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Abstract 
The innovative, industrialized building technology 3D printing of concrete is applied to realize world’s 

first commercial housing project in a structural manner: Project Milestone. Houben and Van Mierlo 

architects incorporated freedom of form in the design so that it naturally blends into its surrounding 

as boulders, shaped organically. A generic building concept is developed for the housing project. 

Prefabricated corner wall elements are load bearing and form a climate shell at once. This research 

covers the development and validation of the structural walls of the first house, whereby 3D printed 

concrete is applied unreinforced. To be able to validate whether the structure meets the requirements 

of the Dutch building regulations in the field of structural safety, the standard NEN-EN 1990 (Eurocode 

0), Basis of Structural Design is followed up. However, compliance with the standard is lacking. 

Although recent research proved that the structural properties of 3D printed concrete are controlled 

and known, standards on how to establish structural properties of 3D printed concrete do not exist 

yet. Eurocode 0 prescribes that Annex D: ‘Design Assisted by Testing’ should be met. Since the type of 

structure is completely innovative, not only the material 3D printed concrete must be tested. To be 

able to validate structural safety, the composition of the entire structure must be tested. 

To be able to frame the research within the innovative building project and to achieve the research 

goal, a framework is developed. First of all, the three dimensional structure is converted to an 

elementary two dimensional structural design. Two possible failure modes of the structure: toppling 

off of the outer wall and collapse of the inner wall, which both cause large horizontal deformation of 

the structure, are designed for. Equilibrium of the structure depends on insulation material, applied 

structurally in the wall elements. However, since the durability of the bond between insulation 

material and 3D printed concrete is unknown over a longer period of time in service, the structure is 

designed for no bond. Horizontal equilibrium is guaranteed by connectors. The amount of and 

distance between the connectors is determined by means of the load capacity of a connector in 

combination with insulation material which is determined by pull-out tests.  

Structural models are developed for the inner as well as the outer wall. Both models contain a 2D 

printed concrete wall with kinematic boundary conditions among which horizontal linear elastic spring 

supports. The springs represent, when loaded in tension, a connector in combination with insulation 

material. When loaded in compression, the springs represent the entire insulation layer. For the 

structure to be robust, the structural system must always be in equilibrium. Cracks in the structure 

would grow unrestrained if the tensional strength of the brittle materials concrete and insulation 

material are overcome. This permanent damage to the structure, is tried to be prevented at any time. 

Therefore, the input of the model contains of design elastic material or component properties which 

are determined via the 5% characteristic value according to Eurocode 0, Annex D, paired with material 

tests. To be allowed to calculate with the structural models linear elastically, for any material or 

component the structural model is built up from, the resistance is checked for the design load 

combination. The system proves to behave linear elastically when loaded by the design load 

combination. Besides, a numerical stability analysis proves that the structure is not susceptible to 

buckling. 

A mock-up of true size of a corner element is successfully produced. Horizontal cracks, over the entire 

circumference, and vertical cracks, over the entire height of the element do however occur, which 

influence the structure negatively. Three full scale tests are developed for two specimens: critical 

straight sections retrieved from the mock-up either with or without bond between the 3D printed 

concrete and PUR. A failure mode least obvious to occur since it can be predicted, is tested first: 

buckling. The resistance of the inner wall against bending due to eccentricity roof mounting is tested 

secondly. The ultimate limit state of the structure, which can be predicted the least is determined 
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lastly: resistance of outer wall against toppling off. Each test is carried out on the linear elastic 

structural model, numerically as well. The results of the experimental full scale tests should 

demonstrate if the actual structure does resist the most critical load combinations. Horizontal 

displacements of the model are compared to the actual structure’s to point out whether the structure 

can be calculated with according the structural model, linear elastically, or if mechanisms occur. The 

horizontal displacements of the model are fitted to the actual structure by variation of parameters 

influencing the results of the experiments.  

The full scale tests and additional material tests prove that another insulation material, with an open 

cell structure instead of the intended insulation material with a closed cell structure, is applied in the 

mock-up. For the insulation material intended to be applied, buckling of the structure is excluded for 

twice the design load combination. The structure resists the design load combination including the 

bending moment due to maximum roof eccentricity, deforming linear elastically. The structural model 

of the inner wall may be calculated with linear elastically when taking into account imperfections. 

During test 3, the 3D printed concrete fails in bending before its tensional strength is reached. The 

structure does not resist the design load combination. If the concrete would not have failed in bending 

and if the intended insulation material would have been applied, the structure would have resisted 

the design load combination. The structural model of the outer wall may be calculated with linear 

elastically. The connectors in combination with insulation material provide catenary action as well as 

a warning system for failure of the structure. 

Recommendations are made concerning the reliability of the results of the tests when the intended 

insulation material is actually applied. Reliable statements cannot be made about full scale test 3. Both 

tests 3 on the outer walls of specimen 1 and 2 should be redone. Production of the insulation material 

should be developed such that properties are homogeneously distributed within the entire structure. 

During service, the durability of the insulation material’s properties are unknown and should therefore 

be established. Production of the 3D printed concrete should be developed such that the tensional 

strength of 3D printed concrete can be considered homogeneous over its layered structure. After 

actual production of the structure, diagnostic tests are recommended to be carried out to validate 

structural safety although the structure could contain minor differences due to other production 

techniques. The structure is loaded until a load level for which damage on the structure is excluded 

but structural safety can be validated. The structure is intended to behave elastically. Unloading 

should cause the structure to return to its original state.  
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1. Introduction 
‘Concrete is the most widely used man-made material in existence. It is second only to water as the 

most-consumed resource on the planet’ (Rogers, 2018). Although the basic ingredient of concrete, 

cement, helps shaping the built environment, it constitutes to about 8% of the world’s carbon dioxide 

emissions (Rogers, 2018). According to the Dutch ‘concrete agreement’, material must be saved 

drastically (Cheops, 2018a). On top of that, in contrary to automated industries where the use of 

robots is leading to cheaper products, the building industry is still traditional to a high degree. A shift 

to a more sustainable built environment demands automation of the building industry.  

3D printing of concrete is an innovative industrialized building technology, which could be a means of 

automation of the building industry in which robots translate BIM models into customized buildings 

(Cheops, 2018a). High speed construction, less heavy labour and design freedom characterize the 

technique. Any structural element could be unique, whereas at the same time, mass customization 

could be accomplished. Solid and massive structures are of the past (Wolfs, 2015). In contrary to 

traditionally poured concrete, which is rigid in shape due to limitations of formwork, the technique 

deposits the material only where it is needed structurally (Cheops, 2018a). Instead of the sequential 

traditional building process, 3D printing of concrete is a simultaneous process. Design, material 

science, and structural design are incorporated simultaneously (Cheops, 2018b). Complete wall, floor 

or roof systems can be printed taking into account different necessary functions such as fibre or wire 

reinforcement, dirt-repellent layers, acoustical layers, thermal insulation, installations, and sensors 

(3Dprintedhouse).  

The Municipality of Eindhoven in collaboration with Eindhoven Technical University (TU/e) came up 

with Project Milestone. The knowledge the unit Concrete Structures with its research program 3D 

Concrete Printing (3DCP) gained previously is bundled with expertise from industry. The innovative 

building project is a milestone not only when it comes to the manufacturing technique of 3D printing 

of concrete but also regarding the design, the value for the municipality, the future occupant, and the 

landlord. Project Milestone is the world’s first commercial housing project whereby 3D printed 

concrete is applied structurally. Five houses, where people will actually live in, will meet regular 

building regulations and all current demands such as comfort, lay-out, quality, and pricing. The houses 

will be purchased and let out by the real estate company Vesteda.  

The first house of Project Milestone is developed first since its design is least complex. The first house 

concerns a single floor, four-room house of 95 m2. Development of the first house in itself is a learning 

tool for the development of the other four houses. A generic building concept for any 3D printed 

concrete house is strived for. This research covers the development and validation of the structural 

walls of the first house, whereby 3D printed concrete is applied unreinforced.  
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2. Background information 

2.1. 3D printed concrete – structural properties 
3D printed concrete is produced by depositing linear filaments of a cementitious mortar on top of 

each other to gradually form objects (Wolfs, Bos, Salet, 2019). TU/e’s research program 3DCP 

researches and develops the technology of 3D Concrete Printing to be able to manufacture concrete 

elements and buildings and fundamentally understand its processes (TU/e Eindhoven University of 

Technology). Increasingly, projects arise whereby the technique is applied to manufacture actual 

structures. The projects are demanded to meet current regulations regarding quality, safety, and 

economy standards. This goes hand in hand with growing need for reliable mechanical properties as 

input for structural calculations (Wolfs, Bos, Salet, 2019).  

Factors such as the layered structure, the lack of compaction, and the typical mortar compositions, 

which typify the 3DCP technique, set the structural properties of the 3D printed concrete (Wolfs, Bos, 

Salet, 2019). These factors distinguish the structural properties of 3D printed concrete from traditional 

concrete.  

Experimental research was carried out recently by Wolfs, Bos, and Salet, 2019, to the influence of the 

factors, as described above, on the structural properties of 3D printed concrete. It was proved that for 

the special mortar for 3D-printing produced by Weber, with a water to fine ratio of 0.495, for a 

relatively short interval time, a very limited tensile strength loss (in any direction) of layered specimens 

compared to cast specimens is expected (if the concrete is not left uncovered during hardening). For 

the compressive strength, directional dependency is not found at all. 

2.2. Project Milestone 
The ability of the printer to print in angles shapes the design for Project Milestone. Houben and Van 

Mierlo architects incorporated freedom of form in the design so that it naturally blends into its 

surrounding as boulders, shaped organically (3Dprintedhouse). The design suggests a group menhirs 

in an opening of a forest, as shown in the 3D render in figure 2.1A. The five houses are placed in half 

a circle in the ‘sculpture garden’ of Bosrijk, in the Meerhoven district of Eindhoven.  

  

Figure 2.1A. 3D render Project Milestone (3dprintedhouse), 2.1B. 3D render first house Project Milestone (3dprintedhouse) 

 

A 3D render of the first house is shown in figure 2.1B. The course appearance of the house indicates 

the advantages of the material the house is constructed with. Unreinforced 3D printed concrete 

behaves well especially when loaded in compression. Narrow, but qualitative window openings are 

applied, reaching story high. Going up from the bottom, the façade gradually overhangs more. At the 

height of the roof, the façade is slanting to the inside. Due to the organic shape of the house, any 

section is unique.  
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Figure 2.2 shows a conceptual plan of the first house of Project Milestone, as developed by Houben 

and Van Mierlo. The outline of the plan is characterized by course, rounded corners in any direction. 

The interior is characterized by straight walls for the future users to be able to furnish the house in a 

practical manner. The outline of the plan (bold black lines), which indicate the 3D printed walls, is 

interrupted by windows.  

 

Figure 2.2 Conceptual plan first house 

 

A building concept is developed taking into account the boundary conditions set by the design as well 

as by the manufacturing technique. Any 3D printed concrete house should be assembled from the 

generic, prefabricated objects which contain a safe structure and function as a climate shell at once.  

2.3. Building concept 
The whole plan is built up from corner wall elements and structural windows. The design, a shape of 

a boulder, not only allows generalization into corner elements, it is even a necessity. If straight wall 

elements would have been designed, whereby the wall is overhanging to the outside but straight at 

the interior of the house, the center of gravity of the wall element would lay outside the bases of the 

element. The wall element would topple over through nothing but its own weight.  

Non-structural parapet elements are stacked on the corner elements to close off the window 

openings. The building concept is shown in figure 2.3 with a plan and a view. 

 

Figure 2.3 Generalization design: conceptual plan – view 

 

2.3.1. Corner wall elements 
Closed print paths assure 3D objects to be printed in one go but apply as little material as possible. A 

closed ‘tub’ is produced by printing the circumference of a corner wall element. The element is printed 

with an overhang to the outside while the inside is printed vertically straight. Through the shape of 
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the ‘tub’ buckling of the 3D printed concrete the green phase is excluded. The element is filled up with 

thermal insulation material. Afterwards, inner and outer wall are physically disconnected by cuts. The 

openings are closed by window frames. A horizontal and vertical section of a corner element are 

shown in figure 2.4.  

 

Figure 2.4 Corner element: horizontal and vertical section 

Corner element types 

A certain maximum overhang of the outer wall can be printed without collapse of the concrete in the 

green phase due to its own weight. However, an overhang larger than the maximum possible overhang 

to be printed is designed. Two different types of corner elements are standardized: type A and type 

B. Vertical sections with maximum overhangs and corresponding horizontal sections of the two 

different corner element types are shown in figure 2.5. 
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Figure 2.5 Corner element types A and B: vertical and horizontal sections  

 

The outer wall of element type A does overhang, but less than the maximum overhang possible to be 

printed and does not contain infill. The outer wall of element type B overhangs more than the 

maximum overhang possible to be printed and does contain infill. Infill consists of two extra layers of 

concrete in between the outer and inner wall. The first extra layer swings and touches the outer wall 

on the inside at certain positions to create a counter weight. The extra material is overhanging to the 

inside while the outer wall is overhanging to the outside. The center of gravity of the complete 

element shifts to the inside of the element. This makes it possible to print a larger overhang. The 

second extra layer is printed straight against the swinging, first extra layer. Through this second extra 

layer, the amount of insulation material is limited, and the print path is closed.  
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3. Motivation 
The motivation for this research is the corner wall elements of the first house of Project Milestone, 3D 

printed concrete is applied structurally, unreinforced.  

In collaboration with the structural engineer, development of a robust structure for the corner wall 

elements is strived for. To be able to validate whether the structure meets the requirements of the 

Dutch building regulations in the field of structural safety, the standard NEN-EN 1990 (Eurocode 0), 

Basis of Structural Design, regarding foundations of the structural design, calculations, and reviews is 

followed up. However, compliance with the standard is lacking. Although, as described in paragraph 

2.1, recent research proved that the structural properties of 3D printed concrete are controlled and 

known, standards on how to establish structural properties of 3D printed concrete do not exist yet. 

Eurocode 0 prescribes that Annex D: ‘Design Assisted by Testing’ should be met. Since the type of 

structure is completely innovative, not only the material 3D printed concrete must be tested to 

determine its structural properties and behaviour. To be able to validate structural safety, the 

composition of the entire structure must be tested. 

4. Research goal 
The goal of this research is to assist the structural engineer to be able to meet Eurocode 0 by means 

of full scale tests of the facade of a house whereby 3D printed concrete is applied structurally.  
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5. Research model 
To be able to frame the research within the innovative building project and to achieve the research 

goal, a framework is developed.  

5.1. Framework 
The framework is schematized in figure 5.1. Different components which contribute to the research 

are indicated by boxes. Relations between components are indicated with arrows. The bright boxes 

emphasize the components which are covered in this research. Recommendations are made 

concerning the more transparent boxes. 

 

 

Figure 5.1 Framework research 

 

A generic structural design for the wall elements is developed depending on certain boundary 

conditions such as the architectural design, TU/e’s 3D-print facility, and the intended method of 

thermally insulating the walls. A structural model is developed according to the structural design, 

conform Eurocode 2: design of concrete structures to be able to calculate with the structure. 

Kinematic boundary conditions are determined. Further input of the structural model consists of 

properties of materials and components the structure is built up from. Material properties are 

determined by material tests, carried out conform standards. Structural calculations are carried out 

for the structural model to determine internal and external reactions of the structure resulting from 

all possible design load combinations acting on the structure.  

A mock-up of true size of a part of the structural walls is developed. The production of the mock-up in 

itself is a test whether it is possible to actually make the intended structure with its structural 

components, assembly of materials, and material properties. The mock-up is used to perform full scale 

tests on. The ultimate limit state of the entire structure, composed of its structural components and 

different materials, is determined by bringing the structure to failure. The results of the tests are 
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compared to the results of the structural model. The comparison should point out whether the 

structure may be calculated by means of the structural model or if mechanisms occur. With the 

knowledge gained from the results of the full scale tests, the structural model is further developed. 

Parameters such as structural components and material properties are possibly optimized and tested 

again. The results input the structural model again. Eventually, the final product is produced. Several 

production parameters could diverge from production of the mock-up. Diagnostic tests are performed 

on the actual structure to validate structural safety. 

5.2. Structural safety 
Since the structural appliance of 3D printed concrete for a house that will actually be lived in, is 

innovative, a robust structure is strived for. Robustness is guaranteed covering uncertainties in the 

structure by setting certain conditions to any component of the framework. Figure 5.2 schematizes 

the framework including the conditions set. The conditions are elaborated below. 

 

 

Figure 5.2 Outline development structural wall elements including conditions to achieve robustness 
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Structural design 

In terms of actions, the most critical load combination is searched for. The worst case scenarios in 

terms of reactions of the structure to these actions are searched for and standardized. Design after 

these worst case scenarios, whereby structural design decisions made are always conservative, is 

leading. The design of the structure must be uniform, so that it can standardized. Besides, the 

structure must be elementary. Any structural feature must be understood so that complex numerical 

calculations will not be required. 

Structural model 

To standardize and simplify the 3D structural wall elements, one single comprehensive 2D scheme is 

modelled. A vertical section of the wall elements with maximum overhang of the outer wall is critical 

and therefore standardized.  

3D-printed concrete is unreinforced. Cracks in the structure would occur and grow unrestrained if the 

tensional strength of the concrete is overcome. Cracks, which cause permanent damage to the 

structure, are tried to be prevented at any time. Therefore, the concrete is prevented to behave other 

than elastically. After being stressed, the material should return to its original shape and dimensions. 

The same holds for the insulation material, applied structurally. The input of the model consists of 

elastic material or component properties. To be allowed to calculate with the structural model linear 

elastically, for any material or component the structural model is built up from, equation 1 should 

hold. 

Equation 1 

𝛾𝑓 ∗ 𝑆 ≤
𝑅𝑘

𝛾𝑚
, where 

𝛾𝑓 = 𝑙𝑜𝑎𝑑 𝑓𝑎𝑐𝑡𝑜𝑟 [−] 

𝑆𝑘 = 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑙𝑜𝑎𝑑 [𝑘𝑁] 

𝑅𝑘 = 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑘𝑁] 

𝛾𝑚 = 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 [−] 

 

Material tests 

Material tests to determine characteristic material properties or the load capacity of structural 

components are carried out with as many samples as possible. Load-displacement relations are 

captured to describe structural behaviour when load increases until possible failure. Failure modes 

are captured.  

Material properties 

In case of a sufficient amount of samples, design resistance is determined via the 5% characteristic 

value according to Eurocode 0, Annex D, chapter D7.2. Material factors according to standards are 

applied. In case of insufficient amount of samples, the minimum resistance determined from tests is 

set as the characteristic resistance. Design resistance is calculated according equation 2. Relatively 

high material factors are applied to take into account the low amount of samples and innovative 

nature of the materials or components the structure is built up from.  
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Equation 2 

𝑅𝑑 =  
𝑅𝑘

𝛾𝑚
 

𝑅𝑑 = 𝑑𝑒𝑠𝑖𝑔𝑛 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑘𝑁] 

𝑅𝑘 = 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑘𝑁] 

𝛾𝑚 = 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 [−] 

 

Mock-up - production 

The mock-up is produced in a way such that the structural model is approached. The mock-up consists 

of the most critical vertical section of the structural wall elements of the first house. The kinematic 

boundary conditions are pursued. All intended production methods for the structural wall elements 

of the actual first house are performed according to reality.  

Structural tests 

For a single mock-up available, only one failure mode can lead to actual failure of the structure. 

However, the resistance of the structure must be tested for more than one possible failure mode. The 

least obvious failure mode to occur, is tested first. The ultimate limit state is not necessarily 

determined but the structure proves to own a lot of residual strength when it is loaded by twice the 

design load combination. The most obvious and most critical failure mode to occur is tested at last 

whereby the mock-up is brought to failure. The ultimate limit state for the structure is determined 

and the failure mode is captured. Load-displacement relations are captured to describe structural 

behaviour when load increases until possible failure. The results of the tests prove whether the 

structure as a whole is able to resist design load combinations. Statements can be made about possible 

transitions of elastic to plastic behaviour.  

Recommendation diagnostic tests 

The entire structure of the final product should be tested for at least the design load combination. The 

structure is loaded until a load level for which damage on the structure is excluded but structural 

safety can be validated. 
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6. Structural design 
3D printed concrete is applied structurally, unreinforced in the wall elements. Concrete has great 

potential when loaded in compression. The tensional strength however, is only 18% of the 

compressive strength. When the tensional strength of the material is overcome, the material will crack 

unrestrained. The main starting point of the structural design is that, in every sight, the possibility of 

unrestrained cracking is minimized.  

The possibility of cracks due to hardening shrinkage of the material does have to be considered. The 

specially developed mortars for 3D printing are known for relatively much hardening shrinkage. The 

strain due to hardening shrinkage of the concrete applied in the mock-up, of which the specifications 

are elaborated in paragraph 9.1, is measured. Determination of hardening shrinkage of 3D printed 

concrete is elaborated in appendix A. The maximum strain due to shrinkage is 1.95‰. It is proved by 

calculation, elaborated in paragraph 12.6, that the corner elements of the mock-up were fully 

restrained to deform horizontally, by the structural floor. The tensional stress due to fully restrained 

shrinkage in the corner elements is calculated according equation 3. The elastic modulus of the 

concrete is assumed to be, Em = 19000 MPa. The tensional stress due to fully restrained shrinkage is 

σs = 37.05 MPa.  

Equation 3 

𝜎𝑠 =  𝐸𝑚 ∗ 𝜀𝑠, where 

𝜎𝑠 = 𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑓𝑢𝑙𝑙𝑦 𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 [𝑀𝑃𝑎]  

𝐸𝑚 = 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑚𝑜𝑟𝑡𝑎𝑟 [𝑀𝑃𝑎]  

𝜀𝑠 = 𝑠𝑡𝑟𝑎𝑖𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (28 𝑑𝑎𝑦𝑠) [−]  

 

The flexural strength of the mortar is determined in appendix B1. The average characteristic flexural 

strength of the mortar is fflex, m, k = 8.49 MPa. The flexural strength of the material is only 23% of the 

tensional stress due to fully restrained shrinkage. Strength in pure tension is even lower. As written in 

paragraph 2.3.1, corner element types A as well as B are designed to be stable in itself and will not 

collapse under their own weights. However, vertical cracks do undoubtedly occur. In the worst case, 

vertical cracks occur over the full height of the overhanging outer wall. An overhanging straight wall 

element instead of a corner element appears, as shown in figure 6.1.  

 

 

Figure 6.1 Straight wall element due to vertical cracks 
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This feature will be more critical for corner element type A than B. The outer wall of corner element 

type B is stable in itself despite vertical cracks. The infill overhanging to the inside counteracts against 

the outer wall overhanging to the outside. A straight element of corner element type A is not 

necessarily stable in itself. The outer wall is overhanging to the outside whereby its center of gravity 

could lay outside the basis of the outer wall.  

A straight wall element due to vertical cracks over the full height of corner element type A with 

maximum overhang of the outer wall to the outside is considered critical. From this point on in 

research, a 2D vertical ‘slice’ of the structure is standardized. The wall element is assumed to 

structurally behave homogeneously over a certain width, horizontally (in between vertical cracks). A 

conceptual global structural design is shown in figure 6.2 through a vertical section. 

 

Figure 6.2 Vertical section conceptual global structural design 

 

The inner wall is structural and carries a light weight timber roof. The outer wall serves as a climate 

shell. The outer wall is held in place by the structural inner wall through the insulation material. The 

intended insulation material is a polyurethane (PUR) since it can be applied fluidly where after it 

expands and fills up the organic ‘tub’ perfectly. Resistance of the material which is normally solely 

applied thermally is addressed.  

The parapet extends the outer as well as the inner wall and spans the window openings. The openings 

will be narrow and the windows structural which makes the parapet an uncritical element of the 

structure. The parapet is not further considered structurally. The global structural design is elaborated 

more extensively in paragraph 6.2.  

Possible failure modes 

The conceptual global structural design is developed further by responding to the possible failure 

modes which could occur for the structure. 

The worst case scenario which could occur for the overhanging outer wall is that it topples off. This 

must never happen because for example children could be playing or people could be sitting in the 

shade underneath the overhang. The failure mode could occur if the tensile strength of the insulation 

material is overcome and fails over the height of the wall. This could occur as a result of a horizontal 

wind load and horizontal component of the own weight of the outer wall, of which the center of 

gravity is outside the base of the wall, acting on the outer wall. 
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The worst case scenario which could occur for the structural inner wall is that it collapses. This causes 

the roof to come down. This must never happen because people live inside the house. The inner wall 

is relatively slender. The ratio of thickness to height is approximately 1:50. Since the inner wall is 

loaded in compression, the inner wall on its own is sensitive to buckling, which will always be critical 

over its strength in compression. The insulation material offers a buckling support only if the outer 

wall is still in place.  

A flow chart of the failure modes is shown in figure 6.3. A schematization is shown in figure 6.4. 

 

Figure 6.3 Flow chart failure modes 

 

Figure 6.4 Schematization failure modes 

Durability insulation material 

PUR has an important role in prevention of the failure modes. The type of PUR should be selected for 

its tensional strength and adhesion to 3D printed concrete to be able to transfer the horizontal 

component of the own weight of the overhanging outer wall to the inner wall.  

Previous research of the 3DCP research program proved that any PUR core material shows significant 

bonding with 3D printed concrete (Vermue, 2017). However, the durability of the bond between the 

PUR and the 3D printed concrete is unknown over a longer period of time in service. According to 

Eurocode 0 the structure must be designed for a lifetime of fifty years.  

From this point on in research, for the structure, merely the most critical situation is considered where 

no bond between the PUR and 3D printed concrete exists. The inner and outer wall are disconnected 

from the insulation layer. 

6.1. Local structural design 
The failure modes, as described in the introduction of chapter 6, are both caused by large horizontal 

deformations, which is shown in figure 6.4. Since no bond is considered between the PUR and 3D 

printed concrete, the horizontal deformations are not restrained. Therefore, locally, horizontal 

anchorage between inner and outer wall and the insulation layer is designed. 
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A way to guarantee collaboration between outer and inner wall horizontally, usually applied in 

masonry structures, is to connect the outer and inner wall with wall ties. Previous research of Bos et 

al., 2019, proved that this method is not suitable for 3D printed concrete objects. Bos et al positioned 

relatively stiff wall ties in the concrete in the green phase. The wall ties reached from wall to wall. Due 

to shrinkage of the concrete during curing, peak stresses occurred around the wall ties. This caused 

horizontal cracks in the unreinforced concrete.  

Connectors are designed which lay in the concrete as well as in the insulation layer horizontally, but 

do not directly connect the outer wall to the inner wall.  

6.1.1. Connectors 

Functions connectors 

Adhesion between the insulation material and concrete is significant when the house is just in service. 

The capacity of the insulation material in tension is assumed to be sufficient to transfer horizontal 

loads from the outer to the load bearing inner wall. If no bond exists between the insulation material 

and the concrete, which is considered to be the case, as described in the introduction of chapter 6, 

the connectors in combination with the insulation material are required to assure catenary action. 

In the global structure, a connector in combination with insulation material should function as 

mechanical anchorage. A combination represents a spring support within the global structure. A 

schematization of the global functions of connectors in combination with insulation material is shown 

in figure 6.5. 

 

Figure 6.5 Schematization global functions connectors in combination with insulation material 

 

If no bond exists between the insulation material and 3D printed concrete, connectors are required to 

assure catenary action. The load capacity of the connectors in combination with insulation material 

when loaded in tension is required to be sufficient to transfer horizontal loads acting on the outer wall 

to the load bearing inner wall.  

Without any connection to the insulation material, the inner wall is not supported against buckling by 

the insulation material in the direction away from the insulation material. Connectors in combination 

with the insulation material are required to support the inner wall against buckling. 

Specification connectors 

A single standard connector is designed which fulfills the following requirements: 

- A connector has to be pushed into the mortar, during printing, while it is in the green phase. 

The connector cannot disturb the printing process and the mortar layers neither vertically nor 

horizontally 

- The connector has to stay in place in the green mortar 
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- The material of which the connector is made of has to be stronger than the insulation material 

- The connector has to be less stiff than the insulation material 

- The connector has to be embedded properly in the hardened mortar 

- The connector has to have deformation capacity 

Horizontal and vertical schematizations of a connector are shown in figure 6.6.  

 

Figure 6.6 Schematization connector 

 

The folded shape assures the combination of embedment in the mortar and a center of gravity as 

close as possible to the center of gravity of the concrete wall. 

The thickness is 0,75 mm. Through the small thickness, the width of the layers of mortar is disturbed 

as little as possible. Besides, the connectors are relatively light. The stiffness of the green mortar is 

sufficient to hold the connector in place although its center of gravity is a little outside the concrete. 

The connector is placed as close to the side of the concrete layer as possible to set the center of gravity 

of the connector as close to the center of gravity of the concrete layer as possible.  

The width is 200 mm to achieve sufficient area of steel pushing against the insulation material to 

distribute stresses caused by either tension or compression via the outer wall to the connector in the 

insulation material.  

The depth is 150 mm. This is determined by trial, where the connector does not topple because of its 

center of gravity laying outside the concrete which is shown in figure 6.7. 

 

Figure 6.7 Positioning connector in green concrete 

 

The height is 20 mm, which is based on the height of two layers of concrete. The connector is pushed 

to one layer underneath the most freshly printed layer. The lower layer had some time to cure which 

causes more stiffness of the concrete. This ensures the connector to lay in the mortar firmly.  
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Since bond accelerator is added to the mortar mixture which contains chloride, the connectors are 

made of galvanized steel.  

Production connectors 

Strips of 1000x20mm2 are cut from a galvanized steel plate with a thickness of 0.75 mm. The 

connectors are bent with wooden mould with the right angles by hand. The excess of steel is cut off. 

6.1.2. Insulation material 1 
The insulation material is chosen through the following requirements: 

- The insulation material has to be applied in liquid form where after it expands and fills up the 

closed ‘tub’ of the corner elements perfectly 

- The insulation material has to have sufficient stiffness for the connector to behave plastically 

- The insulation material has to have sufficient tensional strength for the combination of 

connector and insulation material to have sufficient combined tensional strength 

A rigid polyurethane with a closed cell structure is applied structurally.  

6.1.3. Design (placement) of connectors 
The structural combination of a connector and insulation material is innovative. The combination’s 

load capacity and structural behaviour are unknown. The required amount of and distribution of 

connectors is unknown. Experiments are carried out to determine the load capacity of a connector in 

combination with insulation material to be able to determine the amount of and distance between 

the connectors in the global structure and failure modes. 

The overhanging outer wall permanently loads the connectors with the horizontal component of its 

own weight. Horizontal wind load reinforces this tensional force. This maximum tensional force is 

always critical over a compressional load on either the inner or outer wall. Through the stiffness of the 

walls, a compressional force is distributed over the complete height of the insulation layer. 

Compressional stress is small through the distribution of the force over a large area. When the 

combination is loaded in tension, peak tensional stresses occur at the ends of the connector legs in 

the insulation material. 

Therefore, one particular test is developed where a connector embedded in mortar, is, via the mortar, 

pulled out the insulation material. The resulting force-displacement graphs are used to determine the 

capacity of a combination. The horizontal force the connector is subjected to in service, is calculated. 

With the information of the actions on the combination and capacity of the combination, the amount 

of and distance between the connectors to be applied in the global structure is calculated. The 

behaviour of the combination during the experiments is used to determine failure modes. 

6.1.4. 2D Pull-out test 
A horizontal 2D schematization of three connectors positioned in the structure is shown in figure 6.8. 

The connectors are assumed to be embedded in the mortar as if it is a homogeneous plate. The outer 

wall is subjected to a horizontal tensional distributed load. The outer wall is assumed to behave as an 

infinitely stiff plate.  
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Figure 6.8 Horizontal two-dimensional schematization of connectors in the structure 

 

No bond between the insulation material and concrete is schematized as the dashed line in figure 6.8. 

The infinitely stiff concrete plate directly transfers the distributed load to the legs of the connector, 

embedded in the outer wall. Via the legs of the middle connector (embedded in the outer wall) the 

load is transferred to the insulation material.  

Since no bond exists between the mortar and PUR, the center lines of the two outer connectors 

(embedded in the inner wall) will act as rotation points for the insulation material. Figure 6.9 shows a 

2D mechanical schematization of the connectors in the insulation material. Figure 6.10 shows the 

corresponding moment line. However, to simplify the mechanism conservatively, the scheme of figure 

6.9 is simplified to the scheme of figure 6.11 with corresponding moment line shown in figure 6.12. 

This leads to the simplified horizontal schematization shown in figure 6.13. In reality, the connectors 

and insulation material are part of a 3D structure, where one connector, embedded in the outer wall, 

is supported by four connectors, embedded in the inner wall. The insulation material will behave as a 

plate, supported by four supports instead of a beam, supported by two supports. The simplified 2D 

approach is even more conservative, but, for this research, therefore critical. 

 

Figure 6.9 Mechanical scheme connectors in insulation material 

 

Figure 6.10 Corresponding moment line 1 

 

Figure 6.11 Simplified mechanical scheme connectors in insulation material 
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Figure 6.12 Corresponding moment line 2 

 

Figure 6.13 Simplified horizontal schematization connectors in structure 

Method 

The conservative approach of one connector in the structure which is loaded in tension is converted 

to an actual pull-out experiment as shown in figure 6.14. To approach reality, the connector is 

executed in true size. The top of the connector is embedded in concrete, which is clamped by a testing 

machine. The bottom of the connector is embedded in insulation material with length, L. The stiff 

plate and insulation material do not have a bond with each other. Two stiff plates at the bottom sides 

are attached to the insulation material. These attachments must be stronger than the insulation 

material itself. The plates are pulled by the testing machine.  

The thickness of all elements of the specimen are 20 mm, which is the thickness of the connector. By 

approaching reality in 2D, failure mechanisms are clearly observed.  

 

Figure 6.14 Schematization pull-out experiment 

 

The critical load combination in tension is calculated on beforehand to be able to estimate the 

accuracy the test setup should have. The specimens are brought to failure. The results of the 

experiments are force-displacement graphs.  
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Critical load combination 

Table 1 shows the critical load combination for tension acting on the outer wall. Determination of the 

characteristic distributed loads, qk, are elaborated in appendix C. The design distributed loads, qd, are 

calculated according to equation 1. Maximum load factors are applied to attain a conservative load 

combination. 

Table 1. Critical load combination connectors 

 Critical load combination tension connectors q_k γ_f q_d 

 Outer wall [kN/m^2] -  [kN/m^2] 

Permanent loads Hor. comp. own weight outer wall 0.20 1.35 0.27 

 Hor. comp. own weight parapet 0.06 1.35 0.08 

Variable load Wind suction 0.77 1.5 1.15 

 Total 1.03  - 1.50 

 

The connector which has to withstand the maximum load combination is considered to be critical.  

The tensional force for one connector, Ftens, is calculated according equation 4. The center to center 

distance of the connectors, L, is unknown at this point in research. The center to center distance of 

the connectors, L, is determined in paragraph 6.1.3.  

Equation 4 

𝐹𝑡𝑒𝑛𝑠 = 𝑞𝑑 ∗ 𝐿2, where 

𝐹𝑡𝑒𝑛𝑠 = 𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 𝑑𝑒𝑠𝑖𝑔𝑛 𝑙𝑜𝑎𝑑 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟 [𝑘𝑁] 

𝑞𝑑 =  𝑑𝑒𝑠𝑖𝑔𝑛 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 𝑙𝑜𝑎𝑑 [
𝑘𝑁

𝑚2
]  

𝐿 = 𝑐𝑒𝑛𝑡𝑒𝑟 𝑡𝑜 𝑐𝑒𝑛𝑡𝑒𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠 [𝑚]  

 

Specimens 

Insulation material 

The insulation material is a two-component water blown rigid foam, FOAM-iT! from manufacturer 

Smooth-On. The material has a density of ρ = 80 kg/m3. FOAM-iT! consists of parts A and B which have 

to be measured and mixed in equal amounts of volume. The mixture, which can be handled for 20 

minutes is poured into a mold, cures in two hours and expands ten times of its original volume 

(Smooth-On). The flexural and compressive properties of the material are determined according to 

standards. The elaboration can be found in appendix D.  

Length specimens 

The aim of the pull-out experiment is to determine the load capacity of the combination connector 

insulation material in tension. With this information, eventually, the distance between connectors is 

designed for the global structure. However, if this distance (L) becomes too large, by pulling the 

connector in combination with insulation material, instead of the insulation material failing locally, 

around the connector, the insulation material itself could fail in bending. Failure in bending can easily 

be calculated, while failure of the insulation material around the connector is an unknown feature. 

Failure in bending is therefore excluded. The length of the specimens is limited.  
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The maximum length is calculated for Foam-iT!, according equation 5, derived from equation 6, in 

combination with equation 4. The design flexural strength is fflex, i, d= 0.22 MPa, which is derived in 

appendix D1.1. The maximum length of the specimen, L = 428 mm.  

Equation 5 

𝐿 = √
2∗𝑓𝑓𝑙𝑒𝑥,𝑖,𝑑∗𝑏∗ℎ2

3∗𝑞𝑑

3
, where 

𝐿 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 [𝑚𝑚] 

𝑓𝑓𝑙𝑒𝑥,𝑖,𝑑 = 𝑑𝑒𝑠𝑖𝑔𝑛 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [𝑀𝑃𝑎] 

𝑏 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 [𝑚𝑚] 

ℎ = ℎ𝑒𝑖𝑔ℎ𝑡 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 [𝑚𝑚] 

𝑞𝑑 = 𝑑𝑒𝑠𝑖𝑔𝑛 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 𝑙𝑜𝑎𝑑 [
𝑁

𝑚𝑚2
] 

Equation 6 

𝜎 =
𝑀

𝑊
=

1

4
𝐹𝑡𝑒𝑛𝑠𝐿

1

6
𝑏ℎ2

= 𝑓𝑓𝑙𝑒𝑥,𝑖,𝑘, where 

𝜎 = 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 [𝑀𝑃𝑎] 

𝑀 = 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑚𝑜𝑚𝑒𝑛𝑡 [𝑁𝑚𝑚]  

𝑊 = 𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑚𝑚3] 

 

Dimensions specimen 

Earlier in research, the design flexural strength (fflex, i, d) was calculated differently. Therefore, a length, 

L= 440 mm is applied, which is somewhat longer than the maximum length of 428 mm. The design 

flexural strength is calculated with a relatively high material factor, which is a safe approach. The 

specimen is assumed not to fail in bending during testing. The height of the specimens is h = 200 mm. 

The thickness of the specimens is t = 20 mm. 

Amount of specimens 

5 specimens 

Preparation specimen 

A mortar wall of 70 mm wide is printed. Several connectors are pushed into the mortar horizontally 

during printing. With a saw, the green mortar is cut, which is shown in figure 6.15A. One day later, the 

specimens are hit with a hammer out of the wall. Specimen 3 is shown in figure 6.15B. 

   

Figure 6.15A Connectors in 3D printed concrete wall, 6.15B Connector embedded in mortar 
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A mould made of concrete plywood, connected with screws, is built around the connector and made 

water tight with plastic and duct tape. Component A and B (FOAM-iT!) are measured, mixed, and 

poured into the mould, shown in figure 6.16A. Excess PUR is cut away and the mould is removed. The 

specimen is shown in figure 6.16B. A bond between the PUR and concrete is prevented by a plastic 

sheet in between. 

  

Figure 6.16A Plywood mould filled with PUR, 6.16B Specimen 

 

Supports are attached to the specimen to be able to clamp the specimen in the test setup. A tensile 

test on a block of PUR glued with effervescent glue to a block of wood is carried out to examine if a 

glued connection would function. The connection turns out to be stronger than the PUR itself. 

A concrete plywood frame is clamped into the testing machine. The frame, which is assumed to be 

sufficiently stiff to distribute the force, is applied to distribute the pulling force to the two supports.  

The specimen is centered and clamped underneath the concrete plywood frame. The connections 

between the plywood and insulation material are glued. A small compressive force is applied with the 

testing machine to the connection and left to dry for an hour, shown in figure 6.17. The compressive 

force is released.  

 

Figure 6.17 Glued connection at supports 

Test setup 

For a length of the specimen of 440 mm, the design load is calculated according equation 4. The design 

load is Ftens = 0.29 kN.  

The testing machine is an Instron 5985 with a 250 kN load cell. The test is displacement controlled. 

The tests are carried out under laboratory conditions. The test setup of the pull-out experiment is 

shown in figure 6.18. 
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Figure 6.18 Test set-up 2D pull-out experiment 

 

The concrete block is fixed to the testing machine at the bottom with bolts and steel blocks. The 

plywood frame is clamped by the testing machine at the top. During the experiment, the testing 

machine moves upwards. The speeds of the loading traverse is 200 mm/min. 

Results 

The load-vertical displacement graphs of all five specimens and the specimens after testing are shown 

in figures 6.19 to 6.21. The graphs of all specimens show a linear relation between load and vertical 

displacement until a maximum load is reached. Thereafter, some major drops of the load relative to 

the maximum load in the graph are observed, which correspond to the sudden occurrences during 

loading as described below. 
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Figure 6.19A Load-vertical displacement graph specimen 1, 6.19B Load-vertical displacement graph specimen 2, 6.19C 

Specimen 1 after testing, 6.19D Specimen 2 after testing 

Specimen 1 

1A. Crack initiation between PUR – bottom left steel connector web 

1B. Sudden crack propagation  

2. Sudden crack from left of right support into PUR 

Specimen 2 

1A. Crack initiation between PUR – bottom left steel connector web 

1B. Sudden crack propagation  

2A. Crack initiation between PUR – bottom right steel connector web 

2B. Sudden crack propagation  

3. Sudden crack in PUR 

4. Sudden crack from left of right support into PUR 

 

 

 

Figure 6.20A Load-vertical displacement graph specimen 3, 6.20B Load-vertical displacement graph specimen 4, 6.20C 

Specimen 3 after testing, 6.20D Specimen 4 after testing 
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Specimen 3 

1A. Crack initiation between PUR – bottom left steel connector web 

1B. Sudden crack propagation  

1C. Sudden crack propagation 

2A. Crack initiation between PUR – bottom right steel connector web 

2B. Sudden crack propagation  

2C. Sudden crack propagation 

Specimen 4 

1. Release glued connection concrete plywood – PUR  

2A. Crack initiation between PUR – bottom left steel connector web 

2B. Sudden crack propagation  

2C. Sudden crack propagation 

 

 

Figure 6.21A Load-vertical displacement graph specimen 5, 6.21B Load-vertical displacement graph specimen 5 

 

Specimen 5 

1A. Crack initiation between PUR – bottom right steel connector web 

1B. Sudden crack propagation  

2. Sudden crack from the right of the left support into PUR 

3A. Crack initiation at the left of the right support into PUR 

3B. Sudden crack propagation  
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Interpretation of results 

The load – vertical displacement graphs of specimens 1 to 5 are combined in figure 6.22.  

 

Figure 6.22 Combined load – vertical displacement graphs 

 

Linear branches exists between load and vertical displacement for all specimens in the beginning of 

loading until the maximum load is reached. Schematizations of the sudden failure modes which 

correspond to the major drops in the graphs are shown in figure 6.23. 
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Figure 6.23 Schematizations failure modes specimen 1 to 5 

 

For specimens 1, 2, 3, and 5, failure mode 1 (FM 1) causes the first drop in the graphs after the 

maximum load is reached.  

Failure mode 1 

Loss of bond between PUR and steel occurs, starting from the bottom of one of the connector webs. 

This failure mode is caused by a tensional stress peak in the PUR at that location. This tensional stress 

peak occurs due to the fact that the connector web is held in place by the concrete while the PUR is 

being pulled by the testing machine diagonally. The adhesion between steel and PUR does not have 

any deformation capacity and therefore fails brittle. A lot of internal energy is released suddenly 

whereby the specimens lose a lot of capacity relative to the maximum load. 

In the experiment, the PUR is not restrained to deform sideways after the loss of adhesion, shown by 

the black arrows in figure 6.23. The horizontal deformation of the PUR is caused by the pulling of the 

testing machine diagonally. This additional horizontal pulling force causes, in specimens 3 and 4, 

another failure mode, namely fracture mechanics’ failure mode 1: crack opening. In reality, this 

additional failure mode cannot occur since the PUR is restrained to move sideways by more PUR by 

which it is surrounded.  

Failure mode 2 

Specimen 2 shows a crack in the PUR in between the connector flanges, perpendicular to a tensional 

stress peak. The tensional stress peak occurs due to the pulling of the PUR by the testing machine 
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diagonally. A pulling force on a very small area causes peak tensional stresses. The tensional strength 

of the PUR is exceeded.  

Failure mode 3 

Specimens 1, 2, and 5 show sudden cracks in the PUR, initiated at the supports, perpendicular to 

tensional stress peaks. Pulling forces are induced at this location. The tensional strength of the PUR is 

exceeded. 

For specimen 4, the right glued connection of the support to the PUR fails, which is an unfavourable 

result. This failure mode cannot occur in reality. The results of the experiment of specimen 4 cannot 

be used. 

To determine the load capacity of a connector in combination with insulation material, the 

argumentation of NEN-EN 846-5 (2012), Determination of tensile and compressive load capacity and 

load displacement characteristics of wall ties, is taken into account. According to NEN-EN 846-5: 

‘failure shall be taken either as the peak load recorded or the load at a displacement of 5 mm 

whichever is the smaller an which shall be taken as the load capacity’. For specimens 1, 2, 3, and 5, 

the maximum load is reached within 5 mm of vertical deformation. The maximum load which is 

reached before failure mode 1 occurs is considered the capacity of the specimens. Any failure mode 

which occurs after failure mode 1 cause additional major losses in load capacity, paired with relatively 

small deformations. The load capacity of the specimens is shown in figure 6.22 by the dashed lines. 

The values are elaborated in table 2. The minimum load capacity, Fconn = 0.93 kN is considered critical. 

Table 2 Load capacity 2D specimens 

Specimen F_max, k 

[N] 

1 926 

2 1064 

3 1071 

4 - 

5 944 

MIN 926 

AVE 1001 

 

Conclusion 

In the beginning of loading the combination connector – insulation material in tension, a linear relation 

between load and vertical displacement exists. The linear branch stops with the loss of adhesion of 

the steel of the connector with the insulation material. This failure mode 1 causes major loss in load 

capacity. Failure modes 2 and 3 cause additional major losses in load capacity paired with relatively 

small vertical deformation. The characteristic load capacity of the specimens, Fconn, k = 0.93 kN, which 

is the load which is reached before failure mode 1 within 5 mm of vertical deformation. 

Center to center distance connectors 

The design load capacity of the combination connector – insulation material is calculated according 

equation 7. A material factor, γconn of 2 is applied to take into account the innovative nature of the 

combination, as well as the fact that only five experiments are carried out. The design load capacity 

of the combination connector – insulation material, Fconn, d = 0.46 kN. 
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Equation 7 

𝐹𝑐𝑜𝑛𝑛,𝑑 =
𝐹𝑐𝑜𝑛𝑛,𝑘

𝛾𝑐𝑜𝑛𝑛
, where 

𝐹𝑐𝑜𝑛𝑛,𝑑 = 𝑑𝑒𝑠𝑖𝑔𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟 − 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [𝑘𝑁] 

𝐹𝑐𝑜𝑛𝑛,𝑘 = 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟 − 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [𝑘𝑁] 

𝛾𝑐𝑜𝑛𝑛 = 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟 − 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [−] 

 

The center to center distance of connectors to be applied in the global structure is calculated, 

according equation 8, which is extracted from equation 4. The center to center distance of the 

connectors is Lconn = 556 mm. 

Equation 8 

𝐿𝑐𝑜𝑛𝑛 =  √
𝐹𝑐𝑜𝑛𝑛,𝑑

𝑞𝑑
 

 

Failure of the insulation material in bending within the global structure is excluded. A simple 3D-

dimensional numerical model of a ‘plate’ of PUR of 200 mm thickness (height specimens), with a length 

and width of 556 mm (Lconn) is developed. The elaboration can be found in appendix E. The plate is 

loaded by Fconn = 0.46 kN, in the middle. The corners are supported, which present opposite 

connectors. The flexural elastic modulus of PUR is set to Eflex, i, d = 4.40 MPa (elaborated in appendix 

D1.1). A static general calculation is carried out. Mises stresses are analyzed. The result is shown in 

figure 6.24. The maximum Mises stress occurring, Smises = 0.02 MPa is approximately ten times smaller 

than the flexural strength of the PUR, fflex, i, d = 0.22 MPa. If a center to center distance of the 

connectors, Lconn = 556 mm, is applied in the global structure, the PUR will not fail in bending. 

 

Figure 6.24 PUR loaded in bending 

6.1.5. 3D pull-out test 
The center to center distance of the connectors, Lconn = 556 mm, is relatively small to practically apply 

in the global structure. The width of connectors is already 200 mm. The connectors would almost 

overlap. 

In reality, a connector is completely surrounded by insulation material. Not only horizontally, like in 

the previous pull-out experiments, but also vertically. In the previous 2D pull-out experiments, this is 
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not taken into account. As will be shown hereafter, insulation material around a connector does have 

a positive effect on the load capacity of the combination connector – insulation material.  

The dimensions of the specimens are increased in the direction perpendicular to the specimen. The 

thickness of the specimen becomes equal to the length of the specimen. The pull-out experiment 

becomes 3D. The specimen is supported by four supports instead of two, which is the case in reality. 

None of the other parameters are changed. 

Specimens 

Length specimens 

For the pull-out experiment to stay consistent, the length of the specimen is not changed.  

Dimensions specimens 

The length of the specimens stays, L = 440 mm. The height of the specimens stays, h = 200 mm. The 

thickness of the specimens, t = 440 mm. 

Amount of specimens 

2 specimens 

Preparation specimens 

The connectors, embedded in a mortar wall (saw cut), as shown in figure 6.15A, are used to produce 

the specimens. 

A mould made of concrete plywood, connected with screws, is built around the connector. The height 

of the concrete part of the specimen is evened with wooden blocks. The bottom as well as all the sides 

are covered with plastic and made watertight with duct tape, as shown in figure 6.25A.  

PUR’s component A and B are measured, mixed, and poured into the mould. For both specimens 1 

and 2, the mould was not completely filled with PUR after expansion of the PUR. Therefore, extra PUR 

was measured, mixed, and poured into the moulds. After two hours, excess PUR is cut away and the 

mould is removed. A plastic layer of plastic is left between the insulation material and the mortar block 

to prevent a bond. A finished specimen is shown in figure 6.25B. 

  

Figure 6.25A Plywood mould, 6.25B Specimen 

Test setup 

Preparation test setup 

A concrete tile is placed on the bottom surface of the testing machine. Steel clamps are placed around 

the concrete tile and attached to the surface of the testing machine with bolts with threaded ends, 

shown in figure 6.26A. 2-component glue for stony material is applied to the concrete tile as shown in 

figure 6.26B. 
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Figure 6.26A Concrete tile on bottom testing machine, 6.26B Application 2-component glue 

 

The concrete part of the specimen is placed on the glue and pushed by the testing machine as shown 

in figure 6.27A. The wooden base plate in the figure is a concrete tile instead. The glue is left to dry 

overnight.  

A frame, which will transfer the pulling force of the testing machine to four points instead of one, is 

made of concrete plywood with a thickness of 18 mm. The width of the frame is 440 mm in both 

directions, which is the same as the width and length of the specimen. The connections between the 

concrete plywood are made with screws and wood glue. The area of the wooden blocks, screwed and 

glued to the concrete plywood frame, is 70x70 mm2. The frame is clamped by the testing machine as 

shown in figure 6.27B. 

   

Figure 6.27A Placement specimen on concrete tile, 6.27B Plywood frame clamped by testing machine 

 

The specimen is centered underneath the frame. The concrete tile is clamped to the testing machine. 

Effervescent glue is applied to the specimen underneath the wooden blocks. The frame is pushed to 

the specimen by the testing machine with a force of 500 N. The effervescent glue is left to dry 

overnight.  

Test setup 

The testing machine is an Instron 5985 with a 250 kN load cell. The test is displacement controlled. 

The tests are carried out under laboratory conditions. The test setup of the pull-out experiment is 

shown in figure 6.28 (concrete tile instead of wooden base plate). 
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Figure 6.28 Test setup three-dimensional pull-out experiment 

 

The concrete is fixed to the testing machine at the bottom by bolts in combination with steel blocks. 

The plywood frame is clamped by the testing machine at the top. During the experiment, the testing 

machine moves upwards. The speed of the loading traverse is 200 mm/min. 

Results 

The load-vertical displacement graphs of both specimens are shown in figure 6.29. The specimens 

after testing are shown in figure 6.30. The numbers in the figures refer to the following occurrences, 

which occurred in specimen 1 as well as specimen 2, during loading: 

1. Noise of sudden tearing 

2. Pulling of the connector out of the insulation material 

 

 

Figure 6.29 Load – vertical displacement graph specimen 1 and 2 
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Figure 6.30 A Specimen 1 after tesing, 6.30B Specimen 2 after testing 

 

The graphs of both specimens show a linear relationship between load and extension until a maximum 

load is reached. Thereafter, a major drop of the load relative to the maximum load in the graph is 

observed. A second moderate linear relation between load and displacement is perceived. The load 

increases further, paired with relatively much deformation until a third peak. After the third peak, the 

load decreases paired with a lot of deformation.  

The connector has adopted a completely different shape compared to its original shape. The concrete 

is unaffected. The insulation material is unaffected except for the holes the connector legs have come 

out. 
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Interpretation of results 

The load – vertical displacement graphs of specimen 1 and 2 are combined in figure 6.31.  

 

Figure 6.31 Combined load – vertical displacement graphs 

 

A great linear branch exists between load and vertical displacement for both specimens in the 

beginning of loading until the maximum load is reached. For both specimens, the great drop, after the 

maximum load is reached, is paired with a sudden tearing noise. Since the connector is completely 

surrounded by insulation material, during linear deformation, what happens in the inside of the 

specimen is invisible. The 2D experiments with FOAM-iT proved that the failure mode which always 

occurs first is the loss of adhesion of the insulation material to the steel of the connector. This failure 

mode is paired with great drops in force-displacement graphs. Therefore, the first drop in the force-

displacement graphs of both 3D specimens 1 and 2 is assumed to be caused by loss of adhesion of the 

PUR with the steel of the connector.  

To determine the load capacity of a connector in combination with insulation material, the 

argumentation of NEN-EN 846-5 (2012), Determination of tensile and compressive load capacity and 

load displacement characteristics of wall ties, is taken into account. According to NEN-EN 846-5: 

‘failure shall be taken either as the peak load recorded or the load at a displacement of 5 mm 

whichever is the smaller an which shall be taken as the load capacity’. The vertical dashed line in the 

graph of figure 6.30 indicates a vertical displacement of 5 mm. At that point, specimen 2 is still building 

up load linearly, while the load on specimen 1 already experienced the great drop. The scatter in this 

first peak for both specimens is large. Besides, little is known about the quality of this adhesion in 

reality. Therefore, the load at a displacement of 5 mm is not considered the load capacity. The load 

capacity, Fconn is considered the second peak load when the load built up again after the great drop, 
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paired with approximately 10 mm of deformation (crosses in the graph of figure 6.31). The peak is 

similar for both specimens and therefore more safe than the first peak. The maximum load which is 

reached in the second peak is considered the load capacity of the specimens. The load capacity of the 

specimens is shown in figure 6.31 by the dashed lines. The values are elaborated in table 3. The 

minimum load capacity, Fconn = 1.51 kN is considered critical. 

Table 3 Load capacity 3D specimens 

Specimen F_conn, k 

[N] 

1 1507.96 

2 1580.94 

MIN 1507.96 

AVE 1544.45 

 

After the second peak, the load builds up again, paired with vertical deformation of more than 50 mm, 

until a third peak. The moderate drop after this peak is caused by the loss of mechanical anchorage of 

the connector in combination with the insulation material. From that point on, the connector deforms 

plastically. The connector legs are straightened whereby the connector is literally being pulled out of 

the insulation material. The insulation layer proves to be sufficiently stiff to not deform as much as 

the connectors and sufficiently strong in tension to not fail before or during plastic deformation of the 

connectors. 

Conclusion 

In the beginning of loading the combination connector – insulation material in tension, the 

combination behaves linearly. The linear branch stops with the loss of adhesion of the steel of the 

connector with the insulation material. The combination forms a moderate second linear branch up 

to a second peak which is considered the load capacity of the combination, Fconn = 1.51 kN. After the 

load capacity is reached, the connector and insulation material start to act apart from each other. The 

connector deforms plastically paired with great vertical deformation, which acts as a warning system 

for failure. The connector is slowly pulled out of the insulation material. The insulation material stays 

intact in place. 

6.1.6. Insulation material 2 
For the actual house, decided is to apply another rigid PUR, namely Pur’fect Plus polyurethane foam. 

It is a polyurethane foam (PU-foam) which in its cured phase is a reaction product of a polyol and a 

isocyanate component. The material has a closed cell structure. The apparent density of the foamed 

material is ρ = 9.77 kg/m3. 

The only variable which changes from previous research and findings is the material properties of the 

insulation material when loaded in tension. The insulation layer should have sufficient flexural 

stiffness to not deform as much as the connectors and sufficiently strong in tension to not fail before 

or during plastic deformation of the connectors. 

The load-vertical displacement graphs of all specimens of both materials Foam-iT! and Pur’fect Plus 

via Technisol, retrieved from three-point bending tests, as elaborated in appendix D1.1 and D2.1, are 

combined in figure 6.32 to be compared. 
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Figure 6.32 Load – vertical displacement graphs 3-point bending tests 

 

The shape of the graphs of both materials are similar. The graphs of both materials show a relatively 

linear branch until approximately a vertical displacement of 20 mm where after the graphs deflect 

until a maximum load is reached. After the maximum load is reached, the graphs shows sudden drops 

in load for approximately a vertical displacement of 40 mm. All specimens fail suddenly. 

Although the graphs of Pur’fect Plus via Technisol show a shift from the graphs of Foam-iT!, their 

material behaviour when loaded in bending is similar. In the beginning of loading, both materials 

behave linearly. Both materials fail brittle. The ratio of the flexural properties of Foam-iT! compared 

to Pur’fect Plus via Technisol is therefore applied for the determination of the load capacity of the 

combination connector – Pur’fect Plus via Technisol. The design values of the flexural strength and 

stiffness, as calculated in appendix D1.1 and D2.1 are elaborated in table 4, for comparison. 

Table 4 Comparison flexural properties Foam-iT! and Pur’fect Plus via Technisol 

 f_flex, i, d E_flex, i, d 

[MPa] [MPa] 

Foam-iT! 0.22 4.40 

Pur’fect Plus via Technisol 0.21 4.84 

 

Since the graphs and values of the flexural properties of Foam-iT! diverge a lot, the flexural properties 

are not as constant as Pur’fect Plus’ via Technisol. Therefore the ratio between the flexural strength 

as well as stiffness turns out to be almost 1:1. A reduction factor of 1 is applied to determine the 

capacity in tension and stiffness of the combination connector – Pur’fect Plus via Technisol. The 

characteristic load capacity of the combination in tensions is Fconn, k = 1.51 kN. 

Center to center distance connectors 

The design load capacity of the combination connector – insulation material is calculated according 

equation 7. The design load capacity of the combination connector – insulation material is Fconn, d = 

0.75 kN. The center to center distance of connectors to be applied in the global structure is calculated, 

according equation 8, which is extracted from equation 4. The center to center distance of the 

connectors is Lconn = 709 mm. 
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Failure of the insulation material in bending in the global structure is excluded. A simple 3D numerical 

model of a ‘plate’ of PUR of 200 mm thickness (height specimens), with a length and width of 709 mm 

(Lconn) is developed, as elaborated in paragraph 6.1.4. Further elaboration can be found in appendix E. 

The plate is loaded by Fconn = 0.75 kN, in the middle. A static general calculation is carried out. Mises 

stresses are analyzed. The maximum Mises stress occurring, Smises = 0.03 MPa is approximately seven 

times smaller than the flexural strength of the PUR, fflex, i, d = 0.21 MPa. If a center to center distance of 

the connectors, Lconn = 709 mm, is applied in the global structure, the PUR will not fail in bending. 

Design connectors global structure 

Amount of connectors 

The amount of connectors is designed for element A of the global structure. The center to center 

distance of the connectors, as calculated, is rounded up to 700 mm. Table 5 shows the total amount 

of connectors required for element A.  

Table 5 Amount of connectors 

Amount of connectors C.t.c. distance 
connectors 

Amount of 
connectors 

Element A  [mm] - 

Inner wall Length [mm] 1700 700 3 

Height [mm] 3100 700 5 

Total     15 

Outer wall Length [mm] 2700 700 4 

Height [mm] 3100 700 5 

Total     20 

Total     35 

 

Placement of connectors 

Layers of connectors, with a center to center distance of 700 mm, are positioned over the height of 

the structure, jump wise. If damage in the 3D-printed walls or insulation layer would occur due to one 

or more connectors, the probability of crossing of damage is assumed to be lower than when 

connectors are positioned directly above each other.   
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6.2. Global structural design 
A schematization of the global structural design of corner element type A is shown in figure 6.33 

through a vertical and horizontal section. 

 

 

Figure 6.33 Schematization global structural design 

 

The structural design is elaborated for the vertical section, from bottom to top: 

Foundation + floor element 

The wall element is positioned on a reinforced concrete floor which functions as the structural floor. 

Besides, it is used to be able to lift and transport the elements to the building site. Lifting the wall 

elements directly would cause tensional stresses in the unreinforced concrete.  

For any floor element, three reinforced concrete foundation piles are produced on site and are directly 

located underneath the structural floor. Three piles are minimally required for the complete element 

(wall + floor) to be stable on itself.  

The floor’s mould is produced with 3D-printed concrete. Reinforcement, designed for actions on the 

floor in service, as well as actions during lifting and transportations of the floor in combination with 

the whole wall element, is positioned within the mould. Regular concrete is poured into the mould. 

The prefab floor elements are positioned on the building site, connected by starter bars and mortar. 

Afterwards, the rest of the floor is poured on site.  

Double layer of plastic foil 

The wall element is printed on two layers of plastic foil on the structural floor. The plastic should cause 

a frictionless connection between wall element and the floor. Deformations due to hardening 

shrinkage and extension of the wall element due to temperature differences and material shrinkage 

over the wall element should not be restrained by the connection. Tensional stresses in the concrete 
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are reduced. However, due to the own weight over the contact area of the walls, as proved in 

paragraph 12.6, friction is not overcome. The connection turns out not to be frictionless. 

Inner wall – load bearing 

The inner wall is structural. Actions, caused by the timber roof are evenly distributed over the 

circumference of the inner wall. The roof is positioned in a steel shoe. Steel hooks are attached to the 

steel shoe at certain positions around the circumference of the roof, with a fixed distance. The steel 

hooks are hung over the inner wall. By ‘hanging’ the roof on the inner wall, stacking of more wall 

elements is possible to create more storeys.  

Outer wall – climate shell 

The outer wall serves as a climate shell and transfers loads which are acting on the outer wall to the 

load bearing inner wall. 

Insulation layer + connectors 

Loads which are acting on the outer wall are transferred to the load bearing inner wall via the 

insulation layer in combination with connectors. Since inner and outer wall are not connected directly, 

the insulation layer is structural. Connectors are embedded in the inner wall as well as the outer wall 

and insulation material horizontally. 

Parapet 

The parapet extends the outer as well as the inner wall and spans the window openings.  

Low-shrinkage mortar 

Since the height of the wall elements is restricted by the production process, the wall element is 

divided into two heights. Besides, the parapet is produced separately. The connection between these 

elements is produced with structural low-shrinkage mortar. The connection should behave as a glued 

connection. 
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7. Structural model 
As described in chapter 6, a 2D vertical ‘slice’ of the structure is considered critical for the whole 

structure. Inner wall and outer wall are considered separately. Both models contain a 2D printed 

concrete wall with kinematic boundary conditions among which horizontal linear elastic spring 

supports, as shown in figure 7.1.  

 

Figure 7.1 Structural model 

 

Support 1 

The roof, considered as an infinitely stiff plate in combination with the opposite wall element, restrains 

the inner wall to move horizontally. The support is modeled as a vertical roll. 

Support 2 

As described in paragraph 12.6, friction between the own weight of the wall and the plastic over the 

contact area of the basis of the wall will never be overcome by critical load combinations. That makes 

the connection a fixed connection over the area of the basis of the wall. Besides, the inner wall is 

supported horizontally by the cement screed, which fixes the wall even more. However, if concrete 

cracks at the support, the support becomes a hinge. Since that is a critical situation, the support is 

modeled as a hinge. 

Support 3 

Like the inner wall, the outer wall is printed on two layers of plastic foil as well. Unlike the inner wall, 

the outer wall is not restrained to move horizontally by a cement screed. As paragraph 12.6 proves, 

friction between the own weight of the wall and the plastic will never be overcome by critical load 

combinations. That makes the connection a fixed connection over the area of the basis of the wall. 

However, if concrete cracks at the support, the support becomes a horizontal roll.  

Besides, for the structure as a whole, the most critical situation occurs when a horizontal force at 

support 3 is transferred, via the insulation layer, to the inner wall instead of resisted by the support. 

The inner wall is loaded maximally due to loads acting on the outer wall. Therefore, the support is 

modeled as a horizontal roll. 
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Horizontal springs 

The connectors in combination with insulation material are modeled as horizontal springs. Structural 

behaviour of the combination of connector and insulation material is solely required in horizontal 

direction. When loaded vertically, because of its small thickness, a connector would ‘cut’ into the 

insulation material vertically. However, insulation material within the circumference of a connector 

will stay in place so that its structural function in horizontal direction is not disturbed. 

Considering deformation of the inner wall as well as the outer wall away from the insulation layer, the 

springs are assigned horizontal spring stiffness in tension, ktens. When either the inner wall or outer 

wall, which is disconnected from the insulation layer, pulls, the connectors are activated. The pulling 

action is transferred via the wall to the connectors, which are embedded in insulation material. 

Therefore, ktens depends on the stiffness of a connector with its surrounding insulation material in 

tension.  

Considering deformation of the inner wall as well as the outer wall towards the insulation layer, the 

springs are assigned horizontal spring stiffness in compression, kcomp. When either the inner wall or 

outer wall pushes against the insulation layer, although they are disconnected, the complete area of 

insulation material positioned against the wall is activated. Therefore, kcomp solely depends on the 

stiffness of the insulation material in compression.  

7.1. Spring stiffness 

Horizontal spring stiffness in tension 

The horizontal spring stiffness in tension, ktens, is determined for the combination connector -

insulation material. Spring stiffness is determined according to equation 9. 

Equation 9 

𝑘 =
𝐹

𝑢
, where 

𝑘 = 𝑠𝑝𝑟𝑖𝑛𝑔 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 [
𝑘𝑁

𝑚
]  

𝐹 = 𝑙𝑜𝑎𝑑 [𝑘𝑁]  

𝑢 = 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 [𝑚]  

 

The spring stiffness is determined by calculating trend lines for the linear relations between load and 

displacement of the two 3D pull-out tests, as shown in figure 7.2. The directional coefficient of the 

linear function is derived by dividing the load by the extension. The directional coefficient of the trend 

lines along the linear branches is the spring stiffness. 
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Figure 7.2 Linear branches load – vertical displacement graphs 3D pull-out test 

 

The characteristic spring stiffness’s of the combination connector – FoamiT! in tension are elaborated 

in table 6. The design value is calculated according equation 2. A material factor of 2 is applied to take 

into account the innovative nature of the combination, as well as the fact that only two experiments 

are carried out. Table 6 elaborates the design values as well. 

Table 6 Spring stiffness combination connector – Foam-iT! in tension 

Specimen ktens, k R2 γ ktens, d 

[kN/m] [-] [-] [kN/m] 

1 701.97 0.9984 2 350.99 

2 616.55 0.9966 2 308.28 

MIN 616.55 - 2 308.28 

AVE 659.26 - 2 329.63 

 

In the mock-up, Pur’fect Plus via Technisol instead of Foam-iT! is applied. The minimum design 

horizontal spring stiffness in tension is divided by the reduction factor 1 (as calculated in paragraph 

6.1.6), which leads to ktens, d = 308 kN/m. From this point on, ktens, d = 155 kN/m is calculated with, which 

was calculated earlier in research another way (by dividing ktens, d of Foam-iT! by a reduction factor of 

2).  

Horizontal spring stiffness in compression 

The horizontal spring stiffness in compression, kcomp, is determined for the insulation material. Spring 

stiffness is determined according equation 9. The spring stiffness is determined by calculating trend 

lines for the linear relations between load and displacement of the compressive tests on Pur’fect Plus 

via Technisol (elaborated in appendix D2.2), as shown in figure 7.3. The most linear parts of the graphs 

are taken into account. The directional coefficient of the linear function is derived by dividing the load 

by the extension. The directional coefficient of the trend lines along the linear branches is the spring 

stiffness. 
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Figure 7.3 Linear branches load – vertical displacement graphs compressive tests Pur’fect Plus via Technisol 

 

The characteristic spring stiffness’s of Pur’fect Plus via Technisol in compression are elaborated in 

table 7. The design spring stiffness of the combination is calculated according equation 2. A material 

factor of 2 should be applied to take into account the innovative nature of the material applied 

structurally. From this point on, kcomp, d = 145 kN/m is calculated with, which was calculated earlier in 

research another way (by dividing ktens, k of Pur’fect Plus via Technisol by a material factor of 1). Table 

7 shows the design values.  

Table 7 Spring stiffness Pur’fect Plus via Technisol in compression 

Specimen kcomp, k R2 γ kcomp, d 

[kN/m] [-] [-] [kN/m] 

1 274.64 0.9992 2 137.32 

2 321.40 0.9999 2 160.70 

3 145.35 0.9996 2 72.68 

4 282.33 0.9998 2 141.17 

5 253.83 0.9998 2 126.92 

6 157.14 0.9993 2 78.57 

7 325.53 0.9996 2 162.77 

8 251.06 0.9996 2 125.53 

9 244.69 0.9998 2 122.35 

MIN 145.35 - 2 72.68 

AVE 250.66 - 2 125.33 

 

7.2. System description 
For the structure to be robust, the structural system must always be in equilibrium. Cracks in the 

structure would grow unrestrained if the tensional strength of the brittle materials concrete and 

insulation material are overcome. This permanent damage to the structure, is tried to be prevented 

at any time. 

In this chapter, the intended flow of forces for two design load combinations is described, 

conceptually. Schematizations are shown in figure 7.4. To be allowed to calculate with the structural 

models linear elastically, any material or component the structural model is built up from, should 
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behave elastically. Material properties are assigned to different materials or components of the 

whole. Specific requirements are set to the material properties or components. 

 

 

Figure 7.4 Schematization system description 

 

Left schematization 

Outer wall 

The outer wall is subjected to a permanent, negative vertical load. This causes normal stress over the 

height of the outer wall. Since the outer wall is overhanging, the permanent negative vertical load 

causes a horizontal load in itself. This causes positive bending over the height of the outer wall. 

Positive wind load is caused by a pressure difference between the inside and outside of the façade. 

Practically, the distributed wind load would act in compression on the inner wall. As a safe approach, 

the inner wall and insulation layer are considered to be letting through air. The distributed wind load 

acts as compression on the inside of the outer wall. From this point on in research, the distributed 

wind load is calculated as if it is wind suction. This causes negative bending over the height of the 

outer wall.  

Support three (bottom outer wall) solely transfers a negative vertical load to the foundation. The 

support does not restrain horizontally, and is frictionless. 

Outer wall – connector 

Support 3 does not restrain any horizontal load. No bond is assumed between the concrete and 

insulation material. Therefore, the horizontal loads the outer wall is subjected to, are transferred via 

the outer wall, via bending, directly to the connectors. Sufficient embedment of the connectors in the 

mortar is a requisite. 

Connector – insulation material 

Via the connectors, via tension, the horizontal loads are transferred to the insulation material. 

Sufficient embedment of the connectors in the insulation material is a requisite. 
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Insulation material – connector 

Via the insulation material, via tension, the horizontal loads are transferred to opposite connectors. 

Sufficient embedment of the opposite connectors in the insulation material is a requisite. 

Connector – inner wall 

No bond is assumed between the concrete and insulation material. Therefore, the horizontal loads 

are transferred to the inner wall via the connectors, via tension. Sufficient embedment of the opposite 

connectors in the mortar is a requisite. 

Inner wall 

The inner wall is subjected to a permanent, negative vertical load. This causes normal stress over the 

height of the inner wall. This negative vertical load is induced via an eccentricity, caused by the 

connection of the roof to the inner wall. This causes negative bending over the height of the wall.  

The inner wall is subjected to the positive horizontal loads at the positions of the connectors over the 

height of the wall, which also causes negative bending over the height of the wall.  

Via the inner wall, via bending, the horizontal loads are transferred by support 1 and 2. The negative 

vertical load is transferred by support 2.  

Right schematization 

Outer wall 

The outer wall is subjected to a permanent, negative vertical load. This causes normal stress over the 

height of the outer wall. Since the outer wall is overhanging, the permanent negative vertical load 

causes a horizontal load in itself. This causes positive bending over the height of the outer wall. 

Besides, the outer wall is subjected to a negative, distributed wind load (wind pressure). This causes 

positive bending over the height of the wall.  

Support three (bottom outer wall) solely transfers a negative vertical load to the foundation. The 

support does not restrain horizontally, and is frictionless. 

Insulation material 

Therefore, the horizontal loads the outer wall is subjected to, are directly transferred via the outer 

wall, via compression, to the insulation material. Via the insulation material, via compression, the 

horizontal loads are transferred to the inner wall.  

Inner wall 

The inner wall is subjected to a permanent, negative vertical load. This causes normal stress over the 

height of the inner wall. This negative vertical load is induced via an eccentricity, caused by the 

connection of the roof to the inner wall. This causes negative bending over the height of the wall.  

The inner wall is subjected to the negative horizontal loads. For consistency, the compressional loads 

are considered solely at the positions of the connectors over the height of the wall. This causes positive 

bending over the height of the wall.  

Via the inner wall, via bending, the horizontal loads are transferred by support 1 and 2. The negative 

vertical load is transferred by support 2.  

The whole wall element is subjected to vertical strain caused by a temperature gradient over the wall 

element, horizontally, and hardening shrinkage. Due to the kinematic boundary conditions of the 

whole system, which is statically determined, the system is assumed to not be restrained against 
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expansion nor shrinkage. The system can move freely, vertically. Therefore, no stresses are assumed 

to occur in the system due to temperature nor shrinkage.  

7.2.1. System requirements 
The materials or components of the structure acting when subjected to the load combinations as 

elaborated above are set specific requirements for its material properties. These are shown in table 

8. 

Table 8 Requirements materials/ components of structure 

 Material/ component of structure Material property Requirement 

Outer wall/ inner wall 

1 3D – printed concrete Sufficient compressive strength 𝜎𝑐𝑜𝑚𝑝,𝑚,𝑑 < 𝑓𝑐𝑜𝑚𝑝,𝑚,𝑑   

2 Sufficient homogeneous flexural strength over 
layered composition 3D-printed wall 

𝜎𝑡𝑒𝑛𝑠,𝑚,𝑑 < 𝑓𝑡𝑒𝑛𝑠,𝑚,𝑑 

Combination connector – insulation material 

3 Steel + insulation material Sufficient tensional strength 𝑅𝑐𝑜𝑛𝑛,𝑑 < 𝐹𝑐𝑜𝑛𝑛,𝑑 

4 Insulation layer Sufficient compressive strength 𝑅𝑐𝑜𝑛𝑛,𝑑

< 𝑓𝑐𝑜𝑚𝑝,𝑖,𝑑 ∗ 𝐴𝑐𝑜𝑛𝑛 
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8. Load combinations 
The most critical load combinations the structural system could be subjected to are calculated. 

8.1. Loads 
Permanent as well as variable loads acting on the structure are determined in appendix C.As described 

in paragraph 7.2, strain caused by a temperature gradient over the wall element and mortar shrinkage, 

are not considered as loads.  

8.2. Critical load combinations 
Eight load combinations of loads acting on the whole wall element are set up and elaborated in 

appendix F. Maximum safety factors are applied for a conservative approach: 1.35 for permanent 

loads and 1.50 for variable loads. In each second load combination, for completeness, the safety factor 

for permanent loads is 0.9 and 1.50 for variable loads. 

Figure 8.1 shows a schematization of the application of the load combinations to the structure. Load 

combination A and B distinguish by the way the normal line load (apart from the own weight) is applied 

to the inner wall: centric or eccentric. 

 

Figure 8.1 Schematization appliance load combinations to structural model 

 

For any load combination, the reactions are calculated by the frame work program MatrixFrame 5.3, 

linear elastically. Although the center to center distance of the connectors, Lconn, was is calculated to 

be 700 mm in paragraph 6.1.6, for practical reasons, a center to center distance of Lconn = 440 mm is 

applied in the mock-up and therefore in the model as well.  

The outer wall is considered first, apart from the inner wall. For the springs, spring stiffness ktens is 

applied, since the connectors in combination with insulation material positioned in the outer wall are 

mostly loaded in tension. The N-line, V-line, and M-line are drawn and the maximum values are 

calculated. The reaction forces in the springs and supports are calculated. 
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Load combination A for the inner wall is considered second, apart from the outer wall. For the springs, 

spring stiffness ktens is applied, since the connectors in combination with insulation material positioned 

in the inner wall are mostly loaded in tension. The reaction forces in the springs located in the outer 

wall are transferred to the springs located in the inner wall, as the loads acting on the outer wall are 

transferred to the load bearing inner wall. The N-line, V-line, and M-line are drawn and the maximum 

values are calculated. The reaction forces in the springs and supports are calculated. 

Load combination B for the inner wall is considered second, apart from the outer wall. A part of the 

normal load acting on the inner wall is introduced centrically. Another part of the normal load is 

introduced eccentrically. An eccentricity the largest possible in reality is calculated according equation 

10. By taking into account the largest possible eccentricity, the most critical situation for the inner 

wall, loaded in bending is considered. This is a conservative approach since the eccentricity due to 

roof mounting in reality could only be equal or smaller. The maximum eccentricity due to roof 

mounting for a wall thickness of 70 mm is et, max = 28 mm. The eccentricity is applied at the top of the 

model of the inner wall by a physical horizontal bar of infinite stiffness.  

Equation 10 

𝑒𝑡,𝑚𝑎𝑥 = 0.4 ∗ 𝑡𝑖𝑤, where 

𝑒𝑡,𝑚𝑎𝑥 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑑𝑢𝑒 𝑡𝑜 𝑟𝑜𝑜𝑓 𝑚𝑜𝑢𝑛𝑡𝑖𝑛𝑔 [𝑚]  

𝑡𝑖𝑤 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 [𝑚]  

 

For the springs, spring stiffness ktens is applied, since the connectors in combination with insulation 

material positioned in the inner wall are mostly loaded in tension. The reaction forces in the springs 

located in the outer wall are transferred to the springs located in the inner wall, as the loads acting on 

the outer wall are transferred to the load bearing inner wall. The N-line, V-line, and M-line are drawn 

and the maximum values are calculated. The reaction forces in the springs and supports are calculated. 

The reactions of the structure subjected to the eight load are elaborated in appendix F. Table 9 

elaborates the reactions of the structure subjected to all load combinations, quantitatively. The total 

stress in the 3D printed concrete walls, σtot is calculated according to equation 11. For the width of the 

wall, 70 mm is taken into account.  

The critical reactions are highlighted in pink. The critical load combinations for which those reactions 

occurred are highlighted in blue. 
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Table 9 Reactions structure to different load combinations 

Outer wall 

Load combination n_max v_max m_max R_conn, 
tens, max 

R_conn, 
comp, 
max 

σ_N, 
comp 

σ_M, 
tens 

σ_tot 

[kN/m] [kN/m] [kNm/m] [kN/m] [kN/m] [Mpa] [Mpa] [Mpa] 

1.1. -9.28 1.33 0.39 1.31 -0.41 -0.13 0.48 0.34 

1.2. -6.28 0.96 0.27 1.03 -0.13 -0.09 0.33 0.24 

2.1. -8.90 1.22 0.34 0.46 -1.16 -0.13 0.42 0.29 

2.2. -5.90 0.86 0.23 0.18 -0.89 -0.08 0.28 0.20 

3.1. -9.28 1.33 0.39 1.31 -0.41 -0.13 0.48 0.34 

3.2. -6.28 0.96 0.27 1.03 -0.13 -0.09 0.33 0.24 

4.1. -8.90 1.22 0.34 0.46 -1.16 -0.13 0.42 0.29 

4.2. -5.90 0.86 0.23 0.18 -0.89 -0.08 0.28 0.20 

Inner wall - A 

1.1. -19.77 2.22 1.00 0.19 0.00 -0.28 1.22 0.94 

1.2. -15.12 1.86 0.92 0.19 0.00 -0.22 1.13 0.91 

2.1. -19.77 1.95 0.82 0.00 -0.15 -0.28 1.00 0.72 

2.2. -15.12 1.60 0.75 0.00 -0.15 -0.22 0.92 0.70 

3.1. -10.91 2.22 1.00 0.19 0.00 -0.16 1.22 1.07 

3.2. -6.20 1.86 0.92 0.19 0.00 -0.09 1.13 1.04 

4.1. -10.91 1.95 0.82 0.00 -0.15 -0.16 1.00 0.85 

4.2. -6.20 1.60 0.75 0.00 -0.15 -0.09 0.92 0.83 

Inner wall - B 

1.1. -19.78 2.01 1.19 0.23 0.00 -0.28 1.46 1.17 

1.2. -15.12 1.69 1.05 0.22 0.00 -0.22 1.29 1.07 

2.1. -19.78 1.90 0.76 0.00 -0.12 -0.28 0.93 0.65 

2.2. -15.12 1.56 0.70 0.00 -0.12 -0.22 0.86 0.64 

3.1. -10.91 2.15 1.05 0.20 0.00 -0.16 1.29 1.13 

3.2. -6.21 1.83 0.94 0.20 0.00 -0.09 1.15 1.06 

4.1. -10.91 1.93 0.80 0.00 -0.14 -0.16 0.98 0.82 

4.2. -6.21 1.59 0.74 0.00 -0.15 -0.09 0.91 0.82 

 

Equation 11 

𝜎𝑡𝑜𝑡 =  𝜎𝑁 +  𝜎𝑀, where 

𝜎𝑛 =
𝑛

ℎ
 where, 

𝜎𝑁 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 [𝑀𝑝𝑎]  

𝑛 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑙𝑖𝑛𝑒 𝑙𝑜𝑎𝑑 [
𝑁

𝑚𝑚
]  

ℎ = 𝑤𝑖𝑑𝑡ℎ 𝑤𝑎𝑙𝑙 [𝑚𝑚]  

𝜎𝑚 =
𝑚

𝑊
 where, 

𝜎𝑚 = 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 [𝑀𝑝𝑎]  

𝑚 = 𝑙𝑖𝑛𝑒 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑚𝑜𝑚𝑒𝑛𝑡 [
𝑁𝑚𝑚

𝑚𝑚
]  

𝑊 =
1

6
ℎ2  

𝑊 = 𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑚𝑚2]  
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9. Materials 

9.1. 3D-printed concrete 
The 3D-printed concrete is produced with a special mortars for 3D-printing produced by Weber among 

which: Weber 3D 145-2. The mortar contains Portland cement (CEM I 52.5 R), siliceous aggregate with 

a maximum particle size of 1 mm, limestone filler, additives, rheology modifiers and a small amount 

of polypropylene (PP) fibres. The water to mortar ratio depends on the pump capacity. The capacity  

is assumed to be 580 L/hour but can vary. The water to mortar ratio percentage is assumed to be 

approximately 13%. Bond accelerator, MasterSet AC 555 con 55% (supplier BASF), is mixed through 

the water. A percentage of approximately 4% accelerator is intended to be mixed through the water. 

This results in a percentage of approximately 0.5% accelerator in the mortar.  

9.1.1. Material tests 
Previously, material tests have been carried out on the 3D-printed mortar Weber 3D 145-2. The exact 

composition of the batch of dry cement being used for printing the wall elements however is 

confidential and therefore unknown. Besides, at this point in research, control on the addition of 

accelerator to the printing process is not perfect yet. Therefore, the composition of the mortar is not 

fixed. Material tests are carried out to determine the flexural and compressive properties of the 3D-

printed mortar directly. 

The actual mock-up consists of a bottom part and a top part. The bottom part is printed on 24-6-2019, 

while the top part is printed on 27-6-2019. The material properties of the mortar therefore differ and 

are both tested for. 

As described in paragraph 2.1, a very limited tensile strength loss of layered specimens compared to 

cast specimens is expected. For engineering purposes, the loss in tensile strength should be taken into 

account through a reduction factor. For the compressive strength, directional dependency is not found 

at all. Therefore, standards for testing of cement are applied where cast specimens of 40x40x160 mm3 

of homogeneous material composition are used. 

Flexural properties 

Flexural properties are tested conform NEN-EN 196-1: Methods of testing cement – Part 1: 

Determination of strength. The elaboration can be found in appendix B1. 

The design value of the flexural property of the 3D-printed mortar is determined via the characteristic 

value conform NEN-EN 1990+A1+A1/C2 - Eurocode: Basis of structural design, Annex D – Design 

assisted by testing. The elaboration can be found in appendix B1.2. The design value, determined 

considering a normal distribution turns out to be most conservative. A design flexural strength of fflex, 

m, d = 4.81 MPa is considered critical. To take into account the loss of tensile strength for a layered 

structure of 3D-printed concrete, the design flexural strength is divided by a reduction factor of 0.83 

to achieve a round value of the reduced design flexural strength of fflex, m, d, r = 4.00 MPa. 

Compressive properties 

Compressive properties are tested conform NEN-EN 196-1: Methods of testing cement – Part 1: 

Determination of strength. The elaboration can be found in appendix B2.  

The design value of the compressive property of the 3D-printed mortar is determined via the 

characteristic value conform NEN-EN 1990+A1+A1/C2 - Eurocode: Basis of structural design, Annex D 

– Design assisted by testing. The elaboration can be found in appendix B2.2. The design value, 

determined considering a normal distribution turns out to be most conservative. Therefore a design 

compressive strength of fcomp, m, d = 26.30 MPa is considered critical.  



58 
 

9.2. Insulation material 
Pur’fect Plus is a polyurethane foam (PU-foam) which in its cured phase is a reaction product of a 

polyol and a isocyanate component. The material has a closed cell structure. The company Technisol 

is accountable for the composition of the material while the company Isolatie.com is the supplier of 

the material for the mock-up of the actual wall element.   

9.2.1. Material tests 

Flexural properties 

Flexural properties are tested conform NEN-ISO 1209-2 (en) Rigid cellular plastics - Determination of 

flexural properties - Part 2: Determination of flexural strength and apparent flexural modulus of 

elasticity (ISO 1209-2:2007,IDT). The elaboration can be found in appendix D2.1.  

The design value of the flexural property of Pur’fect Plus is determined via the characteristic value 

conform NEN-EN 1990+A1+A1/C2 - Eurocode: Basis of structural design, Annex D – Design assisted by 

testing. The elaboration can be found in appendix D2.1.2. The design value, determined considering a 

normal distribution turns out to be most conservative. Therefore a value for the design flexural 

strength of fflex, i, d = 0.21 MPa is considered critical.  

Compressive properties 

Compressive properties are tested conform BS EN 826:2013 Thermal insulating products for building 

applications - Determination of compression behaviour. The elaboration can be found in appendix 

D2.2.  

The design value of the compressive property of Pur’fect Plus is determined via the characteristic value 

conform NEN-EN 1990+A1+A1/C2 - Eurocode: Basis of structural design, Annex D – Design assisted by 

testing. The elaboration can be found in appendix D2.2.2. The design value, determined considering a 

normal distribution turns out to be most conservative. Therefore a value for the design compressive 

strength of fcomp, i, d = 0.05 MPa is considered critical.  

  



59 
 

10. Linear elastic analysis 

10.1. Resistance materials and components of the structure 
The requirements set in paragraph 7.2.1 have to be met to for the structural system to be in 

equilibrium and behave linear elastically. To be allowed to calculate with the structural models linear 

elastically, for any material or component the structural model is built up from, the resistance is 

checked for the design load combination, as elaborated in table 10.  

The design load capacity of the combination connector – insulation material loaded in tension, Fconn, d 

[kN], and the center to center distance of the connectors, Lconn [m], are determined in paragraph 6.1.6. 

The capacity of several connectors in combination with their surrounding insulation material in 

tension, tconn, d [kN/m] is calculated according equation 12. The design load capacity of connectors in 

combination with insulation material is tconn, d = 1.71 kN/m. 

Equation 12 

𝑡𝑐𝑜𝑛𝑛,𝑑 =
𝐹𝑐𝑜𝑛𝑛,𝑑

𝐿𝑐𝑜𝑛𝑛
 , where 

𝑡𝑐𝑜𝑛𝑛,𝑑 = 𝑑𝑖𝑠𝑡𝑟. 𝑑𝑒𝑠𝑖𝑔𝑛 𝑙𝑜𝑎𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠 − 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑛 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 [
𝑘𝑁

𝑚
] 

𝐹𝑐𝑜𝑛𝑛,𝑑 = 𝑑𝑒𝑠𝑖𝑔𝑛 𝑙𝑜𝑎𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟 −  𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑛 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 [𝑘𝑁] 

𝐿𝑐𝑜𝑛𝑛 = 𝑐𝑒𝑛𝑡𝑒𝑟 𝑡𝑜 𝑐𝑒𝑛𝑡𝑒𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟𝑠 [𝑚] 

 

Table 10 Linear elastic analysis 

Requirement Reaction structure Material property Check  

1 𝜎𝑐𝑜𝑚𝑝,𝑚,𝑑 < 𝑓𝑐𝑜𝑚𝑝,𝑚,𝑑  𝜎𝑐𝑜𝑚𝑝,𝑚,𝑑 =  0.28 𝑀𝑝𝑎 𝑓𝑐𝑜𝑚𝑝,𝑚,𝑑 = 26.30 𝑀𝑝𝑎 0.28 < 26.30 OK 

2 𝜎𝑓𝑙𝑒𝑥,𝑚,𝑑 < 𝑓𝑓𝑙𝑒𝑥,𝑚,𝑑 𝜎𝑓𝑙𝑒𝑥,𝑚,𝑑 = 1.17 𝑀𝑝𝑎 𝑓𝑓𝑙𝑒𝑥,𝑚,𝑑 = 4.81 𝑀𝑝𝑎 1.17 < 4.81 OK 

3 𝑅𝑐𝑜𝑛𝑛,𝑑 < 𝐹𝑐𝑜𝑛𝑛,𝑑 𝑅𝑐𝑜𝑛𝑛,𝑑 = 1.31 𝑘𝑁/𝑚  𝐹𝑐𝑜𝑛𝑛,𝑑 = 0.75 𝑘𝑁 1.31 < 1.71 OK 

4 𝑅𝑐𝑜𝑛𝑛,𝑑 < 𝑓𝑐𝑜𝑚𝑝,𝑖,𝑑 ∗ 𝐴𝑐𝑜𝑛𝑛* 𝑅𝑐𝑜𝑛𝑛,𝑑 = −1.16 𝑘𝑁/𝑚 𝑓𝑐𝑜𝑚𝑝,𝑖,𝑑 = 0.05 𝑀𝑝𝑎 1.16 < 25.13 OK 

*𝐴𝑐𝑜𝑛𝑛 = 𝐿𝑐𝑜𝑛𝑛
2  

Conclusions 

To be allowed to calculate with the structural models linear elastically, for any material or component 

the structural model is built up from, the resistance is checked for the design load combination. The 

system proves to behave linear elastically when loaded by the design load combination. 
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10.2. Stability 
The load bearing inner wall must always be stable in its equilibrium to be structurally safe. The normal 

load the outer wall is subjected to is always lower than the inner wall. Therefore, the buckling load of 

the inner wall is calculated numerically only. The outer wall’s buckling load is always lower.  

Buckling of the inner wall away from and towards the insulation layer are both considered. The critical 

reactions on the inner wall are checked against the buckling load. The fifth requirement, set to the 

structure, is elaborated in table 11. 

Table 11 Fifth requirement materials/ components of structure 

 Material / component of structure Sectional property Requirement 

Inner wall 

5 Complete inner wall Resistance against buckling 𝑁𝑖𝑤,𝑑 < 𝐹𝑏𝑢𝑐𝑘 

 

Critical reaction 

As described in paragraph 6.1, a 2D model of the 3D structure is assumed. The structure is assumed 

to structurally behave equally or more safely over the width of a corner element, perpendicularly to 

the 2D model. Therefore, this width is not taken into account in the model. However, this width does 

have an influence on buckling. For reasons of uniformity, a width of a meter, perpendicular to the 2D 

model, is assumed. 

The most critical normal line load acting on the inner wall occurs in load combination 1.1A (elaborated 

in appendix F). The line load is converted to a point load according to equation 13. The design point 

load acting on the inner wall, Niw, d = 19.77 kN. 

Equation 13 

𝑁𝑖𝑤,𝑑 = 𝑛𝑖𝑤,𝑑 ∗ 𝑏𝑖𝑤, where 

𝑁𝑖𝑤,𝑑 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 [𝑘𝑁] 

𝑛𝑖𝑤,𝑑 = 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑛𝑜𝑟𝑚𝑎𝑙 𝑙𝑖𝑛𝑒 𝑙𝑜𝑎𝑑 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 [
𝑘𝑁

𝑚
]  

𝑏𝑖𝑤 = 𝑤𝑖𝑑𝑡ℎ 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 [𝑚] 

 

Buckling modes 

Buckling mode 1 

The first buckling mode considered for the inner wall is buckling away from the insulation layer, as 

shown in figure 10.1A. The springs which support the inner wall horizontally, are loaded in tension in 

case of buckling. The spring stiffness in tension, ktens, is taken into account for calculation of the 

buckling load, Fbuck. 

Buckling mode 2 

The second buckling mode considered for the inner wall is buckling towards the insulation layer, as 

shown in figure 10.1B. The springs which support the inner wall horizontally, are loaded in 

compression in case of buckling. The spring stiffness in compression, kcomp, is taken into account for 

calculation of the buckling load, Fbuck. 
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Figure 10.1A buckling away from the insulation layer, 10.1B buckling towards the insulation layer 

Initial horizontal deformation 

For the determination of the buckling loads for both buckling modes, the influence of initial horizontal 

deformations is taken into account. Critical initial horizontal deformations of the inner wall are 

assumed to be caused by: 

1. Horizontal loads acting on the outer wall, which are transferred to the inner wall via the 

insulation layer (+connectors),  

2. A second order moment due to maximum eccentricity of roof mounting, acting on the inner 

wall 

3. Imperfections of the inner wall 

Determination horizontal deformation 

For the determination of the initial horizontal deformation due to horizontal loads (point 1) and a 

second order moment (point 2), a static general analysis for the structural model with linear elastic 

material properties is run within the finite element analysis software Abaqus. The model of the inner 

wall in Abaqus consists of a single deformable part in a 2D planar modelling space. The material of the 

inner wall (mortar) behaves elastically and is assigned a young’s modulus of 19000. The part is 

assigned a beam section with a rectangular profile with a width of 1000 and a height of 70. The mesh 

contains of B22 elements with a size of 20. 

The critical load combination for horizontal reactional forces in the springs of the outer wall is 

determined in appendix F. The horizontal reactional forces are applied as direct actions in the opposite 

springs in the inner wall.  

The maximum second order moment caused by the first order moment due to the roof mounting with 

maximum eccentricity is calculated according equation 14. 
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Equation 14 

𝑀 = 𝑀0 ∗
𝑛

𝑛−1
, where 

𝑀0 = 𝑁 ∗ 𝑒0 

𝑛 =
𝐹𝐸𝑢𝑙𝑒𝑟

𝐹𝐸𝑑
, where 

𝐹𝐸𝑢𝑙𝑒𝑟 =
𝜋2𝐸𝐼

𝐿2  , where 

𝑀 = 𝑠𝑒𝑐𝑜𝑛𝑑 𝑜𝑟𝑑𝑒𝑟 𝑚𝑜𝑚𝑒𝑛𝑡 [𝑘𝑁𝑚]  

𝑀0 = 𝑓𝑖𝑟𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 𝑚𝑜𝑚𝑒𝑛𝑡 [𝑘𝑁𝑚]  

𝑁 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑙𝑜𝑎𝑑 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 𝑤𝑖𝑡ℎ 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑒0 [𝑘𝑁]  

𝑒0 = 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦 [𝑚]  

𝐹𝐸𝑢𝑙𝑒𝑟 = 𝐸𝑢𝑙𝑒𝑟 𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝑙𝑜𝑎𝑑 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 [𝑘𝑁] 

𝐹𝐸𝑑 = 𝑑𝑒𝑠𝑖𝑔𝑛 𝑛𝑜𝑟𝑚𝑎𝑙 𝑙𝑜𝑎𝑑 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 [𝑘𝑁]   

𝐸 = 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 [𝑘𝑃𝑎] 

𝐼 = 𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 [𝑚4] 

 

The initial horizontal deformation of the inner wall due to imperfections is assumed to be maximum 

in the middle of the height of the wall, which is most critical for the assumed shape of buckling. The 

initial horizontal deformation due to imperfections is calculated according equation 15. For a height 

of the inner wall of 3100 mm, the initial horizontal deformation of the inner wall due to imperfections 

is ui = 31 mm. 

Equation 15 

𝑢𝑖 = ±
1

100
𝐿, where 

𝑢𝑖 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 𝑑𝑢𝑒 𝑡𝑜 𝑖𝑚𝑝𝑒𝑟𝑓𝑒𝑐𝑡𝑖𝑜𝑛𝑠 [𝑚𝑚]  

𝐿 = ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 [𝑚𝑚]  

 

Buckling mode 1 

Load combination 2.1A, as elaborated in appendix F turns out to result into the most critical 

compressional reaction forces in the springs of the inner wall. The reaction forces are applied to the 

structural model of the inner wall in Abaqus as shown in figure 10.2A. Since a second order moment 

would influence the buckling load positively, it is not taken into account for buckling mode 1. Since 

most springs are loaded in tension, a spring stiffness, ktens of 155 kN/m is applied for all seven springs. 

In Abaqus, the springs have a degree of freedom of 1 and connect points to ground. The horizontal 

deformation of the inner wall due to the horizontal loads is shown in figure 10.2B. The maximum initial 

deformation is u0 = -1.14 mm.  
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Figure 10.2A Schematization Abaqus model,10.2B Initial horizontal deformation due to horizontal loads 

Buckling mode 2 

Load combination 1.1A, as elaborated in appendix F turns out to result into the most critical tensional 

reaction forces in the springs of the inner wall. The reaction forces are applied to the structural model 

of the inner wall in Abaqus as shown in figure 10.3A. Since a second order moment does influence the 

buckling load negatively, it is taken into account for buckling mode 2, and calculated according 

equation 13. A normal load of N = -5.07 kN (nd, roof appendix F, load combination 1.1A) acting on the 

inner wall with an eccentricity of e0 = 28 mm (determined in paragraph 8.2) leads to a first order 

moment of M0 = 0.14 kNm. With a design load of FEd = -19.77 kN, a wall width of b = 1 m, a thickness 

of h = 70 mm, and a height of L = 3100 mm, this leads to a second order moment of M = 0.15 kNm.  

Since most springs are loaded in compression, a spring stiffness, kcomp of 145 kN/m is applied for all 

seven springs. In Abaqus, the springs have a degree of freedom of 1 and connect points to ground. 

The horizontal deformation of the inner wall due to the horizontal loads and second order moment is 

shown in figure 10.3B. The maximum initial deformation is u0 = 1.37 mm.  

   

Figure 10.3A Schematization Abaqus model, 10.3B Initial horizontal deformation due to horizontal loads 
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10.2.1. Numerical buckling analysis 
The horizontally deformed inner wall, as obtained in the static general analysis or determined for 

imperfections, holds as geometrical input for a linear perturbation analysis, also within the finite 

element analysis software Abaqus. The maximum horizontal deformation is applied as initial 

deformation, u0, in the middle of the height of the wall. A unit load is centrically applied at the top of 

the deformed model of the inner wall. Abaqus increases the load until the first buckling mode occurs. 

The output is the buckling load.  

Buckling mode 1 

Determination buckling load inner wall including initial deformations due to horizontal loads 

A schematization of the model of the inner wall, applied in Abaqus, is shown in figure 10.4A. Since all 

springs are loaded in tension, a spring stiffness, ktens of 155 kN/m is applied for all seven springs. In 

Abaqus, the springs have a degree of freedom of 1 and connect points to ground. The buckling mode, 

obtained by Abaqus, is shown in figure 10.4B. The buckling load is Fbuck = 900 kN. 

 

Figure 10.4A Schematization Abaqus model, 10.4B Buckling mode 

Determination buckling load inner wall including initial deformations due to imperfections 

The geometry of the inner wall has an initial horizontal deformation due to imperfections, ui, in the 

middle of the height of the wall. A schematization of the model of the inner wall, applied in Abaqus, 

is shown in figure 10.5A. The buckling mode, obtained by Abaqus, is shown in figure 10.5B. The 

buckling load is Fbuck = 899 kN. 



65 
 

 

Figure 10.5A Schematization Abaqus model, 10.5B Buckling mode 

Buckling mode 2 

Determination buckling load inner wall including initial deformations due to horizontal loads and 

second order moment 

The geometry of the inner wall has an initial horizontal deformation due to horizontal loads and 

second order moment, u0, in the middle of the height of the wall. A schematization of the model of 

the inner wall, applied in Abaqus, is shown in figure 10.6A. Since all springs are loaded in compression 

a spring stiffness, ktens of 145 kN/m is applied for all seven springs. In Abaqus, the springs have a degree 

of freedom of 1 and connect points to ground. The buckling mode, obtained by Abaqus, is shown in 

figure 10.6B. The buckling load is Fbuck = 878 kN. 

 

Figure 10.6A Schematization Abaqus model, 10.6B Buckling mode 

Determination buckling load inner wall including initial deformations due to imperfections 

The geometry of the inner wall has an initial horizontal deformation due to imperfections, ui, in the 

middle of the height of the wall. A schematization of the model of the inner wall, applied in Abaqus, 

is shown in figure 10.7A. The buckling mode, obtained by Abaqus, is shown in figure 10.7B. The 

buckling load is Fbuck = 877 kN. 



66 
 

 

Figure 10.7A Schematization Abaqus model, 10.7B Buckling mode 

Results 

The results of the numerical stability analyses for buckling mode 1 and 2 are shown in table 12.  

Table 12 Results numerical stability analyses 

 F_buck 

[kN] 

b_wall 

1 m 0.1 m 

Buckling mode 1 

Numerical Including u_0 900 308 

 Including u_i 899 308 

Buckling mode 2 

Numerical Including u_0 878 302 

 Including u_i 877 302 

 

As described in paragraph 10.2, a buckling load depends on the width of a buckling bar. For reasons 

of uniformity, a width of a meter for the straight wall element has been assumed. However, the width 

of a buckling bar has great influence on the buckling load. The location of vertical cracks in the 3D 

corner element is arbitrary. A straight wall element of smaller width is more critical. Therefore, a 

column is added to table 12 for the buckling loads of a straight wall element with a width, b, of 0.1 

meter. 
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Interpretation of results 

The inner wall with initial deformation due to imperfections results in the most critical buckling load 

within the numerical analysis. Buckling mode 2 is most critical. The buckling load of the inner wall with 

initial deformation due to imperfections of buckling mode 2, Fbuck = 877 is considered standard.  

The influence of an initial deformation approximately thirty times greater (u0: ui ~ 1:30) results in a 

buckling load approximately 0.05% lower.  

The influence of the width of the wall ten times smaller results in a buckling load approximately three 

times smaller.  

Conclusions 

Requirement five, which is set to the structure, is checked for in table 13. For any width of a straight 

wall element in between 0.1 and 1 meter, the requirement is met. The conclusion can be drawn that 

the inner wall is not susceptible to buckling. For a wall element width of 1 meter, the ratio action: 

buckling load is 1:44. For a wall element width of 0.1 meters, the ratio action: buckling load is 1:153. 

The wider the wall element, the more susceptible the inner wall is to buckling, given a fixed normal 

line load the inner wall is subjected to. 

Table 13 Buckling check 

 Requirement Action Buckling load Check OK / NOT OK 

5 𝑏𝑖𝑤 [m] 1 𝑁𝑖𝑤,𝑑 < 𝐹𝑏𝑢𝑐𝑘 𝑁𝑖𝑤,𝑑 = 19.77 𝑘𝑁 𝐹𝑏𝑢𝑐𝑘 = 877.39 19.77 < 877.39 OK 

0.1 𝑁𝑖𝑤,𝑑 = 1.98 𝑘𝑁* 𝐹𝑏𝑢𝑐𝑘 = 302.17 1.98 < 302.17 OK 

*𝑁𝑖𝑤,𝑑  for a straight wall element with a width of 0.1 meters, is calculated according to equation 13. 
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11. Mock-up  
A mock-up of true size of a part of the structural walls is produced. The mock-up is used for structural 

as well as architectural purposes. The production of the mock-up in itself is a test whether it is possible 

to actually make the intended structure with its structural components, assembly of materials, and 

material properties. Besides, it is a test whether it is possible to print with an overhang to the outside, 

as intended in the architectural design. 

The mock-up consists of corner element type A (without infill) and B (with infill). For this research, 

only the mock-up of critical corner element type A is of interest. The complete mock-up is shown in 

figure 11.1.  

 

Figure 11.1 Mock-up first house Project Milestone 

 

To approach the real structure as close as possible, the critical corner element A is printed on two 

layers of plastic foil on a traditional reinforced concrete structural floor. The formwork of the floor is 

produced with 3D-printed concrete. The floor contains bolt holes to be able to attach a steel frame to 

the floor. The steel frame is used for lifting the floor in combination with the element, which is not 

directly connected to the floor. 

Because of the height limitations of the printing facility as well as the printing time, the element is 

printed in two times. The top part of the element is attached to the bottom part of the element with 

low shrinkage mortar. On the inside, the element contains steel connector which are embedded in 

mortar. The element is filled with insulation material. 

For the mock-up a distinction is made in a bond and no bond between mortar and insulation material. 

Horizontally, half of the mock-up contains a plastic foil  layer in between the mortar and the insulation 

layer on the inside. The other half of the mock-up does not contain a plastic foil layer.  

Elaboration on the exact materials applied in the mock-up and the production of the mock-up can be 

found in appendix G1. All intended production methods for the structural wall elements of the actual 

first house are performed according to reality. The production of the mock-up is elaborated in 

appendix G2. 
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11.1. Unexpected outcomes 
During production and in the final result of the mock-up of element A, a few unexpected features are 

perceived which could have a negative influence on the behaviour of the structure in service. 

Vertical cracks during stops during printing 

During stops during printing (as described in appendix G2), more than one vertical cracks are perceived 

at arbitrary positions in the print path. Considering top view, the cracks start as horizontal cracks 

perpendicular to the print path at the last layer printed in the mortar, shown in figure 11.2A. The crack 

visibly grows down to several layers deep, as shown in figure 11.2B. After a stop, the print continues 

whereby the next layer is printed over the crack. 

    

Figure 11.2A Vertical crack during printing 1, 11.2B Vertical crack during printing 2 

Firstly, during stops, depending on their duration, the surface of the mortar in the upper layer is 

directly exposed to air. The surface is not covered with plastic neither is it sprayed with curing 

compound to counteract dehydration. Besides, the outside temperature at the moment of printing 

was extremely high. The surface hardens unrestrained. That could have an influence on the degree of 

hardening shrinkage of the mortar. The influence of stops on the degree of hardening shrinkage should 

be researched in the future. 

Secondly, a percentage of 3% of bond accelerator of the fluid mixture (water in combination with 

accelerator) is aimed for. A percentage of approximately 4% is actually applied in the mock-up. The 

mixture of water in combination with bond accelerator is a suspension wherein the accelerator sags 

to the bottom of the tank over time. The connection of the tank, wherein the fluid mixture sits, to the 

hose is positioned at the bottom of the tank. Before printing, the suspension is mixed by hand with a 

stick. However, during printing, the suspension is not mixed. That means that the concentration of 

accelerator in the fluid mixture in the beginning of a print is in all probability lower than at the end of 

a print. That would mean that the concentration of accelerator at the top of printed products is higher 

than at the bottom. That would mean that mortar at the top of printed products hardens faster. That 

could have an influence on the degree of hardening shrinkage of the mortar. 

Vertical cracks during hardening 

At 17-07-2019, after the plastic element A was covered with, had been removed, several vertical 

cracks at arbitrary positions in the element were perceived. It is unknown when exactly the cracks had 

arisen. Most vertical cracks reach from the bottom of the element to the top (full height of 3100 mm). 

The left of figure 11.3 shows a vertical crack at one end of element A. The right of figure 11.3 shows 

the same crack, more detailed.  
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Figure 11.3 Vertical cracks after printing 

 

As calculated in chapter 6, due to hardening shrinkage, the tensional strength of mortar is overcome 

by which vertical cracks do occur. This is caused by the fact that the element is fixed to the structural 

floor which restrains the element from shrinking, horizontally.  

Horizontal cracks connection top part to bottom part element A 

A fixed connection between the top part and bottom part of element A was intended for. This 

connection is realized with low shrinkage mortar and rubber support blocks. However, two horizontal 

crack over the full circumference of element A were perceived at this connection at 17-07-2019. It is 

unknown when exactly the cracks had arisen. As shown in figure 11.4, the connection of the top part 

to the low shrinkage mortar layer and the connection of the low shrinkage mortar layer to the bottom 

part are completely cracked.  

 

Figure 11.4 Horizontal cracks low shrinkage mortar connection 

Conclusions 

A mock-up of true size of corner element type A is produced in the 3DCP setup of the Eindhoven 

University of Technology (TU/e). It is possible to actually make the intended structure with its 

structural components. It is possible to print an overhang to the outside. The mock-up does not fail 

under its own weight. Hardening shrinkage does cause vertical cracks over the full height of the mock-

up because of horizontal restrain of the element to deform and high degree of hardening shrinkage of 

the mortar itself. In the 3DCP setup of the TU/e it is not possible yet to print the complete mock-up is 

one go through stops during printing, limitations in height, and duration of printing. Through these 

limitations, horizontal and vertical cracks do occur in the mock-up. 
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12. Full scale tests 
Due to its innovative structural nature, the structure of the wall element cannot be designed and 

calculated according to standards. Eurocode 2 (NEN-EN 1992-1-1, 2011), paragraph 2.5 prescribes that 

the design and calculation of structures or components of structures are allowed to be assisted by 

testing conform Eurocode 0: basis of structural design, Annex D: design assisted by testing. 

The complete structure, composed of its structural components and different materials, is tested by 

means of the mock-up. The ultimate limit state of the structure is determined by bringing the structure 

to failure. The tests have several purposes: 

Resistance structure 

The results of the tests should demonstrate if the actual structure does resist the design load 

combinations.  

Validation structural model or occurrence mechanisms 

A linear elastic structural model is developed in chapter 7. The model is built up from elements: 

materials and components of the structure. The resistance of the materials and components of the 

structure are known. However, the actual structural behaviour of the composition is unknown. 

The structural behaviour of the actual structure, when loaded by a design load combination, is 

compared with the structural behaviour of the model. The comparison should point out whether the 

structure can be calculated with according the structural model or if mechanisms occur. 

Unforeseen features 

The tests should point out if unforeseen features occur if the actual structure is loaded by design load 

combinations.  

Plastic behaviour – failure modes 

Plastic behaviour of the complete structure is not modelled. The structure is modelled merely linear 

elastically. The tests are required to establish plastic behaviour and failure modes of the complete 

structure. 

Method 

Two different specimens are produced from the mock-up. Specimen 1 contains a bond between 

mortar and insulation material. Specimen 2 does not contain a bond between mortar and insulation 

material.  

A number of tests is developed wherein design load combinations and failure modes are covered but 

are actually possible to make within the structural design laboratory. With the availability of only one 

specimen for two different types of structures: bond and no bond mortar – insulation material, but 

more than one possible failure modes, a fixed order of testing is required. A test program is developed. 

Extreme design loads are determined to be able to exceed the ultimate limit state (ULS).  

Test setups and measuring systems are developed.  

Linear elastic structural models of the different tests are developed, numerically. The models are 

subjected to the test loads. Horizontal displacement of the models is determined. Load-horizontal 

displacement graphs are formed.  

The accuracy of the load introduction and measuring devices are adjusted to the predicted horizontal 

displacements of structural model.  
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The test setup around specimen 1 is constructed. Tests are carried out on specimen 1 in fixed order. 

Loads and horizontal displacement are captured. Failure modes are captured. Load-horizontal 

displacement graphs are formed. The same procedure is carried out for specimen 2. 

Horizontal displacements of the model are compared to the actual structure’s to point out whether 

the structure can be calculated with according the structural model, linear elastically, or if mechanisms 

occur. The horizontal displacements of the model are fitted to the actual structure by variation of 

parameters influencing the results of the experiments. 

Specimens 

The mock-up represents the complete corner element A. However, as described in chapter 6, a 

horizontally straight wall element with maximum overhang of the outer wall is considered structurally 

critical. Therefore, horizontally straight parts are produced from the mock-up. The mock-up has two 

approximate horizontal straight ends. None of the ends is completely straight since the mock-up does 

not contain any straight lines. Two specimens for the structural tests are produced. Saw cuts over the 

full height of the wall element are made with a concrete saw. 

As described in chapter 6, the situation where no bond between concrete and insulation material 

exists is considered critical for one connector in combination with insulation material. However, the 

influence of bond neither no bond to the structural behaviour of the complete structure is unknown. 

The difference in bond or no bond between concrete and insulation material is therefore taken into 

account for the specimens. Specimen 1 does not contain a plastic foil layer in between the mortar and 

insulation layer. Specimen 2 does contain a plastic foil layer in between the mortar and insulation over 

the full height and width. 

Horizontally, the width of the specimens is accommodated so that horizontally, the bottom and upper 

layer of connectors at the inside of the element contain two connectors next to each other. Since the 

connector pattern is jump wise, the in between layers contain one connector.   

Schematizations of vertical and horizontal sections of specimen 1 and 2 are shown in figure 12.1. A 

schematization of the inside of element A including dimensions and positions of the saw cuts is shown 

in figure 12.2. Pictures of the specimens are shown in figure 12.3. The insulation material is not 

distributed homogeneously throughout the element.  

 

Figure 12.1 Schematizations specimens: vertical and horizontal sections 
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Figure 12.2 Schematization inside specimens: views 

 

      

Figure 12.3 Pictures specimens. Left: side view – inner wall – outer wall specimen 1, Right: side view – inner wall – outer wall 

specimen 2 

Production specimens 

On 17-07-2019, saw cuts thorough the inner as well as outer wall were made with a concrete saw. The 

saw cuts reach from the bottom of the element until the top. Eight saw cuts are required to produce 

the two specimens. Saw cutting is shown figure 12.4A. Element A after saw cutting is shown in figure 

12.4B.  
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Figure 12.4A Saw cutting specimens, 12.4B Specimens after saw cutting 

 

The test setup is built around the specimens for safety first. If the specimen or parts of the specimen 

would fall off after saw cutting, the steel frame would form an obstruction.  

Just before actual testing, the insulation layer is sawn thorough at four locations from the top to the 

bottom of the element. The saws, made from steel strips by hand are shown in figure 12.5A. The saws 

reach thorough the whole element horizontally. The top saw is put into two opposite saw cuts in the 

concrete at the top of the element. A person on each side of the element pulls the saw tight down 

alternately, as shown in figure 12.5B. The connectors turn out to not be positioned perfectly within 

the saw cuts. Besides, from the outside, it is not visible where the connectors are positioned. 

Therefore, the saw gets stuck by some connectors. The bottom saw in figure 12.5A is used to cut the 

insulation material loose around the connectors.  

  

Figure 12.5A Insulation material saw, 12.5B Sawing of insulation material 

 

After sawing thorough the insulation material, the concrete ends are removed as shown in figure 12.6. 

The corner at the inside of element A is remained in between the two specimens for safety reasons. 

The whole element is cut thorough vertically and is therefore assumed to not restrain the specimens 

from deformation during testing.  
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Figure 12.6 Remove specimen ends 

12.1. Types of tests 
Three types of tests are developed for which the design load combinations and the most critical 

possible failure modes are covered. 

Test A 

Resistance inner wall against buckling 

In reality, the design normal load, Niw, acting on the inner wall, is introduced centrically or 

eccentrically, due to mounting of the roof. However, paragraph 10.2.1 proved that the difference 

between centric and eccentric load introduction on the buckling load is minor. Besides, the influence 

of reaction forces acting in the springs, caused by loads acting on the outer wall, is minor. Therefore, 

these influences on buckling are merely considered numerically.  

For the test, a centric normal load, N1, to the top of the inner wall is introduced, as shown in figure 

12.7A. If the inner wall would buckle, large horizontal deformations would occur, as shown in figure 

12.7B. If the inner wall does not buckle and the normal load is introduced centrically, horizontal 

deformations should not occur. Besides, rotation of the inner wall at the support should not occur. 

Therefore, during load introduction, horizontal displacement of the complete inner wall and rotation 

at the bottom and top of the inner wall are captured. The results of the test are load-horizontal 

displacement graphs.  
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Figure 12.7A Schematization test 1, 12.7B Schematization possible reactions test 1 

 

Test B 

Resistance outer wall against toppling off 

Figure 12.8A shows the complete structure loaded by a critical load combination. A design normal 

load, Niw acts on the inner wall centrically, a design normal load, Now acts on the outer wall centrically, 

and a distributed wind load, Qow, acts on the inside of the outer wall, in compression. Figure 12.8A 

(top) shows the reactions of the structure: M-line and reaction forces in springs. For practical reasons, 

a test is designed where loads are introduced to the structure different from the load combination, 

but in a way which is possible to actually make in the structural lab. Comparable reactions of the 

structure are strived for.  
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Figure 12.8A (Top) Schematization load combination acting on structure and its reactions, 12.8B (Bottom) Schematization 

test 2 and its reactions 

 

Wind pressure, Qow, as shown in figure 12.8A, is impossible to introduce on the inside of the outer 

wall. Insulation material is located on the complete inside of the mock-up. A positive horizontal point 

load is introduced on the top of the outer wall. The horizontal point load causes similar or higher 

magnitudes of bending moments in the concrete and reaction forces in the springs.  

The design normal load acting on the outer wall in reality, Now, is not introduced on the outer wall in 

the test. The load causes compressive stress which decreases bending in the outer wall. Bending is 

more critical than compression for the outer wall.  

The design normal load acting on the inner wall in reality, Niw, is introduced on the inner wall in the 

test as a normal load, N1, for completeness. 

During load introduction, horizontal displacement of the outer and inner wall is captured. Horizontal 

displacement is the only quantity which can be measured accurately in the structural design lab for 

large specimens with small displacements. The results of the test are load-horizontal displacement 

graphs.  

Test C 

Resistance inner wall against bending due to eccentricity roof mounting 

Figure 12.9A shows the complete structure loaded by a critical load combination. A design normal 

load, Now, acts on the outer wall centrically, and a distributed wind load, Qow, acts on the inside of the 

outer wall, in compression. A part of the design load, Niw, acts on the inner wall centrically, while the 

other part of the design load, Niw, acts on the inner wall eccentrically. The eccentric load causes a 

bending moment in the top of the inner wall. Figure 12.9A shows the M-lines for the structure. 
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Figure 12.9A Schematization load combination acting on structure and its reactions, 12.9B Schematization test 3 and its 

reactions 

 

The part of the design load combination acting on the outer wall is the same in test B. The design load 

combination is already tested for in test B. Therefore, merely bending of the inner wall is of interest 

in test C.  

In the mock-up, roof mounting is not executed. To attain a bending moment in the inner wall caused 

by the eccentricity of roof mounting, a physical eccentricity in the form of a steel plate is applied at 

the top of the inner wall. A normal load, N1, introduced centrically to the inner wall, is kept constant. 

Another normal load, N2, is introduced at the end of the steel plate and increased. 

During load introduction, horizontal displacement of the outer and inner wall is captured. The results 

of the test are load-horizontal displacement graphs.  

12.2. Test program 
With the availability of only one specimen for two different types of structures: bond and no bond 

mortar – insulation material, but more than one possible failure modes, a fixed order of testing is 

required. The resistance to any failure mode is tested, but the occurrence of only one failure mode 

can lead to actual failure.  

The failure mode which is the least obvious to occur since it can be predicted, is tested first. The failure 

mode which can be predicted the least is tested lastly. All three tests in fixed order are carried out on 

specimen 1 first. Exactly the same tests and order are carried out on specimen 2 second. 

12.2.1. Test 1 
Test type A is carried out first. Buckling of the inner wall is the failure mode which is least obvious to 

occur.  

Buckling loads for the structure are calculated for different kinematic boundary conditions in 

paragraph 10.2.1. Widths of buckling bars of 0.1 and 1.0 meters are taken into account. The specimens 

have a width of approximately 0.7 meters. The buckling load of specimen 2 when loaded centrically is 

calculated according to the most critical buckling mode: 2. Only taking into account specimen 2 is most 

conservative since the buckling load of specimen 1 is higher. Initial horizontal deformation due to 

imperfections which causes the most critical buckling load, is taken into account. Fbuck = 710 kN. 
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In all tests, loads are introduced as point loads over infinitely stiff steel plates attached to the 

specimens. The point loads are assumed to be equally distributed over the width of the specimens as 

line loads. The normal load for test 1, N1, is calculated according equation 13. Critical load combination 

1.1 is considered (appendix F). The own weight of the structure is not taken into account. The 

specimens are already subjected to their own weights. The composition of the normal load is 

elaborated in table 14.  

Table 14 Composition normal load test 1 

  
Inner wall 

n_d N_d 

[kN/m] [kN] 

Parapet -2.11 -1.48 

Roof -5.07 -3.55 

Service roof -5.81 -4.07 

Total -13.00 -9.10 

 

The loads which act on the outer wall and are resisted by the inner wall are not taken into account in 

test 1 physically since merely a centric normal load is introduced on the top of the inner wall. Besides, 

the design normal load is fifty times as little as the buckling load, determined numerically. To cover 

the huge tolerance between design load and buckling load, and to take into account the influence of 

the outer wall on buckling of the inner wall, conservatively, the normal load, N1, is multiplied by a 

magnification factor 2. The test load becomes N1 = -18.20 kN.  

12.2.2. Test 2 
Test type C is carried out second. Failure of the inner wall in bending is the failure mode which is more 

obvious to occur than buckling.  

The normal load for test 2, N1 is calculated the same as for test 1. The composition of the normal load 

is elaborated in table 14. 

As schematized in figure 12.9, load introduction at the top of the inner wall with an eccentricity leads 

to a maximum internal bending moment at the top of the inner wall. The maximum bending moment 

is calculated for the maximum possible eccentricity (determined in paragraph 8.2, et, max = 28 mm) 

according equation 16. The maximum bending moment, Mmax = 0.25 kNm.  

Equation 16 

𝑀 = 𝑁 ∗ 𝑒𝑡,𝑚𝑎𝑥, where 

𝑀 = 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑚𝑜𝑚𝑒𝑛𝑡 𝑡𝑜𝑝 𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 [𝑘𝑁𝑚] 

𝑁 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑙𝑜𝑎𝑑 𝑖𝑛𝑡𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑎𝑙𝑙𝑦 [𝑘𝑁] 

𝑒𝑡,𝑚𝑎𝑥 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑑𝑢𝑒 𝑡𝑜 𝑟𝑜𝑜𝑓 𝑚𝑜𝑢𝑛𝑡𝑖𝑛𝑔 [𝑚]  

 

The flexural stress at the top of the inner wall is calculated according equation 17. All the way at the 

top of the inner wall, the own weight is zero. Compression does not reduce the bending moment (N = 

0). For a width of the specimen of bspec = 700 mm and a thickness of hspec = 70 mm, the flexural strength 

is σflex = 0.45 MPa.  
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Equation 17 

𝜎𝑓𝑙𝑒𝑥 =
𝑀

𝑊
±

𝑁

𝐴
, where 

𝜎𝑓𝑙𝑒𝑥 = 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 [𝑀𝑝𝑎] 

𝑀 = 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑚𝑜𝑚𝑒𝑛𝑡 [𝑁𝑚𝑚] 

𝑊 =
1

6
𝑏𝑠𝑝𝑒𝑐ℎ𝑠𝑝𝑒𝑐

2   

𝑊 = 𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑚𝑚3]  

𝑏𝑠𝑝𝑒𝑐 =  𝑤𝑖𝑑𝑡ℎ 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 [𝑚𝑚] 

ℎ𝑠𝑝𝑒𝑐 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 [𝑚𝑚]  

𝑁 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑙𝑜𝑎𝑑 [𝑁]  

𝐴 = 𝑏𝑠𝑝𝑒𝑐 ∗ ℎ𝑠𝑝𝑒𝑐 

𝐴 = 𝑎𝑟𝑒𝑎 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 [𝑚𝑚2] 

 

As derived from table 9, the maximum flexural stress, σflex = 1.17 Mpa, occurs in load combination 1.1B 

in the inner wall. This stress is approximately 2.5 times larger than the flexural stress as calculated 

above. Load introduction as described above does not result into a desired critical situation.  

For test 2, a critical situation is required, but the structure is not required to fail yet. A flexural stress, 

σflex = 2.00 Mpa is aimed for. This value is assumed as a starting point to overrule the design flexural 

stress, σflex = 1.17 Mpa, but utilize approximately half of the flexural strength, fflex = 4.81 Mpa, of the 

concrete.  

Figure 12.10 shows a schematization of the top of the inner wall during testing. The bending moment 

is increased until it causes a flexural stress, σflex = 2.00 Mpa, at the top of the inner wall. For practical 

reasons, during testing, N1 is kept constant. N1 is the design normal load, as calculated in table 14. N2 

is introduced at a physical eccentricity, e2, and increased until it causes a flexural stress, σflex = 2.00 

Mpa, at the top of the inner wall. The eccentricity is practiced by a steel plate which is assumed to be 

infinitely stiff. The steel plate has a fixed length, e2.  

 

 

Figure 12.10 Schematization top inner wall test 2 
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To be able to determine the magnitude of N2, equation 18 is set. Equation 19 is derived from equation 

18. N2 is calculated according to equation 19, for both specimens separately. To achieve a flexural 

strength of σflex = 2.00 MPa in the concrete, for an eccentricity for specimen 1 of e2 = 475 mm, N2 = 

2.70 kN. For an eccentricity for specimen 2 of e2 = 385 mm, N2 = 3.35 kN. 

Equation 18 

𝑒𝑡(𝑁1 + 𝑁2) = 𝑒1𝑁1 + 𝑒2𝑁2, where 

𝑒𝑡 = 𝑎𝑐𝑡𝑢𝑎𝑙 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦 [𝑚] 

𝑁1 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑙𝑜𝑎𝑑 𝑖𝑛𝑡𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑎𝑙𝑙𝑦 [𝑘𝑁] 

𝑁2 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑙𝑜𝑎𝑑 𝑖𝑛𝑡𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑎𝑙𝑙𝑦 [𝑘𝑁] 

𝑒1 = 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑁1 𝑖𝑛 𝑡𝑒𝑠𝑡 [𝑚] 

𝑒2 = 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑁2 𝑖𝑛 𝑡𝑒𝑠𝑡 [𝑚] 

Equation 19 

𝑁2 =
−𝑒𝑡𝑁1

𝑒𝑡−𝑒2
, where 

𝑒𝑡 =
𝑒2(𝜎𝑓𝑙𝑒𝑥𝐴𝑊+𝑁1𝑊)

𝜎𝑓𝑙𝑒𝑥𝐴𝑊+𝑒2𝑁1𝐴
, derived in appendix H, where 

𝜎𝑓𝑙𝑒𝑥 = 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 [𝑀𝑝𝑎], determined with equation 16 

 

12.2.3. Test 3 
Test type B is carried out lastly. By horizontally loading of the outer wall, the structural components 

and materials as parts of the complete structure are least known, are addressed. Their influence on 

the structural behaviour of the complete structure cannot be predicted. Therefore, failure cannot be 

predicted. The specimens are intended to be brought to failure in test 3 to establish plastic behaviour 

and failure modes of the complete structure. 

The normal load for test 2, N1 is calculated the same as for test 1. The composition of the normal load 

is shown in table 14. 

The linear elastic model of the structure of the outer wall in the frame work program MatrixFrame 

5.3, as used in paragraph 8.2, is used to determine the minimum magnitude the horizontal load, H1, 

should be increased to during the test. Comparable reactions of the structure are intended to be 

achieved as if the structure was subjected to the critical design load combination.  

For the outer wall, the capacity of a connector in combination with insulation material loaded in 

tension is critical over the capacity of concrete loaded in bending. By trial and error of increasing H1 in 

the structural model of the outer wall, a maximum reaction force in a certain connector of Rconn = 1.31 

kN (derived from table 9) is strived for. Figure 12.11 shows a schematization of the structural model 

of the outer wall, subjected to a horizontal load of H1 = 2.32 kN. That leads to a reaction force in the 

most upper connector, Rconn = 1.31 kN. The N-line and M-line are shown in figure 12.11 (right). 
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Figure 12.11 Schematization model outer wall subjected to horizontal load and its reactions 

 

The maximum occurring bending moment, Mmax = 1.05 kNm (where N = 0.01 kN), results in a tensional 

stress, σtens = 1.84 Mpa, calculated according equation 16. This tensional stress is approximately 1.5 

times higher than maximum tensional stress occurring if the structure is loaded by the design load 

combination 1.1. 

If the structure does not fail for a horizontal load, H1 = 2.32 kN, at the top connector, the load is 

increased until the structure does fail. 

Schematization test program 

An overview of the test program is shown in table 15. 

Table 15 Test program 

 Test Type N_1 N_2 H_1 

[kN] [kN] [kN] 

Specimen 1 1 A -18.20 - - 

2 C -9.10 -2.70 - 

3 B -9.10 - Min. 2.32 

2 1 A -18.20 - - 

2 C -9.10 -3.35 - 

3 B -9.10 - Min. 2.32 

 

12.3. Numerical tests 
Before actual testing, the test program is carried out on the structure, numerically. Each test is carried 

out on the structural model. The structural model matches the most conservative specimen 2. 

Specimen 1 is not modelled structurally.   

Horizontal displacements of the structure for the different tests are captured. Load- horizontal 

displacement graphs are formed.  

The order of magnitude of the results is used to accommodate the accuracy of the test setup and 

measuring system. Later on, horizontal displacements of the model are compared to the actual 

structure’s to point out whether the structure can be calculated with according the structural model, 
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linear elastically, or if mechanisms occur. The horizontal displacements of the model are fitted to the 

actual structure by variation of parameters influencing the results of the experiments. 

12.3.1. Test 1 
A schematization of the inner wall as modelled within the finite element analysis software Abaqus, is 

shown in figure 12.12. The inner wall is assigned a hinged support at the bottom (U1 = 0, U2 = 0) and 

a roller support at the top (U1 = 0). The springs are assigned spring stiffness as if they are loaded in 

compression, kcomp = 145 kN/m, which is most conservative. The model of the inner wall consists of a 

single deformable part in a 2D planar modelling space. The material of the inner wall (mortar) behaves 

elastically and is assigned a young’s modulus of 19000. The part is assigned a beam section with a 

rectangular profile with a width of 700 mm and a height of 70 mm. The mesh contains of B22 elements 

with a size of 20. 

 

Figure 12.12 Schematization numerical test 1 

 

In the actual test 1, the own weight of the specimen is already acting on the structure, and is therefore 

not taken into account in the determination of the normal load, N1. In the numerical test 1, the own 

weight does have to be taken into account. The normal load for numerical test 1 is calculated 

according equation 13. Critical load combination 1.1 is considered. The composition of the normal 

load is elaborated in table 16. 

Table 16 Composition normal load numerical test 1 

  
Inner wall 

n_d N_d 

[kN/m] [kN] 

Own weight -6.78 -4.74 

Parapet -2.11 -1.48 

Roof -5.07 -3.55 

Service roof -5.81 -4.07 

Total -19.77 -13.84 

 

Like for the actual test, the normal load, N1 is multiplied by a magnification factor 2. The own weight 

however, is not multiplied by a factor 2. The normal load, N1, for numerical test 1 is N1 = -22.94 kN. 
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Horizontal deformation of the structural model after numerical test 1, obtained by abaqus, is shown 

in figure 12.13A. The maximum horizontal deformation is U1, max = 4.29*10-17 mm.  

In the actual test 1, horizontal deformation caused by the own weight of the specimen does possibly 

occur, but is not measured. Measuring starts when external load introduction starts. The horizontal 

deformation in numerical test 1, is calculated. A normal load, N1 = -4.74 kN (derived from table 16), is 

applied instead. Horizontal deformation of the structural model after being loaded by own weight, 

obtained by abaqus, is shown in figure 12.13B. The maximum horizontal deformation is U1, max = 

8.85*10-18 mm.  

  

Figure 12.13A Horizontal deformation inner wall numerical test 1, 12.13B Horizontal deformation inner wall due to own 

weight 

 

The horizontal deformation, U1, of the model after being loaded by solely own weight is subtracted 

from the horizontal deformation, U1, of the model after numerical test 1. This is done at five positions 

over the height of the inner wall. These positions match the positions of the measuring devices of 

actual test 1 on specimen 2, as described in paragraph 12.4.  
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Results 

The load-displacement graph and a schematization of the mode of deformation of numerical test 1 

on the inner wall is shown in figure 12.14.  

 

Figure 12.14 Load – horizontal displacement graph numerical test 1 

 

During test 1, the static general calculation of the structural model of the inner wall results in what 

seems to be zero deformation over the full height. In fact, the horizontal deformations are not zero 

but infinitely small. 

Interpretation of results 

In theory, the model should not deform horizontally at all. The model is assigned linear elastic material 

properties and is loaded centrically. Compression acts in the neutral axis. The infinitely small 

horizontal deformations are assumed to be caused by numerical noise.  

12.3.2. Test 2 
A schematization of the inner wall as modelled within the finite element analysis software Abaqus, is 

shown in figure 12.15A. The springs are assigned spring stiffness as if they are loaded in compression, 

kcomp = 145 kN/m. The inner wall is subjected to a bending moment by which the springs surely get 

loaded in compression. A physical eccentricity is applied by a steel bar which is fixed to the inner wall. 
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Figure 12.15A Schematization numerical test 2, 12.15B Horizontal deformation inner wall numerical test 2 

 

The model of the inner wall is the same as in test 1.  

In the actual test 2, the own weight of the specimen is already acting on the structure, and is therefore 

not taken into account in the determination of the normal load, N1. In the numerical test 2, the own 

weight does actually have to be taken into account. However, as proved for numerical test 1, the 

influence of the own weight on horizontal deformation is infinitely small. The horizontal deformation 

due to own weight is therefore neglected. Besides, the own weight is assumed to be acting over the 

neutral axis of the inner wall and therefore not causing any horizontal deformation. 

The centric normal load, N1, is calculated according equation 13. Critical load combination 1.1 is 

considered. The composition of the normal load is elaborated in table 16, and has a magnitude of N1 

= -13.84 kN. The eccentric normal load, N2, is the same as in actual test 2, which is calculated in 

paragraph 12.3.1 and has a magnitude of N2 = -3.35 kN. 

Horizontal deformation of the structural model after numerical test 2, obtained by abaqus, is shown 

in figure 12.15B. The maximum horizontal deformation is U1, max = 1.18 mm.  
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Results 

The load-displacement graph and a schematization of the mode of deformation of numerical test 2 

on the inner wall are shown in figure 12.16.  

 

Figure 12.16 Load – horizontal displacement graph numerical test 2 

 

During test 2, the static general calculation of the structural model of the inner wall merely results in 

positive horizontal deformations over the full height. The positive horizontal deformations at the five 

positions of the MITU’s increase linearly until the maximum load of N2 = 3.35 kN. Introduction of this 

normal load eccentrically (e = 0.39 m) results into a maximum bending moment, Mmax = 1.29 kNm, 

calculated according equation 15.  
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12.3.3. Test 3 
A schematization of the inner and outer wall as modelled within the finite element analysis software 

Abaqus, is shown in figure 12.17. Inner and outer wall are modelled separately.  

 

Figure 12.17 Schematization numerical test 3 

 

The model of the inner wall is the same as in test 1 and 2 except for the spring stiffness. The springs 

are assigned spring stiffness as if they are loaded in tension, ktens = 155 kN/m. Due to the horizontal 

load pulling at the top of the outer wall, most of the springs in the inner wall are loaded in tension. 

The springs in the inner wall are assigned horizontal loads, as shown in figure 12.18A. The loads are 

the opposites of the reaction forces in the springs in the outer wall, as derived from figure 12.11. The 

reaction forces are caused by the positive horizontal load pulling at the top of the outer wall.  

   

Figure 12.18A Reaction forces from outer wall acting on inner wall, 12.18B Horizontal deformation inner wall numerical test 

3, 12.18C Horizontal deformation outer wall numerical test 3 

 

The centric normal load, N1, is the same as in test 2 and has a magnitude of N1 = -13.84 kN. 
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Horizontal deformation of the structural model of the inner wall after numerical test 3, obtained by 

abaqus, is shown in figure 12.18B. The maximum horizontal deformation is U1, max = 1.26 mm.  

The outer wall is assigned a roller support at the bottom (U1 = 0). The springs are assigned spring 

stiffness as if they are loaded in tension, ktens = 155 kN/m. Due to the horizontal load pulling at the top 

of the outer wall, most of the springs in the outer wall get loaded in tension. The model of the outer 

wall consists of a single deformable part in a 2D planar modelling space. The material of the inner wall 

(concrete) behaves elastically and is assigned a young’s modulus of 19000. The part is assigned a beam 

section with a rectangular profile with a width of 700 mm and a height of 70 mm. The mesh contains 

of B22 elements with a size of 20.  

The horizontal load, H1, is the same as in actual test 3, which is determined in paragraph 12.2.3 and 

has a magnitude of H1 = 2.32 kN. 

Horizontal deformation of the structural model of the outer wall after numerical test 3, obtained by 

abaqus, is shown in 12.18C. The maximum horizontal deformation is U1, max = 10.54 mm.  

Results 

The load-displacement graph and a schematization of the mode of deformation of numerical test 3 

on the inner wall are shown in figure 12.19.  

 

Figure 12.19 Load – horizontal displacement graph inner wall numerical test 3 

 

During test 3, the static general calculation of the structural model of the inner wall merely results in 

positive horizontal deformations over the full height. The positive horizontal deformations at the five 

positions of the MITU’s increase linearly until the maximum load of H1 = 2.32 kN. 

The load-displacement graph and a schematization of the mode of deformation of numerical test 3 

on the outer wall are shown in figure 12.20.  
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Figure 12.20 Load – horizontal displacement graphs outer wall numerical test 3 

 

During test 3, the static general calculation of the structural model of the outer wall results in positive 

horizontal deformations at the top of the wall and negative horizontal deformations at the bottom of 

the wall. The horizontal deformations at the three positions of the ADC’s increase linearly until the 

maximum load of H1 = 2.32 kN. 

Conclusions 

During all three tests, the inner wall horizontally deforms and takes shape of a curvature. During test 

3, the outer wall however does deform horizontally, but remains relatively straight. The results of test 

1 prove that the inner wall hardly deforms horizontally. The results of test 2 and 3 prove that the order 

of magnitude of horizontal deformation of the inner wall is approximately between 0 - 2 mm. The 

results of 3 prove that the order of magnitude of horizontal deformation of the outer wall is 

approximately between 0 - 10 mm.  

12.4. Test setup 
As described in the introduction of chapter 12, the two specimens are disconnected from, but are 

physically still part of the complete mock-up: a corner element. The mock-up does not contain any 

straight line. The specimens cannot be shifted. A generic test setup is developed which is used to carry 

out all three tests. The test setup is built around the specimens. The test setup contains hydraulic jacks 

for load introduction, supports the specimens according to the intended kinematic boundary 

conditions of the structure, and contains a measuring system to capture reactions of the specimens 

during testing. A 3D test frame is used to attach hydraulic jacks to and to support the specimens. A 2D 

measuring frame, completely independent from the test frame, is used to attach measuring devices 

to. Possible displacements and/or rotations of the test frame cannot influence the measurements. 

The measuring devices consist of load cells, displacement sensors, and angular sensors. The measuring 

devices are connected to the measurement system, which captures the quantities the sensors 

perceive. Load cells perceive the magnitudes of the loads the hydraulic jacks introduce to the 

specimens during testing. Displacement sensors perceive horizontal displacement at the concrete 
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surface on the outside of the specimens. Angular sensors perceive rotation at the concrete surface on 

the outside of the specimens.  

Method 

A 3D test frame is built around both specimens, as shown in figure 12.21A. The test frame is built in 

3D that robust that the frame is assumed to be infinitely stiff so that it does not deform during testing. 

Heavy steel profiles, which are interconnected fixed, are connected to the structural floor, fixed. The 

structural floor is part of the mock-up and specimens. However, the floor is assumed to be sufficiently 

heavy and stiff to not deform during testing nor influence the test results. The top of the inner wall is 

supported horizontally. The support does not restrain the specimen to displace vertically. Steel u-

profiles are connected fixed to the top of the inner as well as the outer wall over the width of the 

specimens. The infinitely stiff profiles are used to introduce loads over the width of the specimens as 

equally distributed line loads. Custom made fittings are welded to the u-profiles to which the hydraulic 

jacks, which introduce point loads, are attached. 

 

 

Figure 12.21A Schematization test frame, 12.21B Schematization measurement frame 

 

Hydraulic jacks are selected after their range and accuracy. The load cells, which later on are 

connected to the hydraulic jacks, are calibrated before testing. The load cells are connected to the 

measuring system. 

A measuring system is developed. The amount and positioning of sensors is determined. The sensors 

are selected after their range and accuracy. The sensors are calibrated. The sensors are connected to 

the measuring system.  

A 2D measurement frame is built around the specimens, independent from the test frame, as shown 

in figure 12.21B. The sensors are attached to the measurement frame.  

The hydraulic jacks are positioned and attached to the test frame. The load cells are connected to the 

hydraulic jacks.  

Just before testing, the displacement sensors are positioned to the surface of the specimen. All 

measuring devices are balanced.  

All three tests are carried out on specimen 1 first. The whole process is repeated for specimen 2. The 

test setup is converted from specimen 1 to specimen 2. 
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Hydraulic jacks 

During all three tests, a normal load is introduced centrically at the top of the inner wall, N1. The load 

is intended to have a range from at least 0 to 18.20 kN. A single HBM hydraulic jack (Hj) with a range 

from 0 to 50 kN (calibrated from 0 to 30 kN) is selected for all three tests for both specimens. The 

hydraulic jack is used in the test setup for specimen 1 first. After specimen 1 is tested, the hydraulic 

jack is shifted to the test setup for specimen 2. 

During test 2, a normal load is introduced eccentrically, N2. The load is intended to have a range from 

at least 0 to 3.35 kN. During test 3, a horizontal load is introduced, H1. The load is intended to have a 

range from at least 0 to 2.32 kN. A single HBM hydraulic jack with a range from 0 to 20 kN is selected 

for test 2 and 3. The hydraulic jack is used in the setup for test 2 for specimen 1 first. After test 2 on 

specimen 1 is carried out, the hydraulic jack is shifted to the setup for test 3 on specimen 1. After 

specimen 1 is tested, the hydraulic jack is shifted to the test setup for specimen 2. 

Measuring system 

The measuring system contains load cells and several sensors. Load cells are connected to hydraulic 

jacks. Sensors are attached to the measuring frame and positioned against the surface of the 

specimen. The load cells and sensors are connected to a measuring board. The signals of the load cells 

and sensors are converted by a computer. The measuring accuracy of the load cell (Lc 1) connected to 

the HBM 50 kN is 0.0492 kN. The measuring accuracy of the load cell (Lc 2) connected to the HBM 20 

kN is 0.024 kN. 

As described in paragraph 12.3, for the inner wall, considering horizontal deformation, during testing, 

curvature is predicted. Besides, the range of horizontal deformation is between 0 and 2 mm. For the 

outer wall, considering horizontal deformation, a relatively straight shape is predicted. The range of 

horizontal deformation is between 0 and 10 mm.  

Horizontal deformation of the inner wall is measured at five positions over the height with Mitutoyo 

ID – U1025 displacement sensors with a measuring range of 0 to 25.4 mm and measuring accuracy of 

0.014 mm to accurately capture the shape of horizontal deformation. 

Horizontal deformation of the outer wall is measured at three positions over the height with ASM 

WS10 -250 draw wire sensors with a measuring range of 0 to 250 mm and measuring accuracy of 0.022 

mm. 

Rotation is measured at the supports. The specimens are supported at three positions. Two Seika NG-

series inclinometers with a measuring range of 0 to 15° and a measuring accuracy of 0.0075° are 

applied at the surface of the inner wall. A Seika NG-series inclinometer with a measuring range of 0 to 

45° and a measuring accuracy of 0.0225° is applied at the surface of the outer wall.  

An overview of all sensors and the quantities they perceive is shown in table 17. 

Table 17 Overview sensors 

Quantity Sensor Abbreviation Designation measuring system 

Load Load cell Lc 1 ADC 0 

Lc 2 ADC 1 

Horizontal displacement Displacement sensor Ds 1 MITU 0 

Ds 2 MITU 1 

Ds 3 MITU 2 

Ds 4 MITU 3 

Ds 5 MITU 4 

Draw wire sensor Dws 1 ADC 2 

Dws 2 ADC 3 
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Dws 3 ADC 4 

Rotation Angular sensor As 1 ADC 5 

As 2 ADC 6 

As 3 ADC 7 

 

Test setups 

The setup for test 1 is shown in figure 12.22A. The setup for test 2 is shown in 12.22B. The setup for 

test 3 is shown in figure 12.23.  

 

 

Figure 12.22A Schematization setup test 1, 12.22B Schematization setup test 2 

 

Figure 12.23 Schematization setup test 3 
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The exact positions of the sensors against the surface of both specimens are shown in figure 12.24. All 

sensors are placed over the height of the specimens directly above each other. Horizontally, the 

sensors are placed where the specimen is straightest, which is closest to the structural model and 

therefore critical. Vertically, the angular sensors are positioned as close as possible to the ends of the 

specimens. The displacement sensors are positioned directly underneath/ above the angular sensors 

to be able to chart the horizontal displacement of the complete walls. The distance between the 

displacement sensors is evenly distributed. 

 

 

 

Figure 12.24 Positions sensors against surface specimens 
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Construction test setup 

The test frame is built around both specimens, as shown in figure 12.25A. Steel u-profiles are 

connected fixed to the top of the inner as well as the outer wall over the width of the specimens, as 

shown in 12.25B. The inside of the u-profiles is filled up with a 2-components thixotropic epoxy glue, 

Sikadur®-31 CF Normal, before it is attached to the top of the concrete walls of the specimens to 

assure a fixed connection between the walls and the u-profiles.  

  

Figure 12.25A Construction test frame, 12.25B Steel u-profile 

 

The top of the inner wall is supported horizontally, as shown in figure 12.26A. Horizontal steel 

threaded bars are connected to the test frame. Steel blocks are attached to the steel bar. The u-profile 

is clamped in between the blocks to an extend the inner wall is still able to move freely, vertically.  

Test 1 and 2 

A physical eccentricity is made of steel plates which are fixed to the u-profile. Both hydraulic jacks are 

positioned above the inner wall of the specimen. During test 1, the test setup is already as shown in 

figure 12.26A. However, the second hydraulic jack is not being used yet. During test 2, both hydraulic 

jacks are used.  

  

Figure 12.26A Top inner wall, 12.26B Placement sensor against surface specimen 

 

The measurement frame is built and positioned at a certain distance from the inner wall. The sensors 

are positioned against the surface of the inner wall, as shown in figure 12.26B. The sensors and load 

cells are connected to the measurement system. The final test setup for test 1 and 2 is shown in figure 

12.27A. 

Hj_1 
Hj_2 
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Test 3 

In between test 2 and 3, hydraulic jack 2 is shifted to the outer wall. The hydraulic jack is positioned 

in front of the top of the outer wall.  

The measurement frame is built and positioned at a certain distance from the outer wall. The wires of 

the sensors are attached to the surface of the inner wall. The sensors and load cells are connected to 

the measurement system. The final test setup for test 3 is shown in figure 12.27B. 

  

Figure 12.27A Final setup test 1 and 2, 12.27B Final setup test 3 
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12.5. Results 

Results test 1 

Specimen 1 – Inner wall 

The load-displacement graphs and a schematization of the mode of deformation of test 1 on the inner 

wall of specimen 1 are shown in figure 12.28. The load – rotation graphs of the angular sensors (ADC5 

and ADC6) are not shown. The measurements are not reliable.  

 

Figure 12.28 Load – horizontal displacement graphs inner wall specimen 1 test 1 

 

Before loading, any displacement sensor perceives zero deformation. During loading, displacement 

sensors 0, 3, and 4 perceive negative horizontal deformation, away from the wall element. Sensors 2 

and 3 perceive positive horizontal deformation just after loading. For the maximum load of -18.81 kN, 

all 5 sensors perceive negative horizontal deformation. Sensor 4 perceives a maximum negative 

horizontal deformation of -0.76 mm. 

The maximum load is left on the specimen for 26.23 min. All sensors perceive constant horizontal 

deformation for constant loading.  

When unloading, all five displacement sensors, except for sensor 2, perceive a relatively similar mode 

of reverse of deformation. The reverse of deformation when unloading of sensor 2 rather deviates 

from the deformation when loading, but takes a similar shape, with the same slope. After unloading, 

sensor 2 captures a maximum positive horizontal deformation of 0.12 mm.  

During loading nor unloading, not any visible nor audible deformation or damage is perceived. 
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Specimen 2 – Inner wall 

The load-displacement graphs and a schematization of the mode of deformation of test 1 on the inner 

wall of specimen 2 is shown in figure 12.29. The load – rotation graphs of the angular sensors (ADC5 

and ADC6) are not shown. The measurements are not reliable. 

 

Figure 12.29 Load – horizontal displacement graphs inner wall specimen 2 test 1 

 

Before loading, any displacement sensor perceives zero deformation. During loading, all five 

displacement sensors perceive positive horizontal deformation, towards the wall element. For the 

maximum load of -18.84 kN, all 5 sensors perceive positive horizontal deformation. Sensor 2 perceives 

a maximum positive horizontal deformation of 1.42 mm. 

The maximum load is left on the specimen for 28.70 min. The load decreases a little within time. 

Particularly sensors 1, 2, and 3 perceive an increase in horizontal deformation for constant loading 

within the range of 0.10 mm.  

When unloading, all five displacement sensors perceive a relatively similar mode of reverse of 

deformation. However, the graphs of sensors 1, 2, and 3 show a translation in deformation, but the 

slopes of the graphs are similar. After unloading, sensor 2 perceives a maximum positive horizontal 

deformation of 0.42 mm. Sensor 4 perceives a negative horizontal deformation of -0.05 mm.  

During loading nor unloading, not any visible nor audible deformation or damage is perceived. 

Interpretation of results test 1 

The load-displacement graphs and a schematization of the modes of deformation of test 1 on the 

inner wall of specimen 1 and 2 are combined in figure 12.30. The load-displacement graphs and a 

schematization of the modes of deformation of test 1 on the mock-up and numerical model of the 

inner wall of 2 are combined in figure 12.31. The horizontal dashed line represents the intended test 

load of N1 = 18.20 kN. 
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Figure 12.30 Load – horizontal displacement graphs inner wall  

specimens 1 and 2 test 1 

 

Figure 12.31 Load – horizontal displacement graphs inner wall  

specimen 2 and numerical model test 1 
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The structure of both specimens proved to be sufficiently stable and have sufficient capacity against 

normal force when subjected to the intended centric test load N1 = -18.20 kN. Linear relations between 

load and horizontal deformations exist. Creep of the specimens is negligible small. 

The graphs of the numerical model of the inner wall of specimen 2 show that for centric loading, the 

inner wall does not deform horizontally. Compression acts over the neutral axis and therefore does 

not cause any horizontal reaction in the inner wall. The inner walls of both specimens do however 

show horizontal deformation within the range of 2 mm. The modes of deformation are random.  

Parameters, included in the actual test but not in the numerical model, which could have caused the 

differences between the results of the actual tests and calculations of the numerical model, are 

considered. Possible parameters are imperfections of the specimens and eccentricity of load 

introduction. The order of magnitude of the influence of variation of the different parameters is 

studied for the horizontal displacement at the location of displacement sensor in the middle of the 

height of the inner wall (MITU 2). The parameters are varied separately and taken into account in the 

numerical model of the inner wall. The results are elaborated in table 18. 

The maximum possible eccentricity of load introduction leads to horizontal deformations in the order 

of 10-4. The influence of eccentricity of load introduction is negligible. Imperfections of the specimens 

until approximately 50 mm result in horizontal deformations in the same order of magnitude as 

occurred in the actual specimens. The graph resulting from calculations on the optimized numerical 

model is indicated in figure 12.32 with a dashed line. 

Table 18 Influence variation parameters on horizontal displacement inner wall 

Parameter Magnitude U1 MITU 2* 

[mm] 

Imperfections specimen 𝑖 = 0 𝑚𝑚 0 

𝑖 =
1

100
ℎ𝑖𝑤, where 

ℎ𝑖𝑤 = 3100 𝑚𝑚 
 
𝑖 = 31 𝑚𝑚 in the middle of the height of the specimen 

0.81 

𝑖 = 55 𝑚𝑚 in the middle of the height of the specimen 1.44 

Eccentricity load introduction 𝑒 = 0 𝑚𝑚 0 

𝑒 =
1

10
𝑡𝑖𝑤, where 

𝑡𝑖𝑤 = 70 𝑚𝑚 
𝑒 = 7 𝑚𝑚 at top inner wall 

1.08*10-4 

𝑒𝑚𝑎𝑥 = 0.4 ∗ 𝑡𝑖𝑤 
𝑒 = 28 𝑚𝑚 at top inner wall 

4.33*10-4 

 

The horizontal support at the top of the inner wall of specimen 1 should restrain any horizontal 

deformation. The largest horizontal deformation however appears at this support. If the normal load 

would have been introduced centrically during testing, the degree of horizontal restrain by the support 

would not have any influence on the horizontal displacement of the specimens. The load would have 

solely caused compression over the neutral line vertically and not cause any horizontal reaction. 

However, as proved from tests and the numerical model, the load is not perfectly introduced 

centrically. Therefore, the tolerances in the support could have had influence on the horizontal 

deformation of the specimens. This could have reinforced the horizontal displacement.  

The own weight of the insulation layer and outer wall, which are connected to the inner wall, could 

have caused initial horizontal deformation of the specimens whereby the normal load is not 

introduced perfectly centrically. 
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Conclusions test 1 

The structure of both specimens 1 and 2 does resist the critical design normal load of N1 = -9.10 kN in 

the ultimate limit state without any permanent damage. The instability feature buckling is excluded. 

After unloading, the specimens return to their original, undeformed state. The inner wall of both 

specimens 1 and 2 does even resist a normal load twice as large, N1 = 18.20 kN.  

The load – horizontal displacement graphs resulting from calculations with the numerical model 

proved to be safer than resulting from the actual tests. The difference is mainly caused by 

imperfections in the specimens and assumed to be reinforced by tolerances in the test setup. The 

model of the inner wall may be calculated with linear elastically when loaded centrically at least within 

the range of 0 – 18.20 kN, when taking into account imperfections in the structure. 

Results test 2 

Specimen 1 – inner wall 

The load-displacement graphs and a schematization of the mode of deformation of test 2 on the inner 

wall of specimen 1 are shown in figure 12.32. The load – rotation graphs of the angular sensors (ADC5 

and ADC6) are not shown. The measurements are not reliable.  

 

Figure 12.32 Load – horizontal displacement graphs specimen 1 test 2 

 

Before loading, any displacement sensor perceives zero deformation. During loading and for the 

maximum eccentric load of -2.46 kN and maximum centric load of -10.28 kN, displacement sensors 0, 

1, 2, and 3 perceive positive horizontal deformation, towards the wall element. Sensor 4 perceives 

negative horizontal deformation, away from the wall element. Sensor 2 perceives a maximum positive 

horizontal deformation of 1.83 mm. 

The maximum load is left on the specimen for 17.60 min. Particularly sensors 1, 2, and 3 perceive an 

increase in horizontal deformation for constant loading within the range of 0.5 mm.  

When unloading, sensors 0 and 4 perceive a relatively similar mode of reverse of deformation. The 

reverse of deformation when unloading of sensor 1, 2, and 3 show a translation in deformation but 
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takes a similar shape, with the same slope. After unloading, sensor 2 captures a maximum positive 

horizontal deformation of 0.56 mm.  

During loading nor unloading, not any visible nor audible deformation or damage is perceived. 

Specimen 2 – inner wall 

The load-displacement graph and a schematization of the mode of deformation of test 2 on the inner 

wall of specimen 1 are shown in figure 12.33. The load – rotation graphs of the angular sensors (ADC5 

and ADC6) are not shown. The measurements are not reliable.  

 

Figure 12.33 Load – horizontal displacement graphs inner wall specimen 2 test 2 

 

Before loading, any displacement sensor perceives zero deformation. During loading and for the 

maximum eccentric load of -3.33 kN and maximum centric load of -9.37 kN, displacement sensors 0, 

1, 2, and 3 perceive positive horizontal deformation, towards the wall element. Sensor 4 perceives 

negative horizontal deformation, away from the wall element. Sensor 2 perceives a maximum positive 

horizontal deformation of 2.29 mm. 

The maximum load is left on the specimen for 2.80 min. All sensors perceive constant horizontal 

deformation for constant loading.  

When unloading, sensors 0 and 4 perceive a relatively similar mode of reverse of deformation. The 

reverse of deformation when unloading of sensor 1, 2, and 3 show a translation in deformation but 

takes a similar shape, with the same slope. After unloading, sensor 2 captures a maximum positive 

horizontal deformation of 0.76 mm  

During loading nor unloading, not any visible nor audible deformation or damage is perceived. 
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Interpretation of results test 2 

Bending moment – horizontal displacement graphs and a schematization of the modes of deformation 

of test 2 on the inner wall of specimen 1 and 2 are combined in figure 12.34. Bending moment – 

horizontal displacement graphs and a schematization of the modes of deformation of test 2 on the 

mock-up and numerical model of the inner wall of 2 are combined in figure 12.35. The horizontal 

dashed line represents the maximum bending moment specimen 1 has been subjected to during test 

2, M1 = 1.17 kNm. The intended bending moment for testing was M1 = 1.28 kNm. This caused a 

tensional stress in the concrete of σtens = 1.86 Mpa (calculated according equation 16), instead of σtens 

= 2.00 Mpa. Although the tensional stress turned out lower, the critical design tensional stress is still 

exceeded.  

 

Figure 12.34 Bending moment – horizontal displacement graphs inner walls specimen 1 and 2 test 2 
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Figure 12.35 Bending moment – horizontal displacement graphs  

inner walls specimen 2 and numerical model test 2 

 

The structure of both specimens proved to be sufficiently stable and have sufficient capacity against 

a bending moment when subjected to the intended centric test load, N1 = -9.10 kN, and the bending 

moment, M1 = 1.17 kNm. For the inner walls of both specimens, linear relations between load and 

horizontal deformations exist. Creep does occur in both specimens.  

Creep influences specimen 1 to a larger extend than specimen 2. The difference cannot be caused by 

the inner wall itself. The inner walls of both specimens consist of the same print. The application of 

insulation material does differ. In specimen 1, the insulation material is directly connected to the 

concrete inner wall. In specimen 2 however, a plastic layer is applied in between the concrete and the 

insulation material. A tough outer layer of the insulation material is perceived, directly adjacent to the 

plastic layer. The insulation layer of specimen 2 is assumed to be less susceptible to creep than 

specimen 1. 

At the bottom of the inner wall, specimen 1 and 2 deform horizontally similarly. Towards the center 

of the inner wall, specimen 2 horizontally deforms to a larger extend than specimen 1. In theory, the 

specimens should deform similarly. The concrete inner wall is exactly the same and the insulation layer 

is loaded in compression. When loaded in compression, difference between bond/ no-bond between 

concrete and insulation material does not exist. The difference however is assumed to be caused by 

the application of the insulation material in the mock-up. In specimen 2, the plastic layer does not 

perfectly lay tied to the inside of the concrete inner wall. Tolerance is perceived in between the 

concrete and the plastic layer. This is assumed to cause specimen 2 to be less stiff than specimen 1.  
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At the top of the inner wall, specimens 1 and 2 deform similarly in negative direction. However, the 

numerical model deforms in positive direction. Due to the horizontal support at the top of the inner 

wall, the structure must not be able to deform horizontally in negative direction. However, the 

horizontal support at the top of the inner wall does not restrain horizontal deformation perfectly. The 

difference in deformation of the specimens and numerical model is assumed to be caused by the 

tolerance in the horizontal support.  

The comparison of the horizontal deformations prove that specimen 2 behaves less stiff than the 

numerical model of the inner wall. Parameters, included in the actual test but not in the numerical 

model, which could have caused this difference, are considered. A possible parameter is stiffness of 

the mortar. This parameter is not taken into account since in this research too little attention is paid 

to this parameter. Other possible parameters are imperfections in the specimens, the moment of 

inertia of the concrete inner wall, and the spring stiffness of the insulation layer loaded in 

compression. The order of magnitude of the influence of variation of the different parameters is 

studied for the horizontal displacement at the location of displacement sensor in the middle of the 

height of the inner wall (MITU 2). The parameters are varied separately and taken into account in the 

numerical model of the inner wall. The results are elaborated in table 19. 

Imperfections of the specimens until approximately 40 mm result in horizontal deformations in the 

same order of magnitude as occurred in the actual specimens. The graph resulting from calculations 

on the optimized numerical model is indicated in figure 12.36 by a dashed line. 

A smaller moment of inertia is caused by variations in layer width caused by printing parameters. 

During printing, a width of 70 mm was set but did fluctuate. A minimum width of 60 mm is considered. 

This leads to a small increase of horizontal deformation of approximately 25 mm. 

In this research, it is proved that the material properties of insulation could fluctuate a lot. As 

elaborated in paragraph 12.6, the insulation material applied in the mock-up turned out to be another 

material than was intended to be applied. This results in a spring stiffness of the insulation material 

loaded in compression, k = 8 kN/m instead of k = 145 kN/m. The graph resulting from calculations on 

the optimized numerical model is indicated in figure 12.36 by a dashed line. The graph matches the 

graph which resulted from the test on specimen 2.  

Table 19 Influence variation parameters on horizontal displacement inner wall 

Parameter Magnitude U1 MITU 2* 

[mm] 

Imperfections specimen 𝑖 = 0 𝑚𝑚 1.02 

𝑖 =
1

100
ℎ𝑖𝑤, where 

ℎ𝑖𝑤 = 3100 𝑚𝑚 
 
𝑖 = 31 𝑚𝑚 in the middle of the height of the specimen 

1.64 

𝑖 = 40 𝑚𝑚 in the middle of the height of the specimen 2.07 

Moment of inertia inner wall 𝐼 = 2.00 ∗ 107𝑚𝑚4 (𝑡𝑖𝑤 = 70 𝑚𝑚)  1.02 

 𝐼 = 1.26 ∗ 107𝑚𝑚4 (𝑡𝑖𝑤 = 60 𝑚𝑚) 1.28 

Spring stiffness 𝑘 = 145 𝑘𝑁/𝑚 1.02 

 𝑘 = 8 𝑘𝑁/𝑚 1.80 

 

The modes of horizontal deformation resulting from calculations on the numerical model and 

specimen 2 after the actual test differ a little. The specimens turn out to not be supported at the 

bottom of the inner wall equally as the numerical model (hinged support, as shown in figure 12.15). 
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The inner walls of the specimens turn out to be supported in a fixed manner. Calculations on the 

support are elaborated in paragraph 12.6. 

Conclusions test 2 

The structure of both specimens 1 and 2 do resist the critical design bending moment of M1 = 0.83 

kNm (calculated according equation 12) in the ultimate limit state without any permanent damage. 

The instability feature buckling is excluded. After unloading, the specimens experience permanent 

horizontal deformation in the order of magnitude within a mm. The inner wall of both specimens 1 

and 2 does even resist a bending moment, M1 = 1.17 kNm (1.4 times as large as design bending 

moment).  

The difference in bond and no bond between the concrete and insulation material within the 

specimens 1 and 2 is assumed to not cause any difference in the results of if the insulation material is 

applied properly and has homogeneous material properties. 

The load – horizontal displacement graphs resulting from calculations with the numerical model 

proved to be comparable to the actual tests if the right spring stiffness of the insulation material 

loaded in compression is taken into account. The model of the inner wall may be calculated with linear 

elastically when loaded by a bending moment at the top at least within the range of 0 – 1.17 kNm. The 

bottom of the inner wall should be a fixed connection. Imperfections in the structure may be taken 

into account. 

Results test 3 

Specimen 1 – outer wall 

The load-displacement graphs and a schematization of the mode of deformation of test 3 on the outer 

wall of specimen 1 are shown in figure 12.36. The load – rotation graphs of the angular sensor (ADC7) 

is not shown. The measurements are not reliable.  

 

Figure 12.36 Load – horizontal displacement graphs outer wall specimen 1 test 3 
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Before loading, any displacement sensor perceives zero deformation. During loading and for the 

maximum horizontal load introduced at the top of the outer wall, H1 = 2.28 kN, and maximum centric 

load introduced at the top of the inner wall N1 = -9.68 kN, draw wire sensor (dws) 1 perceives zero 

deformation and dws 2 perceives negative horizontal deformation, away from the wall element, U1 = 

-0.27 mm. Dws 3 perceives positive horizontal deformation, away from the wall element. For the 

maximum load, H1 = 2.28 kN, dws 3 perceives a positive horizontal deformation of 14.05 mm. After 

the maximum load has been reached, the load drops suddenly from H1 = 2.28 kN to H1 = 1.82 kN with 

an increase of horizontal deformation, U1 = 1.89 mm. At this moment time, a horizontal crack at the 

transition of two layers in the outer wall, at a height of 2440 mm is perceived over the complete width 

of the specimen. At the same moment in time, a vertical crack is perceived within the insulation layer, 

within the plane wherein the connectors are positioned, starting at the top of the specimen, going 

down to the location in the concrete at the horizontal crack, as shown in figure 12.37.  

   

Figure 12.37 Outer wall specimen 1 after test 3 

 

The load further decreases paired with increasing horizontal deformation. The part of the concrete 

outer wall is perceived to rotate over full width around the horizontal crack. Further cracking of the 

insulation layer is audible. The connectors get pulled out the insulation layer. 

The test is stopped for H1 = 0.57 kN whereby the horizontal deformation U1 = 53.44 mm.  

The horizontal load is released whereby the horizontal deformation decreases from U1 = 53.44 mm to 

U1 = 32.70 mm. The mode deformation when loading differs from unloading. 

After the test, the part of the concrete wall above the horizontal crack is removed. The specimen after 

testing is shown in figure 12.38. The insulation material is partially left on the concrete. The connector 

legs straightened. Some insulation material is left on the connector legs. The positions where the 

connectors were originally located in the insulation material are visible by small holes. The insulation 

material is not visibly affected over there. 



108 
 

   

Figure 12.38 Top part outer wall specimen 1 after test 3 

Specimen 1 – inner wall 

The load-displacement graph and a schematization of the mode of deformation of test 3 on the inner 

wall of specimen 1 are shown in figure 12.39. The load – rotation graphs of the angular sensors (ADC5 

and ADC6) are not shown. The measurements are not reliable.  

 

Figure 12.39 Load – horizontal displacement graphs inner wall specimen 1 test 3 
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positive horizontal deformation, towards the wall element. Sensor 4 perceives negative horizontal 

deformation, away from the wall element. Sensor 2 perceives a maximum positive horizontal 

deformation of 1.06 mm.  
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reverse of deformation when unloading of sensor 1, 2, and 3 show a translation in deformation and 

takes another shape.  

A load H1 = 0.62 kN is left on the specimen for 6.30 min. Sensor 0 perceives constant horizontal 

deformation for constant loading. Sensors 1, 2, 3, and 4 perceive a small increase in horizontal 

deformation for constant loading.  

After unloading, sensor 2 captures a maximum positive horizontal deformation of 0.35 mms. During 

loading nor unloading, not any visible nor audible deformation or damage is perceived. 

Specimen 2 – outer wall 

The load-displacement graph and a schematization of the mode of deformation of test 3 on the outer 

wall of specimen 2 are shown in figure 12.40. The load – rotation graphs of the angular sensor (ADC7) 

is not shown. The measurements are not reliable.  

 

Figure 12.40 Load – horizontal displacement graphs outer wall specimen 2 test 3 

 

Before loading, any displacement sensor perceives zero deformation. During loading, the same 

horizontal crack at the transition of two layers in the outer wall as in specimen 1 is perceived over the 

complete width of the specimen, at a height of 2440 mm. During loading and for the maximum 

horizontal load introduced at the top of the outer wall, H1 = 0.44 kN, and maximum centric load 

introduced at the top of the inner wall N1 = -9.53 kN, draw wire sensor (dws) 1 perceives zero 

deformation and dws 2 perceives positive horizontal deformation, away from the wall element, U1 = 

0.17 mm. Dws 3 perceives positive horizontal deformation, away from the wall element. The part of 

the concrete outer wall above the horizontal crack is perceived to rotate over full width around the 

horizontal crack, as shown in figure 12.41. 
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Figure 12.41 Outer wall specimen 2 after test 3 

 

For the maximum load, H1 = 0.44 kN, dws 3 perceives a positive horizontal deformation of 7.10 mm. 

After the maximum load has been reached, a minimal drop of load occurs in the graph, paired with an 

audible sound. Afterwards, the load decreases paired with increase of horizontal deformation. The 

connectors get pulled out the insulation layer. 

The test is stopped for H1 = 0.30 kN whereby the horizontal deformation U1 = 76.92 mm.  

The horizontal load is released whereby the horizontal deformation decreases from U1 = 76.92 mm to 

U1 = 71.29 mm. The mode of deformation when loading differs from unloading. 

After the test, the part of the concrete wall above the horizontal crack is removed. The specimen after 

testing is shown in figure 12.42. The connector legs straightened. Some insulation material is left on 

the connector legs. The positions where the connectors were originally located in the insulation 

material are visibly damaged but the whole of insulation material is intact. 

  
Figure 12.42 Top part outer wall specimen 2 after test 3 
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Specimen 2 – inner wall 

The load-displacement graphs and a schematization of the mode of deformation of test 3 on the inner 

wall of specimen 2 are shown in figure 12.43. The load – rotation graphs of the angular sensors (ADC5 

and ADC6) are not shown. The measurements are not reliable.  

 

Figure 12.43 Load – horizontal displacement graphs inner wall specimen 2 test 3 

 

Before loading, any displacement sensor perceives zero deformation. During loading and for the 

maximum horizontal load introduced at the top of the outer wall, H1 = 0.44 kN, and maximum centric 

load introduced at the top of the inner wall N1 = -9.53 kN, any displacement sensor perceives positive 

horizontal deformation, towards the wall element. Sensor 2 perceives a maximum positive horizontal 

deformation of 0.63 mm.  

After the maximum load has been reached, the load decreases whereby the horizontal deformation 

decreases as well. Sensor 0 perceives a relatively similar mode of reverse of deformation. The reverse 

of deformation when unloading of sensor 1, 2, 3, and 4 show a translation in deformation and takes 

another shape.  

A load H1 = 0.40 kN is left on the specimen for 5.57 min. Sensor 0 perceives constant horizontal 

deformation for constant loading. Sensors 1, 2, 3, and 4 perceive a small increase in horizontal 

deformation for constant loading.  

After unloading, sensor 2 captures a maximum positive horizontal deformation of 0.34 mms. During 

loading nor unloading, not any visible nor audible deformation or damage is perceived. 
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Interpretation of results test 3 

Outer wall 

The load-displacement graphs and a schematization of the modes of deformation of test 3 on the 

outer wall of specimen 1 and 2 are combined in figure 12.44. The load-displacement graphs and a 

schematization of the modes of deformation of test 3 on the mock-up and numerical model of the 

outer wall of specimen 2 are combined in figure 12.45. The horizontal dashed line represents the 

intended test load, H1 = 2.32 kN.  

 

Figure 12.44 Load – horizontal displacement graphs outer walls specimen 1 and 2 test 3 

0

0.5

1

1.5

2

2.5

-10 0 10 20 30 40 50

H
_1

 [
kN

]

Horizontal displacement [mm]

Load - horizontal displacement
Test 3

Outer wall specimen 1 - 2

S1 ADC 2

S1 ADC 3

S1 ADC 4

S2 ADC 2

S2 ADC 3

S2 ADC 4

H1 = 2.32 kN 



113 
 

 

Figure 12.45 Load – horizontal displacement graphs outer walls specimen 2 and numerical model test 3 

 

The structure of both specimens proved to not have sufficient capacity when subjected to the 

intended test load, H1 = 2.32 kN.  

For the outer wall of specimen 1, linear relations between load and horizontal deformations do exist, 

until the maximum load of H1 = 2.28 kN is reached. Simultaneously, the concrete and insulation layer 

fail brittle. After failure of the concrete and insulation material, the connectors guarantee the outer 

wall to not fall down immediately. The connectors deform plastically when loaded with a decreasing 

horizontal load until they are pulled out the insulation layer. This is paired with largely visible 

horizontal deformation which provides a warning system.  

For the outer wall of specimen 2, linear relations between load and horizontal deformations do exist, 

until the maximum load of H1 = 0.44 kN is reached. The minimal drop in the graph (decrease of load) 

after the maximum load is reached, is assumed to be caused by the release of the insulation material 

from the plastic foil layer. Immediately after, the connectors deform plastically when loaded with a 

constant horizontal load until they are pulled out the insulation layer. This is paired with largely visible 

horizontal deformation which provides a warning system. 
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0

0.1

0.2

0.3

0.4

0.5

-2 0 2 4 6 8 10

H
_1

 [
kN

]

Horizontal displacement [mm]

Load - horizontal displacement
Test 3A

Outer wall mock-up specimen 2 - numerical model

MOCK ADC 2

MOCK ADC 3

MOCK ADC 4

NUM ADC 2

NUM ADC 3

NUM ADC 4

NUM ADC 2*

NUM ADC 3*

NUM ADC 4*



114 
 

material is higher than anywhere else in the insulation material. However, the tensional stress around 

possible imperfections in the insulation material could in practice cause the insulation material to fail 

in between connectors. In that case, the capability of the connectors to deform plastically does not 

restrain the outer wall from falling down. Besides, the brittle failure of the insulation material is 

complex to control and predict numerically. In specimen 2, after the linear branch has ended, the 

plastic behaviour of the connectors is activated immediately. This behaviour is controllable and 

predictable numerically. 

For specimen 1, adhesion between concrete and insulation material is proved to be stonger than the 

insulation material itself. The insulation material failed in the layer itself, not in the adhesion plane. 

As can be seen in figure 12.38, some parts of the concrete are not covered with insulation material 

properly. This is assumed to not be caused by failure within the adhesion plane but by the fact the 

insulation material did not fill up the whole element properly.  

For both specimens, the flexural strength of the interconnection of two layers of concrete is overcome.  

When loaded with the same horizontal load, specimen 1 deforms less then specimen 2. The mode of 

deformation is similar. The linear branch of specimen 1 is stiffer compared to specimen 2. The concrete 

outer wall behaves the same for both specimens. The difference however is assumed to be caused by 

the application of the insulation material in the mock-up. In specimen 2, the plastic layer does not 

perfectly lay tied to the inside of the concrete inner wall. Tolerance is perceived in between the 

concrete and the plastic layer. This is assumed to cause specimen 2 to be less stiff than specimen 1.  

The comparison of the horizontal deformations prove that specimen 2 at ADC 2 and ADC 3 behaves 

stiffer than the numerical model of the inner wall. At ADC 4, specimen 2 behaves less stiff. A part of 

this is caused by the fact that in the actual test, the concrete failed. Solely the stiffness of the concrete 

part above the horizontal crack contributes to the stiffness. In reality, the complete concrete outer 

wall should contribute to the stiffness, which would lead to a more steep linear branch in the graph.  

Besides, the graphs which results from the numerical model of ADC 2 proves horizontal deformation 

in negative direction. The graph of specimen 2 resulting from the actual test proves positive horizontal 

deformation. This difference is caused by the way of supporting the bottom of the outer wall. The 

specimens turn out to not be supported at the bottom of the inner wall equally as the numerical 

model, which is hinged at the bottom. The inner walls of the specimens turn out to be supported in a 

fixed manner. Calculations on the support are elaborated in paragraph 12.6. 

Other parameters, included in the actual test but not in the numerical model, which could have 

contributed to the differences between the results from the numerical and actual test as well, are 

considered. Possible parameters are imperfections in the specimens, the moment of inertia of the 

concrete outer wall, and the spring stiffness of the insulation material in combination with a connector 

loaded in tension. Since the horizontal deformations are relatively large, and the effects of 

imperfections in the specimens and the moment of inertia of the concrete outer wall are relatively 

small, as proved in interpretation of results, test 2, those two parameters are not taken into account 

for test 3. The parameters spring stiffness and support at the bottom of the outer wall are taken into 

account. 

The order of magnitude of the influence of variation of the parameters is studied for the horizontal 

displacement at the locations of all three dws’. The parameters are varied separately and taken into 

account in the numerical model of the inner wall. The results are elaborated in table 20. 
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As elaborated in paragraph 12.6.2, the insulation material applied in the mock-up turned out to be 

another material than was intended to be applied. A spring stiffness ten times lower of k = 15.5 kN/m 

is assumed instead of k = 155 kN/m.  

The parameters spring stiffness and support bottom outer wall are combined within the optimized 

numerical model. The optimized graphs for all dws’ are indicated with dashed lines in figure 12.45. 

The graphs underestimate the actual behaviour of specimen 2, which is a safe approach.  

Table 20 Influence variation parameters on horizontal displacement outer wall 

Parameter Magnitude U1 ADC 2* U1 ADC 3* U1 ADC 4* 

[mm] [mm] [mm] 

Support bottom outer wall Hinged support: 𝑈1 = 0, 𝑈2 = 0 -2.54 1.48 8.31 

Fixed support: 𝑈1 = 0, 𝑈2 = 0, 𝑈𝑅3 = 0 0.03 1.73 7.41 

Spring stiffness 𝑘 = 155 𝑘𝑁/𝑚 -2.54 1.48 8.31 

𝑘 = 15.5 𝑘𝑁/𝑚 -31.27 21.39 76.12 

Combination support + 
spring stiffness 

Fixed support: 𝑈1 = 0, 𝑈2 = 0, 𝑈𝑅3 = 0 +  
𝑘 = 15.5 𝑘𝑁/𝑚 

0.46 11.13 31.40 

 

Inner wall 

The load-displacement graphs and a schematization of the modes of deformation of test 3 on the 

inner wall of specimen 1 and 2 are combined in figure 12.46. The load-displacement graphs and a 

schematization of the modes of deformation of test 3 on the mock-up and numerical model of the 

inner wall of specimen 2 are combined in figure 12.47. The horizontal dashed line represents the 

intended horizontal test load H1 = 2.32 kN.  

 

Figure 12.46 Load – horizontal displacement graphs inner walls specimen 1 and 2 test 3 
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Figure 12.47 Load – horizontal displacement graphs  

inner walls specimen 2 and numerical model test 3 

 

The intended test load, H1 = 2.32 kN is not reached for any of the specimens. For specimen 1, the 

intended test load is almost reached. Therefore it is unclear if the inner walls of both specimens are 

sufficiently stable and have sufficient capacity against a bending moment and pulling force when 

subjected to the intended test load. For the inner walls of both specimens, linear relations between 

load and horizontal deformations exist.  

When loaded with the same horizontal load, specimen 1 deforms less than specimen 2. The mode of 

deformation is similar. The linear branch of specimen 1 is stiffer compared to specimen 2. The concrete 

inner wall behaves the same for both specimens. The difference however is assumed to be caused by 

the application of the insulation material in the mock-up. In specimen 2, the plastic layer does not 

perfectly lay tied to the inside of the concrete inner wall. Tolerance is perceived in between the 

concrete and the plastic layer. 

At the top of the inner wall, specimen 1 horizontally deforms in negative direction. However, specimen 

2 and the numerical model deform in positive direction. Due to the horizontal support at the top of 

the inner wall, the structure must not be able to deform horizontally in negative direction. However, 

the horizontal support at the top of the inner wall does not restrain horizontal deformation perfectly. 

The difference is assumed to be caused by the tolerance in the horizontal support.  

The comparison of the horizontal deformations prove that specimen 2 behaves less stiff than the 

numerical model of the inner wall. Parameters, included in the actual test but not in the numerical 

model, which could have caused this difference, are considered.  
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Possible parameters which’s influence turns out to be significant, as studied for the outer wall in test 

3 are imperfections in the specimens and the spring stiffness of the insulation layer loaded in 

compression. The order of magnitude of the influence of variation of the different parameters is 

studied for the horizontal displacement at the location of displacement sensor in the middle of the 

height of the inner wall (MITU 2). The parameters are varied separately and taken into account in the 

numerical model of the inner wall. The results are elaborated in table 21. 

As elaborated in paragraph 12.6, the insulation material applied in the mock-up turned out to be 

another material than was intended to be applied. This results in a spring stiffness of the insulation 

material loaded in compression, k = 8 kN/m instead of k = 145 kN/m.  

The graphs resulting from calculations on the optimized numerical model are indicated with dashed 

lines in figure 12.47. The optimized graphs separately behave more stiff. It is assumed that the 

optimized graph would match the graph of the actual test better if both parameters are combined in 

the numerical model. 

Table 21 Influence variation parameters on horizontal displacement inner wall 

Parameter Magnitude U1 MITU 2* 

[mm] 

Imperfections specimen 𝑖 = 0 𝑚𝑚 1.05 

𝑖 = 40 𝑚𝑚 in the middle of the height of the specimen 2.08 

Spring stiffness 𝑘 = 145 𝑘𝑁/𝑚 1.05 

 𝑘 = 8 𝑘𝑁/𝑚 1.76 

 

Conclusions test 3 

The structure of none of the specimens 1 and 2 resist the critical design horizontal load of H1 = 2.32 

kN in the ultimate limit state.  

The difference in bond and no bond between the concrete and insulation material within the 

specimens 1 and 2 results in different failure mechanisms. The outer wall and insulation layer of 

specimen 1 failed brittle for a horizontal load, H1 = 2.28 kN. After brittle failure, the outer wall is 

capable to deform largely without falling down. This provides a warning system. The outer wall of 

specimen 2 failed brittle before loading. A maximum load of H1 = 0.44 kN is reached. After the 

maximum load is reached, the outer wall is capable to deform largely without falling down. This 

provides a warning system. 

For the inner walls of both specimens 1 and 2, the critical design horizontal load of H1 = 2.32 kN is not 

reached. It is not tested if the inner walls of both specimens have sufficient resistance against 

instability features nor capacity. The horizontal loads the specimens were subjected to did not cause 

any permanent damage.  

For the outer wall, the load – horizontal displacement graphs resulting from calculations with the 

numerical model proved to be comparable to the actual tests if the right spring stiffness of the 

insulation material in combination with a connector loaded in tension is taken into account. The model 

of the outer wall may be calculated with linear elastically when loaded by a horizontal load at the top 

at least within the range of 0 – 0.44 kN. The bottom of the inner wall should be a fixed connection.  

For the inner wall, the load – horizontal displacement graphs resulting from calculations with the 

numerical model proved to be comparable to the actual tests if the right spring stiffness of the 

insulation material loaded in compression in combination with imperfections of the specimen are 

taken into account. The model of the inner wall may be calculated with linear elastically when loaded 
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by a horizontal loads in the springs caused by a horizontal load at the top of the outer wall at least 

within the range of 0 – 0.44 kN. 

12.6. Unexpected outcomes 
During testing and during interpretation of the test results, some unexpected features were perceived. 

Kinematic boundary condition of bottom of walls 

As a conservative approach, as described in chapter 7, in the structural model, the support at the 

bottom of the inner wall is modelled as a hinge and the support at the bottom of the outer wall is 

modelled as a roll. However, the results of the tests carried out on a mock-up of the actual structure 

prove that possibly due to supporting at the bottom of the walls otherwise, the structure horizontally 

deforms otherwise.  

The bottom of the inner as well as the outer wall is supported over the width of the thickness of the 

walls (t = 70 mm) by the structural floor. In between the floor and the walls, two layers of plastic foil 

are positioned. The plastic is intended to not restrain the walls from horizontal displacing. The 

functioning of the plastic is tested by a calculation. A schematization of the bottom of the walls is 

shown in figure 12.48.  

 

Figure 12.48 Schematization bottom 3D concrete printed walls 

 

Horizontal displacement of the bottom of the wall can take place only if friction between the mortar 

of the wall and the plastic is overcome through the horizontal friction load, FW. The friction load is 

calculated according equation 20. A frictional coefficient between plastic and concrete, μrubber – concrete 

(dry) = 0.9, is taken into account. 

Equation 20 

𝐹𝑊 =  𝜇 ∗ 𝐹𝑁, where 

𝐹𝑊 = 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑙𝑜𝑎𝑑 [𝑘𝑁] 

𝜇 = 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [– ] 

𝐹𝑁 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑙𝑜𝑎𝑑 [𝑘𝑁] 

 

The most critical situation occurs when friction is lowest. Friction is lowest for a normal load as low as 

possible. The lowest normal force occurs for the outer wall when it is solely loaded by permanent 

loads. The characteristic loads are multiplied by the most critical load factor, γ = 0.90. The composition 

of the normal load is shown in table 22. The horizontal frictional load is FW = 5.33 kN/m. 
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Table 22 Composition normal load 

  N_k γ N_d 

Outer wall   [kN/m] [-] [kN/m] 

Own weight Maximum 5.02 0.90 4.52 

Parapet Maximum 1.56 0.90 1.41 

Total   6.58 -  5.92 

 

The most critical horizontal load at the bottom of the outer wall occurs if the support is assumed to 

be a fixed support and the outer wall is loaded by the most critical load combination. A schematization 

of the model of the outer wall loaded by load combination 1.1 is shown in figure 12.49A. The reaction 

forces are shown in figure 12.49B. The horizontal reaction force is RH = 0.87 kN. The horizontal reaction 

force, RH = 0.87 kN, is lower than the horizontal frictional load, FW = 5.33 kN/m. Friction is never 

overcome for the outer wall. The normal load acting on the inner wall is always higher than on the 

outer wall. Friction at the support at the bottom of the inner wall is assumed to never be overcome 

either. 

 

Figure 12.49A Schematization outer wall loaded by normal load, 12.49B Reaction forces 

 

For the connection to be fixed, both the inner and outer wall have to be able to resist the bending 

moment at the bottom of the wall resulting from the most critical load combination 1.1. The outer 

wall has to resist the highest bending moment at the bottom and is therefore critical. A schematization 

of the outer wall, fixed at the bottom, loaded by load combination 1.1, is shown in figure 12.50A. The 

N-line and M-line are shown in figure 12.50B and C. For the resulting normal load at the bottom of the 

wall, N = -19.78 kN/m and the bending moment, M = 1.71 kNm/m, the tensional stress in the 3D 

printed concrete is calculated with equation 10. The tensional stress in the concrete is σtens = 1.81 MPa. 

The design tensional strength of 3D printed concrete is fflex, m, d = 4.81 MPa (elaborated in appendix 

B1.2). The supports of the inner wall as well as the outer wall are fixed connections.  
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Figure 12.50A Schematization outer wall loaded by load combination 1.1, 12.50B N-line, 12.50C M-line 

Failure interconnection mortar layers 

During test 3 on the outer wall of specimen 1, a horizontal crack occurred in between two concrete 

layers for a horizontal test load, H1 = 2.28 kN. Failure occurred over the complete width of the 

specimen and left both the top of the bottom layer and the bottom of the upper layer smoothly. The 

same horizontal crack had already occurred in specimen 2 before testing even started. It can be 

concluded that the interconnection of the layers was not sufficient. The tensional stress in the outer 

wall at the moment of failure at a height of 2440 mm is determined with a linear elastic calculation of 

the numerical model as developed in paragraph 12.3.3. As described in paragraph 12.5, the model is 

fitted for the spring stiffness and the way the bottom of the outer wall is supported. The model is 

assigned a spring stiffness, ktens = 15.5 kN/m and is supported by a fixed connection at the bottom. A 

schematization of the model of the outer wall, loaded by H1 = 2.28 kN, is shown in figure 12.51A. The 

result, which indicates Mises stresses is shown in figure 12.51B.  

 

Figure 12.51A Schematization outer wall loaded test 3, 12.51B Mises stresses 

 

Mises stress at a height of 2440 mm is σmises = 2.23 MPa. The design tensional strength of 3D printed 

concrete is fflex, m, d = 4.81 MPa (elaborated in appendix B1.2). Thereby, the loss in tensile strength due 

to the horizontally layered structure is already taken into account. Although the flexural stress did not 

exceed the flexural strength, the concrete did fail. 
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The print report of the mock-up (elaborated in appendix G3) points out that exactly after layer 81 was 

printed, a stop during printing was intercalated to clean the entire print system. The stop lasted 

approximately 20 min. The printing conditions on that particular day were extreme. In combination 

with the application of accelerator in the concrete, the concrete had the chance to harden in those 20 

min to an extent, such that the bond between layer 81 and 82 turned out to not be sufficient. The 

concrete did not reach a homogeneous design tensional strength of fflex, m, d = 4.81 MPa 

In principle, the horizontal intended test load, H1, for test 3 on the outer wall, is adjusted to an 

intended design horizontal tensional load in the upper layer of connectors, Rconn, d = 1.31 kN/m 

(retrieved from table 9). Through the stiffness of the concrete outer wall the horizontal test load is 

distributed to the seven layers of connectors over the height of the outer wall. Failure of the concrete 

outer wall however leads to redistribution of forces. A simple model of the part of the concrete outer 

wall above the horizontal crack is developed. The horizontal crack is modelled as a hinged connection 

since the top part of the concrete outer wall is perceived to rotate over the horizontal crack.  

Firstly, the model is subjected to a horizontal load, Hmax = 2.28 kN which is the maximum load the outer 

wall of specimen 1 reached during test 3. A schematization of the model of the top of the outer wall 

loaded by Hmax = 2.28 kN is shown in figure 12.52A. The reaction forces are shown in figure 12.52B. 

This results in a tensional load in the upper layer of connectors of Rconn = 3.52 kN. The tensional load 

is converted to a line load according equation 12 for a width of the specimen of bspec = 0.70 m: rconn = 

5.03 kN/m. The design reaction force in the connector, rconn, d = 1.31 kN/m and the design load capacity 

of a connector in combination with insulation material, fconn, d = 1.71 kN/m (table 10) are both 

exceeded. The capacity of the insulation material in combination with a connector in specimen 1 is 

sufficient, which test 3 did not directly point out, although merely the top part of the outer wall is 

loaded. 

 

Figure 12.52A Schematization outer wall specimen 1 loaded by normal load, 12.52B Reaction forces 

 

Secondly, the model is subjected to a horizontal load, Hmax = 0.44 kN which is the maximum load the 

outer wall of specimen 2 reached during test 3. A schematization of the model of the top of the outer 

wall loaded by Hmax = 0.44 kN is shown in figure 12.53A. The reaction forces are shown in figure 12.53B. 

This results in a tensional load in the upper layer of connectors of Rconn = 0.68 kN. The tensional load 

is converted to a line load according equation 12 for a width of the specimen of bspec = 0.70 m: rconn = 

0.97 kN/m. The design reaction force in the connector, rconn, d = 1.31 kN/m and the design capacity of 

a connector in combination with insulation material, fconn, d = 1.71 kN/m (table 10) are both not 

exceeded.  

 

Figure 12.53A Schematization outer wall specimen 2 loaded by normal load, 12.53B Reaction forces 
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12.6.1. Test 3B 
An additional test is carried out on the outer wall of specimen 2 to be able to load more height of the 

concrete outer wall to determine whether the load capacity of the combination connector – insulation 

material in specimen 2 is sufficient or not. Although the most upper part of the outer wall is missing, 

six layers of connectors are left in the specimen. The test is carried out according to test 3. The test 

setup is shown in figure 12.54. 

 

Figure 12.54 Setup test 3B specimen 2 

Results test 3B 

Specimen 2 – outer wall 

The load-displacement graph and a schematization of the mode of deformation of test 3B on the outer 

wall of specimen 2 are shown in figure 12.55. The load – rotation graphs of the angular sensor (ADC7) 

is not shown. The measurements are not reliable.  

 

Figure 12.55 Load – horizontal displacement graphs outer wall specimen 2 test 3B 
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Before loading, any displacement sensor perceives zero deformation. Before loading, a horizontal 

crack at the top of the connection (low shrinkage mortar) between the bottom and top part of the 

specimen is perceived over the complete width of the specimen. 

For the maximum load, H1 = 1.03 kN, dws 3 perceives a positive horizontal deformation of 16.20 mm. 

After the maximum load has been reached, the load drops. At this moment in time, the concrete part 

of the outer wall above the horizontal crack starts to rotate over the full width of the crack.  

The load further decreases paired with increasing horizontal deformation. The connectors get pulled 

out the insulation layer, as shown in figure 12.56. 

  

Figure 12.56 Specimen 2 after test 3B 

After the test, the part of the concrete wall above the horizontal crack is removed. The specimen after 

testing is shown in figure 12.57. The connector legs straightened. Some insulation material is left on 

the connector legs. The positions where the connectors were originally located in the insulation 

material are visibly damaged but the whole of insulation material is intact. 

  

Figure 12.57 Specimen 2 after test 3B 

Interpretation of results test 3B 

The remaining structure of specimen 2 proved to not have sufficient capacity when subjected to the 

intended test load, H1 = 2.32 kN.  

Linear relations between load and horizontal deformations do exist, until the maximum load of H1 = 

1.03 kN is reached. Before the maximum load is reached, the introduced horizontal force is distributed 

over the full height of the outer wall via the stiff concrete outer wall to the insulation material in 
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combination with connectors. Through earlier failure of the concrete, after the maximum load is 

reached, the connection is no longer able to transmit forces. The test load decreases. The horizontal 

force is redistributed over the height of the concrete outer wall above the horizontal crack via the stiff 

concrete outer wall to the insulation material in combination with connectors. The connectors deform 

plastically when loaded with a constant horizontal load until they are pulled out the insulation layer. 

This is paired with largely visible horizontal deformation which provides a warning system. The 

insulation layer proves to be sufficiently stiff to not deform as much as the connectors and sufficiently 

strong in tension to not fail before or during plastic deformation of the connectors. 

A simple model of the part of the concrete outer wall above the horizontal crack is developed as shown 

in figure 12.58A. The horizontal crack is modelled as a hinged connection since the top part of the 

concrete outer wall is perceived to rotate over the horizontal crack. The model is subjected to a 

horizontal load, Hmax = 1.03 kN which is the maximum load the outer wall of specimen 2 reached during 

test 2B. The reaction forces are shown in figure 12.58B. This results in a tensional load in the upper 

layer of connectors of Rconn = 0.83 kN. The tensional load is converted to a line load according equation 

12 for a width of the specimen of bspec = 0.70 m: rconn = 1.19 kN/m. The design reaction force in the 

connector, rconn, d = 1.31 kN/m and the design capacity of a connector in combination with insulation 

material, fconn, d = 1.71 kN/m (table 10) are both not exceeded. 

 

Figure 12.58A Schematization outer wall specimen 2B loaded by normal load, 12.58B Reaction forces 

Conclusions test 3B 

The structure of specimen 2B does not resist the critical design horizontal load of H1 = 2.32 kN in the 

ultimate limit state.  

The outer wall of specimen 2 failed brittle before loading at the low-shrinkage mortar connection of 

the separate parts of the specimen. The low-shrinkage mortar connection is not sufficiently strong in 

tension. A maximum load of H1 = 1.03 kN is reached. After the maximum load is reached, the outer 

wall is capable to deform largely without falling down. This provides a warning system.  

The tensional load in the upper layer of connectors of specimen 2B, rconn = 1.19 kN/m, increased 

compared to the tensional load in the upper layer of connectors of specimen 2A, rconn = 0.97 kN/m. 

The design reaction force in the connector, rconn, d = 1.31 kN/m and the design capacity of a connector 

in combination with insulation material, fconn, d = 1.71 kN/m are both not exceeded. Test 3B does not 

prove the load capacity of the combination connector – insulation material is sufficient. 

12.6.2. Insulation material 3 
Some time after the mock-up was filled up with insulation material by Isolatie.com, but before testing, 

the structure of the material was touched by hand. The material felt way more soft and flexible than 

the material which was intended to be applied in the mock-up. The results of the full scale tests on 

the mock-up turned out that the insulation layer behaved less stiff than the model predicted to. 

The intended insulation material is Pur’fect Plus via Technisol, which is a closed cell rigid PUR. Its 

material properties were tested before, as described in paragraph 9.2. The stiffness of the particular 
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combination connector – Pur’fect Plus when loaded in tension is determined in paragraph 7.1 and is 

used as input (ktens) for the structural model. The load capacity of the particular combination when 

loaded in tension is determined in paragraph 6.1.6 and is used to determine the center to center 

distance of the connectors in the global structure (Lconn) and for the linear elastic analysis in paragraph 

10.1 (Fconn). The stiffness of the material itself when loaded in compression is determined in paragraph 

7.1 and is used as input (kcomp) for the structural model. 

Only after testing of the mock-up, material samples of the insulation material actually applied in the 

mock-up could be taken out of the already tested specimens. The material is tested for its flexural and 

compressive properties. The results are elaborated in appendix D3. The stiffness of the material turns 

out to be so low, that it does not fail in the three point bending test. The flexural strength and apparent 

modulus of elasticity cannot be determined according to NEN-ISO 1209-2 (en), Rigid cellular plastics. 

The compressive properties are determined for 10% strain, according to BS EN 826:2013, Thermal 

insulating products for building applications. It turned out that the insulation material applied in the 

mock-up is Pur’fect Plus with an open cell structure instead of a closed cell structure.  

Comparison Pur’fect Plus via Technisol and Pur’fect Plus via Isolatie.com 

The material properties and structural behaviour of Pur’fect Plus via Technisol and Pur’fect Plus via 

Isolatie.com are compared. The analysis of the comparison points out whether it is possible to make 

statements about the reliability of the results of the full-scale tests whereby Pur’fect Plus via 

Isolatie.com is applied instead of Pur’fect Plus via Technisol. 

Flexural properties 

The load-vertical displacement graphs of all specimens of both materials Pur’fect plus via Technisol 

and Pur’fect Plus via Isolatie.com, retrieved from three-point bending tests, as elaborated in appendix 

D2.1 and D3.1, are combined in figure 12.59 to be compared for their structural behaviour when 

loaded in bending. 

 

Figure 12.59 Combined load – vertical displacement graphs 3-point bending tests Pur’fect Plus via Technisol and Pur’fect Plus 

via Isolatie.com 

 

The shapes of the graphs of both materials are unequal. Pur’fect Plus via Technisol shows a relatively 
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until a maximum load is reached. After the maximum load is reached, the graphs shows sudden drops 

in load for approximately a vertical displacement of 40 mm. All specimens fail suddenly. Pur’fect Plus 

via Isolatie.com does show a relatively linear branch until approximately a vertical displacement of 20 

mm. The graphs deflect whereby the load stays relatively constant for increasing vertical 

displacement. None of the specimens fails.  

The graphs of Pur’fect Plus via Isolatie.com show a huge shift from the graphs of Pur’fect Plus via 

Technisol. In the beginning of loading, both materials behave linearly. Pur’fect Plus via Technisol fails 

brittle while Pur’fect Plus via Isolatie.com’s flexural stiffness is so low that it does not fail at. Since the 

flexural properties and structural behaviour when loaded in bending of both materials diverge so 

much, a ratio of the flexural properties of Pur’fect Plus via Technisol compared to Pur’fect Plus via 

Isolatie.com cannot be determined.  

Compressive properties 

The load-vertical displacement graphs of all specimens of both materials Pur’fect plus via Technisol 

and Pur’fect Plus via Isolatie.com, retrieved from compression tests, as elaborated in appendix D2.2 

and D3.2, are combined in figure 12.60 to be compared for their structural behaviour when loaded in 

compression. 

 

Figure 12.60 Combined load – vertical displacement graphs compression tests Pur’fect Plus via Technisol and Pur’fect Plus via 

Isolatie.com 

 

The shapes of the graphs of both materials are unequal. Pur’fect Plus via Technisol shows a relatively 

linear branch until approximately a vertical displacement of 2 mm where after the graphs deflect until 

a maximum load is reached. After the maximum load is reached, the load decreases for increasing 

vertical displacement, and the specimens are considered failed. Pur’fect Plus via Isolatie.com does 

show a relatively linear branch until approximately a vertical displacement of 2 mm. The graphs deflect 

but vertical displacement keeps increasing for increasing load. None of the specimens are considered 

failed.  

The graphs of Pur’fect Plus via Isolatie.com show a huge shift from the graphs of Pur’fect Plus via 

Technisol. In the beginning of loading, both materials behave linearly. Pur’fect Plus via Technisol does 

fail in compression while Pur’fect Plus via Isolatie.com does not fail at all and turns out to have a very 
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low compressional stiffness. Since the compressive properties and structural behaviour when loaded 

in compression of both materials diverge so much, a ratio of the compressive properties of Pur’fect 

Plus via Technisol compared to Pur’fect Plus via Isolatie.com cannot be determined.  

Reliability results full-scale tests with Pur’fect Plus via Isolatie.com 

A reduction factor by which the design value of the load capacity of the combination connector – 

Pur’fect Plus via Technisol when loaded in tension could have been multiplied to determine the 

capacity of the combination connector – Pur’fect Plus via Isolatie.com when loaded in tension cannot 

be determined.  

In the beginning of loading in full-scale test 3 on specimen 2, the outer wall did prove to deform 

linearly. That means that the combination connector – Pur’fect Plus via Isolatie.com does deform 

linearly. A reliable statement cannot be made about the exact range of the linear branch for one 

connector in combination with Pur’fect Plus via Isolatie.com. However, it is certain that the stiffness 

of the combination with Pur’fect Plus via Isolatie.com is lower than the intended combination with 

Pur’fect Plus via Technisol. That means that the spring stiffness in tension is lower than has been 

calculated with. That means that the conclusions drawn from the results of full-scale test 1 and 3 on 

the inner wall are more safe than expected. The springs by which the inner wall in test 1 and 3 is 

supported, are loaded in tension. 

A ratio of the compressive properties of Pur’fect Plus via Technisol compared to Pur’fect Plus via 

Isolatie.com cannot be determined. However, both materials prove to behave linearly in the beginning 

of loading. The spring stiffness of Pur’fect Plus via Isolatie.com may be determined similar to how it is 

determined for Pur’fect Plus via Technisol in paragraph 7.1, shown in figure 12.61. The characteristic 

and design spring stiffness’s of Pur’fect Plus via Isolatie.com in compression are shown in table 23.  

 

Figure 12.61 Linear branches load – vertical displacement graphs compression tests Pur’fect Plus via Isolatie.com 
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Table 23 Spring stiffness Pur’fect Plus via Isolatie.com in compression 

Specimen kcomp, k R2 γ kcomp, d 

[kN/m] [-] [-] [kN/m] 

1 8.12 0.9990 2 4.06 

2 16.64 0.9999 2 8.32 

3 11.82 0.9995 2 5.91 

4 12.58 0.9989 2 6.29 

5 14.65 0.9999 2 7.33 

6 14.90 0.9992 2 7.45 

7 14.24 0.9996 2 7.12 

8 14.62 0.9998 2 7.31 

9 22.77 0.9979 2 11.39 

MIN 8.12  2 4.06 

AVE 14.48  2 7.24 

 

The spring stiffness in compression is lower than has been calculated with. That means that the 

conclusions drawn from the results of full-scale test 2 on the inner wall are more safe than expected. 

The springs by which the inner wall in test 2 is supported, are loaded in compression. 

Pur’fect Plus via Technisol proves to behave brittle in the 3-point bending test when the flexural 

strength of the material is overcome. Pur’fect Plus via Isolatie.com however proves to not behave 

brittle. In full-scale test 3 on specimen 1, Pur’fect Plus via Isolatie.com itself does fail brittle. A reliable 

statement cannot be made about the structural behaviour of Pur’fect Plus via Technisol in the exact 

same situation.  
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13. Conclusions 
Three tests are developed whereby the ultimate limit state of the most critical section of the structure 

is captured. The structure is tested for the situation whereby no bond exists between the 3D printed 

concrete outer wall and inner wall and the insulation material. The insulation material Pur’fect Plus 

via Isolatie.com, with an open cell structure instead of the intended insulation material Pur’fect Plus 

via Technisol, with a closed cell structure, is applied. Taken into account the material properties of 

Pur’fect Plus via Isolatie.com, buckling of the structure is excluded for twice the design load 

combination. The structure proves to resist the design load combination including the bending 

moment due to maximum roof eccentricity, linear elastically. The structural model of the inner wall 

may be calculated with linear elastically. The load combinations the structural model is subjected to 

should be equal to or smaller than the design load combination. Imperfections of the structure should 

be taken into account. The model of the inner wall is supported by horizontal linear elastic supports. 

When the inner wall deforms horizontally, away from the insulation layer, the spring stiffness is 

determined with the directional coefficient of the load displacement graph of the combination 

connector and the right insulation material loaded in tension. When the inner wall deforms 

horizontally, towards the insulation layer, the spring stiffness is determined with the directional 

coefficient of the load displacement graph of the insulation material loaded in compression. 

The tensional strength of 3D printed concrete, applied in the specimens, is determined by 

experiments. The tensional strength is considered homogeneous if a reduction factor is taken into 

account for the loss in tensile strength due to its layered structure. The 3D printed concrete, in the 

composition of the entire structure however fails in bending before this tensional strength is reached. 

The bond strength of the layers turns out to not be sufficient to consider the tensional strength of the 

layered 3D printed concrete structure as homogeneous. When the outer wall is loaded horizontally, 

the structure proves to not resist the design load combination. If the concrete would not have failed 

in bending, the outer wall is proved to be sufficiently stiff to transfer horizontal load to the insulation 

layer by linear elastic calculations of the structural model. If the intended insulation material is applied 

in the insulation layer, the load capacity of the combination connector – insulation material is 

sufficient to transfer horizontal loads to the structural inner wall. The structure would have been able 

to resist the design load combination. The connectors in combination with insulation material provide 

catenary action. The connectors prove to deform plastically when loaded with a constant horizontal 

load until they are pulled out the insulation layer. This is paired with largely visible horizontal 

deformation which provides a warning system. The insulation layer proves to be sufficiently stiff to 

not deform as much as the connectors and sufficiently strong in tension to not fail before or during 

plastic deformation of the connectors. The structural model of the outer wall may be calculated with 

linear elastically. The load combinations the structural model is subjected to should be equal to or 

smaller than the maximum test load of test 3. Like the inner wall, the outer wall is supported by springs 

with the right spring stiffness. 

The structure is also tested whereby bond does exist between the 3D printed concrete outer wall and 

inner wall and the insulation material. Although it proves to resist the critical load combinations, the 

structure fails brittle within the insulation layer before the connectors are able to deform plastically 

to provide catenary action for the system. Since the insulation layer fails brittle within the horizontal 

plane of the connectors, the connectors are able to deform plastically when loaded with a constant 

horizontal load until they are pulled out the insulation layer. This is paired with largely visible 

horizontal deformation which provides a warning system. 
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13.1. Discussion 
In paragraph 6.1.6, a center distance of the connectors of Lconn = 709 mm to be applied in the global 

structure was calculated. However, as elaborated in paragraph 8.2, in the mock-up, a center to center 

distance of Lconn = 440 mm is applied. Further calculations and results have been based on the Lconn = 

440 mm instead of the Lconn = 709 mm. 
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14. Recommendations 
In chapter 5, a framework is developed to be able to frame the research within the innovative building 

project and to achieve the research goal. During the research, some unexpected outcomes occurred 

such that the research goal is not fully reached. Recommendations are drawn about revision of some 

components within the framework to yet reach the goal. A schematization of the framework is shown 

in figure 14.1. The bright boxes emphasize the components on which recommendations are drawn.  

 

 

Figure 14.1 Framework: recommendations 

 

14.1. Insulation material 
As described in paragraph 12.6, in the mock-up, another insulation material has been applied than 

was intended to be applied. As described in paragraph 12.6.2, a reliable statement cannot be made 

about the structural behaviour of the outer wall in full scale test 3 in the situation where a bond 

between 3D printed concrete and Pur’fect Plus via Technisol does exist. As described in paragraph 

12.5, the outer wall in full scale test 3 whereby Pur’fect Plus via Isolatie.com is applied, in the situation 

where a bond between 3D printed concrete and Pur’fect Plus via Technisol does not exist, does show 

desirable structural behaviour, but does not resist the design load combination. Both tests 3 on the 

outer walls of specimen 1 and 2 require revisions. 

The mock-up should be remade to be able to reproduce specimen 1 and 2 whereby the intended 

insulation material is applied: Pur’fect Plus via Technisol. Structural test 3 on the outer walls of both 

specimens should be redone to determine the ultimate limit state of the structure. Specimen 1 should 

prove whether the structure does, again, resist the design load combination. The possible brittle 

failure mode should be charted. Specimen 2 should calibrate the structural model, which does prove 

to resist the design load combination. And if it does not, specimen 2 should show mechanisms.  

Materials tests on the insulation material Pur’fect Plus via Technisol applied in the revised mock-up 

should to be carried out to prove if the intended material properties, which have been calculated with 
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in the structural model are reached. If not, calculations on the structural model with different material 

properties for the insulation material should be revised.  

As described in the introduction of chapter 12, Pur’fect Plus via Isolatie.com does not properly fill up 

the 3D printed concrete corner elements. Equilibrium of the structure however depends on the 

insulation material. Calculations with the structural model depend on the insulation material 

homogeneously distributed within the element. The production of the insulation material should be 

developed such that properties are homogeneously distributed within the entire structure.  

Besides, the influence of the insulation material on the horizontal restrain of 3D printed concrete to 

deform is unknown. The insulation material could cause tensional stresses in the 3D printed concrete. 

Its influence should be researched.  

As described in chapter 6, the durability of the bond between insulation material and 3D printed 

concrete is unknown over a longer period of time in service. According to Eurocode 0, the structure 

must be designed for a lifetime of fifty years. The most critical situation is taken into account in 

research where no bond between the PUR and 3D printed concrete exists. The durability of the load 

capacity of the insulation material itself over a longer period of time in service is unknown either. To 

assure structural safety, during service, the insulation material’s material properties should be 

established.  

14.2. 3D printed concrete 
As described in paragraph 2.1, the tensional strength of 3D printed concrete is considered 

homogeneous if a reduction factor is taken into account for the loss in tensile strength due to its 

layered structure. Full scale test 3 proved that this was not the case for the mock-up. The printing 

facility should be developed such that long prints can be printed in once without any stops. If stops 

are required, prints should be printed in parts in one go. The low shrinkage mortar should be 

developed such that glued connections between the separate parts can be produced.  

To test the tensional strength of the 3D printed concrete itself or in combination with low shrinkage 

mortar, a full scale 4-point bending test on a beam made out of a part of a 3D printed concrete wall 

should be developed. The specimen should be loaded and supported parallel to the layers, as shown 

in figure 14.2, similar to how the structural model is loaded in bending. 

 

Figure 14.2 Schematization 4-point bending test 3D printed concrete 

 

As described in chapter 6, the structural model is a vertically cracked corner element. The corner 

elements are restrained to horizontally deform by the structural floor. Vertical cracks already occur 

due to the horizontal restrain of horizontal strain due to hardening shrinkage. Temperature loads 

could even reinforce the horizontal strain. Vertical cracks should be applied manually so that they are 

controlled. Since the speed of hardening shrinkage is relatively high, dilatations should be applied after 

printing as quick as possible. After the concrete has hardened, the insulation material should be 

applied to the element.  
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14.3. Diagnostic tests 
After the revisions, as described in paragraph 14.1 and 14.2, the actual house is produced by BAM, 

which’s production techniques undoubtedly diverge from TU/e’s. Diagnostic tests should be carried 

out to validate structural safety of the structure although the structure could contain minor 

differences due to other production techniques. The structure is loaded until a load level for which 

damage on the structure is excluded but structural safety can be validated. The structure is intended 

to behave elastically. Unloading should cause the structure to return to its original state. 

The roof should be loaded with water tanks to produce a surface load of 2.25 kN/m2. This is the snow 

load whereby blowing up due to eaves is taken into account (1.50 kN/m2) multiplied by a load factor 

of 1.5. This load is 2.2 times as small as the normal load centrically applied in full scale test 1, for which 

the structure proves to deform linear elastically. If the actual roof connection imposes the surface load 

with maximum eccentricity of 28 mm, the occurring bending moment of 0.24 kNm/m is 3.4 times as 

small as the bending moment of 0.82 kNm/m applied in full scale test 2, for which the structure proves 

to deform linear elastically.  

The results of full scale test 3 on the revised mock-up (whereby Pur’fect Plus via Technisol is applied) 

should point out whether the structure does resist the design load combination. Wind load is applied 

at the outside of the outer wall as a tensional load, which is a conservative approach, as described in 

paragraph 7.2. In reality, the wind load does not act as suction on the outside surface of the structure 

but as pressure on the inside surface. For a second diagnostic test, overpressure should be applied at 

the inside of the house to cause a surface load of 1.00 kN/m2 at the inside of the inner wall. This is the 

wind load of 0.67 kN/m2 (appendix C) multiplied by a load factor of 1.5. If the results of full scale test 

3 on the revised mock-up prove that the structure does resist the design load combination, the load 

applied in the diagnostic test approaches reality more closely and causes less critical structural 

behaviour.  
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Appendix A: Shrinkage 

Experimental determination shrinkage 3D printed concrete 

Time span tests 

28 days 

Material 

The 3D-printed concrete contains a special mortar for 3D-printing produced by Weber: Weber 3D 145-

2. Weber 3D 145-2, in combination with another batch of special mortar for 3D-printing, produced by 

Weber.  

Composition 

Elaborated in paragraph 9.1.  

Preparation material 

Mixing 

The material is mixed with the M-Tec Duomix 2000 mixer-pump with a linear displacement pump. 

Specimens 

The layered structure of 3D printed concrete, as it is applied in the actual mock-up, is assumed to not 

have an influence on shrinkage. Shrinkage is assumed to occur homogeneously in any direction. 

Shrinkage is measured for standard mortar specimens in one direction. 

The mock-up contains of several printed objects, produced on different days. During all those 

production days, batches of material are directly extracted from the printer to produce specimens.  

Dimensions 

40x40x100 mm3 

Amount of specimens 

Three specimens are produced on the dates: 24-06-2019, 25-06-2019, 27-06-2019, 28-06-2019, 02-

07-2019, and 03-07-2019. 

Moulding 

Material is tapped from the printing hose (Ø1 inch, 10 m length) into a standard steel mortar mould.  

The mould is greased with formwork remove oil. The material is compacted.  

Conditioning specimens 

The moulds filled with material are covered with plastic directly after compacting and left in laboratory 

conditions as such, shown in figure A1, for one day. After one day, the plastic is removed and the 

specimens are removed from the mould. The specimens are conditioned in the climate room of the 

Structural Design laboratory.  

 

Figure A1 Specimens in mould covered with plastic 



Test 

Test instrument 

DeMec (Demountable Mechanical Strain Gauge) in combination with a Mitutoyo (Type ID-C 543) with 

a resolution of 0.001 mm and range of 12.7 mm.  

Test procedure 

Two metal disks are glued to the surface of two sides of a specimen in line with each other with 

superglue, as shown in figure A2A. The holes in the metal disks are measuring points. The distance 

between the measuring points is measured with the test instrument, as shown in figure A2B. A zero 

measurement of the distance between the measuring points is done directly after application of the 

measuring points. In the first week after production of the specimens, the distance is measured every 

day. After week one, the distance is measured three times a week until the 28th day.  

  

Figure A2A Measuring points, B Shrinkage measurement 

Results 

Shrinkage is calculated by subtracting the distance of the zero measurement from the distance for any 

measurement. The value is multiplied by a calibration factor (DeMec 100mm: 1um =  um/m) of 7.92 

to calculate the strain of the material. The results for strain in days is shown in the graph of figure A3. 

Table A1 elaborates shrinkage of 3D printed concrete (εcs) of all batches of material for an age of 28 

days.  

 

Figure A3 Shrinkage 3D printed concrete over 28 days 
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Table A1 Shrinkage all batches 28 days 

Batch 
(date production) 

εcs 

[μm/m] [‰] 

2406 -1940.40 -1.94 

2506 -1657.92 -1.66 

2706 -1801.80 -1.80 

2806 -1650.00 -1.65 

0207 -1947.00 -1.95 

0307 -1873.08 -1.87 

MAX -1947.00 -1.95 

AVE -1811.70 -1.81 

 

  



  



Appendix B: Material properties 3D printed concrete 

Special mortar for 3D-printing by Weber 
The 3D printed concrete of which the mock-up contains, is used for shrinkage measurements, as 

elaborated in appendix A, but also to determine the material properties, experimentally. The same 

specimens are used.  

B1. Flexural properties 

B1.1. Experimental determination of characteristic flexural properties 

Reference 

Conform NEN-EN 196-1: Methods of testing cement – Part 1: Determination of strength 

Material 

Elaborated in appendix A. 

Composition 

Elaborated in paragraph 9.1.  

Date of production 

3D printed concrete, produced on two different dates is tested: applied in the bottom of the mock-up 

(printed on 24-06-2019) and applied in the top of the mock-up (printed on 27-06-2019). 

Preparation material 

Elaborated in appendix A. 

Specimens 

Dimensions 

Elaborated in appendix A. 

Amount of specimens 

3 specimens from the bottom of the mock-up, 3 specimens of the top of the mock-up. 

Moulding 

Elaborated in appendix A. 

Conditioning specimens 

Elaborated in appendix A. 

The specimens are conditioned and used for shrinkage measurement in the climate room of the 

Structural Design laboratory until the day of experimental determination of flexural and compressive 

properties of the material. For the shrinkage tests, small steel disks were glued to the specimens, 

which did negatively influence the specimens. The specimens are shown in figure B1. 

  

Figure B1 Specimens flexural test 



Tests 

Date of tests 

2-8-2019 

Test set-up 

The testing machine is an Automax 5 with a 25 kN load cell. The test is force controlled. The tests are 

carried out under laboratory conditions. The test set-up is shown in figure B2 and concerns a three-

point bending test. The span between support edges is 100 mm. The speed of the loading edge is 30 

– 50 N/s. The pouring side of the specimen is not tested. 

 

Figure B2 Set 3-point bending test 

Results 

The results from the three-point bending test, the maximum loads which are reached, are shown in 

table B1. The specimens after testing are shown in figure B3. 

Table B1 Results 3-point bending test 

 
Test speed Time Maximum load 

[N/s] [s] [kN] 

Bottom mock-up 

1 30 200 3.58 

2 50 100 3.68 

3 50 100 3.71 

Top mock-up 

1 50 100 3.17 

2 50 150 3.93 

3 50 100 3.66 

 

 

Figure B3 Specimens after 3-point bending test 

 

The flexural strength, Rf, for any specimen is calculated according equation B1. The characteristic 

flexural properties of the special mortar for 3D-printing by Weber are shown in table B2. 

  



Equation B1 

𝑅𝑓 =
1.5∗𝐹𝑓∗𝑙

𝑏3 , where 

𝑅𝑓 = 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ [𝑀𝑃𝑎]  

𝑏 = 𝑠𝑖𝑑𝑒 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑖𝑠𝑚 [𝑚𝑚]  

𝐹𝑓 =  𝑙𝑜𝑎𝑑 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑡𝑜 𝑚𝑖𝑑𝑑𝑙𝑒 𝑜𝑓 𝑝𝑟𝑖𝑠𝑚 𝑎𝑡 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 [𝑁]  

𝑙 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑢𝑝𝑝𝑜𝑟𝑡𝑠 [𝑚𝑚]  

 

Table B2 Characteristic flexural properties special mortar for 3D-printing by Weber 

 F_f R_f 

[kN] [Mpa] 

Bottom mock-up 

1 3.58 8.38 

2 3.68 8.62 

3 3.71 8.70 

MIN 3.58 8.38 

AVE 3.64 8.57 

Top mock-up 

1 3.17 7.43 

2 3.93 9.22 

3 3.66 8.58 

MIN 3.17 7.43 

AVE 3.59 8.41 

Total 

MIN 3.17 7.43 

AVE 3.62 8.49 

 

B1.2. Determination design flexural properties 

The design flexural properties of 3D printed concrete are determined separately by static valuation of 

a single property.  

Reference 

Conform NEN-EN 1990+A1+A1/C2 - Eurocode: Basis of structural design, Annex D – Design assisted by 

testing, D7 Static valuation of a single property, D7.2 Determination via the characteristic value. 

Determination design value 

According to D7.2, for a normal distribution, the design value of a property X should be obtained 

according equation B2. VX is not known and therefore determined according equation B3. 

  



Equation B2 

𝑋𝑑 =
𝜂𝑑

𝛾𝑚
𝑚𝑋{1 − 𝑘𝑛𝑉𝑋} , where    (NEN-EN 1990+A1+A1/C2, Annex D, eq. D.1) 

𝑋𝑑 = 𝑑𝑒𝑠𝑖𝑔𝑛 𝑣𝑎𝑙𝑢𝑒 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑋  

𝜂𝑑 = 𝑑𝑒𝑠𝑖𝑔𝑛 𝑣𝑎𝑙𝑢𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 = 1  

𝛾𝑚 = 𝛾𝑐 =  𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = 2* (NEN-EN 1992-1-1+C2, table 2.1N) 

𝑚𝑋 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑟𝑒𝑠𝑢𝑙𝑡𝑠 𝑜𝑓 𝑛 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

𝑘𝑛 = 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟  (NEN-EN 1990+A1+A1/C2, Annex D, table D1) 

𝑉𝑋 = 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑋 

Equation B3 

𝑉𝑋 =
𝑠𝑋

𝑚𝑋
, where     (NEN-EN 1990+A1+A1/C2, Annex D, eq. D.3) 

𝑠𝑋 =  √
1

𝑛−1
∑(𝑥𝑖 − 𝑚𝑥)2 = 𝑠𝑡𝑑𝑒𝑣   (NEN-EN 1990+A1+A1/C2, Annex D, eq. D.2) 

 

According to D7.2, for a lognormal distribution, the design value of a property X should be obtained 

according to equation B4. 

Equation B4 

𝑋𝑑 =
𝜂𝑑

𝛾𝑚
exp [𝑚𝑦 − 𝑘𝑛𝑠𝑦], where   (NEN-EN 1990+A1+A1/C2, Annex D, eq. D.1) 

𝑚𝑦 =
1

𝑛
∑ ln (𝑥𝑖) 

𝑠𝑦 =  √
1

𝑛 − 1
∑(ln(𝑥𝑖) − 𝑚𝑦)

2
 

 

The partial material factor of concrete, γc= 1.5 is applied. The value of kn is determined according figure 

B4 for the amount of specimens, n, rounded down. Vx is considered unknown. The results for the 

design flexural strength of 3D printed concrete are elaborated in table B3. 

 

Figure B4 Table D1 (NEN-EN 1990+A1+A1/C2, Annex D, table D1) 

  



Table B3 Design flexural properties 3D printed concrete 

 f_flex, m, d 

[MPa] 

n xi LN(xi) 

1 8.38 2.13 

2 8.62 2.15 

3 8.70 2.16 

4 7.43 2.01 

5 9.22 2.22 

6 8.58 2.15 

Distribution Normal Lognormal 

MIN 7.43 2.01 

MAX 9.22 2.22 

γ_m 1.5 

m_X 8.49 2.14 

s_X 0.59 0.07 

k_n 2.18 

V_X 0.07 0.03 

X_d  4.81 4.83 

 

B2. Compressive properties 

B2.1. Experimental determination of characteristic compressive properties 

Reference 

Conform NEN-EN 196-1: Methods of testing cement – Part 1: Determination of strength 

Mortar 

Elaborated in paragraph B1. 

Specimens 

The ends of the specimens which are used for the 3-point bending test are used for the compression 

test. The specimens are shown in figure B3. 

Dimensions 

The length of the specimens is L = 40 mm, the width is B = 40 mm, the height is H = 40 mm. 

Amount of specimens 

6 specimens from the bottom of the mock-up, 6 specimens of the top of the mock-up. 

Tests 

Date of tests 

2-8-2019 

Test set-up 

The testing machine is an Automax 5 with a 300 kN load cell. The test is force controlled. The tests are 

carried out under laboratory conditions. The test set-up is shown in figure B5 and concerns a 

compression test. The speed of the loading edge is 400 – 500 N/s. The pouring side of the specimen is 

not tested. 



 

Figure B5 Setup compression test 

Results 

The results from the compression test, the maximum loads which are reached, are elaborated in table 

B4. The specimens after testing are shown in figure B6. 

Table B4 Results compression test 

 
Test speed Time Maximum load 

[N/s] [s] [kN] 

Bottom mock-up 

1 A 400 200 65.53 

B 500 150 62.84 

2 A 500 150 65.55 

B 500 150 67.10 

3 A 500 150 65.30 

B 500 150 66.70 

Top mock-up 

1 A 500 150 70.31 

B 500 150 68.20 

2 A 500 150 66.24 

B 500 150 67.82 

3 A 500 150 68.23 

B 500 150 68.52 

 

 

Figure B6 Specimens after compression test 

 

The compressive strength, Rc, for any specimen is calculated according equation B5. The characteristic 

compressive properties of 3D printed concrete are elaborated in table B5. 

  



Equation B5 

𝑅𝑐 =
𝐹𝑐

1600
, where 

𝑅𝑐 = 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ [𝑀𝑝𝑎]  

𝐹𝑐 =  𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 [𝑁]  

1600 = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑙𝑎𝑡𝑒𝑛𝑠 𝑜𝑟 𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 𝑝𝑙𝑎𝑡𝑒𝑠 (40 𝑚𝑚 ∗  40 𝑚𝑚) [𝑚𝑚2]  

 

Table B5 Characteristic compressive properties 3D printed concrete 

 
F_c R_c 

[kN] [Mpa] 

Bottom mock-up 

1 A 65.53 40.96  
B 62.84 39.28 

2 A 65.55 40.97  
B 67.10 41.94 

3 A 65.30 40.81  
B 66.70 41.69 

MIN 62.84 39.28 

AVE 65.50 40.94 

Top mock-up 

1 A 70.31 43.94  
B 68.20 42.63 

2 A 66.24 41.40  
B 67.82 42.39 

3 A 68.23 42.64  
B 68.52 42.83 

MIN 66.24 41.40 

AVE 68.22 42.64 

Total 

MIN 62.84 39.28 

AVE 66.86 41.79 

 

B2.2. Determination design compressive properties 

The design compressive properties are determined separately by static valuation of a single property 

according paragraph B1.2. The results for the design compressive strength of 3D printed concrete are 

elaborated in table B6. 

 

 

 

 

 

 

 

 



 

Table B6 Design compressive properties 3D printed concrete 

 f_comp, m, d 

[MPa] 

n xi LN(xi) 

1 40.96 3.71 

2 39.28 3.67 

3 40.97 3.71 

4 41.94 3.74 

5 40.81 3.71 

6 41.69 3.73 

7 43.94 3.78 

8 42.63 3.75 

9 41.40 3.72 

10 42.39 3.75 

11 42.64 3.75 

12 42.83 3.76 

Distribution Normal Lognormal 

MIN 39.28 3.67 

MAX 43.94 3.78 

γ_m 1.5 

m_X 41.79 3.73 

s_X 1.22 0.03 

k_n   1.92 

V_X 0.03 0.01 

X_d  26.30 26.32 

 

  



Appendix C: Loads 
Permanent as well as variable loads acting on corner element A are determined. Loads acting on 

corner element A, for maximum overhang of the outer wall, are critical for the structural model.  

C1. Relevant dimensions 
Figure C1 shows the vertical structural scheme and horizontal section of corner element A. Relevant 

dimensions to determine loads are indicated in the schematizations with symbols which are 

elaborated in table C1. The specific values relate to the actual mock-up of corner element A. 

 

Figure C1 Schematization corner element A: vertical and horizontal sections 

Table C1 Relevant dimensions corner element A 

Outer wall 

Angle α = 7 ° = 0.12 rad 

Height outer wall H_ow = 3100 mm = 3.10 m 

Length outer wall L_ow = 3123 mm = 3.12 m 

Thickness outer wall T_ow =  70 mm = 0.07 m       

Inner wall 

Height inner wall H_iw = 3100 mm = 3.10 m 

Thickness inner wall T_iw =  70 mm = 0.07 m       

Insulation 

Thickness insulation T_in = 910 mm = 0.91 m       

Circumference walls (horizontally) 

Length element A L_A = 5390 mm = 5.39 m       

Roof 

Maximum span L_max =  
  

7.75 m 

Half maximum span 1/2* L_max =     3.88 m 

 



C2. Own weights 

C2.1. Walls 
The own weights of the walls of corner element A are taken from a Rhino model developed by 

Witteveen + Bos. The model itself calculates the mass of the whole element by multiplying the density 

of cement mortar with the volume of the element, according to equation C1. The density of 3D printed 

concrete is assumed to be ρ3D = 2120 kg/m3. The volumes of the bottom and upper part of element A 

are indicated in figure C2. The masses are elaborated in table C2. 

Equation C1 

𝑚 = 𝜌 ∗ 𝑉, where 

𝑚 = 𝑚𝑎𝑠𝑠 [𝑘𝑔] 

𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [
𝑘𝑔

𝑚3
] 

𝑉 = 𝑣𝑜𝑙𝑢𝑚𝑒 [𝑚3] 

  

Figure C2 Volumes bottom and top part corner element A 

Table C2 Masses corner element A 

Wall element bottom part   

Volume V_bot = 0.6 m^3 
    

Mass m_bot = 1282 kg = 12820 N 
  

 

Wall element upper part 

Volume V_up = 0.67 m^3 
    

Mass m_up = 1423 kg = 14230 N 
  

        

Total mass walls element A m_A = 
  

27050 N = 27.05 kN 

 

Line load 

For a 2D approach, the mass of wall element A is converted to a line load according to equation C2. 

The own weight of the wall element gradually increases from the top of the element to the bottom. 

The load at the bottom of the wall element is considered critical. For reasons of simplicity and to adopt 

a conservative load, this maximum load is applied at the top of the wall element as schematized in 

figure C3. The own weights of the corner element are elaborated in table C3.  

  



Equation C2 

𝑔𝐴,𝑚𝑎𝑥  =
𝑚𝐴

𝐿𝐴
, where 

𝑔𝐴,𝑚𝑎𝑥 = 𝑜𝑤𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝐴 𝑎𝑠 𝑎 𝑙𝑖𝑛𝑒 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝐴 [
𝑘𝑁

𝑚
] 

𝑚𝐴 = 𝑚𝑎𝑠𝑠 𝑐𝑜𝑟𝑛𝑒𝑟 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝐴 [𝑘𝑁] 

𝐿𝐴 = 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑤𝑎𝑙𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 [𝑚] 

 

Figure C3 Schematization introduction own weights corner element A 

Table C3 Own weights corner element A: line loads 

Inner wall    

Vertical component g_A, iw = g_A = 5.02 kN/m     

Outer wall    

Vertical component g_A, ow = g_A 5.02 kN/m 

 

Surface load 

For the connectors, which are not only distributed over the height of element A, but also over the 

width, a 3D approach for the mass of element A is required. The mass of element A is converted to a 

surface load according to equation C3. The load at the bottom of the wall element is considered 

critical, g’
A, max = 1.62 kN/m2. 

Equation C3 

𝑔′𝐴,𝑚𝑎𝑥  =
𝑚𝐴

(𝐿𝐴∗𝐻𝑜𝑤)
, where 

𝑔𝐴,𝑚𝑎𝑥
′ = 𝑜𝑤𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝐴 𝑎𝑠 𝑎 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝐴 [

𝑘𝑁

𝑚2
] 

𝑚𝐴 = 𝑚𝑎𝑠𝑠 𝑐𝑜𝑟𝑛𝑒𝑟 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝐴 [𝑘𝑁] 

𝐿𝐴 = 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑤𝑎𝑙𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 [𝑚] 

𝐻𝑜𝑤 = ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑢𝑡𝑒𝑟 𝑤𝑎𝑙𝑙 [𝑚] 



As described in paragraph 6.1.4, merely the tensional horizontal load the connectors, positioned in 

the outer wall, are subjected to are of importance. The own weight of the outer wall acting on the 

connectors is calculated as conservative as possible. The bottom connector which is maximum loaded 

is considered, as shown in figure C4. The horizontal component of the surface load is calculated 

according equation C4 and elaborated in table C4. 

Equation C4 

𝑔′𝐴,𝑜𝑤,ℎ𝑜𝑟  =  𝑇𝐴𝑁 𝛼 ∗  𝑔′𝐴,𝑚𝑎𝑥, where 

𝑔′𝐴,𝑜𝑤,ℎ𝑜𝑟 = ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑢𝑡𝑒𝑟 𝑤𝑎𝑙𝑙 [
𝑘𝑁

𝑚2
] 

𝑔𝐴,𝑚𝑎𝑥
′ = 𝑜𝑤𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝐴 𝑎𝑠 𝑎 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝐴 [

𝑘𝑁

𝑚2
] 

 

Figure C4 Own weight element A acting on connector 

Table C4 Own weight element A as surface load acting on connector 

Outer wall    

Horizontal component g'_A, ow, hor = -0.20 kN/m^2 

 

C2.2. Roof 
According to Solid Timber, a CLT panel for class A (dwellings) with a maximum span of 4.3 m consists 

of five layers, has a thickness of 130-5s, and an own weight of 52 kg/m2. According to houtinfo.nl, a 

roof finish for a flat wooden roof is 0.45 kN/m2. Table C5 elaborates the own weights of the roof and 

the roof finish. 

Table C5 Own weights roof and finish 

Roof      

CLT g_tim = 52 kg/m^2 =  0.52 kN/m^2       

Roof finish g_fin =      0.45 kN/m^2 

 

C2.3. Parapet 
The own weight of the parapet of element A is retrieved from the Rhino model. The model itself 

calculates the mass according equation C1. The volume of the parapet of element A is schematized in 

figure C5. The mass is elaborated in table C6. 



 

Figure C5 Volume parapet 

Table C6 Mass parapet 

Parapet element A 
       

Volume parapet V_par = 0.40 m^3 
    

Mass parapet m_par = 843.00 kg = 8430 N = 8.43 kN 

 

Line load 

The mass of the parapet of element A is converted to a line load according to equation C5 and 

elaborated in table C7. Figure C6 schematizes how the own weight of the parapet acts on the walls. 

Equation C5 

𝑔𝑝𝑎𝑟  =
𝑚𝑝𝑎𝑟

𝐿𝐴
, where 

𝑔𝑝𝑎𝑟 = 𝑙𝑖𝑛𝑒 𝑙𝑜𝑎𝑑 𝑜𝑤𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑝𝑎𝑟𝑎𝑝𝑒𝑡 [
𝑘𝑁

𝑚
] 

𝑚𝑝𝑎𝑟 = 𝑚𝑎𝑠𝑠 𝑝𝑎𝑟𝑎𝑝𝑒𝑡 [𝑘𝑁] 

𝐿𝐴 = 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑤𝑎𝑙𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 [𝑚] 

 

Figure C6 Schematization introduction own weight parapet 

  



Table C7 Own weights parapet as line loads 

Inner wall    

Vertical component g_par, iw = 1.56 kN/m 

    

Outer wall    

Vertical component g_par, ow = 1.56 kN/m 

 

Surface load 

For the connectors, the mass of the parapet, acting on the outer wall, is converted to a surface load 

according to equation C6.  

Equation C6 

𝑔′𝑝𝑎𝑟,𝑜𝑤  =
𝑚𝑝𝑎𝑟

(𝐿𝐴∗𝐻𝑜𝑤)
, where 

𝑔𝑝𝑎𝑟,𝑜𝑤
′ = 𝑜𝑤𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑝𝑎𝑟𝑎𝑝𝑒𝑡 𝑎𝑠 𝑎 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑙𝑜𝑎𝑑 [

𝑘𝑁

𝑚2
] 

𝑚𝑝𝑎𝑟 = 𝑚𝑎𝑠𝑠 𝑝𝑎𝑟𝑎𝑝𝑒𝑡 [𝑘𝑁] 

𝐿𝐴 = 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑤𝑎𝑙𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 [𝑚] 

𝐻𝑜𝑤 = ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑢𝑡𝑒𝑟 𝑤𝑎𝑙𝑙 [𝑚] 

 

The own weight of the parapet is via the outer wall acting on the connectors. The horizontal 

component of the surface load is calculated according equation C7 and elaborated in table C8. Figure 

C7 schematizes the weight of the parapet acting via the outer wall as a surface load horizontally on a 

connector.  

Equation C7 

𝑔′𝑝𝑎𝑟,𝑜𝑤,ℎ𝑜𝑟  =  𝑇𝐴𝑁 𝛼 ∗  𝑔′𝑝𝑎𝑟,𝑜𝑤, where 

𝑔′𝑝𝑎𝑟,𝑜𝑤,ℎ𝑜𝑟 = ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑙𝑜𝑎𝑑 𝑝𝑎𝑟𝑎𝑝𝑒𝑡 [
𝑘𝑁

𝑚2
] 

𝑔𝑝𝑎𝑟,𝑜𝑤
′ = 𝑜𝑤𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑝𝑎𝑟𝑎𝑝𝑒𝑡 𝑎𝑠 𝑎 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑙𝑜𝑎𝑑 [

𝑘𝑁

𝑚2
] 

 

Figure C7 Own weight parapet acting on connectors 

Table C8 Own weight parapet acting on connectors 

Outer wall    

Horizontal component g'_par, ow, hor = -0.06 kN/m^2 

 



C3. Snow 

Reference 

Conform NEN-EN 1991-1-3+C1 Eurocode 1: Actions on structures - Part 1-3: General actions - Snow 

loads, and NEN-EN 1991-1-3+C1/NB: National Annex to NEN-EN 1991-1-3+C1: Eurocode 1: Actions on 

structures - Part 1-3: General actions - Snow loads. 

Surface load 

The snow load on the roof is calculated and elaborated in table C9. 

Table C9 Snow load 

Snow load on roof    

s=μ_i*C_e*C_t*s_k 
  

Par. 5.2 (5.1)     

μ_i =  0.8 
 

Table 5.2 

C_e =  1 
 

Table 5.1 

C_t = 1 
 

Par. 5.2 (8) 

s_k = 0.7 kN/m^2 NB: Par. 4.1 

s = 0.56 kN/m^2   

 

C4. Wind 

Reference 

Conform NEN-EN 1991-1-4+A1+C2: Eurocode 1: Actions on structures - Part 1-4: General actions - 

Wind actions, and NEN-EN 1991-1-4+A1+C2/NB: National Annex to NEN-EN 1991-1-4+A1+C2: 

Eurocode 1: Actions on structures - Part 1-4: General actions - Wind actions. 

Surface load 

Determination of wind load is elaborated from table C10 to C12. The surface wind loads are elaborated 

in table C13 and a schematization is shown in figure C8. 

  



Table C10 Wind load 1 

Starting points 
   

Reference 

Terrain category III 
  

Table 4.1 

Wind area III 
  

Figure NB.1 

Fundamental value for basic wind speed v_b,0 =  24.5 m/s Table NB.1 

Basic wind speed v_b = c_dir * 
c_season * v_b,0 

  
Expression (4.1) 

 
c_dir = 1 

  

 
c_season = 1 

  

 
v_b = 24.5 m/s 

 

Orography factor c_0 = 1   A1 

     

Extreme pressure q_p (z) = 0.48 kN/m^2 Table NB.5 

Height h =  3.9 m 
 

Area III 
    

Urban environment         

     

Building factor c_s*c_d = 1   6.2(1)a) 

     

Reference height q_p (ze) = q_p (z)  h ≤ b z_e = h Figure 7.4      

Vertical façade of buildings with a rectangular plan paragraph 7.2.2.      

 
h =  3.9 m 

 

     

Wind on longest façade b = 10 m 
 

 
h ≤ b z_e = h 

 
Figure 7.4  

d = 7 m 
 

     

 
e = min(b; 2h) =  7.8 m Figure 7.5  
e ≥ d 

   

     

 
h/d = 0.56 

  

     

Wind on shortest façade b = 7 m 
 

 
h ≤ b z_e = h 

 
Figure 7.4  

d = 10 m 
 

     

 
e = min(b; 2h) = 7 m Figure 7.5  
e < d 

   

     

  h/d = 0.39     

 

  



Wind loads on structure - general wind effect 

For the global structure, the calculation procedure of ‘Wind loads on structures, for example for 

general wind effects’ is applied. Wind load F_w is calculated with pressure coefficients.  

Table C11 Wind load 2 

Pressure coefficient external pressure 
 

Reference 

Zone A B C D E Table NB.6 - 7.1 

c_pe, 10*: h/d ≤ 1 -1.2 -0.8 -0.5 0.8 -0.5 
 

*Global wind for whole building, loaded surfaces larger than 10 m2 therefore c_pe, 10 is considered 

h_p = 0.5 m 
  

 

h_p/h =  0.13 > 0.1 
 

Table NB.7 - 7.2      
 

Zone F G H I  

c_pe, 10: Parapets  -1.2 -0.8 -0.7 0.2  

        -0.2  

  

Positive internal pressure c_pi = 0.2    

Negative internal pressure c_pi = -0.3 

 

Wind pressure outside w_e = q_p (z_e) * c_pe = 

Zone A B C D E 

w_e [kN/m^2] -0.58 -0.38 -0.24 0.38 -0.24       

Zone F G H I 
 

w_e [kN/m^2] -0.58 -0.38 -0.34 0.10 
 

  
   

-0.10 
 

 

Positive wind pressure inside w_i = 0.096 [kN/m^2]     

Negative wind pressure inside w_i = -0.144 [kN/m^2] 

 

Netto wind pressure 
    

Situation a: positive internal pressure (Figure 5.1)       

Zone A B C D E 

w_net [kN/m^2] -0.67 -0.48 -0.34 0.29 -0.34       

Zone F G H I 
 

w_net [kN/m^2] -0.67 -0.48 -0.43 0.00 
 

        -0.19 
 

      

     
Situation b: negative internal pressure (Figure 5.1) 

Zone A B C D E 

w_net [kN/m^2] -0.43 -0.24 -0.10 0.53 -0.10       

Zone F G H I 
 

w_net [kN/m^2] -0.43 -0.24 -0.19 0.24 
 

        0.05 
 

 



The minimum netto wind pressure (wind suction) values acting on a façade (zone A) and on the roof 

(zone F) are indicated in red in table C11. The maximum netto wind pressure values on a façade (zone 

D) and on the roof (zone I) are indicated in blue.  

For wind on the shortest façade, zone A is the least wide. The width is e/5= 7/5= 1.4 meters (figure 

7.5). Since the width of the specimen is less than 1.4 meters, the minimum netto wind pressure value 

for zone A is applied.  

For wind on the roof, zone F is the least wide. The width is e/4= 7/4= 1.75 meters (figure 7.6). Since 

the width of the specimen is less, the minimum netto wind pressure value for zone F, considering the 

width, can be applied. However, for any load on the roof, half of the span of the roof is taken into 

account. Zone F is less long than half of the span. Zone F and zone H together form half of the span. 

Therefore, the average value for the netto wind pressure of zone F and H is applied.  

Wind pressure connectors 

For the connectors in combination with insulation material, the calculation procedure of ‘Wind 

pressure, for example for facing, connections, and structural parts’ is applied. The connectors are only 

situated in the facades (only zones A, B, C, D, E). 

Table C12 Wind load 3 

Pressure coefficient external pressure 
  

Zone A B C D E Table NB.6 - 7.1 

c_pe, 1*: h/d ≤ 1 -1.4 -1.1 -0.5 1 -0.5 
 

*Local wind for loaded surfaces smaller than 1 m2, therefore c_pe, 1 is considered 

Positive internal pressure c_pi = 0.2    

Negative internal pressure c_pi = -0.3 

 

Wind pressure outside w_e = q_p (z_e) * c_pe = 

Zone A B C D E 

w_e [kN/m^2] -0.67 -0.53 -0.24 0.48 -0.24 

 

Positive wind pressure inside w_i = 0.096 [kN/m^2]     

Negative wind pressure inside w_i = -0.144 [kN/m^2] 

 

Netto wind pressure 
    

Situation a: positive internal pressure (figure 5.1)       

Zone A B C D E 

w_net [kN/m^2] -0.77 -0.62 -0.34 0.38 -0.34       

     
Situation b: negative internal pressure (figure 5.1) 

Zone A B C D E 

w_net [kN/m^2] -0.53 -0.38 -0.10 0.62 -0.10 

 

  



Table C13 Surface wind loads 

Wind loads outer wall and roof 

Outer wall 
   

Horizontal component 
   

Wind pressure q_wi, p = 0.53 kN/m^2 

Wind suction q_wi, s = -0.67 kN/m^2     

Roof 
   

Wind pressure q_wi, p, ro = 0.24 kN/m^2 

Wind suction q_wi, s, ro = -0.55 kN/m^2 

    

Wind loads connectors    

Horizontal component    

Wind suction q_wi, conn = -0.77 kN/m^2 

 

 

Figure C8 Schematization surface wind loads outer wall 

 

C5. Permanent loads wall element A 
Table C14 shows an overview of all permanent loads acting on wall element A. 

Table C14 Permanent loads wall element A 

Roof     G_k, ro = -3.76 kN/m 

      
  

  

Outer wall  Vertical 
 

G_k, ow =  -5.02 kN/m 

      
  

  

Inner wall Vertical 
 

G_k, iw = -5.02 kN/m 

      
  

  

Parapet Outer wall Vertical G_k, ow, par = -1.56 kN/m 

  Inner wall Vertical G_k, iw, par = -1.56 kN/m 

 

  



C6. Variable loads wall element A 
Table C15 shows an overview of all variable loads acting on wall element A. 

Table C15 Variable loads wall element A 

Service roof 
 

  q_k, se =  -1.00 kN/m^2 

  
 

  Q_k, se =  -3.88 kN/m 

  
 

  
  

  

Wind suction roof 
 

  q_k, wsr =  0.55 kN/m^2 

  
 

  Q_k, wsr =  2.14 kN/m 

Wind pressure roof 
 

  q_k, wpr =  -0.24 kN/m^2 

  
 

  Q_k, wpr =  -0.93 kN/m 

  
 

  
  

  

Snow roof 
 

  q_k, sn = -0.56 kN/m^2 

  
 

  Q_k, sn = -2.17 kN/m 

  
 

  
  

  

Wind suction outer wall Vertical   q_k, ws, par = 0.67 kN/m^2 

Wind pressure outer wall Vertical   q_k, wp, par = -0.53 kN/m^2 

 

C7. Permanent loads connectors 
Table C16 shows an overview of all tensional permanent loads acting on the most critical connector.  

Table C16 Permanent loads connectors 

Outer wall Horizontal Bottom outer wall g'_A, ow, hor, conn = 0.20 kN/m^2 

      
  

  

Parapet Horizontal Outer wall g'_par, ow, hor, conn = 0.06 kN/m^2 

 

C8. Variable loads connectors 
Table C17 shows an overview of the tensional variable loads acting on the connectors. 

Table C17 Variable loads connectors 

Wind suction outer wall Horizontal 
 

q_k, wsc, per = 0.77 kN/m^2 
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https://houtinfo.nl/node/70
https://www.solidtimber.nl/clt-producten/clt-panelen/


Appendix D: Material properties insulation material 

D1. Insulation material 1: Foam-iT! 

D1.1. Flexural properties 

D1.1.1. Experimental determination of characteristic flexural properties 

Reference 

Conform NEN-ISO 1209-2 (en) Rigid cellular plastics - Determination of flexural properties - Part 2: 

Determination of flexural strength and apparent flexural modulus of elasticity (ISO 1209-2:2007,IDT) 

Date of tests 

24-5-2019 

Material 

The material concerns a two-component water blown rigid foam, FOAM-iT! from manufacturer 

Smooth-On. The material has a density of 5lb. per cubic foot. FOAM-iT! consists of parts A and B which 

have to be measured and mixed in equal amounts of volume. The mixture, which can be handled for 

20 minutes is poured into a mold, cures in two hours and expands ten times of its original volume. 

Specimens 

Conditioning procedure 

The test specimens are conditioned for more than six hours under the conditions under which tests 

are carried out. 

Dimensions 

The length of the specimens is L = 300 mm, the width is B = 50 mm, the height is H = 20 mm. The 

specimens are sawn with a band saw. 

Amount of specimens 

7 specimens 

Test set-up 

The testing machine is an Instron 5967 with a 30 kN load cell. The test is displacement controlled. The 

tests are carried out under laboratory conditions. The test set-up is shown in figure D1 and concerns 

a three-point bending test. The span between support edges is 250 mm. The speed of the loading edge 

is 20 mm/min. Anisotropy is not considered with respect to the application of the force. 

 

Figure D1 Test setup 3-point bending test 



Results 

The load – vertical displacement graphs for all 7 specimens are shown in the graphs of figure D2. The 

specimens after testing are shown in figure D3. 

 

Figure D2 Load – vertical displacement graphs 3-point bending test Foam-iT! 

 

Figure D3 Specimens 3-point bending test Foam-iT! after testing 

 

The flexural strength, R, for any specimen is calculated according equation D1. The apparent flexural 

modulus of elasticity, E, for any specimen is calculated according equation D2. The characteristic 

flexural properties of Foam-iT! are elaborated in table D1. 

Equation D1 

𝑅 = 1,5 𝐹𝑅 ∗
𝐿

𝑏𝑑2, where 

𝑅 = 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ [𝑀𝑃𝑎] 

𝐹𝑅 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑓𝑜𝑟𝑐𝑒 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 [𝑁] 

𝐿 = 𝑠𝑝𝑎𝑛 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 𝑒𝑑𝑔𝑒𝑠 [𝑚𝑚] 

𝑏 = 𝑡𝑒𝑠𝑡 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑤𝑖𝑑𝑡ℎ [𝑚𝑚] 

𝑑 = 𝑡𝑒𝑠𝑡 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 [𝑚𝑚] 
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Equation D2 

𝐸 =
𝐿3

4𝑏𝑑3
∗

𝐹𝑡

𝑥𝑡
 

𝐸 = 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 [𝑀𝑃𝑎] 

𝐹𝑡 = 𝑓𝑜𝑟𝑐𝑒 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑥𝑡  [𝑁] 

𝑥𝑡 = 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 [𝑚𝑚] 

Table D1 Characteristic flexural properties Foam-iT! 

Specimen F_R R E 

[N] [Mpa] [Mpa] 

1 50.34 0.94 19.10 

2 41.85 0.78 18.23 

3 49.61 0.93 19.53 

4 56.33 1.06 21.97 

5 48.17 0.90 19.10 

6 66.01 1.24 30.31 

7 87.02 1.63 35.16 

MIN 41.85 0.78 18.23 

AVE 57.05 1.07 23.34 

 

D1.1.2. Determination design flexural properties 

The design flexural properties of Foam-iT! are determined separately by static valuation of a single 

property as elaborated in paragraph B1.2.  

A material factor, γm of 2 is applied to take into account the innovative nature of the application of the 

insulation material in a structural manner. The results for the design flexural strength and apparent 

flexural modulus of elasticity of Foam-iT! are elaborated in table D2. 

Table D2 Design flexural properties Foam-iT! 

 f_flex, i, d E_flex, i, d 

[MPa] [MPa] 

n xi LN(xi) xi LN(xi) 

1 0.94 -0.06 19.10 2.95 

2 0.78 -0.24 18.23 2.90 

3 0.93 -0.07 19.53 2.97 

4 1.06 0.05 21.97 3.09 

5 0.90 -0.10 19.10 2.95 

6 1.24 0.21 30.31 3.41 

7 1.63 0.49 35.16 3.56 

Distribution Normal Lognormal Normal Lognormal 

MIN 0.78 -0.24 18.23 2.90 

MAX 1.63 0.49 35.16 3.56 

γ_m 2.00 

m_X 1.07 0.04 23.34 3.12 

s_X 0.29 0.24 6.67 0.26 

k_n 2.18 

V_X 0.27 6.01 0.29 0.08 

X_d  0.22 0.31 4.40 6.42 

 



D1.2. Compressive properties 

D1.2.1. Experimental determination of compressive properties 

Reference 

Conform BS EN 826:2013 Thermal insulating products for building applications - Determination of 

compression behaviour 

Date of tests 

27-5-2019 

Material 

Elaborated in paragraph D1.1.1. 

Specimens 

Conditioning procedure 

Elaborated in paragraph D1.1.1. 

Dimensions 

The length of the specimens is L = 50 mm, the width is B = 50 mm, the height is H = 50 mm. The 

specimens are sawn with a band saw. 

Amount of specimens 

8 specimens 

Test set-up 

The testing machine is an Instron 5967 with a 5 kN load cell. The test is displacement controlled. The 

tests are carried out under laboratory conditions. The test set-up is shown in figure D4 and concerns 

a compression test. The speed of the loading edge is 5 mm/min. The specimen is preloaded with a 

pressure of (250 ± 10) Pa. Taking into account the area of 2500 mm2 of the specimens, the pressure 

matches a preload of F = 0.63 N. Anisotropy is not considered with respect to the application of the 

force. 

 

Figure D4 Test setup compression test 

Results 

The load – vertical displacement graphs for all 8 specimens are shown in the graphs of figure D5. 



 

Figure D5 Load – vertical displacement graphs 3-point bending test Foam-iT! 

 

The compressive strength, σm, for any specimen is calculated according equation D3. The characteristic 

compressive properties of Foam-iT! are shown in table D3. 

Equation D4 

𝜎𝑚 =
𝐹𝑚

𝐴0
, where 

𝜎𝑚 = 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ [𝑀𝑃𝑎] 

𝐹𝑚 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑓𝑜𝑟𝑐𝑒 [𝑁] 

𝐴0 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 [𝑚𝑚2] 

Table D3 Characteristic compressive properties Foam-iT! 

Specimen F_m σ_m 

[N] [MPa] 

1 2379.79 0.95 

2 1750.45 0.70 

3 1696.61 0.68 

4 2388.27 0.96 

5 1713.95 0.69 

6 1738.43 0.70 

7 2638.19 1.06 

8 2615.28 1.05 

MIN 1696.61 0.68 

AVE 2115.12 0.85 

 

D1.2.2. Determination design compressive properties 

The design compressive properties of Foam-iT! are determined separately by static valuation of a 

single property as elaborated in paragraph B1.2. The results for the design compressive strength of 

Foam-iT! are elaborated in table D4. 
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Table D4 Design compressive properties Foam-iT! 

 f_comp, i, d 

[MPa] 

n xi LN(xi) 

1 0.95 -0.05 

2 0.70 -0.36 

3 0.68 -0.39 

4 0.96 -0.04 

5 0.69 -0.37 

6 0.70 -0.36 

7 1.06 0.06 

8 1.05 0.05 

Distribution Normal Lognormal 

MIN 0.68 -0.39 

MAX 1.06 0.06 

γ_m 2.0 

m_X 0.85 -0.18 

s_X 0.17 0.20 

k_n 2.00 

V_X 0.20 -1.11 

X_d  0.25 0.28 

 

  



D2. Insulation material 2: Pur’fect Plus via Technisol 

D2.1. Flexural properties 

D2.1.1. Experimental determination of characteristic flexural properties 

Reference 

Elaborated in paragraph D1.1.1. 

Date of tests 

1-7-2019 

Material 

The material concerns a polyurethane foam (PU-foam) which in its cured phase is a reaction product 

of a polyol and a isocyanate component. The material has a closed cell structure. None of the 

specimens contain skins or facings. The supplier is Technisol Supplies bv.  

Specimens 

Conditioning procedure 

The test specimens are conditioned for more than six hours under the conditions under which tests 

are carried out. 

Dimensions 

Elaborated in paragraph D1.1.1. The specimens arrived at the laboratory with these dimensions. 

Amount of specimens 

9 specimens 

Test set-up 

Elaborated in paragraph D1.1.1. 

Results 

The load – vertical displacement graphs for all 9 specimens are shown in the graphs of figure D6. The 

specimens after testing are shown in figure D7. 

 

Figure D6 Load – vertical displacement graphs 3-point bending test Foam-iT! 

0

5

10

15

20

25

0 10 20 30 40 50

Lo
ad

 [
N

]

Vertical displacement [mm]

Load - vertical displacement
3-point bending test

Pur'fect Plus via Technisol



 

Figure D7 Specimens after testing 

 

The flexural strength, R, for any specimen is calculated according equation D1. The apparent flexural 

modulus of elasticity, E, for any specimen is calculated according equation D2. The characteristic 

flexural properties of Pur’fect Plus via Technisol are elaborated in table D5. 

Table D5 Characteristic flexural properties Pur’fect Plus via Technisol 

Specimen F_R R E 

[N] [Mpa] [Mpa] 

1 22.41 0.42 10.61 

2 22.46 0.42 9.77 

3 22.28 0.42 10.61 

4 22.08 0.41 10.61 

5 22.05 0.41 9.77 

6 22.29 0.42 10.61 

7 22.08 0.41 10.61 

8 22.19 0.42 10.61 

9 22.31 0.42 10.61 

MIN 22.05 0.41 9.77 

AVE 22.24 0.42 10.43 

  

D2.1.2. Determination design flexural properties 

The design flexural properties of Pur’fect Plus via Technisol are determined separately by static 

valuation of a single property as elaborated in paragraph B1.2. The results for the design flexural 

strength and apparent flexural modulus of elasticity are elaborated in table D6. 

  



Table D6 Design flexural properties Pur’fect Plus via Technisol 

 f_flex, i, d E_flex, i, d 

[MPa] [MPa] 

n xi LN(xi) xi LN(xi) 

1 0.42 -0.87 10.61 2.36 

2 0.42 -0.86 9.77 2.28 

3 0.42 -0.87 10.61 2.36 

4 0.41 -0.88 10.61 2.36 

5 0.41 -0.88 9.77 2.28 

6 0.42 -0.87 10.61 2.36 

7 0.41 -0.88 10.61 2.36 

8 0.42 -0.88 10.61 2.36 

9 0.42 -0.87 10.61 2.36 

Distribution Normal Lognormal Normal Lognormal 

MIN 0.41 -0.88 9.77 2.28 

MAX 0.42 -0.86 10.61 2.36 

γ_m 2.00 

m_X 0.42 -0.87 10.43 2.34 

s_X 0.00 0.01 0.37 0.04 

k_n 2.00 

V_X 0.01 -0.01 0.04 0.02 

X_d  0.21 0.21 4.84 4.84 

 

D2.2. Compressive properties 

D2.2.1. Experimental determination of compressive properties 

Reference 

Elaborated in paragraph D1.2.1. 

Date of tests 

1-7-2019 

Material 

Elaborated in paragraph D1.2.1. 

Specimens 

Conditioning procedure 

Elaborated in paragraph D2.1.1. 

Dimensions 

Elaborated in paragraph D1.2.1. The specimens arrived at the laboratory with these dimensions. 

Amount of specimens 

9 specimens 

Test set-up 

Elaborated in paragraph D1.2.1. 

Results 

The load – vertical displacement graphs for all 9 specimens are shown in the graphs of figure D8. The 

specimens after testing are shown in figure D9. 



 

Figure D8 Load – vertical displacement graphs compressive test Pur’fect Plus via Technisol 

 

Figure D9 Specimens compression test Pur’fect Plus after testing 

 

The compressive strength, σm, for any specimen is calculated according equation D4. The characteristic 

compressive properties of Pur’fect Plus via Technisol are elaborated in table D7. 

Table D7 Characteristic compressive properties Pur’fect Plus via Technisol 

Specimen F_m σ_m 

[N] [MPa] 

1 475.62 0.19 

2 558.25 0.22 

3 298.33 0.12 

4 476.39 0.19 

5 452.64 0.18 

6 331.59 0.13 

7 591.70 0.24 

8 448.33 0.18 

9 444.25 0.18 

MIN 298.33 0.12 

AVE 453.01 0.18 
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D2.2.2. Determination design compressive properties 

The design compressive properties of Pur’fect Plus via Technisol are determined separately by static 

valuation of a single property as elaborated in paragraph B1.2. The results for the design compressive 

strength of Pur’fect Plus via Technisol are elaborated in table D8. 

Table D8 Design compressive properties Pur’fect Plus via Technisol 

 f_comp, i, d 

[MPa] 

n xi LN(xi) 

1 0.19 -1.66 

2 0.22 -1.50 

3 0.12 -2.13 

4 0.19 -1.66 

5 0.18 -1.71 

6 0.13 -2.02 

7 0.24 -1.44 

8 0.18 -1.72 

9 0.18 -1.73 

Distribution Normal Lognormal 

MIN 0.12 -2.13 

MAX 0.24 -1.44 

γ_m 2.0 

m_X 0.18 -1.73 

s_X 0.04 0.22 

k_n 2.00 

V_X 0.21 -0.13 

X_d  0.05 0.06 

 

  



D3. Insulation material 3: Pur’fect Plus via Isolatie.com 

D3.1. Flexural properties 

D3.1.1. Experimental determination of characteristic flexural properties 

Reference 

Elaborated in paragraph D1.1.1. 

Date of tests 

25-9-2019 

Material 

The material concerns a polyurethane foam (PU-foam) which in its cured phase is a reaction product 

of a polyol and a isocyanate component. The material has an open cell structure. None of the 

specimens contain skins or facings. The supplier is Isolatie.com. 

Specimens 

Conditioning procedure 

The test specimens are conditioned for more than six hours under the conditions under which tests 

are carried out. 

Dimensions 

Elaborated in paragraph D1.1.1. The specimens are sawn with a band saw. 

Amount of specimens 

7 specimens 

Test set-up 

Elaborated in paragraph D1.1.1. 

Results 

The load – vertical displacement graphs for all 7 specimens are shown in the graphs of figure D10. The 

specimens after testing are shown in figure D11. 

 

Figure D10 Load – vertical displacement graphs 3-point bending test Pur’fect Plus via Isolatie.com 
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Figure D11 Specimens 3-point bending test Pur’fect Plus via Isolatie.com after testing 

 

Failure is not perceived for any of the specimens. The tests were stopped when the test set-up was 

not sufficient any more. The test procedure is not sufficient to determine the flexural properties of 

Pur’fect Plus with an open cell structure. 

D3.2. Compressive properties 

D3.2.1. Experimental determination of compressive properties 

Reference 

Elaborated in paragraph D1.2.1.  

Date of tests 

25-9-2019 

Material 

Elaborated in paragraph D3.1.1.  

Specimens 

Conditioning procedure 

Elaborated in paragraph D3.1.1.  

Dimensions 

Elaborated in paragraph D1.2.1. The specimens are sawn with a band saw. 

Amount of specimens 

9 specimens 

Test set-up 

Elaborated in paragraph D1.2.1.  

Results 

The load – vertical displacement graphs for all 9 specimens are shown in the graphs of figure D12. The 

specimens after testing are shown in figure D13. 



 

Figure D12 Load – vertical displacement graphs compression test Pur’fect Plus via Isolatie.com 

 

Figure D13 Specimens compression test Pur’fect Plus via Isolatie.com after testing 

The compressive stress corresponding to 10% strain, σ10, for any specimen is calculated according 

equation D5. The characteristic compressive properties of Pur’fect Plus via Isolatie.com are elaborated 

in table D9. 

Equation D5 

𝜎10 =
𝐹10

𝐴0
, where 

𝜎10 = 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 𝑎𝑡 10% 𝑠𝑡𝑟𝑎𝑖𝑛 [𝑀𝑃𝑎] 

𝐹10 = 𝑖𝑠 𝑡ℎ𝑒 𝑓𝑜𝑟𝑐𝑒 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑎 𝑠𝑡𝑟𝑎𝑖𝑛 𝑜𝑓 10 % [𝑁] 

𝐴0 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 [𝑚𝑚2] 
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Table D9 Characteristic compressive properties Pur’fect Plus via Technisol 

Specimen F_10 σ_10 

[N] [MPa] 

1 23.38 0.01 

2 38.74 0.02 

3 31.43 0.01 

4 33.06 0.01 

5 36.31 0.01 

6 33.70 0.01 

7 38.60 0.02 

8 33.73 0.01 

9 46.32 0.02 

MIN 23.38 0.01 

AVE 35.03 0.01 

 

D3.2.2. Determination design compressive properties 

The design compressive properties of Pur’fect Plus via Technisol are not determined since the test 

procedure turned out to not be sufficient for the type of material. 

 

 

  



  



Appendix E: Insulation material – bending 
The influence of a connector ‘pulling’ the insulation material on flexural stresses in the insulation 

material is determined. A simple three-dimensional numerical model of a ‘plate’ of insulation material 

is developed in the finite element analysis software Abaqus.  

Input 

Part 

Modelling space: 3D 

Type: deformable 

2D schematizations of the part, insulation material, are shown in figure E1.  

 

Figure E1A Side view insulation material, B Top view insulation material 

Material 

Material behaviour: Elastic, isotropic 

Young’s modulus: 4.40 

Section 

Shell, homogeneous 

Mesh 

S4R:  A 4-node doubly curved thin or thick shell, reduced integration, hourglass control, finite 

membrane strains 

Size: 45 

Distribution of the mesh over the part, insulation material, is shown in figure E2. 

 

Figure E2 Mesh 



Output 

For a plate of size: 556*556 mm2, loaded by a point load, F = 0.46 kN, mises’ stresses are schematized 

in figure E3 and vertical deformations in figure E4. For a plate of size: 709*709 mm2, loaded by a point 

load, F = 0.75 kN, mises’ stresses are schematized in figure E5 and vertical deformations in figure E6.  

 

Figure E3 Mises’ stresses plate 556*556 mm2 

 

Figure E4 Vertical displacement plate 556*556 mm2 

 

Figure E5 Mises’ stresses plate 709*709 mm2 

 

Figure E6 Vertical displacement plate 709*709 mm2 

  



Appendix F: Load combinations – reactions 
Loads, as determined in appendix C are combined into load combinations and elaborated in tables. 

The loads are expressed as line loads (load per unit length) since a 3D structure is converted to a 2D 

structural model.  

F1. Load combination 1.1 – reactions 
Load combination 1.1 is elaborated in table F1. The reactions of the structural model to load 

combination 1.1 are visualized in table F2.  

Table F1 Load combination 1.1 

Load combination 1.1 

   n_k q_k γ n_d q_d 

Inner wall   [kN/m] [kN/m^2] [-] [kN/m] [kN/m^2] 

Own weight Maximum -5.02 0.00 1.35 -6.78 0.00 

Parapet   -1.56 0.00 1.35 -2.11 0.00 

Roof   -3.76 0.00 1.35 -5.07 0.00 

Service roof   -3.88 0.00 1.50 -5.81 0.00 

Total   -14.22 0.00   -19.77 0.00 

Outer wall             

Own weight Maximum -5.02 0.00 1.35 -6.78 0.00 

Parapet Maximum -1.56 0.00 1.35 -2.11 0.00 

Wind suction   0.00 0.67 1.50 0.00 1.01 

Total    -6.58 0.67   -8.89 1.01 

 

  



Table F2 Reactions to load combination 1.1 

Reactions – Load combination 1.1 

Outer wall 

Load combination N-line V-line M-line Reaction forces 

 

   

 
Inner wall A 

 

   

 
Inner wall B 

 

   

 



F2. Load combination 1.2. – reactions 
Load combination 1.2 is elaborated in table F3. The reactions of the structural model to load 

combination 1.2 are visualized in table F4.  

Table F3 Load combination 1.2 

Load combination 1.2. 

   n_k q_k γ n_d q_d 

Inner wall   [kN/m] [kN/m^2] [-] [kN/m] [kN/m^2] 

Own weight Maximum -5.02 0.00 0.90 -4.52 0.00 

Parapet   -1.56 0.00 0.90 -1.41 0.00 

Roof   -3.76 0.00 0.90 -3.38 0.00 

Service roof   -3.88 0.00 1.50 -5.81 0.00 

Total   -14.22 0.00   -15.12 0.00 

Outer wall             

Own weight Maximum -5.02 0.00 0.90 -4.52 0.00 

Parapet Maximum -1.56 0.00 0.90 -1.41 0.00 

Wind suction   0.00 0.67 1.50 0.00 1.01 

Total    -6.58 0.67   -5.92 1.01 

 

  



Table F4 Reactions to load combination 1.2 

Reactions – Load combination 1.2 

Outer wall 

Load combination N-line V-line M-line Reaction forces 

 

   

 
Inner wall A 

 

   

 
Inner wall B 

 

   

 



F3. Load combination 2.1 - reactions 
Load combination 2.1 is elaborated in table F5. The reactions of the structural model to load 

combination 2.1 are visualized in table F6.  

Table F5 Load combination 2.1 

Load combination 2.1. 

   n_k q_k γ n_d q_d 

Inner wall   [kN/m] [kN/m^2] [-] [kN/m] [kN/m^2] 

Own weight Maximum -5.02 0.00 1.35 -6.78 0.00 

Parapet   -1.56 0.00 1.35 -2.11 0.00 

Roof   -3.76 0.00 1.35 -5.07 0.00 

Service roof   -3.88 0.00 1.50 -5.81 0.00 

Total   -14.22 0.00   -19.77 0.00 

Outer wall             

Own weight Maximum -5.02 0.00 1.35 -6.78 0.00 

Parapet Maximum -1.56 0.00 1.35 -2.11 0.00 

Wind pressure   0.00 -0.53 1.50 0.00 -0.80 

Total    -6.58 -0.53   -8.89 -0.80 

 

  



Table F6 Reactions to load combination 2.1 

Reactions – Load combination 2.1. 

Outer wall 

Load combination N-line V-line M-line Reaction forces 

 

   

 
Inner wall A 

 

   

 
Inner wall B 

 

   

 



F4. Load combination 2.2 - reactions 
Load combination 2.2 is elaborated in table F7. The reactions of the structural model to load 

combination 2.2 are visualized in table F8.  

Table F7 Load combination 2.2 

Load combination 2.2. 

 Inner wall 

n_k q_k γ n_d q_d 

[kN/m] [kN/m^2] [-] [kN/m] [kN/m^2] 

Own weight Maximum -5.02 0.00 0.90 -4.52 0.00 

Parapet   -1.56 0.00 0.90 -1.41 0.00 

Roof   -3.76 0.00 0.90 -3.38 0.00 

Service roof   -3.88 0.00 1.50 -5.81 0.00 

Total   -14.22 0.00   -15.12 0.00 

Outer wall             

Own weight Maximum -5.02 0.00 0.90 -4.52 0.00 

Parapet Maximum -1.56 0.00 0.90 -1.41 0.00 

Wind pressure   0.00 -0.53 1.50 0.00 -0.80 

Total    -6.58 -0.53   -5.92 -0.80 

 

  



Table F8 Reactions to load combination 2.2 

Reactions – Load combination 2.2. 

Outer wall 

Load combination N-line V-line M-line Reaction forces 

 

   

 
Inner wall A 

 

   

 
Inner wall B 

 

   

 



F5. Load combination 3.1. – reactions 
Load combination 3.1 is elaborated in table F9. The reactions of the structural model to load 

combination 3.1 are visualized in table F10.  

Table F9 Load combination 3.1 

Load combination 3.1. 

   n_k q_k γ n_d q_d 

Inner wall   [kN/m] [kN/m^2] [-] [kN/m] [kN/m^2] 

Own weight Maximum -5.02 0.00 1.35 -6.78 0.00 

Parapet   -1.56 0.00 1.35 -2.11 0.00 

Roof   -3.88 0.00 1.35 -5.23 0.00 

Wind suction roof   2.14 0.00 1.50 3.21 0.00 

Total   -8.32 0.00   -10.91 0.00 

Outer wall             

Own weight Maximum -5.02 0.00 1.35 -6.78 0.00 

Parapet Maximum -1.56 0.00 1.35 -2.11 0.00 

Wind suction   0.00 0.67 1.50 0.00 1.01 

Total    -6.58 0.67   -8.89 1.01 

 

  



Table F10 Reactions to load combination 3.1 

Reactions – Load combination 3.1 

Outer wall 

Load combination N-line V-line M-line Reaction forces 

 

   

 
Inner wall A 

 

   

 
Inner wall B 

 

   

 



F6. Load combination 3.2. – reactions 
Load combination 3.2 is elaborated in table F11. The reactions of the structural model to load 

combination 3.2 are visualized in table F12.  

Table F11 Load combination 3.2 

Load combination 3.2 

   n_k q_k γ n_d q_d 

Inner wall   [kN/m] [kN/m^2] [-] [kN/m] [kN/m^2] 

Own weight Maximum -5.02 0.00 0.90 -4.52 0.00 

Parapet   -1.56 0.00 0.90 -1.41 0.00 

Roof   -3.88 0.00 0.90 -3.49 0.00 

Wind suction roof   2.14 0.00 1.50 3.21 0.00 

Total   -8.32 0.00   -6.20 0.00 

Outer wall             

Own weight Maximum -5.02 0.00 0.90 -4.52 0.00 

Parapet Maximum -1.56 0.00 0.90 -1.41 0.00 

Wind suction   0.00 0.67 1.50 0.00 1.01 

Total    -6.58 0.67   -5.92 1.01 

 

  



Table F12 Reactions to load combination 3.2 

Reactions – Load combination 3.2 

Outer wall 

Load combination N-line V-line M-line Reaction forces 

 

   

 
Inner wall A 

 

   

 
Inner wall B 

 

   

 



F7. Load combination 4.1. – reactions 
Load combination 4.1 is elaborated in table F13. The reactions of the structural model to load 

combination 4.1 are visualized in table F14.  

Table F13 Load combination 4.1 

Load combination 4.1 

   n_k q_k γ n_d q_d 

Inner wall   [kN/m] [kN/m^2] [-] [kN/m] [kN/m^2] 

Own weight Maximum -5.02 0.00 1.35 -6.78 0.00 

Parapet   -1.56 0.00 1.35 -2.11 0.00 

Roof   -3.88 0.00 1.35 -5.23 0.00 

Wind suction roof   2.14 0.00 1.50 3.21 0.00 

Total   -8.32 0.00   -10.91 0.00 

Outer wall             

Own weight Maximum -5.02 0.00 1.35 -6.78 0.00 

Parapet Maximum -1.56 0.00 1.35 -2.11 0.00 

Wind pressure   0.00 -0.53 1.50 0.00 -0.80 

Total    -6.58 -0.53   -8.89 -0.80 

 

  



Table F14 Reactions to load combination 4.1 

Reactions – Load combination 4.1 

Outer wall 

Load combination N-line V-line M-line Reaction forces 

 

   

 
Inner wall A 

 

   

 
Inner wall B 

 

   

 



F8. Load combination 4.2. – reactions 
Load combination 4.2 is elaborated in table F15. The reactions of the structural model to load 

combination 4.2 are visualized in table F16.  

Table F15 Load combination 4.2 

Load combination 4.2. 
   n_k q_k γ n_d q_d 

Inner wall   [kN/m] [kN/m^2] [-] [kN/m] [kN/m^2] 

Own weight Maximum -5.02 0.00 0.90 -4.52 0.00 

Parapet   -1.56 0.00 0.90 -1.41 0.00 

Roof   -3.88 0.00 0.90 -3.49 0.00 

Wind suction roof   2.14 0.00 1.50 3.21 0.00 

Total   -8.32 0.00   -6.20 0.00 

Outer wall             

Own weight Maximum -5.02 0.00 0.90 -4.52 0.00 

Parapet Maximum -1.56 0.00 0.90 -1.41 0.00 

Wind pressure   0.00 -0.53 1.50 0.00 -0.80 

Total    -6.58 -0.53   -5.92 -0.80 

 

  



Table F16 Reactions to load combination 4.2 

Reactions – Load combination 4.2 

Outer wall 

Load combination N-line V-line M-line Reaction forces 

 

   

 
Inner wall A 

 

   

 
Inner wall B 

 

   

 



Appendix G: Mock-up 
G1. Materials 

3D-printed concrete 

Elaborated in paragraph 9.1. 

Low shrinkage mortar 

For mounting of the top part to the bottom part of element A, Weber.tec KVM 738 (K70 – 2 mm) is 

applied, supplied by Saint-Gobain Weber Beamix. The material concerns a low shrinkage thixotropic 

seam filling mortar for which direct spontaneous adhesion is guaranteed. 

Connectors 

The connectors are produced by Van Wijnen and supplied in packages as shown in figure G1. The 

specifications of the connectors are elaborated in paragraph 6.1.1. 

 

Figure G1 Package of connectors 

Insulation material 

Pur’fect Plus, supplied by Isolatie.com is applied in the mock-up. The specifications are elaborated in 

paragraph 12.6.2. 

G2. Production mock-up 

Geometry 

A 3D parametric model of corner element type A is developed by Witteveen+Bos by means of the 3D 

programming language Grasshopper within the 3D rendering software Rhinoceros. The fixed script of 

the 3D model is converted to a G-code. The G-code is directly implemented by the 3D concrete printer. 

A layer width of 70 mm is scripted.  

Placement connectors 

As calculated in paragraph 6.1.6, the center to center distance of connectors taking into account the 

insulation material Pur’fect Plus via Technisol should be 709 mm. The elaboration of the intended 

placement of connectors on the inside of the mock-up is shown in figure G2. Seven layers of 

connectors are positioned over the height of the element with a center to center distance of 440 mm. 

The layers of connectors over the height are placed jump wise.   



 

Figure G2 Placement connectors – element A – mock-up 

 

In practice, the lengths of the inside of the inner wall as well as the outer wall are not as perfect as 

schematized in figure G2 since none of the lines in the mock-up is straight. The placement of 

connectors deviates a little. An extensive print report is elaborated in paragraph G3 where these 

deviations are described. 

Printing facility  

The mock-up is printed in the 3DCP setup of the Eindhoven University of Technology (TU/e). The setup 

contains a 4 degree of freedom (DOF) gantry robot in combination with an M-Tec Duomix 2000 mixer-

pump and linear displacement pump. A tank of 1000L is filled with a mixture of tap water and 

accelerator, sufficient for one print, before printing. The tank is directly connected to the pump by a 

water hose. To preserve sufficient pressure on the hose, the tank is positioned on a steel frame at 

sufficient height from the ground. The pump feeds mortar through a Ø1 inch hose with a length of 10 

m to the nozzle. The nozzle is rectangular and produces layers of 70 mm wide and 11.5 mm high. 

For relatively long prints (time), the pump device builds up heat to an extend the device stops 

unannounced. If that happens, a print is disturbed and possibly damaged. The exact same coordinate 

of the nozzle of where the print was disturbed has to be found before the mortar has hardened too 

much for the layers to bond sufficiently. Besides, mortar in the hose and nozzle start hardening. To 

prevent these features to occur, during printing, stops are intercalated in the script. The whole system 

is cleaned. The stops during printing of the mock-up are elaborated in paragraph G3.  

Time line 

Printing mould structural floor: 21-05-2019 

On 21-05-2019, the mould for the structural floor is printed on two layers of plastic on the print bed, 

as shown in figure G3. The mould contains 18 layers of 70 mm wide and 11.5 mm high, which results 

in a total height of approximately 200 mm. During printing, the mortar is sprayed with curing 

compound. After printing, the mould is covered with plastic. 

 



 
Figure G3 Printing mould structural floor 

Positioning reinforcement plus pouring concrete structural floor: 23-05-2019 

On 23-05-2019 in the morning, reinforcement and bolt holes are positioned within the mould at 

required height as shown in figure G4A. The reinforcement plan is designed and calculated by 

Witteveen+Bos, execution is done by Van Wijnen. In the afternoon, concrete is poured in the mould 

and compacted, as shown in figure G4B. Finally, the surface of the floor is evened with the robot arm, 

as shown in G4C. 

   

Figure G4A Positioning reinforcement and bolt holes in structural floor, B Pouring and compacting concrete structural floor, C 

Evening top surface structural floor 

Printing bottom part corner element A: 24-06-2019 

Two layers of plastic are span over the structural floor. The print path is set on the floor. The bottom 

part of corner element A is printed on the plastic, as shown in figure G5A. After a layer is printed 

wherein connectors must be placed, the printer deviates from the print path for a while, while the 

pump pursues to function. This way, the connectors can be placed safely and accurately. The 

connectors are pushed into the mortar at the required positions as shown in figure G5B down to a 

depth of at least two underlying layers. This way, the nozzle does not touch the steel in the next layer 

to be printed. 

  

Figure G5A Printing corner element A, B Positioning connectors into concrete 

 



For the production of specimen 2, the inside of the inner as well as the outer wall at one end of the 

corner element, is covered with patches of plastic during stops during printing. The placement has to 

be realized during printing since the inside cannot be reached any more after printing.  

The plastic patches contain holes in the middle to place them around the connectors, which are 

already positioned in the green mortar. The patches overlap and are connected to the green mortar 

with small nails, as shown in figure G6A. Where possible, undesired openings are closed with duct 

tape.  

During printing, as shown in figure G6B, the outside as well as the inside of the element is sprayed 

with curing compound to prevent dehydration during printing.  

  

Figure G6A Positioning plastic patches around connectors, B Appliance curing compound 

 

Corner element A, after printing, is shown in figure G7A. As shown in G7B, the element is covered 

with plastic, directly after printing, to prevent dehydration after printing. 

  

Figure G7A Bottom part corner element A after printing, B Coverage corner element A by plastic 

Hoisting structural floor plus bottom part corner element A: 26-06-2019 

On 26-06-2019, as shown in figure G8, the structural floor in combination with the bottom part of 

element A is hoisted away from the print bed via a temporarily steel frame. The steel frame is 

connected to the floor with bolts. 



 

Figure G8 Hoisting bottom part corner element A 

Printing top part corner element A: 27-06-2019 

The top part of element A is not printed on the structural floor but directly on the print bed. Lifting of 

the top part from the print bed afterwards cannot be done via the structural floor. The first six layers 

of the top part of element A are printed, as shown in figure G9A. Afterwards, the robot deviates from 

the print path while concrete is removed from the first 6 layers at certain locations. Styrofoam blocks 

are placed within the openings temporarily, as shown in G9B.  

Positioning of the connectors is shown in figure G10A. Positioning of the plastic layer on the inside of 

one end of the element is shown in figure G10B.  

During printing, the outside as well as the inside of the element is sprayed with curing compound.  

Corner element A, after printing, is shown in figure G10C. The element is covered with plastic, directly 

after printing. 

  

Figure G9A Printing first layers top part corner element A, B Positioning Styrofoam blocks within print 

    

Figure G10A Positioning connectors into concrete, B Positioning plastic layer, C Top part corner element A after printing 



Hoisting top part element A plus mounting corner element A: 11-07-2019 

The temporary Styrofoam blocks, placed underneath the top part of element A, on the print bed, are 

removed. Steel u-profiles are placed through the openings. Via slings, attached to the steel beams, 

the top part is hoisted towards the bottom part.  

A glued connection between the bottom part and top part of element A is intended to be guaranteed. 

The top part is positioned exactly above the bottom part. Rubber support blocks, of approximately 

100x100 mm, are positioned on the upper layer of the bottom part. Low shrinkage mortar (elaborated 

in paragraph G1) is put in between the rubber support blocks where after the top part is slowly 

lowered until it is resting on the rubber support blocks. The excess of low shrinkage mortar is removed. 

The vertical load, caused by the own weight of the top part is, in the beginning when the low shrinkage 

mortar has not hardened yet, transferred to the bottom part via the rubber support blocks. When the 

low shrinkage mortar hardens, a fixed connection occurs. Through relaxation, the resistance of vertical 

load slowly transfers to the low shrinkage mortar. Through the flexibility of the material of the support 

blocks, horizontal cracks in the low shrinkage mortar due to hardening shrinkage are intended not to 

occur since the low shrinkage mortar is not restrained to shrink.  

Filling up corner element A with insulation material: 16-07-2019 

On 16-07-2019, element A is filled with Pur’fect Plus by Isolatie.com. Their device contains component 

A and B in tanks separately. The components are mixed and pumped through a hose as fluid. When in 

the mock-up, the components react quickly and start to expand. During the reaction, a lot of heat 

develops. 

The total height of the element is 3100 mm, which is too high to drop the fluid from. Therefore, holes 

are drilled through the concrete to position the hose in, at certain heights. The element is filled in 

phases at certain heights.  

Since filling of element A is not visible, a picture of filling of the parapet is shown in figure G11A. Filled 

up corner element A is shown in figure G11B. Excess insulation material is removed by hand. 

  

Figure G11A Filling up parapet with insulation material, B Filled up corner element A 

G3. Print report mock-up critical corner element A 

Bottom part mock-up critical corner element A 

Date: 24-9-2019 
Height: 1500 mm 
Amount of layers: 131 
Layer height: 11,5 mm 
Layer width: 70 mm 
 



Material: 145-2 
Applicance of curing compound, also on connectors 
Accelerator: 32L/ 800 L 
Printing speed = 1,6min/layer (approximately length of 5700 mm) 

Connectors 

Inside inner wall 

Length inner wall ≈ 1700 mm 
Vertical distance connectors, c.t.c: 440 mm 
Horizontal distance connectors, c.t.c.: 490 mm  
 

1. First layer of connectors: 220mm height: Layer 19 (4 connectors) 
The connectors have a height of 20 mm. The layer height is 11.5 mm. Therefore the layers are pushed 
in layer 20. 

2. 2th layer of conn: 660 mm: layer 58 (3 connectors) 
3. 3th layer: 1100 mm: layer 97 (4 connectors) 

Total connectors: 11 
 
*For layer 1 and 3, the connectors are placed as far as possible to the sides of the inside of the inner 
wall. The ends of the connectors are positioned only 10 mm from the ends of the inside of the inner 
wall. The distance of the center of the end connectors to the ends of the inside of the inner wall is 
approximately 110 mm.  

Inside outer wall 

Length outer wall ≈ 2670 mm 
Vertical distance connectors, c.t.c: 440 mm 
Horizontal distance connectors, c.t.c.: 490 mm 
 

1. 1st layer of conn: 220mm height Layer 20 (6 connectors) 
2. 2th layer of conn: 660 mm: layer 58 (5 connectors) 
3. 3th layer: 1100 mm: layer 97 (6 connectors) 

Total connectors: 17 
Total connectors bottom A: 28 

Points for attention 

- Rob programmed that the robot deviates from the print path for the layers where the 
connectors are placed. For some of the deviations, the pump pursues to work. For some of 
the deviations, the whole system is cleaned. 

- During putting out of the print path before printing, the corner element turned out to be 
positioned above the lifting points in the structural floor. The whole corner element is 
shortened with a length of 150 mm on the longest side. The center to center distance of 
connectors becomes  485 mm in stead of 490 mm. 

- Outside temperature approximately 30°C 

Cleaning whole system 

Layer 58: Stop ± 45 min 
Layer 97: Stop ± 30 min 

Material samples 

Three samples 100x40x40 mm^3,   
Contain accelerator, no curing compound 
Production time: 24-6-2019 16.00 
 



Top part mock-up critical corner element A 

Date: 27-6-2019 
Height: 1600 mm 
Amount of layers: 139 
Layer height: 11,5 mm 
Layer width: 70 mm 
 
Material: 145-2 
Applicance of curing compound, also on connectors 
Accelerator: 32L/ 800 L 

Connectors 

Inside inner wall 

Length inner wall ≈ 1700 mm 
Vertical distance connectors, c.t.c: 440 mm 
Horizontal distance connectors, c.t.c.: 490 mm  
 

1. 1th layer of connectors: 1540mm height: Layer 5 (3 connectors) 
2. 2th layer of conn: 1980 mm: layer 43 (4 connectors) 
3. 3th layer: 2420 mm: layer 81 (3 connectors) 
4. 4th layer: 2860 mm: layer 120 (4 connectors) 

Total connectors: 14 

Inside outer wall 

Length outer wall ≈ 2670 mm 
Vertical distance connectors, c.t.c: 440 mm 
Horizontal distance connectors, c.t.c.: 490 mm 
 

1. 1th layer of connectors: 1586mm height (instead of 1540 mm*): Layer 9 (5 connectors) 
2. 2th layer of conn: 1980 mm: layer 43 (6 connectors) 
3. 3th layer: 2420 mm: layer 81 (5 connectors) 
4. 4th layer: 2860 mm: layer 120 (6 connectors) 

Total connectors: 22 
Total connectors top A: 36 

Points for attention 

- * The connectors should have been placed in layer 5. The connectors would overlap with the 
styrofoam blocks. Therefore, another stop is inserted in layer 9 to place the connectors of 
layer 5 (at a height of 1586 mm instead of the intended 1540 mm) 

- The hose got obstructed at layer 45/46. This resulted in less wide layers. 
- Outside temperature approximately 30°C 

Cleaning whole system 

Layer 81: Stop ± 20 min 
Layer 97: Stop ± 30 min 

Material samples 

Three samples 100x40x40 mm^3,   
Contain accelerator, no curing compound 
Production time: 27-6-2019 11.30 
  



Appendix H: Derivation equation 18 
 
𝜎𝑡𝑒𝑛𝑠 = 𝜎𝑀 ± 𝜎𝑁  
 

𝜎𝑡𝑒𝑛𝑠 =
𝑀

𝑊
±

𝑁

𝐴
 

 
𝑀 = (𝑁1 + 𝑁2) ∗ 𝑒𝑡 
 
𝑁 = 𝑁1 + 𝑁2 
 

 

𝑒𝑡 =
(𝑒1 ∗ 𝑁1 + 𝑒2 ∗ 𝑁2)

𝑁1 + 𝑁2
 

 
𝑒𝑡(𝑁1 + 𝑁2) = 𝑒1𝑁1 + 𝑒2𝑁2 
 
𝑁2(𝑒𝑡 − 𝑒2) = 𝑁1(𝑒1 − 𝑒𝑡) 
 

𝑁2 =
𝑁1(𝑒1 − 𝑒𝑡)

𝑒𝑡 − 𝑒2
  

 
𝑒1 = 0 
 

𝑁2 =
−𝑒𝑡𝑁1

𝑒𝑡 − 𝑒2
 

 

𝜎𝑡𝑒𝑛𝑠 =
(𝑁1 + 𝑁2) ∗ 𝑒𝑡

𝑊
−

𝑁1 + 𝑁2

𝐴
 

 

𝜎𝑡𝑒𝑛𝑠 =
(𝑁1 + 𝑁2) ∗ 𝑒𝑡𝐴

𝐴𝑊
−

(𝑁1 + 𝑁2) ∗ 𝑊

𝐴𝑊
 

 

𝜎𝑡𝑒𝑛𝑠 =
(𝑁1 + 𝑁2) ∗ 𝑒𝑡𝐴

𝐴𝑊
−

(𝑁1 + 𝑁2) ∗ 𝑊

𝐴𝑊
 

 

𝜎𝑡𝑒𝑛𝑠 =
𝑁1(𝑒𝑡𝐴 − 𝑊) + 𝑁2(𝑒𝑡𝐴 − 𝑊)

𝐴𝑊
 

 
𝜎𝑡𝑒𝑛𝑠𝐴𝑊 = 𝑁1(𝑒𝑡𝐴 − 𝑊) + 𝑁2(𝑒𝑡𝐴 − 𝑊)  
 

𝑁2 =
𝜎𝑡𝑒𝑛𝑠𝐴𝑊 −  𝑁1(𝑒𝑡𝐴 − 𝑊)

𝑒𝑡𝐴 − 𝑊
 

 

 
−𝑒𝑡𝑁1

𝑒𝑡 − 𝑒2
=  

𝜎𝑡𝑒𝑛𝑠𝐴𝑊 −  𝑁1(𝑒𝑡𝐴 − 𝑊)

𝑒𝑡𝐴 − 𝑊
 

 
−𝑒𝑡𝑁1 ∗ (𝑒𝑡𝐴 − 𝑊) = (𝑒𝑡 − 𝑒2)(𝜎𝑡𝑒𝑛𝑠𝐴𝑊 −  𝑁1(𝑒𝑡𝐴 − 𝑊)) 
 

𝑒𝑡𝑁1𝑊 − 𝑒𝑡
2𝑁1𝐴 = 𝑒𝑡𝜎𝑡𝑒𝑛𝑠𝐴𝑊 − 𝑒𝑡

2𝑁1𝐴 + 𝑒𝑡𝑁1𝑊 − 𝑒2𝜎𝑡𝑒𝑛𝑠𝐴𝑊 + 𝑒𝑡𝑒2𝑁1𝐴 − 𝑒2𝑁1𝑊 
 
𝑒𝑡𝜎𝑡𝑒𝑛𝑠𝐴𝑊 − 𝑒2𝜎𝑡𝑒𝑛𝑠𝐴𝑊 + 𝑒𝑡𝑒2𝑁1𝐴 − 𝑒2𝑁1𝑊 = 0 
 
𝑒𝑡(𝜎𝑡𝑒𝑛𝑠𝐴𝑊 + 𝑒2𝑁1𝐴) = 𝑒2(𝜎𝑡𝑒𝑛𝑠𝐴𝑊 + 𝑁1𝑊) 
 

𝑒𝑡 =
𝑒2(𝜎𝑡𝑒𝑛𝑠𝐴𝑊 + 𝑁1𝑊)

𝜎𝑡𝑒𝑛𝑠𝐴𝑊 + 𝑒2𝑁1𝐴
 

 

 


