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1 Introduction 

1.1 PROBLEM DEFINITION 
The Dutch Ministry of Infrastructure and Environment (Rijkswaterstaat) recently started checking a 

number of concrete bridges built in the 60s and 70s. These bridges are 40-50 years old so their 

structural safety and functionality is under question. Since then building codes and traffic loads have 

changed significantly, so it is crucial to assess the capacity of those structures accurately and decide 

whether or not they need to be strengthened. 

In slab bridge decks the mean concrete strength is estimated out of 5-7 cores most commonly and the 

characteristic value is calculated after a statistical analysis. The shear resistance is then calculated 

according to the beam equivalent formulas and in many cases the unity check ratio VEd/VRd is found to 

have significantly unsafe values. Although almost all values are higher than 1, no significant damage 

has been observed in any bridge and all of them are still in use. This means that there is an amount of 

hidden bearing capacity that needs to be taken into account. 

In order to do so, it is important to distinguish between shear design procedure of new structures and 

determining the residual shear resistance of an existing structure. In the second case the material 

strength is calculated by tests and the 95% fractile value is obtained. Then the real strength of the 

structure is calculated using the code formulas without safety factors. In most of the slabs the concrete 

design strength was fck=20-30 MPa during erection, while the test values of the cores drilled some 

decades later showed a mean strength of 60-85 MPa and a standard deviation varying from 4-20MPa. 

This means that in many cases the difference between the mean and characteristic concrete strength 

can be up to 30MPa. The shear design value then would be significantly higher if it were calculated 

using the mean concrete strength instead of the characteristic one. This might be a more rational way 

of calculating as large members such as slabs have the capacity of stress redistribution between the 

weak and strong spots. One could then say that they behave closer to the “mean” material properties 

in contrast to beams that tend to be more affected by the presence of such spots.  

As a part of the effort to evaluate more accurately the hidden shear capacity of existing slabs, an 

experimental program will be held in the faculty of Civil Engineering of TU Delft. This program will 

focus on the, previously mentioned, phenomenon of stress redistribution and the effect of weak spots 

in concrete slabs. As a first step, modeling of a concrete slab with a Non-Linear Finite Element 

Method on the program ATENA 3D will help to estimate the behavior of concrete slabs failing in 

shear. The main purpose is to test and compare concrete slabs with varying concrete strength (weak 

spots). This gives information for effects such as the crack formation and propagation, the stress 

(re)distribution and the final shear capacity.  

It is also important to observe the different failure modes and how they are influenced by the material 

composition and the loading conditions. Since shear resistance is under question the experiments are 

designed in such a way that shear failure will occur. Shear failure can be distinguished in two 

different ways, diagonal tension or shear compression failure. In the first case the inclined crack 

formation load determines the ultimate failure load, while in shear compression the failure load is 

higher than the inclined crack load. Past research has given information about how the concrete 

strength and the loading position influence the failure mode. These recommendations are based on 

experiments on concrete beams, see chapter 2. The present research then aims to investigate the 

behavior of larger concrete members with a significant deviation in their material properties. It also 

aims to modify the procedure of assessment of the residual shear capacity of existing slabs by using a 
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more appropriate concrete strength value. In this way slab bridge decks can be calculated with a shear 

resistance in agreement with the observed results. 

1.2 RESEARCH METHODOLOGY 
In every case of a research program there are two first steps that are of high importance. The first one 

is to define a research question accurately and the second one is to reply it as methodically and 

reliably as possible. Here the research question is how the concrete strength variation influences the 

shear capacity of concrete slab bridges. This influence needs to be specified and quantified in order to 

reach to a better estimation of the residual bearing capacity. 

Taking all that into account a procedure is specified in order to respond to this question. First of all a 

Finite Element Model analysis helps to understand how different slab configurations behave under 

different loading conditions. At first a homogeneous slab is modeled and compared with a beam of the 

same effective height and reinforcement ratio in order to test whether the ratio bw/d is an influencing 

parameter.  Then models of mixed concrete slabs are modeled. The different cases are analyzed in 

order to choose the most representative and realistic one to test in the experimental set-up. An 

example of a mixed model with concrete strips of different concrete strength is shown in Figure 1.1. 

 
Figure 1.1 Slab model with varying longitudinal concrete strength. 

Then the most interesting cases are tested in specimens constructed in the laboratory. And finally the 

experimental results are compared with each other and with FEM analysis results. Slab specimens of 

homogeneous concrete are also compared with slabs where concrete of varying strength is used in 

order to arrive to specific conclusions. 

These conclusions should then provide some explanation to the underestimation of the residual 

bearing capacity of concrete structures. Finally some recommendations need to get introduced in 

order to differentiate the procedure for assessment of residual capacity to the design procedure of new 

structures. The design procedure for new structures can implement safety values and statistic methods 

to compute safe material property values. In this case scatter in material properties is low but in 

existing structures, where scatter is significantly higher, the same statistical methods are believed to 

underestimate the real strength of the structure. 

1.3 REPORT STRUCTURE 
This report is formed by 6 main chapters and 5 annexes. The main purpose of the following chapters 

is to give an answer to the question posed before. Effort is also dedicated in making the text clear and 

comprehensible to the reader by presenting all the important information but leaving the insignificant 

details aside. These are presented in the annexes where the most demanding reader can find more 

detailed information. 
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The main body starts with this first chapter where the introduction is presented. The main problem is 

defined here and a research question is posed. The following chapters try to analyze this problem and 

reply the specific question. This report structure is also placed in the present chapter because it is 

important for the reader to get a general idea about how the report is separated into chapters, what is 

the content of every one of them and what are the relations between them. 

In the second chapter, called ‘literature review’, an effort is made to present thoroughly the known 

research on the shear phenomenon. Many are the scientists and researchers that have contributed to 

the knowledge that exists nowadays. Some of them held experimental research and others presented 

their own explanation about the influencing parameters to the shear capacity of concrete members. 

Most of them present their own model or calculation formula. Of course the total of existing research 

about this phenomenon is of a large volume and surpasses the purpose of this report. Here only the 

most significant cases are presented. Finally the chapter finishes with the presentation of existing 

models included in international codes. 

In the third chapter the reader is introduced to the Finite Element Model method. This method is 

further used to analyze different concrete model configurations. Here though, the method is applied to 

a simple beam model. After investigating the influencing parameters a specific beam configuration is 

analyzed and validated with existing experimental results. After the model is validated it can be 

considered reliable enough and can be used to predict the experimental results. In the last section of 

this chapter the important parameters of the model are optimized with respect to the required accuracy 

and the computational time needed. 

In chapter number 4 the preparation of the experimental procedure is explained. First the FEM 

method is applied to different slab configurations and helps to make decisions about the test setup and 

specimens. After the decisions are made the specimens and the experimental setup are built. This 

procedure is explained in steps and photos are presented for better understanding. 

After the setup and the specimens are ready the experiments are held. In the 5
th
 chapter the 

experimental results are presented and compared with each other and with the FEM results. These 

comparisons help to draw some conclusions about the influence of concrete strength variation on the 

shear capacity of slabs. In the evaluation of the results code formulas are also used to calculate the 

maximum shear capacity and different design recommendations are proposed for evaluating the 

residual shear capacity of concrete slabs. 

In the final chapter of the main body of this report the main points of this research project are 

presented and the conclusions are repeated in order to point out their importance. 

After the main body 3 annexes are presented. In the first one the FE Model details are presented and 

explained further. In the second one the experiments are presented one by one by describing the main 

points of each one and the concrete strength data are presented in Annex C. Finally in Annex D all the 

graphs produced from the experimental results are presented and in Annex E a table with data from 

existing bridges in the Netherlands is found. 
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2 Literature Review 

2.1 INTRODUCTION 
Many researchers, since the end of the 19

th
 century until today, have tried to investigate and explain 

the effect of shear carrying mechanism. Unlike the simply defined flexural mechanism, shear is a 

more complicated phenomenon, many times defined as diagonal failure. The research carried out on 

this topic has focused on proposing different formulas to compute the shear capacity of concrete 

elements and validating them with experimental results. Different design codes contain different 

formulas based either on rational theories or on empirical formulas. Even until today it is not possible 

to come to one complete rational theory agreed by everyone. Here these theories are first explained, 

with chronological order, and then the several code models are presented. 

2.2 PAST RESEARCH IN SHEAR 

2.2.1 Moersch (Truss model) 

The first effort to explain the shear carrying mechanism was done by Ritter (1889) and Moersch 

(1902) in the late 19
th
 century. They proposed an equivalent truss mechanism with the steel bars being 

the tensile ties and the concrete forming the compressive struts. The strength of this mechanism is 

calculated as the strength of the equivalent truss. This model is still used by code formulas (EC2) as it 

can also account for shear reinforcement (stirrups). 

 

2.2.2 Kani (Teeth model) 

Only after the Second World War and especially in the 60s a lot of research focused again on the 

phenomenon of shear. In 1964
9
 and 1966

8
 G. N. J. Kani tried to form a different rational theory and 

verify it with a number of experiments in concrete beams. The longitudinal reinforcement ratio ρl , the 

concrete strength fck , and the shear arm to effective depth ratio a/d were taken into account as the 

most influencing parameters. Kani proposed that the concrete parts between the flexural cracks, that 

first occur, form the “concrete teeth”.  These teeth are loaded with a force equal to ΔΤ at the 

longitudinal reinforcement level as shown in Figure 2.1. 

 

Figure 2.1 Concrete teeth according to Kani 
9
 

This force causes bending of the teeth so, unlike pure bending; plane cross sections do not remain 

plane anymore. The capacity of the teeth in flexure is easily computed as a cantilever loaded with a 

single concentrated load at the end section. After teeth fail the load carrying mechanism transforms to 

the remaining arch. The arch load carrying capacity depends on the stress flow and the tensile cracks 

that appear perpendicular to the compressive stresses. When the ratio of the shear arm over the 

effective height of the beam (a/d) is small, the arch capacity is bigger and it is the one governing the 
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shear capacity of the beam. The teeth fail always first but in this case the transformation to the 

remaining arch mechanism happens gradually and eventually collapse comes after the tied arch also 

fails. In case the ratio a/d is higher than 2.5 the concrete teeth capacity governs the shear strength so 

after the teeth fail the arch collapses suddenly and a more brittle failure occurs. The minimum value 

for the shear strength occurs for a/d=2.5. In Figure 2.2 this mechanism is visualized and the valley 

occurring is famous as Kani’s valley. Finally Kani was also able to explain with his theory, an 

unexpected result of Leonhardt
11

 with regards to the influence of bond. Leonhardt after testing similar 

beams with the same reinforcement ratio show that poorer bond bars result to higher shear capacity. 

This is explained because lower bond bars result to smaller ΔΤ forces in the concrete teeth so the 

capacity is increased. 

 

Figure 2.2 “Kani’s Valley”; theoretical shear carrying mechanism by Kani 

According to the figure above Kani proposes the following procedure of analysis for diagonal failure: 

Mcr=MFl/k*d/α for α<αmin 

Mcr=MFl/αTR*α/d for αmin<α<αTR 

 

with αTR=6ρ(fy/ft
’
)(s/Δx) and αmin=(αTR/k)

0.5
 

where: 

Mcr critical bending moment for which diagonal failure appears 

MFl full flexural capacity of the cross section 

k factor depending on the stress distribution on the vicinity of the cross section; safe value 

assumed by Kani according to the Toronto test series k=0.9 

d effective depth of the cross section 

α shear span 

ρ  reinforcement ratio 

αTR, αmin defined in Figure 2.2. 
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2.2.3 Chana (Dowel crack) 

Another interesting approach to the same phenomenon came later by Chana
1
. In his research he 

investigated the crack formation stages carefully and tried to analyze the shear failure procedure. The 

first stage is the formation of flexural cracks at the tensile are of the cross section and then the first 

stress redistribution happens due to the new member geometry. As cracks extend towards the 

compression zone they tend to incline thanks to the shear stresses that develop in the crack interface. 

As load increases cracks propagate in a stable way and strain gauges in the reinforcement also show a 

gradual increase. The second redistribution phase occurs when a new horizontal crack appears. This 

crack is called dowel crack and propagates from the bottom tip of the inclined crack towards the 

support. This crack leads to significant bond loss. In case bond is lost the longitudinal reinforcement 

stops to act as dowel in order to bridge the inclined crack which becomes unstable and failure occurs. 

Chana suggests that dowel links, namely stirrups but on the level of the dowel crack, retard the dowel 

crack opening and contribute significantly to the increase of the shear strength. He also supports his 

theory with experimental results that show an increase on the carried shear force up to 80% when 

stirrups are added in the area of the dowel crack. In the following figure, the inclined and dowel crack 

are shown. 

 

Figure 2.3 Critical shear and dowel crack according to Chana 
1
. 

 

2.2.4 Gastebled – May (Fracture mechanics model) 

In 2001 Gastebled and May
12

 published their paper through which they propose the application of a 

Fracture Mechanics model on concrete beams failing in shear. The basis of such a model is the energy 

balance between the fracture consumed energy and the total work of the applied loads. In order to 

apply this theory one has to define the critical failure mechanism. Based on Chana’s work they 

proposed that failure occurs when the shear cracks opens in an unstable way. This can happen either 

when bond of the steel bars is lost due to the dowel crack, or when yielding of the steel bars occurs. 

Taking as most common situation the first case they propose that as crack opens, the rotation around 

the tip of the crack causes the concrete to compress up to the crushing limit. Furthermore they asses 

the fracture energy in this case as proposed by the CEB-FIP Model Code 1990. In case yielding of 

steel happens they propose the use of the plasticity theory. Finally the formula for design of concrete 

members without shear reinforcement against shear according to the fracture mechanics model is: 

Vcr=1.109/H
0.5

(H/αs)
1/3

(1-ρs
0.5

)
2/3

ρs
1/6

fc
0.35

Es
0.5

bH 

where: 

H cross sectional height 

αs shear span 
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ρ s geometrical reinforcement ratio 

fc concrete compressive strength 

Es steel modulus of elasticity 

b beam width 

2.2.5 Muttoni – Ruiz (Critical shear crack width) 

Aurelio Muttoni and Miguel Fernandez Ruiz, in their paper
13

 propose a rational theory for evaluating 

shear and punching shear strength of concrete members without transverse reinforcement. The theory 

is based on the observation that crack width control reinforcement significantly increases the shear 

strength of beams. In the experiments by Muttoni and Thurlimann spiral reinforcement was used in 

the region where the main shear crack was expected. This reinforcement serves only to control the 

crack width and although it cannot carry any shear force –as it doesn’t embed any longitudinal bars- 

an increase in the shear capacity of these beams was observed. Thus the critical shear crack width is 

regarded as a main influencing parameter as it appears in the compressive strut region and reduces its 

strength. The researchers proposed three different strut models: the elbow shaped (enabled by the 

arching action), the straight strut (enabled by the aggregate interlock) and the combined one. 

As part of their study, they propose an empirical expression which contains the cross sectional 

dimensions, the concrete shear strength and the aggregate size. The critical shear crack width is 

supposed proportional to the product of the strain times the effective height (ε*d). Finally a simplified 

formula calibrated with experimental results is proposed for design codes: 

VR/(bdfc
0.5

)=1/6*2/(1+120εd/(16+dg)) with 

ε=M/(bdρEs(d-c/3))*(0.6d-c)/(d-c) with 

c=dρEs/Ec((1+2Ec/(ρEs))
0.5

-1) 

where: 

b beam width 

d effective depth 

fc concrete compressive strength 

ε strain in control depth 0.6d, as defined by the respective formula 

dg aggregate size 

M bending moment in the critical section 

ρ longitudinal reinforcement ratio 

c depth of the compression chord 

2.2.6 Collins (Modified compression field theory) 

One of the most consistent efforts for a rational theory has been done by M. P. Collins. In his first 

research work
2
 he tries to calculate accurately the shear stress distribution and by using Mohr’s cycle 

he transforms it to principal stresses. From the stress distribution he then calculates strains in critical 

locations and therefore the stress in longitudinal and prestressing reinforcement. After distinguishing 

between the behaviors prior and after yielding of steel bars and at ultimate load he is able to compute 

the maximum stress level. Finally the predicted shear strength of a concrete member is computed 

according to the maximal allowable principal stress. Later
3, 4

 he introduces the Modified Compression 

Field Theory which is based on his early work. In this theory a number of formulas are proposed in 

order to calculate the strain εx at the mid-depth, which is related to the crack width responsible for the 

aggregate interlock. Then by adding the crack spacing, which accounts for the size effect, and the 

inclined crack angle θ he ends up with a formula for calculating the shear strength of the concrete. 
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vc=βf’c
0.5

bd with 

β=0.4/(1+1500 εχ)*1300/(1000+sχe) with 

sχe=35sχ/(αg+16) and εχ=(V(1+M/Vdv)+0.5N)/(2EsAs) 

where: 

f’c cylinder compressive strength 

b beam width 

d effective depth 

εχ average strain in x direction 

sχe effective crack spacing accounting for aggregate size 

sχ average crack spacing of cracks normal to the c reinforcement 

αg maximum coarse aggregate size 

V shear force in the critical cross section 

M bending moment in the critical cross section 

N axial force in the critical cross section 

dv effective shear depth taken as the maximum of 0.9d and 0.72h 

Es steel modulus of elasticity 

As longitudinal steel reinforcing area 

 

In the formula above a number of iterations (for the strain term) are required so the calculation 

becomes more complex and is not ideal for design considerations.  In an effort to simplify the 

calculation procedure he introduces a number of assumptions based on experimental results. The 

Simplified Modified Compression Field theory then proposes the formula for calculating the strain 

term as presented above. In that formula the actions on the cross section (shear force, bending 

moment and axial force) are present. The axial force should be taken as positive for tension and the 

bending moment and shear force are interrelated. In this way iterations have to be done for the 

maximum possible shear. This formula is extended to account for shear reinforcement and is adopted 

by the Model Code 2010
6
 

2.2.7 Konig 

In his work Konig
7
 tries to interpret the code formulas from Eurocode 2 and Model Code 1990 and 

define statistical values for the undefined variables. For the Eurocode formula analysis he presents 

two approaches. The first one is based in the history through which the formula evolved. The second 

one is based on rational analysis of the formula without taking history into account. The same 

approach he uses for the Model Code 1990 formula. In this analysis he tries to take out safety values 

for the resistance and for the material properties in order to get a form with which he can compare 

experimental results. So finally he decides to use the following formulas: 

Eurocode 2: 

historic analysis formula: Vu,calc=0,067k(1,2+40ρl) fck
2/3

 with fck=fcm-8 

non historic analysis formula: Vu,cqlc=0,0525k(1,2+40ρl)fcm
2/3

 

Model Code 1990: 

Vu,calc=0,15ξ(ω0ρfcm)
1/3
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2.3 CODE MODELS IN SHEAR 

2.3.1 Eurocode EN 1992 1-1:2006 

The maximum shear resistance of members without shear reinforcement is given by the following 

formula: 

 

VRd,c=[CRd,ck(100ρ1fck)
1/3

+k1σcp]bwd >= (υmin+k1σcp)bwd 

where: 

fck  characteristic concrete strength [MPa]; 

k  = 1+(200/d)
0.5

 <= 2,0 [mm]; 

ρ1 =Asl/bwd <= 0.02; 

Asl  area of the tensile reinforcement, which extends >= (lbd+d) beyond the section 

according to fig. ; 

bw  the smallest width of the cross section in tensile area [mm]; 

σcp = NEd/Ac < 0,2fcd  [MPa]; 

NEd  axial force in the cross section due to loading or prestressing [N]; 

Ac  area of concrete cross section [mm2]; 

CRd,c  =0.18/γc with γc= 1.5; 

υmin  =0,035k
1.5

fck
0.5

 with k=0.1; 

d effective height [mm]. 

 

 
Figure 2.4 Longitudinal reinforcement definition 

 

When the load acts in a distance less than 2d from the support the resistance can be increased, due to 

arch action, by a factor 2d/av. 

2.3.2 fib - Model Code 2010 

In the last version of the Model Code chapter 7.3 is dedicated for ultimate limit state (ULS) design for 

static loading and section 7.3.3 refers to shear design. In this section design formulas are given for 

members with or without shear reinforcement and for different approximation levels. In the present 

report specific interest is given to members without shear reinforcement, such are the slabs. 

So the shear calculation formulas for members without shear reinforcement are: 

Level I approximation 

VRd,c=kvzbwfck
1/2

/γc  

VRd,c concrete shear resistance 

kv given by kv=180/(1000+1.25*z) 

z the lever arm often taken as 0.9 times the effective depth (d) in mm 

bw the width of the concrete cross section (dimension perpendicular to the loading) 

fck the compressive characteristic concrete strength where fck
1/2

 should not be taken more than 8 

MPa 
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Level II approximation 

VRd,c=kvzbwfck
1/2

/γc  

VRd,c concrete shear resistance 

kv given by kv=(0.4*1300)/((1+1500*εχ)*(1000+kdgz)) 

kdg 32/(16+dg)>0.75 

dg the maximum aggregate size, it should be taken as 0 in case of concrete strength higher than 

70MPa or lightweight concrete 

z the lever arm often taken as 0.9 times the effective depth (d) in mm 

εχ the strain in the concrete compressive zone 

bw the width of the concrete cross section (dimension perpendicular to the loading) 

fck the compressive characteristic concrete strength where fck
1/2

 should not be taken more than 8 

MPa 
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3 Finite Element Model 

3.1 INTRODUCTION 
Nowadays the evolution of personal computers enables researchers to simulate the behavior of 

structures under complex conditions. There are large variety of FEM software specialized in 

simulating different problems. In this case simulating shear failure of concrete structure in a 3 

dimensional model is required. The chosen software is ATENA 3D from Cervenka Consulting © and 

the specific version to be used is 4.2.7. 

ATENA 3D is most suitable for 3D Finite Element Analysis of concrete models. It contains 

complicated material models (3D Non Linear Cementitious 2) in order to represent the real behavior 

of a concrete member, the crack formation and propagation and the post-cracking behavior. The 

Plasticity theory is used to model the behavior of concrete while fracturing models describe the 

cracking development. In the specific model a combination of Rankine and Drucker – Prager criterion 

is used. Both of them describe a value for normal stress under certain deformation, which cannot 

exceed the compressive of tensile strength of concrete. Fracturing models combine crack – opening 

and fracture energy laws. Crack is then modeled either as equally distributed in micro cracks across 

the element or as a real crack able to transfer a certain value of stress, (fictitious crack). The main 

advantage though lies in the so called smeared crack model. According to this model the crack is 

formed when the normal stress reaches the tensile strength of the material. Then the crack is modeled 

as additional strain distributed uniformly over the element. The direction of the crack is perpendicular 

to the principal tensile stress direction. In the fixed crack model this direction remains constant while 

another Rotated crack model gives the ability for the direction of the crack to change during the 

analysis. 

The software, furthermore, gives the ability to model reinforcement bars with linear elements and 

their bond, based on the Model Code 1990 formula. The user can distinguish between ribbed or plain 

bars and between good or poor bond conditions. The program also contains elastic isotropic materials, 

springs and cables. A separate 3D Interface material is also used to describe friction or cohesion 

properties of contact surfaces between different members. 

Another very important parameter in the FEM analysis procedure is the selection of a finite element 

mesh and the respective properties assigned to each element. Atena gives the opportunity to choose 

between tetrahedral and hexahedral (tetra and brick) elements which are shown in Figure 3.1. Brick 

elements are used for modeling the concrete slab as they give the required analysis precision. Tetra 

elements are able to model the steel plates where smaller accuracy is requested and faster analysis is 

more essential. 
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Figure 3.1 Atena 3D tetra and brick elements 

Taking all the above into consideration one can conclude that there are many available parameters that 

can be varied to model every different case. This gives the chance to the user to make decisions that 

will influence his results to a large extent. The steps of model parameter study and verification are 

presented in this chapter. Then the model needs to be optimized in order to save computational time 

without compromising in accuracy. So this chapter consists of the following parts: 

 Model validation 

 Model optimization 

The coordinate system used from now on is as follows. X – axis is used across the length of the 

model, y – axis is used across the width and z – axis across the height. These are shown in Figure 3.2. 

 

Figure 3.2 Definition of coordinate system used in the total of models to be presented in this report. 

3.2 MODEL VALIDATION 
In this section the model is validated with existing experimental results. This procedure aims to prove 

the model’s accuracy in predicting the behaviour of concrete members governed by shear failure. The 

results used to verify the model come from beam tests carried out by Y. Yang
14

. These beams are 

chosen because they all failed in shear and access to the results was possible. The mean concrete 

strength and a/d ratios also have values similar to the ones to be used in the current experimental 

procedure. 

The specimens have cross sectional dimensions and reinforcement shown in Figure 3.3. The beams 

are simply supported and loaded by one load cell. The total span is 5000mm and the shear span takes 

values of 1500mm, 1200mm and 900mm. This, in combination with the effective depth of 470mm 

leads to a/d ratios of 3.2, 2.5 and 1.9 respectively. The beam names are C2b151, C3b121, C4b091 and 

C12a121. The experimental load-displacement graphs are drawn together with the equivalent FEM 

results. The maximum failure load presents a small variation. The total deflection predicted is smaller 
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than the experimental one but this is due to the measured deflection in the experiments. In some cases 

the beam in the experiment was pre-cracked due to a previous experiment held in the other span. 

These cracks reduce the stiffness of the beam and as a result larger deflection occurs. That’s also why 

in some cases initial uncracked stage is not present in the experimental results. 

Finally, it is shown by the results that the model predicts the real behaviour of concrete beams failing 

in shear, acceptably well. The results are summarized in Table 3.1 and the graphs are shown in Figure 

3.4, Figure 3.5, Figure 3.6 and Figure 3.7. The figures show that with the parameter chosen, the 

structural behaviour of concrete beams under shear can be predicted accurately. In most cases, the 

predicted ultimate load is quite close to the experimental results.  

 

Figure 3.3 Beam specimens from Yuguang, Yang 2011 
14

 

Table 3.1 comparison of experimental and analysis results 

Beam C2b151 C3b121 C4b091 C12a121 

Ultimate analysis 

load 

167 245 323 237 

Ultimate 

experimental load 

178 255 325 229 

 

 

Figure 3.4 Load – displacement graph for C2b151 
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Figure 3.5 Load – displacement graph for C3b121 

 

Figure 3.6 Load – displacement graph for C4b091 
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Figure 3.7 Load – displacement graph for C12a121 

 

3.3 MODEL OPTIMIZATION 
The main purpose of this section is to investigate the influence of several parameters to the analysis 

results. In order to derive conclusions about the accuracy of results in relation to the computational 

time, the parameters that are going to be investigated are first defined. Many of those parameters 

cannot be derived through experiments or really difficult to be derived. In that case, it is necessary to 

assess the influence of those parameters and verify the choices of them with known experimental 

results. Besides, the models shall also be optimized to reach a certain balance between computational 

efficiency and accuracy. Taking all that into consideration the parameters chosen are: 

 the material model 

 the boundary conditions 

 the mesh configurations 

In every one of the following sections one of these parameters takes several values, within a realistic 

range, while the rest of them remain constant. In this way the influence of this specific parameter is 

clear. The model is then optimized in order to become more time economic by maintaining the 

required accuracy. 

3.3.1 Material model 

In ATENA 3D the material called 3D Non Linear Cementitious 2 is chosen to model the behaviour of 

concrete. The model is able to simulate the non-linear behaviour of concrete such as cracking under 

tension and crushing under compression.  It is set in order to first allow the user to introduce the 

concrete cube strength fc, cube. Then, out of this value, with appropriate formulas, the software 

calculates a series of material properties such as modulus of elasticity or tensile strength. The user is 

finally allowed to change these values. 

In this case the mesh configuration and the boundary conditions remain constant and some important 

material properties are varied. Initially the 3D Non linear Cementitious 2 material model is used in the 

total length of the beam. This situation is the most realistic but requires lots of computational time. As 

shown in Figure 3.9  bending and shear cracks mainly occur at the left and the middle part of the 
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beam and the right part (far from the load) remain uncracked. This means that it is still in the linear 

elastic stage and it can be modelled by 3D Elastic Isotropic material. Two different models with 

varying size of elastic part are analysed. The modulus of elasticity of the 3D Elastic Isotropic material 

is set in the same value as in the non linear material.  

In Figure 3.8 the load – deflection relationships of the 3 cases are presented. No significant change is 

observed between these cases so the case with the largest elastic part could be chosen as the most time 

economic one. However, the case with the smaller elastic part (B) is chosen as is reproduces the crack 

pattern more accurately and this is significant in the FEM procedure.  

 

Figure 3.8 Load – deflection graph for the three cases of different material model ( A: 3D Non Linear 

Cementitious 2 over the total length of the beam, B: half length with non linear and half length with 3D Elastic 

Isotropic material and C: 65% non linear and 35% elastic material) A, B and C are also defined in Figure 3.9 
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Figure 3.9 Material model and cracking pattern for the three different cases at failure load 

 

3.3.2 Boundary conditions 

An important step in the definition of any FE Model is the definition of the boundary conditions. 

These have to approach, as good as possible, to the real situation. In this case a simply supported slab, 

loaded by a uniformly distributed load, must be simulated. There are several ways in achieving such 

conditions but there are also extra requirements that need to be fulfilled.  

There are two different ways to represent the load application on a FEM model. The one is to apply a 

prescribed displacement and the second is to apply an increasing load on one or more nodes. There is 

also the possibility to apply the load on a line or a surface. Here tough the load here must be applied 

in a single node in order to be measurable. This is also the case in reality where one load actuator is 

used to apply the load on the slab. Furthermore it needs to be applied as a prescribed displacement and 

not as applied force. This is done in order to get more appropriate results in the cracking and, failure 

and post failure stage. If a load is applied instead of prescribed deformation when failure occurs the 

software tries to increase the applied load. The slab is then not able to carry more load and 

convergence problems occur in this case.  

The support restraints also have to give symmetric conditions with respect to the xz plane for 

y=1250mm. They, additionally, have to allow axial deformation of the slab and rotation in y axis. 

In order to simulate the conditions described above, several different possibilities are analysed and 

compared. In order to transfer the reaction force properly, while limit the stress localization problem, 

steel plates are utilized as the supports and loading plate. The material of those plates is perfect linear 

– elastic material with the modulus of elasticity of steel. The supporting plates can finally be fixed in 

one or more nodes, lines or surfaces to simulate a fixed or hinged support condition. For instance the 

loading plate shown in Figure 3.10 has a surface constraint in z direction, a line constraint in x 

direction and two joint constraints in y directions so it is not allowed for displacement or rotation in 



 

23 

 

any direction. In contrast the plate in Figure 3.11 is only constrained in x direction on a single line so 

it is allowed for displacement in x and y direction and for rotation in y and z direction. 

 

Figure 3.10 Fixed supporting plate (the pins represent the direction of constraint and are applied either on nodes, 

lines or surfaces) 

 

Figure 3.11 Hinged supporting plate (the pins represent the direction of constraint and are applied either on 

nodes, lines or surfaces) 

 

Another parameter to be studied is the number of supports. In the physical model, the location close to 

the loading position does not consist of 1 but 7 supporting plates, each one corresponding to the strips 

of different concrete quality. Under these supports 7 load cells are placed to measure the load 

distribution along the width of the slab. These supports can then be modelled either by a z-direction 

constraint or by stiff springs. Besides one of the loading plates has to be constrained in both z and x 

directions for the stability of the system while the other one only in z. An additional constraint in x 

direction on the second loading plate would lead to unwanted axial stresses on the slab. The y 

constraint position is also under question. The model is symmetric with respect the xz plane at 

y=1.25m. Theoretically this means that no y constraint is needed and no translation will be present in 

this axis. In practice no model can be perfectly symmetric because of numerical techniques such as 

the mesh process, or digit round off, the model can still behave asymmetrically. So y direction 

constraint is still required. Different cases of y constraints are investigated. First the nodes of support 

and loading plates in y=0 are fixed. Then the bottom middle nodes for the supports and the middle top 

for the loading plate. Finally a case, where only the middle top node of the loading plate is fixed, is 

analyzed. The results are shown in Figure 3.12. Since no significant difference is observed in these 3 

cases the last one is chosen, being the simplest one. 
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Figure 3.12  Comparison of models with varying y-direction constraints (A, B: both have 7 different supporting 

plates in one side but in A every different support and loading plate have a joint restraint in the y-direction while 

in B only the loading joint is restrained in y-direction, C: every support consists of 1 steel plate and only the 

loading plate is restrained in y-direction) 

Furthermore the loading plate needs to introduce a uniformly distributed load on the slab. This is 

possible by the use of a load placed on a deep steel beam. The height of the beam provides the 

essential bending stiffness in order to redistribute the load uniformly on the bottom the point load that 

is applied on the top of it. The load is applied by a prescribed deformation in z direction but the 

constraint of the loading plate in the other directions is also under research as well as the appropriate 

beam height.  

The research for the loading plate is done in 2,5m wide slab models where every time one parameter 

for the loading plate changes while the rest of them remain constant. The support conditions research 

is presented in a previous part of the same section. Here the beam height is to be investigated. The 

height options are 0.6m, 0.9m and 1.2m. As shown from the results, the short beam is not able to 

transfer equally the load among the 2,5m length. The 0.9m high beam works better in this case but the 

higher beam (1.2m) shows the most consistent results and approaches even better the reality of the 

experimental setup. Therefore the following models are loaded by a 1,2m high beam. An even higher 

loading beam would eventually show slightly better results but the accuracy earned is small in 

relationship with the extra computational time required.  In the figures below the analysis results are 

shown. At the top is the highest loading plate (1.2m), then the middle one and at the bottom is the 

short loading beam (0.6m). At the right column minimum principal stress on the slab surface is 

shown. It can be observed that with a high loading plate the stress is evenly distributed at the width of 

the slab while in the cases of a lower loading plate there is an area in the middle where the stress is 

higher than in the sides. In the second column the displacement in z-direction is shown on the surface 

of the loading plate. In the high loading plate the area of application of the load is limited on the top 

area of the plate, and the displacement at the bottom line is equal at the total of the width of the plate. 

On the other hand at the short loading plate in the bottom line the displacement varies across the 

width. This means that the loading plate bends as it moves downwards and it is unable to transfer the 

load homogeneously at the width of the slab. 
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Figure 3.13 FEM analysis results for the models for the study about the loading beam depth. (A: minimum 

principal stress on the slab surface, B: z-direction displacement on the loading plate) 

3.3.3 Mesh configurations 

The element size is highly decisive for the accuracy of the model results. A large element size is less 

time consuming, but will have poor accuracy on capturing crack development and on representing the 

real stress distribution. A finer element mesh will give better results but requires more computing 

effort and time. In this part similar beam models are tested. The only parameter changing between 

them is the mesh size which influences the model accuracy but also the total number of elements and 

therefore the computational time required to get the results. The graphs in Figure 3.14 correspond on 

the different cases. The element size as well as the total number of elements is mentioned in Figure 

3.15. 

In the case of very fine mesh (C) the results are more accurate but the model becomes unpractical as 

the 4500 elements in the cross section of the beam will result in almost 20.000 elements in a slab 

model. Even with the 4500 elements the analysis takes up to 5-6 hrs so this model is rejected as it will 

not be appropriate to apply it in the case of a slab. 

Next model with 805 elements (B) gives similar results for maximal load so it can be considered as 

acceptable. The model with two elements across the width (E) of the beam results in buckling of the 

top bars and that’s because there are 3 top bars and the intermediate one is in between the two 

elements. The deduction of that is that at least three elements are needed in the width direction. 

Similar results are shown in model A which has the coarser mesh of all and is unable to model even 

the correct crack pattern. This model is also rejected.  In further investigation two models with 3 and 5 

elements on this direction are tested but no significant difference is observed so finally 3 elements are 

considered as appropriate solution in order to save computation time. 

Load application 

position 
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Furthermore the number of elements in the height of the beam is considered very important as it is 

responsible to simulate the stress distribution. The cases of 6, 8 and 10 elements are compared and the 

conclusion is that no significant change is observed while in the case of fewer elements (A) the results 

are not representative. Finally the decision is again towards the 6 elements choice in order to save 

computational time which is quite important for the case of a slab model. 

 

Figure 3.14 Load – deflection graphs for varying mesh configurations (the mesh size is shown in Figure 3.15 . 

side view shows the length of the beam while front view shows the width.)  
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Figure 3.15 Mesh size and total elements number for different mesh configurations 
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4 Experimental Procedure 

4.1 INTRODUCTION 
Every experimental procedure of such a large scale requires accurate planning and preparation in 

order to assure the most efficient use of resources. In the present chapter this preparation phase is 

presented. This chapter begins with the preparation for the experimental procedure and especially the 

use of finite element modelling to assist the preparation in the first section. There the FEM analysis is 

used to explore different possibilities and finally the most interesting case is chosen for the physical 

model. Then the steps of preparation of the physical models are described in the next section. There 

the preparation of the moulds, the casting of the slabs and the curing phase are presented. The last 

section of this chapter explains the choice for the experimental setup and the measuring devices that 

are used to give the required results. 

4.2 PRELIMINARY STUDY 

4.2.1 Introduction 

In order to prepare properly an experimental procedure of such a scale, one has to take into account 

the available resources. These resources consist of human staff, available time and money. In the 

present phase the use of computer software is very important in order to predict real situations and 

assist in decision making. The application of FEM analysis in several different cases can point out the 

expected results. These results can give information about the maximum load and deflection expected 

and also the different failure modes. Taking into account the respective requirements for the specific 

experimental procedure decisions are made that assure the efficient use of the resources. 

These requirements are: 

 Shear failure (no bending reinforcement yielding). The purpose of this procedure is to explore 

the shear behaviour of slabs with varying concrete strength. Taking that into account shear 

failure should be assured in any case in order for the results to be comparable. 

 Setup and machinery limitations. The experimental setup has certain dimensions so the 

possible slab dimensions and boundary conditions are restrained. The hydraulic actuator has 

also a maximum load capacity so the failure load can never get higher than this value. 

 Minimize labour intensity. The human and time resources are limited. In computer software 

any case can be modelled but in reality the model has to be made without costing too much 

time or effort. This means that very complex slab configurations should be avoided if the 

expected results are not very promising. 

 Safety! Safety of people and equipment involved in the experiment should be assured. This 

means that if high load or deflection is expected in certain cases maybe stricter precautions 

should be applied. 

4.2.2 FE Model application 

After the appropriate values for all the influencing parameters are set, the model is applied to different 

slab configurations in order to predict, with the highest possible accuracy, the experimental results. 

The model characteristics are first going to be described in detail. Then the different slab 

configurations are presented and compared. The results of them are shown in respective graphs and 

tables. Finally the model is modified to meet the real model parameters and the results are again 

presented. 
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First the 3D Non Linear Cementitious 2 material model is presented. The material model generates all 

the parameters out of a value for cube compressive strength fcu through specific formulas. The user is 

then able to modify each one of these parameters. The default material values of the 3D Non linear 

Cementitious 2 model used here, are the given ones for certain cube compressive strength. The only 

two parameters modified are the reduction of compressive strength due to cracks, which is set to 0.6 

instead of 0.2, and the rotation model coefficient, which is set to 0.8 instead of 1. The properties of the 

material model are shown in Table 4.1 for the low strength concrete C20/25. 

Table 4.1 Material properties 

Definition Symbol Value Definition Symbol Value 

Elastic 

modulus 

E 2.8*10
4
 MPa Crack shear 

stiff. Factor 

SF 20 

Poisson’s 

ratio 

μ 0,2 Aggregate 

size 

 0.02m 

Tensile 

strength 

ft 2.052 MPa Fail. Surface 

eccentricity 

 0.520 

Compressive 

strength 

fc -21.25 MPa Multiplier for 

the plastic 

flow dir 

β 0,000 

Specific 

fracture 

energy 

GF 5.13*10
-5

 

MN/m 

Specific 

material 

weight 

ρ 2,3*10
-2

 

MN/m
3
 

Critical 

compressive 

displacement 

Wd -5*10
-4

 m Coeff of 

thermal 

expansion 

α 1.2*10
-5

 1/K 

Plastic strain 

at 

compressive 

strength 

Εcp -7.572-10
-4

 Fixed crack 

model 

coefficient 

 0.800 

Reduction of 

comp. 

Strength due 

to cracks 

rc,lim 0.6    

 

The slab dimensions are 5.000x2.500x300mm and the main span is 3.600mm as shown in Figure 4.1.  

The support plates are 300mm wide, 100mm deep and cover the total width of the model. The loading 

plate is also 300mm wide but its height is chosen to be 1.200mm, as explained in previous chapter. 

The areas (a, b, c) in fig 1 refer to different material and mesh characteristics. Area c, which is the less 

significant, is assigned to an elastic isotropic material and has coarser mesh. Areas b and a are 

assigned to the 3D Non Linear Cementitious 2 material. In both areas the mesh size is small enough 

so that there are 6 elements across the height of the model but in area a the elements are smaller 

across the length also as shown in Figure 4.2. This is chosen because this is the area where the 

diagonal shear crack will form and a finer mesh size helps to model the cracking and post cracking 

stage more efficiently. 
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Figure 4.1 Slab model side view 

 

Figure 4.2 Finite element mesh 

Reinforcement bars are placed in both directions near the bottom and only in longitudinal direction 

near the top. The bottom lengthwise reinforcement consists of Φ20 bars every 120mm while the 

transverse bars have the same spacing but diameter of 10mm. On the top Φ12 bars are used every 

300mm.  Contact areas, between the loading and supporting plates and the slab, are modelled with an 

interface material that has no tensile strength and is characterized only by friction (friction coefficient 

0.5). 

Monitoring points are placed to measure load, and deflection in critical points. Finally the solution 

method used is the Standard Newton- Raphson with line search and 40 iterations and the convergence 

criteria are the default ones set by the program. These are shown in Figure 4.3. The four convergence 

criteria, after each load step, are always in acceptable level. Whenever one of them is not satisfied 

unreasonable cracks and deformations are noticed in the model. In this case the analysis is interrupted 

and the step length of the current load step is reduced. 

The prescribed deformation is -0.0001m per step but the step length can be modified for each step. 

For instance in the elastic stage the step length used can be bigger in order to save computational time 

while when load reaches to failure the step length is reduced in order to satisfy the convergence 

criteria and provide more detailed information. 

 



 

31 

 

 

Figure 4.3 The four convergence criteria used in the analysis 

Modelling starts with the varying width, homogenous models in order to check the width effect. The 

mean compressive concrete strength takes the values of 20 MPa and 60 MPa. In the two force-

displacement graphs (Figure 4.4, Figure 4.5) the total force is divided by the slab width in order for 

the results to be comparable. It is proved that no width effect exists as maximum load values are quite 

similar for varying width models. Numbering of the models is chosen to follows: 

 C stands for concrete and is present in every model 

 20 (or 60, 80) stands for the mean concrete strength C20 means fc, mean=20 MPa. 

 L, T stands for longitudinal and transverse strips respectively while 

 S, W stands for spots and weak respectively and has actually similar meaning  

 -0.6 stands for the model width (0.6 for 600mm, 1.2 for 1200mm and 2.5 for the slab) 
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Figure 4.4 Model with varying width and mean cylinder strength of 20 MPa 

 

Figure 4.5 Model with varying width and mean cylinder strength of 60 MPa 

Furthermore various configurations of slab models are analyzed. Homogenous models, models with 

transverse and longitudinal strips of different strength and models with weak spots are investigated 

with respect to maximum shear resistance. C20 stands again for mean compressive strength of 20 

MPa and C60 for fc, mean=60 MPa.  These configurations are shown in Figure 4.6, Figure 4.7 and 

Figure 4.8. 
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Figure 4.6 Slab configurations with different longitudinal strength (a: C20_60L b: C60_20L c: C60_20_60L) 

 

Figure 4.7 Slab configurations with varying transverse strength (a: C60_20T b: C20_60T) 

 

Figure 4.8 Slab with weak spots (a: C20_60S with the black spots being C20 and C60_20S with the black spots 

being C60, b: C60_20W) 

All the above models showed a diagonal shear crack at failure. First models C20_60L, C60_20L and 

C60_20_60L reached peak load values that are explained by the difference in mean concrete strength. 

In every case cracking starts in the weak strips and then propagates into the strong ones. When the 

crack has expanded across the total width then the beam fails. On the other hand in models C20_60T 

and C60_20T the decisive parameter is the strength of the strip in the shear span. In the case that the 

a b c 

a b 

a b 
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weak strip is placed in the middle of the shear span crack starts there and failure comes before it 

propagates to the strong neighbouring strips. In contrast, in the case of a strong strip, in the middle of 

the critical shear span, the crack has to go through this strip and higher failure load is achieved. 

Similar behaviour is observed in the 3 last cases of weak spots. The model C20_60S shows the 

highest failure load because the critical line on the shear span consists of 3 strong and 2 weak concrete 

cubes while the C60_20S model has the lowest ultimate load. The model C60_20W is between these 

two as the weak spots distribution along the shear span is also in between. 

In Table 4.2 the experimental results from the different slab configurations are presented. In column 2 

one can read the maximal load, while in column 3 the respective shear force on the critical span is 

calculated. In column 4 the computed load is calculated as the weighted mean value of models C20-

2.5 and C60-2.5 according to the equivalent volume of these two materials in the critical shear span. 

These values are to be compared with the respective ones of column 2. Finally, in the last column the 

first two rows show the calculated shear resistance according to MC2010 without safety factors. If 

compared with the values in column 3, it can be shown that MC2010 level II formulas underestimate 

the shear strength by 10-18%. In the next rows the same formulas were used to give the concrete 

strength using as input the shear resistance calculated by the analysis. According to these formulas 

and for the specific dimensions, loading and longitudinal reinforcement the formulas give max shear 

capacity of 816kN for concrete strength 65MPa. 

Table 4.2 Analysis results for different slab configurations 

slab 

Mean 
strength 
(MPa) 

max 
load 
(kN) 

Vmax 
(kN) 

max 
computed 
load (kN) 

MC2010 
(kN/MPa) 

C20-2,5 20 919 689,25   571 (-18%) 

C60-2,5 60 1170 877,5   800 (-10%) 

C20_60L 36 997 747,75 1019,4 C48 

C60_20L 44 1040 780 1069,6 C55 

C60_20_60L 40 1010 757,5 1044,5 C50 

C20_60T  1160 870   C65->816 

C60_20T  878 658,5   C32 

C20_60S  1110 832,5 1052,866667 C65 

C60_20S  907 680,25 1036,133333 C35 

C60_20W  1070 802,5 1119,8 C60 
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Figure 4.9 Load – displacement graphs for different slab configurations 

The complex case of weak spots is then decided for further investigation as it can prove rather 

interesting for further research. A model with a mesh of cubic macroelements (300x300x300mm) is 

created. These macroelements are then assigned to a certain material (C20/25 or C80/95) and concrete 

slabs with weak spots of different ratios, are created. The ratio is calculated as the area of weak to 

strong concrete material in the critical shear span. First four different models are analyzed with 

varying ratio. The load – displacement graphs are presented in Figure 4.10. Four more models are 

then analyzed with the case of 50-50% ratio but different arrangement of the weak spots. They are 

presented in Figure 4.11. The results are also summarized in  

 

Figure 4.10 Load – displacement graphs for weak spot models (the name of the mixed models comes from the 

ratio of strong to weak concrete; 78-22% -> 78% strong and 22% weak concrete spots in the critical shear span) 
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Figure 4.11 Load – displacement graphs for weak spot models with 50-50% ratio of the two materials (the 

arrangement of weak spots for the four cases is presented in Figure 4.12) 

 

 

Figure 4.12 The four different cases of the 4 slabs with weak spots (the green particles represent the 

macroelements assigned with the weak material) 

Table 4.3 Summarized FEM results of mixed models with weak spots of different configurations 

Model Ultimate Applied Load 

(kN) 

Ultimate shear force 

(kN) 

C20 919 765,83 
C80 1390 1158,33 
78-22% 1240 1033,33 
50-50% / case 1 1240 1033,33 
40-60% 1100 916,67 
22-78% 897 747,50 
Case 2 896 746,67 
Case 3 880 733,33 
Case 4 992 826,67 
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From the results presented above some initial results can be derived. The results are not further 

analyzed though as attention is paid in the case of the longitudinal strips from now on. The 

conclusions derived from the different models with weak spots are: 

 The maximum load is influenced by the ratio of the strong and weak concrete in the critical 

span 

 The mixed slab models show cracking load, stiffness and ultimate capacity in between the 

weak and strong homogeneous slabs.  

 In the cases where the strong material is of major proportion (78-22%, 50-50%) the ultimate 

capacity is closer to the strong homogeneous slab while in the rest of the cases the capacity is 

closer, maybe even smaller, than the low strength homogeneous slab. 

 The distribution of the weak spots over the shear span influences the ultimate capacity. 

 In case 1, where the spots are equally distributed, the capacity is higher while in the other 

cases (3 and 4), where the spots are concentrated, the capacity is lower. 

Continuing the analysis it is decided to focus on the case of longitudinal strips. This is judged to be 

the most interesting for further investigation and experimental testing. The C60_20_60L model is 

chosen because of symmetry and because the C20 to C60 ratio is 50-50%. In this model analysis 

showed that the first drop in load happens in the inclined crack formation stage. The weak strips then 

fail and show no more resistance while the strong strips are still able to carry higher load because of a 

compressive strut that is formed. The model though fails soon after due to stress concentration. A 

reason for this might be the fact that weak and strong strips have different modulus of Elasticity but 

because of the stiff loading plate they are forced to deform in the same way leading to uneven force 

distribution. As a new option between the loading plate and the beam a thin layer of a material with 

small stiffness is placed. This material helps to transmit the forces in the slab by allowing also 

different movement in the different concrete layers. The results of such models show better shear 

resistance. After the model with the intermediate rubber layer is analysed the results are obtained and 

shown in Figure 4.13. 
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Figure 4.13 Load – displacement graphs for models with strips and homogeneous ones. (rub means that an 

intermediate rubber layer is added.) 

As a next step in this analysis procedure the stiffness of the intermediate layer is investigated. The 

first model shown above had a rubber layer with stiffness of 5MPa. New similar models with the 

stiffness changing to 250 MPa and 5000MPa are analyzed and the results are shown in Figure 4.14. 

As it can be shown from the above graph the 3 models show equal behaviour until the first cracking. 

After that the behaviour changes and the model with the stiffer layer shows the best response. The 

thickness of the layer used in the model is 100mm. 

 

Figure 4.14 Load – displacement graphs for mixed models (C60_20_60L)  with intermediate rubber layer of 

varying stiffness. 

Then the higher stiffness is chosen for further investigation with layers of different concrete strength. 

As low strength value 20MPa is used while as high strength 60MPa and 80MPa are used. First the 
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load-deflection diagram has elastic behaviour exactly between the high and low strength ones but its 

post cracking stiffness is higher and tends closer to the high strength diagram. After that it shows a 

first drop at a value close to the C20 slab ultimate strength but moreover it reaches higher strength 

values really close to the C60 and C80 slabs. 

From Table 4.4 it is interesting to mention that the analysis load occurring for the C60_20_60L model 

is 12% higher than the expected mean value and the one for the C80_20_80L is 16% higher. Another 

interesting point is that between the C60_20_60L and the C80_20_80L model there is an increase of 

4.6% while the strength increases by 25%. This can be explained by the fact that most codes give no 

significant increase in maximum load for concrete strength higher than 70 MPa and Atena 3D uses 

these formulas in its analysis. The last column shows the mean value calculated according to the 

analysis results of the homogeneous models. The respective graphs are shown in Figure 4.15. 

Table 4.4  Analysis results for mixed models with different concrete strength combinations 

Slab 
Mean concrete 
strength (MPa) 

Ultimate load (kN) 
calculated 
Load (kN) 

C20 20 919   

C60 60 1370   

C80 80 1390   

C60_20_60 40 1280 1144,5 

C80_20_80 50 1340 1154,5 
 

 

Figure 4.15 Load – displacement graphs for mixed and homogeneous models with varying concrete strength 

combinations (s.r. stand for the fact that the stiffer rubber layer is used from the ones shown in Figure 4.14. here 

the layer has also been modified from 5000MPa stiffness and 100mm thickness to the equivalent case of 

500MPa stiffness and 10mm thickness in order to meet the real material to be used in the experiments) 

In this stage the preparations of the experimental procedure have already started so the FE Model 

should be modified in order to fit the real models. These changes are necessary because of practical 

limitations and also in order to reduce the complexity of the casting and testing procedure. First of all 

the length of the slab changes from 5.000 to 4.200mm (main span again 3.600mm)  and transverse top 
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reinforcement of Φ12 bars with 310mm spacing is added. Secondly the total number of strips is 

reduced to 7 with the edge ones being 250mm wide and the intermediate ones 400m. This 

configuration leads to ratio 52-48% for the strong strips but is simpler and more economic. The 4 

strong strips have fc, mean=68 MPa and the 3 weak ones fc, mean=21 MPa. The strips also cover the total 

length of the beam with Non Linear Cementitious material. The width of the loading and supporting 

plates is also reduced to 100mm as this is the real width of the felt used in the experimental setup. 

Furthermore the support close to the load is split to 7 distinct supporting plates (one under every strip) 

having width 2cm less than the strip width, so 230 and 380mm for the edge and intermediate supports 

respectively. Finally y-direction constraint is only applied in the loading node and the loading plate is 

free in the x-direction. 

In the following figures some pictures captured from the pre-processor screen of Atena 3D are 

presented. The first one shows the slab model with the different macro-elements and the overall 

dimensions. The macro elements are different in the width direction to account for the difference in 

material, while in the direction of the length they have to be different in order to assign different mesh 

size in them. The mesh size is visible in the last picture of the 3. In the second one the support close to 

the loading plate is only shown. The 7 different macro-elements account for the 7 load cells placed 

under the slab in the experimental setup while the top layer is a separate element with material 

properties like the felt used in reality. In the last picture the loading and support plate dimensions are 

as described above and the support constraints are also visible. The support plate close to the load is 

only constrained in the z direction while the other one is also fixed in the x direction. The slab is 

symmetric with respect to the xz plane so in theory y constraint is not necessary. The problem though 

can never be perfectly symmetric so one node had to be fixed in y direction. This node is the one that 

the prescribed deformation is also applied. 

 

Figure 4.16 Overall dimensions of the final model 

 

Figure 4.17 The 7 separate supports with the vertical direction constraint 
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Figure 4.18 Finite element mesh configuration of the slab model with the supports and loading plate (side view) 

This model is used to analyze the 8 different cases presented in the table below. The 4 last ones 

though are equivalent so only 6 different model configurations are analyzed. In the following table ‘L’ 

stands for low strength, ‘H’ for high strength and ‘M’ for mixed. The fourth digit also takes values 6 

or 8 according to the length of the shear span (600 or 800mm respectively). The third digit shows the 

slab number and the last one (A or B) shows if it is the first or second test on the slab. 

 

Table 4.5 Different model configurations 

Model No. Concrete (fc, mean [Mpa]) 
shear span 

[mm] 

a/d 

[-] 

L016A C25 (20) 600 2.26 

L018B C25 (20) 800 3.02 

H026A C80 (68) 600 2.26 

H028B C80 (68) 800 3.02 

M036A %48 C25, %52 C80 600 2.26 

M038B %48 C25, %52 C80 800 3.02 

M046A %48 C25, %52 C80 600 2.26 

M048B %48 C25, %52 C80 800 3.02 

 

The analysis results can be presented with many varying ways. In order to get measurement of the 

required values, the user introduces monitoring points in several nodes over the model. A monitoring 

point helps to measure the load introduced to the slab. This is measuring nodal reaction in the point 

where prescribed displacement is applied, in the top of the loading plate. Another monitoring point in 

the bottom of the slab under the load gives the deflection. In total 97 monitoring points are placed 
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measuring nodal reactions, displacement and crack width in critical points. Some of them are used to 

get results for the stress distribution over the felt material used between the loading plate and the slab. 

The best understanding of these results comes after their visual representation in graphs. The most 

significant graph is the Force- Displacement one. In the following figures the results for the 3 concrete 

quality cases are shown in the same graph and the different shear span in different graph. 

 

Figure 4.19 Load-displacement graph for the three models with shear span equal to 600mm 

 

Figure 4.20 Load-displacement graph for the three models with shear span equal to 800mm 

Table 4.6 Summarized FEM results 

Model Cracking load (kN) Inclined crack load (kN) Failure load (kN) 

L016A 200 914 914 

L018B 230 937 937 

H026A 450 1400 1770 

H028B 400 1350 1350 
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M036A 350 1190 1620 

M038B 280 1190 1190 

 

From these results it can first be seen that there is a significant difference in maximum load between 

the low and high strength slabs. Then it appears that the mixed case is between these two in terms of 

initial stiffness, cracking load and failure load. In the graph it is clear that the failure load reaches a 

value “closer” to the high than to the low strength one, although the mix is almost 50-50%. The 

calculated contribution of the high strength strips in terms of ultimate load is 82% for the 600mm 

shear span and 62% for the 800mm case. It is also interesting to mention that in the plateau observed 

after the failure load of the H026A model, the bottom longitudinal reinforcement yields.  

The most important deduction though lays on the different form these graphs have and the different 

failure mechanism. As mentioned in previous chapter according to Kani’s valley for a/d ratios smaller 

than 2.5, shear compression failure governs while for values larger than 2.5 failure appears as 

diagonal tension. So in the case of the 3 models with a shear span of 800mm (a/d>2.5) all of them fail 

soon after the diagonal crack is formed and the load drop is ‘sudden’, main characteristic of diagonal 

tension failure. In the case of shear span of 600mm though (a/d<2.5) a different behaviour appears 

between the high and the low strength concrete. In the case of the low strength concrete bending crack 

propagate closer to the support and the diagonal crack appears in a position closer to the support. This 

means that the remaining arch is already crushed and no shear compression resistance can be 

achieved. That’s why the load drops after the inclined crack appears and failure is governed by 

diagonal tension. The high strength concrete on the other hand shows a diagonal crack closer to the 

position of the load. This happens because the bending cracks do not propagate all the way to the 

support due to the higher tensile strength. The load the reaches higher values as the remaining arch is 

strong enough and finally longitudinal reinforcement yielding is achieved. The main question now is 

how the mixed slab would behave in such a situation. The analysis clearly shows that after the 

inclined crack forms the remaining arch is still able to resist the loading. This model though reaches a 

failure load close to the maximum yielding load but fails in shear compression. This result is very 

important because it means that the strong concrete helps the weak one by reducing the crack 

propagation in order to form an arch and transfer the load to the support. 

As mentioned before, monitoring points are placed to measure deflection across the width of the cross 

section in the middle of the distance between the load and the support. Seven of them are placed at the 

top of the slab, each one on the middle of every strip, and another seven at the bottom. The difference 

of the measurements of these monitoring points gives the crack opening across the z direction. This is 

plotted in the following graphs, where every load step is represented with a continuous line with 

different colour. 
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Figure 4.21  Vertical crack opening for L016A (until failure) 

 

Figure 4.22 Vertical crack opening for H026A (until inclined crack formation load) 

 

Figure 4.23 Vertical crack opening for H026A (from inclined crack to failure) 
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Figure 4.24 Vertical crack opening for M036A (until inclined crack load; red spots represent the weak strips) 

 

Figure 4.25 Vertical crack opening for M036A (from inclined crack to failure; red sports represent the weak 

strips) 

Comparing the graphs of models L016A and H026A one can observe that, although the maximum 

crack opening is almost the same ( 1,4 and 1,5 mm respectively ), the location of the maximum value 

is different. In the middle of the cross section, of the low strength slab, the curve points upwards; this 

means that the minimum value appears there. In contrast, in the high strength concrete slab the 

maximum crack opening appears in the middle. The difference though between the points across the 

width of the slab is relatively low and probably does not have a physical explanation. On the other 

hand, when observing the first graph of the mixed model, bigger difference across the width is 

observed. The peak values initially appear in the locations of the weak strips and this means that the 

crack is initiated there. After the inclined crack formation stage though the situation changes as the 

weak strips are not able to resist anymore so the crack propagates first to the intermediate strong strips 

and then to the side ones. The situation finally is quite similar to the high strength model with the 

maximum opening reaching higher values (2,0mm instead of 1,5mm). Another way to illustrate this 

behaviour is with the principal strain graphs shown in Figure 4.26. It can be observed that the 

cracking starts from the middle weak strip but after the inclined crack formation it spreads over the 

width of the slab but it still has higher value in the middle. On the right column it can be seen that 

after the inclined crack formation level the crack has a continuous shape from the loading point to the 

support. Finally at failure the principal strain is homogeneous over the width of the slab. 
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Figure 4.26 Maximum principal strain of the FE model (A: yz plane view in the middle of the shear span, B: xz 

plane view in the middle of the width of the slab (weak strip), 1: before inclined crack formation, 2: after 

inclined crack formation, 3: failure stage) 

Similar outcomes can be drawn from the load cell under the supports close to the load. In the 

following graphs it is apparent that the load distribution is homogeneous until the inclined crack 

formation. After this point the load is concentrated in the least crack part and this is visible in the 

second graph for the H026A model. The comparison between the two homogeneous models shows 

that the highest load is observed in the middle. The peaks at the side supports are not perfectly 

representative because these values are multiplied by the ratio of the width of the strips (400/250) in 

order to give a homogeneous distribution of forces. The M036A model presents a symmetric 

distribution of forces with peaks appearing in the position of the strong strips. The high strength 

concrete also has higher modulus of elasticity so the stronger strips receive higher force since the 

beginning of the analysis. The difference though becomes significant after the inclined crack 

formation level. 

 

Figure 4.27  Load cells under the supports close to the load for L016A. 
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Figure 4.28 Load cells under the supports close to the load for H026A (until inclined crack load) 

 

Figure 4.29 Load cells under the supports close to the load for H026A (from inclined crack load until failure) 

 

Figure 4.30 Load cells under the supports close to the load for M036A (until inclined crack load; red sports 

represent the weak strips) 
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Figure 4.31 Load cells under the supports close to the load for M036A (from inclined crack load until failure; 

red sports represent the weak strips) 

 
Figure 4.32 Theoretical vs. calculated reaction 

In the last figure the theoretical reaction is calculated from the applied load and is drawn versus the 

summation of reaction forces from the 7 load cells. The straight line and the 45o angle confirm the 

measurements. The following one shows the summation of the reaction forces applied in the weak and 

strong strips separately. Until the first cracking the two graphs have the same values but after that the 

difference increases constantly. After the inclined crack load, difference in stiffness is also observed 

and finally after the failure load, the force in the weak strips decreases faster than in the strong ones. 
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Figure 4.33 Reaction-analysis step graph for the weak and strong strips. 

Additional to the models above, that correspond to the physical models, which are going to be used in 

the experimental procedure, two more homogeneous models are analyzed. In this case the mean 

concrete strength is 0.52*68+0.48*20=44.9 MPa. The comparison between the mixed slab and this 

one could lead to interesting conclusions. The two following graphs show this comparison with the 

first one corresponding to 600mm shear span and the second to 800mm. First of all the initial stiffness 

and the cracking load are similar. Then a general observation is that the mixed slab leads to higher 

failure load and that the difference is even bigger in the case of smaller shear span. In this case it is 

also interesting to observe that the inclined crack formation load is similar for both models but after 

the compressive strut is activated the mixed model has higher resistance and stiffness. This means that 

a mixed slab could be replaced by a homogeneous one with the same mean concrete strength. This 

would lead to realistic calculations for the stiffness and the cracking load and to safe values for the 

ultimate capacity. 

 

 
Figure 4.34 Mixed and intermediate concrete strength models graphs for a/d=2.26 
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Figure 4.35 Mixed and intermediate concrete strength models graphs for a/d=3 

 

Table 4.7 Mixed and intermediate concrete strength models comparison 

Model M036A I066A M038B I068B 

Ultimate load 

(kN) 

1620 1270 1190 1130 

Increase in load 27% 5% 

 

4.3 PREPARATION / TEST SPECIMENS 
The preparation of the physical models is one of the longest procedures during an experimental 

program. This is because it consists of many steps and sometimes required waiting time between 

them. In this section these steps are presented briefly and with chronological order. Furthermore they 

are explained analytically and together with a series of pictures for better understanding. Finally this 

section reaches until the point when the slabs are prepared and ready for testing. 

The steps followed in the preparation of the slabs are: 

 Construction of the two moulds in dimensions 4200x2500x300mm 

 Construction of surrounding safety frame for the moulds 

 Construction of separation formwork for the strips 

 Preparation of the moulds; cleaning, oiling 

 Placement of the bottom reinforcement mesh 

 Welding of steel distance holders for the top reinforcement mesh 

 Placement of the separation formwork; marking and cutting for the bottom transverse 

reinforcement bars 

 Placement of the cut separation formwork in order to create strips as close as possible to the 

theoretical dimensions  

And for the casting procedure: 
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 Casting of the strong strips up to 10cm first, then the weak strips to the top and then the 

strong strips to the top 

 Casting of 21 cubes of 150x150x150mm for every material 

 Vibration of the concrete 

 Removal of the separation formwork 

 Vibration close to the contact area, but not through it, in order to connect the two materials 

without mixing them 

 Placement of steel hooks inside the slab in order to lift it later 

 Smoothening of the surface 

 3hrs later covering of the slab in order to maintain humid curing conditions 

 Removal of the slab from the mould; 5 days later for the strong one, 2 weeks for the weak and 

mixed ones. 

The pre-existing moulds in the laboratory are 2500mm wide and 300mm high but also 5000mm long. 

This means that their length have to be modified to meet the new dimensions of 4200mm. After this 

step they are placed next to each other and a common surrounding steel frame is built. The moulds are 

fixed inside this frame in order to prevent small dimension changes under the concrete pressure during 

casting. The final result is shown in Figure 4.36. 

 

Figure 4.36 the two moulds with the surrounding steel frame 

After this step the separation formwork has to be designed and constructed. The design consists of 

two plates of 4200mm long and at least 300mm high. The thickness of these plates is 18mm so in 

order to create a strip of 400mm wide between them the inner distance has to be 382mm. The height 

is also chosen to be 600mm in order for them to be connected through a height of 250mm and to leave 

a 50mm free space for the concrete to move during casting. Finally 8 perpendicular plates are used to 

connect the initial ones and one long beam across the length is used to lift them. After taking also into 

account the advice of the carpenter the final design is shown in Figure 4.37. After the design is 

approved, it is sent to the carpenter and ordered to construct 3 same formwork separators that are 

needed for the casting of one mixed slab. 
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Figure 4.37 Design for the separation formwork 

Then the moulds are cleaned, from concrete remains, with the help of machinery, are left to dry and 

then oiled so that the slab will get out easier. Next step is to place the bottom reinforcement mesh 

after cover keepers are placed on it. These are small plastic pieces that keep a clear cover of 25mm 

from the bottom side and from the sides so that the mesh is centered inside the formwork. They are 

shown in Figure 4.39. The bottom reinforcement mesh consists of longitudinal bars Φ20/120 and 

transverse bars Φ10/120. The top reinforcement mesh consists of longitudinal and transverse bars 

Φ12/300. Both of them are shown in Figure 4.38. 
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Figure 4.38 Reinforcement mesh 
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Figure 4.39 Distance keeper in order to assure concrete cover of 25mm 

Following, a number of steel plates are welded on the bottom reinforcement mesh in order to keep the 

top mesh in place. These are welded in four lines across the length of the slab and 14 connecting 

points are used for every line. This is because later on each line is cut in 7 pieces in order to make 

space for the separation formwork and each piece requires two welding points in order to be kept in 

place. Helps to demonstrate what is explained here. 

 

Figure 4.40  Distance keeper between the bottom and the top reinforcement 

After the distancers are cut the separation formwork is placed inside the mould in specific locations so 

that 7 strips are created. The width of these strips is tried to be as close as possible to the theoretical 

one but, because the real spacing between the longitudinal reinforcement is not exactly 120mm in 

every case, the width of the strips varies for 1-2cm from slab to slab. The exact width for every case is 

measured and mentioned in a following chapter. In this moment some holes need to be opened in the 

bottom of the separation formwork in order to fit the transverse bottom reinforcement and rest on the 

bottom of the mould. These holes are cut in a length of 20mm (in order to allow for tolerances) and in 

Welded steel plate 

Distancers 
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a height of 60mm (in order to fit the 25mm cover + 20mm longitudinal reinforcement + 10mm 

transverse reinforcement). After the separators are ready, they are placed again back in the moulds 

and screwed to it in order to avoid movement during the casting procedure. 

The next step is the casting procedure which is repeated for 5 times. The first two times the two 

homogenous slabs are casted so the steps with the separators are skipped both for the preparation and 

the casting. Here the procedure for the mixed slabs is described as it is the most complex case. 

First the strong strips are cast up to a height of 10cm. In this stage the concrete is not being vibrated in 

order to maintain the quantity that passes through the holes in the bottom of the formwork, in small 

level. This is shown in Figure 4.41. 

 

Figure 4.41 The high strength concrete passing through the holes in the low strength strips is kept in small 

quantities 

Then the low strength strips are cast until the top of the mould and 2cm more in order to fill the gap 

that is created when the separators are removed. Then the strong strips are filled to the top and 2cm 

more and all the strips are vibrated. At the same time 21 cubes are casted with the same concrete 

mixture in order to give information about the material properties. When the separators are removed 

the concrete is again vibrated close to the surface between the strips in order to connect them. 

Attention is paid in this step in order not to pass the vibrator through this surface because this would 

mix the two concrete qualities. Figure 4.42 shows the slab before and after vibration. 



 

56 

 

 

Figure 4.42 Mixed slab during the procedure of lifting the separators and vibrating the strips 

Afterwards the surface is smoothened and 4 steel hooks are placed, inside each slab, which are used 

for lifting them. The slab is finally covered by a plastic sheet during the curing procedure in order to 

prevent drying. The strong slab is removed from the mould after 5 days as it is already strengthened 

enough. The weak and the mixed ones though are left in there for 2 weeks and then are removed in 

order to prepare again the mould for the next casting. 

 

Figure 4.43 Mould and separators before casting of the mixed slab 
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vibration 
Vibrated strips; connected 

contact surface 
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Figure 4.44 Lifting of the first separator with the help of the crane 

 

Figure 4.45 Top mesh placement using ‘traditional’ methods 
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Figure 4.46 Smoothening of the slab surface 

Table 4.8 Casting and testing properties (strength in [MPa] on the day of the experiment) 

specimens a fcm,l fcm,h fcm fck cast date test date age 

L016A 600 27.3 - 27.3 27.1 23-2-2012 24-4-2012 61 

M046A 600 30.1 76.3 53.2 11.6 20-3-2012 27-4-2012 38 

M036A 600 36.0 82.0 59.0 17.7 06-3-2012 18-4-2012 43 

M056B 600 36.5 86.0 61.2 16.7 17-4-2012 11-7-2012 85 

H026A 600 - 71.8 71.8 67.4 23-2-2012 23-3-2012 29 

L018B 800 31.0 

 

31.0 30.5 23-2-2012 28-6-2012 126 

M058A 800 36.5 80.9 58.7 18.8 17-4-2012 05-7-2012 79 

M048B 800 36.7 81.2 58.9 18.6 20-3-2012 03-7-2012 105 

M038B 800 43.9 85.8 64.8 26.9 06-3-2012 26-6-2012 112 

H028B 800 

 

79.8 79.8 75.8 23-2-2012 19-6-2012 117 

 

4.4 EXPERIMENTAL SETUP 
The time between casting and testing is at least 28 days. During this period the experimental setup is 

prepared to fit the requirements of the present study. Additional to that the setup must provide 

adequate experimental conditions. These conditions are first of all safety and then enough stiffness in 

the support and loading plates. This means that except of the two big frames that support the load 

actuator, another two smaller frames are adjusted on the sides of the loading plate in order to prevent 
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it from horizontal movement. Two heavy beams are also used under the supports that provide the 

required stiffness. 

The supporting beams are placed in a distance of 3,6m from each other and fixed in the floor. The slab 

is then placed on the supports. In the case of the first test (600mm shear span) the slab protrudes 

200mm from the centre of the support at the one close to the load and 400mm at the other one. An 1m 

strengthened high loading beam is placed on the loading location over a thin layer of felt and a thin 

steel plate. The loading beam is then secured by the two smaller frames that are fixed and prestressed 

in the floor. The load actuator is finally attached on a strengthened beam which is bolted on the big 

frames. The experimental setup is shown in Figure 4.49. 

After the slab is placed on the setup it is time to attach the measuring equipment on it. First of all 4 

load cells are placed horizontally on the top of the loading plate on both sides in order to measure 

horizontal force occurring by small rotation of the loading plate. Another load cell measures the load 

applied through the actuator and 7 more measure the support reaction under the centre of each strip. 

The actuator displacement is also measured by an LVDT. Then the 21 lasers have to be placed on the 

slab in order to measure vertical displacement in selected locations. First 4 lasers are placed in the 

support locations on the sides of the slab. These are attached on two steel frames that rest on the floor 

and measure the reflection on respective small steel plates that are attached on the sides of the slab. 

Another 3 lasers measure the bottom deflection in the position under the load. One in the middle of 

the width (y=1.25m) and the other two on a distance of 125mm from the sides (y=0.125m and 

y=2.375m). Finally 14 more lasers measure the displacement in the top and bottom surface in the 

middle of the shear span. These are distributed over the width in the center of each strip, so in 

positions y=0.125m, y=0.45m, y=0.85m, y=1.25m, y=1.65m, y=2.05m, y=2.375m. Acoustic emission 

sensors are finally placed in the bottom of the slab. Seven of them are fixed in the middle of each strip 

and in the middle of the shear span and another 3 of them are placed in the position behind the load. 

The position of the measuring equipment is shown in Figure 4.50. 
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Figure 4.47 Configuration of load cells under the support 

 

Figure 4.48 Experimental setup 

 



 

61 

 

 

Figure 4.49 Experimental setup 
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Figure 4.50 Measuring equipment on the slab 
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4.5 LOADING PROCEDURE 
Some common data for all the experiments are presented here. First the load procedure to be followed 

is load controlled for the first  cycles and displacement controlled for the last one. The load rate is 

1.0kN/s and the displacement rate is 0.01mm/s. In Figure 4.51 the loading scheme graph is shown. 

The values for F1, F2, F3 and F4 are different in every experiment and are set according to the FEM 

prediction. These values are presented in Table 4.9. 

 

Figure 4.51 Loading scheme 

Table 4.9 Loading scheme and steps configuration 

Test No. L016A M036A M046A M056B H026A L018B M038B M048B M058A H028B 

First level 200 200 200 200 400 160 160 160 160 320 

Last level 800 1200 1200 1200 1200 800 900 960 960 1280 

Load step 200 200 200 200 400 160 160 160 160 320 
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5 Experimental Results 

5.1 INTRODUCTION 
In the present section the experimental results are presented. These results occur after every 

experiment by the measuring equipment that is described in section 4.4. They are then processed 

using a Matlab code in order to produce specific graphs. These graphs give information about the load 

– displacement development, about the horizontal force on the loading plate and about vertical 

displacement in critical points. Using these graphs and comparing them with each other and with the 

equivalent ones which come from the FEM analysis interesting conclusions can be drawn. These 

conclusions are presented in section 5.2 and 5.3 respectively.  

The experiments are carried out in the Stevin Lab of the Faculty of Civil Engineering and 

Geosciences in TUDelft. The first summary of the experimental results is presented in Table 5.1.  

Table 5.1 Results overview 

specimens 

Pcr 

(kN) 

Pu 

(kN) 

Vcr 

(kN) 

Vu 

(kN) 

VEC,m 

(kN) 

VEC,k 

(kN) 

Vcr/VEC,m Vcr/VEC,k 

L016A 1107.0 1445.8 922.5 1204.8 557.2 556.1 1.66 1.66 

H026A 1515.6 1659.5 1263.0 1382.9 769.3 753.3 1.64 1.68 

M036A 1305.0 1833.3 1000.0 1527.8 720.7 482.3 1.39 2.07 

M046A 1199.5 1701.8 999.6 1418.2 695.9 419.5 1.44 2.38 

M056B 1176.0 1211.0 980.0 1009.2 729.4 473.0 1.34 2.07 

L018B 1071.2 1071.2 833.2 833.2 581.1 578.3 1.43 1.44 

H028B 1297.6 1297.6 1009.2 1009.2 796.8 783.5 1.27 1.29 

M038B 1132.8 1165.5 881.0 906.5 743.5 554.4 1.18 1.59 

M048B 1195.2 1195.2 929.6 929.6 720.3 490.3 1.29 1.90 

M058A 1166.1 1166.1 907.0 907.0 719.3 492.3 1.26 1.84 

 

5.2 FIRST TEST SERIES 
As it can be seen from Table 5.1 all of the specimens are tested after the age of 28 days. First it is 

decided to perform the experiments with a shear span of 600mm (a/d=2.26). So slabs 1, 2, 3 and 4 (the 

3
rd

 digit of their numbering) are tested in the first span (A, their last digit) with a centre to centre 

distance between the load and the support of 600mm (their 4
th
 digit). First the high strength slab is 

tested (H). The results are obtained through the measuring equipment described in the previous 

chapter. In the present experiment some measuring problems are faced with respect to some of the 

lasers and the load cells. These are further explained in the respective annex. The results plotted here 

have been corrected after recalibration of the measuring equipment. The ultimate load for this slab is 

1660kN. This is different than the FEM analysis showing that failure comes by yielding of the 

longitudinal reinforcement in 1770kN. The two graphs are plotted in Figure 5.1. 
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Figure 5.1 Load – displacement graph for H026A, comparison between FEM analysis and experimental results 

From the above graphs it can be observed that analysis and experiment are in very well agreement in 

almost every part except from the failure load. This is explained because in the moment close to the 

ultimate load, during the experiment, a loud noise was heard and the procedure stopped. Seconds later 

the steel plate between the slab and the loading beam flew out so it is not yet known if this ultimate 

load is the real failure load or a lower value. Comparing with the following experimental results the 

writer has enough indications showing that this slab has the capacity to reach the real yielding load 

close to 1800kN. 

The next experiment to be held is one of the mixed slabs. In this case the expected analysis load is 

close to 1600kN. The mixed slab however reaches ultimate load of 1830kN and as it can be seen from 

the flat last part of the load – displacement graph failure comes as yielding of the longitudinal 

reinforcement. This is actually bending failure meaning that the maximum possible shear capacity is 

provided by that slab.  

Following two more experiments are performed with the same shear span. First the homogeneous low 

strength slab and then another mixed one. The low strength one reached a load significantly higher 

than the FEM prediction. In the FEM analysis for this model diagonal tension failure comes soon after 

the inclined crack is formed. In the experiment though the slab is able to resist higher load and sudden 

shear failure appears in a higher value. So as shown by the graphs in Figure 5.2 it can be observed that 

the analysis shows similar stiffness in the first two parts of the graph (initial and cracked) but fails to 

predict the ultimate load. Finally a rather interesting observation is that the failure load for the 

analysis coincides with a change in stiffness for the experiment. This means that the FEM analysis 

predicts correctly the inclined crack load. In order to understand and explain this phenomenon further 

analysis is performed so two more models are created with cube strength of 30 and 36 MPa. The 

results of these three models are presented in Figure 5.3. The cube strength for the experimental slab 

is 27MPa in the day of the experiment. From the graph then it appears that close to the value of 

30MPa is the point where the compressive arch is strong enough and able to carry more load. That is 

shown by the last part of the green and blue lines that are able to increase the load after the inclined 

crack is formed. 
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Figure 5.2 Load – displacement graphs for L016A 

 

Figure 5.3 Load – displacement graphs for low strength homogeneous models 

The last for these series of experiments is the third mixed (M056B) slab. In the following graph the 

three mixed cases are compared with the FEM prediction and with each other. As it can be seen the 

three slabs have almost identical behavior prior to the inclined crack formation stage. The failure 

mode though appears in three different forms. The first one shows a bending failure with yielding of 

the longitudinal reinforcement. The second mixed slab failed in shear compression with the shear 

crack opening suddenly and producing a loud noise and the last one failed in diagonal tension in the 

inclined crack load. These differences show that the ultimate failure load is quite unstable and so 

comparison is held in terms of inclined cracking load. These aspects are further discussed in the 

following section of analysis of the results. The load displacement graph of the mixed slabs is shown 

in Figure 5.4. 
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Figure 5.4 Load – displacement graph for the experiment of the three mixed slabs (FEM stands for the Finite 

Element analysis results for the mixed slab model) 

Finally the most important part is the comparison of all 5 experimental results with each other. In 

Figure 5.5 the 5 four load displacement graphs are plotted together. Comparing the graphs it is 

apparent that the last part of the high strength slab shows higher stiffness than the mixed one. This is 

the first and most important indication in order to prove that the high strength slab would reach the 

yielding load if the accident with the steel plate did not happen. Taking that into account one can 

already observe that a mixed slab with low and high strength concrete with a ratio of almost 50-50%, 

is able to resist shear loading as much as a homogeneous high strength slab. In order to reach a 

complete and reliable conclusion though more experiments and deeper comparison is to be performed. 

 

Figure 5.5 Load – displacement graphs for the four test specimens with a shear span of 600mm  

In this graph the red line is apparently lower in stiffness and maximum load than the other 3. The blue 

line, representing the high strength slab, shows lower ultimate load than the two mixed ones but the 
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higher stiffness in the last part is a strong indicator that the failure load of this slab is higher. Another 

fact proving this assumption is clear in the load – crack opening graph shown in Figure 5.6. First the 

mean vertical crack opening is calculated as the mean value of the respective ones in the 7 points over 

the width of the slab. In the high strength homogeneous slab one mean value is calculated while in the 

two mixed slabs the values from the strong and weak strips are calculated separately. This helps to see 

that the crack opening according to the load is almost the same in the weak and strong strips. In some 

moments the weak strips crack opening is higher than the strong ones but it is still closer to the high 

strength one if compared with the homogeneous low strength slab. This means that the strong strips 

actually reduce the crack opening and the damage influencing the slab to behave more close to high 

strength one rather than the opposite. Finally the significantly lower crack opening in the 

homogeneous high strength slab indicates that the damage is still not significant and that the ultimate 

load of 1660kN is not the real failure load as explained before.  

 

Figure 5.6 Load – mean crack opening relationship for test specimens (h stands for the summation of the high 

strength strips and l for the low strength ones) 

The most significant observation expected by this first series of experiments has to do with the failure 

mode and the crack inclination. Another influencing parameter for the shear capacity of slabs is 

whether they have the ability to activate the remaining arch capacity or not. This for the given shear 

span is dependent on the inclined crack position. In the high strength slab the inclined crack appears 

closer to the load than in the low strength one thanks to the higher tensile strength, which restrains the 

bending cracks closer to the load application position. The following pictures show this phenomenon 

observed in the experiments. The mixed slab as shown in Figure 5.9 appears to have a combined 

behavior between the high and low strength homogeneous ones. 
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Figure 5.7 Inclined crack side view of the H026A slab 

 

 

Figure 5.8 Inclined crack side view of the L016A slab 

 

Figure 5.9 Inclined crack side view of the M036A slab 

The results can be explained in terms of ultimate capacity, inclined crack load, cracking pattern and 

failure mode. Ultimate capacity results are quite unstable. On the one hand the high strength 

homogeneous slab stopped at 1659 kN and the low strength one reached as high as 1445kN. On the 

other hand the three mixed slabs show quite big difference in ultimate capacity with M036A reaching 

the yielding moment in a load level close to 1800kN and with M056B failing in diagonal tension at 

1211kN. So the ultimate capacity results are quite contradictory mainly thanks to the instability in 

failure mode. 

The inclined crack load and the cracking pattern though are quite consistent. In Figure 5.23, in the 

next section, one can see that the inclined crack load for the mixed slabs is in between the two 

homogeneous ones. In Figure 5.10 and Figure 5.11 the crack pattern at the bottom of the slab is shown 

for a load level of 800kN. It can be seen that cracks are denser in the low strength than the high 

L016A 

M036A 

H026A 



 

70 

 

strength one. The mixed slabs are in between with the cracks propagating from weak concrete to the 

strong one. This observation confirms also the assumption for stress redistribution between the strips 

and for structural integrity of the slab. 

 

Figure 5.10 Bottom crack pattern of L016A and H026A at P = 800 kN. 
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Figure 5.11 Bottom crack pattern of M036A and M046A at P = 800 kN. 

5.3 SECOND TEST SERIES 
In this second series of experiments the aforementioned slabs are tested with the load applied at 

uncracked span and in a distance of 800mm from the support. Before these experiments are performed 

a break of two weeks happens, as it can be seen from the dates in Table 5.1. During this break the 

measuring equipment is tested and recalibrated. This is done due to the problem of disagreement 

between the measured and the theoretical reaction. This is mainly due measuring problem in the 7 
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load cells under the support. The first part of this problem is a constant error of about 5-7% due to the 

connection point of the cable on the load cell. The second part is an undefined error of about 2-4% 

due to imperfections in the steel plates on top and on the bottom of the load cells. These are designed 

to fit perfectly but, maybe after the instability in the first experiment, they don’t anymore. Fixing them 

and getting the correct measurement during the tests is important as the reaction distribution over the 

width is an indicative parameter. Finally the steel plates on the top and the bottom of the load cells are 

replaced with new ones. 

After the first experiments of the new test series the situation with the measurement coming from the 

load cells is clearly improved. The summation of the 7 reaction forces shows a declination of 1% from 

the theoretical reaction force whereas before the same value was almost 30%, as seen in Figure 5.12 

and Figure 5.13 

 

Figure 5.12 Support reaction vs. applied load unbalance for H028B 

With the errors found in the previous setup for the load cells it is possible to correct the measurements 

to a large extent. For slab test H026A for instance the unbalance in the beginning is almost 30% while 

after correction it is reduced to 3%. This is shown in Figure 5.13 and Figure 5.14. The total load 

measured by the actuator is multiplied each time with the ratio 3/3.6 or 2.8/3.6 depending on the shear 

span of 600mm or 800mm respectively. This value is then compared with the measured reaction force 

by the 7 load cells. This problem seems then to be solved from now on. 
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Figure 5.13 Support reaction vs. applied load unbalance for H026A before correction 

 

 

Figure 5.14 Support reaction vs. applied load unbalance for H026A after correction 

In this second test series the slab specimens with shear span of 800mm are tested with a/d ratio of 

3.02. The FEM prediction for all specimens shows diagonal tension failure at the inclined crack load. 

Here the load – displacement graphs are presented again in Figure 5.18. 
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Figure 5.15 Load – displacement graph for the three models with shear span equal to 800mm 

 

 

Figure 5.16 Load – displacement graph for 3 slab specimens tested with a shear span equal to 800mm (one 

mixed specimen is used, otherwise the graph is not understandable by the reader) 

As it can be seen from the graph above after the inclined crack load a sudden load drop is present. 

This is typical to diagonal tension failure. The homogeneous specimen though after the load drops in a 

lower level, they are able to resist again. The load is increased again but for a small level and not 

higher than the inclined crack load. The failure load then is the same with the inclined crack load. In 

Figure 5.17 the 3 mixed specimens are shown together. The overall behavior and inclined crack load 

is very similar. Slab M038B though shows again the effect observed in the homogeneous slabs above. 

Here the maximum load reaches a value higher than the inclined crack load. Analysis then is done 

with the inclined crack load (the first peak of the blue line) as it happens in previous part as well. 
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Figure 5.17 Load – deflection graph for the 3 mixed specimens with a shear span equal to 800mm 

Following the experimental results are presented together with the FEM prediction results. It can be 

observed very good agreement between the two of them. These are shown in Figure 5.18, Figure 5.19 

and Figure 5.21. The failure load and cracked stiffness are predicted quite precisely. The only 

declination observed lies in the initial stiffness but there is an explanation for this phenomenon. These 

specimens are previously tested at their other span for the first test series. Therefore now they are pre-

cracked with bending cracks that propagate far enough from the previous experiment. That’s why the 

initial stiffness of these slabs is relatively low. This explains the disagreement between the 

experimental and FEM graph in the first part of them. This phenomenon is also shown when 

observing more closely the load – displacement graph of the three mixed slabs. In that case slab 

M058A is first tested with the shear span of 800mm so it is uncracked in the beginning of the test and 

has a higher initial stiffness than the other two. Figure 5.20 shows a closer look of Figure 5.19 in the 

initial part and after the cyclic steps have been removed. Slab M058A shows higher initial stiffness 

than the other two as expected. Finally an underestimation in the total capacity of the low strength 

slab is observed here again as in the first test series as well. 
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Figure 5.18 Load – deflection graph for H028B comparison between the experimental result and the FEM 

analysis result. 

 

Figure 5.19 Load – deflection graph for the mixed specimens comparison between the experimental result and 

the FEM analysis result. 
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Figure 5.20 Load – deflection graph for the mixed specimens (only the initial part presented; cyclic steps are 

removed). 

 

Figure 5.21 Load – deflection graph for L018B comparison between the experimental result and the FEM 

analysis result. 

After both test series are completed the comparison of the strength of the slabs can be performed. In 

the two following graphs both test series are presented together. In Figure 5.23 the inclined cracking 

shear force of is plotted versus the mean concrete strength. The three points in the middle represent 

the mixed slab models while the ones at the right and at the left the homogeneous high and low 

strength slabs respectively. The mixed slab points are in between, showing a relationship close to 

linear. 
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Figure 5.22 Load – deflection graph for the experimental results of the second test series (cyclic steps are 

removed) 

 

Figure 5.23 Inclined crack shear force vs. the mean concrete strength for the two test series 

In Figure 5.24 the ultimate shear capacity of the slab is plotted versus the mean concrete strength. In 

the second test series (blue points) the relationship is still close to linear while in the first test series 

(red points) no relationship can be observed. The three mixed slab points show wide scatter because 

of the different failure mode as explained before. 
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Figure 5.24 Ultimate shear force vs. the mean concrete strength for the two test series 

Further comparison of the test results together with FEM analysis results is held in the next section, 

out of which, certain conclusions and recommendations are presented. 

5.4 RECOMMENDATIONS FOR PRACTICE 
In the present section a post-processing analysis of the experimental results is presented. Through this 

analysis, specific recommendations are proposed in order to improve the procedure for assessing the 

residual capacity of existing concrete structures. The first step is to model and analyse with Non 

Linear FEM analysis several different cases of mixed slabs. The models here are the same ones with 

the ones used to predict the behaviour of the mixed slabs for the experiments. Since they proved to be 

quite reliable they can now be used with several material combinations. 

The following models are based on the mixed slab model, which consists of 7 strips of 2 different 

materials. Then, by changing the concrete strength of these materials or by changing the number of 

strips that correspond to the strong or the weak material, the new models are created. These properties 

are chosen so that the new models form two categories. In the first one the two materials are used with 

ratio 52-48% as before and the strong-weak combination is chosen so that the same mean strength 

occurs. So the combinations of such cube strength used are: 25-80, 35-70, 45-60. The difference then 

between the low and the weak concrete varies which means that different standard deviation and 

different characteristic strength occurs. In the second category the two materials used are the same 

ones as in the original mixed slab but, because the number of strips that are assigned to the one or the 

other material changes, the ratio of the two materials over the width of the slab and the mean concrete 

strength also changes. The new models now have a ratio of strong/weak concrete of 64/36% or 

36/64%. The two categories are then titled as: 

 Varying scatter models 

 Varying ratio models. 

The two following tables then show the main properties of these models together with the respective 

prediction by the Eurocode formula. The calculation for the standard deviation is based on the 

assumption that the only information known comes from a sample of 6 cubes. 5 of them correspond to 

the 5 wide strips of the model and the sixth one to the two smaller strips. The cube strength is 

0 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

0 20 40 60 80 

u
lt

im
at

e
 s

h
e

ar
 f

o
rc

e
 (

kN
) 

mean concrete strength (MPa) 

800mm 

600mm 



 

80 

 

multiplied by 0.85 in order to get the cylinder one and the characteristic strength is calculated 

according to the Eurocode recommendation formula: 

fck=fcm-1.64s 

This formula is based on the assumption for normal distribution on the strength characteristics 

according to Figure 5.25. The 1.64 value comes from the assumption for perfect normal distribution 

which can only be calculated with infinite number of cubes. In reality though the number of cubes is 

limited so Eurocode gives a series of different values according to the number of available cubes. So 

for 6 cubes the value of 1.94 instead of 1.64 shall be used. In the present study though the 1.64 value 

is still used and that can be considered as being conservative as it gives values for the characteristic 

strength closer to the mean one. 

 

Figure 5.25 Normal distribution according to the concrete strength coming from cubes 

The two Eurocode values are then calculated using the mean and the characteristic strength and are 

compared with the inclined crack shear force. The EC formula used in the calculations is: 

VRd,c=[C*k*(100ρ1fc)
1/3

]*bw*d,  with C=0.163. 

Here the tables and graphs shown refer to the first test series (a=600mm) and the ones for the second 

test series are presented afterwards. 

Table 5.2 Overview of the experimental results for the first test series ( strength in [MPa] and load in [kN]) 

Slab 
 

Mean 
compressive 
strength fcm 

Standard 
deviation 
σ 

characteristic 
strength fck 

ultimate 
load (kN) 

cracking 
shear (kN) 

VEC(kN) 
fcm 

VEC(kN) 
fck 

L016A 23,19 0,08 23,06 1445,80 922,50 577,69 576,59 

H026A 61,03 2,27 57,30 1659,50 1263,00 797,59 781,01 

M036A 50,19 21,43 15,04 1833,30 1087,50 747,23 500,01 

M046A 45,19 21,52 9,90 1701,80 999,58 721,54 434,96 

M056B 49,89 20,67 15,99 1211,00 980,00 745,78 510,40 
 

Table 5.3 Model properties for the group of models with varying scatter between the weak and the strong material ( 

strength in [MPa] and load in [kN]) 

Slab 
 

Mean 
compressive 
strength fcm 

Standard 
deviation 
σ 

characteristic 
strength fck 

ultimate 
load (kN) 

cracking 
shear (kN) 

VEC(kN) 
fcm 

VEC(kN) 
fck 
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H 68,00 0,00 68,00 1760,00 1166,67 826,86 826,86 

L 21,25 0,00 21,25 914,00 761,67 561,11 561,11 

M 44,63 25,61 2,63 1620,00 991,67 718,55 279,67 

INT 45,05 0,00 45,05 1270,00 991,67 720,82 720,82 

70-35 44,63 16,29 17,90 1750,00 1000,00 718,55 529,94 

60-45 44,63 6,98 33,17 1750,00 941,67 718,55 650,91 
 

Table 5.4 Model properties for the group of models with varying ratio between the weak and the strong material ( 

strength in [MPa] and load in [kN]) 

Strong/ 
weak 
ratio % 

Mean 
compressive 
strength fcm 

Standard 
deviation 
σ 

characteristic 
strength fck 

ultimate 
load (kN) 

cracking 
shear 
(kN) 

VEC(kN) 
fcm 

VEC(kN) 
fck 

100/0 68,00 0,00 68,00 1750,00 1166,67 826,86 826,86 

0/100 21,25 0,00 21,25 914,00 761,67 561,11 561,11 

52/48 44,63 25,61 2,63 1620,00 1008,33 718,55 279,67 

64/36 52,42 24,14 12,82 1750,00 1025,00 758,14 474,18 

36/64 36,83 24,14 -2,76 1700,00 933,33 674,02 0,00 
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The FEM results from these two categories are then plotted in respective graphs together with the 

experimental results. In the first category unfortunately there are not experimental results with big 

variation in the standard deviation but the same mean concrete strength. 

 

Figure 5.26 Standard deviation vs. the inclined crack shear force and the EC formula prediction using the mean 

or characteristic concrete strength. Both FEM and experimental results presented (in the legend the names ‘EC 

fcm’ and ‘EC fck’ appear twice; they refer to the experimental and FEM results respectively) 

A first conclusion to be drawn from the graph above, lies in the difference between the predicted 

strength using the characteristic strength (orange cycles) and the mean strength (blue stars). The 

interesting part is when standard deviation increases, where the difference becomes bigger. It can be 

observed then that the Eurocode prediction using the mean concrete strength shows similar behavior 

with the FEM analysis and eventually with the experimental results. The straight line of the results 

proves that no correlation between the strength and the standard deviation exists. As long as the mean 

strength remains the same the capacity of the slab is also constant. The prediction using the 

characteristic value, on the other hand, decreases substantially as standard deviation increases. This is 

the case in existing structures when the cores drilled show large scatter.  

In the second category where the ratio between the two materials changes the experimental results 

cover a wider range of results. It can be seen then that the FEM results clearly follow the same trend 

with the experimental results. This observation together with the overall agreement of the FEM 

analysis graphs with the respective experimental ones makes this analysis more reliable and 

trustworthy.  
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Figure 5.27 Mean concrete strength vs. the inclined crack shear force and the EC formula prediction using the 

mean or characteristic concrete strength. Both FEM and experimental results presented (in the legend the names 

‘EC fcm’ and ‘EC fck’ appear twice; they refer to the experimental and FEM results respectively) 

For the second test series the above procedure is repeated. The tables and graphs are presented here 

respectively. 

Table 5.5 Overview of the experimental results for the second test series ( strength in [MPa] and load in [kN]) 

Slab 
 

Mean 
compressive 
strength fcm 

Standard 
deviation 
σ 

characteristic 
strength fck 

ultimate 
load (kN) 

cracking 
shear (kN) 

VEC(kN) 
fcm 

VEC(kN) 
fck 

L018B 26,31 0,23 25,93 1071,20 833,16 602,50 599,60 

H028B 67,03 2,52 62,90 1297,60 1009,24 822,91 805,67 

M038B 55,10 19,67 22,85 1165,50 881,07 770,87 574,84 

M048B 50,09 20,91 15,80 1195,20 929,60 746,77 508,36 

M058A 49,89 20,67 15,99 1166,10 906,97 745,78 510,40 
 

Table 5.6 Model properties for the group of models with varying scatter between the weak and the strong material ( 

strength in [MPa] and load in [kN]) 

Slab 
 

Mean 
compressive 
strength fcm 

Standard 
deviation 
σ 

characteris
tic strength 
fck 

ultimate 
load 
(kN) 

cracking 
shear 
(kN) 

VEC(kN) 
fcm 

VEC(kN) 
fck 

H 
68,00 

0,00 68,00 
1350,00 

1050,00 
826,86 826,86 

L 21,25 0,00 21,25 937,00 728,78 561,11 561,11 

M 44,63 25,61 2,63 1190,00 925,56 718,55 279,67 

INT 45,05 0,00 45,05 1130,00 878,89 720,82 720,82 
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70-35 44,63 16,29 17,90 1110,00 863,33 718,55 529,94 

60-45 44,63 6,98 33,17 1130,00 878,89 718,55 650,91 
 

Table 5.7 Model properties for the group of models with varying ratio between the weak and the strong material ( 

strength in [MPa] and load in [kN]) 

Strong/ 
weak 
ratio % 

Mean 
compressive 
strength fcm 

Standard 
deviation 
σ 

characteristic 
strength fck 

ultimate 
load (kN) 

cracking 
shear 
(kN) 

VEC(kN) 
fcm 

VEC(kN) 
fck 

100/0 68,00 0,00 68,00 1350,00 1050,00 826,86 826,86 

0/100 21,25 0,00 21,25 937,00 728,78 561,11 561,11 

52/48 44,63 25,61 2,63 1190,00 925,56 718,55 279,67 

64/36 52,42 24,14 12,82 1220,00 948,89 758,14 474,18 

36/64 36,83 24,14 -2,76 1070,00 832,22 674,02 0,00 
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Figure 5.28 Standard deviation vs. the inclined crack shear force and the EC formula prediction using the mean 

or characteristic concrete strength. Both FEM and experimental results presented (in the legend the names ‘EC 

fcm’ and ‘EC fck’ appear twice; they refer to the experimental and FEM results respectively) 

 

Figure 5.29 Mean concrete strength vs. the inclined crack shear force and the EC formula prediction using the 

mean or characteristic concrete strength. Both FEM and experimental results presented (in the legend the names 

‘EC fcm’ and ‘EC fck’ appear twice; they refer to the experimental and FEM results respectively) 
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In the four graphs above the experimental results are plotted together with FEM analysis results. It is 

shown that both of them follow the same trend. The mixed slab models lie in between the two 

homogeneous ones, forming an almost linear relationship. The Eurocode formula results follow the 

same trend, if the mean concrete strength value is used. There is also a safety margin enough to 

propose the use of this value in the calculation for shear resistance of existing structures. When the 

characteristic strength is used instead, a declination can be observed between the test results and the 

calculated values. It is also proved that this declination becomes larger as standard deviation becomes 

higher. This is shown in Figure 5.26 and Figure 5.28. This means that no significant difference exists 

in a new structure where the mixture is quite homogeneous, while in an old structure, where the cores 

can show large scatter, the difference between the mean and characteristic strength can prove rather 

significant. In Table 5.8 some interesting examples from table from Annex E are presented. A typical 

value for the standard deviation is 4-5 MPa as in bridge number 1. Even this value gives an 8% lower 

capacity when calculated with the characteristic strength. In some cases though, the standard deviation 

may be up to 18 MPa which gives a difference of 25% in the shear capacity. 

Table 5.8 Examples of existing bridges in the Netherlands 

Numb

er 

Name Topcode η 

(numb

er of 

cores) 

fcm 

[N/m

m
2
]  

s 

[N/mm
2

]  

fck 

[N/m

m
2
]  

τEC,fcm 
(MPa) 

τEC,fc
k 
(MPa) 

(τEC,fcm-
τEC,fck)/τEC,fck*
100 % 

1  Viaduct in 

de weg 

Helden - 

Helenaveen 

(Spiesberg)  

52D-303-

01  

6  76,7  4,5  60,8  1,28 1,18 8,05 

3  Brug over de 

Uffelse beek 

bij Hunsel  

58C-109-

01  

5  55,7  11,7  33,0  1,15 0,96 19,06 

32  Zuidelijk 

viaduct over 

de 

Hulsdonkses

traat  

49E-105-

01  

5  74,0  18,5  37,3  1,26 1,00 25,65 
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5.5 RECOMMENDATIONS FOR FURTHER RESEARCH 
This experimental project was designed as carefully as possibly but problems that can cost money and 

time are always present. Some of them are presented in the next paragraph. Since the time and 

resources are limited though, the project cannot cover every realistic situation. In the future more 

resources might be sacrificed from several researchers in order to investigate the influence of concrete 

strength variation in the capacity of concrete structures. Further research could focus on several points 

such as: 

 Investigating cases of slabs with strips of different concrete strength but also with varying 

scatter between the two materials. Here an extreme situation was designed and the main 

problem faced, was to produce concrete with significantly low strength. If this would be 

possible other cases of larger or smaller difference in strength between the two materials 

could be tested in order to investigate the influence of the standard deviation the overall 

capacity.  

 Here the variation of concrete strength was applied across the width of the slab in the form of 

weak and strong strips. This is a basic and initial condition. More realistic case though could 

be the testing of concrete slabs with weak spots. As shown by the FEM study presented in 

chapter 4 this case can prove rather interesting but also complicated because the 

configuration of these spots over the volume of the concrete can influence the results a lot. 

This case would also request a very careful design for the experimental procedure in order to 

get consistent and comparable results. 

 Another option approaching the reality is to apply one or more point loads like it happens in 

an existing bridge when a truck moves over it. Experimental results for homogeneous slab 

cases are available for point loads but not for the case of mixed slabs. An influencing 

parameter would be the size of application of the load versus the size of weak strips or spots 

on the slab. 

 Finally in the present study large difference was observed in failure mode and ultimate load 

values for the cases of a/d ratio smaller than 2.5 in mixed slabs. This could then be a point of 

further research and investigation. 

During this long experimental procedure many things are learnt. The experimental setup and 

procedure was constantly being improved in order to face the problems occurring during the tests. So 

the main problems and the solution given are presented here: 

 The loading beam can incline when the load reaches a level as high as close to 2000kN. This 

inclination resulted in the fly out of the steel plate between the loading beam and the slab 

during the first experiment. The loading beam is then restrained against excessive rotation in 

several points across its height and the steel plate is restrained against horizontal movement. 

In general one has to keep in mind that, any displacement or rotation that can lead to instable 

situations, should be restrained. 

 Even if the two supports are designed in the same way and symmetrically across their width 

of the slab different settlement of them might be present. In the present experimental 

procedure the displacement of the four corners of the supports was monitored. Different 

settlement was measured and that was translated in rotation of the slab as a body but also as 

torsion of the slab, across its length, in some cases. Several options where tried, like 

prestressing the supports to the ground or fixing them in any way but small change in this 
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phenomenon was observed. Measuring the settlement in all four corners at least enables the 

user to correct the results of displacement measurements in every position of the beam. Such 

unexpected phenomena can be present in any experimental setup and might influence the 

measurements so they should at least be monitored in a careful way. 

 It is also important to calibrate the measuring equipment on the test setup in its final position. 

In the present case the lasers where calibrated after the first experiment and some error values 

were found. The load cells were also calibrated in a special machine in another location. This 

corrected any error present in the load cells and the top and bottom plates of them but did not 

found the mistakes on the cables or the amplifier that gives the signal of the load cells during 

the experiment. Since measuring equipment gives all the important indications for the 

experimental results it is crucial to spend enough time before the beginning of every 

experimental procedure in order to calibrate everything properly. 

 Furthermore a problem for the measurement of the load cells has to do with the bottom slab 

surface. This surface can never be perfectly smooth and even so some contacts are stronger 

and with some load cells the contact is totally missed. This means that the total amount of 

reaction force is in perfect agreement with the applied load but the reaction distribution is not 

realistic. In the present case this is an important parameter. The problem was solved by 

applying a gypsum layer between the load cells and the slab. This clearly improved the 

situation but some unexplainable results still occurred. 
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6 Conclusion 

The present report forms the written representation of the MSc thesis project held from November 

2011 until August 2012 by the writer. The present project is part of a wider experimental project held 

in the concrete structures laboratory in the Faculty of Civil Engineering in Technical University Delft. 

The project investigates the shear capacity of concrete slabs. The main problem is the underestimation 

of shear capacity of existing concrete bridge decks. The assessment of the capacity of existing bridges 

is of major importance. Assessing properly the residual capacity influences the decision for 

strengthening the structure, as traffic loads increase and regulations become stricter. Underestimation 

of the residual capacity then leads in quite expensive refurbishment solutions. 

One of the reasons of underestimation lies on the mechanical properties of concrete. The concrete 

strength is derived through a set of cores drilled in the structure. The difference with a new structure is 

that in old structures these cores show a large variation in strength, leading in a significantly lower 

value for the characteristic strength. Formulas derived in codes refer mainly to new structures thus 

giving significantly lower values when the characteristic strength of an old structure is used. 

Furthermore code formulas are derived mainly from empirical formulas coming from experimental 

results. The large majority of these experiments are held in concrete beams where the influence of 

weak spots is higher. In concrete slabs on the other hand, due to the capacity of stress redistribution, 

the influence of such spots is lower. 

In order to investigate these two reasons an experimental procedure is planned. Concrete slabs are 

constructed with strong and weak strips and tested in order to explore their behaviour and overall 

shear capacity. Finite Element Analysis is also used to predict the behaviour of the slabs and help 

make decisions about different testing options. The shear span and load procedure are the two main 

parts decided upon FEM analysis results. Similar FE models are also used to post process the 

experimental results and draw specific conclusions and recommendations for practice. The 

experimental results are used to assess the shear capacity of concrete slabs and verify the FEM 

analysis procedure.  

Upon processing the experimental results certain conclusions can be derived: 

 Using the mean concrete strength in the Eurocode formula, in order to assess the shear 

capacity, is in the conservative side. This is valid even for the experimental results in which 

the scatter on the material properties is exaggerated. In reality this scatter is lower and the 

load applied is mainly point load, where the expected capacity is even higher according to 

existing test records 
10

. Consequently it is on the safe side to suggest that the mean concrete 

strength shall be used - instead of the characteristic one - in the Eurocode shear formula in 

order to assess the bearing capacity of existing structures. 

 No strong correlation can be derived between the concrete strength and the failure mode. In 

high a/d ratio the failure mode is constant, while in slenderness smaller than 2.5 the failure 

mode is quite unstable even within the similar mixed slabs. 

 The inclined crack load is then a safe lower bound value to the shear capacity. This value is 

clearly influenced by the mean concrete strength of the structure with an almost linear 

relationship observed. The ultimate shear capacity though does not show such a relationship 

for the first test series. The mixed slab’s inclined crack load is always in between the two 

reference ones. 
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 The strips during the experimental procedure behave as a single body. The cracks propagate 

from a strip to the other and failure comes only when the strong strips have also failed. This 

means that the overall shear capacity could be calculated as the average capacity of the strips.  
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Annex A Finite Element modeling details 

 

In this Annex further details of the Finite Element Model specifications are given. First the properties 

of the materials used are given in tables.  

A.1 Material properties tables 

Table An. 1 3D Non Linear Cementitious 2 material model properties for low strength concrete (C20/25). 

Definition Symbol Value Definition Symbol Value 

Elastic 

modulus 

E 2.8*10
4
 MPa Crack shear 

stiff. Factor 

SF 20 

Poisson’s 

ratio 

μ 0,2 Aggregate 

size 

 0.02m 

Tensile 

strength 

ft 2.052 MPa Fail. Surface 

eccentricity 

 0.520 

Compressive 

strength 

fc -21.25 MPa Multiplier for 

the plastic 

flow dir 

β 0,000 

Specific 

fracture 

energy 

GF 5.13*10
-5

 

MN/m 

Specific 

material 

weight 

ρ 2,3*10
-2

 

MN/m
3
 

Critical 

compressive 

displacement 

Wd -5*10
-4

 m Coeff of 

thermal 

expansion 

α 1.2*10
-5

 1/K 

Plastic strain 

at 

compressive 

strength 

Εcp -7.572-10
-4

 Fixed crack 

model 

coefficient 

 0.800 

Reduction of 

comp. 

Strength due 

to cracks 

rc,lim 0.6    

Table An. 2 3D Non Linear Cementitious 2 material model properties for high strength concrete (C68/80). 

Definition Symbol Value Definition Symbol Value 

Elastic 

modulus 

E 4.257*10
4
 

MPa 

Crack shear 

stiff. Factor 

SF 20 

Poisson’s 

ratio 

μ 0,2 Aggregate 

size 

 0.02m 

Tensile 

strength 

ft 4.456 MPa Fail. Surface 

eccentricity 

 0.520 

Compressive 

strength 

fc -68.00 MPa Multiplier for 

the plastic 

flow dir 

β 0,000 

Specific 

fracture 

energy 

GF 1.114*10
-4

 

MN/m 

Specific 

material 

weight 

ρ 2,3*10
-2

 

MN/m
3
 

Critical 

compressive 

displacement 

Wd -5*10
-4

 m Coeff of 

thermal 

expansion 

α 1.2*10
-5

 1/K 

Plastic strain 

at 

Εcp -1.597*10
-3

 Fixed crack 

model 

 0.800 
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compressive 

strength 

coefficient 

Reduction of 

comp. 

Strength due 

to cracks 

rc,lim 0.6    

Table An. 3 3D Elastic Isotropic material model properties for the loading and supporting plates 

Definition Symbol Value Definition Symbol Value 

Elastic 

modulus 

E 2.100*10
5
 

MPa 

Specific 

material 

weight 

ρ 2,3*10
-2

 

MN/m
3
 

Poisson’s 

ratio 

μ 0,300 Coeff of 

thermal 

expansion 

α 1.2*10
-5

 1/K 

Table An. 4 3D Elastic Isotropic material model properties for the felt between the loading and supporting plates and 

the slab. 

Definition Symbol Value Definition Symbol Value 

Elastic 

modulus 

E 5.000*10
2
 

MPa 

Specific 

material 

weight 

ρ 2,3*10
-2

 

MN/m
3
 

Poisson’s 

ratio 

μ 0,300 Coeff of 

thermal 

expansion 

α 1.2*10
-5

 1/K 

Table An. 5 3D Interface material properties for the interfaces between the felt and the steel plates and the felt and 

the slab. 

Definition Symbol Value Definition Symbol Value 

Normal 

stiffness 

Knn 2*10
8
 

MN/m
3
 

Min. Normal 

stiffness for 

num. 

Purposes 

Knn,min 2*10
5
 

MN/m
3
 

Tangential 

stiffness 

Ktt 2*10
8
 

MN/m
3
 

Tensile 

strength 

ft 0.00 MPa Min. 

tangential 

stiffness for 

num. 

Purposes 

Ktt,min 2*10
5
 

MN/m
3
 

Cohesion C 0.00 MPa 

Friction coeff  0.5 

Table An. 6 Bilinear Elastic-plastic material for reinforcement 

Definition Symbol Value Definition Symbol Value 

Elastic 

modulus 

E 2*10
5
 MPa Specific 

material 

weight 

ρ 2,3*10
-2

 

MN/m
3
 

Yield stress σy 540 MPa Coeff of 

thermal 

expansion 

α 1.2*10
-5

 1/K 

Table An. 7 Bond for reinforcement material properties. After these values are set the program generates values of 

stress on the reinforcement and slip between the two materials in 7 points at both edges.l 

Variable Value 

Generator CEB-FIB Model Code 1990 

fcu 25 or 80 MPa 
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Reinforcement type Ribbed reinforcement 

Concrete confinement Confined 

Bond quality good 

 

A.2 Model properties 

Here the rest of properties of the FE models are presented in Tables. In this way they are collected all 

together in order for the most demanding user to be able to reproduce such models. 

Table An. 8 Model properties 

Number of materials used 8 (2 3D NonLinear Cementitious2, 2 3D 

Elastic isotropic, 1 3D Interface, 1 

Reinforcement and 2 Bond for 

Reinforcement) 

Number of macroelements used  46 (28 for the slab, 1 for the loading plate, 8 

for the supports, 9 for the felt) 

Slab macroelements 7 in the direction of the width for the 

different strips of the mixed slabs and 

4 in the direction of the length in order to 

vary the mesh thickness properties 

(in homogeneous slab models all 

macroelements are assigned to the same 

material) 

Contact surfaces 75 (45 full contacts between slab 

macroelements are assigned to perfect 

connection and 30 contacts between loading, 

supporting plates, felt and the slab assigned 

to 3D Interface material) 

Reinforcement bars 79 (55 for the bottom mesh (34 transverse 

and 21 longitudinal) and 24 for the top mesh 

(15 transverse and 9 longitudinal) ) the 

reinforcement bars are spread 

homogeneously and symmetrically in the 

total volume of the slab taking into account 

the cover distance from the sides 

Load cases 3 (body force: to account for the self weight, 

supports: to account for the support 

constraints, prescribed deformation: to 

account for the loading)  

FE mesh Total 8954 elements. Brick elements for the 

slab and Tetra elements for the loading and 

supporting plates and the felt. 

Element size (for the slab)  At the shear span: 0.03x0.05x0.1m 

 At the mid span: 0.05x0.08x0.15m 

 At the far end: 0.1x0.15x0.15m 

Element size (for the plates)  Supporting plates: 0.1m 

 Loading plate: 0.15m 

Solution parameters Standard Newton- Raphson with line search 

Analysis steps Varies according to each model. 

Minimum number: 21 for L016A 

Maximum number: 50 for H026A 

Monitoring points 101: 5 groups of 7 to measure deflection at 
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the bottom of the slab and 3 groups at the top; 

1 group of seven to measure reaction force 

under the 7 strips; 

1 group of 7 to measure the felt stress 

between the loading plate and the slab; 

1 to measure reaction at the position of 

application of prescribed deformation 

4 groups of 7 to measure crack width in 

several positions in the shear span. 

Table An. 9 Computational time required 

Model Time required for analysis 

The first models presented in chapter 3 for 

the preliminary study 

2-4 hrs 

0.6m and 1.2m wide models presented in the 

beginning of chapter 4 

2-4 hrs 

2.5m wide (slab) models presented in the 

beginning of chapter 4 (C20, C60_20T, etc.) 

4-6 hrs 

Final models used for predicting the 

experimental results and post processing of 

the results  

L016A, and second 

test series models 

8-10 hrs 

M036A and the rest 

of mixed first series 

models 

13-15 hrs 

H026A and models 

reached close to the 

yielding moment 

15-16 hrs 
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Annex B Measurement results 

B.1 L016A 

The 3
rd

 in the row experiment was the one of the low strength homogeneous slab. The load step this 

time is 200kN and four cyclic steps are followed. After that the diagonal crack has appeared and the 

situation is not stable anymore so the load is applied by displacement control until failure. 

So after the test is over the results from the measuring equipment are obtained in tables and they are 

graphically represented in graphs. The first and most important graph is the load – deflection 

relationship. Following the support reaction profile is illustrated for specific load steps. These steps 

are chosen to have the same step length (200mm) as the cyclic loading steps. 

The vertical crack opening is also plotted over the width of the slab. For the first load levels (until 

1000kN) the situation is almost symmetric. For higher load though, when the diagonal crack is 

formed, an asymmetry can be observed. This is due to the asymmetry in the support stiffness. On the 

one side the crack opens wider because the support is not in perfect contact with the ground on that 

side. This leads to bigger deflection and more observed damage to that side. The sudden crack open 

and load drop after the maximum value of 1446kN shows that failure came as diagonal tension. In 

Figure An. 1 the diagonal crack is shown. It is interesting to observe that the crack propagates from 

the load position to the support having a smaller angle (with the horizontal direction) compared to the 

high strength homogeneous slab. 

 

Figure An. 1 Diagonal crack picture for L016A 

B.2 H026A 

During the day of the experiment everything is set as described in previous sections and the load 

procedure to be followed is shown in the respective graph in Annex D. 

The most important graph occurring from the experimental measurements is the load – deflection 

relationship in. This gives information about the initial stiffness of the slab, the concrete cracking 

load, the inclined crack load and finally the ultimate failure load. The next graph to be presented, in 

Annex D, is the support reaction measured by the 7 load cells placed in the support close to the load. 

In the present experiment a problem is faced in this graph. The middle load cells are not measuring 

properly. This might be due to the slab shape which is not perfectly even in the bottom so not the 

same contact is achieved between the slab and each load cell. In following experiment this problem is 

solved by adding a thin (2-3 mm) gypsum layer between the slab and the support. Following, the load 

– vertical crack opening relationship in the critical cross section is shown in Annex D. This cross 
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section is the one across the width and in the middle of the shear span. The crack opening is 

calculated as the difference between the deflection of the bottom and the top surface. It can be seen 

that the red line for y=800mm shows negative crack width. This is due to one miscalibrated laser 

device in that point. After the two first experiments the lasers are calibrated again and the results are 

corrected back so in the next graph the corrected results are plotted in Annex D. 

 

So far two problems, faced in this experiment, are described, namely the one concerning the load cells 

and the one concerning some miscalibrated lasers. These, though, were not the only problems faced. 

The most important one comes close to the ultimate load. A while after the threshold of 1650 kN a 

loud noise is heard and the loading procedure has to be stopped. Some seconds later the steel plate 

between the felt and the loading beam flies over. It is pushed sideways by a force created due to the 

horizontal displacement of the bottom of the loading beam. So finally the testing is finished. Since it 

is not yet known if the ultimate load reached in this experiment is the actual failure load or not, the 

testing is decided to be repeated. This happens 4 days later on the 27 of March 2012 but with no big 

success. Since the slab is already cracked in this span it is very difficult to apply the load in the exact 

same location as before and a small shift gives large inclination to the loading beam. Finally the 

second testing has to be stopped at almost 1200 kN because of the aforementioned large inclination of 

the loading beam. With the help of a careful examination of the test results it can be assessed whether 

or how close to failure this ultimate load of 1650 kN is. 

Another problem faced in this experiment has to do again with the load cells under the support. The 

total reaction measured should fit with the theoretical reaction according to the applied load. Since the 

shear span is 600mm and the total span is 3600mm, the reaction should be 3/3.6*P, where P is the 

applied load. Through Figure An. 2 it can be seen that the two quantities are not in accordance as it 

should be. This is another problem to be solved in following experiments. 

Finally one of the most important results of the test is the crack pattern. Cracks are marked after every 

load step, under and on the sides of the slab. The final crack inclination is of major significance 

because it helps to support the FEM results and the theory of different crack inclination between the 

low and high strength concrete. In Figure An. 3 the diagonal crack on the side of the slab is seen. 

 

Figure An. 2 theoritical vs measured reaction under the support 
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Figure An. 3 Diagonal crack for H026A 

B.3 M036A 

The tests of the mixed slabs with 600mm shear span are the longest ones according to planning. This 

is because the predicted failure load is close to the high strength slab but the load steps are chosen to 

have the same length as the low strength slab in order to mark the cracks in more load levels. Then it 

is possible to compare crack propagation of mixed, low and high strength slabs in the respective load 

level. In Annex D the load procedure is represented and it can be noticed that it includes 8 load steps 

instead of 4. 

The load procedure is also represented in a graph shown in Annex D. There it can be noticed that the 

break in 10kN condition after the 3
rd

 load step takes longer than the other ones. This is because two 

lasers are not measuring properly so this is when they were reconnected and calibrated in order to give 

proper measurements. Another point of comment is the flat part close to the end. There the oil 

pressure is not high enough so the hydraulic actuator is unable to apply more load to the specimen. 

Finally this is also fixed and the load is able to increase more until the maximum value of 1830kN. 

The load – deflection graph produced by this experiment is shown in Annex D. The maximum load 

reached is 1830kN and the flat part in the end shows that the longitudinal reinforcement is under 

yielding. This means that failure comes as bending and the maximum shear capacity is reached. The 

test is then stopped since there is no further interest bending failure and the further damage should be 

avoided since a second test will follow on the other span of the same specimen. 

In the vertical crack opening graph one can notice an asymmetric behaviour of the specimen after the 

load level of 1400kN. This happens after the inclined crack has formed and opens wider as the load 

increases. The asymmetry is caused by the difference in stiffness between the two sides of the 

support. This asymmetry is not present in the initial load levels. This is because in the beginning the 

whole slab rotates evenly towards this side even though the other support has symmetric stiffness. 

This is due to the felt that is present between the slab and the support on the side far from the load. 

The felt allows the slab to displace differently at the two sides but after the limit of the felt is reached 

then the asymmetric behaviour cannot be avoided. Then the support close to the load keeps on 

deforming asymmetrically and this phenomenon introduces torsion to the slab. This is the reason why 

all specimen of this first series of experiments show more damage in the one side than the other. The 

last graph shows the crack opening in relationship to the load, where the wider opening is again for 

y=125mm. 
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Figure An. 4 Inclined crack side view of the M036A slab 

 

B.4 M046A 

This is the second experiment of a mixed slab with a shear span of 600mm. The load procedure is 

again the same as in M036A and the prediction as well. In reality of course there are small differences 

between the two specimens. The exact width of the strips can vary by 10-20mm with the ratio 

between strong and weak concrete remaining constant. The low strength mixture shows large scatter 

as well as presented in Annex C. The mean cube strength for M046A in the day of the experiment is 

30,1 MPa instead of 36,0 for M036A. These differences then make the comparison between the two 

specimens more interesting. This comparison is held in terms of inclined crack load, failure load and 

failure mode. 

The load procedure followed here is presented in Annex D. This is again one of the longest 

experiments as the load step followed is the same as in the low strength slab (200kN) but the total 

cyclic steps are 6. The procedure is followed as scheduled with no significant events happening 

during these steps. After the 6
th
 step and when the slab is unloaded (10kN), the actuator is switched to 

displacement control and the specimen is loaded until failure. The load reached a level close to 

1700kN but at this point failure came as shear compression with a sudden crack opening and a loud 

noise to be produced. By comparing the two following graphs one can see that the failure load differs 

(from 1800kN to 1700kN) and that the failure mode differs. In M036A the crack opens while the load 

remains constant. This means that the slab is able to carry this load but the crack opens due to 

reinforcement yielding; leading to bending failure. In M046A though, the crack opening is combined 

with a load drop. This indicates a shear failure, and specifically shear compression because it comes 

when the remaining arch fails. The comparison in terms of diagonal crack load shows values of 

1300kN and 1200kN.  

M036A 
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Figure An. 5 Load – crack opening relationship for M036A 

 

Figure An. 6 Load – crack opening relationship for M046A 

The side view of the inclined crack is shown in Figure An. 7. The crack propagates from the loading 

position to the support and has a similar form to the one of the M036A slab. In this case though the 

crack opens wider due to the failure mode. 
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Figure An. 7 Inclined crack side view of the M046A slab 

B.5 M056B 

The third seemingly same mixed slab is the last experiment of the whole experimental procedure. The 

5
th
 slab is kept as reserve. After the first 8 experiments the 5

th
 slab is decided to be tested fist with a 

shear span of 800mm and then 600mm. That’s why this experiment has the letter B at the end. The 

differences presented in section B.4 make this experiment more interesting. As presented before a 

difference in failure mode can lead to big difference in maximum load. That’s why the comparison 

between these experiments is held in terms of inclined crack load. 

In this experiment the same load procedure is used, as in the previous mixed specimens. At the end of 

the 5
th
 step though, and while being still under load controlled conditions, a noise is heard from the 

setup. The slab started cracking and the inclined crack became wide. The actuator is switched to 

displacement control and the slab is loaded then until failure. After the load increased diagonal 

tension failure came together with the inclined crack propagation. The plateau observed in the load – 

displacement graph at load level equal to 1200kN appears because loading stopped in order to switch 

the actuator and is not related to any physical phenomenon, like reinforcement yielding. The inclined 

crack load then is in similar level with the previous similar slabs (1200kN) but the ultimate load is 

significantly lower due to the difference in failure mode.  This large scatter in failure mode and 

ultimate load happens especially in this region of a/d ratios close to 2.5. This observation is in 

agreement with past literature that says that failure mode changes in a value of a/d ratio close to 2.5. 

B.6 H028B 

The first experiment of the second test series is again the homogeneous high strength slab. The load 

procedure in this second test series changes so that the same number of steps to be followed. The load 

step length is now 320kN instead of 400kN that it was before for the high strength slab. Using this 

length after 4 steps the load is 1280kN which is quite close to the 1350kN of the prediction. For the 

low strength slab half the length is going to be used again as before. 

The procedure for this experiment runs as planned and nothing special is observed. Here it is 

important to observe if the failure mode switches to diagonal tension as predicted and at which load 

level the diagonal crack is formed. During the test, the summation of the seven load cells is compared 

with the applied load from the actuator. Before this test, a long break took place, in order to fix the 

measurements from the load cells. The declination now from the calculated value has dropped from 

30% to 10%.  During the test nothing can change but after it the cables of the load cells are to be 

checked again. Finally a mistake in connection of the cables to the amplifier is found and the results 

can be corrected according to a certain ratio. The declination after all possible corrections is found to 

be almost 1% which is quite satisfying.  

M046A 
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After the fourth load step the actuator is again switched to displacement controlled condition and the 

slab is loaded, with 0.01mm/s rate, until failure. Failure comes as diagonal tension with a wide and 

sudden crack opening at 1297kN. The load then drops to 1100kN almost and the slab is able to 

increase the load again. The load is then increased but close to a value of 1200kN but then drops again 

to a very low value. Then the slab has failed completely. At this second increase of the load is when 

the crack propagates at the total width of the slab. Before that, the crack is apparent only at the one 

side of the slab due to the aforementioned asymmetry in support stiffness.  

 

Figure An. 8 Inclined crack view for H028B 

B.7 L018B 

The low strength slab of the second test series presents special interest. In the first test series the 

homogeneous low strength slab did not follow the predicted failure mode and reached an ultimate 

capacity significantly higher than the predicted one. Here the prediction is that all slabs will fail in 

diagonal tension and it is rather hardly possible that something different will happen. 

The load procedure for this slab is followed as planned with the load step being half of that for the 

high strength one (160kN). The first five steps are completed with nothing special happening. The 

cracks are marked between each step as presented in figures. After the 5
th
 step the actuator is switched 

and the slab is loaded until failure. Here again the inclined crack appears and the slab fails in diagonal 

tension at 1070kN. After the load drops close to 950kN and remains constant until the crack 

propagates at the total width of the slab. The inclined crack is shown in Figure An. 9. 

 

Figure An. 9 Inclined crack view of L018B 

 

L018B 

H028B 
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B.8 M038B 

The first of the mixed slabs of this second test series is M038B. The load procedure followed here 

consists of 6 cyclic steps with a step length of 160kN. Here the load step used is the same as in the 

low strength homogeneous slab and half as the one in the high strength one. The reason for this has to 

do with the crack marking procedure under the slab. The cracks marked in each step can be directly 

compared with the ones under the low strength slab because they are in the same load level. So 

comparing the cracks on the low strength strips of a mixed slab with the ones on the homogeneous 

slab could lead to some interesting results. The same thinking stands for the homogeneous high 

strength slab and the high strength strips of the mixed slabs. That’s why the step length is exactly half 

here, and the cracks every two steps can be directly compared. 

After the 6 cyclic steps the actuator is switched to displacement control and the slab is loaded until 

failure. Everything went as scheduled and nothing happened that is worth mentioning. The inclined 

crack is formed at a load level equal to 1120kN and the load drops. Here though the same behavior, as 

in the previous two slabs, can be observed in the load – deflection graph. The slab is able to carry 

more load until the crack propagates at the total of the width of the slab. Here though the second peak 

reaches a level slightly higher that the first one, in contrast with the previous two cases. This second 

peak is at a load level equal to 1160kN but the comparison happens in terms of inclined crack load so 

the first value is used in this case. The inclined crack is shown in Figure An. 10. 

 

Figure An. 10 Inclined crack view of M038B 

 

B.9 M048B 

The second mixed slab of the second test series is M048B. The load procedure here is the same as in 

the previous mixed slab. The small differences though might influence the behavior of the slab under 

loading. After the 6 cyclic steps and the final loading under displacement control everything went as 

planned. Failure came as diagonal tension with the inclined cracking load being 1195kN. The inclined 

crack side view is shown in Figure An. 11. 

M038B 
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 Figure An. 11 Inclined crack side view of M048B  

B.10 M058A 

The last slab to be tested is slab number 5. This slab is kept until this point untested and is finally 

decided to be tested as the previous ones. The only difference is that it is first tested with a shear span 

of 800mm and after with a shear span of 600mm. That’s what the letter ‘A’ means at the end of the 

name of the present experiment. Everything else is followed as before and goes as planned. Failure 

came as diagonal tension with the inclined cracking load being 1165kN. The inclined crack side view 

is shown in Figure An. 12. 

 

Figure An. 12 Inclined crack side view of M058A 

M058A 

M048B 
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Annex C Concrete strength data 

C.1  

Concrete strength is one decisive parameter for the shear capacity of concrete slabs. So during an 

experimental procedure strength has to be specified in a clear and consistent way. In the present study 

2 different concrete mixtures are required. The first one is a high strength commercially available 

concrete known as B65 and the second one is a special low strength mixture. The requirement for the 

second one is to have as low compressive strength as possible but still being viscous enough in order 

not to mix with the high strength concrete. Therefore these two mixtures are ordered from the factory 

in order to cast the 5 slabs and, although the factory provides material properties, cubes are also taken 

in order to specify the concrete strength. These cubes have a dimension of 150mm and 21 of them are 

cast for every mixture and every slab. They are then tested under compression 7, 14 and 28 days after 

casting and also the day of the experiment. Every time 3 of them are tested and the mean value is 

calculated. These values are shown in Table An. 10. 

Table An. 10 Compressive stress results in MPa 

Days after 

casting 

L01 H02 M03 M04 M05 

   Low High Low High Low High 

7   18,7 67,7 14,8 62,9 14,1 65,3 

14 17,0 67,4 26,4 73,1 20,6 68,4 21,8 69,4 

28 22,1 73,7 32,0 77,4 27,9 75,0 29,7 75,7 

X (experiment) 27,3 

(61days) 

71,8 (29 

days) 

36,0 (43 

days) 

82,0 (43 

days) 

30,1 

(38 

days) 

76,2 

(38 

days) 

36,5 

(79 

days) 

80,9 

(79 

days) 

X (2
nd

 exp.) 31,0 

(126 

days) 

78,9 (118 

days) 

43,9 

(113 

days) 

85,8 (113 

days) 

36,7 

(105 

days) 

81,2 

(105 

days) 

36,3 

(83 

days) 

81,3 

(83 

days) 

 

Using the data from the table above graphs are drawn to shown the strength evolution through time. In 

Figure An. 13 and Figure An. 14 the high and low strength mixtures are shown respectively. It can be 

observed that the high strength one is quite consistent with all 3 lines showing the same trend. The 

difference between slab H02 and MO3 is less than 6%. The only difference is on the initial inclination 

of the blue line but this is only because the point for 7 days is missing for this slab.  

On the other hand the low strength concrete shows large scatter in compressive strength. This mixture 

is specified manually through a series of trial casts in the laboratory. In order to achieve lower 

strength values without adding water, fly ash is used instead. The content of water, cement and fly ash 

is the influencing parameter. Finally the scatter observed in the different mixtures is because the 

content in cement water and fly ash is not exactly the same every time. The homogeneous low 

strength slab and first mixed one (M03) have a compressive strength difference of almost 30%. 

 



 

17 

 

 

Figure An. 13  Strength evolution through time for the high strength mixture 

 

Figure An. 14 Strength evolution through time for the low strength mixture 

Table An. 11 Composition of the two concrete mixtures (left: high strength, right: low strength) 

Content Mass [kg]  Content Mass [kg] 

CEM I 52.5 280  CEM I 42.5 150 

CEM III 42.5 145  Limestone 

Powder 

80 

Sand 0-4 mm 775  Fly Ash 100 

Gravel 4-16 mm 900  Sand 0-4 mm 872 

Fly Ash 60  Gravel 4-16 mm 907 

SPL VC 1550 3,541    

VTR VZ 1 1,213    

Water 171  Water 185 

Total 2336  Total 2294 
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Annex D Graphs and figures 

 

D.1 Load procedure  

 

Figure An. 15 L016A 

 

Figure An. 16 H026A 
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Figure An. 17 M036A 

 

Figure An. 18 M046A 
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Figure An. 19 M056B 

 

Figure An. 20 L018B 
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Figure An. 21 H028B 

 

Figure An. 22 M038B 
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Figure An. 23 M048B 

 

Figure An. 24 M058A 
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D.2 Load procedure tables 

Table An. 12 Load procedure for L016A 

Load procedure              

L016A       P (kN) time (s)   

  

   

0 0 9:30 

  

   

200 200 9:36:40 

short resting period: 600 s 

 

200 800 9:46:40 

long resting period: 600 s 

 

10 990 9:52:30 

loading rate: 1 kN/s 

 

10 1590 10:02:30 

 deflection control rate 0.01 mm/s 

 

400 1980 10:15:00 

FEM predictions     

 

400 2580 10:25:00 

Cracking load 250 kN 

 

10 2970 10:37:30 

Unstable inclined crack  914 kN 

 

10 3570 10:47:30 

Failure 914 kN 

 

600 4160 11:06:40 

load step 200 kN 

 

600 4760 11:16:40 

LV1 200 kN 

 

10 5350 11:35:50 

LV2 400 kN 

 

10 4950 11:45:50 

LV3 600 kN 

 

800 6740 12:11:40 

LV4 800 kN   800 7340 12:21:40 

 

Table An. 13 Load procedure for H026A 

Load procedure              

 H026A       P (kN) time (s)   

short resting period: 600 s 

 

0 0 9:30 

long resting period: 600 s 

 

400 400 9:36:40 

loading rate: 1 kN/s 

 

400 1000 9:46:40 

 deflection control rate 0.01 mm/s 

 

10 1390 9:52:30 

FEM predictions     

 

10 1990 10:02:30 

Cracking load 450 kN 

 

800 2780 10:15:00 

Unstable inclined crack  1400 kN 

 

800 3380 10:25:00 

Failure 1770 kN 

 

10 4170 10:37:30 

load step 400 kN 

 

10 4770 10:47:30 

LV1 400 kN 

 

1200 5960 11:06:40 

LV2 800 kN 

 

1200 6560 11:16:40 

LV3 1200 kN 
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Table An. 14 Load procedure table for the mixed slabs of the first test series (M036A, M046A, M056B) 

Load procedure 
M046A             

  
   

P (kN) time (s) time 

  
   

0 0 9:30 

short resting period: 600 s 
 

200 200 9:33:20 

long resting period: 600 s 
 

200 800 9:43:20 

loading rate: 1 kN/s 
 

10 990 9:46:30 

  
   

10 1590 9:56:30 

FEM predictions     
 

400 1980 10:03:00 

Cracking load 380 kN 
 

400 2580 10:13:00 

Unstable inclined 
crack  1190 kN 

 
10 2970 10:19:30 

Failure 1620 kN 
 

10 3570 10:29:30 

load step 200 kN 
 

600 4160 10:39:20 

LV1 200 kN 
 

600 4760 10:49:20 

LV2 400 kN 
 

10 5350 10:59:10 

LV3 600 kN 
 

10 5950 11:09:10 

LV4 800 kN 
 

800 6740 11:22:20 

LV5 1000 kN 
 

800 7340 11:32:20 

LV6 1200 kN 
 

10 8130 11:45:30 

LV7 1400 kN 
 

10 8730 11:55:30 

LV8 1600 kN 
 

1000 9720 12:12:00 

  
   

1000 10320 12:22:00 

  
   

10 11310 12:38:30 

  
   

10 11910 12:48:30 

  
   

1200 13100 13:08:20 

        1200 13700 13:18:20 
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Table An. 15 Load procedure for L018B 

Load procedure              

L018B       P (kN) time (s)   

  

   

0 0 9:30 

  

   

160 160 9:32:40 

short resting period: 600 s 

 

160 760 9:42:40 

long resting period: 600 s 

 

10 910 9:45:10 

loading rate: 1 kN/s 

 

10 1510 9:55:10 

 deflection control rate 0.01 mm/s 

 

320 1820 10:00:20 

FEM predictions     

 

320 2420 10:10:20 

Cracking load 220 kN 

 

10 2730 10:15:30 

Unstable inclined crack  940 kN 

 

10 3330 10:25:30 

Failure 940 kN 

 

480 3800 10:33:20 

load step 160 kN 

 

480 4400 10:43:20 

LV1 160 kN 

 

10 4870 10:51:10 

LV2 320 kN 

 

10 5470 11:01:10 

LV3 480 kN 

 

640 6100 11:11:40 

LV4 640 kN   640 6700 11:21:40 

LV5 800 kN 

 

10 7330 11:32:10 

    

10 7930 11:42:10 

    

800 8720 11:55:20 

    

800 9320 12:05:20 

 

Table An. 16 Load procedure for H028B 

Load procedure              

H028B       P (kN) time (s)   

  

   
0 0 9:30 

  

   
320 320 9:35:20 

short resting period: 600 s 

 
320 920 9:45:20 

long resting period: 600 s 

 
10 1230 9:50:30 

loading rate: 1 kN/s 

 
10 1830 10:00:30 

 deflection control rate 0.01 mm/s 

 
640 2460 10:11:00 

FEM predictions     

 
640 3060 10:21:00 

Cracking load 400 kN 

 
10 3690 10:31:30 

Unstable inclined crack  1350 kN 

 
10 4290 10:41:30 

Failure 1350 kN 

 
960 5240 10:57:20 

load step 320 kN 

 
960 5840 11:07:20 

LV1 320 kN 

 
10 6790 11:23:10 

LV2 640 kN 

 
10 7390 11:33:10 

LV3 960 kN 

 
1280 8660 11:54:20 

LV4 1280 kN   1280 9260 12:04:20 
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Table An. 17 Load procedure for M038B 

Load procedure              

M038B       P (kN) time (s)   

  

   
0 0 9:30 

  

   
160 160 9:32:40 

short resting period: 600 s 

 
160 760 9:42:40 

long resting period: 600 s 

 
10 910 9:45:10 

loading rate: 1 kN/s 

 
10 1510 9:55:10 

 deflection control rate 0.01 mm/s 

 
320 1820 10:00:20 

FEM predictions     

 
320 2420 10:10:20 

Cracking load 350 kN 

 
10 2730 10:15:30 

Unstable inclined crack  1190 kN 

 
10 3330 10:25:30 

Failure 1190 kN 

 
480 3800 10:33:20 

load step 160 kN 

 
480 4400 10:43:20 

LV1 160 kN 

 
10 4870 10:51:10 

LV2 320 kN 

 
10 5470 11:01:10 

LV3 480 kN 

 
640 6100 11:11:40 

LV4 640 kN   640 6700 11:21:40 

LV5 800 kN 

 
10 7330 11:32:10 

LV6 960 kN 

 
10 7930 11:42:10 

    
800 8720 11:55:20 

    
800 9320 12:05:20 

    
10 10110 12:18:30 

    
10 10710 12:28:30 

    
960 11660 12:44:20 

    
960 12260 12:54:20 
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D.3 Load – displacement graphs  

 

Figure An. 25 L016A 

 

Figure An. 26 H026A 
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Figure An. 27 M036A 

 

Figure An. 28 M046A 
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Figure An. 29 M056B 

 

Figure An. 30 L018B 
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Figure An. 31 H028B 

 

Figure An. 32 M038B 
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Figure An. 33 M048B 

 

Figure An. 34 M058A 
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D.4 Support reaction profile 

 

Figure An. 35 L016A 

 

 

Figure An. 36 H026A 
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Figure An. 37 M036A 

 

Figure An. 38 M046A 
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Figure An. 39 M056A 

 

 Figure An. 40 L018B 
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Figure An. 41 H028B 

 

Figure An. 42  M038B 
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Figure An. 43 M048B 

 

Figure An. 44 M058A 
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D.5 Load – crack opening relationship 

 

Figure An. 45 L016A 

 

Figure An. 46 H026A 
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Figure An. 47 M036A 

 

Figure An. 48 M046A 
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Figure An. 49 M056B 

 

Figure An. 50 L018B 
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Figure An. 51 H028B 

 

Figure An. 52 M038B 
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Figure An. 53 M048B 

 

Figure An. 54 M058A 
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D.6 Crack opening profile at the middle of the shear span 

 

Figure An. 55 L016A 

 

Figure An. 56 H026A 
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Figure An. 57 M036A 

 

Figure An. 58 M046A 
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Figure An. 59 M056B 

 

Figure An. 60 L018B 
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Figure An. 61  H028B 

 

Figure An. 62 M038B 
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Figure An. 63M048B 

 

Figure An. 64 M058A 
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D.7 Side view of crack pattern 

 

 

Figure An. 65 Side crack patterns of test series 1 specimens after failure. 
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D.8 Load – deflection graph (experimental vs. FEM prediction) 

 

Figure An. 66 L016A 

 

Figure An. 67 H026A 
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Figure An. 68 M036A 

 

Figure An. 69 M046A 
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Figure An. 70 M056B 

 

Figure An. 71 L018B 
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Figure An. 72 H028B 

 

Figure An. 73 M038B 
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Figure An. 74 M048B 

 

Figure An. 75 M058A 
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Annex E Data from existing bridges in the Netherlands 

 

In this annex tables with data from existing bridges are presented. These bridges are in the 

Netherlands and the data come from Rijkswaterstaat and TNO
5
. The three last columns of the tables 

come from calculations with the Eurocode formula using the mean and characteristic concrete 

strength respectively. The shear stress τRd is calculated and the difference in percentage is shown in 

the last column. The calculated resistance is almost 20% higher in some cases when the mean strength 

is used. The two Eurocode values are calculated using the mean and the characteristic strength. The 

EC formula used in the calculations is: 

VRd,c=[C*k*(100ρ1fc)
1/3

]*bw*d,  with C=0.163. 

Table An. 18 Data from existing bridges in the Netherlands together with EC prediction calculation 

nr Naam Topcode η fcm 
[N/mm2] 

s 
[N/mm2] 

fck 
[N/mm

2
] 

τEC,fcm 
(MPa) 

τEC,fck 
(MPa) 

(τEC,fcm-
τEC,fck)/τEC,fck
*100 % 

1 Viaduct in de weg 
Helden - Helenaveen 
(Spiesberg) 

52D-303-01 6 76,7 4,5 60,8 1,17 1,09 8,05 

2 Noordelijk viaduct over 
Rijksweg 2 
(Napoleonsweg) 

58C-107-01 6 77,5 4,2 61,6 1,18 1,09 7,95 

3 Brug over de Uffelse 
beek bij Hunsel 

58C-109-01 5 55,7 11,7 33,0 1,05 0,89 19,06 

4 Viaduct in de Kleine 
Berkelaan 

60A-104-01 5 80,2 8,7 61,6 1,19 1,09 9,19 

5 Viaduct in de weg 
Gebroek - Susteren 

60A-303-01 6 85,1 7,0 68,9 1,21 1,13 7,29 

6 Noordelijk viaduct over 
de Rijksweg (St. Joost) 

60B-100-01 6 76,3 8,8 58,8 1,17 1,07 9,07 

7 Zuidelijk viaduct over de 
Rijksweg (St. Joost) 

60B-101-02 6 74,1 7,9 58,1 1,16 1,07 8,45 

8 Zuidelijk viaduct in de 
Daelderweg 

60D-304-01 2 65,8 0,4 48,5 1,11 1,01 10,70 

9 Viaduct in de Oostelijke 
rijbaan over de 
Bunderstraat (Putsteeg) 

61F-303-01 5 78,2 8,9 59,8 1,18 1,08 9,35 

10 Viaduct in de Westelijke 
rijbaan overde 
Bunderstraat (Hoolhoes) 

61F-304-01 5 71,0 8,0 54,3 1,14 1,05 9,35 

11 Noordelijk viaduct over 
de Overheekerweg 

62A-116-01 6 79,0 10,3 57,1 1,19 1,06 11,43 

12 Noordelijk viaduct over 
de Putweg (De 
Putweiden) 

62B-118-01 5 82,0 10,8 58,4 1,20 1,07 11,98 

13 Noordelijk viaduct over 
de Steinweg 

62B-119-01 5 65,7 12,7 39,3 1,11 0,94 18,68 

14 Zuidelijke brug over het 
Lettelberterdiep 
(bestaand) 

07C-101-02 3 81,5 8,0 58,3 1,20 1,07 11,81 

15 Zuidelijke brug over het 
Lettelberterdiep 
(uitbreiding) 

07C-101-02 3 87,7 4,0 70,6 1,23 1,14 7,50 

16 Noordelijke brug over de 
Munikkesloot 

07C-106-01 5 89,9 6,6 73,5 1,24 1,16 6,94 

17 Brug over het 
Winschoterdiep 

07H-100-01 6 75,6 5,9 59,7 1,17 1,08 8,19 

18 'Brug over het 
Winschoterdiep' 

07H-100-03 6 82,3 7,7 66,1 1,20 1,12 7,58 

19 Noordelijk viaduct over 
de Stelledijk 

48E-105-01 6 79,8 4,0 63,9 1,19 1,10 7,69 

20 Zuidelijk viaduct over de 
Bunschoterstraatweg 

32B-100-01 7 77,7 7,5 61,8 1,18 1,09 7,93 

21 Noordelijk viaduct over 
de Bunschoterstraatweg 

32B-100-02 7 76,0 5,5 60,2 1,17 1,08 8,08 

22 Oostelijke brug over de 
Barneveldse Beek 

32B-300-01 5 87,9 7,3 71,5 1,23 1,15 7,13 

23 Westelijke brug over de 
Barneveldse Beek 

32B-300-02 5 96,4 4,7 79,9 1,27 1,19 6,46 

24 Viaduct in de Hoog 
Buurloseweg 

33A-109-01 6 74,3 6,1 58,4 1,16 1,07 8,36 

25 Zuidelijk viaduct over de 
Zr. Meyboomlaan 

33B-133-01 5 84,2 7,7 67,8 1,21 1,13 7,49 
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26 Viaduct in de 
Amsterdamseweg 
(Wolfhezerbrug) 

40A-106-01 6 96,8 8,0 80,3 1,27 1,19 6,43 

27 'Brug over de 
Dierensche hank' 

40E-103-01 6 77,1 9,8 57,8 1,18 1,07 10,08 

28 (Oostelijk) Westelijk 
viaduct over de 
Malthaweg 

43G-101-01 5 69,9 9,8 49,6 1,14 1,01 12,12 

29 Zuidelijk viaduct over de 
provinciale weg 
Oudenbosch - Oud 
Gastel (Craaling) 

43H-109-01 7 71,6 9,2 54,1 1,15 1,04 9,79 

30 Viadukt in de 
Stelvenseweg 
(Hespelaar) 

44D-307-01 6 88,5 10,2 67,4 1,23 1,12 9,50 

31 Brug over het 
Drongelens kanaal 

44H-100-01 6 75,6 10,8 55,0 1,17 1,05 11,19 

32 Zuidelijk viaduct over de 
Hulsdonksestraat 

49E-105-01 5 74,0 18,5 37,3 1,16 0,92 25,65 

33 Westelijk viaduct over 
de spoorlijn Roosendaal 
- Bergen op Zoom 
(Bulkenaar) 

49E-106-01 6 80,9 6,6 64,8 1,19 1,11 7,68 

34 Viaduct in de Reedijk 51A-103-01 6 85,0 6,4 68,9 1,21 1,13 7,25 

35 Viaduct in de 
Kattenberg 

51A-104-01 6 85,9 5,3 69,8 1,22 1,14 7,16 

36 Viaduct in de 
Heerzerweg 

51H-300-01 7 78,6 4,5 62,8 1,18 1,10 7,77 

37 Viaduct in de Hogeweg 51H-301-01 7 79,9 5,5 64,1 1,19 1,11 7,62 

38 Viaduct over de 
spoorlijn Amsterdam-
Rotterdam 

30F-301-01 6 60,8 7,3 45,1 1,09 0,98 10,47 

39 Zuidelijke brug over de 
Boonervliet 

37B-110-01 6 76,8 6,0 60,9 1,17 1,09 8,04 

40 Viaduct in de 
Vroesenlaan 

37F-117-01 6 73,4 4,7 57,6 1,16 1,07 8,42 

41 Viaduct in de Molendijk 43E-101-01 6 84,0 5,9 67,9 1,21 1,13 7,35 

42 Viaduct in de 
Middelsluissedijk 

43E-102-01 6 70,0 5,5 54,2 1,14 1,05 8,90 

43 Brug Oude Maas 44A-100-01 6 94,4 9,7 74,9 1,26 1,16 8,02 

44 Brug Oude Maas 44A-100-02 3 80,5 2,3 63,6 1,19 1,10 8,17 

45 Brug Oude Maas 44A-100-03 5 75,4 12,1 52,6 1,17 1,03 12,75 

46 Brug Oude Maas 44A-100-05 2 74,0 7,1 35,2 1,16 0,91 28,10 

47 Brug Oude Maas 44A-100-11 3 93,0 9,3 66,7 1,25 1,12 11,72 

48 Terbrechtseplein, 
Noordelijk viaduct 

37-F-104-03 3 106,9 7,3 84,8 1,31 1,21 8,03 

49 Wilhelminakanaal 
Noord, kunstwerk 51A-
101-01 /-02 

51A-101-01 

1-02 

3 88,7 5,5 71,5 1,23 1,15 7,45 

50 Wilhelminakanaal Zuid, 
kunstwerk 51A-101-01 /-
02 

51A-101-01 /-
02 

3 83,7 8,9 57,7 1,21 1,07 13,20 

51 Heidehof West, 
kunstwerk 44D-300-01 

44D-300-01 3 76,1 10,3 48,7 1,17 1,01 16,04 

52 Heidehof Oost, 
kunstwerk 44D-300-02 

44D-300-02 3 81,0 8,2 57,8 1,19 1,07 11,91 

53 Hooipolder West, 
kunstwerk 44G-103-01 

44G-103-01 7 91,0 8,5 74,1 1,24 1,16 7,09 

54 Hooipolder Oost, 
kunstwerk 44G-103-02 

44G-103-02 5 84,7 10,5 62,6 1,21 1,10 10,60 

55 Beatrixkanaal Zuid, 
kunstwerk 51B-105-02 

51 B-105-02 5 73,2 9,8 53,8 1,16 1,04 10,81 

56 De Barrier Noord, 
kunstwerk 51G-106-01 

51G-106-01 3 85,4 6,2 66,4 1,22 1,12 8,75 

57 De Barrier Zuid, 
kunstwerk 51G-106-02 

51 G-106-02 3 74,5 6,6 54,7 1,16 1,05 10,85 

58 Nijmeegseweg Noord, 
kunstwerk 52G-105-01 

52G-105-01 6 60,9 9,5 43,1 1,09 0,97 12,21 

59 Nijmeegseweg Zuid, 
kunstwerk 52G-105-02 

52G-105-02 6 77,3 5,2 61,4 1,18 1,09 7,98 
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60 (Westerwoldsche Aa) -
Oostelijke en Westelijke 
aanbrug over de 
Westerwoldsche Aa 
(ZUID) 

08C-103-01 
en 03 

6 57,7 9,3 40,4 1,07 0,95 12,62 

61 Tungelroysche Beek 58C-304 6 77,5 8,4 60,5 1,18 1,08 8,60 

62 'Kleine Berkelaan' 60A-104-01 5 80,2 8,7 61,6 1,19 1,09 9,19 

63 Ongelijkvloerse kruising 
Rijksweg -Sittardweg 
(Grasbroek) 

60A-301-02 6 90,8 4,3 74,6 1,24 1,16 6,77 

64 Ongelijkvloerse kruising 
Rijksweg -weg Holtum-
Susteren (Wolfrath) 

60A-305-02 6 75,9 5,6 59,9 1,17 1,08 8,21 

65 Ongelijkvloerse kruising 
Rijksweg -Havenweg 
(Havenweg 1962) 

60A-308-02 7 83,4 8,7 66,2 1,21 1,12 8,00 

66 Ongelijkvloerse Kruising 
Rijksweg -Europalaan 
(Europalaan) 

31H-304-01 
t/m 04 

6 110,8 4,9 94,3 1,33 1,26 5,52 

67 Brug over het 
Twentekanaal 
(Markelosebrug) 

34B-100-01 
en 03 

6 79,2 6,5 63,1 1,19 1,10 7,87 

nr Naam Topcode η fcm 
[N/mm2] 

s 
[N/mm2] 

fck 
[N/mm

2
] 

      

1 

Ongelijkvloerse kruising 
Rijksweg -
Galecopperdijk 
(Papendorpsetunnel) 

31H-172-01 6 67,8 8,7 50,9 1,13 1,02 10,03 

2 Hoopstraat 37E-119-01 6 85,2 1,8 69,2 1,22 1,13 7,18 

3 Knooppunt Kethelplein 
(A4-A20) 

37E-155-08 
(37E-002-06) 

6 72,1 5,6 56,2 1,15 1,06 8,66 

4 Knooppunt Usselmonde 
(Onderdoorgang) 

37H-158-09 6 94,8 9,2 76,7 1,26 1,17 7,32 

5 Zouwendijk 38E-300-01 6 56,9 2,5 41,7 1,06 0,96 10,92 

6 Breedestraat 39H-309-01 6 86,8 2,7 70,8 1,22 1,14 7,03 

7 Bosscheveldbrug 45D-001 5 68,9 5,9 53,0 1,13 1,04 9,14 

8 Heersestraat 51D-305 6 63,7 5,8 48,1 1,10 1,00 9,82 

9 
Ongelijkvloerse kruising 
Rijksweg -weg 
Graettheide-Guttecoven 
(Den Uil) 

60C-304-01 6 63,7 9,3 45,6 1,10 0,99 11,79 

10 Nieuwe Ley 50F-310 7 60,1 17,0 28,4 1,08 0,84 28,39 

nr Naam Topcode η fcm 
[N/mm2] 

s 
[N/mm2] 

fck 
[N/mm

2
] 

      

1 Gideonbruggen 07D-100-01 
t/m 03 

6 63,5 3,6 48,1 1,10 1,00 9,70 

2 Oudeweg 10H-101 
(10H-101-01 
en 02) 

6 67,3 3,2 51,7 1,12 1,03 9,19 

3 Knooppunt 
Gaasperdammerweg 

25G-166 
(25G-005-02) 

6 88,5 4,1 72,4 1,23 1,15 6,92 

4 De Dellen 27B-108(27B-
001-01) 

6 58,3 12,1 32,6 1,07 0,88 21,38 

5 Knooppunt Usselmonde 
(J.F. Kennedyweg) 

37H-105 
(37H-003-11) 

6 91,7 5,4 75,5 1,25 1,17 6,69 

6 Ongelijkvloerse kruising 
Rijksweg - J.F. 
Kennedyweg 
(Knooppunt 
Usselmonde) 

37H-109 6 89,6 7,8 73,3 1,24 1,16 6,92 

7 Rotterdamseweg 
(Langeweg) 

38C-107 7 53,9 3,1 39,0 1,04 0,94 11,39 

8 
Ongelijkvloerse kruising 
Rijksweg - Spoorlijn 
Dordrecht/Geldermalsen 
(Spoorviaduct) 

38G-113 6 86,8 12,6 62,9 1,22 1,10 11,33 

9 Kempen Peelland 51H-101 6 82,2 9,8 62,7 1,20 1,10 9,45 
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10 Maasbrug Wessem 58D-109 6 77,4 6,9 61,4 1,18 1,09 8,02 

11 Fly over (RW2-RW79) 61F-311 -Fly 6 84,6 7,8 68,4 1,21 1,13 7,34 

12 Ravensbosch 62A-111 6 61,1 6,3 45,5 1,09 0,99 10,33 

13 Fly over RW-
Antwerpsebaan 

62B-106 6 97,2 4,3 80,9 1,27 1,19 6,31 

14 Wienweg 62B-112 6 66,8 3,1 51,2 1,12 1,03 9,27 

nr Naam Topcode η fcm 
[N/mm2] 

s 
[N/mm2] 

fck 
[N/mm

2
] 

      

1 Heinenoordtunnel 37H-312-02 6 69,1 4,3 53,4 1,13 1,04 8,97 

nr Naam Topcode η fcm 
[N/mm2] 

s 
[N/mm2] 

fck 

[N/mm
2
] 

      

1 'Brug over de Maas' 58D-103-0 6 89,6 11,1 68,2 1,24 1,13 9,52 

2 'Noordelijk viaduct over 
de spoorlijn Assen - 
Groningen' 

07D-105-01 6 76,3 20,9 34,3 1,17 0,90 30,54 

3 Noordelijk viaduct over 
de Heereweg' 

07D-106-01 7 73,6 12,2 48,4 1,16 1,01 14,99 

4 'Noordelijk viaduct over 
de Paterswoldseweg' 

07D-107-01 6 89,5 9,8 68,9 1,24 1,13 9,11 

5 Brug overde Schelde-
Rijnverbinding 
(Thoolsebrug) 

49B-100-01 12 79,5 13,3 56,7 1,24 1,13 9,11 

6 Brug over de Schelde-
Rijnverbinding 
(Thoolsebrug) 

49B-100-04 

7 Noordelijke Hamersbrug 
over het 
Wilhelminakanaal 

44D-117-01 18 79,0 11,8 59,3 1,24 1,13 9,11 

8 Noordelijke Hamersbrug 
over het 
Wilhelminakanaal 

44D-117-03 

9 Zuidelijke Hamersbrug 
over het 
Wilhelminakanaal 

44D-117-04- 

10 Zuidelijke Hamersbrug 
over het 
Wilhelminakanaal 

44D-117-06 

11 Brug Oude Rijn 
(Noordwestelijk deel) 

30F-101-01 13 103,1 10,3 82,8 1,24 1,13 9,11 

12 Brug Oude Rijn 
(Zuidwestelijk deel) 

30F-101-03 

13 Brug Oude Rijn 
(noordoostelijk deel) 

30F-101-04 

14 Brug Oude Rijn 
(zuidoostelijk deel) 

30F-101-06 

15 Noordelijk viaduct over 
de Kruithuisweg 

37E-100-01 6 93,8 12,5 68,7 1,24 1,13 9,11 

16 Viaduct in de zuidelijke 
aansluiting Kruithuisweg 

37E-101-02 

17 Merwedebrug (Zuid) 38C-100-01 12 95,5 11,6 74,4 1,24 1,13 9,11 

18 Merwedebrug (Noord) 38C-100-04 

19 Van Brienenoordbrug 
Oost, kunstwerk 37H-
100-01 / Noord 

37H-100-01 11 83,0 14,6 57,7 1,24 1,13 9,11 

20 Van Brienenoordbrug 
Oost, kunstwerk 37H-
100-05/Zuid 

37H-100-05 

21 Merwedebrug Noord, 
kunstwerk 37H-102-01 
/-04 

37H-102-01 /-
04 

15 91,4 12,6 69,7 1,24 1,13 9,11 

22 Merwedebrug Zuid, 
kunstwerk 37H-102-01 / 
-04 

37H-102-01 /-
04 

23 Sleeuwijk West, 
kunstwerk 38G-114-01 

38G-114-01 9 53,7 13,1 30,7 1,24 1,13 9,11 

24 Sleeuwijk Oost, 
kunstwerk 38G-114-02 

38G-114-02 

25 Meeuwerderbaan 07D-108 6 71,5 9,6 51,5 1,15 1,03 11,56 

26 Knooppunt Noordhoek 
(A17-A59) 

43H-104 6 101,2 9,4 80,3 1,29 1,19 8,02 

27 <nooppunt Empel 45B-103-01 7 91,2 6,5 71,0 1,24 1,14 8,70 

28 Draaibrug Sas van Gent 54G-100 6 101,5 2,4 80,9 1,29 1,19 7,85 

 


