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Summary  I 

Summary 

Introducing new products to the Built Environment often has its complications. Not only do 

all parties involved have to adapt, but they also need be assured that the product meets all 

design requirements and does not provide unexpected problems when working with it. The 

implementation of a new product often result into a lot of experimenting and/or conservative 

approaches of the implementation to the design calculation to assure the product is safe to use 

and does not provide any unexpected problems. These aspects also apply to the, relatively new 

floor system, product of AirDeck system. To guarantee the safety of the product a conservative 

implementation to the design calculation is used. One of which is the calculation of the shear 

resistance, where currently a reduction factor to the effective width of 0,3 is used. This factor is 

based on the ratio between the rib width and the total width of the element. However this 

excludes the influence of the bottom and top layer at the boxes and the cross ribs. Therefor the 

calculation method is expected to be conservative and further investigation into the actual 

shear resistance of the AirDeck element is desired, for which this thesis serves.  

 

The thesis focuses on the experimental shear resistance value of the AirDeck system, including 

experimental values for the relevant parameters. In addition the failure mode resulting in the 

failure of the element is investigated. Additionally, besides to the actual shear resistance, the 

ratio between a AirDeck element and a solid comparison element is investigated as this ratio is 

currently used in the design method for the AirDeck floor system.   

 

Based on a literature study the setup and specimens for the experiments have been determined  

to obtained the desired results from the experiments. This results in an experiment that will 

focus on AirDeck type A340 with a precast bottom layer made from C30/37 concrete and a 

casted top layer made from C20/25 concrete. The production process of the elements will be 

identical to the production process of the typical AirDeck elements, without any alteration to 

the surface roughness etc. The specimens will be split into two groups from which one has 

lattice girders and one does not. Additionally a solid comparison element will be experimented. 

All elements will have identical longitudinal reinforcement and will be tested by using a 3-

points bending test using a point load. By using LVDT’s the deflection and slip of the 

longitudinal reinforcement is measured. Additionally several cameras are used to allow a 

proper examination of the occurring failures. Lastly several samples are tested to obtain the 

parameters of each material used in the experiment.  
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In the analyzes the results are separated into two groups, one with lattice girders that failed 

due to shear-tension failure and one without lattice girders that failed due to horizontal shear 

failure. For the first group the initial behavior of the beam is examined using a FEM-analyses 

and a analytical calculation, both finding the magnitude and the location of the initial crack, 

caused the occurring tensile stress exceeding the concrete tensile capacity. After the initial crack 

a strut-and-tie model occurs in which the strut is decisive. The high compression forces in the 

strut result into a bottle-shaped strut, which introduces a tension force. The specimen 

eventually fail due to the tension force increasing and exceeding the tension resistance of the 

concrete. This crack is, based on this theory, expected to occur along the line between the 

support and the load with crack starting at the web, which matches the experimental results.  

 

The second group, specimens without lattice girders, examined failed due to horizontal shear 

failure. For these specimens the horizontal shear capacity is calculated based on the Classic 

Elastic Method based on the average surface of 𝜏𝑅 = 1,16 𝑁/𝑚𝑚² for both the AirDeck element 

and the massive comparison element. This identical value is expected as the interface of both 

specimens is identical and the other two influencing parameters for horizontal shear capacity 

are not present. This identical horizontal shear capacity is also supported by the characteristic 

capacity calculated by the Eurocode 2, which is also identical for both specimens. 

 

Lastly all specimen are categorized into groups and compared with each other. In this 

comparison the average shear failure force of each group is compared to other groups. From 

this we can find that the average failure shear load of the massive comparison specimens, 256 

kN, is slightly higher than the average AirDeck specimens with lattice girders tested in week 

two, 238 kN, which on its turn is slightly higher than the average AirDeck specimens with 

lattice girders tested in week one, 219 kN. The average shear failure force of the AirDeck 

specimen without lattice girders is roughly 50% lower than the other three groups at 113 kN.  
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Samenvatting 

Het introduceren van nieuwe producten aan de gebouwde bouwsector neemt vaak 

complicaties met zich mee. Niet alleen moeten alle betrokken partijen zich aan het nieuwe 

product aanpassen, maar ze willen ook verzekerd zijn dat het product voldoet aan alle 

ontwerpvereisten en geen onverwachte problemen oplevert . De implementatie van een nieuw 

product leiden vaak tot veel experimenten en/of conservatieve implementatie tot de 

ontwerpberekening om te verzekeren dat het product veilig is om te gebruiken en geen 

onverwachte problemen geeft. Deze aspecten zijn ook van toepassing op het relatief nieuwe 

vloersysteem, het AirDeck vloer-systeem. Om de veiligheid van het product te waarborgen 

wordt een conservatieve implementatie in de ontwerpberekening gebruikt. Een daarvan is de 

berekening van de afschuifweerstand, waar momenteel een reductiefactor tot de effectieve 

breedte van 0,3 voor wordt gebruikt. Deze factor is gebaseerd op de verhouding tussen de 

ribbreedte en de totale breedte van het element. Dit verwaarloost echter de invloed van de 

onderste en de bovenste laag bij de air boxes en de kruisribben. Daarom wordt de 

berekeningsmethode verwacht conservatief te zijn en is verder onderzoek naar de 

daadwerkelijke dwarskrachtweerstand van het AirDeck-element gewenst, waarvoor dit 

proefschrift dient. 

 

Het proefschrift richt zich op de experimentele dwarskrachtweerstand van het AirDeck-

systeem, inclusief experimentele waarden voor de relevante parameters. Bovendien wordt de 

bezwijk modus die resulteert in het falen van het element onderzocht. Daarnaast wordt er, 

naast de daadwerkelijke dwarskrachtweerstand, de verhouding tussen een AirDeck-element 

en een massief vergelijkingselement onderzocht, aangezien deze verhouding momenteel in de 

ontwerpmethode van het AirDeck vloersysteem gebruikt wordt. 

 

Op basis van een literatuurstudie zijn de opstellingen en proefstukken voor de experimenten 

bepaald om de gewenste resultaten van de experimenten te verkrijgen. Dit resulteert in een 

experiment dat zich richt op AirDeck type A340 met een prefab onderlaag gemaakt van C30/ 

37 betonkwaliteit en een gegoten bovenlaag gemaakt van C20/25 betonkwaliteit. Het 

productieproces van de elementen zal identiek zijn aan het productieproces van de typische 

AirDeck-elementen, zonder enige verandering in de oppervlakteruwheid, enz. De 

proefstukken worden verdeeld in twee groepen, een met tralieliggers en een zonder. Daarnaast 

wordt een massieve vergelijkingselement beproefd. Alle elementen zullen identieke 

langswapening hebben en worden getest door gebruik te maken van een 3-punts buigproef 

met behulp van een puntbelasting. Door gebruik te maken van LVDT's wordt de doorbuiging 
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en het wegglijden van de langswapening gemeten. Daarnaast worden verschillende camera's 

gebruikt om het faalgedrag goed te analyseren. Ten slotte worden meerdere proefstukjes getest 

om de parameters van elk materiaal dat in het experiment wordt gebruikt te verkrijgen. 

 

In de analyses worden de resultaten gescheiden in twee groepen, waarvan één met tralieliggers 

die bezwijkt door afschuiftrekspanning en één zonder tralieliggers die bezwijkt door 

horizontaal afschuiven. Voor de eerste groep wordt het initiële gedrag van de balk beschouwd 

door middel van een FEM-analyse en een numerieke berekening, die beide de grootte en locatie 

van de initiële scheur vinden, die veroorzaakt word  doordat de optredende trekspanning  

groter is dan de beton trek capaciteit. Na de initiële scheur treed een strut-and-tie model op 

waarbij de diagonaal maatgevend is. De hoge drukspanningen resulteren  in een fles-vorm 

diagonaal, welk trekkrachten introduceert. Het proefelement bezwijkt uiteindelijk omdat de 

trekspanning verhogen en groter worden dan de treksterkte van het beton. Deze scheur, 

gebaseerd op deze theorie,  wordt verwacht om op te treden over de lijn tussen de belasting en 

het steunpunt ter plaatsen van een rib, wat overeen komt met de experimentele resultaten. 

 

De tweede groep, proefstukken met tralieliggers, die bekeken is bezwijk door horizontaal 

afschuiven. Voor deze proefstukken is de   horizontale afschuifweerstand berekend op basis 

van de Klassieke Elastische Methode op basis van een gemiddelde oppervlakte van  𝜏𝑅 =

1,16 𝑁/𝑚𝑚²  voor zowel het AirDeck element als het massieve vergelijkingselement. Deze 

gelijke waarde is verwacht aangezien het contactoppervlak van beide gelijk is en de andere 

twee paramaters die de horizontale afschuifweerstand beïnvloeden niet aanwezig zijn. Deze 

gelijke waarde in horizontale afschuif capaciteit word ondersteund  door de karakteristieke 

capaciteit berekend via de Eurocode 2, welk ook gelijke waardes vind voor beide proefstukken. 

 

Als laatste zijn alle proefstukken gegroepeerd en met elkaar vergeleken. In deze vergelijking 

word de gemiddelde dwarskracht per groep vergeleken met de andere groepen.  Op basis 

hiervan vinden we dat de gemiddelde  bezwijk dwarskracht van de massieve 

vergelijkingsproefstukken, 256 kN, niet iets hoger is dan het gemiddelde van de AirDeck 

proefstukken met tralieliggers beproefd in week twee, 238 kN, die op zijn beurt net iets hoger 

is  dan de gemiddelde van de AirDeck proefstukken met tralieliggers beproefd in week een, 

219 kN. De gemiddelde bezwijk dwarskracht van de AirDeck proefstukken zonder tralieliggers 

is ongeveer 50% lager dan de andere drie groepen met 113 kN.
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Notations 

Latin upper case letters 

A Area 

Ac Concrete cross-sectional area 

As Steel cross-sectional area 

Asur Area of interface strut passes threw 

Asur,eff Effective area of interface strut passes threw 

Asw Steel cross-sectional area of the shear reinforcement 

CRd,c Constant factor for concrete including a safety factor  

C1 Compression forces in the topping of the slab at the considered point 

C2 Compression forces in the topping of the slab at the considered point 

Ecm Modulus of elasticity concrete 

F Load 

Fcr Critical load 

Fstrut Force in strut 

Fstrut,v Vertical component of force in strut 

Fstrut,h Horizontal component of force in strut 

H Length strut 

I Moment of inertia of a cross-section 

Iy Moment of inertia of a cross-section in the y-axis direction 

Imod Modified moment of inertia taking into account different modulus of elasticity  

S First moment of inertia with respect to the neutral axis 

Sz Crack spacing parameter 

M Bending moment 

MEd,sup1 Design bending moment at support 1 

MR Bending moment resistance 

MU Flexural moment 

N Newton 

P Load 

Pa Pascals 

Pu Ultimate load 

R Reaction force  

TE Occurring tension force due to bottle-shaped strut 

TR Tension resistance due to bottle-shaped strut based on Schlaich and Weischede (1982) 

V Shear force 
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Va Shear force due to aggregate interlock 

Vcc Shear force due to the capable carrying part of the un cracked concrete 

Vd Shear force due to dowel action of the longitudinal reinforcement 

VR,c Shear resistance of concrete 

VR,s Shear resistance with shear reinforcement 

VRd,c Design shear resistance of concrete 

VRd,max Maximum design shear resistance of concrete 

Vu Flexural shear 

Vh Horizontal shear force  

Y Horizontal shear strength as stated by Saemann and Washa (1964) 

 

Latin lower case letters 

a Width of node 

a1 Width of the support area  

av Shear span 

av,min Minimal required hear span 

b Width  

bavg Average width  

bef,minimal Minimal required effective width 

bef Effective width 

bw Effective width  

bi Width of an element 

c Constant based on surface roughness 

cv Variation coefficient  

d Depth 

d0 Reference size 

dg Maximum aggregate size 

fbd Ultimate bonding stress 

fs Tensile strength of steel 

fc Compressive cylinder strength of concrete 

f’c Lowest value of compressive cylinder strength of concrete from two elements 

fcd Design value compressive cylinder strength of concrete 

fck Characteristic cylinder compression strength of concrete 

fcm Mean cylinder compression strength of concrete 

fyk Characteristic tensile strength of concrete 

fywd Design value of the yield strength of the shear reinforcement 

h Height 
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k Size factor 

kv Factor to include the influence of aggregate size 

kv,I Level 1 approximation of kv 

kv,II Level 2 approximation of kv 

kdg Factor to include the influence of aggregate size 

lb,rqd Required anchorage length 

øs Diameter  

øs Diameter of the longitudinal reinforcement 

øs,t Diameter of the transverse reinforcement  

v1 Strength reduction value for concrete cracked by shear forces 

s Center to center distance shear reinforcement 

t1 Depth element section 1 

t2 Depth element section 2 

x ratio of shear span to effect depth as stated by Saemann and Washa (1964) 

�̅�  Distance between the centroid of element and the neutral axis of the composite element 

z Lever arm 

 

Greek lower case letters 

α Angle relative to the longitudinal axis 

α0 Constant 

αu Factor to include direct strut action 

αcw Factor to include the tension at the edge of the element 

αcw Angle principle stress 

β Reduction factor to include the influence of the shear span-to-depth ratio 

γc General safety factor 

εx Longitudinal strain 

η1 coefficient for bonding circumstances 

η2 coefficient based on rebar diameter 

θ Angle 

ρs Reinforcement ratio 

ρw,min Minimal required longitudinal reinforcement as a ratio of the concrete area 

 Standard deviation 

b Bending stress 

c Axial compression stress 

E Occurring stress 

fc Compression strength concrete 

fct Tensile strength concrete 
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pr Principal stress 

pr,min Minimal value principal stress 

pr,max Maximum value principal stress 

R Stress capacity 

sd Stress at support 

M Standard deviation moment 

V Standard deviation shear 

τv Vertical shearing stress equal to the horizontal shearing stress 

τR Horizontal shear resistance 

τR,m Mean horizontal shear resistance 

τRi Total horizontal shear resistance from three components 

τR1 Horizontal shear capacity based on surface roughness 

τR2 Horizontal shear capacity resulting from normal stress perpendicular to the interface 

τR3 Horizontal shear capacity component from present reinforcement crossing interface  

τR,k Characteristic horizontal shear resistance 

μ Constant based on roughness surface 

μ Average of mean value 

μm Average of mean value moment 

μv Average of mean value shear 

υE Shear resistance 

υEdi Horizontal shear stress for an element 

υh Horizontal shear stress 

υuf0 Lower bound for horizontal shear as stated by Patnaik (1999) 

υRd,c  Design shear resistance of concrete 

υu,m Ultimate shear resistance 

ϕc Safety factor concrete strength 

 

 Acronyms 

ACI  American Concrete Institute 

AASHTO American Association of State Highway and Transportation Officials 

ASCE  American Society of Civil Engineers 

BS  British Standard 

CEM  Classic Elastic Method 

CTA  Concrete Technology Associated 

CSA  Canadian Standards Association 

EC  Eurocode 

FEM  Finitie Element Method 



Notations  XI 

FiB   Fédération International du Béton 

MC10  fib Model Code 2010 

MC90  fib Model Code 1990 

NEN  Nederlands Normalisatie-Instituut 

SEBM  Simplified Elastic Beam Method  
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Introduction 

Introducing new products to the Built Environment often comes with additional problems. All 

parties involved need to be assured that the product meets all design requirements and does 

not provide unexpected problems when working with it. These aspects range from the 

production process, the design stage and the building process on site. These new products have 

to be approved by controlling thirds party based on the design code, often requiring 

conservative approaches of the implementation to the design calculation for safety reasons. 

Additionally all parties involved have to adapt to work accordingly with the new product.  

 

These aspects also apply to the, relatively new floor system, product of AirDeck system. As of 

this date the product has already been introduced on the market and multiple structural 

projects have used the AirDeck system. Additionally parties involved with the product have 

been adapting to work accordingly with the system. Furthermore the implementation into the 

design codes has been approved. This implementation, however, remains to be conservative, 

since there has not been done sufficient research to ensure that a lower guideline for the 

implementation to the design code also ensures the safety of the projects where the product is 

being used. 

 

Prior to this research is it believed that one of the most conservative approaches in the design 

of the AirDeck system is the calculations for shear resistance. The current way of calculating 

the shear resistance is using an effective with, bw, of 0,3 times the width of the gross cross 

section which is implemented into the design rules of the Eurocode 2 (2011). This research will 

focus on the shear resistance of the AirDeck system, by both experiments and modelling, and 

provide less conservative design rules. 
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Relevance   

Because of the lack of large scale experiments for the AirDeck system the implementation to  

design rules has been made very conservative. These conservative rulings lead to more 

material required and/or an increase of the floor height when using the AirDeck system which 

decrease in the economical and architectural aspects of the product. Therefor these rulings have 

direct impact on AirDeck system’s role in the market. Therefore AirDeck has requested for this 

research into the shear resistance of its floor system to be conducted. 

 

By examining the design rules with a theoretical approach validated with experiments the 

implementation to the design rules can be made less conservative. This will directly impact the 

previously mentioned aspects and thus increase the role on the market of the AirDeck system. 

Additionally the system can be used for more of its potential. Additionally further knowledge 

into shear resistance of composite floor elements and the AirDeck system will be obtained from 

the research. 

Objective 

This research will focus on the realistic shear resistance value of the AirDeck system, including 

the relevant parameters and trying to match reality. The ratio between the AirDeck system and 

an equivalent solid slab found in the analyses and experiments will give an indication of the 

actual shear resistance of the system and thus if further research to increase the ratio used for 

calculations is useful.  

  

In addition to an expression for the realistic value of the shear resistance from the AirDeck 

system it also has to be implemented into the design code of the Eurocode 2. In this 

implementation all safety factors used in the Eurocode 2 will be included and thus providing 

a way to optimally implement the design method of the AirDeck system into the Eurocode 2. 

For an approved implementation which is less conservative then the current method additional 

research has to be done to ensure the safety of the implementation. This additional research 

should take multiple experiments into account including different parameters like the different 

floor types AirDeck has. 
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Scope 

The experiments will be focused the AirDeck A340 from the AirDeck floors, which is a AirDeck 

floor with a total height of 340 mm and air boxes of 240 mm height. These precast part, the 

bottom layer of the specimens, is made with a concrete strength of C30/37 which is typical for 

the AirDeck floors. The precast bottom layer will have no alterations to the surface roughness. 

The specimens will contain enough longitudinal reinforcement to ensure that shear strength is 

critical and not bending moment strength. The specimens will be finished with in-situ top layer 

with a concrete strength of C20/25 which is lower than typically used for the AirDeck specimen 

to ensure the desired failure mode. Two different AirDeck specimens will be experimented: 

one with two lattice girders and one without lattice girders. In addition a solid comparison 

specimen shall be experimented. The specimens will be loaded in a a-symmetric 3-point 

bending test with an identical distance between the load and the support for each specimen. 

The specimen will be simply supported resulting in shear without influences of negative 

bending moments. 

 

This results in the following possible variations to the experiment not being included in this 

thesis: 

- No difference in concrete strength of the precast bottom layer; 

- No difference in concrete strength of the in-situ top layer; 

- No difference in AirDeck element height; 

- No difference in longitudinal reinforcement; 

- No difference in surface roughness; 

- No difference in distance between the load and support;  

- No negative bending moment; 

- No line loads, thus only constant shear forces.  

Outline 

First, the AirDeck system will be introduced in the first chapter. The Second chapter gives a 

summary of the literature study which serves as the basis of the research. Based on the  

literature study the experimental specimens are determined along with the experimental setup 

in chapter three. The results of the experiments is presented in chapter four along with an 

examination of the occurring failure modes and lines in the specimens. The found results will 

be analyzed and interpreted in the fifth chapter resulting in a theoretical explanation of the 

occurred behavior from the specimens. The last chapter will summarize the thesis and provide 

recommendations.  
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Chapter 1: AirDeck System 

The AirDeck system is a patented system which consists of a monolithic floor system with bi-

directional, load bearing capability and is based on a precast plank fitted with an array of robot-

placed air boxes, which are weight-saving hollow elements. These elements will be finished 

with concrete cast on site, where the air boxes produce voids in the concrete. For a visual 

reference see Figure 1,where the floor is shown in white with its reinforcement, the air boxes 

are shown in black with on top of it the required reinforcement and the in situ concrete is 

excluded from the picture. The weight reduction obtained by the air boxes can increase up to 

32%. Therefore the AirDeck system lowers the structural weight of the building (Source: 

AirDeck.eu). 

 

Figure 1: AirDeck system (Source: AirDeck.eu, 2017). 

 

The principle of weight reducing by voids can also be found in multiple floor systems, 

including the more common hollow core slabs. The main difference between these systems is 

that an AirDeck system has a bearing span in both directions because of the non-continuous 

voids, as these voids are air boxes with concrete between them and not continues pipes. 

Therefore the AirDeck system can span in both directions and can deal with large spans. 

Because of the reduced weight the size of the bearing construction and the foundation can be 

reduced as well.   
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1.1 The geometry and the variants  

The setup for the AirDeck system remains the same for all its available variants. The 

polypropylene air boxes are placed on a precast floor slabs in a fixed grid of 300mm x 300mm, 

see Figure 2. In the longitudinal span the floor has lattice girders alternately between the air 

boxes, giving an average of one lattice girder per two rows of air boxes, see Figure 3. 

 

The difference in the variants can be found by in the different air boxes, where the same width 

and length are used  for the air boxes, but the height of them is altered. Accordingly the total 

thickness of the floor is altered as well. The air boxes arrange from 180mm in height to 350 mm 

height, giving the floors a total height of 280mm and 450mm respectively, see Table 1. These 

are the standard dimensions of the floors, but if necessary they can be altered to any desired 

height.  

 

If necessary air boxes can be left out to create additional space for piping or create locally an 

increased shear and punching shear resistance, in example for high point loads. The height of 

the top layer can also altered from the standard dimensions if desired.  

 

Figure 2: Grid of the air boxes (Source: AirDeck.be, 2017). 

 

Figure 3: Air boxes and lattice girders (Source: AirDeck.be, 2017). 

Floor type Standard floor height Air box height 

A280 280 mm 180 mm 

A340 340 mm 240 mm 

A390 390 mm 290 mm 

A450 450 mm 350 mm 

Table 1: Floor types AirDeck (Source: AirDeck.be, 2017). 
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1.2 Production process 

Currently all AirDeck floor systems are produced at the production location in Oosterhout 

from De Hoop-Pekso. This company previously focused on the production of floorplates for 

floor systems, but in cooperation with AirDeck they made changes to one of the production 

halls to produce the AirDeck floor system. The production process focuses on continuous 

cycles within one production hall. The process has been optimized for a faster and more 

efficient production and additional improvements are planned in the near future as a multiple 

years plan. The current production process has a well-organized cycle which includes faster 

production steps and includes stored parts at stages sensitive to software errors or other delays 

to prevent time loss on the total cycle.   

 

For example the production process of the bottom reinforcement webs often experiences errors, 

putting the system out of use for up to a day, because of this the bottom reinforcement webs 

are produced before the floor element and stored for later use. If a possible error occurs the 

production process can continue, where it elsewise would have been stalled for the duration of 

the error from a single step. The time required for each production step varies based on the 

additional installations like openings, electrical equipment, additional reinforcements and 

curves. For this reason multiple storage option between the production steps are included so 

that the production process does not get stalled from a floor element that required more 

physical labor.  

 

The production process is mostly automated and computer controlled, creating any desired 

elements in the standard molds used. In addition any special shapes or alterations can be added 

manually using extruded polyester to create curved elements or other desired shapes. In the 

production process electrical boxes, other openings and the reinforcement bars are added to 

create a AirDeck precast element, typically 50 mm or 70 mm thick. After the pouring of the 

concrete the creation of the element is finished by automatically placed air boxes, which are 

vibrated into the concrete. At the end of the cycle the elements are extruded from the molds 

after which the molds are cleaned and reused in the continuous cycle. The finished precast 

AirDeck elements are stacked and stored until the project site is ready for them being delivered. 

Once delivered the elements can be placed and topped off with in-situ concrete on site to create 

the finished AirDeck floor element.  
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1.3 Use of AirDeck system on site 

The building process of the AirDeck system on site consists of four stages, which will be 

described in this paragraph: Supports, Installation, Reinforcement and Pouring.  

1.3.1 Supports 

Since the AirDeck system consists of a precast floor slab strengthened by in situ concrete it 

requires supports during construction, as the floors cannot carry the weight of the poured 

concrete before it has hardened. The support distance varies between projects and is indicated 

at the installation plan. A common distance between the supports is 1,8m, which can be 

increased, if required, up to 3,4m by using lattices with mode capacity. The bearing girders of 

the supports always have to be placed perpendicular to the lattice girders.  

1.3.2 Installation 

Once the supports have been properly placed the AirDeck plates can be installed. The plates 

are hoisted at the lattice girders whereby the hook is placed in the edge between the ascending 

and the descending diagonal. The hoisting has to be made of a minimum of four points to 

ensure stability of the plate during lifting, this amount can be increased to eight points on large 

plate seizes. 
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1.3.3 Reinforcement 

Once the AirDeck plates are installed into their proper locations, the additional reinforcement 

can be implemented. The reinforcement required consists mainly of the upper reinforcement 

but also consists of coupling reinforcement between the longitudinal and transverse joints as 

well as the edge reinforcement.  The upper reinforcement is placed on top of the air boxes and 

in zones without air boxes on top of the lattice girders, see Figure 4. The other additional 

reinforcement is placed directly on the floor plate. 

 

Figure 4: Top reinforcement of AirDeck plates (Source: AirDeck.be, 2017). 

1.3.4 Pouring 

With the required reinforcement in place, the AirDeck plates are ready to be poured with 

concrete, which strength varies based on the project. The pouring has to be made 

homogeneously meaning no concrete pyramids. The concrete is compacted mechanically 

during the pouring and protected against desiccation (drying out) subsequently. The quantity 

of poured concrete per m² plate surface depends on the floor height, represented by the floor 

type. In Table 2 the quantity can be found for each floor type, in the case that all the air boxes 

are completely present.  

Floor type Standard floor height Poured concrete m³/m² 

A280 280 mm 0,159 

A340 340 mm 0,195 

A390 390 mm 0,226 

A450 450 mm 0,264 

Table 2: Required quantity of poured concrete per m² plate surface (Source: AirDeck.be, 2017). 
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1.4 Current design method shear resistance 

The current calculation value for shear resistance is a safe assumption resulting in a value, 

which is expected to be conservative, which is used in the design method given in the Eurocode 

2. Because of this safe assumption the AirDeck system calculation is accepted by controlling 

authorities and can be used. For a more specific calculation further knowledge and testing are 

needed and accepted, where this research is a setup for.  

 

The current design method for shear based on limiting the width of the cross-section to the 

width of the concrete rib between the air boxes. With this assumption the concrete flanges 

below the air boxes and above it are ignored, giving a safe assumption. Additionally the ribs 

perpendicular to the calculated cross-section are not included in the design method. This 

design method concludes into a reduction factor which has to be applied to the effective width, 

bw, used in the design calculation according to the Eurocode 2. The reduction value is 

calculated by diving the ribs widths by the total width (air boxes plus ribs), as shown in Figure 

5. Since the width of the air boxes is the same in all variants, as well as the rib width, the ratio 

is the same for all AirDeck floors: 90 cm / 300 cm = 0,3. This ratio of 0,3 is applied to the effective 

width, bw, and gives a, by the Eurocode 2 accepted, design method for shear resistance of the 

AirDeck system. 

 

The value for the effective width is inserted into the Eurocode 2 equation for shear resistance 

to determine the shear resistance of the AirDeck system.  The design expression in the Eurocode 

2 for shear resistance, including the national given values for certain parameters  equals: 

𝑉𝑅𝑑,𝑐 = 0,12(1 + √200/𝑑)(100𝜌𝑠𝑓𝑐𝑘)1/3𝑏𝑤𝑑  

 

Where: 

bw is beam effective width [mm] 

d is effective depth [mm], 

ρs is the longitudinal reinforcement ratio [-], 

fck is the characteristic cylinder compressive strength of the concrete [MPa], 

Elements subjected to axial stress, σc, have an additional term of 0.15σc𝑏𝑤𝑑 [N/mm²]. 

 

Figure 5: Effective width AirDeck system. 
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1.5 Design method and shear resistance of similar void based 

elements 

There are multiple other systems sharing similarities with the AirDeck floor system creating a 

biaxial floor element with voids. Because of these similarities the design method as well as the 

shear resistance based on experiments of these systems have been investigated. The two most 

known systems, other than AirDeck, will be briefly examined in this paragraph. The examined 

floor systems are BubbleDeck, uses mainly circular shaped voids, and Cobiax, uses mainly oval 

shaped voids.   

1.5.1 Design method 

For both floors the same design method as AirDeck is used in Europe, using the 0,3 reduction 

factor in the Eurocode 2 calculation formula. For both floors this value is based on the values 

found in the CUR-Aanbeveling 86 ‘’Bollenplaatvloeren’’. In this document a ratio of 0,3 for the 

effective width is given. This document focuses specifically on elements with round voids and 

the reduction values that should be used accordingly when implementing these systems into 

the Eurocode 2 design method. 

In addition to the European design method the AirDeck floor system also gives a general 

calculation value, which is used for their product anywhere but in Europe. This value equals 

to a reduction value of 0,60. Which is based on the solid ratio of 65% including a reduction of 

5% for safety reasons.  

1.5.2 Shear resistance 

Based on previous research into the BubbleDeck system the following can be stated about shear 

strength, where the percentages are based on the failure load between a BubbleDeck floor 

system and a solid element with the same external dimensions (Source: Bubbledeck.com). 

- All concrete is taken into account when calculation any type of forces (solid ratio). 

- For bending shear values as high as 80% compared to a solid slab of the same height 

can be found. 

- For punching shear values as high as 90% compared to a solid slab of the same height 

can be found. 

Research into the Cobiax system has resulted in shear resistance strengths between a ratio of 

0,49 and 0,60, depending on the floor height type. (A. Albert and A. Nitsch (2008), S. Eilers 

(2008) and Beton- und Stahlbetonbau (2010)). where the ratios are based on the failure load 

between a Cobiax floor system and a solid element with the same external dimensions. 
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1.6 Summary 

The AirDeck system is a relatively new structural concept which is already  used in multiple 

construction projects. The system uses square voids, created by air boxes, to reduce the floors 

weight while maintaining its strength. The AirDeck system characterizes itself with a biaxial 

bearing capacity and a ready to be poured floor element. The floor element includes any voids 

for any installations, end enclosure for the concrete pouring, bottom reinforcement and the air 

boxes fit in place. 

 

Since the system is relatively new, it is still being optimized, mainly in the production process.  

To be accepted by the Eurocode 2 code the system uses conservative values for the constructive 

calculations. One of these is the 0,3 ratio used for the effective width of the concrete cross-

section when calculating its shear resistance with the Eurocode 2. This calculation does not 

include cross ribs, bottom flange and upper flange resulting in the conservative value used 

today.  

 

This research will focus on the realistic shear resistance value of the AirDeck system, including 

the relevant parameters and trying to match reality. The ratio between the AirDeck system and 

an equivalent solid slab found in the analyses and experiments will give an indication of the 

actual shear resistance of the system and thus if further research to increase the ratio used for 

calculations is useful.  

  

In addition to an expression for the realistic value of the shear resistance from the AirDeck 

system it also has to be implemented into the design code of the Eurocode 2. In this 

implementation all safety factors used in the Eurocode 2 will be included and thus providing 

a way to optimally implement the design method of the AirDeck system into the Eurocode 2. 

For an approved implementation which is less conservative then the current method additional 

research has to be done to ensure the safety of the implementation. This additional research 

should take multiple experiments into account including different parameters like the different 

floor types AirDeck has. 

 

Similar  biaxial floor element with voids use the same reduction ratio of 0,3 for design 

calculations using the Eurocode 2. Their 0,3 ratio is based on the values found in the CUR-

Aanbeveling 86 ‘’Bollenplaatvloeren’’. Experiments in these systems showed a higher actual 

shear resistance ratio, between 0,49 and up to 0,80. One of which stated the solid-void ratio 

gives a proper indication for the reduction in shear resistance.   
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Chapter 2: Shear Resistance of Concrete Beams 

without Shear Reinforcement 

The previous chapters gave insight into the AirDeck system and two other systems which share 

similarities with the AirDeck system. Besides knowledge about the system and similar systems, 

knowledge about shear resistance of concrete is also decisive for the proposed research. This 

chapter will focus on shear failure modes in concrete slabs without shear reinforcement, the 

contributing factors, the influence parameters and the empirical relations of it. Additionally 

shear resistance with shear reinforcement, horizontal shear resistance in composite structures 

and time dependent behavior of concrete will be analyzed. Any other related knowledge about 

concrete related to the research will be addressed in this chapter. 

2.1 Shear failure modes in concrete slabs without shear 

reinforcement 

Shear failure is an unwanted failure type of concrete beams and slabs because of its brittle 

nature; a fracturing without appreciable prior plastic deformation. This failure type arises from 

an inclined crack which progresses into the failure type, that can happen without any prior 

warnings due to the lack of prior plastic deformation. Since this failure type gives no warnings 

to the residents of the building the sudden collapse can result in casualties.  

 

Mörsch (1906) is the first recorded researcher to investigate the phenomenon of shear failure. 

Since this first investigation into the phenomenon of shear failure many other researches have 

investigated into it like Timoshenko (1925) and Teller & Sutherland (1936). These researchers 

disagreed on how shear failure could be classified.  

 

For a classification of shear failure we will start with the classification of any failure of concrete 

beams. Multiple researches, including Kani (1964), classified the failure of concrete beams in 

two main groups; flexural failure, where the critical shear crack is developed from a bending 

crack, and diagonal tension, caused by diagonal tension cracking.  
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In more recent research from Zanaris (2003) is stated that shear failure may suddenly develop 

from various local failures like crushing of concrete in the web, at the supports or the loaded 

area and anchorage failure. Additionally shear failure can be caused by the splitting between 

the longitudinal reinforcement and the concrete in the cracked section, as stated by Tureyen & 

Frosch (2004). 

 

Taking all into account, shear failure in a concrete reinforced beam without shear reinforcement 

can fail according to three failure modes: Shear-flexure failure, Shear-tension failure and Shear-

compression failure, see Figure 6. These failure modes are also accounted for in the design 

codes of Eurocode 2 (2011), American Association of State Highway and Transportation 

Officials, AASHTO (2004), and American Concrete Institute, ACI 318-08 (2008). 

 

Figure 6: Shear failure modes; Shear-flexure (top), Shear-tension (middle) and shear-
compression (bottom) (Source: Braam and Lagendijk, 2011). 
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2.1.1 Shear-flexure failure (2,5 < av/d < 6,0) 

Shear-flexure failure is a failure mode that typically occurs to a beam with a shear span, av, to 

depth, d, ratio between 2,5 and 6,0. The initiating cracking is caused by flexure in the extreme 

fibers of the beam perpendicular to the longitudinal axis of the beam (1). The crack propagates 

due to shear stresses and cause flexure shear cracks, which are close to a 45 degree angle 

relative to the longitudinal axis (2). The diagonal cracks propagates towards the opposite site 

of the beam and lead to a loss of dowel action (3) followed by a failure of the compression zone 

(4), as can be seen in Figure 7. 

 

Figure 7: Shear-flexure failure (Source: Sarkhosh, 2014). 

2.1.2 Shear-tension failure  

Shear-tension failure is a failure mode that typically occurs to members with thin webs such as 

hollow core slabs or I-shaped beams. An inclined curved shear crack occurs in the web of the 

beam, while the top and bottom parts of the beam are still uncracked. The crack generally 

occurs in the principle tensile stress direction, which for a simply supported beam is under a 

45 degree angle relative to the longitudinal axis. As the tension forces (1) reach the tension 

strength of the concrete it starts to crack (2) resulting into a brittle failure known as shear-

tension failure, see Figure 8.  

 

Figure 8: Schematization Shear-tension failure. 
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2.1.3 Shear-compression failure (av/d < 1,0) 

This failure mode is common in deep beams, where arch action is common, with a shear span-

to-depth ratio below 1,0.  Inclined cracks occur along the line between the applied load and the 

support (1), see Figure 9. The crack continues until it penetrates the compression zone and 

causes a redistribution of compressive forces in the compression zone onto a smaller area. This 

will continue into a compressive force which exceeds the compressive strength and causes a 

shear-compression failure. The failure occurs by crushing of concrete above the support or 

below the applied load, bearing failure, (2) or by failure of the compression strut by crushing 

the web along the line of the crack.   

 

Figure 9: Shear-compression failure (Source: Sarkhosh, 2014). 
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2.2 Contributors to the shear bearing capacity 

According to American Society of Civil Engineers–American Concrete Institute, ASCE-ACI, 

Committee 426 (1973), the shear resistance of a beam with an inclined crack is based on several 

shear transfer mechanisms, shown in Figure 10. The first mechanism contributing to this 

capacity is the uncracked concrete in the compression zone, which is still capable of carrying 

part of the shear force, Vcc. Furthermore shear force is carried along the crack interface through 

aggregate interlock, Va, researched by Walraven (1981). As a third contributing mechanism the 

dowel action of the longitudinal reinforcement, Vd, recently researched by (1986).  

 

Figure 10: Shear failure mechanism of a concrete beam without shear reinforcement (Source: 
Sarkhosh, 2014). 

2.2.1 Direct strut action for loads near to support (shear span) 

In addition to the previous mentioned shear transfer mechanisms an additional mechanism 

that can occur is the effect of the direct strut action, or arch action, which is related to the shear 

span-to-depth ratio, av/d, of the beam. The impact of this effect should be taken into account 

at beams without shear reinforcement and a shear span-to-depth ratio below 2,5, following 

research of Kani (1964). The capacity of the direct strut action, based on a strut-and-tie model, 

depends on the concrete strength, the angle of the strut, θ,  and the width of the support area, 

a1, see Figure 11. 

 

Figure 11: Bearing capacity according to strut-and-tie model (Source: Sarkhosh, 2014). 
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2.3 Influence parameters on shear resistance of reinforced 

concrete beams without shear reinforcement 

In the previously mentioned shear failure modes and the contributions to the bearing capacity 

,three influence parameters are repetitively mentioned as a contribute to the capacity. These 

three parameters are the concrete strength, the longitudinal reinforcement ratio and the shear 

span-to-depth ratio, av/d. These parameters effect the shear resistance of concrete beams 

without shear reinforcement.  

2.3.1 Concrete strength 

Multiple researches, including Talbot (1909), have concluded that as concrete strength 

increases, the shear resistance increases as well. However results from researchers vary on 

whether the concrete compressive strength or the concrete tensile strength is contributing to 

the increase of the shear resistance. However the contribution of concrete strength to the shear 

resistance is regarded as being related to the diagonal cracking shear, and thus is based on the 

tensile strength of the concrete. Unlike compression tests for concrete strengths, the tensile 

strength tests provide a high deviation. Therefore the compressions strength, fc, is often used 

to estimate the tensile strength of the concrete. In the Eurocode 2 the tensile strength is given 

by (fc)1/3, but in other design codes (fc)1/2 and (fc)2/3 are also used.  

2.3.2 Longitudinal reinforcement ratio 

With an increase of longitudinal reinforcement ratio the strains in the reinforcements are 

reduced resulting in a decrease of crack width and an increase of shear resistance. Additionally 

an increase of longitudinal reinforcement increases the dowel action. Longitudinal bars 

distributed over the height of the beam result in a decrease in crack spacing and thus the crack 

width, resulting in significantly improved shear resistance (Collins & Kuchma, 1999 and Choi 

et. al.,2009). 

2.3.3 Shear span-to-depth ratio 

An increase of shear span-to-depth ratio, with all other parameters equal, result in decrease of 

shear resistance, as found by Kani (1967) and Shioya (1989). The empirical formulas for 

calculating shear resistance take this parameter into account by including a as/d ratio in the 

formula. As previously stated an av/d ratio lower then 2,5 has a sudden increase in shear 

resistance, caused by the direct strut action, often mentioned as arch action.  
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2.4 Empirical relations 

Analytical models based on research often include important empirical expressions to express 

the relation of the variables and the shear resistance. These empirical expressions are complex 

models and are not practical for design practice, therefore they are usually replaced by 

simplified design methods which are often used as codes. A comparison in these simplified 

design methods commonly used shows the main differences between them. 

2.4.1 Rafla (1971) 

Rafla (1971) gives an empirical formula for the shear resistance of reinforced concrete beams 

without shear reinforcement. 

 

𝑣𝑢,.𝑚 =
𝑉𝑢

𝑏𝑑
= 0,98𝛼𝑢𝑑−1/4(𝑓𝑐𝑚)1/2(100𝜌𝑠)1/3  [N/mm²] 

 

Where: 

b is beam width in millimeters [mm],  

d is effective depth in millimeters [mm],  

αu is a factor to include direct strut action at a shear span-to-depth ratio (av/d) below 3,5 [-],  

fcm is the mean cylinder compressive strength of the concrete in [MPa],  

ρs is the longitudinal reinforcement ratio [-].  

 

αu has three different formulas based on the shear span-to-depth ratio. 

𝛼𝑢 = 6 − 2,2
𝑎𝑣

𝑑
     for 

𝑎𝑣

𝑑
< 2,0 

𝛼𝑢 = 0,795 + 0,293(3,5 −
𝑎𝑣

𝑑
)2,5   for 2,0 ≤

𝑎𝑣

𝑑
≤ 3,5 

𝛼𝑢 = 0,90 − 0,03
𝑎𝑣

𝑑
    for 

𝑎𝑣

𝑑
> 3,5 

Where: av is the shear span, the distance from thee point load to the support and d is the 

effective depth. 
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2.4.2 British standard, BS (1997) 

The British standard (BS8110, 1997) states the following formula. 

 

𝑣𝑐 =
790

𝛾𝑐
(100𝜌𝑠)1/3 (

0,4

𝑑
)

1/4

(
𝑓𝑐

25
)

1/3

  [N/mm²] 

 

Where: 

γc is a safety factor equal to 1,25 [-] 

ρs is the longitudinal reinforcement ratio [-], with a maximum of 0,03, 

d is the effective depth [m],  

fc is the compressive strength of concrete [MPa], with a maximum of 40. 

 

2.4.3 Canadian standard association, CSA (2004) 

The Canadian standard also uses a fck
1/2 instead of the more common fck

1/3 for the concrete 

tensile strength, resulting in the highest prediction of shear resistance. 

 

𝑣𝑅𝑑,𝑐 = 𝜙𝑐𝑘𝑣𝑓𝑐
1/2   [N/mm²] 

 

Where: 

𝜙𝑐 is a safety factor for the concrete strength of 0,65 [-], 

𝑓𝑐  is the compressive strength of the concrete [MPa], 

kv is given in two accuracy levels: 

𝑘𝑣,𝐼 =
230

100+𝑠𝑧𝑒 
    

𝑘𝑣,𝐼𝐼 =
0,4

1+1500𝜀𝑥 
 

1300

1000+𝑠𝑧𝑒 
     

 

With 𝑠𝑧𝑒 =
35𝑠𝑧

15+𝑑𝑔
 [mm]. 

Where Sze is the equivalent value of the crack spacing parameter sz that allows for influences of 

aggregate size with: 

Sz is the lowest value of either the maximum distance between the layers of distributed 

longitudinal reinforcement and dv [mm], 

dv is the effective shear depth given by the highest value of 0,9d and 0,72h [mm], 

dg is the maximum aggregate size [mm], 

𝜀𝑥 is the strain in x-axis 

If fc exceeds 70 MPa then the term of dg has to be neglected and taken as zero. 
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2.4.4 American Concrete Institute, ACI 318-08 (2008) 

ACI 318-08 gives a high estimate of the shear resistance by using fck
1/2 instead of the more 

common fck
1/3 for the concrete tensile strength.  

𝑣𝑐 = 1,9𝑓𝑐
1/2 + 2500𝜌𝑠

 𝑉𝑢𝑑

𝑀𝑢
≤ 3,5𝑓𝑐

1/2  [N/mm²] 

 

Where: 

fc is the compressive strength of concrete [MPa], 

ρs is the longitudinal reinforcement ratio [-],  

 𝑉𝑢𝑑

𝑀𝑢
 is a ratio of shear force multiplied by the effective depth and the flexural moment [-]. 

2.4.5 Fédération International du Béton, Fib Model Code 2010 (2010) 

The new Fib model Code 2010 includes the influences of strain dependence of strength and 

offers two accuracy levels. For both accuracy levels the shear resistance is based on the 

Simplified Modified Compression Field Theory (Bentz, 2006) and can be computed with: 

 

𝑣𝑅𝑑,𝑐 = 𝑘𝑣
√𝑓𝑐𝑘

𝛾𝑐
   [N/mm²] 

 

Where: 

kv is a parameter for shear resistance of cracked concrete [-], 

fck is the characteristic compressive strength [MPa], 

γc is the material safety factor which is equal to 1,2 for accidental loading and 1,5 for persistence 

and temporary loading [-]. 

 

For the level I and level II approximation kv is defined as: 

𝑘𝑣,𝐼 =
180

1000+1,125𝑑 
    

𝑘𝑣,𝐼𝐼 =
0,4

1+1500𝜀𝑥

1300

1000+0,9𝑘𝑑𝑔𝑑 
  

Where: 

d is the effective depth [mm], 

εx is the longitudinal strain [‰], 

kdg is the effect of the aggregate size  [mm] with kdg = 32/(16 + dg[mm]).  

 

For the formula defining kv on level I a maximum aggregate size of dg = 9,6 mm and a εx = 

1,25‰ are computed (longitudinal reinforcement bar with fyk = 500 MPa with half the yield 

strain). 
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2.4.6 Eurocode 2, EC2 (2011) 

The Eurocode 2 (2011) states the following design formula for the expression of shear resistance 

for a member without shear reinforcement: 

 

𝑣𝑅𝑑,𝑐 =
𝑉𝑅𝑑,𝑐

𝑏𝑑
= 𝐶𝑅𝑑,𝑐𝑘(100𝜌𝑠𝑓𝑐𝑘)1/3   [N/mm²] 

 

Where: 

b is beam width [mm], 

d is effective depth [mm], 

CRd,c is recommended to be 0,18/γc [-], 

 γc is the material safety factor which is equal to 1,2 for accidental loading and 1,5 for persistence 

and temporary loading [-], 

k is the size factor equal to 1 + (200/d)0,5 < 2,0 [-], 

ρs is the longitudinal reinforcement ratio [-], 

fck is the characteristic cylinder compressive strength of the concrete [MPa], 

Elements subjected to axial stress, σc, have an additional term of 0.15σc [MPa]. 

 

The design expression of Eurocode 2, which is the same as used in CEB-FIP Model Code 1990 

is: 

𝑣𝑅𝑑,𝑐 = 0,12(1 + √200/𝑑)(100𝜌𝑠𝑓𝑐𝑘)1/3   [N/mm²] 

 

This equation is derived by using a reliability index of β=3,6 on the analyses of Köning and 

Fischer (1995), which evaluated 176 shear test and found the following average nominal shear 

resistance: 

 

𝑣𝑅𝑑,𝑐 = 0,163(1 + √200/𝑑)(100𝜌𝑠𝑓𝑐𝑘)1/3   [N/mm²] 

 

Direct strut action for loads near to support, or arch action, is taken into account by a reduction 

ratio, β, on the applied shear. This addition to the design formulation only applies to elements 

with a shear span-to-depth ratio, av/d, lower then 2, where elements with a shear span-to-

depth ratio lower then 0,5 should be calculated as one with a shear span-to-depth ratio of 0,5. 

The reduction ratio, β, should be calculated as: 

𝛽 = 𝑎𝑣/2𝑑 [-]. 

With a limitation of the reduction as: 𝑉𝐸𝑑 = 0,5 𝑏𝑤  𝑑 𝑣 𝑓𝑐𝑑 [N] 

With v as a reduction value for concrete cracked due to shear 𝑣 = 0,6 [1 −  
𝑓𝑐𝑘

250
] [-]. 



 

Chapter 2: Shear Resistance of Concrete Beams without Shear Reinforcement 23 

2.4.7 Comparing the different empirical relations  

Empirical 

relation 

Constant Concrete 

strength factor 

Reinforcement 

factor  

Depth factor Other 

Rafla, 1971 0,98  * (𝑓𝑐𝑚)1/2 * (100𝜌𝑠)1/3 * 𝑑−1/4 * 𝛼𝑢
1 

BS, 1997 790/𝛾𝑐 * (𝑓𝑐/25)1/3 * (100𝜌𝑠)1/3 * (0,4/𝑑)1/4   

CSA, 2004 𝜙𝑐 * 𝑓𝑐
1/2 *     𝑘𝑣

2 

ACI, 2008 1,9       * 𝑓𝑐
1/2 + 2500𝜌𝑠 *  𝑉𝑢𝑑/𝑀𝑢   

FiB, 2010 1/ 𝛾𝑐 * 𝑓𝑐𝑘
1/2 *   𝑘𝑣   

EC2, 2011 0, 18/ 𝛾𝑐 *  (100𝜌𝑠𝑓𝑐𝑘)1/3 * 𝑘   

Table 3: Comparison of the different empirical relations. 
Other: 1span-depth ratio factor; 2aggregate size factor.  

When comparing the different empirical relations in the simplified Table 3 it should be noted 

that not all empirical relations are in MPa measuring unit. In the Table the main differences 

and similarities between the different empirical relations can be found. For the concrete 

strength factor most empirical relations use a factor till the power of ½, where the British 

Standard and the Eurocode 2 use a factor till the power of 1/3.  The other main difference can 

be found in the reinforcement factor, where most use a factor till the power of 1/3. The 

Canadian standard association and the FiB model Code 2010 do not include a factor for the 

reinforcement ratio in their empirical relation. The odd one out in the reinforcement factor is 

the ACI 318-08 which includes the reinforcement factor (multiplied by the depth factor) as an 

added factor to the concrete strength factor rather than multiplying it which the other empirical 

relations do. In addition to this it doesn’t use a factor till the power of 1/3, but rather a straight 

multiplied factor.  
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2.5 Shear resistance with shear reinforcement 

Shear reinforcement can be included into concrete elements to increase its shear resistance. The 

thesis, and the previous chapters, focus on concrete elements without shear reinforcement, but 

for a completeness of the literature study on shear resistance the impact of shear reinforcement 

shall be examined in this chapter.  

 

If the structural behavior of a beam is modelled as a strut-and-tie, the shear reinforcement is 

applied by means of (vertical) shear reinforcement. Creating a compression zone in the top 

layer of the concrete (1), a compression diagonal in the concrete (2), a tension zone in the bottom 

layer of the concrete with the longitudinal reinforcement and a tension zone vertical in the 

concrete with the vertical shear reinforcement as can be seen in Figure 12 

 

Figure 12: Strut-and-tie model with shear reinforcement (Source: TU/e, class 7P630, 2016).  

If shear cracks in the concrete occur then the shear reinforcement will become active as they 

are put under tension. From this moment the shear stresses are transferred threw the shear 

reinforcement and no further increase of the crack occurs unless the shear reinforcement are 

not sufficient. This way the limited tensile strength in concrete which causes shear-tension 

failure, see paragraph 2.1.2, is compensate by the shear reinforcement which have high tension 

strengths. 

 

The shear reinforcement are most efficient if placed perpendicular to the cracks, however they 

are usually placed vertically for technical implications. Regardless of the angle the shear 

reinforcement are placed in, it is important that they are looped around the longitudinal 

reinforcement so that a proper strut-and-tie model is formed. Additionally the center to center 

distance of the shear reinforcement had a maximum to be fully effective and the compression 

diagonal in the concrete should be checked.  
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Figure 13: Placement of shear reinforcement around horizontal reinforcement. (Source: TU/e, 
class 7P630, 2016). 

While the codes for shear resistance with shear reinforcement vary, only the code in Europe 

shall be included in this part of the literature survey. The Eurocode 2 states that when a concrete 

element requires shear reinforcement then only the shear reinforcement should be taken into 

account for the shear resistance, which results in the positive effects of the concrete being 

neglected completely. The following design formula is given by the Eurocode 2 for shear 

resistance with shear reinforcement with the shear reinforcement at a 90 degree angle relative 

to the longitudinal axis: 

𝑉𝑅𝑑,𝑠 =
𝐴𝑠𝑤

𝑠
𝑧 𝑓𝑦𝑤𝑑  cot (𝜃)  [N] 

 

Where:  

Asw is the cross area of the shear reinforcement [mm], 

s is the center to center distance of the shear reinforcement [mm], 

z is the lever arm which approximately is 0,9d [mm], 

fywd is the design value of the yield strength of the shear reinforcement, 

𝜃 is the angle of the compression diagonal relative to the longitudinal axis which has to be 

between 21,8 degrees and 45 degrees, as can be seen in Figure 14. 

 

Figure 14: Explanation notations shear resistance (Source: Eurocode 2, 2011) 
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In case the shear reinforcement are under an angle smaller than 90° the factor cot (𝜃) should be 

replaced by: 

cot(𝜃) + cot(𝛼)) sin (𝛼)     [-]  

Where α is the angle [°] relative to the longitudinal axis. 

This factor includes a change of shear resistance if the shear reinforcement are closer to being 

perpendicular to the cracks. As discussed before the shear reinforcement placed under an angle 

are not very common because of technical implications while they do increase the shear 

resistance.   

 

Additionally the tension zone and compression diagonal should have sufficient capacity in 

order for the strut-and-tie model to hold, which is regulated by a maximum amount of  shear 

resistance and a minimal amount of longitudinal reinforcement. The expression for the 

maximum shear resistance is stated as:  

𝑉𝑅𝑑,𝑚𝑎𝑥 = 𝛼𝑐𝑤𝑏𝑤𝑧𝑣1𝑓𝑐𝑑/(cot(𝜃) + tan(𝜃))   [N] 

Which is based on the shear reinforcement at a 90 degree angle relative to the longitudinal axis. 

In case the shear reinforcement are under a lower angle the factor (cot(𝜃) + tan(𝜃))  should be 

replaced by: 

(cot(𝜃) + cot(𝛼)) /(1 + cot2(𝜃))    [-] 

Where: 

αcw is a factor which takes into account the tension in the, with compression loaded, edge [-], 

bw is the effective width [mm], 

v1 is the strength reduction value for concrete cracked by shear forces [-], 

fcd is the design value of the compressive strength of the concrete [MPa]. 

For not pre-stressed concrete elements the factor acw should be taken as 1. If the tensions in the 

shear reinforcements do not exceed 80 percent of its the characteristic yield strength, fyk, then 

v1 may be taken as: 

𝑣1 = 0,6   for fck  ≤ 60 N/mm²    [-] 

𝑣1 = 0,9 − 𝑓𝑐𝑘/200  for fck  > 60 N/mm², with a minimum of 0,5 [-] 

 

The expression for the minimum amount of longitudinal reinforcement as a ratio of the 

concrete area is given as: 

𝜌𝑤,𝑚𝑖𝑛 =
0,08√𝑓𝑐𝑘

𝑓𝑦𝑘
  [-] 
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As mentioned before the center to center distance has a maximum for the shear reinforcement 

to be fully effective, by the Eurocode 2 this is regulate by a maximum for the center to center 

distance is given by: 

𝑠 ≤ 0,75 𝑑   and  

𝑠 ≤ 300 𝑚𝑚  

 

Additionally shear reinforcement has a large impact on the dowel action provided by the 

longitudinal reinforcement, as previously discussed.  

2.6 Horizontal shear resistance in composite structures 

The AirDeck system consists of a precast floor slabs, with air boxes, on which in situ concrete 

is added too to create a composite floor element. This composite floor element needs to have a 

proper binding between the precast layer casted in the factory and the layer casted at the 

construction site to act as a composite floor instead of individual elements. The strength of the 

connection is given by its horizontal shear resistance and has to be greater than the horizontal 

shear stress demand in order to act as a composite element and not fail on horizontal shear.  

 

The previous chapters focused on shear resistance of concrete elements made in one casting 

process, where the entire element hardened and a high adhesion in the concrete results in the 

element acting monolithically. However with the AirDeck system this is not the case and a 

reduction in adhesion layer between the precast layer and the in situ layer is created resulting 

in a reduction of connection strength and thus horizontal shear strength should be checked 

aswell. The air boxes reduce the connection surface to further reduce the horizontal shear 

resistance of the elements. Therefore it is possible that the AirDeck system fails on horizontal 

shear before the previously mentioned shear failure mechanisms can occur, making the 

horizontal shear normative. For this reason the horizontal shear is discussed in this chapter so 

horizontal shear resistance can be taken into account.  

 

2.6.1 Horizontal shear stress methods 

In order to check the element on horizontal shear strength the horizontal shear stress has to be 

known. There are three different methods to calculate the horizontal shear demand of a 

composite concrete element; global force equilibrium, simplified elastic beam behavior and 

classical elastic method. These three methods shall be explained using an example of a 

composite concrete beam simply supported and uniformly loaded. 
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2.6.1.1 Global force equilibrium 

The global force equilibrium method determines the horizontal shear stress demand on the 

change in compression forces in the top layer of the composite element between two points. 

The difference in these compression forces results in the horizontal shear force as can be seen 

in Figure 15 and derived as: 

Vh = (C1 – C2)  [N] 

Where: 

Vh is the horizontal shear force [N], 

C1 and C2 are the compression forces in the topping of the slab at the considered points on the 

beam [N]. 

 

Dividing this force by the contact area gives an equation for the shear stress, which is accepted 

by the ACI code: 

vh = (C1 – C2) / (l bv) [N/mm²] 

Where: 

vh is the horizontal shear stress [N/mm²], 

l is the length between the points [mm], 

bv is the effective width [mm]. 

 

Figure 15: Horizontal shear demand – global force equilibrium (Source: Kavach & Naito, 2008). 
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2.6.1.2 Simplified elastic beam behavior 

The simplified elastic beam behavior is based on the flexural beam theory to determinate the 

horizontal shear demand based on the vertical shear acting on the section. Using equilibrium 

over a small part of the element, ∆x, creates a relationship between the vertical shear on the 

section and the horizontal shear stress. The complete derivation of this equilibrium, as well as 

a visualization  of the parameters, is given in Figure 16 and results in the following equation 

for the horizontal shear stress, which is accepted by the ACI norm: 

vh = Vu / bv d  [N/mm²] 

Where: 

vh is the horizontal shear stress [N/mm²], 

Vu is the factored vertical shear force [N], 

bv is the width of the contact area [mm], 

d is the distance from the extreme compression force of the composite element and the centroid 

of the longitudinal tension reinforcement [mm]. 

 

Figure 16: Horizontal shear demand - Simplified elastic beam behavior (Source: Kavach & 
Naito, 2008). 

The Eurocode 2 has a small alteration to the formula to include a factor for the ratio between 

longitudinal force in the last poured concrete part and the total longitudinal force in the 

compression- or tension zone of the composite element, factor β: 

𝑣𝐸𝑑𝑖 = (𝛽 ∗ 𝑉𝐸𝑑)/(𝑏𝑖 ∗ 𝑧)   [N/mm²] 

Where the other parameters got different notations: 

vEdi  is the horizontal shear stress [N/mm²], 

VEd is the vertical shear force [N], 

 bi is the width of the contact area [mm], 

z is the lever arm of the composite element [mm] 
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2.6.1.3 Classical elastic method 

Lastly there is the classical elastic method which is allowed by the American Association of 

State Highway and Transportation, AASHTO, and is used by a majority of the previously 

researchers, which are discussed in the next paragraph: paragraph 2.6.2. This method is based 

on elastic response of a composite element and thus only holds if the section is uncracked. The 

classical elastic method for determining horizontal shear stress is based the horizontal shear 

stress being equal to the vertical shear stress, see Figure 17, and calculated by: 

vh = V S / I bv  [N/mm²] 

Where: 

vh is the horizontal shear stress demand [N/mm²], 

V is the vertical shear force [N], 

S is the first moment of inertia with respect to the neutral axis [mm³], 

I is the moment of inertia of the entire composite cross-section [mm4] 

bv is the width of the contact area [mm] 

S may be calculated as S = A y ̅ 

Where: 

A is the area of the slab [mm²], 

y̅ is the distance between the centroid of the slab to the neutral axis of the composite cross-

section [mm]. 

 

Figure 17: Horizontal shear stress being equal to vertical shear stress. 

2.6.2 Previous research on horizontal shear resistance 

The horizontal shear stress demand has three different methods which all have fairly similar 

results and thus can be calculated appropriately with only small deviations. However the shear 

resistance of the composite elements have design codes and experimental results which have a 

larger deviation from each other. Previous research into shear resistance can be divided into 

two common test setups; push-off tests and beam tests.  

  



 

Chapter 2: Shear Resistance of Concrete Beams without Shear Reinforcement 31 

The push-off tests have been stated as inaccurate because of the eccentricity between where the 

force is applied and where the forces are transferred between the elements resulting in a 

overturning moment and the areas of high stress concentration resulting in a non-conservative 

estimate of the horizontal shear resistance (Kovach & Naito, 2008). Therefore only the beam 

tests shall be examined, focusing on researches where surface roughness, concrete strength and 

ultimate failure stresses are reported. An example of the beam test is shown in Figure 18, which 

shows the loading setup used by Patnaik. Only a summary of the research related experiments 

shall be included, stating the examined researches, their parameters and their results as can be 

seen in Table 4. 

 

Figure 18: Loading setup for the beam test by Patnaik (Source: Patnaik, 1999). 

2.6.2.1 Summary research results 

Research Surface 

finish 

Horizontal 

shear stress 

[MPa] 

f’c 

[MPa] 

Shear 

stress 

method 

Test ID 

Hanson, 1960 Rough 2,14 21,9 vh=VS/Ib BR-I 

Seamann and Washa, 

1964 

Intermediate  2,27 20,9 vh=VS/Ib 15C 

Seamann and Washa, 

1964 

Intermediate 3,05 20,9 vh=VS/Ib 16C 

Nosseir and Murtha, 

1971 

Rough 3,90 - - R0.0 

Nosseir and Murtha, 

1971 

Smooth 3,23 - - S0.0 

CTA-74-B6, 1974 Smooth 2,96 37,9 vh=VS/Ib S-7-S 

CTA-74-B6, 1974 Smooth 2,74 28,0 vh=VS/Ib S-8-S 

CTA-76-B4, 1976 Intermediate 2,34 29,6 vh=VS/Ib P-1 

Patnaik, 1999 As-placed 1,76 17,0 vh = 

(C1-C2)/lb 

RR3.1 and 

RR3.2 

Patnaik, 1999 As-placed 1,57 19,8 vh = 

(C1-C2)/lb 

RR1.1 
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Patnaik, 1999 As-placed 1,87 23,5 vh = 

(C1-C2)/lb 

RR2.1 and 

RR2.2 

Patnaik, 1999 As-placed 3,13 62,4 vh = 

(C1-C2)/lb 

RHR1 till 

RHR 3 

Kovach and Naito, 2008 Broom 3,43 36,3 vh=VS/Ib 6B3 till 6B6 

Kovach and Naito, 2008 As-placed 4,41 31,2 vh=VS/Ib 3A1 till 3A2 

Kovach and Naito, 2008 As-placed 4,55 39,7 vh=VS/Ib 6A3 till 6A8 

Kovach and Naito, 2008 Rake  6,49 31,2 vh=VS/Ib 3R1 

Kovach and Naito, 2008 Rake  5,52 36,3 vh=VS/Ib 6R3 till 6R8 

Table 4: Summary research results in metric system. 

Table 4 gives a summary of all previously mentioned researches, with all values in the metric 

system. Additionally f’c is the lowest value of the concrete strength of the web and the slab, 

Shear stress method is which of the three methods discussed in paragraph 2.6.1 has been used 

and Test ID is the identification of the specimen as used in the mentioned research. 

In addition an equation for horizontal shear strength (in MPa) based on the ratio of shear span 

to effective depth, x, is given by Saemann and Washa (1964) as: 

𝑌 =  
18,6

𝑋+5
  

Patnaik (1999) stated an equation as a lower bound of the horizontal shear based on concrete 

strength:  

𝑣𝑢𝑓0 = 0,35√𝑓′𝑐  

2.6.3 Empirical relations horizontal shear resistance 

The design codes for horizontal shear resistance vary in both the calculated strength and the 

different parameters applied. The ACI uses a fixed number for the maximum horizontal shear 

stress, where Concrete Technology Associates, CTA, and AASHTO use parameters depending 

on the roughness of the surface with a maximum based on the concrete strength and the 

Eurocode 2 uses parameters related to the roughness of the surface and the strength of the 

concrete. The different design codes and their values are given for each of their stated 

parameters in Table 5.  In the table can be seen that ACI uses only one value, not dependable 

on roughness or concrete strength. Additionally the Eurocode 2 has significantly lower 

resistances then the other codes and is the only code in which the resistance is dependable on 

the concrete strength.  
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2.6.3.1 Summary empirical relations  

 CTA ACI AASHTO Eurocode 2 

Very smooth    0,12 MPa 

Smooth 0,62 MPa  0,52 MPa 0,24 MPa 

Intermediate 1,10 MPa 0,55 MPa   

Rough 2,07 MPa  1,65 MPa 0,48 MPa 

Rough (in situ)   1,93 MPa  

Profiled    0,60 MPa 

monolithically   2,76 MPa  

Table 5: Summary ultimate horizontal shear stress – codes 
 

The CTA, ACI and AASHTO are based on the surface roughness., while the Eurocode 2 also 

includes the concrete strength of the weakest element, for comparison concrete with a strength 

of C20/25 has been used. The roughnesses as stated in the different norms, briefly noted below, 

based on the interpretation of the author similar description where combined in the table.  

 
CTA states all roughnesses in clean and free of laitance with un-reinforced interface as  

- Concrete not intentionally roughened.  

- Concrete roughened leaving irregularities of not less than 1,6 mm from peak to trough. 

- Concrete roughened leaving irregularities of not less than 6,4 mm from peak to trough. 

ACI has four different interface conditions, from which only one holds for un-reinforced 

interface: 

Concrete with clean, free of laitance  surface and intentionally roughened. 

AASHTO states all roughnesses in clean and free of laitance with un-reinforced interface as: 

- Concrete not intentionally roughened; 

- Concrete intentionally roughened to an amplitude of 6,4 mm; 

- Cast in place concrete intentionally roughened to an amplitude of 6,4 mm; 

- Monolithically. 

Eurocode 2 states the roughnesses of the interface as: 

Very smooth:  concrete casted in formwork from steel, plastic or specific wood; 

- Smooth: concrete casted in a free  surface not intentionally roughened; 

- Rough:  concrete roughened with roughnesses of at least 3 mm, based on the 

irregularities relative to the reference line;  

- Profiled: a surface profiled as specified in Figure 19. 

 

Figure 19: Specification profiled surface (Source: Eurocode 2, 2011)  
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2.7 Time dependent behavior of concrete 

 
The phenomenal of deformations of concrete increasing over time without a change in applied 

pressure are known as time-dependent deformations. These time depending deformations can 

be split up into stress-independent and stress-dependent. The stress-independent deformation 

can be caused by a change in the composition of the concrete which happens independent of 

the elements being applied to stresses c.q. a load. This type of time dependent deformation is 

caused by either shrinkage or swelling of the concrete, both sharing the same principles of the 

occurring effect. Stress-dependent deformations are caused by an increase of strains to an 

element which occurs by the continues  applies pressure that would not appear to an otherwise 

equal not pressurized element. This phenomenal is known as creep and relaxation, the last 

effect is, even though the differences, often also referred to as creep since they both have the 

same fundamental viscoelastic properties. 

 

Even tough effects of time dependent behavior is acknowledged by researchers and structural 

designers it is often not included in design calculation. This is because the design calculations 

are generally based off a concrete strength after 28 days of hardening, this strength however 

keeps, slightly, increasing after these 28 days. According to Sarkhosh (2014) the further increase 

of the concrete strength compensates the effects causing time dependent behavior of concrete. 

Nevertheless the basics of this phenomenal is noted above, in addition to this it should be noted 

that the applied loadings fluctuate in practice. 
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2.8 Summary 

When examining shear resistance it is important to have knowledge about the different ways 

a shear failure can occur in a monolithic concrete element. Shear failure in reinforced 

monolithic concrete elements can occur according to three different failure modes: Shear-

flexure failure, shear-tension failure and shear-compression failure. Shear-flexure failure is a 

failure mechanism that typically occurs to elements with a shear span-to-depth ratio (av/d) 

between 2,5 and 6,0. This failure mechanism occurs from an initial flexural crack which 

propagates due to shear stresses causing shear flexure cracks. As the crack propagates a loss of 

dowel action is followed by failure in the compression zone and leads to failure of the beam. 

Shear-tension failure is a mechanism often occurring to elements with thin webs caused by the 

occurring tension stress exceeding the tension strength of the concrete resulting in a crack. 

Shear-compression failure is a failure mechanism which typically occurs to deep elements, 

where arch action is common, with a shear span-to-depth ratio below 1,0. In this failure 

mechanism a crack occurs along a line between the load and the support. If this crack 

propagates to the compression zone it leads to a redistribution of compressive forces which 

eventually causes a failure by concrete crushing at the load or the support.  

 

Knowing the different failure mechanisms which cause shear failure of a concrete element, the 

next thing to look at is the different contributors to the shear bearing resistance. Once a crack 

occurs, different mechanisms occur which transfer the shear, resulting in shear resistance of 

the concrete element. The three mechanisms that transfer the shear are shear crack, aggregate 

interlock and dowel action. Shear crack is the shear force transferred by the uncracked concrete 

in the compression zone, according to Mohr’s circle a large compression force caused by large 

bending moments results in a high shear resistance. Aggregate interlock is caused by the slip 

capacity provided by the aggregates which are poking out of the cracked surface, where larger 

aggregates result in larger slip capacity and thus a higher provided shear resistance. Dowel 

action is given by the longitudinal reinforcement of the concrete element on which shear 

reinforcement has a large impact. Despite the lack of shear reinforcement dowel action can be 

significant to shear transfer in elements with a large amount of longitudinal reinforcement, 

particularly if this reinforcement is in multiple layers. Additionally, direct strut action occurs 

to small shear span-to-depth ratio elements and should be taken into account for elements with 

a shear span-to-depth ratio smaller then 2,5. 
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The study into the contributors to the shear bearing resistance lead to the different parameters 

which influence the shear resistance of the concrete elements. The three parameters influencing 

the shear resistance are concrete strength, longitudinal reinforcement ratio and shear span-to-

depth ratio. Concrete tensile strength is often based on the concrete compression strength are 

there for directly related to it. As stated in the shear-tension failure mode the tensile strength 

of concrete is important for the shear resistance and thus the concrete compression strength, 

where the tensile strength is based on.  Longitudinal reinforcement influences the amount of 

dowel action taking place and as stated a high amount of longitudinal reinforcement can 

provide significant influences to the shear transferring mechanisms and thus the shear 

resistance. An increase of the shear span-to-depth ratio results in a lower shear resistance as 

previously discussed. Additionally a shear span-to-depth ratio below 2,5 allows arch action to 

take place and thus rapidly increase shear resistance at any lower values.  

 

The amount of influence each parameter has are expressed in empirical relations under which 

the normative design codes. Although there are differences in the empirical relations 

mentioned several similarities can be found. a notable difference in the codes is the way the 

concrete tensile strength, derived from the concrete compression strength, is derived. In the 

Eurocode 2, the CEB-FIB model Code 1990, British standard and Rafla the compression 

strength till the power of 1/3 is used, where FiB model Code 2010, ACI 318-08 and Canadian 

standard the compression strength till the power of ½ is used. 

 

To complete the study about shear resistance in monolithic elements the shear resistance of 

elements with shear reinforcement is also briefly examined, despite the focus of the research 

being on elements without shear reinforcement. Shear reinforcement compensates the lack of 

tension strength in concrete and transfers shear force once cracks start to occur. Additionally 

the shear reinforcement increase the influence of the dowel action provided by the longitudinal 

reinforcement.  

 

Because the AirDeck system is a composite element with decreased interface because of the air 

boxes, it is possible that horizontal shear resistance is decisive for the elements. Because of the 

composite nature of the element, horizontal shear has to be transferred between the two layers 

in order for the layers to act as a composite element. Experiments state that  codes use a 

conservative method to calculate the horizontal shear strength of composite elements. For the 

research it is important to know if the elements have sufficient horizontal shear resistance to 

reach the previously mentioned shear failure mechanism. If the elements have insufficient 

horizontal shear resistance they will fail on horizontal shear before one of the three vertical 

shear mechanisms occurs.  
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If the horizontal shear resistance is insufficient it is possible to add vertical shear reinforcement 

and/or increase of the smoothness of the interface to increase the horizontal shear resistance. 

According to the Eurocode 2 design norm an increase in concrete strength also adds to an 

increase in horizontal shear resistance, tough this is not mentioned in other design norms. The 

different researches into horizontal shear resistance give a wide dispersion of results, 

additionally a wide dispersion between the capacities stated in the different design norms can 

be stated. The wide dispersion in experimental results and capacities stated by the design norm 

it  provides it to be difficult to accurately determine the expected horizontal shear resistance. 

 

The influence of time can be divided into stress-dependent deformations, shrinkage, and stress-

dependent deformations, creep. Shrinkage is caused by the change composition in the concrete 

mainly caused by drying shrinkage. Creep is an increase of deformation over time without a 

change in load. However Sarakhosh (2014) stated that design calculation are based on a 28 days 

old concrete and the further increase of strength from the concrete counteracts the time 

dependent effects. Additionally this research focuses on elements under short loading.  
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Chapter 3: Determination Experimental Setup and 

Specimens 

In order to create a suiting experimental setup for the AirDeck system, a theoretical knowledge 

of the system as well as the material and its failure mechanics is necessary. In addition the 

theoretical knowledge stated in the previous chapters, setups used for similar systems will also 

be examined. After this a theoretical approach is taken to determinate the setup and the 

AirDeck specimens required for the experiment. The second part of the chapter focuses on the 

creation of the specimen and the initial imperfections in them as well a more detailed 

description of the experimental setup with the location of the sensors and cameras. 

3.1 Literature experimental setup 

For an experimental setup to determine the shear resistance it is important that the tested 

specimen actually fails in shear and not in another failure mechanism, like bending, 

longitudinal shear or any combination. To fulfil  this it is important that the longitudinal 

reinforcement is sufficient so that the specimen does not fail in bending. Additionally arch 

action or a direct load transfer should be prevented thus a proper shear span-to-depth ratio, 

av/d, is required for the test setup. Testing a solid equivalent specimen is desirable for the sake 

of comparison and the reduction ratio between AirDeck floor specimens and a solid floor. 

 

In addition to reach a shear failure it is also desirable that the way how failure is introduced 

and occurs during the testing can be tracked and thus that the ribs are visible during the 

experiment. In addition to this a limitation in specimen width and length have to be applied to 

reduce the costs, the effort to handle and test the specimen. To obtain more insight into this, 

the experimental setups of, the void based biaxial floor systems, BubbleDeck and Cobiax shall 

be reviewed. 
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3.1.1 Hai et al. (2013) - BubbleDeck 

The experimental setup by Hai et al. uses BubbleDeck samples with the same dimensions: 1900 

mm  length, 800 mm width and 230 mm height. In addition to this two different sphere types 

where used being 186 (round) and 240-180 (elliptical). The experiment is however not 

limited to just shear failure and from the results we can learn that only the 186 variants failed 

on shear. Therefore only these variants of the experiment are reviewed. These variants have a 

total of four voids in the width of the specimen, see Figure 20. The variant is split up into two 

cases with each a different concrete strength, B25 and B35. The research did not include a 

massive comparison specimen. 

 

Figure 20: Bubbledeck specimen (Source: Hai et al., 2013). 

The beam was simply supported with a span of 1900 mm and the load P was applied in the 

middle of the beam. Both the load and the supports were present over the full width of the 

specimen, as can be seen in Figure 21. The experiment was conducted by reading the loads at 

mid span and the displacements at a quarter, halfway and three-quarter of the length.  

 

 

Figure 21: Experimental setup BubbleDeck (Source: Hai et al., 2013). 
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In this experiment the force is applied at the opposite direction of gravity at the bottom side of 

the slab. This is mainly done for observation of the cracks from the topside of the specimen 

instead of from below the specimen. In addition it was a practical implication as it made 

recording of the strain and deformation easier for the researchers. Additionally it should be 

noted that the strain and deformation of the concrete were measured using wire strain gauges.   

 

In the documentation the failure modes are identified as shear and bending modes. It should 

be noted that the specimens using the hollow spherical balls (round) had the shear failure 

modes (specimens A.BD.2 and B.BD.2). On contrary the specimens using the modified elliptical 

balls had the bending failure modes (specimens A.BD.3, A.BD.4 and B.BD.3). Additionally the 

specimens with the modified elliptical balls had a slightly (~10%) higher capacity. 

 

The specific type of shear failure mode is not mentioned in the research, however the type of 

shear failure can be examined with the pictures of the cracked specimens.  Based on this it can 

be stated that the shear cracks originated from bending cracks, as can be seen in Figure 22 

resulting in a flexural-shear failure mode. While evaluating the cracks we should keep in mind 

that the specimen is loaded from the bottom and thus the bending cracks start at the topside in 

the picture. Additionally it in not clarified whether this failure type represented in the picture 

(from specimen B.BD.2) is representative for the other specimen (A.BD.2) that failed on shear.  

 

Figure 22: BubbleDeck slab crack (Source: Hai et al., 2013). 
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3.1.2 Marais (2009) - Cobiax 

The experimental setup from Marais uses Cobiax specimens with a length of 1500 mm and a 

width of 600 mm. In addition also solid specimens with the same external dimensions where 

tested. The Cobiax spheres were spaced 200mm creating a specimen with two whole voids and 

three webs as can be seen in Figure 23. 

 

Figure 23: Cross-section Cobiax specimens with 280mm height (Source: Marais, 2009). 

In the experiment the heights of 280mm, 295mm and 310mm where used with a reinforcement 

of Ø16. Amount of longitudinal reinforcement was altered between 3, 4 and 5 bars.  

 

The setup considered the following parameters to decide the design of the setup: 

- A limited shear span-to-depth ratio, av/d, to prevent flexure failure to occur instead of 

shear failure.  

- The shear span-to-depth ratios, av/d, used, 2,44 till 2,73, make sure that arch action 

does not occur. 

- The specimens were made as short as possible while still giving the desired results, 

resulting in the 1500 mm length and 600 mm width.  

 

The beam was simply supported at a span of 1350 mm, giving a distance between support and 

end of the beam of 75 mm on both sides. The load Pu was applied in the middle of the beam,  

see Figure 24.  
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Figure 24: Longitudinal cross-section Cobiax specimen (Source: Marais, 2009). 

 

Both the load and the supports span over the full width of the specimen, as can be seen in 

Figure 25. The experiment was conducted by reading the loads at mid span and the 

displacements.  

 

 

Figure 25: Experimental setup Cobiax specimen (Source: Marais, 2009). 
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In the documentation it is stated that all shear cracks in the solid slabs originated from bending 

cracks, which is common for the used shear span-to-depth ratio, av/d.  However this was not 

the case for all the Cobiax slabs. ‘’in the case of the Cobiax slabs though, the cracks sometimes 

started at the web, and then further developed down and back to the support along the tension 

reinforcement and also upwards to the top of the beam towards the line of the application.’’ 

(Marais, 2009).  These stated observations can be verified by Figure 26, where the cracks of the 

Cobiax slab are shown.  

 

For this specific experiment on the Cobiax system it is found that a difference in failure mode 

is found between a massive comparison specimen and the Cobiax system being flexural-shear 

failure and shear-tension failure respectivly. 

 

 

Figure 26: Cobiax slab crack (Source: Manais, 2009). 

  

 

  



 

Chapter 3: Determination Experimental Setup and Specimens 45 

3.1.3 Conclusion 

For the experimental setup it is crucial that failure is achieved by shear failure. To achieve this, 

sufficient longitudinal reinforcement should be applied and in combination with a limited 

shear span-to-depth ratio, av/d, to prevent flexure failure to occur instead of shear failure. In 

addition, the shear span-to-depth ratio should not be taken too low to prevent arch action.  

 

It is recommended to apply the loaded at the centroid and have the supports present at the full 

width of the specimen to prevent unequally distributed forces and rotations along the y-axis of 

the specimen. A specimen ending with a half void is recommended to provide vision on the 

webs and therefore provide more information on how failure occurs. In extension to this more 

than 2 webs are not preferred, since then at least one web cannot be visually examined during 

the test. 

 

Based on the literature and the examined experiments it can be expected that the solid 

comparison specimen fails due to shear cracks originated from bending cracks, flexural-shear 

failure. However the results for the void based specimen are different between the researches. 

In the BubbleDeck research an identical failure mode for the void based specimens was found 

as the solid comparison specimen, flexural-shear failure. However in the Cobiax research a 

different failure mode for the void based specimens differed from the failure mode of the solid 

comparison specimens as a shear-tension failure was found for the void based specimens. 

Based on this it cannot be excluded that the massive comparison specimen fails in the same 

failure mode as the AirDeck specimen and thus can be directly compared, for this reason the 

massive comparison specimen will be included in the research.  
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3.2 Determination experimental setup - calculations 

First the setup shall be calculated based on the shear span, the testing method and desired 

global cross section. After this the specimens have to be calculated to ensure they fail on shear 

resistance and not bending moment in the previously given setup. For this calculation the mean 

values for the shear resistance and bending moment will be derived and compared, including 

safety margins, to conclude into a required longitudinal reinforcement. After this multiple 

smaller factors will be checked, like the anchorage length and the horizontal shear stresses.  

3.2.1 Shear span 

As mentioned in the literature study there are three main necessary conditions:  

- A limited shear span-to-depth ratio, av/d, to prevent flexure failure to occur instead of 

shear failure, a maximum ratio as an indication is chosen as 6,0. 

- A shear span-to-depth ratio, av/d, higher then 2,5 to prevent arch action from 

occurring. 

- The experiment to fail in shear and not moment. 

The last of these conditions is achieved by adding sufficient longitudinal reinforcement to 

ensure that the moment capacity is sufficient to ensure shear failure. This is partially dependent 

on the span of the experiment as the occurring moment is based on this. Therefore the setup 

for the experiment will first be examined using the other two conditions. After which the 

longitudinal reinforcement shall be determined.  

 

An high shear span-to-depth ratio results in a larger experimental setup as well as in increase 

of the occurring moment-shear ratio. Therefore it is desired that the shear span-to-depth ratio 

is kept at a minimum, while respecting lower boundary of 2,5 from which arch action starts to 

occur. The depth is dependent on the type of floor specimen used in the experiment. Using the 

most used floor type from AirDeck will result in the most representative result, which is the 

A340 floor type with a height of 340 mm. 
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By using reinforcement bars Ø 16 mm the effective depth of these specimens can be calculated 

as: 

ℎ = 340𝑚𝑚  

𝑑 = ℎ − 𝑐 −
Ø𝑠

2
− Ø𝑠,𝑡 = 340 − 25 −

16

2
− 8 = 299 𝑚𝑚  

Where: 

h is the total height of the element [mm], 

c is the concrete cover of the reinforcement [mm], 

Ø𝑠 is the diameter of the longitudinal reinforcement [mm]. 

Ø𝑠,𝑡 is the diameter of the transverse reinforcement placed below the longitudinal bars [mm]. 

Combining the found depth and the desired shear span-to-depth ratio larger then 2,5 results in 

the minimum desired span length: 

𝑎𝑣

𝑑
= 2,5           , 𝑡ℎ𝑢𝑠 𝑎𝑣,𝑚𝑖𝑛 = 2,5𝑑 = 748 𝑚𝑚  

for the experiment a value of 850 mm shall be used as a center-to-center distance between the 

support and the load. In combination with a steel strip for load distribution of 100 mm and a 

steel strip of 100 mm at the support this results in a satisfying shear span-to-depth ratio.  

3.2.2 Test setup 

Because of the limited amount of experiments the focus shall be on the most common practice 

of the AirDeck floor. For this reason a simple supported floor specimen shall be used which 

will be subjected to a positive bending moment. For these type of experiments there are 

typically two setup, as shown in Figure 27: 

- Three-point flexure test 

- Four-point flexure test 

 

Figure 27: three-point flexure test (left) and four-point flexure test (right) (Source: Substech). 

The three-point flexure test uses a single point load with two supports and generally equal 

spans between the load and the left span as the load and the right span. 

The four-point flexure test uses two point loads with a in center to center distance, in which 

the occurring moment is at its maximum and the shear is zero.  
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The general setup of both systems, as shown in the figure, has two downsides when implicated 

to this experiment. 

- The specimen tested can only be used once, giving only one test result per specimen. 

- The test results are only found for the weakest side, as both sides have the same 

internal forces while only one side fails. Therefore the test results give no average but 

rather a lower bound for the specimen. 

To resolve both problems an alteration to the three-point flexure test shall be used for the 

experiment. This setup uses a asymmetric loading ensuring there is only one possible failure 

side of the specimen, after which the remaining specimen can be re-used into a second test 

giving two results from one specimen.  

As shown in the Figure 28 there is one weak point to ensure there is only one possible failure 

location in both the first test and the second test of a single specimen. 

 

Figure 28: Experimental setup: first test (1) with specimen reused for second test (2). 

3.2.3 Cross-section AirDeck 

The experiments on similar systems which have been examined in the literature study both 

experiments had at least one rib enclosed and therefor no visual information was available of 

at least one rib in which the cracks could occur. Visual information of the cracks in all ribs was 

only obtained after the experiment when the concrete in front of it was removed. Since visual 

information of the cracks occurring and extending is important the cross-sections used in those 

experiments will not be used. Instead a specimen will be created ending on both sides with half 

boxes, leaving the ribs exposed for visual inspection during the experiment. With the same 

though process it is chosen to include only two ribs in the cross-section thereby eliminating 

any unexposed ribs. Additionally there are no half ribs casted, excluding the odds of a not well 

compacted concrete caused by the limited width in a half rib. This results in a total width of 

the specimen being 600 mm, as can be seen in Figure 29. 
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Figure 29: Cross-section - two half boxes, two ribs and one full box. 

3.2.4 Cross-section solid  

In addition to the AirDeck specimens a solid specimen shall be made to provide comparison in 

shear strength. The solid specimen will provide a higher capacity and thus a higher critical load 

on which shear failure will occur. Instead of using a specimen with the same external 

dimensions and thus resulting into a higher capacity demand on the setup it is opted to reduce 

the width of the solid specimen creating. This results in expected failure load for the AirDeck 

system and the solid specimen to be near equal. Based on previous research into AirDeck and 

similar systems a ratio of 2:3 shall be used. With this ratio an equal reinforcement ratio is easily 

reached by adding 1,5 times the reinforcement of the solid specimen to the AirDeck specimen 

and additionally the expected failure load for both systems is nearly identical. This results in a 

width of 400 mm for the solid specimen, as can be seen in Figure 30.  

 

Figure 30: Cross-section - solid specimen. 

  



 

Chapter 3: Determination Experimental Setup and Specimens 50 

3.2.5 Mean values 

The empirical relations given in design codes include safety factors and are based on 

characteristic values and thus gave a safe assumption of reality. For the experiments it is 

important that the realistic value of the expected failure load, shear strength and moment 

capacity is found to provide a proper experiment setup. In order to do this the safety factors 

used for shear resistance and moment capacity have to be excluded from the related 

parameters. With these mean values expectations for the experiment can be calculated. It is 

important that not only the average value of the parameters is included, but also the standard 

deviation. 

 

First the design formulas for moment capacity and shear resistance shall be rewritten to exclude 

safety factors after which the mean values of the parameters shall be given with the standard 

deviation if applicable. 

 

Moment capacity (design value): 

𝑀𝑅 = 𝑧𝐴𝑠𝑓𝑠   [Nmm] 

Where: 

z is the lever arm calculated as 𝑑 −
7

18
𝐴𝑠𝑓𝑠

3

4
𝑏𝑓𝑐𝑑

≈ 0,9𝑑 [mm], 

𝐴𝑠 is the longitudinal reinforcement [mm²], 

fs is the tensile strength of steel 

fcd is the compression strength of concrete 

𝑑 = ℎ − 𝑐 −
Ø𝑠

2
 [mm], 

ℎ is the specimen height [mm], 

𝑐 is the concrete cover of the reinforcement [mm], 

Ø𝑠 is the diameter of the longitudinal reinforcement [mm]. 

 

Shear resistance (mean value): 

This equation of the analyses of Köning and Fischer (1995), which evaluated 176 shear test shall 

be used for the mean shear resistance. The following average nominal shear resistance was 

found in their analyses:  

𝑉𝑅,𝑐 = 0,163(1 + √
200

𝑑
)(100𝜌𝑠𝑓𝑐𝑚)1/3𝑏𝑤𝑑   [N] 

Where: 

𝜌𝑠 is the reinforcement ratio defined as 𝜌𝑠 =
𝐴𝑠

𝑏𝑑
, 

𝑏𝑤 is the effective width [mm]. 
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In their analyses it is stated that the equation has a variation coefficient, σ / μ, of 0,122 (12,2%). 

The equation is also used in the Eurocode 2 using a reliability index of β=3,6. It is important to 

note that this equation uses concrete compression strength and the found variation coefficient 

is calculated based on this and not on the tensile strength.  

 

An alternative equation is given by Bažant & Yu (2004) as: 

𝑉𝑅,𝑐 = 1,33𝑝𝑠
3/8 (1 +

𝑑

𝑎
)√

𝑓𝑐𝑚

1+𝑑/𝑑0
𝑏𝑤𝑑   [N]  with  𝑑0 = 3.33𝑓𝑐

−2/3 

According to Sarkhosh (2014) the equation of Köning and Fischer (1995) presents a lower 

capacity than the equation of Bažant & Yu (2004). 

 

With the following values for parameters, with σ = standard deviation and 𝑐𝑣  = variation 

coefficient, σ / μ, as stated as a lower bound for the material properties by the Eurocode 2.  

𝑓𝑠 = 550 𝑁/𝑚𝑚²  σ = 35 𝑁/𝑚𝑚², 𝑐𝑣 = 0,064  (FeB 500) 

𝑓𝑐𝑚 = 38 𝑁/𝑚𝑚²  σ = 5 𝑁/𝑚𝑚2  , 𝑐𝑣 = 0,13 (C30/37, compression) 

 

3.2.6 Required reinforcement 

In determining the reinforcement the solid specimen is decisive and the required longitudinal 

reinforcement to ensure shear failure will also be used in the AirDeck specimens. For this the 

occurring moment and shear need to be calculated: 

𝑅1 =
2

3
𝐹  and 𝑅2 =

1

3
𝐹  

𝑉𝑘 = 𝑅1 =
2

3
𝐹       (N) 

𝑀𝑘 = 𝑅1
1

3
𝐿 = 0,85

2

3
𝐹 = 0,566𝐹   (Nmm) 

Using the following parameters the mean equation previously given can be filled in. 

𝑑 = 299 𝑚𝑚  

𝑧 = 0,9𝑑 = 270 𝑚𝑚  

𝑏𝑤 = 400 𝑚𝑚  

Moment capacity (mean value): 

𝑀𝑅 = 𝑧𝐴𝑠𝑓𝑡     (Nmm) 

𝑀𝑅 = 270𝐴𝑠550    (Nmm) 

Shear resistance, Köning and Fischer (1995) (mean value): 

𝑉𝑅,𝑐 = 0,163(1 + √
200

𝑑
)(100𝑝𝑠𝑓𝑐𝑚)1/3𝑏𝑤𝑑    (N) 

𝑉𝑅,𝑐 = 0,163 (1 + √
200

299
) (100

𝐴𝑠

400∗307
38)

1

3
400 ∗ 299   (N)  σ = 0,020 , 𝑐𝑣 = 0,122 
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Shear resistance, Bažant & Yu (2004) (mean value): 

𝑉𝑅,𝑐 = 1,33𝑝𝑠

3

8 (1 +
𝑑

𝑎
) √

𝑓𝑐𝑚

1+
𝑑

𝑑0

𝑏𝑤𝑑     (N) 

𝑉𝑅,𝑐 = 1,33
𝐴𝑠

400∗307

3

8 (1 +
299

850
) √

38

1+
299

3.33∗38−2/3

400 ∗ 299  (N)  σ = 0,109 , 𝑐𝑣 = 0,082 

Combining the equations for shear resistance and moment capacity with the occurring shear 

and moment in this experiment results in an equation for the critical failure load with 

reinforcement as variable factor: 

Moment critical failure load: 

𝐹𝑐𝑟 =
270𝐴𝑠550

106∗0,566
     (N) 

Shear critical failure load: 

𝐹𝑐𝑟 =
0,163(1+√

200

299
)(100

𝐴𝑠
400∗299

38)

1
3

400∗299

103∗
2

3

     𝑎𝑛𝑑     𝐹𝑐𝑟 =
0,163(1+√

200

299
)(100

𝐴𝑠
4002997

38)

1
3

400∗299

103∗
2

3

  (N)  

Resulting in the following plot where the blue line in moment failure, the purple line is shear 

failure, the x-axis is the longitudinal reinforcement in mm² and the y-axis is the failure load in 

kN. 

 

Figure 31: Failure load (kN) for moment (Blue) and shear (Green, Bazant & Orange, Köning) 
with reinforcement (mm²) as variable. 

In the figure the difference as stated by Sarkosh (2004) is visible between the two equations for 

shear resistance. To ensure shear failure will occur the calculations are based on the equation 

being the most beneficial for the shear resistance, the equation from Bažant & Yu (2004). 

The intersection point indicates the amount of longitudinal reinforcement where the specimen 

fails in both shear and moment. Less reinforcement results in moment failure and more 

reinforcement results in shear failure. The transition occurs at 819 mm² reinforcement with a 

failure load of 219 kN.  Since both equations have a standard deviation in the material and we 

want to assure shear failure the reinforcement used for further calculations will be 6 bars 𝜙 16 

mm (1206 mm²).  
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With the given standard deviation in the materials, standard deviation in the shear resistance 

equation and the reinforcement of 1206 mm² the expected shear resistance and moment 

capacity as well as the critical force on which they occur can be calculated as well as their 

standard deviation.  

 
Moment capacity (mean value): 

𝑀𝑅 =
270∗1206∗550

106 = 179 𝑘𝑁𝑚      σ = 11,7 𝑘𝑁𝑚 , 𝑐𝑣 = 0,064 

𝐹𝑐𝑟 =
270∗1206∗550

106∗0,566
= 317 𝑘𝑁     σ = 20,7 𝑘𝑁 , 𝑐𝑣 = 0,064 

Shear resistance, Bažant & Yu (2004)  (mean value): 

𝑉𝑅 =
0,163(1+√

200

299
)(100

1206

400∗299
38)

1
3400∗299

103 = 169 𝑘𝑁   σ = 21,0 𝑘𝑁 , 𝑐𝑣 = 0,124 

𝐹𝑐𝑟 =
0,163(1+√

200

299
)(100

1206

400∗299
38)

1
3400∗299

103∗
2

3

= 254 𝑘𝑁   σ = 31,6 𝑘𝑁 , 𝑐𝑣 = 0,124 

The standard deviations are based on the standard deviation from the equation and the 

standard deviation from the inserted compression strength combined. 

 
This results into the following two normal distributions of the critical force. 

 

Figure 32: Normal distributions shear resistance (brown, left, V) and moment capacity (blue, 
right, M) expressed in critical force (kN), with As = 1206 mm². 

Based on the means and standard deviations of both capacities the chances that a moment 

capacity expressed in critical force is found lower than a shear resistance expressed in critical 

force can be plotted and calculated. This can be expressed in a normal distribution where any 

values below zero are the chances that a moment capacity expressed in critical force is found 

lower than a shear resistance expressed in critical force.  

𝜇 = (𝜇𝑀 − 𝜇𝑣) = 323 − 254 = 69 𝑘𝑁    

σ = √σ𝑀
2 + σ𝑉

2 = √20,72 + 31,62 = 37,8 𝑘𝑁  
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Figure 33: Normal distribution Fcr M - Fcr V (kN). 

From the normal distribution we find an area of 0,034 lower then x=0, thus a 3,4% chance that 

the that a moment capacity expressed in critical force is found lower than a shear resistance 

expressed in critical force and thus moment failure occurs instead of shear failure.  

 

Based on the chance results found there is no reason to change the previously mentioned and 

calculated reinforcement. Therefore 6 bars 𝜙 16 mm (1206 mm²) will be used for the solid and 

a multiplication of 1,5 for the AirDeck specimens, 9 bars 𝜙 16 mm (1809 mm²), will be used for 

the AirDeck specimen. Resulting in an expected failure load of ~255 kN for the first test, 

complete specimen, and ~340 kN for the second test, specimen with first failure. 

3.2.7 Anchorage length  

It is important that there is enough anchorage length to ensure that this won’t be the cause of 

the failure. For this reason the anchorage length will be calculated and based on design 

equation for the ultimate bonding stress. Using design value of the minimal required 

anchorage length can be calculated: 

𝑓𝑏𝑑 = 2,25 ∗ 𝑛1 ∗ 𝑛2 ∗ 𝑓𝑐𝑡𝑑 = 2,25 ∗ 1,0 ∗ 1,0 ∗
2,0

1,5
= 3,0 𝑁/𝑚𝑚²   (C30/37) 

Where 𝑛1 is a coefficient for the bonding circumstances and  𝑛2 is based on the rebar diameter.  

𝑙𝑏,𝑟𝑞𝑑 = (
𝜙

4
) (

𝜎𝑠𝑑

𝑓𝑏𝑑
) = (

16

4
) (

156

3,0
) = 208 𝑚𝑚  

Where 𝜎𝑠𝑑 is based on: 

𝑀𝐸𝑑,𝑠𝑢𝑝1 =
2

3
𝐹 ∗ 0,85

𝑑

850
=

2

3
∗ 254 ∗ 0,85 ∗

299

850
= 52,0 𝑘𝑁𝑚   

𝜎𝑠𝑑 =
𝑀𝐸𝑑,𝑠𝑢𝑝1

𝑧∗𝐴𝑠
=

52,0∗106

270∗1206
= 156 𝑁/𝑚𝑚²   

The end extensions will be taken as 300 mm which also matches the depth. 

Initially a length of 300 mm was chosen, but due to production process and the preference to 

identical symmetrical specimens this dimension has been further increased to 375mm.  
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3.2.8 Lattice girders  

The lattice girders are normally placed alternately, while the experimental cross-section has 

only two  ribs. Using only one lattice girder in one rib results in an a-symmetric specimen which 

is not desired. To create a symmetric specimen the lattice girders are placed in each rib, 

resulting in two rows per specimen. For the experiment two specimens shall be used, one with 

two lattice girders and one with none. With this setup the strength of a normal AirDeck floor 

can still be based on the average strength of the two specimen. Additionally it is possible to 

inspect the impact of the lattice girders on the shear strength. The gained longitudinal 

reinforcement from the bottom bar of the lattice girders will also be added to the other 

specimens to ensure an equal longitudinal reinforcement in all specimens.  

3.2.9 Horizontal shear 

In addition to the shear resistance and moment capacity the horizontal shear resistance should 

also be evaluated. As mentioned in the paragraph 2.6 the research results suggest a horizontal 

shear capacity which is a lot higher than the design codes. For an expectation of the horizontal 

shear strength the test results given as stated in paragraph 2.6 will be used, excluding any 

experiments where the concrete cube strength was below 30 N/mm² or  exceeded the 38 

N/mm².  

𝑣ℎ𝑅 = 4,73 𝑁/𝑚𝑚²  σ = 1,19 𝑁/𝑚𝑚², 𝑐𝑣 = 0,25  (sample size of 14) 

 

The occurring horizontal shear stress can be calculated and compared with the previously 

found normal distribution of the horizontal shear strength.  

Classical elastic method: 

𝑣𝐸𝑘 = 𝑉𝐸𝑘 ∗ 𝑆/𝐼𝑦 ∗ 𝑏𝑖  

𝑉𝐸𝑘 (as found in 3.2.6) 

𝑆 = 4,2 ∗ 106  

𝐼𝑦 = 1,55 ∗ 109  

𝑏𝑖 = 180 𝑚𝑚 (2 𝑟𝑖𝑏𝑠 𝑜𝑓 90 𝑚𝑚)  

𝑣𝐸𝑘 = 169 ∗ 103 ∗ 4,2 ∗ 106 / (1,55 ∗ 109 ∗ 180) = 2,54  𝑁/𝑚𝑚²  

  

Based on the normal distribution of the horizontal shear resistance and the calculated occurring 

horizontal shear stress the failure expectancy of 2,3%. Below the distribution and the occurring 

stress are plotted. 
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Figure 34: Normal distribution horizontal shear strength (blue, N/mm²) with the occurring 
horizontal shear stress (red, 2,54 N/mm²). 

3.2.10 Conversion massive specimen to AirDeck specimen 

The previous calculated and determination of reinforcement ratio are based on the massive 

comparison specimen with a width of 400 mm. For the AirDeck specimens the same 

reinforcement per width of specimen will be used, since these specimens are 600 mm and not 

400 mm like the comparison specimens this results in 50% more reinforcement then the 

comparison specimen to maintain the same ratio of reinforcement. This results in 6 Ø 16 for the 

massive comparison specimens and in 6 Ø 16 for the AirDeck specimens. The same ratio is 

maintained for the additional reinforcement from the lattice girders to ensure an equal ratio of 

reinforcement for all specimens. Compared to the comparison specimen the AirDeck specimen 

will have a higher percentage of strength reduction in the shear resistance compared to the 

moment capacity, this due to the upper and top layer remaining massive which have the most 

influence on the moment  capacity of the specimen. For this reason it is assumed that the ratio 

of moment capacity to shear resistance of the AirDeck specimens changes in the favor of the 

moment capacity, thus the chance of failure by moment instead of shear is lower, therefor the 

massive comparison specimen is examined as the normative specimen and it’s results have 

been translated to the AirDeck specimens.   
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3.2.11 Summary 

A setup shall be used where each specimen is tested twice, see figure Figure 35, resulting in 

two test results per specimen. The specimens consist of: 

- Two AirDeck A340 specimen with two lattice girders, see Figure 36; 

- Two AirDeck A340 specimen without lattice girders, see Figure 37; 

- One massive comparison specimen without lattice girders, see Figure 38. 

- One massive comparison Ø20 specimen without lattice girders, see Figure 39. 

 

 

Figure 35: Experimental setup. First test (top) and second test (bottom). 

 

 

 

Figure 36: A340 specimens with two lattice girders and 9 bars Ø 16 mm (1809 mm²). 
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Figure 37: A340 specimens without lattice girders, with 9 bars Ø 16 mm (1809 mm²). 

 

 

 

Figure 38: Massive comparison specimen without lattice girders, with 6 bars Ø 16 (1206mm²). 

 

 
Figure 39: Massive comparison specimen without lattice girders, with 4 bars Ø 16 and 2 bars 
Ø 20 (1432mm²). 
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3.3 Experimental specimens 

3.3.1 Production process specimens 

The specimens where made at the factory of de Hoop-Pekso on their AirDeck production line. 

The specimens are based on the specifics given in chapter 3, a more detailed specification can 

be found in Appendix A: Production drawings, in which the  production drawings are 

included.   

 

Figure 40: Reinforcement in specimens. Massive comparison specimens with Ø16 and Ø20. 

The additional longitudinal reinforcement placed in one of the massive comparison specimens 

can be seen in Figure 40, where the right specimen has two Ø20 bars instead of the Ø16 bars 

seen in the left specimen.  
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Figure 41: Reinforcement specimens. The six specimens visualized. 

In Figure 41 the reinforcement of the entire mold (top) can be seen along with a visualization 

of the location of the specimens inside the mold, as shown in green fill, and the sawing lines in 

red (bottom). In this figure we can see that the rights specimens have two lattice girders 

included and the other two do not. The extra reinforcement with Ø20 of the massive 

comparison specimen can be seen in the bottom left specimen. The two right specimens shall 

be the AirDeck specimens and will have air boxes placed above the reinforcement. Lastly areas 

without a green filling are remnant and won’t be used, including the left lattice girder which is 

placed for internal handling of the mold.  

With the reinforcement placed as specified the mold is poured with C30/37 concrete and 

mechanically vibrated to smoothen out the surface. While the concrete is still wet the air boxes 

are mechanically vibrated into the concrete as can be seen in Figure 42, top left. The finished 
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precast bottom layer with air boxes is set to harden for one week in the state seen in Figure 42, 

top right. In this picture the five rows of air boxes are clearly visible, where between the first 

and second boxes as well as the second and third boxes the lattice girders can be seen. After 

one week of hardening the mold is finished with an in-situ top layer with a concrete strength 

of C20/25 which has been properly divided by a vibrating stick and flattened at the top as can 

be seen in Figure 42, bottom left. After an additional three days of hardening for the in-situ top 

layer the mold has been sawn into the respective specimens, which have been visualized in 

Figure 41, the first cut made through the first row of air boxes can be seen in Figure 42, bottom 

right. 

 

Figure 42: Placing air boxes (top left), finished precast layer (top right), in-situ top layer poured 
(bottom left) and sawing into specimens (bottom right). 

The following time table was used for the production of the specimens: 

Precast layer casted:  3 may 2017  

In-situ layer casted:  8 may 2017  (+5 days) 

Specimens cut:   11 may 2017  (+3 days) 

Experiments conducted:  22 may-31 may 2017 (+11/20 days) 

 

The specimens, along with the concrete pressure cubes, where at each state left in the open air. 

The weather in this period of the year was summer weather with daytime temperatures 

between 25°C  and 30°C, mostly dry and sunny with occasionally rain. A detailed description 

is found in, Appendix B: Concrete sensor data, where the results from the sensors on the 

concrete is included.  
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3.3.2 Parameters specimens 

In the production process some imperfections arises from the placement of the air boxes and 

the sawing of the specimens. These imperfections can be found in the length and the width of 

the specimens along with the placement of the air boxes. Since distance between end of the 

specimen, support and load is kept constant in the setup the slight difference in total length 

has no impact on the test results. The height of all specimens was consistent at 340 mm although 

the surface roughness variated, but since the top roughness isn’t normative for the capacities 

and thus not noted. In Table 6 the measurements of each specimen is given, where the a-

symmetrical positioning of the boxes is given by distance between centroid of the air box and 

the saw line, positive values represent the centroid of the air box being inside the specimen and 

a negative value represents the centroid of the air box being outside of the specimen, for a 

visualization see Figure 43. In addition to this the massive comparison specimen have no air 

boxes and thus no asymmetries of the air boxes.  

 

Figure 43: Asymmetry air box notation. 

Specimen Coding Width 

[mm] 

Asymmetry left 

[mm] 

Asymmetry right 

[mm] 

Without lattice girders 1  AW_T1 600 - 32,5 32,5 

Without lattice girders 2  AW_T2 585 - 27,5 12,5 

With lattice girders 1  AL_T1 585 - 32,5 17,5 

With lattice girders 2  AL_T2 590 - 12,5 2,5 

Massive comparison 1  MC_T1 395 N/A N/A 

Massive comparison 2 MC_T2 400 N/A N/A 

Table 6: Parameters specimens. 
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3.3.2.1 Shrinkage cracks in-situ concrete  

In addition to the imperfection in dimensions the specimens also contained shrinkage cracks 

in the in-situ top layer. The specimens hardened in open air during a period with 30°C heat 

and a lot of sunshine with cold nights and occasionally rain. The large fluctuation in heat in 

combination with the absence of shrinkage reinforcement resulted in unexpected shrinkage 

cracks in the in-situ top layer of the specimens. The cracks where mainly located around the 

edges of the air boxes, where there is a difference in concrete height above the air boxes, 40 

mm, and in the ribs, 230 mm. All shrinkage cracks have been marked prior to the experiments 

in such a way that any cracks starting from these shrinkage cracks will be noted. In the 

experiments it was observed that none of the cracks from loading originated from the shrinkage 

cracks and thus is expected that these shrinkage cracks had no influence in the failure behavior 

of the specimens.  

 

The specimen with the most shrinkage cracks is shown in  Figure 44, where the left side of the 

specimen is shown, top left, with a zoomed in frame of the worst crack, top right, along with 

the right side of the specimen, bottom left, and the worst crack in the side of the specimen, 

bottom right. It should be noted that this is the specimen with the worst and most shrinkage 

cracks with pictures of the worst cracks. Most cracks where very small and no deeper than 2 

cm as can be seen in Appendix C: Shrinkage cracks documentation. 

 

Figure 44: Shrinkage cracks specimen AW_T1. 
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3.3.3 Roughness interface 

In all specimens without lattice girders the failure crack occurred on the interface between the 

precast bottom layer and the in-situ top layer. Therefor the roughness of the interface will be 

shown, see Figure 45. The figure shows the roughness of the contact area of specimen MC_T2. 

Specimen MC_T2, massive comparison specimen 2, failed in such a way that the in-situ top 

layer splintered into two parts therefor the smallest specimen was light enough to be moved in 

such a way that the interface could be made visible. Despite being the only specimen where 

the contact area was visible it is expected that this roughness is identical for all specimens since 

they were made from the same mold and pouring process.  

 

Figure 45: Roughness interface (specimen: MC_T1). 

Additionally the roughness has been measured as can be seen in Figure 46, where a flat 

specimen is placed on top of the precast layer to measure the roughness. In both pictures it is 

visible that the biggest difference in height is created by small crater shaped extensions 

outwards from the concrete. Based on a crack width meter, seen on the right side of the picture, 

the maximum height could be measured as 0,95 mm at the location of the picture. This is the 

height between the highest peak and the deepest valley. Additional measurements resulted in 

the maximum height varying between 0,8 mm and 1,0 mm. Additional pictures are included 

in Appendix D: Roughness interface. 

 

Figure 46: Roughness interface: maximum height 0,95 mm. 
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3.3.4 Anchorage lattice girders 

In all specimens without lattice girders the failure crack occurred on the interface between the 

precast bottom layer and the in-situ top layer. Therefor the specimens with lattice girders have 

been expected on anchorage of the lattice girders to see if the critical failure could be caused by 

the failure of the anchorage of the lattice girders. In the specimens with lattice girders acted 

during the entire experiment as a composite element without any sudden or mayor slips at the 

interface area, suggesting a proper anchorage of the lattice girders. In addition to this locally 

some concrete has been removed to have a visual check on the lattice girders. At each of these 

inspections it was visible that the lattice girders did not displace, but instead the concrete at or 

below the lattice girders failed, as can be seen in  Figure 47. In the figure it is visible that the 

lattice girder and the concrete below it is intact while the concrete above the lattice girder is 

disconnected from the lattice girders. All visual inspections indicate that the lattice girders had 

sufficient anchorage and didn’t slip at either the top or the bottom side.  

 

Figure 47: Concrete disconnected from lattice girders. 
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3.4 Experimental setup 

The aim for the experiment is to test AirDeck floor system (A340) along with a solid comparison 

specimen. With these tests the difference in shear resistance between the solid specimen and 

the equivalent AirDeck system can be evaluated. Additionally the visual monitoring on the 

occurring failure will provide more insight in how and where the critical cracks occur.   

 

3.4.1 Experimental setup 

3.4.1.1 First test of the specimen 

The first test will be on the complete specimen, being 3,15 meters in length, see Figure 48. At 

this test the load shall be applied 850 mm from the edge of support A to give an expected failure 

on that side of the specimen. The expected failure load for all three specimens in the first test 

is 254 kN. 

 

Figure 48: Experimental setup first test. 

3.4.1.2 Second test of the specimen 

For the second test the failed specimen from the first test will be re-used, see Figure 49. The 

specimen will be rotated so the jack does not have to move. A new support point will be created 

in such way that it is extending at least 300 millimeter bottom crack to ensure the specimen has 

enough anchorage length. Preferably the cracked part of the specimen shall be removed, 

however it does not provide any complications if it is not. At this test the load shall be applied 

850 mm from the edge of support A to give an expected failure on that side of the specimen. 

The expected failure load for all three specimens in the first test is 340 kN.  

 

Figure 49: Experimental setup second test. 

  



 

Chapter 3: Determination Experimental Setup and Specimens 67 

3.4.1.3 Complete test setup 

The definitive setup of the experiment will be discussed with the lab employees, to ensure the 

required materials are available to create a suiting setup. A concept version is given below in a 

3D view, front view and side view. In these views the red elements are the main support 

construction, the blue elements are the supports (from left to right support A, support C, 

support B), the green element distributes the applied load over the complete width of the 

element and the purple element is the jack, see Figure 50. 

 

 

Figure 50: Experimental setup: 3D-view (top), front view (bottom left) and side view (bottom 
right). 
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The experimental setup has been realized in the Pieter van Musschenbroek Laboratory of the 

Eindhoven University of Technology. The initial setup with a center-to-center between the load 

and the support of 850 mm on the left side and 1700 mm on the right side can be seen in Figure 

51, top left. The second setup focuses on the specimens that have failed on one side and will be 

tested on the other side can be seen in Figure 51, top right. At the second setup the center-to-

center between the load and the support on the left side has remained constant, 850 mm, but 

distance on the right side is lowered to 1050 mm. This distance was chosen based on the existing 

cracks from the first experimental setup in such a way that every specimens existing cracks did 

not exceed the right support and thus had no negative influence on the second experiment. In 

all experiments three different cameras have been used as can be seen in Figure 51, bottom left. 

The most left camera is focused on the boxes where the failure is expected to occur, the bottom 

right camera is a high-speed camera and the top right camera is focused on the entire setup for 

a general overview of the experiment and in case an unexpected failure on the other side occurs. 

The cracks where expected to occur suddenly, thus a high-speed camera has been used, 

however the cracks occurred at such a speed that the normal camera could record it fine and 

the footage of the high-speed camera was useless and ignored. In Figure 51, bottom right, the 

placement of the Linear Variable Differential Transformers, LVDT’s, on the reinforcement is 

shown.  

 

Figure 51: Experimental setup. setup fase one (top left), setup fase two (top right), camera 
placement (bottom left) and LVDT placement on reinforcement (bottom right). 
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3.4.2 Measuring instruments 

The following parameters will be measured in both tests on the specimens, in addition to the 

cameras placed on either side of the specimen: 

- Applied force 

- Deflection   

- Slip of the reinforcement steel at the end of the specimen on the shortest side. 

Measuring the slip of the steel is possible because the specimens are sawed and thus the 

reinforcement is visible at the end of the specimens. 

 

The supports of the setup are roller supports over the entire width of the specimen additionally 

the applied load is also distributed over the entire width of the specimen as visualized in Figure 

52, left – support: green marking (top), load: red marking (bottom). Both the load and support 

distribution is obtained by a steel strip with a width of 100 mm and a thickness of 10 mm in 

combination with a softwood board to prevent any peak loads from inconsistencies in the 

surface. The applied load is a point load which is distributed using a massive steel beam and 

the previously mentioned steel strip and softwood board, as can be seen in Figure 52, middle. 

The placement of the load factors in the asymmetrical air box placement in the specimens to 

ensure that the centroid of the load matches the centroid of the middle air box. There are five 

different sensors used on the setup as shown in in Figure 52, right. On the end of the specimens 

two LVDT’s are placed (top, blue) on the reinforcement so measure any withdrawal of the 

reinforcement, which also can be seen in Figure 51, bottom right. On both sides of the specimen 

at below the load LVDT’s are placed (left and right bottom, green) to measure the deformations. 

Lastly a load cell is placed to measure the applied load (middle bottom, red).  

 

Figure 52: Experimental setup. Support and load distribution (left), load placement (middle) 
and sensor placements (right). 
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In addition to the actual pictures of the placement of the measuring equipment an additional 

schematic representation  is given Figure 53 and Figure 53, in which the location of the three 

cameras, the LVDT’s for deflection, the LVDT’s for the withdrawal of the reinforcement and 

the load cell is shown. Camera 1, as seen in Figure 53, is the main camera used and is focused 

on the area between the load and the support on the shortest area, where the failure is expected 

to occur. The second cameras is the high-speed camera focused on the same area on the other 

side of the specimen, but the cracks occurred at such a relative slow speed that the high-speed 

camera added no value. The third camera focuses on the entire setup and gives a global view 

of the experiment. The load cell, as seen in Figure 53, is placed between the applied load and 

the specimen. LVDT 1 and 2 are recording the displacement of the specimen directly below the 

applied load on both sides of the specimen. LVDT 3 and 4 are recording the withdrawal of the 

reinforcement and are placed directly onto the reinforcement.  

 

Figure 53: Schematic representation cameras, top view. 

 

Figure 54: Schematic representation sensors. Side view (left) and front view (right). 
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3.4.3 Conducting of the experiments 

3.4.3.1 Experiments 

To conduct the experiments the specimen is placed into position where the centroid of the 

applied force is played on the centroid of the middle box in the specimen. It is ensured that the 

specimen is placed correctly perpendicular to the setup and properly placed on the supports 

after which all the sensors are applied and tested. At the start of the experiment a displacement 

dependent load is added manually with a visual check on the output from the sensors. 

3.4.3.2 Experiments on both sides of the specimens 

During the experiment an alteration has been made as a result from the found results. The 

specimens without lattice girders failed due to failure at the surface area between the precast 

bottom layer and the in-situ top layer. While failing on one side the experiment also produced 

cracks on the surface area on the other side of the specimen. Since the specimens failed on the 

connection strength at the surface area between the two layers it is expected that the occurring 

cracks from the first experiment would have a negative result on the capacity of that side in a 

second test setup. Therefor all specimens without lattice girders have been tested only on one 

side instead of both sides.  

 

3.4.3.3 Experiments on steel and concrete samples 

In addition to the experiments on the specimens additional experiments have been conducted 

on samples to retrieve material parameters of the materials used in the specimens. For this 

samples of the concrete and steel reinforcement, as used in the specimen, have been obtained 

during the manufacturing of the specimens. These samples had the same external conditions 

as the specimens. For the steel reinforcement samples for each different type of rebar, as used 

in the specimen, have been tested for their steel tension strength according to the ‘’NEN-EN 

10002 – metals tensile tests’’, which is a code that specifies how steel tension strength should 

be tested. Individual testing of concrete For the concrete samples of both the precast layer as 

the in-situ layer have been taken and tested for the concrete compression strength. Additionally 

samples from the in-situ layer have been tested for the concrete tensile strength. Both the 

compression strength and the tensile strength test are conducted according to the ‘’NEN-EN 

12390 – testing of hardened concrete’’, which is a code that specifies how concrete compression 

strength and concrete tensile strength should be tested. All tests on the material samples and 

the eventual strengths of each are given in Appendix E: Parameters concrete and steel samples. 
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3.5 Summary 

Previous research into void based floor systems, relatable to the AirDeck floor system, has been 

examined to provide insight into the experimental setup and results from these relatable floor 

systems. By analyzing and comparing the two different researches insight is granted into pros 

and cons of the researches when analyzing it by the desired results of this experiments. Based 

on the desired results from these experiments and the knowledge from the previous 

experiments an experimental setup is chosen for the experiment along with some boundary 

conditions for the specimens and the test setup.  

 

Based on the setup a analytical approach for the parameters of the specimen is taken, in which 

the longitudinal reinforcement is the main focus, as it directly relates to the ratio between the 

failure load causing moment failure and the failure mode causing shear failure. A longitudinal 

reinforcement amount is chosen in such way that the moment capacity is sufficient, including 

extra safety factors, to cause the specimen to fail on shear failure. Additionally the anchorage 

length is checked to ensure this is not decisive for the failure cause. The cross section with the 

amount of lattice girders is decided for both the AirDeck specimens and the massive 

comparison elements.  

 

The production process of the specimens is described along with the imperfections and 

shrinkage cracks in the casted concrete as a result from the production process. In addition to 

this the roughness of the interface and the anchorage of the lattice girders is described. The 

post-failure specimens gave visual information about both as the concrete around it had failed 

and could be removed to obtain visual information and draw conclusions based on this. 

 

Lastly the exact setup is described more detailed. In this a layout of the experimental setup is 

shown in which the location of each sensor and video camera is indicated. With this insight 

into the conducted experiments and the data results from the sensors is granted to provide 

enough information for a good analyses of the found results.  
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Chapter 4: Experiments Shear resistance under 

Short Term Loading results 

In the previous chapter the experimental specimens along with the experimental setup are 

decided. Additionally the previous chapter stated the production of the specimens, the 

imperfections, which sensors are used and the location of the sensors and cameras. This chapter 

will focus on the results of the experiments conducted on the six different specimens. In which 

the behavior of the specimens under loading, the critical failure lines, the failure modes and 

the load-deflection diagrams will be discussed. In addition it is described how the parameters 

of the different materials are obtained.  

4.1 Analyses of data output 

Based on analyzing the data from the five sensors and the three video footages the results are 

processed to exclude/combine different outputs to filter out irrelevant information. This 

paragraph will focus on the  data output of the experiments, one AirDeck specimen without 

lattice girders, AW_T2-1, and one AirDeck specimen with lattice girders, ALT1-1, which are 

representative for the other specimens tested. The massive comparison element has a similar 

failure mode and load-deflection diagrams as the AirDeck specimen without lattice girders, 

expect from its magnitude, and this will not be separately described in this paragraph. Based 

on the raw data output from these two specimens the interpretation of them and presentation 

is explained. This will focus on both the sensors and the video footage. In the sensors the 

deflection left and right is combined into an average and the withdrawal of the longitudinal 

reinforcement is excluded. In the video footages a step-by-step analyses is made which explains 

how the specimens acted during the loading and how the video images of the occurring cracks 

are summarized into single pictures with the cracks coded. In this paragraph the raw data is 

shown to explain the reasoning behind these choices.  
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4.1.1 Measurements 

The raw output of the sensors is plotted in figures and shown in on the next page, where on 

the top side the AirDeck specimen without lattice girders is shown, Figure 56 – specimen 

AW_T2-1, and on the bottom side the AirDeck specimen with lattice girders is shown,         

Figure 57 – specimen AL_T1-1. In both figures the vertical axis is the applied load in kN and 

the horizontal axis is the displacement/slip in mm. The applied load found from the load cell, 

where the other values are from the respective LVDT’s. The LVDT’s that measure the slip from 

the reinforcement are ADC-01 – reinforcement slip 1 (left) and ADC-02 – reinforcement slip 2 

(right) which stay zero while the load increases. In the specimen without lattice girders the 

values from these LVDT’s give a negative result once the maximum load is obtained resulting 

in the left two lines in the figure. This however does not indicate the intended to be measured 

withdrawal of the reinforcement, instead it shows the of the slip off of the upper layer to which 

the sensor was attached. This negative value can be found in all specimens that failed at the 

interface between the in-situ top layer and the precast bottom layer as can best be seen in the 

picture of the MC_T2-1 specimen, see Figure 55. The other two LVDT’s, Muti_0 –vertical 

displacement 1- and Muti_1 –vertical displacement 2-, measured the deflection on each side of 

the specimen, as can be seen on the next page the deflection increases as the load increases. The 

difference in displacement between the two sides of the specimens are minimal and therefor 

the displacements are combined into one average displacement of stating the deflection of the 

specimen.  

 

Figure 55: Slipping of top layer including LVDT attachment. 
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Figure 56: data output AW_T2-1. 

 

Figure 57: data output AL_T1-1. 
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4.1.2 Video footages 

From the video footages it can be seen that the cracks occur at both sides of the specimen, 

therefor the video footage of one side of the specimen is also representative for the other side 

of the specimen. For this reason the video footage of the main camera has been used as it 

focused on the area between the load and the support where the failure was expected to occur 

and did occur. In the footages some small cracks can be seen prior to the failure after which, 

when increasing the load much more, a new crack occurs causing the failure. These first cracks, 

which not cause the failure, will be initial cracks do not cause any changes in the diagram. 

Based on these findings it can be stated that the initial cracks do not result in a loss of capacity 

or a sudden increase of the deflection of the specimen. With the occurring critical crack the 

diagrams show a drop in applied force, which is a result of a sudden deflection and the load 

applied being deflection based. In some cases the applied load is re-applied after the initial 

critical crack, resulting in additional cracks. However in all cases the applied load after the 

initial crack does not exceed the applied load when the critical crack occurs, thus the capacity 

of the specimen is reached at the applied load when the initial critical crack occurs, tough a re-

applying of the load can cause additional cracking. In order to present the video footage on 

paper it is chosen the code the occurring cracks into three different cracks:  

- Initial cracks, not causing a loss of capacity or sudden increase of the deflection of the 

specimen. Additionally the critical crack does not extend from this crack.  

- Critical cracks, causing a loss of capacity and sudden increase of the deflection of the 

specimen. 

- After cracks, occurring after a re-applying of the applied load which never exceeds the 

applied load which caused the critical cracks.  

In order to validate and explain the conclusions and methods described above the videos of 

AW_T2-1 and AL_T1-1 will be analyzed where each occurring crack is shown and coded 

including the time-stamp of occurrence, applied load at occurrence and matching these with 

the load-displacement and load-time diagrams.  
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AW_T2-1 (AirDeck specimen without lattice girders): 

The first crack occurs at a load of 175 kN, see Figure 58, which slowly grows larger. In this first 

picture the location of the load, left side, and support, right side, have been made visual. The 

location of the load and support remains identical for all other analyses of the video footage 

from this specimen and the other specimens. At a load of 195 kN the first cracks elongated 

entirely over the interface resulting a a failure of the specimen. In this case the first cracks 

results into the critical crack and thus is labeled as a critical crack. Both cracks are plotted into 

a load-deflection diagram, where it can be seen that the first crack causes no sudden drops and 

the second crack results into a failure of the specimen, see Figure 61.The cracking patterns have 

been visualized in Figure 60, where the red line indicates the critical crack.  

 

Figure 58: Critical crack, at 175 kN applied load and 7,1 mm deflection, with support and load 
visualized. 

 
Figure 59: Critical crack, at 195 kN applied load and 9,6 mm deflection. 

 

Figure 60: Crack patterns AW_T2-1. 
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Figure 61: Occurring cracks plotted into a load-deflection diagram. 

AL_T1-1 (AirDeck specimen with lattice girders): 

The first crack occurs at a load of 170 kN, see Figure 62, which is an initial crack that doesn’t 

elongate into the critical crack. At a load of 344 kN the critical crack occurs which results into 

a sudden increase of deflection, see Figure 63. After re-applying the load an after crack occurs 

at 335 kN, which is a lower applied load then at which the critical crack occurred, see Figure 

64. The cracking patterns have been visualized in Figure 65, where the green line (bottom) 

indicates the initial crack, the red line (middle) indicated the critical crack and the yellow line 

(top) indicates the after crack. All three cracks are plotted into a load-deflection diagram, where 

it can be seen that the first crack causes no sudden drops and the second and third crack result 

into a sudden decrease in the deflection, as can be seen in Figure 66. 

 

Figure 62: Initial crack, at 170 kN and 7,1 mm deflection, with load and support visualized. 
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Figure 63: Critical crack, at 344 kN and 14,5 mm deflection. 

 

Figure 64: after crack, at 335 kN and 16,0 mm. 

 

Figure 65: Crack pattern AL_T1-1. 

 

Figure 66: Occurring cracks plotted into a load-deflection diagram. 
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4.2 Failure cracks 

As described in paragraph 4.1.2 the failure cracks of each specimen are shown in one figure, 

based on the video footage with a coding for the cracks. In this coding green are initial cracks, 

red are critical cracks and orange are after cracks. Initial cracks (green) are cracks that occur 

prior to the critical load but don’t elongate into the critical crack. Critical cracks (red) are the 

cracks that occur at the critical load and result in a sudden increase of deformation. After cracks 

(orange) are cracks that occur after re-applying load, but with a load lower than the critical 

crack load. As also stated in paragraph 4.1.2 only one side will be examined, since both sides 

of the specimen (front and back) behave the same way as has been determined in the analyzing 

of the video footages of both sides. In the figures we can see that the specimens without lattice 

girders (AW_T1-1, AW_T2-1, MC_T1-1 and MC_T2-1) fail horizontally at the contact area and 

the specimens with lattice girders (AL_T1-1, AL_T1-2, AL_T2-1 and AL_T2-2) fail diagonally 

between the load and the support. All specimens fail on the side where the distance between 

the load and the support is the lowest, while the other side remains intact, with the exception 

of specimen MC_T1-1 which is unexpected and a-typical.    

Of each specimen the picture at the end of the experiment is used and placed on the topside, 

below it is the same picture with the failure lines drawn into.  

 

AirDeck specimen without lattice girders: 

 

AW_T1-1              AW_T2-1 
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AirDeck specimen with lattice girders: 

  

AL_T1-1              AL_T1-2 

   

Massive comparison specimen without lattice girders: 

AL_T2-1             AL_T2-2 

 

MC_T1-1 

 

MC_T2-1  
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4.3 Load-deflection diagrams 

The Load-deflection diagram of each specimen is shown below in Figure 67 and Figure 68. In 

these figures the applied shear load is used, calculated based on the applied load, instead of 

the actual applied load so that the results from the two different setups can be compared 

equally. As described in paragraph 4.1.1 the average deflection is taken and the slip of the 

reinforcement is excluded as it doesn’t occur. The axis for each diagram are identical thus they 

can be directly compared to one another.  

AirDeck specimen without lattice girders: 

  

AirDeck specimen with lattice girders: 

  

 

  

Figure 67: Shear load-deflection diagram of AirDeck specimens. 
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Massive comparison specimen without lattice girders: 

  
Figure 68: Shear load-deflection diagram of massive comparison specimens. 

4.4 Failure load 

The failure load of each experiment is shown in Table 7, where the type of failure is either the 

horizontal failure at the contact area or the diagonal sear crack between the load and the 

support, the two failure modes examined in paragraph 4.1.2. The failure shear is calculated 

with either “Failure shear = Failure load * (1700/(1700+850)” for the first setup or “Failure shear 

= Failure load * (1050/(1050+850)”for the second setup (AL_T1-2 and AL_T2-2). Based on these 

results the specimens are grouped based on week of testing, type of failure and whether it is a 

AirDeck specimen or a solid comparison specimen. The averages for each group and the 

included specimens are shown in Table 8.  

Specimen Date 

experiment 

Age concrete 

in-situ layer 

[days] 

Failure load 

[kN] 

Failure shear 

force 

[kN] 

Type of 

failure 

AW_T1-1 23-5-‘17 15 142,0 94,6 Horizontal 

AW_T2-1 24-5-‘17 16 195,8 130,5 Horizontal 

AL_T1-1 23-5-‘17 15 344,3 229,5 Diagonal 

AL_T1-2 29-5-‘17 21 415,7 229,7 Diagonal 

AL_T2-1 24-5-‘17 16 311,9 207,9 Diagonal 

AL_T2-2 29-5-‘17 21 433,7 245,2 Diagonal 

MC_T1-1 24-5-‘17 16 160,2 106,8 Horizontal 

MC_T2-1 29-5-‘17 21 255,9 170,6 Horizontal 

Table 7: Failure loads of each specimen. 

Type of 

failure 

Experiment 

week 

Specimens  Average 

Failure shear 

[kN] 

Standard 

deviation 

[kN] 

Horizontal 

 

1 AW_T1-1 & AW_T2-1 112,6 25,4 

1 MC_T1-1 106,8 N/A 

2 MC_T2-1 170,6 N/A 

Diagonal 

 

1 AL_T1-1 & AL_T2-1 218,7 15,3 

2 AL_T1-2 & AL_T2-2 237,5 10,9 

Table 8: Average failure shear for each group. 
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Specimen MC_T1-1 

It can be seen that specimen MC_T1-1 failed on the side of the larger load-support distance, 

which is the side with the least applied shear force, with this setup the ratio between the applied 

shear load on the left side of the image and the right side is a factor of 2:1. It is not expected 

that the specimen would fail on the side with less stresses. In addition force-deformation 

diagram of this specimen showed sudden drops in the deflection. None of the other specimens 

showed either the failure on the other side or the high drops prior to the critical cracks. In 

addition the applied load of specimen MC_T1-1 of 106,8 kN is almost 30% lower than the 

applied load on specimen MC_T2-1 of 170,6 kN, while these specimens are identical.  

Based on this the results from specimen MC_T1-1 are seen as the odd-one out and won’t be 

included in the further analyses of the experiments.  

4.5 Summary 

As seen in the results all specimens without lattice girders failed along the interface with on 

average 112 kN shear force applied for the AirDeck specimens and 170 kN shear force applied 

for the massive comparison specimens. The AirDeck specimens with lattice girders failed with 

cracks between the load and the support with on average 228 kN shear force applied. In the 

AirDeck specimens with lattice girders an initial crack occurred on average at 110 kN in the 

diagonal of the box closest to the applied load along with a minor horizontal crack.  

 

The main longitudinal reinforcement, Ø 16 ribbed, has a yield strength on average of 542,3 MPa 

which translates to 109 kN tensile force applied. The average concrete compression strength in 

the first week of testing was 28,5 MPa for the in-situ top layer and 55,8 MPa for the precast 

bottom layer, increasing to 32,4 MPa and 56,5 MPa in the second week of testing respectively. 

The average concrete splitting strength in the first week of testing was 3,9 MPa for the in-situ 

top layer. 
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Chapter 5: Interpretation and Comparisons of 

Results  

In chapter 4 the results from the experiments are presented along with the failure modes and 

lines of each specimen. Based on these results the specimens, and their failure modes, can be 

separated into two different groups: one where shear failure occurs in a line between the load 

and the support (specimens with lattice girders) and one where horizontal shear failure occurs 

on the interface area between the in-situ top layer and the precast bottom layer (specimens 

without lattice girders). The main focus of this chapter shall be on the first group in which 

initially a diagonal crack under roughly 45 degrees occurs along with a crack on the horizontal 

interface, however these cracks do not result in the eventual critical failure cracks. These critical 

cracks occur at a higher applied load directly between the applied load and the support. Both 

occurring cracks shall be examined and explained by numerical and analytical analyses. 

Additionally the second group where horizontal shear failure occurs on the interface between 

the in-situ top layer and the precast bottom layer shall be examined and explained by numerical 

and analytical analyses in this chapter. 

5.1 Material parameters 

5.1.1 Steel tensile strength 

The steel parameters showed no unexpected results, thus the average yield strength for each 

element can be used, rounded downwards these are: 

- Ø 16 ribbed:  540 MPa (108 kN) 

- Ø 8 smooth:  585 MPa (28 kN) 

- Ø 6 ribbed:  555 MPa (15 kN) 

- Ø 6 smooth:  565 MPa (15 kN) 

5.1.2 Concrete compression strength  

In the concrete compression strength tests an average increase of the strength on the more ages 

samples is found, while this can be the deviation in the test results it is typical for concrete to 

increase strength over time. For the precast bottom layer this increase was minor, which can be 

explained by the additional hardening days of the layer and the heat treatment directly after 
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casting. Since the increase of the precast bottom layer is minimal the value of the average of the 

first week of compression strength testing will be used. For the in-situ top layer the average 

compression strength is used separately for first week and the second week. In addition to this 

all tests where done on cubes, which have more confinements then a cylinder and thus a higher 

capacity. Cylinder strength is best representative for slender elements including webs, thus the 

cylindrical strength will be used, which according to the codes is a ratio of 0,8 from the cube 

strength.  The following parameters for the concrete compression strength will be used: 

- Precast bottom layer:  44,6 MPa  (0,8 * 55,8 MPa) 

- In-situ top layer (week 1): 22,8 MPa  (0,8 * 28,5 MPa) 

- In-situ top layer (week 2): 25,9 MPa  (0,8 * 32,4 MPa) 

5.1.3 Modulus of elasticity, Em, concrete 

The modulus of elasticity from the concrete will be calculated according to the definition of the 

Eurocode: 

𝐸𝑐𝑚 = 22 ∗ (
𝑓𝑐𝑚

10
)

0,3

  

Resulting in the following modulus of elasticity, based on the average concrete strength as 

stated in paragraph 5.1.2, being the value before multiplying by 0,8 to achieve the cylindrical 

strength: 

- Precast bottom layer:  34,5 GPa  (22 ∗ (
44,6

10
)

0,3

) 

- In-situ top layer (week 1): 28,2 GPa  (22 ∗ (
22,8

10
)

0,3

) 

- In-situ top layer (week 2): 29,3 GPa  (22 ∗ (
25,9

10
)

0,3

) 

 

5.1.4 Concrete tensile strength  

The concrete splitting strength results showed no unexpected results, thus the average concrete 

splitting strength can be used. According to the codes the ratio between splitting strength and 

the actual tensile strength should be taken as 0,9 resulting in: 

- In-situ top layer:  3,5 MPa   (0,9 * 3,9 MPa) 

 

The concrete splitting tests were conducted in week 1 and thus are related to the average 

concrete compression strength of the in-situ top layer from week 1.  
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5.2 Principle stresses 

5.2.1 FEM input 

To achieve a better understanding about what happens in the elements during the 

experimental setup an analyses of the setup has been made using COMSOL Multiphysics®. 

The goal of this Finite Element Method (FEM) approach of the experimental setup is to 

visualize the principle stresses of the element, showing the principle stresses in both the y-axis 

ribs and the x-axis ribs. Thus, it should be possible to find the location the first cracks and 

explained it. After this a further analytical analyses without FEM software will be done, since 

the FEM model focuses on linear behavior. The FEM software input focuses on a linear elastic 

relation to explain the first occurring cracks. For the FEM results the solid mechanics module has 

been used with a linear elastic analyses. The AirDeck element as used in the experiments has 

been modelled inside the software with the parameters stated in paragraph Chapter 5:. The 

Young modules of the concreted has been calculated by 𝐸𝑐𝑚 = 22 ∗ [𝑓𝑐𝑚/10]0,3  for both the 

precast bottom layer and the in-situ top layer. The main parameters used for the elements given 

in Table 9 , any other parameters are filled in as typical for the material: 

Material Young modulus  

[Pa] 

Density 

[kg/m³] 

Poisson’s ratio 

[-] 

Steel reinforcement Ø16 210*109 7850 0,30 

Concrete in-situ top layer 30,1*109 2300 0,20 

Concrete precast bottom layer 36,8*109 2300 0,20 

Table 9: Main parameters of materials used. 

The applied load, variable, is applied over the entire width of the element and a length of 100 

mm, identical to the experiments. The supports are roller supports which support over the 

entire width of the element and a length of 100 mm. The mesh has been automatically generated 

using a Tetrahedron mesh with a minimal element size of 5,9 mm and a maximal element growth 

rate of 1,5 to ensure a desired meshing pattern, which can be seen in Figure 69. Additionally 

the air boxes, supports and applied load area can be seen in this image.  

 

Figure 69: Meshing pattern element. 
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5.2.2 FEM output at initial crack load (180 kN) 

The average load on which the first diagonal crack occurred in the in-situ top layer was found 

in the experiments as 180 kN. In the model the applied load is set to this 180 kN in order to 

examine whether this first crack can be explained using a FEM method with linear elastic 

analyses. The principle stresses are again visualized in an arrow volume plot, Figure 70, and a 

contour plot, Figure 71. The arrows show the direction of the tensile stress, but do not represent 

the magnitude of the stress. The contour plot provides a magnitude of these stresses, in this plot 

a dotted line has been drawn at the 3,5 MPa line, which is the concrete tensile strength 

measured in the experiments. This dotted line closely matches the found initial cracks which 

occurred in the diagonal of the first box. Therefor it is expected that the initial crack occurs due 

to principal stresses after which another mechanism occurs resulting in the critical crack. 

Additionally we can see a higher stress in the precast layer although visual cracks in the bottom 

layer where not visible, it is expected that micro-cracks occurred in this layer. 

 

Figure 70: Principle tensile stresses - arrow volume plot, at 180 kN applied load, showing only 
the direction and not the magnitude. 

 

Figure 71: Principle tensile stresses - contour plot, at 180 kN applied load, showing the 
magnitude with a dotted line representing 3,5 N/mm². 
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5.2.3 Analytical analyses principal stresses 

In addition to the FEM-analyses an analytical analyses is conducted after the principal stresses 

to validate the found results in the FEM-analyses. For this analyses the bending stress and 

vertical shearing stress are calculated for various spots of the beam. Since the elasticity 

modulus of the precast layer and the in-situ layer are different this should be taken into account 

when calculating the bending stress and vertical shearing stress.  

For the in-situ layer these stresses can be calculated as: 

𝜎𝑏 =
𝑀∗𝑦

𝐼𝑚𝑜𝑑
∗

𝐸𝑖

𝐸1
  

𝜏𝑣 =
𝑉∗𝑆𝑚𝑜𝑑

𝐼𝑚𝑜𝑑∗𝑏 
∗

𝐸𝑖

𝐸1
  

For this the following parameters have been calculated as: 

𝐴𝑚𝑜𝑑 = ∑ (
𝐸𝑖

𝐸1
∗ 𝐴𝑖)

𝑛
𝑖=1 =

𝐸1

𝐸1
∗ 600 ∗ 40 +

𝐸1

𝐸1
∗ 180 ∗ 230 +

𝐸1

𝐸1
∗ 600 ∗ 70 = 116.749𝑚𝑚2  

with  
𝐸1

𝐸1
=

28,2

28,2
= 1,00 and  

𝐸2

𝐸1
=

34,5

28,2
= 1,22 

𝑧 =
600∗40∗(340−

40

2
)+180∗230∗(340−40−

230

2
)+

𝐸2
𝐸1

∗600∗70∗
70

2

𝐴𝑚𝑜𝑑
= 147 𝑚𝑚  

𝐼𝑚𝑜𝑑 = (𝐼1 + 𝐴1 ∗ �̅�1) + (𝐼2 + 𝐴2 ∗ �̅�2) + 
𝐸2

𝐸1
∗ (𝐼3 + 𝐴3 ∗ �̅�3) = 1,80 ∗ 109𝑚𝑚4  

In the equation the elasticity modulus of the casted part is use as reference elasticity modulus. 

This results in the second term equaling 1, and thus having no influence, for the calculation for 

the internal stresses at the casted part. For the precast part this results in an factor 1,22 which 

takes into account the difference of elasticity modulus between the two parts. 

The different parameters are visualized in Figure 72. 

 

Figure 72: Determining the moment of inertia. 

Based on previous equations the bending stress and vertical shearing stress at a cross section 

threw an air box are calculated and visualized in Figure 73 and Figure 74. 

 

The equation used based on the following basic equation for shear stress, which is visualized 

next it: 

𝜏 =
𝑑𝜎

𝑑𝑥
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Figure 73: Bending stress AirDeck section. 

 

Figure 74: Vertical shear stress AirDeck section. 

Based on the equation a sudden difference in width results in an instant transition from the 

stresses over the entire width. This would result that the stresses from a rib would have instant 

transition when the it transitions into a cross rib. While a transition does occur it will not be an 

instant transition the moment the width changes but rather a gradually one. For this reason the 

equation is only used to determine the stresses at the ribs. Based on both stresses at a specific 

point the principal shear stress and direction for a beam subjected to shear and bending can be 

calculated as: 

𝜎𝑝𝑟 =
𝜎𝑏

2
± √

𝜎𝑏
2

4
+ 𝜏𝑣²  

𝛼𝑝𝑟 =
1

2
tan−1 (

2𝜎𝑏

𝜏𝑣
)    

To verify the FEM-output each whole rib between the load and the support is examined at five 

different heights at the center of the rib, see Table 10.  
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Distance from bottom 

of the element 

[mm] 

Distance from load 

[mm] 

325 625 

𝜎𝑝𝑟,𝑚𝑎𝑥  

[N/mm²] 

𝛼𝑓𝑝𝑟
 

[°] 

𝜎𝑝𝑟,𝑚𝑖𝑛 

[N/mm²] 

𝜎𝑝𝑟,𝑚𝑎𝑥  

[N/mm²] 

𝛼𝑓𝑝𝑟
 

[°] 

𝜎𝑝𝑟,𝑚𝑖𝑛 

[N/mm²] 

320 6,2 2,3 0,0 2,7 5,3 0,0 

250 4,5 23,7 -0,9 2,9 34,3 -1,4 

175 2,9 38,9 -1,9 2,6 42,4 -2,1 

100 1,6 -35,0 -3,3 2,0 -40,6 -2,7 

35 0,0 -5,3 -4,9 0,1 -11,9 -2,2 

Table 10: Principle stresses and angles analytically calculated. 

In Table 10 the value for 𝜎𝑝𝑟,𝑚𝑎𝑥  refers to a compression stress and the value for 𝜎𝑝𝑟,𝑚𝑖𝑛  refers 

to a tension stress. The values found can be visualized and plotted into a figure of the 

experimental setup, as can be seen in Figure 75 where the tension stresses are shown. In the 

figure the lines represent both the direction and the magnitude of the stress.  

 

Figure 75: Principle tensile stresses at ribs visualized. 

 

When comparing with the FEM-analyses both the direction and the magnitude of the analytical 

analyses match giving a verification for the FEM-analyses. In the analytical calculation in the 

first rib (distance from load equals 325 mm) at 100 mm height a tension value of 3,3 MPa is 

found. This value increases when taking a point at a lower height and with a lower distance 

from the load. In the FEM-analyses a dotted line is drawn at the 3,5 MPa mark to visualize the 

concrete tensile strength. This line goes from slightly below the point calculated in the 

numerical analyses to slightly left of the point calculated in the numerical analyses. The small 

offsets to below and left generate the difference of 0,2 MPa, thus giving matching results for 

the location of the initial crack due to concrete tensile strength being reached. This validates 

the FEM-analyses and the conclusions drawn from it. 
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5.3 Strut-and-tie model 

After the initial cracks occur as discussed in paragraph 5.1.3 a second mechanism occurs which 

eventually fails resulting into the critical crack. It is expected that this mechanism following the 

strut-and-tie model. Based on this model the dimensions and angles that would occur for the 

experimental setup are shown in  Figure 76, where the top image shows the strut-and-tie model 

on its own and the bottom image shows the strut-and-tie model plotted into the AirDeck 

element. It should be noted that the strut-and-tie model most likely won’t be the occurring 

mechanism for the right side of the element due to its dimensions and angles, however this 

side is not normative for the element thus for simplicity state its shown as a direct strut-and-

tie model as well. 

 

 
Figure 76: Strut-and-tie model experimental setup. 

The following applied load and reaction forces are known: 

Applied force:   F  = 330 kN  (average experiments) 

Support reaction left:  R = 220 kN  (= 330 kN * (1700/2550)) 

Compression strength:  fc  = 22,8 N/mm²  (average experiments) 

Tensile strength:  fct  = 3,5 N/mm²  (average experiments) 

Based on the strut-and-tie model, the applied load and the reaction force the following 

parameters can be calculated from the diagonal strut: 

Angle:    θ  = 17,5°   (based on strut-and-tie model) 

Force in diagonal:  Fstrut  = 732 kN  (= 220 kN / sin (17,5))  

Width  strut:   b  = 99 mm  (based on strut-and-tie model) 

Depth element  t1 = 660 mm  (entire width element) 

Depth strut:   t2 = 198 mm   (2 ribs of 99 mm, average width) 

Length strut:  H = 891 mm  (= 850 mm /cos (17,5)) 

Node width  a  = 100 mm  (width support) 

 

Based on these parameters of the strut-and-tie model the node at the support (CCT-node) the 

node at the applied load (CCC-node) and the diagonal strut will be checked accordingly: 
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CCT-node: 

Capacity:  𝜎𝑅 = 0,85 𝑣′𝑓𝑐 = 0,85 (1 −
𝑓𝑐

250
) 𝑓𝑐 = 0,85 (1 −

22,8

250
) 22,8 = 27,6 𝑁/𝑚𝑚² 

Support :   𝜎𝐸 =
𝐹𝑠𝑢𝑝𝑝𝑜𝑟𝑡

𝑎∗𝑡1
=

220∗103𝑁

100∗600
= 3,7

𝑁

𝑚𝑚2            < 27,6 𝑁/𝑚𝑚2     →  [𝑂𝐾]  

Compression strut 1: 𝜎𝐸 =
F𝑠𝑡𝑟𝑢𝑡 

𝑤∗𝑡1
=

732∗103𝑁

99∗600
= 12,3 𝑁/𝑚𝑚2     < 27,6 𝑁/𝑚𝑚2     →  [𝑂𝐾]  

CCC-node: 

Capacity:   𝜎𝑅 = 1,0 𝑣′𝑓𝑐 = 1,0 (1 −
𝑓𝑐

250
) 𝑓𝑐 = 1,0 (1 −

22,8

250
) 22,8 = 20,7 𝑁/𝑚𝑚²  

Load:    𝜎𝐸 =
𝐹𝑙𝑜𝑎𝑑

𝑎∗𝑡1
=

330∗103𝑁

100∗600
= 5,5 𝑁/𝑚𝑚2           < 20,7 𝑁/𝑚𝑚2     →  [𝑂𝐾]    

Compression strut 1:  𝜎𝐸 =
F𝑠𝑡𝑟𝑢𝑡

𝑤∗𝑡1
=

732∗103𝑁

99∗600
= 12,3 𝑁/𝑚𝑚2        < 20,7 𝑁/𝑚𝑚2     →  [𝑂𝐾]     

Compression strut 2:  𝜎𝐸 =
F𝑠𝑡𝑟𝑢𝑡,2

𝑤∗𝑡1
=

708∗103𝑁

99∗600
= 11,9 𝑁/𝑚𝑚2        < 20,7 𝑁/𝑚𝑚2     →  [𝑂𝐾]     

 

Diagonal strut: 

Capacity:   𝜎𝑅 = 𝑓𝑐 = 22,8 𝑁/𝑚𝑚²  

Occurring stresses:  𝜎𝐸 =
F𝑠𝑡𝑟𝑢𝑡

𝑤∗𝑡2
=

732∗103𝑁

99∗198
= 37,3 𝑁/𝑚𝑚2       > 22,8 𝑁/𝑚𝑚2  →  [𝑁𝑂𝑇 𝑂𝐾]    

In the initial check of the diagonal strut the stresses are greater than the capacity and thus 

failure due to compression failure should occur, however struts in the strut-and-tie model can 

occur as Bottle-Shaped struts which have an increased width, as can be seen in  Figure 77. With 

this Bottle-shaped strut the width of the strut can increase in such way that the diagonal strut 

does not fail due to compression stresses being greater than the compression capacity of the 

concrete.  

 
Figure 77: Bottle-shaped strut. 

The height of half the bottle-shaped strut has to be at least 1,5 times the width of the strut, thus 

limiting the width to a maximum of 297 mm (
2

3
∗

891

2
) in addition the element size itself, 340 mm. 

The minimal width of the strut with the battle shape effect, bef, can be calculated as: 

𝑏𝑒𝑓,𝑚𝑖𝑛𝑖𝑚𝑎𝑙 =
F𝑠𝑡𝑟𝑢𝑡

𝑓𝑐∗𝑡2
=

732∗103𝑁

22,8∗198
= 162,1 𝑚𝑚                                  < {297 𝑚𝑚; 340𝑚𝑚 }  →  [𝑂𝐾]            
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The increase of width due to the Bottle-Shaped strut results in a tension development. This 

tension development can be calculated if the width of the bottle shape, bef, is known. This is the 

strut width that is available for the spreading of forces, however because the shape of the strut 

is not square the exact value is not initially known. The previous calculation gives a minimum, 

but based on the geometry of the element and the ratio of 1,5 between the strut width and the 

strut height the width can be found as 236 mm. This is the most critical section where the section 

perpendicular to the strut axis is entirely in the web, which is the critical section due to the 

reduced surface, as shown by the red line in Figure 78. The ratio of 1,5 is applied here as: 

ℎ = 1,5 ∗ 𝑏𝑒𝑓 = 1,5 ∗ 236 = 355 𝑚𝑚  

 

Figure 78: Width bottle-shaped strut. 

 

Tension check strut:  

The occurring tension force due to the bottle shaped strut can be calculated based on the 

equations stated in the codes: 

𝑇𝐸 = F𝑠𝑡𝑟𝑢𝑡 [1,0 −
𝑎

𝑏𝑒𝑓
] /4 =  732 𝑘𝑁 ∗ [1,0 −

100

236
] /4 =105,5 𝑘𝑁  

While most literature focuses on reinforcement to resist the occurring tension stress, Schlaich 

and Weischede (1982) focuses on the tension stress being resisted by the concrete without 

addition reinforcement. The study includes an equation to calculate the tension capacity, 

therefor this equation shall be used to check the tension occurring due to the bottle-shaped 

strut. Based on the literature in this book the following equation can be found for the tension 

capacity of the bottle-shaped strut: 

𝑇𝑅 =
2

3
∗ ℎ ∗ 𝑡2 ∗

2

3
∗ 𝑓𝑐𝑡  

𝑇𝑅 =
2

3
∗ 355 𝑚𝑚 ∗ 198 𝑚𝑚 ∗

2

3
∗ 3,5 𝑁/𝑚𝑚2 = 109,3 𝑘𝑁  

Occurring tension at failure versus resistance according to Schlaich and Weischede: 

𝑇𝐸 =105,5 𝑘𝑁 

𝑇𝑅 = 109,3 𝑘𝑁   
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Based on this check, which doesn’t include any safety factors, it is assumed that the specimen 

failed due to the tension in the bottle-shaped strut due to the calculated occurring tension 

almost reaching the calculated tension capacity. However this effect can also occur if the 

interface between the two different layers doesn’t fail prior due to the applied horizontal load 

from the strut. Therefor this shall be checked: 

  

Horizontal shear interface  

The following equation shall be used to examine the characteristic horizontal shear resistance: 

𝜏𝑅 = 𝑐 𝑓𝑐𝑡 + 𝜇 𝜎𝑛 + 𝜌 𝑓𝑦 (𝜇 sin 𝛼 + cos 𝛼)  

With: 

𝑐 = 0,2 𝑎𝑛𝑑 𝜇 = 0,6, based on the Eurocode 2 with smooth – concrete casted in a free surface 

not intentionally roughened – matching the production process and roughness described in 

paragraph 3.3.3. 

𝛼 is the angle relative to the longitudinal axis, limited to 45° < 𝛼 < 90°, see Figure 80. 

𝜌 is the ratio between reinforcement that is crossing the interface and the area of the interface, 

including only the reinforcement with an angle  45° < 𝛼 < 90°. 

The average applied horizontal shear stress can be calculated as: 

𝜏𝐸 = F𝑠𝑡𝑟𝑢𝑡,ℎ/𝐴𝑠𝑢𝑟 = 697,7 𝑘𝑁/131.400 𝑚𝑚² = 5,30 𝑁/𝑚𝑚²  

Where: 

F𝑠𝑡𝑟𝑢𝑡,ℎ is the horizontal component of the strut calculated as: F𝑠𝑡𝑟𝑢𝑡,ℎ = cos(17,5) ∗ 732 𝑘𝑁 =

698 𝑘𝑁 

𝐴𝑠𝑢𝑟 is the interface the strut passes threw 𝐴𝑠𝑢𝑟,𝑒𝑓𝑓 = 180 ∗ 360 + 370 ∗ 180 = 131.400𝑚𝑚² 

The cross section with the length of the interface the strut passes and the lattice girders can be 

seen in, Figure 79. Since the horizontal shear stress will gradually transition when reaching the 

cross rib not the entire surface area should be taken. As a safe assumption only 45 mm on each 

side is taken into account, which is half the width of the ribs, visualized in Figure 80. 

 

Figure 79: Surface length strut passes and lattice girders. 
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Figure 80: Effective surface area used. 

The characteristic horizontal shear resistance can be calculated as: 

𝜏𝑅 = 𝑐 𝑓𝑐𝑡 + 𝜇 𝜎𝑛 + 𝜌 𝑓𝑦 (𝜇 sin 𝛼 + cos 𝛼)  

𝜏𝑅 = 0,2 ∗ 3,5 + 0,6 ∗  1,68 + 0,0051 ∗  540 (0,6 ∗ sin 72 + cos 72) = 4,13 𝑁/𝑚𝑚²  

Where: 

𝑐 = 0,2 𝑎𝑛𝑑 𝜇 = 0,6 as constants based on the surface roughness (smooth). 

𝜎𝑛 is stress perpendicular to the interface due to the vertical component of the strut calculated 

as:  𝜎𝑛 = F𝑠𝑡𝑟𝑢𝑡,𝑣𝐴 = sin(17,5) ∗ 732 𝑘𝑁/131.400𝑚𝑚² = 1,68𝑁/𝑚𝑚² 

𝜌 is the ratio between reinforcement that is crossing the interface and the area of the interface 

calculated as: 𝜌 =
(3∗4)∗

1

4
∗𝜋∗(8 mm/sin (72))²

131.400 𝑚𝑚²
= 0,0051 

Based on the calculations the following applied stress and characteristic resistance can be 

found: 

𝜏𝐸 = 5,30 𝑁/𝑚𝑚²  

𝜏𝑅,𝑘 = 4,13 𝑁/𝑚𝑚²  

The equation used is based on the design norm Eurocode 2 with roughness parameters based 

on the minimal restriction for ‘’smooth’’. This norm code is used because the results from 

experimental research into this subject vary significantly. In addition to this none of the 

specimens with lattice girders did not fail due to horizontal shear at the contact surface thus 

providing no experimental reference. Based on the Eurocode 2 equation the specimen would 

fail due to horizontal shear failure, however this calculation has two conservative elements: 

- The equation results in a design value, including safety and reliability factors. 

- The calculation is based on ‘’smooth’’ with its matching parameters. The specimen 

exceeded the required minimal demands as stated in the norm and is thus expected to 

have values interpolated between the ‘’smooth’’ roughness and the ‘’rough’’ roughness 

resulting in a higher resistance from all three factors. This statement is validated by the 

observations described in paragraph 3.3.3 and the found resistance in paragraph 5.4.1. 

 

Based on the reasons stated above it is stated that the representation of the specimen using a 

strut-and-tie model is not subjected.  
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5.4 Horizontal shear resistance 

In the codes and other researches the equation for horizontal shear resistance is given as: 

𝜏𝑅𝑖 = 𝜏𝑅1 + 𝜏𝑅2 + 𝜏𝑅3   

Where 𝜏𝑅1 is an initial capacity component based on the roughness of the surface. 

Where 𝜏𝑅2 is a capacity component resulting from applied stress perpendicular to the surface. 

Where 𝜏𝑅3 is a capacity component resulting from the presence of reinforcement crossing the  

interface surface. 

The constants to calculate the values for component are different between the codes and the 

researches, as an indication the values from the Eurocode 2 for a smooth surface have been 

used: 

𝜏𝑅 = 𝑐 𝑓𝑐𝑡 + 𝜇 𝜎𝑛 + 𝜌 𝑓𝑦 (𝜇 sin 𝛼 + cos 𝛼)  

With: 𝑐 = 0,2 𝑎𝑛𝑑 𝜇 = 0,6 

The use of the Eurocode 2 and parameters related to a roughness ‘’smooth’’ are explained in 

the last paragraph of 5.3.  

ρ is the ratio between reinforcement that are crossing the interface and the area of the interface. 

With and maximum value of 𝜏𝑅𝑖 ≤ 0,5 𝑣 𝑓𝑐  

5.4.1 Without lattice girders 

The occurring horizontal shear stresses vary between the ribs with a lower width and the cross-

ribs with the entire width of the element. Therefor the average stress shall be calculated and 

checked with the horizontal shear resistance of the specimens. Due to the identical surface 

roughness, no stress perpendicular to the surface area and the absence of reinforcement 

crossing the surface area this capacity is found the be identical for both the AirDeck specimen 

without lattice girders and the massive comparison specimen without lattice girders. 

 

AirDeck specimen without lattice girders: 

Based on the found failure loads in the experiments the occurring horizontal shear stress at the 

interface can be calculated. Since the specimens failed at this stress it is the horizontal shear 

resistance of the specimen. This resistance will be calculated based on the experimental results 

with the classical elastic method and the simplified elastic beam method. Additionally the 

horizontal shear resistance as described by the Eurocode 2 shall be calculated. The AirDeck 

specimens without lattice girders  failed on average at a shear force of 110 kN, on which the 

calculations are based.  
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In both the classical elastic method and the simplified elastic beam method the average width 

is used for the calculation, since the width varies over the length the average width and the 

related average moment of inertia modified by the difference in elasticity modulus.  

𝑏𝑎𝑣𝑔 =
600∗90+180∗210

90+210
= 306  

𝐼𝑎𝑣𝑔,𝑚𝑜𝑑 = 1.96 ∗ 109  

Classical elastic method: 

The occurring horizontal shear stress according to the classical elastic method can be calculated: 

𝜏𝑅 =
𝑉∗𝑆𝑚𝑜𝑑

𝐼𝑎𝑣𝑔,𝑚𝑜𝑑∗𝑏𝑎𝑣𝑔 
∗

𝐸𝑖

𝐸1
=

110∗103∗5,74∗106

1,96∗ 109∗306
∗

34,5

28,2
= 1,29 𝑁/𝑚𝑚²   

Using the average shear load at failure of 110 kN and the average calculated width of 306 mm 

this results in the following average horizontal shear resistance: 

Simplified elastic beam method: 

The occurring horizontal shear stress according to the simplified elastic beam method can be 

calculated: 

𝜏𝑅 =
𝑉

𝑏𝑎𝑣𝑔∗𝑑 
∗

𝐸𝑖

𝐸1
=

110∗103

306∗299
∗

34,5

28,2
= 1,47 𝑁/𝑚𝑚²  

Using the average shear load at failure of 110 kN and the average calculated width of 306 mm 

this results in the following average horizontal shear resistance: 

Eurocode 2 method: 

The characteristic horizontal shear resistance, without reinforcement and normal stress, can be 

calculated as stated by the Eurocode 2 as: 

𝜏𝑅,𝑘 = 𝑐 ∗ 𝑓𝑐𝑡 = 0,6 ∗ 3,5 = 0,7 𝑁/𝑚𝑚²  

With: 𝑐 = 0,2 and a the concrete tensile strength found from the samples the characteristic 

horizontal shear resistance can be calculated ad: 

 

Massive comparison specimen without lattice girders: 

The same equations will be used as the ones used for the AirDeck specimen. For the massive 

comparison specimen the width is constant at 400 mm and the average shear load on failure is 

170 kN results in the following horizontal shear resistances, in which the moment of inertia 

modified by the difference in elasticity modulus is used: 

𝐼𝑚𝑜𝑑 = 1.55 ∗ 109  

Classical elastic method: 

𝜏𝑅 =
𝑉∗𝑆𝑚𝑜𝑑

𝐼𝑚𝑜𝑑∗𝑏 
∗

𝐸𝑖

𝐸1
=

170∗103∗4,42∗106

1,55∗ 109∗400
∗

34,5

28,2
= 1,48 𝑁/𝑚𝑚²  

Simplified elastic beam method: 

𝜏𝑅 =
𝑉

𝑏∗𝑑 
∗

𝐸𝑖

𝐸1
=

170∗103

400∗299
∗

34,5

28,2
= 1,73 𝑁/𝑚𝑚²  

Eurocode 2 method: 

𝜏𝑅,𝑘 = 𝑐 ∗ 𝑓𝑐𝑡 = 0,6 ∗ 3,5 = 0,7 𝑁/𝑚𝑚²   
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5.4.2 With lattice girders 

The AirDeck specimens with lattice girders did not fail in horizontal shear, however these 

specimens had double the amount of lattice girders compared to the typical AirDeck element. 

Therefor in addition to the calculation for the specimen used in the experiments an additional 

calculation will be done for an AirDeck element with the typical amount of girders which 

results in a 50% reduction in the reinforcement that is crossing the interface.  

 

AirDeck specimen with lattice girder: 

In paragraph 5.3 the occurring horizontal shear stress and the characteristic horizontal shear 

resistance are calculated based on the AirDeck specimen with lattice girders that didn’t fail on 

horizontal shear capacity. Below those calculations are summarized:  

𝜏𝐸 = F𝑠𝑡𝑟𝑢𝑡,ℎ/𝐴𝑠𝑢𝑟 = 697,7 𝑘𝑁/131.400 𝑚𝑚²  

𝜏𝑅,𝑘 = 0,2 ∗ 3,5 + 0,6 ∗  1,68 + 0,005 ∗  540 (0,6 ∗ sin 72 + cos 72)  

Resulting in the following applied horizontal shear stress and characteristic shear resistance: 

𝜏𝐸 = 5,30 𝑁/𝑚𝑚²  

𝜏𝑅,𝑘 = 4,13 𝑁/𝑚𝑚²  

 

Typical AirDeck with lattice girder: 

The AirDeck specimen with lattice girders consisted of two lattice girders in two ribs, however 

the typical AirDeck element consists of only one lattice girder in two ribs. This reduces the 

reinforcement crossing the interface and thus the characteristic shear resistance, while the 

applied horizontal shear stress remains identical. Therefor an additional calculation has been 

made for the typical AirDeck element: 

𝜏𝐸 = F𝑠𝑡𝑟𝑢𝑡,ℎ/𝐴𝑠𝑢𝑟 = 697,7 𝑘𝑁/131.400 𝑚𝑚²  

𝜏𝑅,𝑘 = 0,2 ∗ 3,5 + 0,6 ∗  1,68 + 0,0025 ∗  540 (0,6 ∗ sin 72 + cos 72)  

Resulting in the following applied horizontal shear stress and characteristic shear resistance: 

𝜏𝐸 = 5,30 𝑁/𝑚𝑚²  

𝜏𝑅,𝑘 = 2,90 𝑁/𝑚𝑚²  

 
In the last paragraph of 5.3 it is explained that these values are design values including safety 

and reliability factors. In addition to this the classification of the surface is expected to be higher 

resulting in higher parameters and thus a higher resistance. The statement about the 

classification is validated by the observations described in paragraph 3.3.3 and the found 

resistance in paragraph 5.4.1. 
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5.4.3 Comparison horizontal shear resistances 

 

 

 

Specimen type: 

Method used  

EC 2 CEM SEBM 
 

𝑆𝐸𝐵𝑀

𝐶𝐸𝑀
 

[-] 

𝜏𝑅,𝑘 

[MPa] 

𝜏𝑅 

[MPa] 

𝜏𝑅 

[MPa] 

AirDeck without lattice girders 0,70 1,29 1,47 1,14 

Massive comparison without 

lattice girders 

0,70 1,48 1,73 1,17 

AirDeck with lattice girders 4,13    

AirDeck with lattice girders* 2,90    

Table 11: Comparison horizontal shear resistance. 
* Analytical value for typical AirDeck element with one lattice girder per two ribs. 

The previous calculated values for the horizontal shear resistance based on different methods 

has been summarized in Table 11. The methods included are the Eurocode 2, EC 2, the classical 

elastic method, CEM, and the simplified elastic beam method, SEBM. In addition to this a ratio 

between the resistances found in the simplified elastic beam method and the classical elastic 

method is given.  

 

In the table we can see a related resistance for the AirDeck specimen without lattice girders and 

the Massive comparison specimen without lattice girders. This related value is expected due to 

the identical concrete strengths and surface roughness, as also found in the Eurocode 2 

calculation. When examining the simplified elastic beam method we see a nearly identical 

value to the classical elastic method at the AirDeck specimen without lattice girders, however 

the method gives a 14% and 17% higher value for the Massive comparison specimen without 

lattice girders and massive comparison element respectively. Because the simplified elastic 

beam method is simplified it is expected that the classic elastic method gives the best 

representation of the actual horizontal shear resistance, while the simplified elastic beam 

method provides a fast method with similar results.  

The resistances from the AirDeck specimen with lattice girders are much higher than the 

resistances from the AirDeck specimen without lattice girders, indicating a large impact on the 

horizontal shear resistance from the reinforcement crossing the interface. This is verified by the 

35% reduction in horizontal shear resistance when comparing it with the typical AirDeck which 

has 50% less reinforcement crossing the interface – being lattice girders.  
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5.5 Comparison specimens 

Below the average failure shear force is shown and compared to one another. The second 

column gives the average failure shear force for each group of specimens and in the columns 

after the ratio between the groups is stated. For this comparison all elements are taken as 600 

mm, this results in a multiplication of 1,5 times the failure shear force for the massive 

comparison specimen which is 400 mm. This results in the a failure shear force of 255,9 kN 

instead of the 170,6 kN for the massive comparison element. The specimens are grouped after 

element type, failure mode and experiment week resulting into the following groups: 

- AirDeck specimen with lattice girders tested in week 1 (AL_T1-1 and AL_T2-1); 

- AirDeck specimen with lattice girders tested in week 2 (AL_T1-2 and AL_T2-2); 

- AirDeck specimen without lattice girders tested in week 1 (AW_T1-1 and AW_T2-1);  

- Massive comparison specimen without lattice girders tested in week 2 (MC_T2-1). 

In Table 12 the groups will be referred to by AD+1, AD+2, AD- and MC. 

Specimen Failure shear 

force 

[kN] 

Ratio  

AD+1 AD+2 AD- MC 

AirDeck with lattice girders (1) - AD+1 218,7 - 0,92 1,94 0,85 

AirDeck with lattice girders (2) - AD+2 237,5 1,09 - 2,11 0,93 

AirDeck without lattice girders - AD- 112,6 0,51 0,47 - 0,44 

Massive comparison without girders - MC 255,9 1,17 1,08 2,27 - 

Table 12: Comparison shear failure force specimens. 
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5.6 Summary 

The first part of the chapter summarizes the material parameters found by experiments on 

samples of the materials used in the specimens. These parameters are used in the further 

analyses of the experiments of the specimens and numerical and analytical calculations to 

explain the behavior and results found from the specimens.  

 

The specimens are divided into two main groups, as stated in Chapter 4, the interpretation of 

each group is done separately after which both groups are compared. The first group examined 

is the specimens with lattice girders that failed on vertical shear. The specimen is expected to 

behave linear until cracks occurs at which the specimen starts showing non-linear behavior. 

This initial behavior is examined using a FEM-analyses using linear elastic behavior. With this 

FEM-analyses the location of the initial crack can be found as well as the cause of it, the tension 

stresses in the rib exceeding the tensile strength capacity of the concrete of 3,5 MPa. In addition 

to the FEM-analyses and analytical analyses is conducted on the linear behavior to validate the 

found results from the FEM-analyses. In the analytical analyses similar directions and 

magnitudes of the principle stresses are found, validating the FEM-analyses. The numerical 

and analytical analyses indicates the location, and it’s related stress, where the tensile strength 

capacity gets exceeded and the initial crack occurs. 

 

After the initial crack occurs a new mechanism occurs being the a strut-and-tie model. With a 

analytical analyses all nodes and struts are checked, and all hold except from the compression 

in the strut exceeding the capacity. The strut of the strut-and-tie model transitions into a bottle-

shaped strut where the compression stresses are divided over a bigger area and thus 

preventing failure due to compression in the strut. However this bottle-shaped strut introduces 

a tension force perpendicular to the strut. Based on the analytical analyses the specimen fails 

when the tension force, caused by the bottle-shaped strut, exceeds the tension resistance from 

the concrete. This failure would result in a crack along the direct line between the load and the 

support. In addition the origin of this crack is expected to occur at the location of the tension 

force caused by the bottle-shaped strut. Both the angle of the crack and the origination point of 

the crack found in this numerical and analytical analyses match the results from the specimens. 

Additionally the interface is checked and determined as not decisive.  
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The second group examined are the specimens without lattice girders which failed due to 

horizontal shear at the interface. For these specimens the horizontal shear capacity is calculated 

based on the Classic Elastic Method and the Simplified Elastic Beam Method based on the 

average surface. In addition to this the characteristic capacity as stated by the Eurocode 2 is 

calculated. Using the Classic Elastic Method a near equal horizontal shear capacity per surface 

area is found the AirDeck elements without lattice girders and the massive comparison element 

without lattice girders, which both failed due to the same mechanism. The identical value is 

expected as the interface of both specimens is identical and normal stress or reinforcement 

passing the interface is present to add to the horizontal shear capacity. Therefor the horizontal 

shear capacity of both specimens is only based on the roughness of the interface, which is 

identical for both specimens. This identical horizontal shear capacity is also supported by the 

characteristic capacity calculated by the Eurocode 2. The Simplified Elastic Beam Method gives 

relative identical values, with a small deviation at the massive comparison element. It is 

expected that this deviation is caused by the simplifications used in the method.  

 

Lastly all specimen are categorized into groups and compared with each other. This 

comparison table stated the average shear failure force of each group and the ratio compared 

to other groups. In this table the average shear failure force of the massive comparison 

specimens, 256 kN, is slightly higher than the average AirDeck specimens with lattice girders 

tested in week two, 238 kN, which on its turn is slightly higher than the average AirDeck 

specimens with lattice girders tested in week one , 219 kN. In these three values it can be seen 

that the same element with a longer setting time has a slightly higher experimental resistance 

and that while the massive comparison element, despite the different failure mechanism being 

horizontal shear,  has a higher experimental resistance then the AirDeck elements with lattice 

girders. Lastly the average shear failure force of the AirDeck specimen without lattice girders 

is roughly 50% lower than the other three groups at 113 kN. 
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Chapter 6: Summary and Conclusions 

6.1 Summary 

Introducing new products to the construction industry often has its complications. Not only do 

all parties involved have to adapt, but they also need be assured that the product meets all 

design requirements and does not provide unexpected problems when working with it. The 

implementation of a new product often result into a lot of experimenting and/or conservative 

approaches of the implementation to the design calculation to assure the product is safe to use 

and does not provide any unexpected problems. These aspects also apply to the, relatively new 

floor system, product of AirDeck. To guarantee the safety of the product a conservative 

implementation to the design calculation is used. One of which is the calculation of the shear 

resistance, where currently a reduction factor to the effective width of 0,3 is used. This factor is 

based on the ratio between the rib width and the total width of the element. However this 

excludes the influence of the bottom and top layer at the boxes and the cross ribs. Therefor the 

calculation method was expected to be conservative and further investigation into the actual 

shear resistance of the AirDeck element is desired, for which this thesis serves.  

 

The thesis focuses on the experimental shear resistance value of the AirDeck system, including 

experimental values for the relevant parameters. In addition the exact failure mode resulting 

in the failure of the element is investigated. Additionally, besides to the actual shear resistance, 

the ratio between a AirDeck element and a solid comparison element is investigated as this 

ratio is currently used in the design method for the AirDeck floor system.  The experiments 

were focused on AirDeck type A340 with a precast bottom layer made from C30/37 concrete 

and a casted top layer made from C20/25 concrete. The production process of the elements 

was identical to the production process of the typical AirDeck elements, without any alteration 

to the surface roughness etc. The specimens has been split into two groups from which one has 

lattice girders and one does not. Additionally a solid comparison elements has been 

experimented. All elements had identical longitudinal reinforcement and have been tested 

using a 3-points bending test using a point load. 
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The first chapter of the thesis gives an introduction into the AirDeck system, in which the 

principles of the void-based biaxial bearing floor system are described. The AirDeck floor 

system has a precast bottom slap of either 50mm or 70mm and varies in total height between 

280 mm and 450 mm. Each height has a corresponding air box, which provides the concrete 

mass reduction. The production process is based on a filigree floor slab system, with the 

addition of placing air boxes in after the concrete has been poured into the mold. The use of 

AirDeck on site is also similar to a filigree floor slab system, where supports have to be placed 

during pouring and hardening. The current design mode of the shear resistance of the AirDeck 

floor system is based on the shear resistance as stated in the Eurocode 2 with a reduction value 

of 0,3 to the effective width.  

 

The second chapter focuses on the shear resistance of concrete beams without shear 

reinforcement in which the three different failure modes are explained. A shear-flexure failure 

occurs from an initial flexural crack which propagates due to shear stresses causing shear-

flexure failure. A shear-tension failure occurs mainly at elements with thin webs  at which the 

occurring tensions stresses exceed the tension capacity causing a shear-tension failure. The 

third failure mode is a shear-compression failure which commonly occurs at elements with a 

low shear span-to-depth ratio at which the compression stresses directly between the load and 

the support exceed the compression capacity resulting in a shear-compression failure. The 

contributors to the shear bearing resistance are discussed as shear crack, aggregate interlock, 

dowel action and the direct strut action. Additionally three parameters influencing the shear 

resistance are the concrete strength, longitudinal reinforcement and shear span-to-depth ratio. 

Various empirical relations are discussed from which most include the stated parameters and 

the main difference is found by the concrete compression strength being either till the power 

of 1/2 or till the power of 1/3. In addition to the shear resistance from the concrete it is possible 

to include shear reinforcement for a higher shear resistance. Since the AirDeck element consists 

of two layers the bond between the two has to be taken into account, thus the horizontal shear 

resistance of the elements. The horizontal shear resistance is based on the roughness of the 

interface, the normal stress applied perpendicular to the interface surface and the amount of 

reinforcement crossing the interface. Lastly the time dependent being, shrinkage and creep, 

behavior of concrete is discussed as being counteracted by the further increase of concrete 

strength over time.  
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The third chapter focuses on the experimental setup, for which among other things previous 

experiments on similar void-based biaxial floor systems have been examined. Based on the 

parameters that influence the shear resistance and the moment resistance a specimen is design 

with sufficient longitudinal reinforcement to prevent bending moment failure so that shear 

failure will be decisive. Based on the calculations the specimens have been produced at de 

Hoop-Pekso. Due to the production process and the high temperature differences during the 

manufacturing the specimens had small imperfections and shrinkage cracks in the casted top 

layer. Both the small imperfections and shrinkage cracks have been documented along with 

the roughness of the interface and the anchorage of the lattice girders. Lastly the experimental 

setup is described in which the exact location of all sensors and cameras have been described. 

 

Chapter four is dedicated to the results from the conducted experiments. First the initial data 

is analyzed from which we can state that no slip of the longitudinal reinforcement occurs, and 

thus not further included in the analyses. Additionally the difference between deflection on the 

left side and the right side of the element is minimal, therefor an average deflection is calculated 

and used to analyze the experiments. The occurring cracks are documented based on the video 

footage where the cracks are distinguished as three different groups being initial cracks, critical 

cracks and after cracks. The initial cracks occur first but do not elongate into the critical crack 

nor cause a sudden increase in deflection. The critical cracks are the cracks that cause the failure 

of the specimen and the after cracks are cracks which occur after the critical crack if the load is 

reapplied. Of each specimen the corresponding load-deflection diagram is included in which 

no sudden drops in deflection can be seen. The only exception to this is specimen MC_T1-1, 

which had several unexplainable results and is this not included in the analyses. Lastly the 

shear failure load of each specimen is given. 

 

In chapter 5 the results are analyzed. The specimens are divided into two main groups, as 

stated in Chapter 4, the interpretation of each group is done separately after which both groups 

are compared. The first group, AirDeck elements with lattice girders, failed due to vertical 

shear. Firstly the initial behavior of the beam is examined using a FEM-analyses and an 

analytical calculation, both finding the magnitude and the location of the initial crack caused 

the occurring tensile stress exceeding the concrete tensile capacity. After the initial crack the 

element is assumed to behave like a strut-and-tie model in which the strut is decisive. The high 

compression forces in the strut result into a bottle-shaped strut, which introduces a tension 

force perpendicular to the strut. The specimen eventually failed due to the internal tension 

force increasing and exceeding the tension resistance of the concrete. This crack is, based on 

this theory, expected to occur along the line between the support and the load with crack 

starting at the web, which matches the experimental results.  
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The second group, specimens without lattice girders, failed due to horizontal shear failure. For 

these specimens the horizontal shear capacity is calculated based on the Classic Elastic Method 

based on the average surface, resulting in a near equal horizontal shear capacity per surface 

area for both the AirDeck elements without lattice girders and the massive comparison element 

without lattice girders, which both failed due to the same mechanism. The identical value was 

expected as the interface of both specimens is identical and no normal stress or reinforcement 

passing the interface is present to add to the horizontal shear capacity. Therefor the horizontal 

shear capacity of both specimens is only based on the roughness of the interface and cohesion 

which is identical for both specimens. This identical horizontal shear capacity is also supported 

by the characteristic capacity calculated by the Eurocode 2. Additionally The Simplified Elastic 

Beam Method is used, which gives relative identical values, with a small deviation at the 

massive comparison element. It is expected that this deviation is caused by the simplifications 

used in the method.  

 

Lastly all specimen are categorized into groups and compared with each other. This 

comparison table stated the average shear failure force of each group and the ratio compared 

to other groups. In this table the average shear failure force of the massive comparison 

specimens, 256 kN, is slightly higher than the average AirDeck specimens with lattice girders 

tested in week two, 238 kN, which on its turn is slightly higher than the average AirDeck 

specimens with lattice girders tested in week one, 219 kN. The average shear failure force of 

the AirDeck specimen without lattice girders is roughly 50% lower than the other three groups 

at 113 kN. 
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6.2 Conclusions 

The main objective of this research study was to investigate the shear resistance of the AirDeck 

system floor under short term loading. Based upon the work and results from this thesis the 

following conclusions can be drawn: 

 

- Without lattice girders the horizontal shear capacity at the interface is decisive for the 

critical shear load of the specimen.   

 

- The mean horizontal shear capacity from the roughness of the interface of the AirDeck 

specimen can be stated as 𝜏𝑅,𝑚 = 1,16 𝑁/𝑚𝑚² , for comparison the characteristic 

horizontal shear capacity based on the Eurocode 2 is 𝜏𝑅𝑘 = 0,70 𝑁/𝑚𝑚². 

 

- The decisive shear failure mode of AirDeck specimen, with sufficient lattice girders to 

prevent horizontal shear failure, is the shear-tension failure mode. 

 

- Shear-tension failure of the specimens occurred as follows: After initial cracks due to 

reaching the concrete tensile capacity the element is assumed to behave like a strut-

and-tie model. In this strut-and-tie model the compression forces in the strut become 

of such magnitude that a bottle-shaped strut occurs. Due to this bottle-shaped strut 

tension forces are introduced, which eventually exceed the tension capacity of the 

specimen. The cracks occur along the direct line between the support and the load 

initiating from a web. This crack causes the shear-tension failure due to which the 

specimen fails.  

 

- Based on the analytical characteristic horizontal shear capacity, at a specimen with one 

lattice girder per two ribs, as is typical for an AirDeck element, it is not excluded that 

the horizontal shear capacity can still be critical. 

 

- The found results from the experiments have no direct negative impact on the current 

calculation method of the AirDeck. This method is based on flexure shear failure, while 

in the experiments shear tension failure occurred. However it still provides a 

simplified and conservative calculation method. The 0,3 ratio combined with the 

characteristic shear resistance of concrete gives a lower resistance then the 

characteristic shear resistance based on one lattice girder and horizontal shear failure 

at the interface being decisive.  
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For conclusions, mainly the last one, it is important that these are based on the 

experimental results and the analyses on it. These experiments had a limited amount with 

mostly identical parameters and thus cannot be directly used for conclusions of the 

AirDeck elements in general. In order to validate if these conclusions hold for all AirDeck 

elements and not only specifically for the test setup and specimens used in this thesis 

additional research is required, see paragraph 6.3. 

 

Lastly, while not being a direct conclusion, the following statement about the reduction 

ratio is given: 

As stated due to the difference in failure mechanism, and the lack of a massive comparison 

specimen that failed at vertical shear, the AirDeck element cannot be directly compared to 

the massive comparison element with a reduction ratio. However because a part of goal of 

the thesis is to investigate the 0,3 ratio as currently used in the calculation method it is 

desirable that some statement is made about this ratio. For this reason the AirDeck element 

has been compared with a numerical expected resistance of an massive comparison 

element, which results in a ratio that applies only for this specific case and cannot be used 

as a general design ratio, for this reason the exact ratio is not stated. However the ratio is 

found to be roughly in the same order of magnitude as the results from the research of 

Bollen & Ramaekers (2016) into the shear resistance of AirDeck, being be more than twice 

as high as the 0,3 ratio currently used. It should be stated that this model is, similar to the 

current calculation method used by AirDeck, based on a shear-flexure failure mode. 
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6.3 Recommendations for further research 

The current research provides experimental results for the shear-tension capacity and the 

horizontal shear capacity without lattice girders. However no specimen with lattice girders 

failed due to horizontal shear capacity, therefor the horizontal shear capacity is based on the 

equation from the Eurocode 2 which provides and characteristic capacity, in which surface 

roughness parameters are included which are, based on the horizontal shear capacity without 

lattice girders, expected to be lower than the actual values for the AirDeck interface. Therefor 

one recommendation is stated as:  

 

- Research into the horizontal shear resistance of the AirDeck elements with lattice 

girders.  

 

The concluded failure mode of the specimens that had sufficient horizontal shear resistance is 

a shear-tension failure based on a strut-and-tie model. This model, with one bottle-shaped strut 

resulting into the critical tension stress, explains the behavior of the specimens where a point-

load was applied. However typically a floor is loaded surface load which translates to an 

uniform distributed load. With an uniform distributed load the distribution of internal stresses 

changes and therefor it is unknown if the same failure mode will occur and what the magnitude 

compared to a point-load is. Therefor the following research is recommended: 

 

- Research into the shear resistance of AirDeck elements under a more uniform load.   

 

Lastly the thesis focused on a small sample of specimens with mainly identical parameters, the 

only one differentiating is the appliance of the lattice girders. Therefor further research is 

recommended in which difference in parameters and/or multiple specimens should be 

included, to validate the found results and conclusions and see if they also hold for different 

parameters. The following parameters are expected to be worth researching into: 

 

- Further research with the following altering the parameters as:  

o Difference in concrete strength in-situ layer; 

o Difference in ratio concrete strength in-situ layer and precast layer; 

o Difference in shear span-to-depth ratio, av/d; 

o Difference in AirDeck type: both the height of the boxes as the precast layer; 

o Difference in degrees of freedom of the supports (clamped supports). 
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Appendix B: Concrete sensor data 

Data from the sensors placed into the concrete. Four sensors have been placed in the specimens, 

named as A, B, C and D. Each of these sensors has 3 measuring points, 1, 2 and 3, placed in the 

precast layer, halfway the casted layer and at the topside of the casted layer. In addition also 

the external temperature is measured.  

 

In addition to this a separate sensor is placed one sample cube of the precast layer and one in 

the casted layer. Both cubes had identical external factors as the specimens.  

 

Lastly of each layer of concrete calibration boxes have been filled with 3 samples each, which 

were placed in isolating boxes resulting in a higher temperature of the concrete, faster gain of 

maturity of the concrete and thus a faster increase in concrete strength.  

 

The samples in the calibration boxes have been tested at the factory and provided a calibration 

value for the other sensors. Of each measurement the figure for the temperature, maturity and 

concrete strength. For the calibration boxes at set intervals a cube is taken and tested, giving a 

calibration point. This results in the line for the cube suddenly stopping in the figure, this is 

not an error but rather the cube being tested and the measurement of that cube stopping. The 

labels are in Dutch but should be understandable for people who can’t read Dutch as well.   

 

 

BAS Reasearch & Technology assisited on the measurements and provided the equipment. 

BAD RT software, ConcreMote, was used to read and plot all data.  
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Precast Layer 

Temperature: 

 

Maturity: 

 

Concrete strength: 
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Casted layer 

Temperature: 

 

Maturity: 

 

Concrete strength: 
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Sample Cube precast layer 

Temperature: 

 

Maturity: 

 

Concrete strength: 
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Sample Cube casted layer 

Temperature: 

 

Maturity: 

 

Concrete strength: 
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Calibration boxes precast layer 

Temperature: 

 

Maturity: 

 

Concrete strength: 
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Calibration boxes casted layer 

Temperature: 

 

Maturity: 

 

Concrete strength: 
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Appendix C: Shrinkage cracks documentation 

Documentation of each specimen with all shrinkage cracks marked with red according to crack 

size 

AW_T1 – AirDeck without lattice girders 1: 

 

Left side (tested side). 

 

Right side (not tested side). 
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AW_ T2 – AirDeck without lattice girders 2: 

 

Left side (tested side). 

 

Middle (not tested side). 
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Right side (not tested side). 

 

 

 

 

AL_ T1 – AirDeck with lattice girders 1: 

 

Left side (test 1 side). 
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Middle (not tested side). 

 

Right side (test 2 side). 
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AL_ T2 – AirDeck with lattice girders 2: 

 

Left side (test 1 side). 

 

Middle and right side (test 2 side). 
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MC_ T1 – Massive comparison element 1: 

 

Left side (tested side). 

 

Middle and right side (not tested side). 
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MC_T2 – Massive comparison element 2: 

 

Left side (tested side). 

 

Right side (not tested side). 
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Appendix D: Roughness interface  

All images of the roughness from the interface with a crack meter next it indicating the 

maximum distance between the highest peak and the lowest valley.  

 

Measurement one: 1,2 mm. 

 

Measurement two: total view surface. 

 

Measurement three: 0,8 mm. 
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Measurement four: 0,95 mm. 

 

Measurement five: 0,9 mm 

 

Image of total surface roughness; specimen MC_T1 after experiment.  
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Appendix E: Parameters concrete and steel samples 

Individual testing of steel  

The previous tests give results for the complete specimen. In addition to these test results the 

values for each individual member of the specimen will be tested. For this the steel tension 

strength will be tested at the same time the specimens are tested. The samples will be 

representative for each specimen since the specimens will be made with the same batch of 

concrete. 

- 3 steel tension strength tests, bottom reinforcement; 

16 mm x 50 mm, ribbed  (diameter x length) 

- 3 steel tension strength tests, lattice girders top bar, 

8 mm x 50 mm, smooth  (diameter x length) 

- 3 steel tension strength tests, lattice girders diagonal,  

6 mm x 50 mm, ribbed  (diameter x length) 

- 3 steel tension strength tests, lattice girders bottom bar,  

6 mm x 50 mm, smooth  (diameter x length) 

All steel samples are tested according to the NEN-EN 10002 – metals tensile tests  which is a 

code that specifies how steel tension strength should be tested, see the figure below for the 

setup.  

 

 

Test setup of steel tension capacity. 

  



 

Appendix E: Parameters concrete and steel samples 144 

Individual testing of concrete  
Similar to the steel the concrete samples are tested on the concrete compression strength and 

concrete tension strength. The samples will be representative for each specimen since the 

specimens will be made with the same batch of concrete and steel.  

- 3 concrete cube compression strength tests, in-situ layer; 

150 mm x 150 mm x 150 mm 

- 3 concrete cube compression strength tests, precast layer; 

150 mm x 150 mm x 150 mm 

- 6 concrete cube tension strength tests, in-situ layer; (splitting tensile test) 

150 mm x 150 mm x 150 mm 

Due to the concrete strength being reached prior to expectance the experiments where 

conducted earlier, in a workweek of 3 days (2 days national holidays with the laboratory being 

closed). For this reason the experiments are conducted in two consecutive weeks where two of 

the concrete cubes intended for the splitting tests have been used in compression tests in the 

second week.  

All concrete specimens are tested according to the NEN-EN 12390 – testing of hardened 

concrete, which is a code that specifies how concrete compression strength and concrete tensile 

strength should be tested. Mainly NEN-EN 12390-3 (Compression capacity of test samples) and 

NEN-EN 12390-6 (tensile splitting capacity of test samples) have been used, see Figure below. 

 

Test setup of concrete tensile splitting capacity. 
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Steel capacity  

All steel samples are tested according to the NEN-EN 10002, the results from these tests are 

shown in the table below, on which the averages and standard deviations (st. dev.) are based 

and stated in the second table. The load-strain diagram of one sample is shown in the figure 

below, with the ultimate strength (1), the yield strength (2) and the 0,2% offset (3) visualized 

with a dotted line.  

Steel 

specimen 

Sample  

[#] 

Cross section 

area  

[mm²] 

Ultimate strength Yield strength 

[kN] [MPa] [kN] [MPa] 

Ø 16 ribbed  

  

1 201 112,8 560,9 103,4 514,3 

2 201 116,7 580,3 109,3 543,6 

3 201 125,4 623,6 114,4 543,6 

Ø 8 smooth 1 49 30,3 618,1 28,4 579,4 

2 48 30,4 637,1 28,4 594,3 

3 47 30,0 643,2 27,6 592,7 

Ø 6 ribbed 1 28 16,9 597,1 15,8 588,8 

2 28 16,6 586,0 16,2 573,0 

3 28 16,7 590,6 15,4 544,7 

Ø 6 smooth 1 27 16,8 612,7 15,7 574,3 

2 27 17,3 633,9 15,3 599,6 

3 27 16,2 593,9 15,6 570,6 

Steel tensile strength test results. 

Steel 

specimen 

Ultimate strength Yield strength 

[kN] [kN] [MPa] 

Average St. dev. Average St. dev. Average St. dev. 

Ø 16 ribbed  118,3 6,5 109,0 5,5 542,3 27,4 

Ø 8 smooth 30,2 0,3 28,1 0,5 588,8 8,2 

Ø 6 ribbed 16,7 0,2 15,8 0,4 558,8 14,1 

Ø 6 smooth 16,8 0,5 15,5 0,2 568,2 7,6 

Steel tensile strength test averages.  

 

Load-strain diagram - Ø 16 ribbed - sample 1. 

  



 

Appendix E: Parameters concrete and steel samples 146 

Concrete capacity 

All concrete specimens are tested according to the NEN-EN 12390, and divided into the 

compression tests and the splitting tests. All samples have the dimension of 150 mm cubed.   

Compression: 

The compression tests are based on NEN-EN 12390-3, the results from these tests are shown in 

the table below and summarized in the table beneath it.  

Test date Specimen layer Age 

concrete 

[days] 

Sample 

[#] 

Ultimate  

compression 

strength 

Average 

compression 

strength 

[kN] [MPa] [MPa] St. dev. 

23-5-‘17 In-situ 

(top layer) 

15 1 645,0 28,7 28,5 1,6 

2 604,0 26,8 

3 677,7 30,1 

Precast 

(bottom layer) 

20 1 1248,2 55,5 55,8 0,5 

2 1265,0 56,2 

29-5-‘17 In-situ  

(top layer) 

21 1 723,0 32,1 32,4 0,4 

2 735,0 32,7 

Precast  

(bottom layer) 

26 1 1270,4 56,5 56,5 N/A 

Concrete compression strength test results. 

Specimen layer Age 

concrete 

[days] 

Average 

compression 

strength 

[MPa] 

In-situ  

(top layer) 

14 28,5 

19 32,4 

Precast  

(bottom layer) 

21 55,8 

26 56,5 

Concrete compression strength test averages. 

 

Splitting tensile strength 

The splitting tests are based on NEN-EN 12390-6, the results from these tests are shown in the 

figure below and can be summarized to a splitting strength of 3,9 MPa at an age of 16 days of 

the in-situ top layer of the specimen.  

Test date Specimen layer Age 

concrete 

[days] 

Sample 

[#] 

Ultimate  

splitting 

strength 

Average  

splitting 

strength 

[kN] [MPa] [MPa] St. dev. 

24-5-‘17 In-situ 

(top layer) 

16 1 84,0 3,7 3,9 0,1 

2 90,7 4,0 

3 89,4 4,0 

4 90,1 4,0 

Concrete splitting strength test results. 


