
 
When the stiffness of the core is considerably lower than the faces, the structure will behave as two 
independent beams. The effective bending stiffness of the sandwich can then be calculated with only 
the sum of the bending stiffness of the faces, obtained from Equation 2.5 without part III: 
 
 

EI = Ef �
bhf

3

6
+

bhfd2

2
� 2.28 
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The shear modulus, G, is depended on the Young’s modulus and the poisson ratio and is calculated 
using: 
 

G𝑐𝑐 =
E𝑐𝑐

2(1 + 𝜈𝜈) 2.29 

 
So when the sandwich consists of a weak core and stiff faces, the total deflection of the sandwich 
beam is mostly accounted for by the shear deformations of the core: 
 

w =
Pl3

48D
+

Pl
4AG

 2.30 

2.2.6.2 Materials 
 
For this project, aside from the structural and physical properties, the core material must preferably 
also take any shape and be printable. Unfortunately, the structural properties of the materials are 
often unknown, this resulted in a selection procedure for the core material based on freedom in shape 
and thermal conductivity, not so much the structural properties. Here the materials which are used in 
this project will be explained in short and Chapter 4 will go into the structural properties of these 
materials obtained through experimental tests. 
 
In the search for a printable core material polyurethane foam (PUR) and lightweight concrete were the 
most obvious materials, both materials can take any form, however the thermal conductivity of 
lightweight concrete is four times larger. Another widely used insulating material is EPS, even though 
this material is not printable and normally comes in the form of prefab plates, this material could be 
used in the production of sandwich panels with 3DCP faces. 

2.2.6.3 Lightweight concrete core 
The most obvious core material for the printing concrete sandwich panels is also concrete but with a 
lower density and better insulating properties. The lower density is obtained by adding large 
aggregates, however, these could cause difficulty in printing this mixture.  
  
Some preliminary work was carried out in the early 1990s by (Salet, 1990) about sandwich beams 
composed of reinforced concrete faces and a foamed concrete core. Foamed concrete is a very 
lightweight concrete with a density of about 600 kg/m3. He stated that the quality of the structural 
adhesion between foamed concrete and normal concrete depends on the method of manufacture, 
with a good adhesion when the concrete of the faces is poured after the foam concrete is already 
hardened out. 
 
With a lightweight concrete core an almost full composite action of the sandwich can be reached due 
to the large stiffness of the lightweight concrete and the deflection due to shear deformation will be 
small or non-existant. 

2.2.6.4 Polyurethane cores 
Sandwich panels for building applications are mainly built-up with a foamed core, of which 
polyurethane (PUR) is the most commonly used material (Davies, 2008). PUR is ideal for sandwich 
structures because of its adhesive and thermal properties. The thermal conductivity of most PUR 
materials is much smaller when compared with other types of core materials, which is a positive 
property. 
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Different types of PUR are available with two main production techniques, the first being a sprayable 
foam which comes in a canned form and secondly a two component foam which comes in the form of 
two gallons. These production techniques are both dependent on the chemical reaction of two liquid 
components. When in contact, the mixture will expand and generate heat until the full expansion is 
reached and the foam becomes hard. During expansion, the density of the foam will become different 
over the rising height, with a higher density at the bottom and top and a lower density in the middle. 
After this irreversible process has taken place, the foam will mainly consist of closed cells filled with 
blowing agent and carbon dioxide, CO2. The CO2 will than escape the cells rapidly, and at the same 
time some air will diffuse back in at a lower speed than CO2. This may cause some shrinkage of the 
foam until the diffusion is complete. 
 
The structural and physical properties of PUR are mainly dependent on the density. The different 
available densities are due to a different expansion rate of the foams. PUR foam fail in the cell walls; 
for tension the cell walls will break and for compression the cell walls will buckle.  
 
Sandwich elements with a polyurethane core have partial to no composite action when in bending, the 
low stiffness will also account for large shear deformation of the core and thus a large deflection of the 
beam. 

2.3 Failure modes 
The proportions of the faces and core combined with the type of material used, gives rise to several 
possible failure modes. A review of the literature on sandwich structures for building applications 
mostly show the failure modes of sandwich structures with thin steel faces which concern, among 
others, wrinkling, indentation and dimpling of the faces. With thick concrete faces this is not the case, 
a the sandwich will then fail by one or more of the following criteria, also indicated in Figure 2.8: 

• Bending, c  
o The tension face fails 
o The compression face fails 

• Shear failure of the core, a  
• Bond failure of the faces with the core, d 
• Failure of core by crushing, b 

 

 
Figure 2.8. Failure modes sandwich with concrete faces and foam core with a) shear failure of the core, b) core crushing, c) 

bending failure of the faces and d) bond failure 

2.3.1 Bending 

When either the yield stress of the reinforcement in tension or the ultimate stress of concrete in 
compression is reached, the sandwich will fail in bending. For this reason the sandwich must satisfy 
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the minimal required bending reinforcement in the bottom face. The reinforcement should also be 
below the maximum required reinforcement, ensuring the bottom face will fail before the top face, for 
safety reasons. For an unreinforced sandwich beam, the formulas for failure are derived from 
Equation 2.20,  
 
Failure of the faces occurs when: 
 

𝜎𝜎𝑓𝑓 = 𝜎𝜎𝑓𝑓,𝑦𝑦 2.31 

or, 
 

𝑀𝑀𝑀𝑀
𝐷𝐷
𝐸𝐸𝑓𝑓 = 𝜎𝜎𝑓𝑓𝑦𝑦 2.32 

 
The ultimate load is then 
 

𝑃𝑃𝑚𝑚𝑚𝑚𝑑𝑑,𝑏𝑏 =
𝜎𝜎𝑓𝑓𝑦𝑦𝐷𝐷𝐶𝐶1
1
2 ℎ𝐸𝐸𝑓𝑓

 2.33 

 
Where C1 is dependent on the loading situation, with four point bending with a loading span of 1/3, C1 
is equal to 6 and with four point bending with a loading span of ½, C1 is equal to 8, D, is the flexural 
stiffness of the sandwich and is dependent on the stiffness and thickness of the core in relation to the 
faces as was explained earlier, σfy, is either the tensile strength or the compressive strength of the 
faces. For reinforced concrete faces, the yields strength equals the yield strength of the 
reinforcement, σfy. Also the location of the reinforcement in the cross section will not be at z=0,5h, but 
at a different location, so this needs to be changed accordingly. 

2.3.2 Shear failure of the core 

Even though shear failure of sandwich beam rarely occurs, this type of failure should be accounted for 
because of the low shear strength of the foam cores used in this study. The core fails in shear when 
the shear stress in the core equals the maximum shear stress of the core, equal to maximum tensile 
strain of the core (Triantafillou & Gibson, 1987). The maximum shear stress of the core the core can 
be calculated with: 
 

𝜏𝜏𝑐𝑐,𝑚𝑚𝑚𝑚𝑑𝑑 = ��
𝜎𝜎𝑐𝑐
2
�
2

+ 𝜏𝜏𝑐𝑐2 2.34 

 
With equation 2.32, the load to the beam to give shear failure of the core is then:  
 

𝑃𝑃𝑚𝑚𝑚𝑚𝑑𝑑,𝑐𝑐𝑐𝑐 =
𝜏𝜏𝑐𝑐𝑏𝑏ℎ𝑐𝑐

�� 𝐸𝐸𝑐𝑐
2𝐶𝐶1

ℎ𝑓𝑓
𝑙𝑙 𝐸𝐸𝑓𝑓

�

2

+ 1
4

 
2.35 

 
Where τc is the shear strength of the core material. 
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2.3.3 Bond failure of the faces with the core 

With a compressive stress in the plane of the faces, and a tensile stress developing in between the 
face and the core, the bond between the faces and the core can fail.  

2.3.4 Failure of the core by crushing 

The core will yield by crushing when the maximum principle compressive stress in the core equals the 
yield strength of the core in compression. The maximum principle compressive stress is: 
 

𝜎𝜎𝑐𝑐𝑐𝑐,𝑝𝑝 =
𝜎𝜎𝑐𝑐
2

+ ��
𝜎𝜎𝑐𝑐
2
�
2

+ 𝜏𝜏𝑐𝑐2 2.36 

 
The load at which the beam fails in crushing of the core is then: 
 

𝑃𝑃𝑚𝑚𝑚𝑚𝑑𝑑,𝑐𝑐𝑐𝑐 =
𝜎𝜎𝑐𝑐𝑐𝑐,𝑦𝑦𝑏𝑏ℎ𝑐𝑐

𝐸𝐸𝑐𝑐
2𝐶𝐶1

ℎ𝑓𝑓
𝑙𝑙 𝐸𝐸𝑓𝑓

+ �� 𝐸𝐸𝑐𝑐
2𝐶𝐶1

ℎ𝑓𝑓
𝑙𝑙 𝐸𝐸𝑓𝑓

�

2

+ 1
4

 
2.37 

 
Where σcc,y is the compressive strength of the core material.  

2.4 Optimization 
When all the factors of a sandwich are taken into consideration, an optimal sandwich design with 
printed concrete faces might be found with minimal structural weight, satisfactory structural 
performance requirements and minimal cost in relation to the core material. Allen states there are 
three main design processes; determining the core thickness when the core and face materials are 
specified and also the face thickness, secondly determining the thicknesses of the faces and the core 
with the core and face materials already specified and last the determination of the core and face 
thickness with known face and core thicknesses and a density for the core. Kuenzi optimized the 
sandwich using the third process with regard to bending stiffness and strength, his optimization will be 
explained here. 

2.4.1 Optimization for minimum weight (Kuenzi) 

To find an optimal design of a sandwich, the simply supported beam from chapter 2 is used. First a 
sandwich beam with equal very thin faces and a weak core is considered, this applies when the 
following assumptions are made: 

1) hf,1 = hf,2 
2) The face is very thin when compared with the thickness of the core 3 �𝑑𝑑

hf
�
2

> 100 
- hc ≈ d  

3) The stiffness of the core is very low when compared with the faces 
-  6 𝐸𝐸𝑓𝑓

𝐸𝐸𝑐𝑐

hf
ℎ𝑐𝑐
� 𝑑𝑑
ℎ𝑐𝑐
�
2

> 100 

 
The bending stiffness of the sandwich is then calculated by: 
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𝐷𝐷 = 𝐸𝐸𝑓𝑓
𝑏𝑏ℎ𝑓𝑓𝑑𝑑2

2
 2.38 

 
The optimization is used to minimize the weight of the sandwich, the weight of the sandwich per 
square unit can be calculated using: 
 

𝑊𝑊 = 2𝜌𝜌𝑓𝑓ℎ𝑓𝑓 + 𝜌𝜌𝑐𝑐ℎ𝑐𝑐 2.39 

 
Now using Equation 2.36, and assumption 2), the sandwich weight can also be written as 
  

𝑊𝑊 = 2𝜌𝜌𝑓𝑓
2𝐷𝐷

𝐸𝐸𝑓𝑓𝑏𝑏𝑑𝑑2
+ 𝜌𝜌𝑐𝑐𝑑𝑑 2.40 

 
Optimizing the formula with respect to d, then gives 
 

d𝑊𝑊
d𝑑𝑑

= 𝜌𝜌𝑐𝑐 −
8𝐷𝐷𝜌𝜌𝑓𝑓
𝐸𝐸𝑓𝑓𝑏𝑏𝑑𝑑3

= 0 2.41 

 
Leading to: 
 

𝑑𝑑3 =
8𝐷𝐷𝜌𝜌𝑓𝑓
𝜌𝜌𝑐𝑐𝐸𝐸𝑓𝑓𝑏𝑏

 2.42 

 
Substituting Equation 2.36 into 2.40 gives: 
 

𝑑𝑑 =
4ℎ𝑓𝑓𝜌𝜌𝑓𝑓
𝜌𝜌𝑐𝑐

 2.43 

 
Using Equation 2.41 together with 2.37, assuming hc ≈ d gives: 
 

2𝑊𝑊𝑓𝑓 = 𝑊𝑊𝑐𝑐 2.44 

 
Thus, the minimum weight design of a sandwich with thin faces should have a twice as heavy core 
when compared with the faces. So for a sandwich with faces of 40 mm thick, a minimum thickness for 
the concrete printer at this moment, and the density of the faces 2000 kg/m3, the sandwich design can 
be derived from Figure 2.9. With faces of 40 mm thick, for the sandwich to be defined as very thin 
faced, the lowest core height is equal to 3.97m. As was explained before, for sandwich beams with 
concrete printed faces, it is not realistic to have very thin faces, not unless the structural height of the 
total sandwich would be over 4 m. When this type of optimization is to be calculated for sandwich 
structures with thick faces, the bending stiffness formula of 2.43 should be used, however, hf cannot 
be extracted in the same manner, and the weight of the sandwich cannot be solved for d.  
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Figure 2.9. Optimal weight design for a sandwich with concrete faces with a thickness of 40mm and a density of 2000 kg/m3 

 
 

𝐷𝐷 = Ef
bhf

3

6
+ Ef

bhfd2

2
 2.45 

2.4.2 Optimization parameters 

Since the printing with concrete provides a large degree in freedom of shape, a sandwich beam can 
be optimized to a non-rectangular shape, see Figure 2.10. The two different faces can have different 
thicknesses, shapes and even have holes in them for installations. 
 

 
Figure 2.10. Optimized wall panel 

 
Since the optimization methods from previous research studies all assume the sandwich element has 
thin faces and this is not the case for concrete printed sandwich elements, these methods cannot be 
used. Also, these studies all contain rectangular faces, which cannot reach an ultimate shape.  
In finding an optimized shape with printed concrete faces, first the stiffness and weight of the 
sandwich are compared together with the maximum stresses in the bottom and top face for different 
face to core thickness ratios and different top face to bottom face ratios. The results can be seen in 
Figure 2.12, with the dimensions of the sandwich shown in Figure 2.11. Assuming bending failure of 
the faces is the governing failure mode, the tensile strength of the concrete and reinforcement are 
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very important. From the graphs it is concluded that to optimize the sandwich, the top face has to 
smaller than the bottom face, and the core has to be larger than the faces. The influence of a larger 
core on the stiffness increases exponentially.  
 
The normal stresses, s11, are calculated using Equation 2.22 and the bending stiffness, EI, is 
calculated using Equation 2.3. 
 

 
Figure 2.11. Dimensions sandwich 

 

  

  
Figure 2.12 a) & b) Vary in the thickness of the top and bottom face, c) & d) vary in the thickness of the core. A) & c) Show 

the stresses in the outer fibres of the sandwich in the mid-span of the beam, b) & d) show the stiffness and weight of the 
sandwich 
 
These graphs are used to show a possible optimization of a sandwich in finite element program. This 
will be explained in the next chapter.  
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3 Numerical model 

3.1 Introduction 
In this study the finite element software Abacus/CAE version 6.14 is used to replicate full scale load-
deflection tests The model has to be able to imitate the experimental results accurately. The models 
are controlled by a python script or an input file so the models are easy to adapt, these can be found 
in Appendix D. The model is first used to view the effects of the dimensions and the material 
properties of a sandwich and to analyse the optimization as was explained before. Then, after the 
experimental tests, the model will also be validated against the load-deflection plots of the specimens. 
The verification will be explained in Chapter 6. The model is created to acquire additional information 
about the experiments and so the influence of different aspects of the sandwich can be analysed 
without having to do the extensive work of a full scale experimental test. Also, a possible optimization 
of a sandwich beam is modelled and explained in the end of this chapter. 
 
The behaviour of reinforced concrete is difficult to achieve using an elastic plastic model, so there are 
specific models in Abaqus to capture the behaviour of reinforced concrete. Also, several approaches 
are possible in modelling a sandwich structure, below it is explained which approach is used and why. 

3.2 Assumptions 
The model is a simplification of the real experimental tests, some assumptions are made in order to  
reduce size of the model and the calculation time.  

• The material of the core behaves isotropically 
• The material of the faces behaves isotropically and homogeneously 
• The beam is narrow, so that the stresses in the y-direction for the faces can be taken as zero, 

for a 2D modelled part 
• Straight sections do not stay straight 
• Faces are perfectly bonded to the core, the model assumes no delamination will occur. 

 
Also it needs to be taken into consideration the model should be able to behave as a sandwich 
structure, in which deformation can occur in the plane of the cross-section.  

3.3 Element type 
The sandwich beam is modelled with both plane strain shell elements, CPE4R, and plane stress shell 
elements, CPS4R, elements, both with reduced integration on. The stresses in the concrete in the y-
direction can be taken as zero as was said in the assumptions, however the stresses in the foam core 
materials cannot be taken as zero in the y-direction, so plane strain elements are used to model the 
core. The reinforcement in the concrete is modelled using truss elements, T2D2, and are then 
embedded into the concrete elements. The embedded truss elements are kinematically constrained to 
the nodes of the shell element, which ensures the displacement of the truss elements is the average 
movement of the coupled shell elements.  
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3.4 Material properties 
Different material models are used to describe the different material behaviors of the sandwich beam. 
Unreinforced concrete behaves linear elastic until yielding in tension, so for this a linear elastic 
material input is used. Reinforced concrete behaves plastic until failure of the reinforcement, so for 
this a plastic concrete input is used. The third material, foam, is described using a foam plastic 
behavior, since this material behaves plastic in compression. The geometric nolinearity of the 
sandwich was then taken into account by switching the NLGEOM option on. 
  
The material properties of the printed concrete are obtained from the research of Doomen and for the 
ultra-lightweight concrete from the research of Marinus, both printed and lightweight properties are 
taken at an average seven day concrete strength because all the experimental sandwich tests in this 
report are executed seven days after printing. The material properties of the different PUR foams are 
obtained through experimental research, the average of the results is used. The material tests and 
their results are reported in Appendix A and B respectively. Lastly the properties used for the EPS 
core in the model are acquired from Kingspan Unidek, equal to their EPS70. All the properties are 
listed below in Table 3.1, The table also shows the test directions of the printed concrete material test 
of Doomen, for the concrete properties, test direction I was used, alike the normal force in the face of 
the sandwich.  
 

Table 3.1.Material properties Abaqus models 

 E ρ υ fc ft  

 

 [MPa] [kg/m3] [-] [MPa] [MPa] 
Printed concrete 17336.0 1953.7 0.20 19.76 1.6 
Foamed PUR 0.3 10.6 0.30 0.022 0.076 
Lightweight 
concrete 

4000.0 819.2 0.20 8.04 0.96 

Foam-It!5 19.8 88.0 0.33 0.56 0.7 
Foam-It!15 82.1 207.7 0.33 2.83 2.4 
EPS 5.0 17.0 0.10 0.7 0.1 

 
For all the materials a small material test was performed in Abaqus and compared with the 
experimental compressive test, the results of one of these tests on Foam-It!5 can be seen in Figure 
3.1.The test involves a compression test on a cube with the same dimensions as the experimental 
tests on the different materials.  
 

 
Figure 3.1. Material test Foam-It!5 in Abaqus 
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3.4.1 Concrete 

Abaqus is capable of simulating reinforced concrete in different damage models; smeared crack  
model, brittle crack model and concrete damaged plasticity model, for this study a concrete damaged 
plasticity (CDP) model is chosen, because of the possibility to simulate damage. Should the model be 
used to simulate dynamic loading, the material model only has to be supplemented with damage 
parameters, dt. CDP simulates the inelastic behaviour of concrete using isotropic damaged elasticity 
in combination with isotropic tensile and compressive plasticity (Martin, 2010). With CDP it is not 
possible to remove elements during analysis, simulating crack propagation, instead the elements lose 
stiffness but remain in the model. This material model can be used to model plain and reinforced 
concrete.  
 
Figure 3.2 shows the stress-strain curve of the concrete damaged plasticity model in tension and 
compression. For both curves the unloading is shown as two different curves, one with slope (1-d)E0 
and one with the slope E0, which simulate the unloading curve of concrete with and without damage 
respectively. The damage parameter, d, is a value with a range of 0 to 1, where 0 equals no damage 
and 1 equals completely damaged.  
 

a) 

 
b) 

 
Figure 3.2. Concrete damaged plasticity stress-strain curve in tension a) and compression b). 
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3.4.2 Foam 

Foam materials have plastic compressibility, unlike classical plastic models which are based on 
plastic incompressibility. Abaqus has a Crushable Foam Hardening (CFH) model which can describe 
low-density foams. Two different hardining models are available within CFH, volumetric hardening 
and isotropic hardening. The volumetric hardening model is used for this study, which describes 
different responses in compression and tension; in compression cell wall buckling will happen and in 
tension the cell wall will break. This model uses three yield stresses; uniaxial compression σc, 
hydrostatic compression pc and hydrostatic tension pt. Since only the uniaxial compression is known, 
the hydrostatic compression and tension value are estimated and then, using the material test in 
Abaqus as explained before, the material behaviour is verified with the experimental test.  

3.5 Geometry 
The approach of creating the sandwich beam is carried out in two different ways; with the use of a 
python script and the use of an input file. The python script is used for the linear elastic sandwich 
beams and has the possibility to change the length, effective length, loading span, thickness of faces, 
thickness of core, load and material properties very easily. The input file is used for the modelling of a 
reinforced concrete sandwich beam using embedded elements, and is not as easily changed as the 
python file since it uses an orphan mesh, which means each node and element has to be listed.   
 
The sandwich is in both cases modelled to have perfectly bonded faces. With python this is obtained 
by utilizing the partitioning option. By partitioning the part, the analysis considers the complete volume 
as one unit while different materials are assigned for each partition. With the input file the face and 
core are bonded by connecting the elements in the orphan mesh.  

3.5.1 Boundary conditions and loading 

The boundary conditions are shown in Figure 3.3, with two roller supports in y direction and one in x 
direction, and two point loads. The load is applied to the sandwich top face as a concentrated force at 
either ⅓ or ¼ of the span, depending on which load configuration is used for the experimental tests. 
The load is increased gradually until the analysis stops, which is either because of yielding of the 
concrete elements, yielding of the reinforcement or because of large deformations.  

3.5.2 Mesh 

The generated mesh of the model resulted from a refinement in the high stress regions of the 
sandwich, which are mainly in the part in between the loading points, bending stress, and just outside 
the loading points, shear stress. From this objective different meshes were compared resulting in the 
chosen mesh, shown below in Figure 3.3. 
 

 
Figure 3.3. Refined mesh 
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3.6 Optimization 
As was explained earlier, standard optimization processes for sandwich panels from previous 
research studies do not apply on a sandwich with thick faces and non-rectangular faces. When the 
word optimization is used here, it must be taken into consideration that this is a possible improved 
sandwich design when viewed at the beam in bending with a certain load case. This optimization 
changes when the core material changes, or when the faces reinforced, or when the load case or 
boundary conditions are different. 
 
Now consider a sandwich beam with an total face area of 0.22m2 and a total core area of 0.55m2, the 
beam has a length of 2.2m and a span of 2m. A load of 200N will be applied with two concentrated 
forces on a third of the span length.  
 
First a sandwich will be viewed with equal thickness faces of 50mm and a core of 250mm, shown in 
Figure 3.4a, then, from the optimization parameters of Chapter 2 a beam design is chosen with a top 
face of 20mm and a bottom face of 80mm, Figure 3.4b, and next the material of the bottom face is 
moved to where the largest tensile stresses arise, resulting in a parabola shaped bottom face.  
 
  w [mm] 

a) 

 

0.21 

b) 

 

0.18 

c) 

 

0.17 

Figure 3.4. Normal stress plot (S1,1) of sandwich beam optimization, with a) sandwich beam with equal faces of 50mm, b) 
sandwich beam with a top face of 20mm and a bottom face of 80mm, and c) with a top face of 20mm and a parabola shaped 
bottom face. On the right side the deflections at a load of 200N are displayed. 
 
Concluded from these results, a smaller deflection can be reached for a sandwich design with no 
difference in weight, costs and structural height. A next step in this design process is to make voids in 
the face to reduce the weight and for a possibility to place installations. 
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4 Experimental research into the structural 
properties of the core 

4.1 Introduction 
After a short explanation of the influence of the structural properties of core materials in Paragraph 
2.2.6, this chapter will go into the structural properties of the materials obtained by experimental tests. 
These materials, ultra-lightweight concrete, PUR and EPS, are then compared and reviewed in their 
structural and printable properties, Chapter 5 will go into the composite-action of the material with the 
printed faces. 
 
The first material to be analysed is ultra-lightweight concrete, this material, designed at the TU/e (Yu, 
Spiesz, & Brouwers, 2015), takes the shape of the mould before hardening and even has a thermal 
conductivity of 0.13 W/mK. Also, because printing in concrete is already possible, it should also be 
feasible to print with ultra-lightweight concrete. After the experimental research into this material, 
another material with superior insulating and bonding properties was analysed, namely PUR foam. As 
was explained before, PUR foam is available with different production methods and different 
densities, so during this study also different types of PUR foam were tested. Then, after these 
mouldable materials are researched, prefab EPS is also tested to be used as a core material for the 
sandwich panel. EPS is prefabricated in a factory which ensures more consistent and reliable 
structural properties than materials made by hand with a slightly different production process each 
time. Also, prefab EPS does not influence the concrete in any way, compared with the lightweight 
concrete which presses against the concrete and PUR which shrinks and/or produces heat. 
 
The research into these materials is explained below, and awareness into the composite action of the 
materials with concrete faces is developed. 

4.2 Lightweight concrete core 
For this study an ultra-lightweight concrete mixture designed at the TU/e by (Yu, Spiesz, & Brouwers, 
2015) is used. This material showed excellent thermal properties, with a thermal conductivity of about 
0.12 W/mK and reasonable structural properties, with a compressive strength of about 10-12 MPa. 
The material uses expanded glass granulate (Liaver®) as aggregate to replace the traditional sand 
and gravel granulates. These changes make for a low density of about 700 kg/m3. A small sample 
size compression test, three specimens, according NEN-EN 12390-3:2009, was executed on the 
used lightweight concrete to compare with the material properties of Yu, Spiesz and Brouwers, 
researched by (Marinus, 2015). The test setup is shown in Figure 4.1. 
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Figure 4.1. Test-setup compression test ultra-lightweight concrete 

4.2.1 Results 

The results of the compressive test comparted with the results of Marinus are given in Table 4.1. 
 

Table 4.1. Properties of ultra-lightweight concrete 

 Marinus Experimental 
Density 774.1 kg/m3 833.60  kg/m3 
Tensile strength 0.98 kPa   
Compressive modulus 7.48 MPa 8.04  MPa 
Thermal conductivity 0.13 W/mK   

 
After the compressive properties of the material were determined, a set of sandwich specimens were 
tested with core to face thickness ratios, hc/hf, of 1, 2 and 5 to analyse the composite behaviour of the 
material with the printed concrete, these are explained in Chapter 5. The tests showed some 
problems regarding ultra-lightweight concrete as a core material, namely the formability of the 
material is a problem due to the large grains of Liaver, this problem could be solved by adding some 
finer grains, however this would make the mixture more dense and thus heavier. Because of the poor 
formability of the material, the material did not connect with the concrete at all places making for a 
partial bond. Another problem with this material is the weight itself, when pouring the material into the 
void in between the printed faces, the weight of the material caused the still wet faces to bulk. A 
solution would be to wait until the faces are hardened, however, this would result in an even worse 
adhesion of the lightweight concrete with the concrete faces. With all of these problems combined, it 
is decided to rule out this material for the further research of this study.  

4.3 Polyurethane cores 
First a sprayable foamed PUR, Illbruck Perfect Foam, that is often used in the building environment is 
tested, secondly a sprayable foamed PUR from a building market, Rubson High Volume, with high 
volume properties is tested and lastly two different high density 2-component PUR foams are tested, 
Foam-It! 5 and 15. The 2 component PUR was a step from the sprayable foamed PUR to ensure a 
more reliable density and thus structural properties, this will be explained later. 
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4.3.1 Sprayable foamed PUR, Illbruck Perfect foam 

Illbruck Perfect Foam (Illbruck, 2017) is a foam produced under high-pressure with a foam-gun. The 
tensile, compressive and shear properties of this material are given by the manufacturer, however, to 
know the complete behaviour of a sandwich beam with this core material, the modulus of elasticity 
should also be known. To obtain the compressive modulus of elasticity compressive tests were 
executed conform ISO 844:2014. The test setup is shown in Figure 4.2. The full scope of the test is 
stated in Appendix A and the full test results are stated in Appendix B.  
 

 
Figure 4.2. Test-setup compressive test Illbruck PUR 

 
In Table 4.2 the average results of the compressive tests are compared with the properties given by 
Illbruck, Figure 4.3 shows the load-deflection curves of the compression test. 
 

Table 4.2. Properties of Illbruck Perfect Foam 

 Manufacturer  Experimental  
Density 15-25 kg/m3 10.57  kg/m3 
Tensile strength 76.0  kPa   
Compressive strength at 10% 34.0  kPa 21.0  kPa 
Shear strength 55.0 kPa   
Compressive modulus   290.0  kPa 
Thermal conductivity 0.036   W/m.K   

 

 
Figure 4.3. Load-deflection plot of Illbruck PUR compression test 

 
Aside from the compressive test, a set of sandwich specimens with a core made of the PUR foam 
was tested to analyse the composite behavior of the foam with the concrete faces, this will be 
discussed further in Chapter 5. During the production of the sandwich and compression specimens, 
the material showed difficulty in repeating the production process over and over and obtaining the 
same density. This inconsistancy became visible trough large air bubbles in the foam. Also, as 
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explained in Chapter 2, the stiffness of the core is to low to create a structural sandwich element, so 
this material is also rulled out for further research in this study.  

4.3.2 Sprayable foamed PUR, Rubson High Volume 

A different type of sprayable PUR foam is Rubson High Volume. The manufacturer claims the PUR is 
more dimensionally stable than the other canned PUR foams (Rubson, 2017), this makes the foam 
better suited for sandwich structures than the PUR foam from Illbruck. However, no technical 
properties are given except for a thermal conductivity of 0.04 W/mK, so these need to be obtained by 
experimental testing. Unfortunately, this material was ruled out before the compressive test was 
conducted. The three sandwich beams that were created with a core of Rubson High Volume failed 
before the beams were tested. As was explained in Chapter 2, PUR foam can experience shrinkage 
due to the different flow of CO2 out of the cells and air into the cells, this was the case for this foam. 
All three sandwich beams showed four cracks as a result of the shrinkage in combination with the 
confinement of the concrete faces. The resulting tensile stresses inside the long parts and 
compressive stresses inside the short parts and vice versa on the outside, are shown in Figure 4.4. 
As a result, this type of foam is also ruled out to be used for the further research in sandwich beams 
with printed concrete faces.  
 

  
 Figure 4.4.One of the failed sandwich beams caused by shrinkage of the PUR core (+ tensile stress, - compressive stress) 

 
To get a scope of the shrinkage of this type of PUR, a test was created with a foam specimen and an 
LVDT on an aluminium plate on top of the specimen, the results can be seen in Figure 4.5. Given that 
the findings are based on an average of two contact points of the foam with an aluminium plate and 
the bottom shrinkage in the middle is not measured, the results from this analysis should not be taken 
as absolute. The specimen was also measured before and after the test, a total height of 206 mm in 
the middle the specimen shrank 30 mm, this accounts for 14.56 % and can also be written as 
145,6mm/m. 
 

 
 Figure 4.5. Test results shrinkage PUR with the temperature at the laboratory during the test, the photo shows the end of 

shrinkage test with on the top the aluminum plate 
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4.3.3 2-component PUR, Foam-It! 

After the sprayable PUR foams are ruled out but the properties of PUR foams in general are still of 
interest, a two component foam is chosen because of its production method and the available 
densities. The foam is made by combining two components and pouring it into the mould after mixing 
it properly, then it takes only minutes to harden and once the chemical process has finished, the foam 
can only be removed mechanically. This has the potential to give more consistent material properties 
when repeating the process than with the sprayable PUR. Two rigid foams were chosen with a 
density of 80 and 240 kg/m3, the higher density is due to a lower expansion rate of the foam during the 
chemical process. The density and expansion of the foam are the only technical properties reported 
by the manufacturer, so experimental tests were executed to obtain the compressive properties. The 
compressive test was conducted conform ISO 844:2014, with the test setup shown on the left of 
Figure 4.2 and a tensile test conform ISO 1926:2009, with the test setup shown on the right of Figure 
4.2. For the full scope of the test, go to Appendix A and for the full test results go to Appendix B.  
 
 

  
Figure 4.6. Test-setup for compression test of PUR on the left and for the tensile test on the right 

 
The results of the tensile and compressive tests are given in Table 4.3. 
 

Table 4.3. Properties of Foam-It! 5 and Foam-It! 15 

 Foam-It! 5 Foam-It! 15 
 Manufacturer Experimental Manufacturer Experimental 
Density 80 kg/m3 88.02 kg/m3 240 kg/m3 207.74 kg/m3 
Tensile strength  0.72   Mpa  2.40   Mpa 
Compressive strength  0.64   Mpa  2.71   Mpa 
Compressive modulus  19.78   Mpa  82.09   Mpa 
Expansion 10 times  4 times  

 
In order to analyze the behavior of the foam materials with the concrete faces, three sandwich 
specimens were tested of which two with Foam-It! 5 and one with Foam-It! 15. From these tests it was 
concluded that the production method is easier than with the sprayable PUR, the bonding with the 
concrete faces is sufficient and the stiffness of both Foam-it!’s is satisfactory for the use in sandwich 
structures. In Chapter 4 and 5 the execution and results of the sandwich test will be explained  in 
more detail. 
 
The first set of sandwich beams showed positive results for the use of this material as a structural 
sandwich core. These good results led to believe this material was a possible solution in printing 
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structural sandwich panels, so three more beams were printed and this time on a larger scale and 
also with reinforcement, an application researched by Jutinov. These beams were then filled after 20 
days with the foam mixture, however, cracks appeared in the faces after filling them with the foam. 
The cracks all propagated from outside to the inside of the face, this suggests the outside of the face 
was in tension. Tensile forces can arrise because of confined concrete together with the expansion of 
the foam, or because of the expansion of the concrete on the inside due to the heat created by the 
foam during the endothermic process, a noticable effect when mixing the foam. Figure 4.7 shows the 
placing of the cracks and also show that shrinkage of the foam has taken place, by a small gap in 
between the foam and the concrete.  
 

  
Figure 4.7. Failed sandwich specimens with Foam-It5 

 
Due to this undesirable release of heat during the expansion process of the PUR it was decided this 
material should not be used in this manner. The larger the amount of foam poured in at the same 
time, the larger the exothermic reaction, so it is possible to be used in smaller portions. With this in 
mind, another solution was considered for the core of the sandwich, using a large prefab foam block 
and connecting it to the concrete with PUR, since the bond of PUR with almost any material is 
significant. 

4.4 EPS 
Expanded polystyrene (EPS), a rigid closed-cell foam, is mainly used for the insulation of the food 
industry, and for a small part in the building industry. EPS does not bond with other materials, but it 
can be placed in between the printed faces and connected with an adhesive material. EPS is a 
thermoplastic material (Davies, 2008) which means that the materials is formable when heated to a 
certain temperature and solidified when below that temperature. The production of EPS takes places 
in a confined space where hot steam is used to expand the pears and weld them together due to the 
blowing agent, pentane, inside the pears. For the connection with the concrete faces, PUR foam 
could be a solution, since it sticks to almost any material and it is easy to be applied in small voids. 
Two types of PUR foam are tested together with the EPS to analyse which foam should be used as 
the “glue” in the sandwich beam. For this a sprayable PUR from Illbruck was chosen because it 
showed the least amount of shrinkage and heat release in the production process. A flexible PUR, 
Illburck Elastic Perfect PUR, and the Illbruck Perfect PUR were compared in a shear test together 
with EPS conform NEN-EN 12090, the test setup is shown in Figure 4.8. EPS plates are attached on 
both sides of a particle board and are then, on the other side, connected to a second particle board by 
a small layer of PUR. The two outer particle boards are spaced with threaded ends and bolts to 
prevent the outward displacement on the bottom and the inward displacement on the top due to a 
bending moment. The middle particle board is then moved down with a displacement of 3mm/s until 
failure. 
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Table 4.4. Material properties given by the manufacturer, Kingspan Unidek. 
 

 Kingspan Unidek 
Density 17.0  kg/m3 
Tensile strength 100.0  kPa 
Compressive strength at 10% 70.0  kPa 
Bending strength 115.0  kPa 
Shear strength 100.0  kPa 
Compressive modulus 5.0 MPa 
Thermal conductivity 0.031    W/m.K 

Figure 4.8. Test setup of shear test 
 
The results of the shear test and failure mode can be seen in Figure 4.9. The tests showed a higher 
shear strength and modulus in the combination with Illbruck Perfect PUR, so this combination was 
chosen for the final set of sandwich beams. The sandwich beam tests and results are discussed in 
Chapter 4. 
 

  
Figure 4.9. Load-deformation plot of the shear test EPS with PUR, with the test setup and the failed specimen on the right 

 
Since the structural properties of the EPS foam are already given by the manufacturer, Kingspan 
Unidek, no compression tests need to be executed, the properties can be found in Table 4.4. 

4.5 Conclusions 
In this Chapter the structural properties of different core materials is researched. A summary of the 
compressive properties together with the density of all the core materials in this study is shown in 
Figure 4.10. 
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Figure 4.10. Compression strength and modulus of core materials with the density 

 
Aside from the compressive properties, the tensile strength for Foam-It!5 and Foam-It!15 is also 
studied with a tensile strength of 0.72 MPa for Foam-It! 5 and a tensile strength of 2.4 MPa for Foam-
It! 15. The full conclusion of the core materials will be explained in the conclusions of the experimental 
tests of the sandwich beams in Chapter 5. 
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5 Experimental research of the sandwich beam 

5.1 Introduction 
This chapter describes the production and testing of a sandwich beam comprised of concrete printed 
faces and a foam or lightweight concrete core. Tests were conducted on sandwich beams with and 
without reinforcement of which two types of reinforcement; one with steel bars and one with steel 
cables. 
 
The experimental research is a very important part of this graduation project since this type of 
sandwich has never been tested before. The test results of each test will be the argument for the next 
step and test to be made. The result of this research is mostly on what core material and production 
method is suitable, or not suitable, in constructing a sandwich panel with 3D concrete printed faces. 
 
Standard flexural tests on sandwich beams from ASTM International (2012) are a 3 point-, a 4 point 
¼L – and a 4 point 1/3L bending test, the difference in stresses and maximum moments is shown in 
Table 5.2 The tests conducted are all 4-point bending tests and depending on the desired outcome an 
¼L or an 1/3L loading span is used. ¼L loading span is used when the beam should fail in shear and 
1/3 loading span is used when the beam should fail in bending. An overview of the performed tests is 
shown in Table 5.1. The flexural tests were executed to find a force-displacement curve of the 
sandwich beam so it can be used to verify the finite element model. The test method is based on the 
standard test method for flexural properties of sandwich constructions, ASTM C393-00. The complete 
execution of the tests can be found in Appendix A. 
 

Table 5.1.Details of test specimens 
Core 
material 

4-point 
bending span 

Specimen nr. Reinforcement Dimensions [mm] 
h hf hc Leff b 

Sprayable 
PUR1 

1/3L 
  

BP1 a,b,c - 280 40 200 900 100 
BP2 a,b,c - 160 40 80 900 100 
BP3 a,b,c - 120 40 40 900 100 

Lightweight 
concrete5 

1/3L 
 

BL1 a,b,c - 280 40 200 900 100 
BL2 a,b,c - 160 40 80 900 100 
BL3 c - 120 40 40 900 100 

Two 
componentP
UR2 

1/4L 
 

B2P5 a,b - 290 55 180 900 95 

Two 
component 
PUR3 

1/4L 
 

B2P15 c - 290 55 180 900 95 

Sprayable 
PUR4 

- B3P1 a,b,c - 290 55 190 900 95 

EPS with 
PUR 

1/3L 
 

BE1 Bar 4 x ϕ6 470 75 320 3000 310 
BE2 Cable 38 x  As = 

0,43 mm2 
470 75 320 3000 310 

1  Illbruck Perfect Foam 
2 Foam It! 5 
3  Foam It! 15  
4  Rubson High volume PUR 
5  (Marinus, 2015) 
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Table 5.2. Different standard bending tests 
Test Max-

moment 
Stress in bottom face Mechanical scheme Cross-section 

 
3 point bending 𝑀𝑀 =

𝑃𝑃𝑙𝑙
2  𝜎𝜎𝑚𝑚𝑚𝑚𝑑𝑑 =

𝑃𝑃𝑙𝑙
2ℎ𝑓𝑓(ℎ + ℎ𝑐𝑐)𝑏𝑏 

 

 

4 point bending 
1/3L 

𝑀𝑀 =
𝑃𝑃𝑙𝑙
6  𝜎𝜎𝑚𝑚𝑚𝑚𝑑𝑑 =

𝑃𝑃𝑙𝑙
3ℎ𝑓𝑓(ℎ + ℎ𝑐𝑐)𝑏𝑏 

 
4 point bending 
1/4L 

𝑀𝑀 =
𝑃𝑃𝑙𝑙
8  𝜎𝜎𝑚𝑚𝑚𝑚𝑑𝑑 =

𝑃𝑃𝑙𝑙
4ℎ𝑓𝑓(ℎ + ℎ𝑐𝑐)𝑏𝑏 

 
 
Because of the short amount of time available for this graduation project, all tests are performed at 7 
days after the specimens are made. The 7 day strength of concrete is around 65% of the total 
strength, this needs to be taken into account when viewing the test results. 

5.2 Flexural test first set of sandwich beams 

5.2.1 Specimen characteristics and manufacture 

The first set of sandwich beams tested are BP1,2,3 and BL1,2,3. Two different materials were tested 
and three different heights of the core were tested, 40, 120 and 200mm. Each set, comprised out of 
the same height and either lightweight concrete or PUR as a core, consists of three specimens, see 
Table 5.1. A total of eighteen specimens were constructed, however only sixteen were tested 
because two specimens, BL3a and b, failed during the production phase. Also three homogeneous 
concrete printed beams were tested, these are described Appendix B. The second set of sandwich 
beams are B2P5, B2P15 and B3P1, two beams with a core of Foam it! 5, one with a core of Foam it! 
15 and three with a core of Rubson High Volume PUR. The specimens with the PUR core failed 
before testing, as was explained in Chapter 2. 
 
For the manufacturing of the sandwich beams, first the faces were printed with the 3D concrete printer 
in a closed path using a nozzle with an opening of 10x40 mm, see Figure 5.1, so that the core 
material could be poured in. The lightweight concrete was poured in immediately after the faces were 
finished printing to ensure a wet to wet concrete contact for a better adhesion. As was mentioned 
earlier, this method gave rise to some problems. The sandwich beams with a PUR core were filled up 
three days after printing. Illbruck and Rubson were sprayed over multiple layers into the core region 
and both Foam It! foams were poured in the core region over multiple layers. Then, at 6 days after 
printing, the beams ends were cut off. The measured dimensions of the specimens are described in 
Appendix B. 
 

  
Figure 5.1. Print direction sandwich beam 
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5.2.2 Test setup and procedure 

The flexural test was performed on a simply supported beam with a free span of 900 mm. The 
displacement rate of the hydraulic jack was 0.03 mm/sec. At the support and loading points steel 
plates were placed in between the specimen and the roll and at the loading points also a small piece 
of particle board to provide an uniform load distribution. LVDTs were used to register the mid-span 
deflection (LVDT 1), the deflection at the location of the loading points, slip of the core (LVDT 3,4) and 
deformation of the core in the middle (LVDT 2). The test setup is shown in Figure 5.2. A full 
description of which LVDTs are used in which test are in Appendix A. 
 

 
Figure 5.2. Schematic test setup bending sandwich 

5.3 Final test sandwich beams 

5.3.1 Specimen characteristics and manufacture 

The final set of sandwich specimens are comprised of printed reinforced concrete faces and a core of 
prefab EPS with a layer of PUR (polyurethaan) foam as “glue” in between the EPS and concrete. Two 
sandwich beams, BE1,2, were tested of which one with printed reinforcement and one with 
reinforcement bars put in by hand in the tension face of the beam. The average dimensions can be 
found in Table 5.1 and the real dimensions can be found in Appendix B.  
 
The manufacturing of the faces was executed in the same way as in the first set of beams, but this 
time also reinforcement was added and for this reason a nozzle with a diameter of 8 x 50 mm. The 
layer height of the concrete face was calculated to assure more than the minimum reinforcement 
required is in the face. The printed reinforcement cables, a system developed by (Jutinov, 2017), are 
situated in every layer with an area of 0.43mm2 in each layer and a total As of 17.2 mm2, see Figure 
5.3c,d. For the beam with reinforcement by hand four ϕ6 rebar were added in the middle of each 
eighth layer resulting in a total As of 113.1 mm2, see Figure 5.3a,b. Immediately after printing the 
rounded ends of the concrete were cut off to the desired length of 3.6m. Then, three days after 
printing, the prefab EPS foam block was connected to the concrete by multiple layers of sprayed 
PUR. Finally at the position of the loading and support plates a layer of plaster was added to evenly 
distribute the load. 
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a) b) c) d) 

 Figure 5.3. a) reinforcement by hand during printing, b) section of reinforcement by hand and c) printing of reinforcement, d) 
section of printed reinforcement 

5.3.2 Test setup and procedure 

The flexural test was performed on a simply supported beam with a free span of 3000 mm. The 
displacement rate of the hydraulic jack was 0.01 mm/sec. The test was supposed to load the 
specimen till 50% of the total load was reached, and then unload to view the elastic behaviour of the 
beam, however, the first crack already occurred before the calculated 50% load, so the beam was 
then loaded and unloaded to view the elastic behaviour of the reinforcement. Specimen BE1 was 
loaded till 4kN and unloaded, after which it was loaded again until failure of the beam. Specimen BE2 
was unloaded at 2kN because the LVDTs measuring the shear behaviour were not included in the 
output file, this was corrected after the unloading of the beam. Then the beam was also loaded until 
failure. 
 

 
Figure 5.4. Schematic test setup of sandwich specimen with EPS and PUR 

 
At the support and loading points steel plates were placed in between the specimen and the roll. 
Deflection of the beam was measured using LVDTs at multiple locations, and besides deflections 
LVDTs were also used to register the shear behaviour of the beam, the deformation of the core in the 
middle and the existence of cracks in the region with the largest moment. A schematic view of the test 
setup is given in Figure 5.4. In the crack width LVDT first the strain of the concrete is registered and 
after the first crack, the crack width. It is can also be noted when another crack develops in a sudden 
increase in displacement. 
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During transportation of the printing site to the test setup specimen BE1 already failed in the middle of 
the top face, however, since this is the compression zone of the specimen, this should not influence 
the test results much. 

5.4 Experimental results and discussion 

5.4.1 Flexural strength sandwich beams first set 

As was explained before, a well-known problem of full concrete sandwich panels is the adhesion 
between the layers, so the lightweight concrete material was poured in when the concrete faces were 
still wet, however, a number of problems came to light during the production of these sandwich 
beams; when pouring in the material, it did not compact, especially at the connection with the 
concrete, see Figure 5.5 on the right, and due to the weight of the wet material against the still wet 
concrete faces, the faces started to bulk. Two of the three beams with a hc/hf ratio of 5 were discarded 
because of the bulking of the faces, one of these specimens is shown in Figure 5.5 on the left, the 
other beam was tested but with slightly deformed faces.  
 

  
Figure 5.5. Discarded specimen with ultra-lightweight core and insufficient compaction of material 

 
The results of the specimens will now be compared using the load-deflection plot and the specific 
load, deflection and moment at failure. The crack and ultimate load and deflection of the test 
specimens are plotted in Table 5.3, and the accompanying load-deflection curves of BL, BP and B2P, 
are plotted in Figure 5.6, Figure 5.7 and Figure 5.8. 
 
Most sandwich specimens behave elastically to the point of the first flexural crack. This could be seen 
in the load-deflection curve as a sudden load drop and deflection increase. The specimens with a 
lightweight concrete core do not have a post-cracking strength, the crack- and ultimate load are the 
same. 
 

 
Figure 5.6. Load-deflection plot of sandwich specimens with an ultra-lightweight concrete core 
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Figure 5.7.  Load-deflection plot of sandwich specimens with an Illbruck perfect foam PUR core 

  
Table 5.3. Experimental load-deflection results first set of sandwich specimens (bending moments are included to compare 

the four point bending tests with 1/3 and 1/4 loading span. 
Specimen Crack Ultimate Type of failure mode 
 Load Moment Deflection Load Moment Deflection  
 [kN] [kNm] [mm] [kN] [kNm] [mm]  
BL1A 1.88 0.28 0.33 1.88* 0.28 0.33 Yield of faces and core and 

intra-layer crack formation BL1B 1.78 0.27 0.54 1.78* 0.27 0.54 
BL1C 1.76 0.26 0.48 1.76* 0.26 0.48 
BL2A 2.95 0.44 0.55 2.95* 0.44 0.55 
BL2B 2.58 0.39 0.48 2.58* 0.39 0.48 
BL2C 3.00 0.45 0.50 3.00* 0.45 0.50 Yield of faces and core 
BL3C 8.58 1.29 0.75 8.58* 1.29 0.75 Yield of faces and core and 

intra-layer crack formation 
BP1A 0.37 0.06 0.71 0.37* 0.06 0.71 Yield of faces 
BP1B 0.42 0.06 0.55 0.42* 0.06 0.55 
BP1C 0.56 0.08 0.79 0.56* 0.08 0.79 
BP2A 0.47 0.07 0.83 0.47* 0.07 0.83 Yield of bottom face 
BP2B 0.42 0.06 0.93 0.42* 0.06 0.93 
BP2C 0.45 0.07 1.02 0.45* 0.07 1.02 Yield of faces 
BP3A 0.44 0.07 0.81 0.44* 0.07 0.81 Yield of bottom face 
BP3B 0.34 0.05 1.08 0.34* 0.05 1.08 
BP3C 0.31 0.05 0.65 0.31* 0.05 0.65 
B2P1A5 0.92 0.14 0.50 10.59 1.19 17.64 Yield of faces 
B2P1B5 0.39 0.06 1.20 1.08 0.12 10.02 Yield and delamination of 

bottom face 
B2P1C15 1.13 0.17 0 17.11 1.92 10.01 Yield of faces and core and 

delamination of top face 
*For specimen BL1A,B,C, BL2A,B,C, BL3C, BP1A,B,C, BP2A,B,C, BP3A,B,C the crack load is equal to the ultimate load 
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Figure 5.8. Load-deflection plot of sandwich specimens with a Foam-It! core, with B2P1A and B, Foam-It!, 5 and B2P1C, 

Foam-It! 15 
 
The failure mode of can be seen in Figure 5.9.b. The specimens with an Illbruck Elastic PUR core 
failed in bending in either one or both faces, they showed no post cracking strength, the failure mode 
of can be seen in Figure 5.9.d. In contrast to the sandwich specimens with other core materials, the 
specimens with a Foam-It! core did have a considerable post-cracking stiffness, first several crack 
propagated in the bottom face and top face before complete failure. Specimen B2P1A5 failed in 
bending and specimen B21C15 failed in the shear of the core and slip of the face, shown in Figure 
5.9.c. Specimen B2P1B5 did not show the same behaviour because a crack propagated in the bottom 
layer which was followed by a delamination of one side of the bottom face from the core, see Figure 
5.9.a. 
 

   
a) b) 

  
c) d)  

Figure 5.9. Typical failure modes, a) specimen B2P1B5, failure and delamination of the concrete face, b) specimen BL3C, 
yield of faces and core and intra-layer crack formation, c) specimen B2P1C15, yield of faces and delamination of top face, 
before core yield and 
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The immediate failure of the specimens with a lightweight concrete core after the failure of the bottom 
face is explained by the low stiffness of the core compared with the face and a low strain capacity of 
the core. When in bending the concrete face fails, the bending stresses will be carried over to the 
weaker core which will crack immediately because it is not capable to withstand large deformations.  
 
For the specimens with the Illbruck Elastic PUR core this is different because the core is capable to 
withstand large deformations, so only when beam is deformed considerably after the faces have 
failed, the core will also fail. Another difference in these elements is the composite behaviour. The 
sandwich with a lightweight concrete core had partial composite behaviour because of the large 
stiffness of the core, the specimens with sprayable PUR showed no difference in ultimate load when 
the core to face height ratio was increased, proof of the lack in composite action. The post cracking 
capacity of specimen B2P1A and C was due to a high strain capacity, higher stiffness and good 
bonding properties. The specimens with the Foam-It! cores showed the most promising results in both 
composite action and production process, however, as was explained before, when using the material 
in a larger beam this resulted in tensile cracks on the outside of the faces.   

5.4.2 Flexural strength sandwich with EPS core 

The crack and ultimate load and deflection of the test specimens are shown in Table 5.4. In the next 
chapter the load-deflection curves will be discussed and compared with the numerical results. 
 

Table 5.4. Experimental load-deflection results sandwich with EPS core 

Specimen Crack Ultimate Type of failure mode 
 Load Moment Deflection Load Moment Deflection  
 [kN] [kNm] [mm] [kN] [kNm] [mm]  
BE1 1.82 0.91 2.64 14.42 7.21 65.53 Shear failure core 
BE2 1.82 0.90 2.78 12.84 6.42 73.97 

 
Both BE1 and BE2 behave plastic shown by the propagation of multiple cracks in the faces before 
ultimate failure of the specimen, the cracks with their corresponding loads are shown in Figure 5.10 
and Figure 5.11. In specimen BE1 with steel bar reinforcement a number of 9 cracks were found 
evenly distributed, with a distance of around 10cm in between cracks, along the mid-span of 1m, in 
specimen BE2 with cable reinforcement a number of 6 cracks were found with a distances varying 
from 14cm to 19cm. The failure mode is in both cases is the shear failure of the core, this can also be 
seen in the figures. After the core material failed the reinforcement and the bond between the core 
and the faces were still intact, the failure did however go through the connection of the PUR layer with 
the EPS.  
 
Both specimens were unloaded during the test and showed plastic behaviour but no damage, this 
shows the reinforcement was still intact. The considerable post-cracking stiffness until the shear 
failure is due to the reinforcement and the shear capacity of the core. The different crack distances of 
the two specimens is explained by the different types of reinforcements and their bonding strength to 
the concrete. 
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Figure 5.10. Cracks in specimen BE1 with their accompanying load and load-deflection graph 

 

  

 
Figure 5.11. Cracks in specimen BE2 with their accompanying load and load-deflection graph 

 

 
Both specimens showed shear deformation of the core, which is mostly due to the deformation of the 
PUR layer, this can be seen in Figure 5.12. The graphs show the difference in movement of the upper 
and lower face on the right side of the beam. 
 

   
Figure 5.12. Shear deformation of the sandwich beam, with in the graphs the difference between the displacement of the 

upper face and the lower face of the right part of the beam. 

5.5 Conclusions 
The structural behaviour of the different core materials is determined in chapter 2 and 3. A summary 
of the conclusions discussed as advantages and disadvantages of the different core materials are 
explained here. 
 
Disadvantages of the materials: 

• Illbruck perfect foam is a core material with a significantly lower stiffness than the faces which 
resulted in a lack of composite behaviour.  

• Rubson High volume foam has shown significant shrinkage after expansion which resulted in 
the failure of the concrete 

• Sprayable PUR foams showed difficulty in the Nyborg project with reaching the entire cavity 
of a high structure when added after printing. They also showed difficulty in the production 
process with the result in different and lower densities and sometimes even some parts of 
foam which did not complete their chemical reaction. 

• Ultra-lightweight concrete showed bondage problems with the concrete of the faces, the 
production method also showed shear failure of the wet concrete faces. 

0.0 20.0 40.0 60.0

Lo
ad

 [k
N

]

Deflection [mm]



42 
 

• The Foam-It! Materials showed significant heating during the expansion which resulted in the 
failure of the concrete. 

• All PUR materials have a difficult production process with a short time frame of shaping the 
material. This makes the cleaning difficult when they would be included in a printing process. 

• A sandwich with EPS in combination with Illbruck perfect foam resulted in a shear failure of 
the core, the core is not stiff enough when compared with the reinforced concrete faces. 

• The strain capacity of Illbruck Perfect foam is larger than the strain capacity of EPS 
 
Advantages of the materials: 

• All the PUR core materials showed significant bondage with the concrete 
• Foam-It! PUR foams have a reliable production process because once it is poured into the 

cavity, it will expand equally into the free space. 
• EPS is a factory made product which results in more reliable properties than the other 

materials which are made by hand. 
• Ultra-lightweight concrete is a material which can be included in the printing process. 
• All PUR materials and the ultra-lightweight concrete have the same freedom in design and 

shape as the printed concrete faces. 
 
The sandwich beams with an EPS core showed that both reinforcement methods work. The shear 
failure in the core suggest the core material is not stiff enough, leading to conclude this combination of 
materials is not sufficient for a structural sandwich. The deflection in these beams exceeds the 
maximum permissible deflection of L/250 with 480%. 
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6 Verification of numerical model with experimental 
research 

The load-deflection behaviour of several sandwich beams is studied during this project, using the 
finite element program Abaqus, the behaviour of the experimental tests is reproduced and verified in a 
numerical model. Chapter 0 already explained the input of the model, this chapter will go into the 
verification of that model, starting with a linear elastic model for the first set of sandwich beams 
without reinforcement and ending with a nonlinear model for the last set of sandwich beams with 
reinforcement. 

6.1 Verification of first sandwich sets 

6.1.1 Sandwich beams with an ultra-lightweight concrete core 

Below the load-deflection curves of the experimental tests of BL1, BL2 and BL3, with a core height of 40 
mm, 80 mm and 200 mm respectively, are plotted together with the load-deflection curve of the matching 
numerical model. In the plots the slope, k, of the elastic curve is also given. 
 

 
Figure 6.1. Verification of BL1A,B and C with numerical model 

 

  

BL1A 
 
 
 
 
 
BL1B 
 
 
 
 
 
BL1C 
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Figure 6.2. Verification of BL2A,B and C with numerical model 

 

  

 
Figure 6.3. Verification of BL3A with numerical model 

 

 
All printed sandwiches have a slanted shape of the faces due to the weight of the layers on top of each 
other, see Figure 6.4a, with as a result a curved line in the beginning of the load-deflection plot. Because 
the loading and support platens are not fully distributing the load in the beginning of the test, the elastic 
curve is not yet reached. Now, when the load-deflection plot of the numerical model is compared with the 
test specimens with an ultra-lightweight concrete core, the difference in stiffness really stands out. The 
numerical model behaves a lot stiffer than the test specimens, this can be explained by the discontinuities 
of the test specimens, displayed in Figure 6.4., also, the exact material properties of both materials could be 
different from what is inserted into the numerical model. 
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a) b) c) 
Figure 6.4. Discontinuities of sandwich beams with an ultra-lightweight core, with a) bulking of the faces, b) slanted shape  

faces and c) incomplete bondage of core with faces 

6.1.2 Sandwich beams with an Illbruck PUR core 

Below the load-deflection curve of BP1, BP2 and BP3 and their numerical models, with a core height of 
40 mm, 80 mm and 200 mm respectively, are plotted.  
 

  
Figure 6.5. Verification of BP1A,B and C with numerical model 
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Figure 6.6. Verification of BP2A,B and C with numerical model 
 

  
Figure 6.7. Verification of BP3A,B and C with numerical model 
 
The load-deflection curves of the experimental tests all have a slightly curved line until failure. After failure 
a large increase in deflection and decrease in load takes place. The numerical models show a linear 
elastic behaviour up until failure of the bottom face. 
 

 
Figure 6.8. Initial cracks in the concrete faces circled in red 
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The plastic behaviour of the test specimens could be explained by the presence of minor damage before 
the load testing. In most of these sandwich specimens cracks already developed during the curing time of 
the concrete, before testing these cracks were circled with a red marker, see Figure 6.8.  
 
As was mentioned before, with a very low stiffness of the core, the two faces will act as two separate 
beams with an occurring bending moment in each face, the numerical model also shows this behaviour 
for the sandwich beams with an Illbruck PUR core, see Figure 6.9. 
 

 
 

Figure 6.9. Plot of the normal stresses in a sandwich beam with an Illbruck PUR core 

6.1.3  Sandwich beams with a Foam-It! Core 

For the sandwich beams with a Foam-It! 5 core, a numerical model is generated and also compared with 
the experimental results, this is shown in Figure 6.10. The foam in the numerical model contains plastic 
behavior using the crushable foam hardening model, which was explained in Chapter 3.  
 

   
Figure 6.10. Verification of B2P1A with numerical model 

 
Test specimen B2P1A shows a linear-elastic behaviour until the first crack in the bottom concrete face at 
a load of 0.9 kN. Several more cracks appear and finally at a load of 10.5 kN slip occurs between the top 
face and the core.    
 
The numerical model also shows a linear elastic behaviour until the first yielding of the bottom face, only 
reaches a higher load of 2.3 kN. This is then followed by a large deformation. Then more concrete 
elements will yield up until a load of 8.7 kN, when the numerical model stop because of a total loss in 
stiffness of the bottom concrete face. 
 
In conclusion, the numerical model shows small differences when compared with the experimental test 
which can be explained by a different tensile strength of the concrete. 

0

2

4

6

8

10

12

0 5 10 15 20

Lo
ad

 [k
N

]

Deflection [mm]

B2P1A

B2P1A
Abaqus



48 
 

6.2 Plastic behavior of the final sandwich sets 
For the explanation of the verification of the sandwich beam with EPS, the beam will be divided into 
segments as shown in Figure 6.11, the vertical lines represent the support and loading places and the 
horizontal line is through the centre of gravity of the sandwich. So from now on the beam will be referred 
to in segments 1b to 5b and 1t to 5t. The numerical model contains the same segments, shown by 
different mesh densities as explained in Chapter 3, with the densest mesh in the part of the beam which 
is likely to yield, the mesh of the numerical model of BE1 and BE2 are shown in Figure 6.13 and Figure 
6.20 respectively. These two models contain the same input, except for the top face. In the model of BE1 
the top face contains unreinforced concrete, while in the model of BE2 the top face contains reinforced 
concrete and the total model has different values for the reinforcement. In BE1, a total area of 0.013m2 
rebar and a yield strength of 356 MPa is used and in BE2 an area of 17.2m2 in each face with a yield 
strength of 2769 MPa. 
 
For the explanation of the load-deflection plots, the curve will also be cut into pieces; the first part is the 
elastic part until the first crack, part I, then a plastic behaviour starts, part II, and lastly the damaged part, 
part III. 
 

 
Figure 6.11. Segments of sandwich specimen with EPS core, cut up into a part with no shear force or moment (1,5), a part with a 

constant shear force and increasing moment (2,4) and a part with no shear force and a constant moment (3).The vertical lines are 
placed a t the ends, supports and loading points. 

6.2.1 Verification of specimen BE1 

The verification starts with an analysis of the behavior of specimen BE1 during the test, then the 
analysis of the numerical model during the test will be explained and finally the results will be 
compared and concluded. 
 

 
Figure 6.12. Load-deflection curve of specimen BE1, with I elastic curve, II plastic curve, III damage, point U is loading-

unloading 
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The load-deflection plot of the experimental test, Figure 6.12, starts with the elastic curve, part I, until 
the first crack appears, located in the middle of area 3b, at a load of 1.82 kN, this is the start of the 
plastic curve, part II. First more cracks propagate in zone 3b followed by cracks on the right side of 2b 
and the left side of 4b, then also two cracks appear in the top face just aside the loading points. At 
30% of the total load the specimen is loaded and unloaded, from point U in the plot, the slope of the 
curve when loaded again is only 0.08 lower than the elastic slope, which shows plasticity without 
damage. Then six more cracks appear of which all but one outside part 3 of the beam and ending with 
the failure of the core in zone 2, for the test specimen the damage curve in part III of the plot is non-
existent. Appendix B.1.5.1 shows the photos of the specimen at the time of each crack. 
 

 
Figure 6.13. Mesh of numerical model BE1 with boundary conditions. The different colors represent the different 

sections of the beam, with green for unreinforced concrete, beige for reinforced concrete, blue for PUR, grey for EPS and 
orange for rebar 

 
The numerical model of BE1 is shown in Figure 6.13, with the corresponding load-deflection curve in 
Figure 6.14. This plot is divided in the same way as for the experimental test, with an elastic part, I, a 
plastic part, II, and a damaged part, III. The beam is divided into similar area’s as the specimen with a 
course mesh in segment 1 and 5, a medium mesh in segment 2 and 4 and a fine mesh in segment 3, 
shown in Figure 6.13. In part I of the numerical model, the tensile stresses in the bottom face of 
segment 3 increase until the maximum of 1.6 MPa is reached. Figure 6.15 shows the percentage of 
the maximum stresses in the sandwich. The tensile stress is from the concrete element that first 
yields, the compressive stress is of the element with the highest compressive stress during the test in 
the faces, the tensile stress in the rebar is from the middle element and the shear stress is taken from 
the EPS element that reaches the highest shear stress during the test. This figure clearly shows the 
load stops increasing after reaching the maximum tensile stress in one element. At the same time, 
this is at the end of part I in Figure 6.14, the model experiences a significant increase in deflection. 
The model then starts to transfer the tensile forces to the rebar and the load starts to increase again 
until the yield stress of the rebar is reached and the load drops. Figure 6.15 also clearly shows that 
the maximum compressive stress of the concrete and the maximum shear stress of the EPS is not 
reached during the analysis. The numerical model fails as a result of the yielding of the rebar. 
 

 

Figure 6.14. Load-deflection curve of numerical model with the properties of BE1, with I elastic curve, II plastic curve, III 
damage 
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Figure 6.15. Percentage of maximum stress in elements of the beam over analysis time together with the load, with a 

maximum tensile concrete stress of 1.6 MPa, maximum compressive concrete stress of 19.8 MPa, a maximum tensile rebar 
stress of 355 MPa and a maximum shear EPS stress of 0.1 MPa 

 
Now the two load-deflection curves are plotted together and compared in Figure 6.16. From this it can 
be seen that the numerical model experiences a 1.6 times higher load at the first yielding of the faces 
when compared with test specimen BE1. For the maximum load this is vice versa, the numerical 
model only reaches 70% of the ultimate experimental load. Furthermore, a difference in the damaged 
part, III, is shown; while BE1 experiences a sudden drop in the load with no significant increase in 
deflection, the numerical model shows a sudden increase in deflection with a gradually decreasing 
load. 
 

 
Figure 6.16. Load-deflection curve of both experimental specimen and numerical model 

 
The explanation for the difference in the load of the first crack can be explained by a lower tensile 
force in reality than is used in the model or can be the result of creep, because the test specimen was 
placed a day before the test. Also it needs to be taken into consideration that there was an intitial 
crack in the middle of the top face.  
 
In addition to a different load at the time of the first crack, the ultimate load was also of by 30%, this 
could be explained by the boundary conditions of the numerical mode. In reality, the experimental 
specimen was not simply supported, but some friction was present between the steel plates and the 
specimen, this could have caused catenary action of the bottom face, see Figure 6.17, when in the 
numerical model this effect is prevented by two roller supports. This could also explain the different 
failure mode. Another explanation for the different ultimate load could be a difference in stress 
stiffening of the concrete, the elements of the numerical model lose stiffeness completely after 
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reaching the yield limit, while in reality some stiffness remains due to compression. Figure 6.18 shows 
successive normal stress plots of the model, after the first yielding of an element, which demonstrates 
the placing of the maximum tensile stress of the concrete, it also shows that almost no compressive 
stresses appear after the yielding of the element in tension. 
 

 
Figure 6.17. Compressive arching and catenary action 

                
a)  
 

  
b)   

   Pa 
c)  
 

  

 

d)  
 

  

 

e)  
 

  

 

Figure 6.18.Normal stress plots of half of the numerical model with on the left the contour plot and on the right a plot of the 
bottom stresses of the top and bottom face, with the stress on the vertical axis (for symmetry reasons it can be assumed the 
other side is the same).  
 
Figure a) is captured just after the first element reaches the maximum tensile strength, this happens 
in the two middle elements in the bottom of the bottom face, next the elements situated near the 
loading points reach the maximum, followed by the elements in the bottom face near the supports.  
This order corresponds with the test specimen, where also part 3b of the beam yields followed by 
cracks near the loading points in the top face and cracks in part 2b and 4b of the beam. The lower 
load reached in the numerical model is now possibly explained by the tension stiffening of the 
concrete. It seems that the concrete in the test specimen experiences more “leftover” stiffness after 
yielding than in the numerical model. The numerical model immediately transfers the stresses to the 
reinforcement resulting in the yielding of the steel bars, while the reinforcement of the test specimen 
stays intact and the failure occurs when the maximum shear strength of the core material is reached. 
In the numerical model only 20% of the maximum shear stress is reached, this can be seen in Figure 
6.15. 
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Lastly there is a difference in the damaged part of the plots, part III, while the experimental test shows 
a large drop in the load, the numerical model shows a significant increase in deflection, this is 
explained by the way the load is applied to the beam. The test specimen was displacement controlled 
and the numerical model load controlled, with a load controlled simulation, no sudden drop in load can 
be showed.  

6.2.2 Verification of specimen BE2 

The verification of specimen BE2 is explained in the same manner as with BE1, starting with the 
analysis of the behavior of specimen BE2 during the test, then the analysis of the numerical model 
during the test and ending with a comparison and conclusion.   
 

 
Figure 6.19. Load-deflection curve of specimen BE2, with I elastic curve, II plastic curve, III damage, point U is loading-

unloading 
 
In the beginning of the elastic curve of the load-deformation plot of specimen BE2, Figure 6.19, a 
crack appears at 0.25 kN in the middle of area 3b, then, when two cracks appear at a loading of 1.82 
kN in area 2b and 4b respectively the elastic curve ends. This is where the plastic curve starts, part II, 
with a significantly more gentle slope than the elastic part, 6.7 times smaller. During the plastic phase 
19 more cracks appear, first two in area 3t, then 4 in area 3t and 3b, then 2 just outside 3t on both 
sides, followed by some more in all the areas until an almost symmetric crack pattern arises, see 
Figure 5.11. Just after the elastic curve, at 18% of the ultimate load, point U, the specimen is unloaded 
which shows a slope difference of 0.15 with the elastic curve when the specimen is loaded again, 
equal to plasticity without damage. Appendix B.1.5.2 shows the photos of the specimen at the time of 
each crack. 
 

 
Figure 6.20. Mesh of numerical model BE2 with boundary conditions. The different colors represent the different 

sections of the beam, with green and blue for reinforced concrete, grey for PUR, red for EPS and white for rebar 
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The numerical model of BE2 is shown in Figure 6.20, with the corresponding load-deflection curve in 
Figure 6.21. The elastic part of the curve, part I, ends when, at a load of 3 kN, the first element yields 
in tension, see Figure 6.22. This figure clearly shows the transfer of tensile stresses from concrete to 
rebar after the first concrete element yielded, the figure also shows the maximum compressive stress 
of the concrete, the maximum shear stress of the EPS and the maximum tensile stress of the cable 
reinforcement is not reached during the analysis. After the concrete of part 3b has yielded, the plot 
gradually grows towards a second slope of 0.08, part II of the load-deflection curve. The end of the 
plot is due to a large deformation in the top PUR layer.  
 

 

Figure 6.21. Load-deflection curve of numerical model with the properties of BE2, with II plastic curve 
  

 
Figure 6.22. Percentage of maximum stress in elements of the beam over analysis time together with the load, with a 

maximum tensile concrete stress of 1.6 MPa, maximum compressive concrete stress of 19.8 MPa, a maximum tensile rebar 
stress of 2760 MPa and a maximum shear EPS stress of 0.1 MPa 

 
Now the two load-deflection curves are plotted together and compared in Figure 6.23. From this it can 
be seen that the numerical model experiences a 2 times higher load at the first yielding of the faces 
when compared with test specimen BE2. But then the ultimate load of the test specimen is 1.5 times 
larger than the numerical model, however due take in mind the analysis of the numerical model 
stopped before failing.  
 

0

3

6

9

0 10 20 30 40 50 60 70

Lo
ad

 [k
N

]

Deflection [mm]

I II

k=0.92 k=0.08

0

2

4

6

8

10

12

0

20

40

60

80

100

0 0.1 0.2 0.3 0.4 0.5 0.6

Lo
ad

 [k
N

]

%
 o

f m
ax

im
um

 s
tr

es
s 

[%
]

Time [s]

Tension bottom face
Compression bottom face
Tension rebar bottom
Tension rebar top
Shear EPS
Load



54 
 

 
Figure 6.23. Load-deflection curve of both experimental specimen and numerical model 

 
The explanation for the difference in the load of the first crack and ultimate load can be explained with 
the same reasons as for the model of BE1; a different tensile strength of the concrete and no catenary 
action due to the roller supports. The different ending of the analysis of numerical models BE1 and 
BE2 is explained by the difference in reinforcement, a steel cable can deform significantly more when 
compared with the steel reinforcement bars, so when the deformation of the total beam is larger, the 
analysis stops due to large deformations in the PUR elements.   
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Figure 6.24.Normal stress plots of half of the numerical model with on the left the contour plot and on the right a plot of the 
bottom stresses of the top and bottom face, with the stress on the vertical axis (for symmetry reasons it can be assumed the 
other side is the same).  
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Figure 6.24 shows successive normal stress plots of the model, taken from the first yielding of an 
element. It can be seen that the first element to yield in the bottom face is placed in the middle of the 
beam and the yielding of the top face is places beneath the loading points. This order corresponds 
with the test specimen, where also first the bottom middle of the beam yields followed by cracks near 
the loading points in the bottom face and then in the top face.  
 
This model is controlled the same way as the model of BE1, so again no drop in loading can be seen 
when an element yields.  

6.3 Conclusions 
The linear elastic model with Illbruck PUR foam show accurate results when compared with the 
experimental tests, however the initial cracks were not taken into account, so these specimens 
showed a slight plastic behavior. The linear elastic model with ultra-lightweight concrete showed 
significant difference with the experimental tests, the initial discontinuities in the specimen is a 
possible explanation for this difference. When used in future research, discontinuities such as partial 
bonding, initial cracks and significant shape changes, should be taken into consideration.  
 
The numerical model of specimens BE1 and BE2 contained the plastic properties of both the faces 
and the core. The elastic curve of the numerical model accurately described the elastic behavior of 
the test specimens, however a higher load was reached at the end of the elastic curve. This 
difference could be explained by a lower tensile strength of the concrete in reality. The plastic curve of 
both models showed a lower stiffness than the corresponding test specimen, a possible explanation  
can be in the difference of boundary conditions. The numerical model assumes the beam is simply 
supported, but in reality the beam encounters some friction from the roller supports, which could lead 
to a catenary effect and a higher ultimate load. Also it must be considered the numerical model is load 
controlled, while the experimental tests are displacement controlled. With a load-controlled model, the 
drop in load after an element yields is not shown.  
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7 Conclusions and recommendations 

7.1 Conclusions 
This study was introduced with the research question, 
 
Can sandwich panels, consisting of 3D printed concrete faces and an insulating core material, have 
structural capacity and can they be realized with the 3D printer? 
 
During the research on concrete printed sandwich panels, the experimental tests led to conclude a 
structural sandwich can be realized with the 3D printer. Of the three core materials tested, ultra-
lightweight concrete, PUR and EPS, the advantages and disadvantages are summarized: 
 
Advantages of the materials: 

• All the PUR core materials showed significant bondage with the concrete 
• Foam-It! PUR foams have a reliable production process because once it is poured into the 

cavity, it will expand equally into the free space. 
• EPS is a factory made product which results in more reliable properties than the other 

materials which are made by hand. 
• Ultra-lightweight concrete is a material which can be included in the printing process. 
• All PUR materials and the ultra-lightweight concrete have the same freedom in design and 

shape as the printed concrete faces. 
 
Disadvantages of the materials: 

• Illbruck perfect foam is a core material with a significantly lower stiffness than the faces which 
resulted in a lack of composite behaviour.  

• Rubson High volume foam has shown significant shrinkage after expansion which resulted in 
the failure of the concrete 

• Sprayable PUR foams showed difficulty in the Nyborg project with reaching the entire cavity 
of a high structure when added after printing. They also showed difficulty in the production 
process with the result in different and lower densities and sometimes even some parts of 
foam which did not complete their chemical reaction. 

• Ultra-lightweight concrete showed bondage problems with the concrete of the faces, the 
production method also showed shear failure of the wet concrete faces. 

• The Foam-It! Materials showed significant heating during the expansion which resulted in the 
failure of the concrete. 

• All PUR materials have a difficult production process with a short time frame of shaping the 
material. This makes the cleaning difficult when they would be included in a printing process. 

• A sandwich with EPS in combination with Illbruck perfect foam resulted in a shear failure of 
the core, the core is not stiff enough when compared with the reinforced concrete faces. 

• The strain capacity of Illbruck Perfect foam is larger than the strain capacity of EPS 
 
The findings indicate that two component PUR is the most promising material for structural, formable 
and adhesive properties. The sandwich beams with an EPS core showed that both reinforcement 
methods work. The shear failure in the core suggest the core material is not stiff enough, leading to 
conclude this combination of materials is not sufficient for a structural sandwich. The deflection in 
these beams exceeds the maximum permissible deflection of L/250 with 480%. 
 
The second goal in this study was to generate a numerical model with the same structural behaviour 
as 3D printed sandwich panels so that it can be used to find an optimal design of the sandwich. 
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The linear elastic model with Illbruck PUR foam show accurate results when compared with the 
experimental tests, however the slight plastic behavior due to initial cracks in these specimens was 
not taken into account in the model. The linear elastic model with ultra-lightweight concrete showed 
significant difference with the experimental tests, the initial discontinuities in the specimen is a 
possible explanation for this difference. When used in future research, discontinuities such as partial 
bonding, initial cracks and significant shape changes, should be taken into consideration.  
 
The numerical model of specimens BE1 and BE2 contains the plastic properties of both faces and  
core materials. The elastic curve of the numerical model accurately describes the elastic behavior of 
the test specimens, however a higher load was reached at the end of the elastic curve. This 
difference could be explained by a lower tensile strength of the concrete in reality. The plastic curve of 
both models showed a lower stiffness than the corresponding test specimen, a possible explanation  
can be in the difference of boundary conditions. The numerical model assumes the beam is simply 
supported, but in reality the beam encounters some friction from the roller supports, which could lead 
to a catenary effect and a higher ultimate load. Also it must be considered the numerical model is load 
controlled, while the experimental tests are displacement controlled. With a load-controlled model, the 
drop in load after an element yields is not shown.  
 
This study presented a method of modeling sandwich panels with concrete faces which does not 
consider the initial discontinuities and friction at the location of the supports, however there is a strong 
probability that when these problems are resolved, the sandwich behavior of the numerical model will 
be similar to the experimental tests. 
 
The short discussion on how to optimize a sandwich panel shows that, with freedom in shape of the 
faces, a more stiff sandwich panel can be reached in bending when rearranging the faces, with more 
material in the bottom face and by using a parabolic shape. 

7.2 Recommendations 
Together with core materials, the research into shear connectors in printed concrete faces could 
provide a fully composite sandwich panel. The use of the core material and the shear connectors 
could also prove positive on the stability of the concrete during printing, because for now large straight 
concrete elements cannot be printed. So for further research into printing with shear connectors is 
recommended. Research into the properties of reinforced printed concrete for both steel bars and 
cable as reinforcement is already in progress.  
 
Aside from the structural properties of the sandwich, the physical properties also need to be studied, 
including the insulating capacity and the fire safety of the element. Then, when the printer is able to 
construct a fully structural sandwich element with sufficient physical properties, another problem 
arises; the transportation of the elements to the building site. It is recommended that further research 
should be undertaken into a lifting solution for the sandwich elements. For sandwich elements with an 
EPS core the possibility to lift with a built-in lifting device in the EPS is already considered by 
Kingspan Unidek and Witteveen+Bos. Another possibility that would rule out the issue of 
transportation would be to print the entire building on site. 
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A Experimental test methods  

Contents 
1. Flexural properties of first set of sandwich beams and printed concrete beams 
2. Flexural properties of sandwich beam with EPS core 
3. Compression test lightweight concrete 
4. Density and compression test PUR 

 

The complete overview of experimental tests can be seen in Table A.0.1. 
 

Table A.0.1. Experimental tests with labels 
Test 
subject 

Material Bending Compression Tension Shear 

Sandwich foamed PUR BP1,2,3  a,b,c1 

B3P1 a,b,c2 
   

 2 components PUR  B2P5, a,b3 

B2P15  c4 
   

 lightweight concrete  BL1,2,3  a,b,c5    
Material printed concrete BH1,2,3    
 foamed PUR  CP1,2,31 

C3P1,2,32 
  

 two component PUR   D2P5 1,2 a-f3 

D2P15 1,2 a-f4 
 TP5 a-f3              

TP15 a-e4 
 

 lightweight concrete  CL1,2,35   
 EPS6 with PUR BE1,2   SEP1,2 

1 Illbruck Perfect Foam 
2 Rubson High volume PUR 
3  Foam It! 5 
4  Foam It! 15 
5  (Marinus, 2015) 
6  Kingspan Unidek  
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A.1 Flexural properties of first set of sandwich beams and 
printed concrete beams 

A.1.1 Scope 

This test is a simple bending test of a concrete sandwich beam with different core materials to 
determine the maximum deflection till cracking and to obtain the shear behaviour of the core. It is in 
accordance with ASTM C393-00. The printed concrete beam will be tested in a similar way as 
explained in this method. This test method is changed after each set of tests, this will be explained in 
each subchapter.  

A.1.2 Apparatus 

For the preparation of the specimens, a cement mixing machine, the 3D concrete printer and a 
circular diamond blade saw are needed. For the measuring of the specimens, a scale and a ruler and 
a caliper are needed. For the testing of the specimens, a laser temperature gun is needed to measure 
the temperature of the printed concrete. Furthermore, a testing machine is needed with two support 
rollers and two impact rollers, see Figure A.0.1. The support rollers have to be Leff apart, depending 
on the test series, from centre to centre. Also six LVDT’s are needed; two for the mean mid-span 
deflection, two for the mean compression of the core and two for shear deflection of the core. For the 
concrete beam the last four LVDT’s are not necessary. And lastly, a camera is needed to register the 
failure of the beam. 

A.1.2.1 Test series 1, 4-point bending ⅓ span 
In the first test series six LVDT’s are used, two in the middle, LVDT 1.1 and 1.2, to measure the mean 
mid-span deflection, two in the middle, LVDT 2.1 and 2.2, to measure the mid-span compression of 
the core, and two at the end, LVDT 3 and 4, to measure the shear deformation of the core. This test 
series is tested in the 100kN machine, the dimensions of L1, L2 and L3 are given in Table A.0.3. 

A.1.2.2 Test series 2, 4-point bending ¼ span, deep beam 
In the second test series 3 LVDT’s are used, one in the middle, LVDT 2, and two beneath the loading 
points, LVDT 5 and 6. This way the shear deflection can be measured. The deformation of the core 
can be calculated by the subtraction of LVDT 1 of the movement of the machine, so the core 
deformation LVDT’s are not needed. This test series is tested in the 250 kN machine, the dimensions 
of L1, L2 and L3 are given in Table A.0.3. 

A.1.2.3 Test series 3, 4-point bending ¼ span, long beam 
This test series is tested in the 250 kN machine, the dimensions of L1, L2 and L3 are given in Table 
A.0.3. 
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Figure A.0.1 Schematic test setup from the side and the front. 

A.1.3 Preparation of test specimens 

Each specimen group consists of three specimens. The specimens will be made in an equal 
environment of the lab (same temperature and moisture content). The different groups will consist of 
sandwich panels with faces of printed concrete and a core of foamed PUR (polyurethaan), 2 
component PUR or lightweight concrete, and homogeneous printed concrete beams. The dimensions 
of sandwich test 1 consist of 3 different face to core thickness ratio’s. Table A.0.3 shows the 
dimensions of the specimens. 
 

Table A.0.2. Dimensions sandwich specimens 
Core material Test  Label  hf hc h b Leff L1 L2 L3 

   [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] 
Foamed PUR Illbruck 1 BP1a,b,c 40 200 280 100 900 300 300 100 
  BP2a,b,c 40 80 160 100 900 300 300 100 
  BP3a,b,c 40 40 120 100 900 300 300 100 
Lightweight concrete 1 BL1a,b,c 40 200 280 100 900 300 300 100 
  BL2a,b,c 40 80 160 100 900 300 300 100 
  BL3a,b,c 40 40 120 100 900 300 300 100 
Printed concrete 1 BH1,2,3 - - 180 100 900 300 300 100 
Two component PUR 2 B2P1a,b,c 40 200 280 100 900 450 225 25 
Foamed PUR Rubson 2 B3P1a,b,c 40 200 280 100 900 450 225 25 
Reinforced faces 3 B2P2a,b,c 50 200 300 300 2000 1000 500 150 

 
Before printing, the lightweight concrete mixture has to be developed as reported by (Marinus, 2015). 
The print direction for the homogeneous beam will start with printing the side and will then build up in 
the depth direction (see Figure A.0.2 left). The path will be longer than the required length because 
the beam will lay 100 mm over the sides of the support rollers and because the ends have to be cut 
off to get straight ends. For the sandwich beam the print direction will be the same as in the 
homogeneous concrete beam (see Figure A.0.2 right), only a space will be left in the middle for the 
core material. After printing, when the concrete is still wet, the lightweight concrete core will poured in 
that space for half of the sandwich specimens. The other half will be filled up with PUR after one day 
of drying. Finally one day before the test, the specimens have to be cut with the diamond saw so they 
have a length of 1100 mm and straight ends. The specimens have to be turned 90 degrees for the 
test.  
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Figure A.0.2. Print direction homogeneous beam (left) and sandwich beam (right). 

A.1.4 Procedure 

Before testing, the specimens will be weighed and measured. For the measuring, the depth will be 
measured at top and bottom face on both sides of the specimen, the height will be measured on both 
sides of the specimen and in the middle and the length will be measured of the upper face. Then the 
flaws such as bubbles and cracks will be documented and marked with a red marker and steel 
elements need to be glued to the specimen for the LVDT’s, these are shown in black in Figure A.0.1. 
When placing the specimen in the testing machine, the specimen should be measured so it is in the 
centre. Above the support- and beneath the impact rollers, a steel plate will be placed to evenly 
distribute the load to the specimen. Then, the impact roller will go down with a loading rate of 0.3 m/s 
until failure, during which the camera is filming. 

A.1.4.1 Procedure changes  
After the first tests were carried out, a change in testing has to be made. In Figure A.0.3 can be seen 
that the printed specimens are not always straight and that each layer has a little bump on the 
outside. To evenly distribute the forces in the beam during testing, the beam needs to be straightened 
out at the impact and support rollers, this will be done with a little bit of plaster.  
 

 
Figure A.0.3. A printed concrete beam specimen 

A.1.5 Calculation 

The core shear stress of the sandwich beams can be calculated with: 

𝜏𝜏 =
𝑃𝑃

(ℎ + ℎ𝑐𝑐)𝑏𝑏
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Where: 
τ core shear stress [MPa] 
P load [N] 
h sandwich height [mm] 
hc core height [mm] 
b sandwich width [mm] 
 
The facing bending stress of the sandwich beams can be calculated with: 

𝜎𝜎 =
𝑃𝑃 𝑙𝑙𝑒𝑒𝑓𝑓𝑓𝑓

3ℎ𝑓𝑓(ℎ + ℎ𝑐𝑐)𝑏𝑏
 

Where: 
σ facing stress [MPa] 
leff span length [mm] 
  
The flexural stiffness of the printed concrete beam can be calculated with: 

𝜎𝜎 =
3𝑃𝑃 𝑙𝑙𝑒𝑒𝑓𝑓𝑓𝑓
4𝑏𝑏ℎ2

 

A.2 Flexural properties of sandwich beam with EPS core 

A.2.1 Scope 

This test is a simple bending test of a reinforced concrete sandwich beam with a foam core to 
determine the maximum deflection till cracking and to obtain the shear behavior of the core. It is in 
accordance with ASTM C393-00 only on a different scale since the faces of the sandwich will be 
60mm high. The faces will be reinforced with two different types of reinforcement, printed cable 
reinforcement and by hand Φ5mm reinforcement. The core of the sandwich will consist of a prefab 
EPS foam block that will be connected to the concrete with a small layer of PUR foam. 

A.2.2 Apparatus 

For the preparation of the specimens, the 3D concrete printer a saw that is able to cut through 
reinforced concrete and a PUR gun are needed. For the measuring of the specimens, a scale and a 
ruler and a calliper are needed. For the testing of the specimens, a laser temperature gun is needed 
to measure the temperature of the concrete during printing. Furthermore, a testing machine is needed 
with two support rollers and two impact rollers, see Figure A.0.1 and 1.2. The support rollers have to 
be 3m apart, from centre to centre. Also seven LVDT’s are needed; two for the 1/3 span deflection, 
one for the mid-span deflection, two for the mean compression of the core and two for shear 
deflection of the core. Also six tools are needed to measure the crack width on both sides of the 
beam. And lastly, a camera is needed to register the failure of the beam, this will be done by filming 
the middle zone of the beam. 
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Figure A.0.4 Schematic test setup, front view (left) and section (right). 

A.2.3 Preparation of test specimens 

A.2.3.1 General 
The specimens will consist of printed reinforced concrete faces and a core of prefab EPS with a layer 
of PUR (polyurethaan) foam as “glue” in between the EPS and concrete. Two types of test specimens 
will be made, test specimens with printed reinforcement in the faces and test specimens with 
reinforcement put in by hand in the tension face of the beam. First two beams will be made, one of 
each type of reinforcement, as a test to see if the test setup and the preparation of the specimen is 
sufficient. 
 
The reinforcement in the concrete faces will be more than the minimum percentage, see calculation 
on last page. For the printed reinforcement this will be a beam of 40 layers with in every layer a cable 
of 0.43mm2. For the reinforcement by hand this will be a beam of 40 layers with a reinforcement bar of 
ϕ6mm every eighth layer, except for the last layer, in the tensile part of the beam. In total this beam 
will have 4 reinforcement bars. 
 
The dimensions of the specimens are shown in Table A.0.3. 
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Table A.0.3. Dimensions of sandwich beams  

Reinforcement type Label  hf 

[mm] 
hc 
[mm] 

h 
[mm] 

b 
[mm] 

Leff 

[mm] 
L 
[mm] 

Printed reinforcement B4P1a,b,c 60 330 450 300 3000 3600 
Reinforcement by hand B4P2a,b,c 60 330 450 300 3000 3600 

A.2.3.2 Number of test specimens 
In total six specimens will be made, three with printed reinforcement and three with reinforcement by 
hand, the first two test beams included.  

A.2.3.3 Preparation of test specimens 
First the faces will be printed with the 3D concrete printer, this will be done in a continuous path as 
can be seen in Figure A.0.6. The beam including the ends will be longer than the needed span of the 
beam since the rounded off ends will be cut off.  
The three specimens with printed reinforced concrete will be printed in the same way each, in which 
the cable reinforcement is embedded in the middle of each layer. The three specimens with the 
reinforcement put in by hand will have a different technique of embedding the reinforcement each, of 
which one will have the bars pushed in the layer completely after which the printer will put the next 
layer of concrete on top of it. The second one will be the same as the first, only the concrete 
surrounding the bar will be pushed till over the bar completely. And the third one will be the same as 
the first, only a little bit of wet concrete will be put over the bar after. See Figure A.0.5. 

 
Figure A.0.5. Methods of reinforcement by hand 

The ends of the beam will be cut off when still wet, so the beam has a length of 3,6m. This is the 
easiest method to remove the concrete and this will prevent the grow of stresses in the concrete when 
the PUR layer expands or shrinks. After this procedure the concrete will be sprayed with curing 
compound and covered with wet cloaks to prevent cracks for a minimum of 2 days. The beams will be 
filled in between the third and the fifth day after printing, this will go as follows: the EPS foam is a pre 
ordered size that is smaller than the real size of the core, 280mm, and will be put in to the centre of 
the printed beam, then the ends of the beam are covered with a wooden plate and clamped to the 
other end of the beam so that the cavity that is left can be filled with a sprayable flexible PUR foam. 
The foam has to be sprayed in layers of 10cm, the PUR foam takes an hour to harden, the next layer 
will be sprayed on top of the one before until the complete cavity is filled. After the foam is hard, the 
foam sticking out above the concrete will be cut off with a hand saw. In the end the on the place of the 
support roller and impact roller, the concrete will be evened out with some plaster, see Figure A.0.6 
on the right. 
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Figure A.0.6. Print path beams (left), plaster (right) 
 

      
Figure 0.7. Removing the ends of the printed reinforcement beam when the concrete was still wet 
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Figure 0.8. Left, printing over the reinforcement put in by hand and right, spraying PUR in the cavity with foam board to 

keep the EPS in place 
 

A.2.3.4 Procedure 
Before testing, the specimens will be weighed and measured. For the measuring, each dimension will 
be a mean dimension of 3 points. Then the flaws such as bubbles and cracks will be documented and 
marked with a red marker.  
For the LVDT’s, some a small steel elements need to be glued to the specimen to connect the LVDT 
to the specimen, then the specimen is placed into the testing machine and will be measured so it is in 
the center. Above the support- and beneath the impact rollers, a steel plate will be placed to evenly 
distribute the load to the specimen. Then the LVDT’s will be placed and a camera in a set position.  
After all the preparations are finished the impact roller will go down with a loading rate of …mm/s until 
a load of 50% of the total load, then it will go back to the start and it will be repeated two times. At a 
loading percentage of 75% this will be repeated once again, and finally at a loading percentage of a 
100%. After this procedure, the beam will be loaded until failure occurs.  

A.2.4 Calculation 

The facing bending stress of the sandwich beams can be calculated with: 

𝜎𝜎 =
𝑃𝑃 𝑙𝑙𝑒𝑒𝑓𝑓𝑓𝑓

3ℎ𝑓𝑓(ℎ + ℎ𝑐𝑐)𝑏𝑏
 

Where: 
σ facing stress [MPa] 
leff span length [mm] 
  
The flexural stiffness of the printed concrete beam can be calculated with: 

𝜎𝜎 =
3𝑃𝑃 𝑙𝑙𝑒𝑒𝑓𝑓𝑓𝑓
4𝑏𝑏ℎ2

 

The core shear stress of the sandwich beams can be calculated with: 
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𝜏𝜏 =
𝑃𝑃

(ℎ + ℎ𝑐𝑐)𝑏𝑏
 

Where: 
τ core shear stress [MPa] 
P load [N] 
h sandwich height [mm] 
hc core height [mm] 
b sandwich width [mm] 

A.2.5 Calculation reinforcement 

A.2.5.1 Amount of reinforcement 

 
 
Ac = 300*60 = 18.000 mm2 
The cable reinforcement has As = 0,43 mm2 for each cable, with σy = 2512,97 MPa 
The steel bar reinforcement with ϕ5 has As = π * 2,52 = 19,63 mm2, with σy =500 MPa 
The maximum tensile force in the concrete is ft = 1,6 MPa, so the maximum tensile force in the 
concrete will be: 
Ns = 1,6 * 18.000 = 28.800 N 
For this force to be transferred to the reinforcement, the area of the reinforcement can be calculated 
with the maximum tensile strength of the reinforcement. 
Cable reinforcement: 𝐴𝐴 = 𝐹𝐹

𝜎𝜎𝑦𝑦
= 28.000

2512,97
= 11,46 𝑚𝑚𝑚𝑚2 

Steel bar reinforcement: 𝐴𝐴 = 𝐹𝐹
𝜎𝜎𝑦𝑦

= 28.000
500

= 56 𝑚𝑚𝑚𝑚2 

So, in the tensile part of the concrete there needs to be a minimum of 11,46/0,43= 27 cables or 
56/19,63= 3 steel bars. 

A.2.5.2 Anchor length of reinforcement 
The bond strength of the ϕ5 bars can be calculated with: 

𝑓𝑓𝑏𝑏𝑑𝑑 = 2.25𝜂𝜂1𝜂𝜂2𝑓𝑓𝑐𝑐𝑐𝑐𝑑𝑑 
Where: 
fbd ultimate (design) bond stress 
η1 coefficient related to the quality of the bond condition and the position of the bar during 

concreting, =1.0 for condition of good bond and =0.7 for all other cases and for bars in 
structural elements built with slipforms 

η2  related to the bar diameter, =1.0 for ϕ ≤ 40mm (NDP) and = (140 – ϕ)/100 for ϕ > 40 
fctd  the design tensile strength defined as: 
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  𝑓𝑓𝑐𝑐𝑐𝑐𝑑𝑑 = 𝛼𝛼𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐,0.05
𝛾𝛾𝑐𝑐

 

Where: 
γc   partial safety factor for concrete = 1.5 
αct  coefficient taking account of long-term effects on the tensile strength and unfavorable effects 

resulting from the way the load is applied =1 (NDP) 
 
 
 

A.3 Compression test lightweight concrete 

A.3.1 Scope 

This is a test to determine the cube compressive strength of the lightweight concrete. It is in 
accordance with NEN-EN 12390-3.  

A.3.2 Apparatus 

For the preparation of the specimens, a cement mixing machine and a scale are needed. To measure 
the dimensions of the specimens a ruler is needed. And for the test itself a 4 MN compression 
machine will be used. 

A.3.3 Preparation of test specimens 

The specimens will be made from the same material and batch as the sandwich test specimens with a 
lightweight concrete core, developed in accordance with Yu, Spiesz and Brouwers. The mixed 
material will be poured into a mold with the shape of a cube with the dimensions 150 x 150 x 150 
mm3. The cube should be have some formwork oil on it before pouring. After seven days the concrete 
cubes will be stripped from their moulds.  
 

Table A.0.4. Dimensions of lightweight concrete cubes 
Label b d h  
 [mm] [mm] [mm] 
DL1a,b,c 150 150 150 

A.3.4 Procedure 

Before testing, the specimens will be weighed and measured. The impact plate of testing machine will 
go down with a loading rate of 3kN/s until failure of the specimen. The test setup is shown in Figure 
A.0.9. 
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Figure A.0.9. Test setup compression test lightweight concrete 

A.4 Density and compression test PUR 

A.4.1 Scope 

The test to determine the apparent overall density of sprayed polyurethane foam and the 2-
component foam is in accordance with ISO 845. And in accordance with ISO 844 the polyurethane 
foam will be tested for its compressive properties by applying a compressive force in the axial 
direction of the specimen. The compressive strength, relative deformation and compressive modulus 
can be calculated from this test. 

A.4.2 Apparatus 

To weigh the specimen a balance is needed and a to measure the specimen, a ruler and a calliper 
are needed. Also, a compression testing machine is needed with two parallel plates which cannot be 
deformed and with a larger surface area than the specimen. 

A.4.3 Preparation of test specimens 

For the test on the Illbruck Perfect foam, the specimens are extracted with a saw from sandwich 
specimens BP3a, b and c, with dimensions 85 x 150 x 150 mm3 will be extracted with a saw. 

A.4.4 Procedure 

Before the compression test, the specimens will be weighed and measured for the density. The 
dimensions of the specimens have to be measured at three different locations for every mean 
dimension. 
 
Then, the specimen will be placed in the testing machine in the middle of a fixed plate. An aluminium 
plate (2,33 kg) will be placed on top of the specimen to evenly distribute the force of the impact 
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cylinder. Two LVDT’s are placed in the middle of the aluminium plate to measure the deformation of 
the specimen. The impact cylinder will move with a loading rate of 0.3 mm/s towards the specimen 
until 13% of the specimen is compressed or when the specimen yields. 
 

   
Figure A.0.10. Test setup compression test PUR, Illbruck Perfect foam left, Foam it! right. 

A.4.5 Calculation 

The volume of the specimen can be calculated by multiplying the mean dimensions. 
Then the density can be calculated with: 

𝜌𝜌 =
𝑚𝑚
𝑉𝑉
∙ 106 

Where: 
ρ apparent overall density [kg/m3] 
m mass of the specimen [g] 
V volume of the specimen [mm3] 
From all the specimens, the mean value has to be calculated. 
 
The steepest straight line part of the force-deformation graph has to be extended till the x-asis, see 
Figure A.0.11. This is the zero-deformation point O. From there the calculated 10% deformation of the 
specimen has to be drawn towards the right, this is point M. From that point a line straight up has to 
be drawn until it crosses the load-deflection line, this is point P. The corresponding load has to be 
used to calculate the compressive strength. 
The compressive strength at a relative deformation of ε < 10% can be calculated by: 

𝜎𝜎𝑚𝑚 =
𝐹𝐹𝑚𝑚
𝐴𝐴
∙ 103 

Where: 
σm compressive strength [kP] 
Fm maximum compressive force [N] 
A initial cross-section of specimen [m2] 
 
The modulus of elasticity for compression can be calculated by a random point T on the straight line 
with a corresponding point S 

𝐸𝐸 =
𝜎𝜎𝑒𝑒 ∙ ℎ
𝑥𝑥𝑒𝑒

 

𝜎𝜎𝑒𝑒 =
𝐹𝐹𝑒𝑒
𝐴𝐴
∙ 103 

Where: 
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σe compressive stress at a relative deformation of 10% [kP] 
h height of the specimen 
Fe compressive force at a relative deformation of 10%  [N] 
A initial cross-section of specimen [m2] 
 
The relative deformation as a percentage can be calculated by: 

𝜀𝜀𝑚𝑚 =
𝑥𝑥𝑚𝑚
ℎ0

∙ 100% 

 

 
Figure A.0.11. Calculation method PUR    
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B Experimental results 

Contents 
1. Flexural strength sandwich beams 
2. Compression strength lightweight concrete 
3. Density and compression strength PUR 
4. Shear strength EPS with PUR 
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B.1 Flexural strength sandwich beams 

B.1.1 Flexural strength homogeneous printed concrete beam 

The printing of the homogeneous beam was a problem, because the printing path width is not exact, 
the layers did not always connect as they should. This is seen in BH1 and BH2, this problem is solved 
by changing the printing speed in the middle two lanes. BH1 has some connection and BH2 has an 
almost separate layer. In the graph it is also seen that BH2 has a lower strength than BH1 and BH3, 
this is because the beam acts as two separate beams on top of eachother. Because of the change in 
speed, the beam top and bottom (during printing the sides of the beam) are not straight, this was also 
a problem in the tests. 
 

 
 

 
 

 
   

Weight D L B Volume Density Max 
load 

Max 
moment 

Deflection Flexural 
stiffness  

[kg] [mm] [mm] [mm] [m3] [kg/m3] [kN] [kNm} [mm] [Mpa] 

BH1 35.6 183.7 1094.0 99.1 0.020 1785.6 4.96 0.74 0.765 1.34 

BH2 35.0 175.0 1094.0 100.0 0.019 1826.5 3.71 0.56 0.497 1.09 
BH3 35.7 169.0 1096.0 99.4 0.018 1938.3 4.69 0.70 0.769 1.49 

Abaqus 38.7 180.0 1100.0 100.0 0.020 1953.7 5.93 0.89 0.112 1.65 

Hand 
 

180.0 1100.0 100.0 0.020 
 

5.76 0.86 
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B.1.2 Flexural strength sandwich with lightweight concrete core 

 
 

 
 

 
  

Weight h w d Volume Density Max 
load 

Max 
moment 

Deflection 
 

[kg] [mm] [mm] [mm] [m3] [kg/m3] [kN] [kNm] [mm] 
BL1a 17.05 120.30 1160.00 90.30 0.013 1353.08 1.88 0.28 0.33 
BL1b 16.50 116.07 1096.00 90.19 0.011 1438.16 1.78 0.27 0.54 
BL1c 17.05 119.07 1095.00 90.17 0.012 1450.30 1.76 0.26 0.48 
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Weight h w d Volume Density Max 
load 

Max 
moment 

Deflection 
 

[kg] [mm] [mm] [mm] [m3] [kg/m3] [kN] [kNm] [mm] 

BL2a 19.65 160.13 1104.00 89.09 0.02 1247.59 2.95 0.44 0.55 

BL2b 20.10 165.33 1093.00 91.00 0.02 1222.29 2.58 0.39 0.48 

BL2c 19.50 160.00 1099.00 89.49 0.02 1239.17 3.00 0.45 0.50 
 

 
.  

Weight h w d Volume Density Max 
load 

Max 
moment 

Deflection 
 

[kg] [mm] [mm] [mm] [m3] [kg/m3] [kN] [kNm] [mm] 

BL3C 29.25 275.33 1111.00 88.43 0.027 1239.17 8.58 1.29 0.75 
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Chart 0.1. Sandwich with lightweight concrete core, a) ultimate load at failure and b) ultimate deflection at failure 

 

B.1.3 Flexural strength sandwich with Illbruck Perfect PUR core 

 
 

 
 

 
  

Weight h w d Volume Density Max 
load 

Max 
moment 

Deflection Flexural 
stiffness  

[kg] [mm] [mm] [mm] [m3] [kg/m3] [kN] [kNm] [mm] [Mpa] 

BP1A 13.50 114.00 1098.00 88.35 0.01 1220.70 0.37 0.06 0.71 0.29 

BP1B 13.30 116.18 1100.00 89.17 0.01 1167.07 0.42 0.06 0.55 0.32 

BP1C 13.70 114.44 1097.00 91.98 0.01 1186.46 0.56 0.08 0.79 0.42 
 

 
 
 

BL1A BL1B BL1C BL2A BL2B BL2C BL3A
Experimental 1.88 1.78 1.76 2.95 2.58 3.00 8.58
Expected 2.67 2.67 2.67 4.39 4.39 4.39 11.19
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a) Force at failure
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b) Deflection at failure
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Weight h w d Volume Density Max 
load 

Max 
moment 

Deflection Flexural 
stiffness  

[kg] [mm] [mm] [mm] [m3] [kg/m3] [kN] [kNm] [mm] [Mpa] 

BP2A 13.20 155.00 1097.0 89.61 0.02 866.35 0.47 0.07 0.83 0.20 

BP2B 13.35 152.32 1102.0 88.65 0.01 897.14 0.42 0.06 0.93 0.18 

BP2C 13.40 153.67 1100.0 88.59 0.01 894.90 0.45 0.07 1.02 0.20 
 

 
 
 
  

Weight h w d Volume Density Max 
load 

Max 
moment 

Deflection Flexural 
stiffness  

[kg] [mm] [mm] [mm] [m3] [kg/m3] [kN] [kNm] [mm] [Mpa] 

BP3A 13.90 271.33 1104.0 87.18 0.03 532.26 0.44 0.07 0.81 0.06 

BP3B 13.00 269.67 1098.0 87.24 0.03 503.28 0.34 0.05 1.08 0.05 

BP3C 13.00 275.00 1100.0 86.54 0.03 496.59 0.31 0.05 0.65 0.04 
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Chart 0.2. Sandwich with Illbruck Perfect PUR core, a) ultimate load at failure and b) ultimate deflection at failure 

B.1.4 Flexural strength sandwich with Foam-It! PUR core 

 
 

 
 

 

BP1A BP1B BP1C BP2A BP2B BP2C BP3A BP3B BP3C
Experimental 0.37 0.42 0.56 0.47 0.42 0.45 0.44 0.34 0.31
Expected 0.64 0.64 0.64 0.57 0.57 0.57 0.54 0.54 0.54
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b) Deflection at failure
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 W hf,1 hf,2 hc h b l 

 [kg] [mm] [mm] [mm] [mm] [mm] [mm] 
B2P1A5 18.50 54.73 54.77 178.5 288.0 95.0 944.5 
B2P1B5 17.65 52.59 55.67 179.1 287.3 95.5 945.5 
B2P1C15 20.70 55.87 53.98 180.2 290.0 94.5 946.5 

 

 
Chart 0.3. Sandwich with Foam It! PUR core, a) ultimate load at failure and b) ultimate deflection at failure 

 
 

B.1.5 Flexural strength sandwich with EPS and PUR core 
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Figure 0.12. Load-mid span deflection of BE1 and BE2 

B.1.5.1 Specimen BE1 

 
Figure 0.13. Initial crack 
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Figure 0.14. Shear behavior core 

 

 
Figure 0.15. Maximum reached for LVDT 2&4 

 

 
Figure 0.16. Failed specimen with shear cracks in the core 

 



- 24 - 
 

 
Figure 0.17. Failed specimen BE1 

 

 
Figure 0.18. Crack width/ strain for LVDT 5, 6, 7 and 11 for BE1 
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B.1.5.2 Specimen BE2 

  
Figure 0.19. Printed reinforcement 

 

 
Figure 0.20. Failed specimen BE2 
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Figure 0.21. Crack width/ strain of LVDT 5, 6, 7 and 11 of specimen BE2 

B.2 Compression strength lightweight concrete 

 
  

Weight h w d Volume Density Max compr. load Compr. strength  
[kg] [mm] [mm] [mm] [m3] [kg/m3] [kN] [MPa] 

DL1a 2.81 150,0 150,0 150,0 0.0034 832.59 179.8 7.99 
DL1b - 150,0 150,0 150,0 0.0034 - 178.5 7.93 
DL1c - 150,0 150,0 150,0 0.0034 - 184.5 8.20 
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B.3 Density and compression strength PUR 

 
 

 
  

Weight 
 

h 
 

w 
 

d 
 

Volume  
 

Density h 10% Max compr. 
load 

Compr. 
strength 

Compr. 
modulus 

 [kg] [mm] [mm] [mm] [m3] [kg/m3] [mm] [kN] [Mpa] [N/mm3] 

DP1a 0.0207 84.95 146.28 148.64 0.00185 11.21 8.50 0.21 0.018 0.25 

DP1b 0.0213 86.85 150.23 151.15 0.00197 10.80 8.69 0.20 0.020 0.26 

DP1c 0.0251 86.91 150.04 149.86 0.00195 12.84 8.69 0.21 0.023 0.28 

DP1d 0.0183 84.00 145.65 150.68 0.00184 9.93 8.40 0.21 0.022 0.30 

DP1e 0.0197 82.50 148.18 149.82 0.00183 10.76 8.25 0.18 0.024 0.27 

DP1f 0.0184 85.00 151.32 149.63 0.00192 9.56 8.50 0.16 0.021 0.27 

DP1g 0.0183 85.25 147.76 145.95 0.00184 9.95 8.53 0.12 0.022 0.39 

DP1h 0.0204 86.00 147.62 149.63 0.00190 10.74 8.60 0.23 0.023 0.33 

DP1i 0.0163 85.50 141.89 144.42 0.00175 9.30 8.55 0.22 0.019 0.27 

Mean 
     

10.57  0.19 0.021 0.29 

St.Dev 
     

1.07  0.03 0.002 0.05 

 

DP1a DP1b DP1c DP1d DP1e DP1f DP1g DP1h DP1i
Density 11.21 10.80 12.84 9.93 10.76 9.56 9.95 10.74 9.30
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Compr. Modulus [Mpa] 0.25 0.26 0.28 0.30 0.27 0.27 0.39 0.33 0.27
Max compr. Load [kN] 0.21 0.20 0.21 0.21 0.18 0.16 0.12 0.23 0.22
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 Weight Density σ e σ 10 Ec 

 [g] [kg/m3] [Mpa] [Mpa] [Mpa] 
5a 9.2 93.54 0.047 0.188 4.51 
5b 9.4 101.94 0.041 0.187 2.27 
5c 10.3 115.23 0.010 0.034 0.49 
5d 9.8 106.26 0.093 0.271 4.80 
5e 10.7 117.57 0.038 0.087 1.01 
Average  106.91 0.046 0.153 2.62 
St. dev sample 9.83 0.030 0.093 1.98 

 
 
 Weight Density σ e σ m σ 10 ε m Ec 

 [g] [kg/m3] [Mpa] [Mpa] [Mpa] [-] [Mpa] 
5.2a 16.3 89.46 0.38 0.68 - 6.61 17.95 
5.2b 17.4 86.65 0.41 0.73 - 4.76 26.97 
5.2c 16.2 88.58 0.28 0.67 - 6.05 20.75 
5.2d 16.9 85.00 0.27 0.51 0.53 5.52 18.54 
5.2e 16.5 90.21 0.34 0.67 - 6.45 16.67 
5.2f 17.4 88.20 0.34 0.59 0.60 5.53 17.76 
Average 88.02 0.34 0.64 0.56 5.82 19.78 
St. dev. sample 1.91 0.06 0.08 0.05 0.69 3.78 
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 Weight Density σ e σ 10 Ec 
  [g] [kg/m3] [Mpa] [Mpa] [Mpa] 
15a 27.4 235.27 0.30 0.66 7.39 
15b 22 206.79 0.59 1.62 20.88 
15c 52.6 405.89 2.04 - 30.98 
15d 32 257.74 1.28 - 55.27 
15e 24.2 248.53 0.24 0.78 11.39 
Average 270.84 0.89 1.02 25.18 
St. dev. sample 77.90 0.77 0.52 19.13 

 
 Weigth Density σ e σ m σ 10 ε m Ec 

 [g] [kg/m3] [Mpa] [Mpa] [Mpa] [-] [Mpa] 
15.2a 30.2 199.90 1.33 -  - 59.95 
15.2b 29.8 195.34 1.36 - 2.54 - 72.37 
15.2c 31.9 197.47 1.30 2.78 2.60 9.98 69.93 
15.2d 35.2 217.37 1.77 - 3.04 - 91.86 
15.2e 36.0 219.52 1.25 - 3.10 - 88.82 
15.2f 35.3 216.84 1.65 2.64 2.87 3.56 109.61 
Average  207.74 1.44 2.71 2.83 6.77 82.09 
St. dev sample 11.27 0.21 0.10 0.25 4.54 18.06 
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B.4 Shear strength EPS with PUR 
The properties of EPS and Illbruck foam are known, these are given in Table 0.5. The results of the 
shear test are given in Table 0.7, the shear strength is calculated with: 

𝜏𝜏 =
𝐹𝐹𝑚𝑚
𝐴𝐴

 

Where 
 A is 2 x l x w, in m2 

Fm is maximum force applied to the test specimen, in kN 
The shear modulus is calculated with 

𝐺𝐺 =
𝑑𝑑 𝑥𝑥 tan𝛼𝛼

𝐴𝐴
 

Where 
tan α is the slope of the linear portion of the force-displacement curve, if detectable 
d is the thickness of the test specimen, in m 
 

Table 0.5. Properties EPS and PUR 
 Density Tensile 

strength 
Elongation 
at break 

Shear 
strength 

Compressive 
strength 10% 

 [kg/m3] [kPa] [%] [kPa] [kPa] 
Illbruck Perfect Elastic Foam 15-25 65 50 54 11 
Illbruck Perfect Foam 15-25 76 21 55 34 
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EPS70 Kingspan UNIDEK 15 100  100 70 
 

Table 0.6. Shear test results 

 Max load Elongation Shear strength Shear Modulus 
 [kN] [mm] [kPa] [kPa] 
Perfect Elastic Foam & EPS70 5.77 16.30 36.07 0.75 
Perfect Foam & EPS70 6.80 6.50 42.51 8.66 

 
Table 0.7. Dimensions specimens shear test 

 Width Thickness Length 
 [mm] [mm] [mm] 
Perfect Elastic Foam & EPS70 200 89.89 400 
Perfect Foam & EPS70 200 93.56 400 
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C Nyborg Pavilion Research Phase (Bos F. P., 2017) 

For  a pavilion in Nyborg, Denmark elements were tested with printed concrete faces connected with 
wall ties and filled up with Rubson high volume PUR. The project was cancelled before realization of 
the complete wall. Rubson PUR also caused shrinkage cracks in the elements, as was explained in 
chapter 1.  

• Three-point bending test 

• Compression tests 

• Pendulum impact tests 

C.1 Three-point bending test 

C.1.1 Test setup  

The 3-point bending test was performed on ‘standing’ elements, with the load acting horizontally, see 
Figure C.0.22. The support span is 224 cm. The load is applied in the middle, and distributed over 60 
cm height and the full width of the element through steel profiles. Due to the wave-shape of the 
element, the load is transferred into the concrete over the tops of the waves. The forces are 
measured at the loading jack and the 2 support points. By deducting one from the other, the reaction 
friction on the ground plate can be calculated. 
 

 
Figure C.0.22 Test setup (with element 2.5-1, at maximum applied load 7.5 kN,>6 times design load) 
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C.1.2 Terminology: 

- ‘Back’ side is the side of the element on which the load is acting. It has 2 sinus wave tops on 
which the load acts. 

- ‘Front’ side is the side of the element that is supported at the top and bottom. It has 3 sinus 
wave tops that are supported. 

- ‘Left’ and ‘right’ side are designated from looking towards the front side. The left side is the 
side that was filmed during the experiment. 

C.1.3 Estimation design moment 

Maximum moment per kN of load  
- assuming (conservatively) equal load distribution between top and bottom support.  
- assuming linear distributed line load lq = 0.6 m over the steel profiles  
- distance a between steel profile edge and center support line: (2.24 m – 0.6) / 2 = 0.82 m  

 
→ moment per kN of load: MF = ½ × a × F + 1/8 × (F/0.6) × lq2 = ½ × 0.82 × 1 + 1/8 × (1/0.6) × 
0.62 = 0.41 + 0.075 = 0.485 kNm / kN  

 
Estimate design moment  

- design wind load: Pd,wind = 1,0 kN/m2  

- average element width b = 0.7 m  
- estimated wall height h = 2.5 m  
- support conditions: freely supported beam  

 
→ design moment Md = 1/8 qh2 = 1/8 × (Pd,wind × b) h2 = 1/8 × 1 × 0.7 × 2.52 = 0.55 kNm.  
The design moment is reached when the applied load F equals 0.55 / 0.485 = 1.13 kN  

C.1.4 Results and discussion 

Element 2.5-1, test date 4.7.2017 (print date 6.6.2017)  
Several features of the element were measured before testing. Extensive data will follow in the full 
report. Key properties:  

- object height: 249.5 cm  
- sinus period: 28.5 cm. The front and back side each feature 2 full sinus waves and some 

additional length to each side.  
- back side length: 66.5 cm  
- front side length: 71 cm  

 
The element featured several horizontal cracks through layer interfaces before testing. It is suspected 
these are caused by the wall ties. The element was tested nonetheless to assess structural 
performance and safety. 
 
The load cell displacement was set at 1 mm/min. To assess the development of damage in the 
element, the test was stopped when the following load levels were reached: 0.1 kN, 0.5 kN, 1.0 kN, 
1.5 kN, 2.0 kN, 2.5 kN, 3.0 kN, 7.5 kN. Due to the nature of the applied load jacks, the load is 
released slightly at those points, which can be recognized in the load-displacement graph of Figure 
C.2. 
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Element behaviour during test: up to a load of 3.8 kN (> 3 times the design load), linear load-
displacement behaviour was observed. Slowly, the existing cracks open up when the load increases. 
From 2.0 kN load onwards, this becomes observable with the bare eye. The largest crack is then 0.4 
mm wide. 
 
At 3.8 kN load, a new crack occurs in the back side. Apparently, this changes the load carrying 
mechanism in the element, which behaves less stiff afterwards, but still practically linear. The cracks 
open up wider and wider. A new crack occurs at 4.5 kN. From 5.5 kN, the top part seems to be 
starting to shear of the bottom parts. Load-displacement behaviour seems to remain practically linear 
though. The test is stopped at 7.5 kN (>6 times the design load), the load is released from the jacks. 
Deformations and crack widths are significant, but the element recuperates practically all of its 
deformations. 

 
Figure C.2. Element 2.5-1: load displacement graph for middle Linear Displacement Measuring (Mitotuyo) 

 
Element 2.5-2, test date 5.7.2017 (print date 7.6.2017) 
Several features of the element were measured before testing. Extensive data will follow in the full 
report. Key properties: 

- object height: 251.5 cm 
- sinus period: 28.5 cm. The front and back side each feature 2 full sinus waves and some 

additional length to each side. 
- back side length: 81 cm 
- front side length: 68 cm 

 
The interface strength in this element in general seemed to be higher than in element 2.5-1 as it was 
more difficult to remove the sides after the saw cuts had been applied. This has caused some 
localized damage to the element, that is not expected to influence the performance significantly. 
 
The element featured several horizontal cracks through layer interfaces before testing. Slightly more 
than element 2.5-1. Most of these were located in interfaces also featuring wall ties. The element was 
tested nonetheless to assess structural performance and safety. 
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The load cell displacement was set at 1 mm/min. To assess the development of damage in the 
element, the test was stopped when the following load levels were reached: 1.0 kN, 2.0 kN, 3.0 kN, 
and 4.0 kN. Due to the nature of the applied load jacks, the load is released slightly at those points, 
which can be recognized in the load-displacement graph of Figure C.3. 
 
Element behaviour during test: The behaviour is more gradual than that of element 2.5-1. Between 
1.0 and 3.0 kN of load, several new cracks appear, that gradually open. At 3.3 kN, a sound is audible. 
Cracks open up wider and stiffness reduces beyond this point (moderately), although it is not exactly 
clear what happened. Possible an effect inside the element that was not visible. At 4.0 kN (>3 times 
design load), the test is stopped to save the element for subsequent compression testing. 

 
Figure C.3.. Element 2.5-2: load displacement graph for middle Linear Displacement Measuring (Mitotuyo) 

 
Preliminary (!) conclusion 
Both elements were well capable of carrying the design load without collapse, in spite of the pre-
existing horizontal cracks. The design, therefore, seems safe for these load conditions. The 
occurrence of these horizontal cracks is nevertheless unsettling (e.g. considering long term effects, 
durability, etc). The design should be optimized to avoid these. Possibly, additional research into the 
occurrence of these cracks is required. Besides the wall ties, the print nozzle that was used 
(backward printing) may have had an influence. 

C.2 Compression tests 

C.2.1 Test setup  

The compression test was performed on once on each sheet of test element 2.5-2. In the first test, 
the back sheet was loaded, the front sheet was loaded in the second test. Note that this element has 
previously been tested in 3p bending on 5.7.2017. In that test, the back sheet was the compression 
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side in bending, and suffered 1 major horizontal crack. The front sheet was the tension side in 
bending and suffered several horizontal cracks that opened significantly during testing.  
Figure 4 a and b show the respective test setups. The load is applied by a hydraulic jack that pushes 
on a 150 mm steel profile that is placed over the top of the loaded sheet. This way, the other sheet, 
with wall ties and PUR act as stabilizing horizontal (buckling) support – even though no buckling was 
expected. 

      
Figure.C.4 a,b. Test set-up with load on the back sheet and front sheet of element 2.5-2, respectively 

C.2.2 Terminology (identical to the terminology used in 3p bending 
tests) 

- ‘Back’ side is the side of the element on which the load is acting. It has 2 sinus wave tops on 
which the load acts. 

- ‘Front’ side is the side of the element that is supported at the top and bottom. It has 3 sinus 
wave tops that are supported. 

- ‘Left’ and ‘right’ side are designated from looking towards the front side. The left side is the 
side that was filmed during the experiment. 

 

C.2.3 Estimate design moment 

Load 
- The vertical load on an element sheet directly corresponds to the jack load. 

 
Estimate design moment 
The design is not finalized sufficiently to determine the roof load on the wall in detail. A design load of 
10 kN/m seems a conservative estimate. This corresponds with: 

- for the back sheet: Fd = Qd × b = 10 kN/m × 0.81 m = 8.1 kN 
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- for the front sheet: Fd = Qd × b = 10 kN/m × 0.68 m = 6.8 kN 
The Euler buckling load of each sheet individually was estimated well above 200 kN. Since this is 
more than 25 times the design load, it is not sensible to test the elements to failure. This will introduce 
so much energy in the elements that an eventual failure will in any case not be comparable to a 
realistic failure scenario in practice. It was decided to test both sheets to a load of 60 kN, arguing that 
if this does not induce failure in the already significantly damaged sheets (particularly the front sheet), 
compressive failure is highly unlikely to govern failure. 
 

C.2.4 Results and discussion 

Element 2.5-2, back side, test date 7.7.2017 (print date 7.6.2017) 
The element has already been measured for the bending test. However, the location of horizontal 
cracks was assessed again. 
 
The load cell displacement was set at 2 mm/min at the start. The loading speed was reduced to 1 
mm/min after a load of 2 kN was reached. Note that this displacement is measured over the whole 
system, including the board interlayer between steel beam and test element, etc. The total 
deformation of the concrete itself is much smaller. 
 
Both the horizontal and vertical deformations in the element were measured, see Figure C.4.a, b. The 
vertical compressive deformation of the loaded sheets was measured over a 1.0 m length at the 
center of the element, on each side (2 measurements). Horizontal deformations were measured at the 
center, +40 and -40 cm at the loaded sheet, and at the center of the other sheet (4 horizontal 
measurements). 
 
Element behavior during test: up to a load of 60 kN, the vertical deformation was linear, see Figure 
C.5. No noteworthy observations, visual or audial, were made during the test. No additional cracks 
occurred. The loading was stopped at 60 kN. The specimen was unloaded and recovered practically 
all deformations. 
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Figure C.5. Element 2.5-2 in compression test on back side: average load displacement graph for left and right LVDT 

Element 2.5-2, front side, test date 7.7.2017 (print date 7.6.2017) 
The element has already been measured for the bending test. However, the location of horizontal 
cracks was assessed again. The load protocol and measurement setup was equal to that applied to 
the back side. 
 
Element behaviour during test: the element behaviour when loading the front side was comparable to 
the loading of the back side. However, the vertical stiffness was significantly lower. This can be 
explained from: 

- the fact that the width of the front side is smaller (68 cm vs 81 cm) and 
- the number of horizontal crack that were present in the front side from the beginning of the 

test. This cracks allow the element to sustain more vertical deformation. It can also be seen, 
however, that the vertical stiffness significantly increases as the cracks are pressed together 
more and more. 

No noteworthy observations, visual or audial, were made during the test. No additional cracks 
occurred. The loading was stopped at 60 kN. The specimen was unloaded and recovered practically 
all deformations. 



- 41 - 
 

 
Figure C.6. Element 2.5-2 in compression test on front side: average load displacement graph for left and right lVDT 

 
Preliminary (!) conclusion 
Neither side of the element showed any failure related response under loads of up to 10 times the 
design load, even though one of the sides already had extensive horizontal cracks at the start of the 
test. It is therefore highly unlikely compression will be a governing load case. 

C.3 Pendulum impact tests 

C.3.1 Test setup  

The 1.3 element was subjected to pendulum impact loading in a set-up derived from the pendulum 
impact load test method determined in EN 12600. Since the element shape, size and support do not 
correspond with the set-up described in EN 12600, some adjustments were made. Figure C.7 shows 
the element and test setup. The element stands on its base plate. Horizontally, it is supported back to 
the steel frame by two horizontal timber beams at the bottom and the top of the element (centre 
distance 1.24 m). The element and impact body were positioned so that the impact body would hit the 
element at mid height of the top of the middle wave on the front side.  
 
It is noted that a pendulum impact test is usually not required for walls of buildings with only a ground 
floor. The test was nevertheless performed to acquire an idea of its resistance to dynamic, localized 
loads and its sensitivity to damage.  
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Figure C.7.a,b. Test set-up. Strech belts (red) at the top and bottom (b) were added after the first impact from 190 mm drop 

height as the element was considered to sway too much without them (thereby absorbing energy, which decreases the impact 
on the element) 
 
Load 
EN 12600 predefines 3 consecutive drop heights: 190 mm, 450 mm and 1200 mm. The element was 
impacted from each drop height several times. 

C.3.2 Terminology: (identical to the terminology used in 3p bending and 
compression tests) 

- ‘Back’ side is the side of the element on which the load is acting. It has 2 sinus wave tops on 
which the load acts. 

- ‘Front’ side is the side of the element that is supported at the top and bottom. It has 3 sinus 
wave tops that are supported. 

- ‘Left’ and ‘right’ side are designated from looking towards the front side. The left side is the 
side that was filmed during the experiment. 

 

C.3.3 Results and discussion 

Element 2.5-2, back side, test date 7.7.2017 (print date 7.6.2017)  
The element was measured before the test, and was found to be 1.33 m high. As in the 2.5 m 
elements, both the back and front side had several horizontal cracks running through the layer 
interfaces (2 in the front side, at 70 and 100 cm height; in the back left side 3 cracks were found, but 
none in the back right side). Due to the bad printing quality of this element, the sheet thickness in both 
the back and front side varied. This also caused the element to be wider at the top, 43.5 to 44 cm.  
 
The drop heights and element response are listed in Table C.1. 
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Table C.1 
Impact # Height  

[mm] 
Response 

1 190 No noticeable response. Applied additional stretch belts at top and bottom for further 
tests, to reduce element movement upon impact. 

2 190 No noticeable response  
3 450 No noticeable response 
4 450 No noticeable response 
5 450 No noticeable response 
6 1200 Two horizontal cracks in the front side open and close upon impact. 
7 1200 As 6, but now large damage in the back side is noticeable (parts of layers of concrete 

coming of) 
8 1200 As 7, but now even more damage. Parts of layers come of at the back side. At the 

impact location, also a piece of concrete breaks of.  
 
Figure C.8 shows some images of the element after the final impact (#8).  
 
Preliminary (!) conclusion 
The element showed considerable resistance to pendulum impact. Repeated mild and moderate 
impacts do not cause damage to the element. Very severe impacts (corresponding with 1200 mm 
drop height) in combination with pre-existing horizontal cracks are likely to cause damage in the 
element. This damage may occur on the first impact and grow under repetitive impact. Collapse of the 
element, however, has not been observed. 
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Figure C.8.. Images of element after final impact 
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D Input file abaqus  

Table D.1. Consistent units Abaqus, SI, m is used 

Quantity SI SI (mm) 
Length m mm 
Force N N 
Mass Kg Tonne(103 kg) 
Time s s 
Stress Pa (N/m2) MPa (N/mm2) 
Energy J (Nm=Ws) mJ (10-3 J) 
Density kg/m3 tonne/mm3 
Temperature K K 
Acceleration m/s2 mm/s2 
Frequency Hz (s-1) Hz 
Velocity m/s2 mm/s2 
Conductivity W/m.K mW/mm.K (=mJ/mm.K) 

D.1 Python file 
# -*- coding: mbcs -*- 
# Sandwich with Foam-It!5 core 
# faces 55 mm 
# core 180 mm 
# b 95 mm 
# height 290 mm 
# 1/4 span 
 
b = 0.095     #depth sandwich m 
hfb = 0.055    #bottom face height m 
hft = 0.055    #top face height m 
hc = 0.180    #core height m 
h = hft+hfb+hc   #total height sandwich m 
l = 2.2     #length sandwich m 
leff = 2.0    #support span m 
sp = leff/4    #1/3 or 1/4 span 
lbc1 = (l-leff)/2  #distance from left to first support 
lbc2 = l-lbc1    #distance from left to second support 
ll1 = lbc1+sp   #distance from left to first loading point 
ll2 = lbc2-sp  #distance from left to second loading point 
lm = l/2    #distance from left to middle 
F = 2000     #load N 
#---------------------------------------------------------------------------------------- 
from part import * 
from material import * 
from section import * 
from assembly import * 
from step import * 
from interaction import * 
from load import * 
from mesh import * 
from optimization import * 
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from job import * 
from sketch import * 
from visualization import * 
from connectorBehavior import * 
#---------------------------------------------------------------------------------------- 
#Create part 
mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0) 
#beam size l,h 
mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(0.0, 0.0),  
    point2=(l, h)) 
mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Part-1', type= 
    DEFORMABLE_BODY) 
mdb.models['Model-1'].parts['Part-1'].BaseShell(sketch= 
    mdb.models['Model-1'].sketches['__profile__']) 
del mdb.models['Model-1'].sketches['__profile__'] 
mdb.models['Model-1'].ConstrainedSketch(gridSpacing=0.05, name='__profile__',  
    sheetSize=2.01, transform= 
    mdb.models['Model-1'].parts['Part-1'].MakeSketchTransform( 
    sketchPlane=mdb.models['Model-1'].parts['Part-1'].faces[0],  
    sketchPlaneSide=SIDE1, sketchOrientation=RIGHT, origin=(0.0, 0.0, 0.0))) 
#make faces from partition (first bottom line in partitions) 
mdb.models['Model-1'].parts['Part-1'].projectReferencesOntoSketch(filter= 
    COPLANAR_EDGES, sketch=mdb.models['Model-1'].sketches['__profile__']) 
#from left till first support 
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0),  
    point2=(lbc1, 0.0)) 
mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 
    addUndoState=False, entity= 
    mdb.models['Model-1'].sketches['__profile__'].geometry[6]) 
mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(addUndoState= 
    False, entity1=mdb.models['Model-1'].sketches['__profile__'].geometry[2],  
    entity2=mdb.models['Model-1'].sketches['__profile__'].geometry[6]) 
#from first support till first load 
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(lbc1, 0.0),  
    point2=(ll1, 0.0)) 
mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 
    addUndoState=False, entity= 
    mdb.models['Model-1'].sketches['__profile__'].geometry[7]) 
mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(addUndoState= 
    False, entity1=mdb.models['Model-1'].sketches['__profile__'].geometry[6],  
    entity2=mdb.models['Model-1'].sketches['__profile__'].geometry[7]) 
#from first load till middle 
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(ll1, 0.0),  
    point2=(lm, 0.0)) 
mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 
    addUndoState=False, entity= 
    mdb.models['Model-1'].sketches['__profile__'].geometry[8]) 
mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(addUndoState= 
    False, entity1=mdb.models['Model-1'].sketches['__profile__'].geometry[7],  
    entity2=mdb.models['Model-1'].sketches['__profile__'].geometry[8]) 
mdb.models['Model-1'].sketches['__profile__'].CoincidentConstraint( 
    addUndoState=False, entity1= 
    mdb.models['Model-1'].sketches['__profile__'].vertices[6], entity2= 
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    mdb.models['Model-1'].sketches['__profile__'].geometry[2]) 
mdb.models['Model-1'].sketches['__profile__'].EqualDistanceConstraint( 
    addUndoState=False, entity1= 
    mdb.models['Model-1'].sketches['__profile__'].vertices[0], entity2= 
    mdb.models['Model-1'].sketches['__profile__'].vertices[1], midpoint= 
    mdb.models['Model-1'].sketches['__profile__'].vertices[6]) 
#from middle till second load 
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(lm, 0.0),  
    point2=(ll2, 0.0)) 
mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 
    addUndoState=False, entity= 
    mdb.models['Model-1'].sketches['__profile__'].geometry[9]) 
mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(addUndoState= 
    False, entity1=mdb.models['Model-1'].sketches['__profile__'].geometry[8],  
    entity2=mdb.models['Model-1'].sketches['__profile__'].geometry[9]) 
#from second load till second support 
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(ll2, 0.0),  
    point2=(lbc2, 0.0)) 
mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 
    addUndoState=False, entity= 
    mdb.models['Model-1'].sketches['__profile__'].geometry[10]) 
mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(addUndoState= 
    False, entity1=mdb.models['Model-1'].sketches['__profile__'].geometry[9],  
    entity2=mdb.models['Model-1'].sketches['__profile__'].geometry[10]) 
#from second support till end 
mdb.models['Model-1'].sketches['__profile__'].Line(point1=(lbc2, 0.0),  
    point2=(l, 0.0)) 
mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 
    addUndoState=False, entity= 
    mdb.models['Model-1'].sketches['__profile__'].geometry[11]) 
mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(addUndoState= 
    False, entity1=mdb.models['Model-1'].sketches['__profile__'].geometry[10],  
    entity2=mdb.models['Model-1'].sketches['__profile__'].geometry[11]) 
#offset to top of bottom face 
mdb.models['Model-1'].sketches['__profile__'].offset(distance=hfb, objectList= 
    (mdb.models['Model-1'].sketches['__profile__'].geometry[6],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[7],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[8],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[9],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[10],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[11]), side=LEFT) 
#offset to top of core 
mdb.models['Model-1'].sketches['__profile__'].offset(distance=hc,  
    objectList=(mdb.models['Model-1'].sketches['__profile__'].geometry[12],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[13],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[14],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[15],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[16],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[17]), side=LEFT) 
#offset to top of beam 
mdb.models['Model-1'].sketches['__profile__'].offset(distance=hft, objectList= 
    (mdb.models['Model-1'].sketches['__profile__'].geometry[18],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[19],  
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    mdb.models['Model-1'].sketches['__profile__'].geometry[20],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[21],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[22],  
    mdb.models['Model-1'].sketches['__profile__'].geometry[23]), side=LEFT) 
mdb.models['Model-1'].parts['Part-1'].PartitionFaceBySketch(faces= 
    mdb.models['Model-1'].parts['Part-1'].faces.getSequenceFromMask(('[#1 ]',  
    ), ), sketch=mdb.models['Model-1'].sketches['__profile__']) 
del mdb.models['Model-1'].sketches['__profile__'] 
#---------------------------------------------------------------------------------------- 
#Create materials 
#Foam-It!5 
mdb.models['Model-1'].Material(name='FOAM') 
mdb.models['Model-1'].materials['FOAM'].CrushableFoam(dependencies=0,  
    hardening=VOLUMETRIC, table=((1.1, 1.0), ), temperatureDependency=OFF) 
mdb.models['Model-1'].materials['FOAM'].crushableFoam.CrushableFoamHardening( 
    dependencies=0, table=((498555.32, 0.0), (554637.64, 0.000475), (597903.17,  
    0.00246), (618198.04, 0.00368), (635935.43, 0.005), (660074.31, 0.00725), ( 
    680444.23, 0.00962), (704695.4, 0.013), (713994.46, 0.0146), (723392.79,  
    0.0166), (740258.13, 0.0213), (749100.31, 0.026), (750077.91, 0.0278), ( 
    749365.17, 0.032), (747055.59, 0.0385), (746574.75, 0.0527), (748933.23,  
    0.0622), (761873.19, 0.0779)), temperatureDependency=OFF) 
mdb.models['Model-1'].materials['FOAM'].setValues(materialIdentifier='') 
mdb.models['Model-1'].materials['FOAM'].setValues(description='') 
mdb.models['Model-1'].materials['FOAM'].Elastic(dependencies=0, moduli= 
    LONG_TERM, noCompression=OFF, noTension=OFF, table=((27900000.0, 0.3), ),  
    temperatureDependency=OFF, type=ISOTROPIC) 
#CONCRETE 
mdb.models['Model-1'].Material(name='CONCRETE') 
mdb.models['Model-1'].materials['CONCRETE'].setValues(description= 
    ' f c    = 19,8 N/mm^2\n f_ct = 1.6 N/mm^2\n density = 1953.7 kg/m^3\n') 
mdb.models['Model-1'].materials['CONCRETE'].Elastic(dependencies=0, moduli= 
    LONG_TERM, noCompression=OFF, noTension=OFF, table=((17000000000.0, 0.22),  
    ), temperatureDependency=OFF, type=ISOTROPIC) 
mdb.models['Model-1'].materials['CONCRETE'].Density(dependencies=0,  
    distributionType=UNIFORM, fieldName='', table=((1953.7, ), ),  
    temperatureDependency=OFF) 
mdb.models['Model-1'].materials['CONCRETE'].ConcreteDamagedPlasticity( 
    dependencies=0, table=((15.0, 0.0, 0.0, 0.0, 0.0), ),  
    temperatureDependency=OFF) 
mdb.models['Model-
1'].materials['CONCRETE'].concreteDamagedPlasticity.ConcreteCompressionDamage( 
    dependencies=0, table=((0.0, 0.0), (0.1299, 0.000685592), (0.24,  
    0.0011159), (0.34, 0.00159775), (0.98, 0.00299323)), temperatureDependency= 
    OFF, tensionRecovery=0.0) 
mdb.models['Model-
1'].materials['CONCRETE'].concreteDamagedPlasticity.ConcreteCompressionHardening( 
    dependencies=0, rate=OFF, table=((11383900.0, 0.0), (13800000.0,  
    0.000685592), (15000000.0, 0.0011159), (15300000.0, 0.00159775), (115000.0,  
    0.00299323)), temperatureDependency=OFF) 
mdb.models['Model-
1'].materials['CONCRETE'].concreteDamagedPlasticity.ConcreteTensionStiffening( 
    dependencies=0, rate=OFF, table=((1300100.0, 0.0), (14002.1, 0.000149165)),  
    temperatureDependency=OFF, type=STRAIN) 
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mdb.models['Model-
1'].materials['CONCRETE'].concreteDamagedPlasticity.ConcreteTensionDamage( 
    compressionRecovery=1.0, dependencies=0, table=((0.0, 0.0), (0.99,  
    0.000149165)), temperatureDependency=OFF, type=STRAIN) 
mdb.models['Model-1'].materials['CONCRETE'].setValues(materialIdentifier='') 
#---------------------------------------------------------------------------------------- 
#Create and assign sections 
mdb.models['Model-1'].HomogeneousSolidSection(material='CONCRETE', name= 
    'Concrete', thickness=b) 
mdb.models['Model-1'].HomogeneousSolidSection(material='FOAM', name='FOAM',  
    thickness=b) 
mdb.models['Model-1'].parts['Part-1'].Set(faces= 
    mdb.models['Model-1'].parts['Part-1'].faces.getSequenceFromMask(('[#3 ]',  
    ), ), name='CONCRETE') 
mdb.models['Model-1'].parts['Part-1'].SectionAssignment(offset=0.0,  
    offsetField='', offsetType=MIDDLE_SURFACE, region= 
    mdb.models['Model-1'].parts['Part-1'].sets['CONCRETE'], sectionName= 
    'Concrete', thicknessAssignment=FROM_SECTION) 
mdb.models['Model-1'].parts['Part-1'].Set(faces= 
    mdb.models['Model-1'].parts['Part-1'].faces.getSequenceFromMask(('[#4 ]',  
    ), ), name='FOAM') 
mdb.models['Model-1'].parts['Part-1'].SectionAssignment(offset=0.0,  
    offsetField='', offsetType=MIDDLE_SURFACE, region= 
    mdb.models['Model-1'].parts['Part-1'].sets['FOAM'], sectionName='FOAM',  
    thicknessAssignment=FROM_SECTION) 
#---------------------------------------------------------------------------------------- 
#Mesh part 
mdb.models['Model-1'].parts['Part-1'].seedEdgeByNumber(constraint=FINER, edges= 
    mdb.models['Model-1'].parts['Part-1'].edges.getSequenceFromMask(( 
    '[#4284285 ]', ), ), number=2) 
mdb.models['Model-1'].parts['Part-1'].seedEdgeByBias(biasMethod=SINGLE,  
    constraint=FINER, end1Edges= 
    mdb.models['Model-1'].parts['Part-1'].edges.getSequenceFromMask(( 
    '[#440408 ]', ), ), end2Edges= 
    mdb.models['Model-1'].parts['Part-1'].edges.getSequenceFromMask(( 
    '[#200a040 ]', ), ), number=10, ratio=5.0) 
mdb.models['Model-1'].parts['Part-1'].seedEdgeByNumber(constraint=FINER, edges= 
    mdb.models['Model-1'].parts['Part-1'].edges.getSequenceFromMask(( 
    '[#1831830 ]', ), ), number=20) 
mdb.models['Model-1'].parts['Part-1'].seedEdgeByNumber(constraint=FINER, edges= 
    mdb.models['Model-1'].parts['Part-1'].edges.getSequenceFromMask(( 
    '[#8100102 ]', ), ), number=4) 
mdb.models['Model-1'].parts['Part-1'].seedEdgeByNumber(constraint=FINER, edges= 
    mdb.models['Model-1'].parts['Part-1'].edges.getSequenceFromMask(( 
    '[#30000000 ]', ), ), number=6) 
mdb.models['Model-1'].parts['Part-1'].setMeshControls(regions= 
    mdb.models['Model-1'].parts['Part-1'].faces.getSequenceFromMask(('[#7 ]',  
    ), ), technique=STRUCTURED) 
mdb.models['Model-1'].parts['Part-1'].generateMesh() 
#---------------------------------------------------------------------------------------- 
#Element type 
mdb.models['Model-1'].parts['Part-1'].setElementType(elemTypes=(ElemType( 
    elemCode=CPS4R, elemLibrary=STANDARD, secondOrderAccuracy=OFF,  
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    hourglassControl=DEFAULT, distortionControl=DEFAULT), ElemType( 
    elemCode=CPS3, elemLibrary=STANDARD)), regions=( 
    mdb.models['Model-1'].parts['Part-1'].faces.getSequenceFromMask(('[#3 ]',  
    ), ), )) 
mdb.models['Model-1'].parts['Part-1'].setElementType(elemTypes=(ElemType( 
    elemCode=CPE4R, elemLibrary=STANDARD, secondOrderAccuracy=OFF,  
    hourglassControl=DEFAULT, distortionControl=DEFAULT), ElemType( 
    elemCode=CPE3, elemLibrary=STANDARD)), regions=( 
    mdb.models['Model-1'].parts['Part-1'].faces.getSequenceFromMask(('[#4 ]',  
    ), ), )) 
mdb.models['Model-1'].rootAssembly.DatumCsysByDefault(CARTESIAN) 
#Create instance 
mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Part-1-1',  
    part=mdb.models['Model-1'].parts['Part-1']) 
mdb.models['Model-1'].rootAssembly.Set(name='BC', nodes= 
    mdb.models['Model-1'].rootAssembly.instances['Part-1-1'].nodes.getSequenceFromMask( 
    mask=('[#44 ]', ), )) 
mdb.models['Model-1'].parts['Part-1'].Set(name='Load', nodes= 
    mdb.models['Model-1'].parts['Part-1'].nodes.getSequenceFromMask(mask=( 
    '[#1400000 ]', ), )) 
mdb.models['Model-1'].parts['Part-1'].Set(name='Middle', nodes= 
    mdb.models['Model-1'].parts['Part-1'].nodes.getSequenceFromMask(mask=( 
    '[#10 ]', ), )) 
mdb.models['Model-1'].rootAssembly.regenerate() 
#---------------------------------------------------------------------------------------- 
#Create step 
mdb.models['Model-1'].StaticRiksStep(initialArcInc=0.1, maxLPF=1.0, maxNumInc= 
    1000, minArcInc=1e-09, name='Step-1', nlgeom=ON, previous='Initial') 
#Create BC 
mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial',  
    distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-1',  
    region=mdb.models['Model-1'].rootAssembly.sets['BC'], u1=UNSET, u2=SET,  
    ur3=UNSET) 
mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial',  
    distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-2',  
    region= 
    mdb.models['Model-1'].rootAssembly.instances['Part-1-1'].sets['Middle'],  
    u1=SET, u2=UNSET, ur3=UNSET) 
#Create Load 
mdb.models['Model-1'].ConcentratedForce(cf2=-F, createStepName='Step-1',  
    distributionType=UNIFORM, field='', localCsys=None, name='Load-1', region= 
    mdb.models['Model-1'].rootAssembly.instances['Part-1-1'].sets['Load']) 
mdb.models['Model-1'].historyOutputRequests['H-Output-1'].setValues(rebar= 
    EXCLUDE, region= 
    mdb.models['Model-1'].rootAssembly.allInstances['Part-1-1'].sets['Load'],  
    sectionPoints=DEFAULT, variables=('CF2', )) 
mdb.models['Model-1'].HistoryOutputRequest(createStepName='Step-1', name= 
    'H-Output-2', rebar=EXCLUDE, region= 
    mdb.models['Model-1'].rootAssembly.allInstances['Part-1-1'].sets['Middle'],  
    sectionPoints=DEFAULT, variables=('U2', )) 
#---------------------------------------------------------------------------------------- 
#Create and submit job 
mdb.Job(atTime=None, contactPrint=OFF, description='', echoPrint=OFF,  
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    explicitPrecision=SINGLE, getMemoryFromAnalysis=True, historyPrint=OFF,  
    memory=90, memoryUnits=PERCENTAGE, model='Model-1', modelPrint=OFF,  
    multiprocessingMode=DEFAULT, name='Job-1', nodalOutputPrecision=SINGLE,  
    numCpus=1, numGPUs=0, queue=None, resultsFormat=ODB, scratch='', type= 
    ANALYSIS, userSubroutine='', waitHours=0, waitMinutes=0) 
mdb.jobs['Job-1'].submit(consistencyChecking=OFF) 

D.2 Input file 
*HEADING 
Test reinforced concrete sandwich beam BE1 
4 reinforcement bars diameter 6mm reinforcement bottom face 
SI units (kg, m, s, N, Pa) 
*NODE, NSET=NALL 
1,0,0 
2,0.3,0 
3,0.55,0 
4,0.8,0 
5,1.05,0 
6,1.3,0 
7,1.4,0 
8,1.5,0 
9,1.6,0 
10,1.7,0 
11,1.8,0 
12,1.9,0 
13,2,0 
14,2.1,0 
15,2.2,0 
16,2.3,0 
17,2.55,0 
18,2.8,0 
19,3.05,0 
20,3.3,0 
21,3.6,0 
22,0,0.0253 
23,0.3,0.0253 
24,0.55,0.0253 
25,0.8,0.0253 
26,1.05,0.0253 
27,1.3,0.0253 
28,1.4,0.0253 
29,1.5,0.0253 
30,1.6,0.0253 
31,1.7,0.0253 
32,1.8,0.0253 
33,1.9,0.0253 
34,2,0.0253 
35,2.1,0.0253 
36,2.2,0.0253 
37,2.3,0.0253 
38,2.55,0.0253 



- 52 - 
 

39,2.8,0.0253 
40,3.05,0.0253 
41,3.3,0.0253 
42,3.6,0.0253 
43,0,0.050667 
44,0.3,0.050667 
45,0.55,0.050667 
46,0.8,0.050667 
47,1.05,0.050667 
48,1.3,0.050667 
49,1.4,0.050667 
50,1.5,0.050667 
51,1.6,0.050667 
52,1.7,0.050667 
53,1.8,0.050667 
54,1.9,0.050667 
55,2,0.050667 
56,2.1,0.050667 
57,2.2,0.050667 
58,2.3,0.050667 
59,2.55,0.050667 
60,2.8,0.050667 
61,3.05,0.050667 
62,3.3,0.050667 
63,3.6,0.050667 
64,0,0.076 
65,0.3,0.076 
66,0.55,0.076 
67,0.8,0.076 
68,1.05,0.076 
69,1.3,0.076 
70,1.4,0.076 
71,1.5,0.076 
72,1.6,0.076 
73,1.7,0.076 
74,1.8,0.076 
75,1.9,0.076 
76,2,0.076 
77,2.1,0.076 
78,2.2,0.076 
79,2.3,0.076 
80,2.55,0.076 
81,2.8,0.076 
82,3.05,0.076 
83,3.3,0.076 
84,3.6,0.076 
85,0,0.095 
86,0.3,0.095 
87,0.55,0.095 
88,0.8,0.095 
89,1.05,0.095 
90,1.3,0.095 
91,1.4,0.095 
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92,1.5,0.095 
93,1.6,0.095 
94,1.7,0.095 
95,1.8,0.095 
96,1.9,0.095 
97,2,0.095 
98,2.1,0.095 
99,2.2,0.095 
100,2.3,0.095 
101,2.55,0.095 
102,2.8,0.095 
103,3.05,0.095 
104,3.3,0.095 
105,3.6,0.095 
106,0,0.157 
107,0.3,0.157 
108,0.55,0.157 
109,0.8,0.157 
110,1.05,0.157 
111,1.3,0.157 
112,1.4,0.157 
113,1.5,0.157 
114,1.6,0.157 
115,1.7,0.157 
116,1.8,0.157 
117,1.9,0.157 
118,2,0.157 
119,2.1,0.157 
120,2.2,0.157 
121,2.3,0.157 
122,2.55,0.157 
123,2.8,0.157 
124,3.05,0.157 
125,3.3,0.157 
126,3.6,0.157 
127,0,0.235 
128,0.3,0.235 
129,0.55,0.235 
130,0.8,0.235 
131,1.05,0.235 
132,1.3,0.235 
133,1.4,0.235 
134,1.5,0.235 
135,1.6,0.235 
136,1.7,0.235 
137,1.8,0.235 
138,1.9,0.235 
139,2,0.235 
140,2.1,0.235 
141,2.2,0.235 
142,2.3,0.235 
143,2.55,0.235 
144,2.8,0.235 
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145,3.05,0.235 
146,3.3,0.235 
147,3.6,0.235 
148,0,0.313 
149,0.3,0.313 
150,0.55,0.313 
151,0.8,0.313 
152,1.05,0.313 
153,1.3,0.313 
154,1.4,0.313 
155,1.5,0.313 
156,1.6,0.313 
157,1.7,0.313 
158,1.8,0.313 
159,1.9,0.313 
160,2,0.313 
161,2.1,0.313 
162,2.2,0.313 
163,2.3,0.313 
164,2.55,0.313 
165,2.8,0.313 
166,3.05,0.313 
167,3.3,0.313 
168,3.6,0.313 
169,0,0.375 
170,0.3,0.375 
171,0.55,0.375 
172,0.8,0.375 
173,1.05,0.375 
174,1.3,0.375 
175,1.4,0.375 
176,1.5,0.375 
177,1.6,0.375 
178,1.7,0.375 
179,1.8,0.375 
180,1.9,0.375 
181,2,0.375 
182,2.1,0.375 
183,2.2,0.375 
184,2.3,0.375 
185,2.55,0.375 
186,2.8,0.375 
187,3.05,0.375 
188,3.3,0.375 
189,3.6,0.375 
190,0,0.394 
191,0.3,0.394 
192,0.55,0.394 
193,0.8,0.394 
194,1.05,0.394 
195,1.3,0.394 
196,1.4,0.394 
197,1.5,0.394 
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198,1.6,0.394 
199,1.7,0.394 
200,1.8,0.394 
201,1.9,0.394 
202,2,0.394 
203,2.1,0.394 
204,2.2,0.394 
205,2.3,0.394 
206,2.55,0.394 
207,2.8,0.394 
208,3.05,0.394 
209,3.3,0.394 
210,3.6,0.394 
211,0,0.419333 
212,0.3,0.419333 
213,0.55,0.419333 
214,0.8,0.419333 
215,1.05,0.419333 
216,1.3,0.419333 
217,1.4,0.419333 
218,1.5,0.419333 
219,1.6,0.419333 
220,1.7,0.419333 
221,1.8,0.419333 
222,1.9,0.419333 
223,2,0.419333 
224,2.1,0.419333 
225,2.2,0.419333 
226,2.3,0.419333 
227,2.55,0.419333 
228,2.8,0.419333 
229,3.05,0.419333 
230,3.3,0.419333 
231,3.6,0.419333 
232,0,0.4447 
233,0.3,0.4447 
234,0.55,0.4447 
235,0.8,0.4447 
236,1.05,0.4447 
237,1.3,0.4447 
238,1.4,0.4447 
239,1.5,0.4447 
240,1.6,0.4447 
241,1.7,0.4447 
242,1.8,0.4447 
243,1.9,0.4447 
244,2,0.4447 
245,2.1,0.4447 
246,2.2,0.4447 
247,2.3,0.4447 
248,2.55,0.4447 
249,2.8,0.4447 
250,3.05,0.4447 
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251,3.3,0.4447 
252,3.6,0.4447 
253,0,0.47 
254,0.3,0.47 
255,0.55,0.47 
256,0.8,0.47 
257,1.05,0.47 
258,1.3,0.47 
259,1.4,0.47 
260,1.5,0.47 
261,1.6,0.47 
262,1.7,0.47 
263,1.8,0.47 
264,1.9,0.47 
265,2,0.47 
266,2.1,0.47 
267,2.2,0.47 
268,2.3,0.47 
269,2.55,0.47 
270,2.8,0.47 
271,3.05,0.47 
272,3.3,0.47 
273,3.6,0.47 
274,0,0.038 
275,0.3,0.038 
276,0.55,0.038 
277,0.8,0.038 
278,1.05,0.038 
279,1.3,0.038 
280,1.4,0.038 
281,1.5,0.038 
282,1.6,0.038 
283,1.7,0.038 
284,1.8,0.038 
285,1.9,0.038 
286,2,0.038 
287,2.1,0.038 
288,2.2,0.038 
289,2.3,0.038 
290,2.55,0.038 
291,2.8,0.038 
292,3.05,0.038 
293,3.3,0.038 
294,3.6,0.038 
*ELEMENT, TYPE=CPS4R, ELSET=BOTTOMFACE 
1 , 1 , 2 , 23 , 22 
2 , 2 , 3 , 24 , 23 
3 , 3 , 4 , 25 , 24 
4 , 4 , 5 , 26 , 25 
5 , 5 , 6 , 27 , 26 
6 , 6 , 7 , 28 , 27 
7 , 7 , 8 , 29 , 28 
8 , 8 , 9 , 30 , 29 
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9 , 9 , 10 , 31 , 30 
10 , 10 , 11 , 32 , 31 
11 , 11 , 12 , 33 , 32 
12 , 12 , 13 , 34 , 33 
13 , 13 , 14 , 35 , 34 
14 , 14 , 15 , 36 , 35 
15 , 15 , 16 , 37 , 36 
16 , 16 , 17 , 38 , 37 
17 , 17 , 18 , 39 , 38 
18 , 18 , 19 , 40 , 39 
19 , 19 , 20 , 41 , 40 
20 , 20 , 21 , 42 , 41 
21 , 22 , 23 , 44 , 43 
22 , 23 , 24 , 45 , 44 
23 , 24 , 25 , 46 , 45 
24 , 25 , 26 , 47 , 46 
25 , 26 , 27 , 48 , 47 
26 , 27 , 28 , 49 , 48 
27 , 28 , 29 , 50 , 49 
28 , 29 , 30 , 51 , 50 
29 , 30 , 31 , 52 , 51 
30 , 31 , 32 , 53 , 52 
31 , 32 , 33 , 54 , 53 
32 , 33 , 34 , 55 , 54 
33 , 34 , 35 , 56 , 55 
34 , 35 , 36 , 57 , 56 
35 , 36 , 37 , 58 , 57 
36 , 37 , 38 , 59 , 58 
37 , 38 , 39 , 60 , 59 
38 , 39 , 40 , 61 , 60 
39 , 40 , 41 , 62 , 61 
40 , 41 , 42 , 63 , 62 
41 , 43 , 44 , 65 , 64 
42 , 44 , 45 , 66 , 65 
43 , 45 , 46 , 67 , 66 
44 , 46 , 47 , 68 , 67 
45 , 47 , 48 , 69 , 68 
46 , 48 , 49 , 70 , 69 
47 , 49 , 50 , 71 , 70 
48 , 50 , 51 , 72 , 71 
49 , 51 , 52 , 73 , 72 
50 , 52 , 53 , 74 , 73 
51 , 53 , 54 , 75 , 74 
52 , 54 , 55 , 76 , 75 
53 , 55 , 56 , 77 , 76 
54 , 56 , 57 , 78 , 77 
55 , 57 , 58 , 79 , 78 
56 , 58 , 59 , 80 , 79 
57 , 59 , 60 , 81 , 80 
58 , 60 , 61 , 82 , 81 
59 , 61 , 62 , 83 , 82 
60 , 62 , 63 , 84 , 83 
*ELEMENT, TYPE=CPE4R, ELSET=PUR 
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61 , 64 , 65 , 86 , 85 
62 , 65 , 66 , 87 , 86 
63 , 66 , 67 , 88 , 87 
64 , 67 , 68 , 89 , 88 
65 , 68 , 69 , 90 , 89 
66 , 69 , 70 , 91 , 90 
67 , 70 , 71 , 92 , 91 
68 , 71 , 72 , 93 , 92 
69 , 72 , 73 , 94 , 93 
70 , 73 , 74 , 95 , 94 
71 , 74 , 75 , 96 , 95 
72 , 75 , 76 , 97 , 96 
73 , 76 , 77 , 98 , 97 
74 , 77 , 78 , 99 , 98 
75 , 78 , 79 , 100 , 99 
76 , 79 , 80 , 101 , 100 
77 , 80 , 81 , 102 , 101 
78 , 81 , 82 , 103 , 102 
79 , 82 , 83 , 104 , 103 
80 , 83 , 84 , 105 , 104 
161 , 169 , 170 , 191 , 190 
162 , 170 , 171 , 192 , 191 
163 , 171 , 172 , 193 , 192 
164 , 172 , 173 , 194 , 193 
165 , 173 , 174 , 195 , 194 
166 , 174 , 175 , 196 , 195 
167 , 175 , 176 , 197 , 196 
168 , 176 , 177 , 198 , 197 
169 , 177 , 178 , 199 , 198 
170 , 178 , 179 , 200 , 199 
171 , 179 , 180 , 201 , 200 
172 , 180 , 181 , 202 , 201 
173 , 181 , 182 , 203 , 202 
174 , 182 , 183 , 204 , 203 
175 , 183 , 184 , 205 , 204 
176 , 184 , 185 , 206 , 205 
177 , 185 , 186 , 207 , 206 
178 , 186 , 187 , 208 , 207 
179 , 187 , 188 , 209 , 208 
180 , 188 , 189 , 210 , 209 
*ELEMENT, TYPE=CPE4R, ELSET=EPS 
81 , 85 , 86 , 107 , 106 
82 , 86 , 87 , 108 , 107 
83 , 87 , 88 , 109 , 108 
84 , 88 , 89 , 110 , 109 
85 , 89 , 90 , 111 , 110 
86 , 90 , 91 , 112 , 111 
87 , 91 , 92 , 113 , 112 
88 , 92 , 93 , 114 , 113 
89 , 93 , 94 , 115 , 114 
90 , 94 , 95 , 116 , 115 
91 , 95 , 96 , 117 , 116 
92 , 96 , 97 , 118 , 117 
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93 , 97 , 98 , 119 , 118 
94 , 98 , 99 , 120 , 119 
95 , 99 , 100 , 121 , 120 
96 , 100 , 101 , 122 , 121 
97 , 101 , 102 , 123 , 122 
98 , 102 , 103 , 124 , 123 
99 , 103 , 104 , 125 , 124 
100 , 104 , 105 , 126 , 125 
101 , 106 , 107 , 128 , 127 
102 , 107 , 108 , 129 , 128 
103 , 108 , 109 , 130 , 129 
104 , 109 , 110 , 131 , 130 
105 , 110 , 111 , 132 , 131 
106 , 111 , 112 , 133 , 132 
107 , 112 , 113 , 134 , 133 
108 , 113 , 114 , 135 , 134 
109 , 114 , 115 , 136 , 135 
110 , 115 , 116 , 137 , 136 
111 , 116 , 117 , 138 , 137 
112 , 117 , 118 , 139 , 138 
113 , 118 , 119 , 140 , 139 
114 , 119 , 120 , 141 , 140 
115 , 120 , 121 , 142 , 141 
116 , 121 , 122 , 143 , 142 
117 , 122 , 123 , 144 , 143 
118 , 123 , 124 , 145 , 144 
119 , 124 , 125 , 146 , 145 
120 , 125 , 126 , 147 , 146 
121 , 127 , 128 , 149 , 148 
122 , 128 , 129 , 150 , 149 
123 , 129 , 130 , 151 , 150 
124 , 130 , 131 , 152 , 151 
125 , 131 , 132 , 153 , 152 
126 , 132 , 133 , 154 , 153 
127 , 133 , 134 , 155 , 154 
128 , 134 , 135 , 156 , 155 
129 , 135 , 136 , 157 , 156 
130 , 136 , 137 , 158 , 157 
131 , 137 , 138 , 159 , 158 
132 , 138 , 139 , 160 , 159 
133 , 139 , 140 , 161 , 160 
134 , 140 , 141 , 162 , 161 
135 , 141 , 142 , 163 , 162 
136 , 142 , 143 , 164 , 163 
137 , 143 , 144 , 165 , 164 
138 , 144 , 145 , 166 , 165 
139 , 145 , 146 , 167 , 166 
140 , 146 , 147 , 168 , 167 
141 , 148 , 149 , 170 , 169 
142 , 149 , 150 , 171 , 170 
143 , 150 , 151 , 172 , 171 
144 , 151 , 152 , 173 , 172 
145 , 152 , 153 , 174 , 173 
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146 , 153 , 154 , 175 , 174 
147 , 154 , 155 , 176 , 175 
148 , 155 , 156 , 177 , 176 
149 , 156 , 157 , 178 , 177 
150 , 157 , 158 , 179 , 178 
151 , 158 , 159 , 180 , 179 
152 , 159 , 160 , 181 , 180 
153 , 160 , 161 , 182 , 181 
154 , 161 , 162 , 183 , 182 
155 , 162 , 163 , 184 , 183 
156 , 163 , 164 , 185 , 184 
157 , 164 , 165 , 186 , 185 
158 , 165 , 166 , 187 , 186 
159 , 166 , 167 , 188 , 187 
160 , 167 , 168 , 189 , 188 
*ELEMENT, TYPE=CPS4R, ELSET=TOPFACE 
181 , 190 , 191 , 212 , 211 
182 , 191 , 192 , 213 , 212 
183 , 192 , 193 , 214 , 213 
184 , 193 , 194 , 215 , 214 
185 , 194 , 195 , 216 , 215 
186 , 195 , 196 , 217 , 216 
187 , 196 , 197 , 218 , 217 
188 , 197 , 198 , 219 , 218 
189 , 198 , 199 , 220 , 219 
190 , 199 , 200 , 221 , 220 
191 , 200 , 201 , 222 , 221 
192 , 201 , 202 , 223 , 222 
193 , 202 , 203 , 224 , 223 
194 , 203 , 204 , 225 , 224 
195 , 204 , 205 , 226 , 225 
196 , 205 , 206 , 227 , 226 
197 , 206 , 207 , 228 , 227 
198 , 207 , 208 , 229 , 228 
199 , 208 , 209 , 230 , 229 
200 , 209 , 210 , 231 , 230 
201 , 211 , 212 , 233 , 232 
202 , 212 , 213 , 234 , 233 
203 , 213 , 214 , 235 , 234 
204 , 214 , 215 , 236 , 235 
205 , 215 , 216 , 237 , 236 
206 , 216 , 217 , 238 , 237 
207 , 217 , 218 , 239 , 238 
208 , 218 , 219 , 240 , 239 
209 , 219 , 220 , 241 , 240 
210 , 220 , 221 , 242 , 241 
211 , 221 , 222 , 243 , 242 
212 , 222 , 223 , 244 , 243 
213 , 223 , 224 , 245 , 244 
214 , 224 , 225 , 246 , 245 
215 , 225 , 226 , 247 , 246 
216 , 226 , 227 , 248 , 247 
217 , 227 , 228 , 249 , 248 
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218 , 228 , 229 , 250 , 249 
219 , 229 , 230 , 251 , 250 
220 , 230 , 231 , 252 , 251 
221 , 232 , 233 , 254 , 253 
222 , 233 , 234 , 255 , 254 
223 , 234 , 235 , 256 , 255 
224 , 235 , 236 , 257 , 256 
225 , 236 , 237 , 258 , 257 
226 , 237 , 238 , 259 , 258 
227 , 238 , 239 , 260 , 259 
228 , 239 , 240 , 261 , 260 
229 , 240 , 241 , 262 , 261 
230 , 241 , 242 , 263 , 262 
231 , 242 , 243 , 264 , 263 
232 , 243 , 244 , 265 , 264 
233 , 244 , 245 , 266 , 265 
234 , 245 , 246 , 267 , 266 
235 , 246 , 247 , 268 , 267 
236 , 247 , 248 , 269 , 268 
237 , 248 , 249 , 270 , 269 
238 , 249 , 250 , 271 , 270 
239 , 250 , 251 , 272 , 271 
240 , 251 , 252 , 273 , 272 
*ELEMENT, TYPE=T2D2, ELSET=REBAR 
241 , 274 , 275 
242 , 275 , 276 
243 , 276 , 277 
244 , 277 , 278 
245 , 278 , 279 
246 , 279 , 280 
247 , 280 , 281 
248 , 281 , 282 
249 , 282 , 283 
250 , 283 , 284 
251 , 284 , 285 
252 , 285 , 286 
253 , 286 , 287 
254 , 287 , 288 
255 , 288 , 289 
256 , 289 , 290 
257 , 290 , 291 
258 , 291 , 292 
259 , 292 , 293 
260 , 293 , 294 
*SOLID SECTION,ELSET=TOPFACE,MATERIAL=CONCRETE 
0.3 
** 
** f c    = 19,8 N/mm^2 
** f_ct = 1.6 N/mm^2 
** density = 1953.7 kg/m^3 
** 
*MATERIAL,NAME=CONCRETE 
*DENSITY 
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1953.7 
*Elastic 
 1.7e+10, 0.22 
*Concrete Damaged Plasticity 
15.,0.,0.,0.,0. 
*Concrete Compression Hardening 
 1.47052e+07,          0. 
    1.79e+07, 0.000448189 
    1.94e+07,  0.00085818 
    1.98e+07,  0.00133474 
    1.95e+07,    0.002324 
    1.86e+07,  0.00269234 
    1.75e+07,  0.00304968 
    1.34e+07,  0.00409927 
    9.13e+06,  0.00533951 
    1.81e+06,   0.0100673 
*Concrete Tension Stiffening 
 1.60011e+06,          0. 
 1.45701e+06, 7.42809e-05 
   1.113e+06, 0.000274472 
     960003., 0.000383432 
     800000., 0.000482801 
     536000., 0.000788135 
     358998., 0.000988373 
     161000.,  0.00199851 
     73000.2,  0.00300119 
     39999.8,  0.00499514 
*Concrete Compression Damage 
     0.,          0. 
 0.1299, 0.000448189 
   0.24,  0.00085818 
   0.34,  0.00133474 
   0.42,    0.002324 
   0.49,  0.00269234 
    0.5,  0.00304968 
   0.68,  0.00409927 
   0.82,  0.00533951 
   0.98,   0.0100673 
*Concrete Tension Damage 
   0.,          0. 
  0.3, 7.42809e-05 
 0.55, 0.000274472 
  0.7, 0.000383432 
  0.8, 0.000482801 
  0.9, 0.000788135 
 0.93, 0.000988373 
 0.95,  0.00199851 
 0.97,  0.00300119 
 0.99,  0.00499514 
*SOLID SECTION,ELSET=BOTTOMFACE,MATERIAL=CONCRETE 
0.3 
*SOLID SECTION,ELSET=REBAR,MATERIAL=REBAR 
**diameter=6mm, area =1.13097E-4 m^2 
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1.13097E-4 
*MATERIAL,NAME=REBAR 
*Damage Initiation, criterion=DUCTILE 
     2.08,   -3.33,      0. 
  2.07971,  -0.333,      0. 
  1.18795,  -0.267,      0. 
 0.678571,    -0.2,      0. 
 0.387612,  -0.133,      0. 
 0.221419, -0.0667,      0. 
 0.126496,      0.,      0. 
  0.07229,  0.0667,      0. 
 0.041354,   0.133,      0. 
 0.023728,     0.2,      0. 
 0.013739,   0.267,      0. 
 0.008173,   0.333,      0. 
 0.005237,     0.4,      0. 
 0.003988,   0.467,      0. 
 0.004021,   0.533,      0. 
  0.00535,     0.6,      0. 
   0.0084,   0.667,      0. 
 0.005008,    0.73,      0. 
*Damage Evolution, type=DISPLACEMENT 
 0.0001, 
*Elastic 
 2.1e+11, 0.33 
*Plastic 
 3.55e+08,   0. 
 3.56e+08, 0.01 
**when more rebar then reality, lower density (real 7850 kg/m^3) 
*DENSITY 
7850. 
*SOLID SECTION,ELSET=PUR,MATERIAL=PUR 
0.3 
*MATERIAL,NAME=PUR 
*Density 
 10.5657, 
*Elastic 
267667., 0.2 
*Crushable Foam 
 1.1,1. 
*Crushable Foam Hardening 
 14220.9,         0. 
  14900.,  0.0025006 
  15480., 0.00560298 
 16266.8, 0.00913929 
  16964.,  0.0144655 
 17464.3,  0.0204887 
 22061.6,  0.0708457 
*SOLID SECTION,ELSET=EPS,MATERIAL=EPS 
0.3 
*MATERIAL,NAME=EPS 
*Density 
20., 
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*Elastic 
 5e+06, 0.3 
*Crushable Foam 
 1.1,1. 
*Crushable Foam Hardening 
 52056.4,         0. 
 60599.2, 0.00219525 
 70040.7, 0.00982408 
 72878.6,  0.0144253 
 75698.7,  0.0189923 
 79667.7,  0.0287662 
  89407.,  0.0527287 
 154097.,   0.202328 
 180153.,   0.236421 
 234344.,   0.285554 
 310397.,   0.320098 
*EMBEDDED ELEMENT,HOST ELSET=BOTTOMFACE 
REBAR 
*BOUNDARY 
2,2,2 
20,2,2 
11,1,1 
*AMPLITUDE, NAME=AMP, DEFINITION=SMOOTH STEP 
0.0,0.0,1.0,1.0 
*NSET, NSET=QA_TEST_OUTNODES 
NALL, 
*ELSET, ELSET=QA_TEST_OUTELEMS 
REBAR,BOTTOMFACE,TOPFACE,PUR,EPS 
*NSET, NSET=MIDDLE 
11,263 
*NSET, NSET=BC 
2,20 
*NSET, NSET=RF 
258,268 
*NSET, NSET=URF 
6,16 
*ELSET, ELSET=PURBOT 
62,63,64,65,66,67,68,69,70 
*ELSET, ELSET=PURTOP 
162,163,164,165,166,167,168,169,170 
*ELSET, ELSET=BOTFACEBOT 
2,3,4,5,6,7,8,9,10 
*ELSET, ELSET=BOTFACETOP 
42,43,44,45,46,47,48,49,50 
*ELSET, ELSET=TOPFACEBOT 
182,183,184,185,186,187,188,189,190 
*ELSET, ELSET=TOPFACETOP 
222,223,224,225,226,227,228,229,230 
*ELSET, ELSET=EPSL 
85,105,125,145 
*ELSET, ELSET=REB 
240,241,242,243,244,245,246,247,248,249 
** 
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**LOADING STEP 
** 
*STEP 
*DYNAMIC, EXPLICIT 
,1.0 
*CLOAD,AMPLITUDE=AMP 
258,2,-6500 
268,2,-6500 
** 
**FIELD OUTPUT 
*Output, field 
*NODE OUTPUT 
CF, RF, U, UT, V 
*ELEMENT OUTPUT, directions=YES 
LE, MISES, PE, PEEQ, PEEQVAVG, PEVAVG, S 
** 
**HISTORY OUTPUT 
**CF2,DAMAGEC,DAMAGET,LE11,LE12,LE13,LE22,NFORC,NFORCSO,PE11,PE12,PE13,PE22,P
EEQ,RBFOR,RF2,S11,S12,S13,S22,U2, 
*Output, history 
*NODE OUTPUT, NSET=RF 
CF2, U2 
*Node Output, nset=BC 
RF2,  
*Node Output, nset=MIDDLE 
U2, 
*Element Output, elset=REB 
E11, E12, E13, E22, LE11, LE12, LE13, LE22, S11, S12, S13, S22 
*END STEP 
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