
Hybrid SHCC-concrete beams

Shear capacity of innovative hybrid concrete 
structures with SHCC lamellas applied laterally 

THE CIVIL ENGINEERING MASTER’S THESIS AT DELFT UNIVERSITY OF TECHNOLOGY (TU DELFT)

Bartosz Budnik



  



 

Master's Thesis Project 

Shear capacity of innovative hybrid concrete structures 

with SHCC lamellas applied laterally 

by 

 

Bartosz Budnik 

 

in partial fulfilment of the requirements for the degree of 

Master of Science in Structural Engineering 

at the Delft University of Technology, 

to be defended publicly on Tuesday 17 January 2023 at 15:00. 

 

 

 

 

 
 

Student number: 4689518 

 

Thesis committee: Dr. ir. M. Luković (Chair) TU Delft 

MSc S. He   TU Delft 

Dr. J. S. Dragaš  University of Belgrade 

Dr. ir. B. Šavija   TU Delft 

 

 

An electronic version of this thesis is available at http://repository.tudelft.nl/.  

Publication date: 

20th January 2023 

http://repository.tudelft.nl/


iii   
 

Preface 
 

At the outset, I would like to express my gratitude to advisors and supervisors without whom 

this work would be extremely difficult, not to say, troublesome to complete.  

I would like to thank my committee chair, Dr. ir. Mladena Luković, for her cast iron 

commitment to this project and her unwavering positive attitude. She was always ready to help. 

Also, I had the pleasure of attending her courses {CTB3335 Betonconstructies 2 (ENG: 

Concrete Structures 2) & CIE5130 Capita Selecta Concrete Structure} during my education at 

TU Delft. The knowledge, which I have obtained from those classes, will be an indispensable 

tool in my future career. I want to thank her for it once again. 

 

I would like to express my personal gratitude to MSc Shan He, my daily supervisor, for his 

effort and the extra time that he has contributed during this long project. But also for the lessons 

where he taught me about properties related to Strain Hardening Cementitious Composite and 

showing me how to properly measure them. Besides, I had a great time working with him. 

Somehow he could make the work more enjoyable. Without his creativity, fast thinking and 

knowledge, the project most probably be lost.  

 

I would like to thank Dr. Jelena S. Dragaš for her well-structured remarks during the long 

process and for her brilliant observations during the experiment. Without her expertise and 

extraordinary spotting skills of defects on the surface of a material, the description of 

experimental data would never be so rich in detail. Even though she lives so far away, I was 

lucky enough to meet her in person during her visit to TU Delft. It was a great pleasure to meet 

her and her team in real life. 

 

I would like to acknowledge the effort of Dr. ir. Branko Šavija during the assessment process. 

His valuable feedback helped me to improve this work. 

 

Beside people from my thesis committee, I would also like to thank the lab staff. They help me 

during preparing of specimens and during actual testing the. They help me by using various 

machines that I could not use myself. Especially MSc Jakub Pawłowicz, Albert Bosman, Ton 

Blom and Maiko van Leeuwen for making the atmosphere in the Stevinlab so enjoyable.  

 

Special thanks to MSc Yitao Huang for his immense effort in this project. I greatly appreciate 

his involvement in this project! He was so heavily involved in this project that I had constant 

feeling that he is one of the members of my thesis committee. 

 

I wanted to express my gratitude for the help that I received from MSc Zhenxu Qian in 

organizing the DIC set-ups. She is a real expert in this field. 

 

My deepest gratitude to my family for supporting me in this life challenge. I hope that I did not 

bore you to death with my endless stories about concrete and SHCC. 

 

 Bartosz Budnik 
Enschede, November 2022 



iv 
 

Abstract 
 

Strain Hardening Cementitious Composite (SHCC) is an innovative type of fibre-reinforced 

cement-based composite that has superior tensile properties. Because of this, it holds the 

potential to enhance the shear capacity of reinforced concrete (RC) beams, if applied properly. 

Experimental research was thus carried out with the purpose of investigating the shear 

behaviour of reinforced concrete beams enhanced with thin SHCC laminates (10 mm in 

thickness) in their webs (henceforth referred to as hybrid SHCC-concrete beams). This research 

distinguishes itself from other studies by the fact that the hybrid beams were manufactured by 

casting conventional concrete inside pre-cast SHCC laminates, consequently, forming an 

interface between concrete and SHCC. Moreover, two different types of SHCC-concrete 

interface designs have been used in the hybrid beams, namely smooth and profiled ones. 

Furthermore, beams with and without transverse reinforcement (stirrups) were both prepared 

in order to investigate the effect of two specific methods of shear reinforcing (i.e., SHCC and 

stirrups) on each other. On top of that, one of the hybrid beams with stirrups has been supported 

only at its normal concrete core to uncover any irregularities in the shear behaviour compared 

to a beam supported at its full-width. Conventional RC beams (without SHCC laminates) were 

also prepared as references. All beams were tested in a three-point bonding set-up while 

monitored by two separate systems: Digital Image Correlation (DIC) and Linear Variable Data 

Transformers (LVDTs). The camera images were analysed by the software package, GOM 

Correlate 2019. During the casting of the beams, samples of all materials were taken and tested 

to establish their mechanical properties for quality control purposes. 

Results show that the hybrid beams have obtained higher shear capacity than the control 

group. Only the hybrid beams with a minimum amount of shear reinforcement were capable to 

activate SHCC web laminates to their full extent. In the case of hybrid beams without transverse 

reinforcement (TR), only half of SHCC laminate potential was utilised approximately. 

This study proves that, by applying advanced material (i.e., SHCC) properly, an 

efficient way of improving the shear capacity of an RC beam can be achieved, so long there is 

minimum TR provided. If a minimum transverse reinforcement is not present, the benefits of 

shear enhancement by SHCC become less effective due to the low Young’s modulus of SHCC. 
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1  
Introduction 

“The imperial vastness of late Roman architecture  
was made possible by the invention of concrete.” 

Iain McGilchrist 
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1.1 Problem context 

Concrete is the most widely used construction material in the world due to its low price, 

versatility, and easy applicability [1, 2]. Regardless of how well designed and constructed is a 

concrete structure, it has to be assessed and maintained on regular bases to achieve its 

anticipated service life. Occasionally durability of concrete is an issue and thus a lot of 

maintenance and/or repair will be needed which is costly [3]. Moreover, in the era of circular-

economy and carbon neutrality, low price and versatility may not be sufficient to guarantee 

concrete its dominant presence [2]. Instead, sustainable development would most likely drive 

our economy in the future. Hence, the sustainability of construction materials will be 

increasingly prominent. 

To resolve this dilemma, new construction materials should be adopted because they 

give us more opportunities. And indeed, one promising new innovative cement-based material, 

Strain-Hardening Cementitious Composite (SHCC), supports the values of our new era. The 

SHCC is a special type of fibre-reinforced cement-based composite that has a superior crack 

width control ability under tension [4]. Its fibres help to achieve higher ultimate tensile strain 

compared to normal concrete (NC). This with an improved crack width control ability is the 

main advantage of SHCC, and therefore, SHCC possesses enhanced improved durability [5] as 

compared to NC. 

However, the structures made only from SHCC will be much more expensive than the 

typical concrete structures [6]. The presence of fibres in SHCC not only increases the cost but 

also leads to a higher burden on the environment [7]. Therefore, the solution to our problem 

might be in hybrid systems which combine SHCC and NC. In this way, the material is used 

optimally, hence lowering the burden on the environment while at the same time keeping 

material cost competitive. This hybrid system is therefore more durable, sustainable and 

economical. One of the possible ways to realize the hybrid system is by placing SHCC in the 

outer layers of a normal reinforced concrete (RC) beam. In this way, the superior mechanical 

properties of SHCC are utilised and reinforcement in an RC beam can be perhaps reduced. U-

shape shells made out of SHCC will presumably be manufactured in a precast concrete element 

factory. This could mean that the prefabricated SHCC shells could be used as formwork for 

cast-in-situ NC which will reduce the costs even further. 

Some research has already been performed on the influence of hybrid systems of outer 

SHCC layers. The experimental study of Luković et al. [5] has investigated the cracking 

behaviour of RC beams with reinforced SHCC layers in the tension zone. It has been proved 

that hybrid systems have better cracking behaviour compared to conventional RC beams. 

Huang came to the same conclusion in [8]. The micro-cracking, and thus, the cracking pattern 

can be influenced by choosing the interface property and the fibre type. Extensive research on 

this topic can be found in [9]. When it comes to the shear behaviour of a hybrid system, the 

studies are very limited. Fortunately, shear strengthening layers made out of SHCC are found 

to be very promising according to the numerical study conducted by [10]. 

1.2 Problem statement 

In structural design, Serviceability Limit State (SLS) and Ultimate Limit State (ULS) must be 

satisfied according to good engineering practice and legal regulations. The ULS guarantees 

structural safety, while the SLS secures functionality and prevents discomfort among users 

under normal conditions. Within the ULS design, special attention is paid to the analysis of the 

brittle failures. Those types of failures should not be governing mechanisms during the 
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overloading of a structure due to their sudden and rapture nature. Engineers prefer failure 

mechanisms that warn before reaching their limits because it gives room for correction and thus 

prevents deaths and/or painful injuries. 

This Master’s Thesis Project will focus on investigating the contribution of SHCC web 

layers to the shear capacity of RC beams with and without shear reinforcement. A shear failure 

in concrete members or structures is classified as a brittle and sudden failure and therefore 

should not be the governing failure mechanism of structural members. It is expected that the 

SHCC laminates will enhance the shear capacity of a hybrid structure as compared to a 

conventional RC structure. This can be inferred from the previous mentioned studies, see 

section 1.1. 

Moreover, the fracture behaviour under shear load is not yet fully understood in hybrid 

systems, as the fracture properties are influenced by a lot of factors such as concrete strength, 

curing age, volume fraction of fibres, aggregates, and SHCC-NC interface. The technique of 

installing SHCC laminates has some issues which may reduce its strengthening effectiveness 

such as: debonding of an SHCC laminate from an NC core and the surface pre-treatment during 

manufacturing. 

1.3 Hypothesis 

If an outer strain-hardening cementitious composite layer is added to a reinforced concrete 

beam, the shear capacity of this hybrid system would be significantly improved compared to 

an RC beam with an equivalent size. 

1.4 Significance of study 

If the hypothesis turns out to be true that SHCC web layers do significantly increase the shear 

capacity of an RC beam then it could mean a reduction or even redundancy of the minimum 

shear reinforcement. Hence, the sustainability of such concrete elements would increase. 

Moreover, SHCC web layers could be used in retrofitting existing concrete structures — this is 

much more sustainable than demolishing and building new structures. 

The shear testing is essential for new materials or combinations of materials since the 

mechanical behaviour of composites can be significantly different from their individual 

components. Moreover, knowledge about shear behaviour is required to fulfil the ULS criteria. 

Hence, multiple experiments have to be performed to develop and calibrate shear capacity 

models of the hybrid SHCC-concrete system before it can be used in practice.  

Furthermore, this study could improve and/or introduce ideas for manufacturing thin 

precast elements from SHCC. But it may also highlight unknown issues during prefabrication 

laminates. For example, the thinnest through-thickness of an SHCC laminate has to be verified 

because of operational and effective reasons. Unlike previous research on this topic, this study 

aims to add a shear keys pattern onto thin SHCC laminates to increase their interface bonding 

strength with a normal concrete core. 

1.5 Research question and sub-questions 

The principal aim of this thesis is to verify the hidden potential of the hybrid system. To 

investigate the problem statement explained above, the following research questions were 

formulated: 

1.2 Problem statement 
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Main research question: 

To what extent can the shear capacity be enhanced by having thin SHCC web layers attached 
to the reinforced concrete beam when compared to the control reinforced concrete beam? 

Sub-questions: 

1) Which parameters have a positive impact on the shear capacity of an interface connection 

between old SHCC and new normal concrete? 

2) To what extent do different curing conditions affect the SHCC shrinkage? Which interface 

better prevents the negative effects of the differential drying shrinkage rate between SHCC 

and NC in the short term, be it smooth or profiled interface? 

3) What is the response of SHCC web laminates in the beams with and without transverse 

reinforcement? 

4) What is the consequence on the shear capacity of a hybrid beam supported at its full width 

(including SHCC laminates) versus a hybrid beam supported only at the width of a normal 

concrete part? 

5) How to correctly predict the shear resistance of an RC beam with SHCC web layers? 

1.6 Methodology 

The main research question will be answered by subjecting the full-size specimen beams to the 

three-point bending test. In total six beams were tested for this research and were arranged in 

two series of three beams, see Table 1. In each series of the beams, the reference RC beam was 

tested as the control specimen. In the first series, two hybrid beams without transverse 

reinforcement (TR) were loaded. The difference between those beams is interfaces between 

SHCC laminates and normal cores: smooth versus profiled interface (adding a pattern of shear 

keys on laminate). However, the first series of the beams is not a realistic scenario since 

engineers are obligated by Eurocode 2 (EC2) to use the minimum amount of shear 

reinforcement even though shear failure is not governing failure. Therefore, the beams in the 

second series were provided with transverse reinforcement prescribed by EC2. In this series, 

two hybrid beams were tested with the same interfaces between SHCC laminates and normal 

cores, namely profile one. Those two hybrid beams in this series are the same, but they were 

supported differently: the first hybrid beam was supported at its full width (core + two SHCC 

laminates) like the rest of the beams; the second hybrid beam was supported only on its normal 

concrete core. The difference in boundary conditions of hybrid beams is related to the fourth 

sub-question which will be answered in Chapter 4. It is speculated that those different boundary 

conditions could have implications on the behaviour of a hybrid beam due to different load 

transfers near the supports. 

The first sub-question will be answered by conducting a literature investigation 

(Chapter 2) into the strength of the old-new interface concrete connections between SHCC and 

normal concrete, but not only limited to this specific topic. When shear stress is large enough 

at the interface between normal concrete and SHCC, the poor interface may delaminate. 

Delamination could also occur when the relative shrinkage of SHCC and normal concrete reach 

the critical level. Based on new knowledge from the literature review, the most promising 

solutions for interface connections have been selected for implementation in the main 

experiment (three-point bending tests on hybrid beams). 

The second sub-question will be answered by performing shrinkage tests under two 

different curing conditions, see Chapter 4. The first curing condition will be the standardized 
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procedure of keeping specimens for 28 days in the climate room since it is commonly used by 

scientists. As such, the results will be much easier to compare with other results. The second 

curing condition will be a reflection of the treatment condition of SHCC laminates during the 

manufacturing process of the hybrid beams. For this sub-question, 'short term' is defined as two 

/ three days. 

Table 1 Overview of all beam specimens in this experiment 
 First series Second series 

C
on

tr
ol

 G
ro

up
 

   

Type RC beam RC beam 

Number of specimens 1 1 

Transverse reinforcement No Yes, minimum 

Support width Full Full 
Are SHCC web layers 

attached? No No 

E
xp

er
im

en
ta

l G
ro

up
 

   

Type Hybrid beam Hybrid beam 

Number of specimens 1 1 1 1 

Transverse reinforcement No No 
Yes, 

minimum 

Yes, 
minimum 

Support width 
Only width 
of NC core 

Only width 
of NC core 

Full beam 
width  

Only width 
of NC core 

Are SHCC web layers 
attached? 

Yes, 
smooth 

laminates 

Yes, 
profiled 

laminates 

Yes, profiled 
laminates 

Yes, profiled 
laminates 

The third sub-question will be answered in Chapter 6. Since normal concrete and SHCC have 

different values for Young’s modulus, it is not straightforward how a hybrid beam will respond 

when additional ductility is introduced in the form of stirrups. Of course, this will have an 

implication for the strategy for finding a practical way of predicting the shear capacity of a 

hybrid beam.  

The fifth sub-question will be answered in Chapter 6. Currently, there are no 

standardised guidelines which would predict the shear resistance of a hybrid beam. However, 

it might be possible to adjust existing procedures for calculating the shear resistance of an RC 

beam in order to estimate the shear capacity of a hybrid beam. 

In the final analysis, all obtained knowledge and results will lead to a clear answer to 

the main research question. The recommendation for follow-up research – and possible 

solutions or actions to address unresolved issues will be made as well. 

1.7 Thesis outline 

This master’s thesis report consists of a total of seven chapters including the current 

Introduction chapter (Chapter 1). The second chapter gives a brief review of studies related to 

the topic of this research. The third chapter shows the design calculation of the RC beams used 

in this study as the control group. The fourth chapter reports the manufacturing processes of all 

specimens used in this project in detail. The fifth chapter provides the experimental results of 

1.6 Methodology 
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this research with a bit of analysis. In the sixth chapter, more deep analysis is presented 

alongside theoretical predictions of (hybrid) beams from this and other studies using analytical 

models from current literature and codes. The results are then critically examined and discussed 

their meaning at the end. To sum up, the conclusions are given in the seventh chapter with 

proper recommendations for future studies. 
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2  
Literature Study 

“Of all things, I liked books best.” 

Nikola Tesla 

 

This chapter gives a review of theories, parameters, and limitations that need to be addressed 

in order to make the experiments objective, repeatable, and complete. Crack patterns and/or 

debonding of interfaces in a hybrid system are the main concerns when it comes to predicting 

the shear failure mechanism, and especially, the shear capacity of the hybrid system. The 

interaction between SHCC and normal concrete may lead to complex behaviours that could be 

observed during the experiments due to their heterogeneous nature. Ultimately, it could be that 

the SHCC-concrete interface strength may be the limiting factor for the shear capacity of a 

hybrid beam due to premature bond failure, therefore knowledge about the influence parament 

of bond strength is necessary. 
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2.1 Shear failure of reinforced concrete beams without transverse 
reinforcement 

Although a shear failure in a concrete member is known for at least 100 years, Eurocode 2 still 

adopts a rather conservative model to predict the capacity for this failure mode. However, it is 

not done without good reason. This type of failure is characterised as brittle because it provides 

no warning and is sudden. Moreover, the shear capacity given by Eurocode 2 is based on 

experimental data, but with the absence of theoretical background. After many decades of 

research, scientists still debate the unique mechanical model that could cover all feasible design 

configurations. Of course, there are plenty of theoretical concepts with their equations but they 

have still their own merit and demerits. There are also debates about the definition of shear 

failure. The general definition of shear failure according to Yang [11] is as follows: 

“A brittle failure occurring under a shear force, with diagonal cracks developing in the 
span.” 

This definition connects a shear force to the diagonal cracking of concrete. But there 

are a couple of ways in which concrete members could fail under shear loading. There are three 

shear failure mechanisms in RC beams that can be distinguished in the literature: Diagonal 

Tension Failure, Shear Compression Failure, and Splitting Shear Failure. Some literature 

adopts other names for those type of failures. For example, ‘Splitting Shear Failure’ is also 

called ‘True Shear Failure’ by [12] or ‘Failure of Compression Strut’ by [13]. 

In general, the shear capacity of beams is mainly influenced by three factors: the shear 

span parameter (𝜂𝑎), steel ratio in the tensile zone (𝜌), and compressive strength of concrete 

(𝑓𝑐). 𝜂𝑎 is the ratio between the shear span ‘a’ (the distance between support and force vector 

in a three-point bending setup) and the effective depth of a beam ‘d’ (the distance between the 

centroid of longitudinal reinforcement to the furthest fibre in the compression zone). 

Next to those factors, researchers have indicated many other aspects that play a role in 

the shear capacity of beams. Ghaffar et al. [12] have listed a couple of them and those are 

aggregate interlocking, the density of concrete, the specimen size (size effect), fibre volume in 

a concrete mix, the tensile strength of concrete, the geometry of a specimen, boundary 

conditions of support and loading plates, spreading of tensile reinforcement and end anchorage 

of tension reinforcement. 

Many scientific researchers investigating the shear capacity like to keep most of those 

factors constant and they vary usually one of the three main factors to observe the correlation 

with a failure mechanism. For this purpose, the shear span parameter (𝜂𝑎) is often a variable 

parameter in such experiments. The following shear failure mechanisms are often distinguished 

by scientists and engineers: 

2.1.1 Diagonal Tension Failure 

This failure mode begins at the outer fibres in the tensile zone. Flexural (vertical) cracks start 

to appear in this zone due to exceeding the flexural tensile strength. Then, as load increases, 

the cracks continue to incline and will form so-called inclined flexural cracks. The inclination 

is caused by shear force. One of the cracks would try to reach the application point of load, see 

Figure 1. This crack encounters resistance as it tries to reach the compression zone and therefore 

it inclines further to the point that it becomes almost flat. After this stage, the crack starts to 

extend significantly at the plateau to the point that the mechanism is unable to sustain increasing 

loading. Researchers have called this load-transfer mechanism an ‘arch mechanism’. 

Chapter 2: Literature Study 
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Figure 1 Example of Diagonal Tension Failure in a reinforced concrete beam [13] 

Diagonal Tension Failure develops in beams with 𝜂𝑎 ≈ 2,5 ~6 accoridng to [11]. But, 

according to [12], Diagonal Tension Failure occurs always when 𝜂𝑎 > 2,0. In the end, the other 

parameters e.g. 𝑓𝑐 and 𝜌 if this specific mechanism may actually develop or not at 𝜂𝑎 =

2,0 ~2,5 because as mentioned earlier, they also do influence shear capacity. 

2.1.2 Shear Compression Failure 

Shear Compression Failure occurs when the concrete strut is crushed at the compressive zone 

around the application of load. After this concrete crush, the secondary effect would develop 

in the form of a diagonal crack. This failure can be seen in Figure 2. This type of shear failure 

is expected for beams with 𝜂𝑎 ≈ 1 ~2,5 according to [12].  

 
Figure 2 Example of Shear Compression Failure in a reinforced concrete beam [13] 

The tension cracks are unable to fully develop due to the small span between applied 

force and support. Hence, the load will be transferred mainly by shear, so the failure will initiate 

at the neutral axis forming a diagonal (shear) crack before appearing of flexural cracks in the 

tension zone. A void does not transfer load, so shear stress starts to propagate into uncracked 

depth leading to propagation of the initial crack. The transfer mechanism of the load is 

comparable to a ‘tied arch’. When the diagonal crack propagates to the compression zone, it 

2.1 Shear failure of reinforced concrete beams without transverse reinforcement 
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starts to reduce the compression height zone. This means that the compression force vector is 

smeared over a smaller area. And if this height will be reduced further, it will lead to the 

crushing of concrete in this zone.  

2.1.3 Splitting Shear Failure / True Shear Failure / Failure of Compression Strut 

The Splitting Shear Failure occurs in deep beams, as seen in Figure 3. Those beams have 𝜂𝑎 

less than 1,0 according to [12]. The span is too small to carry a significant part of the load by 

flexural mechanism. The inclination of the vector between support reaction and load is 

therefore also small. Hence, the inner splitting tensile component of this diagonal vector is 

smaller compared to other failure mechanisms. Obviously, the shear capacity is larger in such 

a case. There are two final failures that could occur. Sometimes, concrete is crushed in the 

region of the support but also it may happen that splitting shear failure develops.  

 
Figure 3 Example of Failure of Compression Strut in a reinforced concrete beam [13] 

2.1.4 Shear transfer in the absence of transverse reinforcement 

In general, flexural cracks appears before diagonal cracks because the compressive strength of 

concrete is significantly higher than the tensile strength. Both the compressive and tensile 

strength of concrete influence the shear failure process [11]. Although, researchers dispute 

shear resistance equations/models of Eurocode 2 however some shear transfer mechanisms are 

widely accepted by the scientific community, see Figure 4: 

 

 

 

 

 

 

 

  

Figure 4 Overview of shear-resisting mechanisms on crack [14] 
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Shear stress in uncracked concrete 

According to the theory of elasticity, the shear stress distribution of a cross-section should 

follow a parabolic distribution. Note that the cracked part of concrete does not contribute to the 

shear resistance of a cross-section, as seen in Figure 5. In theory, if the height of the crack is 

known the boundary conditions can be set up. In practice, it is impossible to set up those 

boundary conditions and often models have to be simplified. 

 
Figure 5 Shear stress distributions in cracked beam [15] 

Aggregate interlocking 

Aggregate interlocking is the friction resistance that a shear plane in concrete encounters when 

two cracked surfaces are tried to be moved. The friction resistance is generated between 

sticking aggregates in the crack, and not between the cement matrix and an aggregate. The 

cement matrix is weaker than the aggregate, so the cement paste matrix will crush upon contact 

with it. It is, therefore, preferable to have rougher crack surfaces because it creates more 

contacts between aggregates which leads to a higher shear capacity according to [14]. The 

increase in maximum aggregate size increases the roughness of the crack surface according to 

[15]. Hence, for example in high-strength concrete, the aggregate interlocking does not play a 

significant role because relatively small aggregates are used in such types of concrete. 

The basic mechanism of aggregate interlock created by Walraven in 1981 and further 

improved by Millard and Johnson in 1985 distinguished three main contributors in their model: 

the maximum aggregate size, the concrete strength, and the crack surface displacements. The 

model assumes that aggregates are uncompressible to simply a problem a bit. In the era of the 

Finite Elements Method, more sophisticated models were built, but often they required those 

variables as well in addition to the additional parameters for their inputs like for example shapes 

of aggregates and Young’s modulus of cement paste and aggregates. 

Residual Tensile Strength 

Concrete is not homogeneous material, therefore it is unlikely that the newly created crack at 

the surface has fully penetrated to a through-thickness of the concrete member. According to 

[14], NC is able to transmit tensile stresses even if it is cracked however the crack width cannot 

exceed approx. 0,1 mm. In literature, the relationship between tensile stress and crack width is 
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often referred to as ‘tension softening’. According to [14], the residual tensile stress in crack 

plays important for shear transfer. However, researchers did not yet agree on the mathematical 

function of this relationship. 

Dowel action 

The dowel action is a shear strength mechanism generated as a result of cooperation between 

the longitudinal reinforcement and enclosing concrete around the rebars. This mechanism does 

not only increase the shear capacity of a beam but also improves the post-peak behaviour. After 

reaching peak load, beams behave more plastic than in the case of the pure concrete beam where 

rupture is more sudden. 

2.2 Shear strengthening of RC beams with outer SHCC layers 

In this section, the general properties of SHCC would be presented. Those properties are 

important for bonding strength between new-old concrete connections. Further, the 

environmental impact that SHCC could have on our planet will also be discussed. After giving 

these points, an overview of experiments of shear strengthening with SHCC will be provided. 

2.2.1 General properties of Strain Hardening Cementitious Composite 

Strain Hardening Cementitious Composite is cement-based material with fine aggregates and 

micro-fibres. According to Luković [4], those fibres enable “microcrack bridging property” and 

thus increase bond strength and abrasive resistance [16] but also decrease crack widths and 

frailty. It has therefore enhanced crack control ability as it exhibits multiple microcracks instead 

of one concentrated crack. Furthermore, this material shows strain hardening behaviour under 

tension as seen in Figure 6; so researchers decided to call it ‘Strain hardening’. A high 

deformability may often be observed up to a tensile strain of approximately 5%. For sake of 

comparison, the approximate maximum tensile strain of normal concrete is roughly 0,01%. 

 
Figure 6 Example of tensile stress–strain curves of SHCC at age 28 days [17] 

Characteristic behaviours of SHCC are small crack widths ranging from 60 µm to 100 

µm [4] and significant (by two orders of magnitude) ductility after cracking compared to NC 

[18]. Small crack widths in SHCC give two major advantages. Firstly, it has good self-healing 

properties [19]. Secondly, water permeability by those cracks is smaller compared to uncracked 

concrete [20]. It is therefore expected that the service life of SHCC is greater than that of normal 

concrete. However, SHCC is not financially acceptable for the construction industry if SHCC 
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is to be used to completely replace traditional reinforced concrete due to the more expensive 

ingredients used in SHCC. Polyvinyl Alcohol (PVA), as well as other types of fibres, often 

increase the total cost of SHCC, therefore their use must be justified. 

Fibres  

There are many types of fibres used in SHCC. According to [18], the role of different fibres 

has an influence on strength of the interface between SHCC and concrete. The most common 

fibres from the literature review are Polyvinyl Alcohol (PVA) fibres, High Modulus 

Polyethylene (HMPE) fibres and steel fibres. However, the latter fibres are used in steel fibre–

reinforced concrete (SFRC). 

 
Figure 7 Photo on the left: Polyvinyl Alcohol (PVA) fibres [21]. Photo on the centre: High 

Modulus Polyethylene (HMPE) fibres [22]. Photo on the right: steel fibres [23]. 

Those fibres have an important job to do in the microstructure after a crack forms. They 

increase the post-cracking strength known as toughness. A frequent misconception about fibres 

is the belief that fibres stop cracks from forming. The fibres do not stop the crack. The crack 

will appear at the same load as in the case of normal concrete, but the fibres stabilise the crack. 

And as mentioned in the 2.2.1 section, the small crack width results in longer technical life of 

the structure because tight crack width can slow down the ingress of chloride ions and thus 

prevent reinforcement from corroding. The exact effect of fibres on concrete or SHCC 

behaviour depends on the type of fibres and volume fraction of those fibres. 

The polyvinyl-alcohol (PVA) fibres have hydrophilic surfaces due to the presence of a 

hydroxyl group in their structures. According to [24], those fibres can survive at an elevated 

temperature of 150°C without a reduction of strength. They are excellent at forming a strong 

chemical bond with the matrix [18], so a significant amount of energy is needed to break this 

bond. This influence negatively the ductility of SHCC because the fibres may rupture early 

than the slippage of the bond occurs. They have also a good reputation for high resistance to 

alkali [24], UV, chemicals and abrasion according to manufacture [21] and are stable under 

heat and moisture exposure [25]. Furthermore, they do not have a risk of corrosion. The 

disadvantage of those fibres is their price compared to other alternatives. However, this may 

change in upcoming decades if the demand for those fibres increases in upcoming decades. 

The high modulus polyethylene (HMPE) fibres are long chains of aliphatic hydrocarbon 

[26] making it a thermoplastic substance with a glass transition temperature of approximately 

-120°C. This kind of polymer chain is not susceptible to chemical attack [27]. This is because 

polyethylene does not possess any chemical groups that could attract acids, alkalis, or other 

chemicals at room temperature which could break this chain. This gives HMPE fibres very 

good chemical resistance. However, due to their hydrophobic nature, those fibres form weak 

adhesion bonds with cementitious matrix [18]. Furthermore, HMPE fibres possess high tensile 

strength and modulus of elasticity, but at the same time, keep density low. In perspective, those 
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fibres are approximately twice as strong as PVA fibres according to [18]. However, the ultimate 

strain, at which HMPE fibre breaks, is relatively low, but a still considerable amount of energy 

is needed to be broken [27]. Higher tensile strength in combination with a weak matrix-fibre 

interface leads to higher ductility of SHCC compared to SHCC with PVA fibres [28]. 

 Steel fibres are the most common type of fibres used in practice due to their relatively 

cheap production costs. According to [29], the compressive strength is marginally improved by 

those fibres but the tensile strength can be enhanced by up to 40%. The post-peak ultimate 

strain and ductility are significantly improved as well. The bonding strength between the matrix 

and steel fibres can be much easier adjusted than other types of fibres. Next to friction and 

adhesion at the interface between fibres and matrix, steel fibres with (anchor) hooks are possible 

to be manufactured to create mechanical interlocking with matrix [30]. The disadvantages of 

steel fibres are high self-weight and poor workability without any supplementary cementitious 

material or any admixture [29]. According to [31], steel fibres embedded in concrete are prone 

to corrosion when expose to chemical or low-pH environments. However, when concrete is 

well-compacted and sufficient coverage is applied, it is no threat to member integrity and 

performance. The damage will be limited only to the exposed surfaces.  

Shrinkage 

According to Luković [4], fibres and fibre-matrix interface are responsible for the neglectable 

amount of moisture transport, therefore they do not contribute to the driving mechanism of e.g. 

drying shrinkage which is caused by the moisture migration to a lower relative humidity 

environment. Drying shrinkage is technically the volume reduction measured in an unloaded 

specimen at a constant temperature caused by exposing the material to a lower relative humidity 

environment than the initial one of its pores. However, there are fibres that do absorb a 

significant amount of moisture e.g. natural fibres. According to [32], natural fibres will swell 

or shrink depending on relative humidity. This change in strain has an influence on the bond 

between fibre and matrix. 

The amount of drying shrinkage of SHCC is significantly higher when compared to that 

of the normal concrete [33]. The typical drying shrinkage of normal concrete lays between 

0,052% and 0,078% [34]. The ultimate drying shrinkage strain of SHCC may lays between 

0,120% and 0,180% [35, 36]. This means that the drying shrinkage of SHCC is at least twice 

as large as for normal concrete. The primary cause of such large drying shrinkage of SHCC is 

caused by relatively larger cement content in typical SHCC compared to typical concrete. Since 

the shrinkage of aggregates is significantly less (almost not noticeable) than that of the 

hydration product of cement, a material with higher cement content will shrink more. The 

secondary cause is the small aggregate size that is used in SHCC together with a combination 

of low water content. In general, SHCC makes use of fine particles, hence the pores in the 

microstructure will be smaller compared to normal concrete where the coarse and fine 

aggregates are in equilibrium under the condition that the same water-cement ratio has been 

used [37]. Those smaller radii of pores will result in higher menisci stresses, so the impact on 

strain due to shrinkage increases. In the case of restrained strain, the tensile stress starts to build 

up in the material. After exceeding the tensile strength of SHCC, cracks will appear in the 

material. No localized cracks in SHCC will appear. It will have rather many fine shrinkage 

cracks [4]. 

Both aggregates and fibres control the shrinkage behaviour of cementitious composite. 

Aggregates, especially coarse particles, are reducing the total shrinkage and are beneficial for 

stable crack growth. Contrastingly, fibres are more beneficial for controlling crack widths but 
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also more effective in the absence of large aggregate particles according to [4]. The latter 

displays higher strain hardening behaviour. 

Environmental burden of Strain Hardening Cementitious Composite 

On the edge of climate change, no corner of the globe would be free from the consequences of 

rising temperatures. The number of wildfires increases; sea levels are rising; contamination of 

drinking water is increasing; and the rate of decrease in biodiversity has never been faster due 

to human activity. Those events may seem overwhelming at first but there are things that our 

civilization can do to prevent them from happening. For instance, if a structure has a longer 

service life, in other words, is more durable, but at the same time more sustainable then this 

could be one of the main pillars of preventing global climate change from happening. In 

contrast to the past, the modern civil engineer is more aware of problems that the traditional 

linear building process may lead to. 

Among all construction materials, concrete is currently the most used material on the 

planet. Unfortunately, concrete requires huge volumes of primary resources, which leads at the 

end to the depletion of natural resources. The production of cement is a highly energy-intensive 

process because the cement kiln has to operate at a high temperature of approximately 1450 to 

1600°C. To sustain this heat energy, a large volume of fossil fuel is burned leading to the release 

of pollution into the air, water and soil. The largest problem is the emission of huge quantities 

of carbon dioxide (CO2) into the atmosphere due to the burning of fossil fuels. The same 

quantity of CO2 is released during the decomposition of calcium carbonate (CaCO3) into 

calcium oxide (CaO) and CO2. The environmental impact of the production of concrete may 

seem bad, but well designed concrete members can last for many decades even in a harsh 

environment. So, the environmental burden can be spread over many years to come and after 

all, concrete may be a sustainable alternative if it is applied wisely. 

The environmental impact of SHCC is higher than normal concrete for two reasons. 

Firstly, SHCC makes use of fibres that have to produce and transport. This ingredient is not 

used in normal concrete. Secondly, the lack of coarse aggregates in SHCC leads to higher 

consumption of cement compared to normal concrete. To analysis the environmental burden of 

both materials in-depth, Li [7] has conducted a Life Cycle Analysis (LCA) of SHCC, see Figure 

8. The functional unit in this paper was defined as ‘1000 kg material’. The above-mentioned 

reasons are clearly visible in the results of [7]. Even though a super-plasticizer is used in small 

quantities, it shows a significant environmental impact of SHCC compared to RC. Therefore, 

the use of a super-plasticizer should be classified as the third reason.  

 

Figure 8 Energy consumption per 1000 kg of steel reinforced concrete and SHCC [7] 
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1 It is the other name for the Strain Hardening Cementitious Composite (SHCC). 

There are ways to improve the sustainability of SHCC. According to [27], HMPE fibre 

has lower carbon footprint material compared to steel fibre and any other synthetic fibre (e.g. 

PVA fibre) due to the higher strength/weight ratio of HMPE fibre compared to the rest. 

However, the introduction of recycled aggregates (‘green sand’) into SHCC does not outweigh 

a decrease in the performance of crack width control [7]. This study also refers to the higher 

specific heat of SHCC compared to fibre-less mortar which is beneficial for building heat 

management when used as an outer face in a building. This could potentially reduce energy 

consumption when used in façade applications. 

All in all, SHCC should not be used at places where excellent durability aspects of 

SHCC cannot be utilized due to its relatively high environmental impact. Instead, SHCC should 

be used as a durability enhancement for RC concrete to maximize material performance. 

2.2.2 Bonding properties of Strain Hardening Cementitious Composite to concrete 

Before discovering Engineering Cementitious Composite1 (ECC), people used NC or mortar to 

repair old concrete structures. This type of repair was plagued by debonding of the interface. 

To improve the service performance of concrete structures, people started to apply SHCC 

instead as a repair material. For this reason, scientists were more interested in the bonding 

properties of an interface between new SHCC to old normal concrete. As consequence, the 

properties of an interface between old NC and new SHCC attracted more attention from the 

scientific community. For this reason, the effect of an interface between new normal concrete 

and older SHCC is currently not widely investigated in the literature. So having no other choice, 

the knowledge gathered from the literature in this subsection would be mostly based on the first 

type of interface. 

The bonding strength of an SHCC-to-concrete interface under shear loads depends on 

the compressive strength of SHCC and NC, the curing age of the specimen, the curing 

environment (temperature and relative humidity), the interface roughness, the fibres type and 

(if applied) additional binding agent strength. Those influencing factors were experimentally 

investigated by Tian et al. [38] and Gao et al. [39]. 

The research of [38] has found that the roughness of an interface is the most dominant 

factor in the failure mode while SHCC strength class and fibre types play a secondary role. The 

higher roughness of a surface provides a higher contact area as was already explained in 2.1.4 

under the headline ‘Aggregate interlocking’. To determine the roughness of a surface, the 

vertical heights of aggregates on the interface are measured and then the average height (the 

interface roughness value) is evaluated. According to [40], the limit value for the interface 

roughness value is about 4-5 mm. Higher than this limit result in a weaker interface. In those 

experiments, the bond strength between cast-in-situ UHTCC and old concrete specimens was 

tested in a pull-out setup. UHTCC, which is the abbreviation for Ultra-High Toughness 

Cementitious Composite, is similar to SHCC but with much higher strength. Furthermore, the 

research of [38] has found that higher SHCC compressive strength leads to higher interface 

shear strength and that the PVA fibres with higher ultimate tensile strength only marginally 

influence the shear strength according to [38]. 

Two types of specimens are widely used to investigate the shear bonding strength of an 

interface, see Figure 9. Three slant shear specimens consisting of ECC with 28-day compressive 

strength of 39,9 (±0,38) MPa and normal concrete C35/45 have been tested in the research of 

[39]. The mean shear strength value that has been found at room temperature equals 5,5 MPa. 

However, two of three specimens have been broken before loading, so there is no data about 

the standard deviation and the variation coefficient. Furthermore, the heat treatment up to 200 

°C after standard curing for 28 days has a beneficial effect on the strength. The shear strength 
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value at 200 °C equals 6,87 (±0,87) MPa with the variation of coefficient at 12,7%. The shear 

strength values beyond 200 °C perform worse than at room temperature. 

The research of [38] has used single-sided shear specimens to obtain shear strength 

value. In this research, one type of normal concrete C40/50 and four different types of ECC 

with different average 28-day compressive strengths (from 21,7 MPa up to 40.8 MPa) have 

been used for specimens. The interface shear strength was found in a range between 0,33 

(±0,04) MPa for low-strength class ECC and 1,11 (±0,15) MPa for high-strength class ECC. 

The specimens with a thick epoxy resin layer with coarse aggregates applied on the interface 

result in the following shear strength range: 0,86 (±0,08) MPa for low-strength class ECC and 

3,33 (±0,13) MPa for high-strength class ECC. 

To enhance the bonding strength of an interface, additives could be added at the cement 

manufacturing stage. According to [40, 41], fly ash, slag, and silica fume are improving the 

bond properties of an interface. But there is also admixture that could improve this property, 

for example expansive agent and SBR latex [40]. According to the slant shear test conducted 

by [41], 52,8% higher bonding strength is obtained by SHCC with slag at age of 28 days 

compared to the monolithic concrete reference specimens. SHCC with fly ash reached only 

36,4% improved the bonding strength compared to the reference specimens. The reference 

specimens were made of concrete with 28-day compressive strength of 31,9 (±1,1) MPa. 

The results of [25, 41, 42] show that concrete with PVA fibres has significantly better 

bonding performance than normal concrete, so in general, an SHCC-to-concrete interface is 

stronger than a concrete-to-concrete interface. 

  

Figure 9 Left: The slant shear specimen according to American ASTM C882 standard [39]. 
Right: Single-sided shear test setup [38]. 

The main conclusion drawn from these experiments is that SHCC is able to achieve a 

strong bond with other concrete surfaces. Moreover, this should be possible without any 

beforehand preparation of a surface. This is a rather promising clue for not only the main 

experiment of this thesis but more for practical applications wherein practices such preparation 

is most likely very costly. Of course, a thick epoxy resin layer with coarse aggregates gives the 

highest interface shear strength but it is unlike to be used in practice due to high cost. 

Nevertheless, it can increase the strength by a factor of 3, as demonstrated in the research [38]. 

Shrinkage of interface 

The differential (drying and/or thermal) shrinkage between SHCC laminate and NC can cause 

failure bonding at the interface. Thermal and drying shrinkage are the major contributors to this 

kind of failure because of moisture migration according to Luković [4]. Due to restrained 

shrinkage deformations, the stress is generated which cause delamination between SHCC and 
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normal concrete. Therefore, the properties of SHCC should be chosen not only strictly on 

strength performance but also the exposure environment of the system.  

Next to material properties, an interlocking mechanism plays a significant role in 

counteracting the shrinkage of an interface between SHCC and regular concrete. Despite 

reviewing the database of scientific papers and books, no experiment has been found which 

conducted measurements of effectiveness on a profile interface between SHCC and normal 

concrete.  

2.2.3 Experimental benchmarks on RC beams with shear strengthening using SHCC 

Major advantages and disadvantages of SHCC have been described above. In theory, an optimal 

solution would be to apply SHCC and NC together in a so-called hybrid system. In this way, 

those materials should cover their shortcomings. Some hybrid SHCC-concrete beams have 

been already tested in the past under shear loads. This section will give an overview of the 

gathered knowledge from those experiments. 

Before 2015, there was hardly any knowledge about the shear behaviour of hybrid 

SHCC-concrete beams. The first research on the shear behaviour of RC beams without 

transverse reinforcement strengthened by SHCC layers was conducted by Zhang et al. [43] in 

2015. In 2019, Wang et al. [44] conducted a similar experiment but on slightly larger members 

and along with thicker SHCC layers. A year later, Wei et al. [45] published their work on the 

shear behaviour of hybrid RC beams with transverse reinforcement. The experiment was 

successful however their hybrid beams experienced minor delamination of SHCC laminates 

just before the peak load. 

There are also some other types of hybrid beams strengthened by SHCC elements tested 

on shear capacity. In 2018, Wu et al. [46] tested RC beams strengthened by precast thin-walled 

(20 mm) U-shape UHTCC. Multiple M16 penetrating bolts have been added to improve the 

integration of the U-shape. The increase in shear strength reached 67,4% [46]. In 2020, Shang 

et al. [47] proved that U-shape SHCC with stirrups is an effective way of shear-strengthening 

damaged RC beams due to fire. The recent research (2022) by Li et al. [48] shows the great 

potential of thin-walled (15 mm and 25 mm) U-shapes in their experiments on the shear 

strengthening of RC beams with and without transverse reinforcement. The increase in shear 

strength ranged between 8,40% and 66,39% [48]. 

2015

2019

Early 1990s
First design of 

ECC 

2020

2020

Now

First SHCC concrete beam without 

transverse reinforcement tested in 

shear by Zhang et al. [43] 

Larger RC beam without transverse 

reinforcement strengthen by SHCC 

laminates tested in shear 

by Wang et al. [44] 

Numerical Study of Shear 

Strengthening of RC beams 

using SHCC by Arif [10] 

First RC beam with transverse reinforcement 

strengthen by SHCC laminates tested in 

shear by Wei et al. [45]  

Figure 10 Timeline of studies of shear strengthening of RC beams using SHCC laminates. 
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The following pages will be devoted to two experimental studies by Zhang et al. [43] 

and Wei et al. [45]. Those studies were selected due to similarity in the research questions of 

those papers and this master thesis. Results from those studies have been compared to the 

results of this thesis, see chapter 4. 

Experimental investigation by Zhang et al. (2015) on shear capacity of RC beams without 
transverse reinforcement strengthen by SHCC laminates 

On 23 January 2015, the research paper [43] titled “Failure behavior of strain hardening 
cementitious composites for shear” has been published and was written by Zhang et al. This 

paper presents an experimental investigation of an RC beam without transverse reinforcement 

strengthened by SHCC laminates. This research focuses mainly on the amount of increased 

shear load carrying capacity of such a hybrid beam. Additionally, they documented the crack 

pattern of their hybrid beams.  

Table 2 Mix proportions of SHCC [43] 
Component Dry Weight [kg/m3] 
Cement {not specified} 1267,9 

Silica fume 230,8 

Fine sand 153,9 

Expansion agent 40,0 

Water 338,5 

Superplasticizer 15,4 

PE fibres 14,6 

Air reducing agent 0,06 

In Table 2, the list of ingredients was provided for SHCC with 28-day compressive 

strength of 91 MPa used during the experiment [43]. As it can be deducted, the water-cement 

ratio equals 0,27 and water to binder (cement + silica fume) ratio equals 0,22. The results 

obtained from the uniaxial tensile test on the dog bone specimens are shown in Figure 11. 

Young’s modulus of SHCC is estimated to equal 29 GPa.  

 

Figure 11 Uniaxial tensile test results of SHCC [43] 

The list of ingredients of normal concrete was not provided in this paper. The only 

information known about this concrete is that it had the 28-day compressive strength of 27 MPa 

and Young’s modulus of 23,5 GPa.        

 In Figure 12, the schematization of the hybrid beam is shown. The specimens were 
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reinforced with two steel longitudinal ribbed bars with a diameter of 10 mm. No shear 

reinforcement has been applied. The steel, which was used for this reinforcement, has a yield 

strength of 345 MPa and Young’s modulus of 200 GPa [43]. The beam span has been chosen 

to be 1 m which results in 0,5 m of shear span and this corresponds to 𝜂𝑎 ≈ 3,0. The cross-

section of 100 mm by 200 mm was strengthened by casting SHCC laminates with a thickness 

of 5 mm or 10 mm on two sides. But before SHCC was cast on the side surface, those sides 

‘were washed out using a retarder to obtain roughed surfaces’ quoting from [43]. 

 

Figure 12 Geometry of RC beams strengthened by SHCC laminates [43] 

Figure 13 shows the results of the experiment. The beam strengthened by 10 mm SHCC 

laminates has reached the highest shear load capacity of about 90 kN. That is almost twice the 

capacity of the reference beam. The beam strengthened by 5 mm SHCC laminates has reached 

about 70 kN. Even though Young’s modulus of this SHCC is higher than the normal concrete, 

the beams followed the same linear elastic branch up to a certain point. 

 

Figure 13 Load–displacement curve. SHCC-0 is the RC beam without SHCC laminates. SHCC-5 is 
the RC beam with 5 mm thick SHCC laminates. SHCC-10 is the RC beam with  

10 mm thick SHCC laminates. [43] 

It appears that angle of the diagonal crack is smaller for the beams strengthen by SHCC 

laminates than the RC beam without SHCC laminates, see Figure 14.  

 

Figure 14 Positions of localized cracks. SHCC-0 is the RC beam without SHCC laminates. SHCC-5 is 
the RC beam with 5 mm thick SHCC laminates. SHCC-10 is the RC beam with  

10 mm thick SHCC laminates. [43] 

Those results show that the SHCC laminates enhance the shear capacity of RC beams without 

transverse reinforcement. Furthermore, the ductility of the strengthened beams improves as 

well. 
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Experimental investigation by Wei et al. (2020) on shear capacity of RC beams with 
transverse reinforcement strengthen by high strength SHCC laminates 

In 2020, the research paper [45] titled “Shear strengthening of reinforced concrete beams with 
high strength strain-hardening cementitious composites (HS-SHCC)” was published. The 

experiment conducted in this paper has a more realistic scenario than the previous paper since 

transverse reinforcement had been applied as in the practice. This research tries to answer the 

following question: whether SHCC laminates are efficient in the shear strengthening of 

reinforced concrete structures? 

Table 3 Mix proportions of HS-SHCC [45] 
Component Massa ratio 
Cement {not specified} 0,8 

Silica fume 0,2 

Sand 0,3 

Water 0,2 

 + 2% PE fibres by volume of the mixture  

Table 3 provides the ingredient list for the HS-SHCC mix used in this paper. According 

to tests on small cubes (404040 mm3) by Wei et al. [45], 28-day compressive strength of 120 

MPa has been reached. Further, the tensile strength of 10 MPa on dog bone specimens has been 

reported, as seen in Figure 15. This material has Young’s modulus of 35 GPa 

 

Figure 15 Tensile stress-strain curves of HS-SHCC after 28 days [45] 

The properties of the normal concrete were as follows: 36 MPa for 28-day compressive 

strength, and 26 GPa for Young’s modulus. The compressive strength was tested on cubes 100 

mm  100 mm  100 mm. 

This research paper [45] documents experimental beams with two different shear span 

parameters: ‘Group A’ with 𝜂𝑎 = 1,5, and ‘Group B’ with 𝜂𝑎 = 2,5. Since the shear span 

parameter of ‘Group B’ is close to the shear span parameter that will be used in this master's 

thesis, only ‘Group B’ will be extracted from the paper. In this group, four beams have been 

tested: two reference beams and two hybrid beams. The detailed geometries of the beams are 

shown in Figure 16. The hybrid beams were only strength on one side (in the red area). The 

reinforcement steel has a yield strength of 585 MPa and Young’s modulus of 200 GPa 

according to [45]. The SHCC laminates had a thickness of 10 mm and were cured for 28 days. 

2.2 Shear strengthening of RC beams with outer SHCC layers 
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Those laminates were cast directly on the surfaces of the beams. The loading speed for all 

beams was set to 0,01 mm/s.  

  

  
Figure 16 Group B: a) Geometry of reference RC beams. b) Geometry of hybrid beams 

strengthen by HS-SHCC laminates (red area). [45] 

All beams have failed in shear and developed large diagonal cracks. Furthermore, the 

hybrid beams developed minor debonding of SHCC laminates but they did not completely 

delaminate from the beams. In Figure 17, the results of the experiment are shown. The shear 

capacity of the hybrid beam has increased by 18,82% compared to the reference beams [45]. 

The strength of the hybrid beams was governed by the strength of the interface between normal 

concrete and HS-SHCC. This could mean that the utilization of HS-SHCC laminates was not 

complete, thus the hybrid beams could reach a higher shear capacity than the results presented 

in Figure 17. The shear failures of the hybrid beams were still brittle like the shear failures of 

the reference beams. 

 
Figure 17 Load–displacement curve. R1 and R2 are the refence beams.  

S1 and S2 are hybrid beams. [45] 

a) 

b) 
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2.3 Conclusions of the Literature Study 

Based on the above literature study, the following conclusions can be drawn: 

• The shear capacity of a longitudinally reinforced concrete beam without transverse 

reinforcement is primarily governed by the shear span parameter (𝜂𝑎), steel ratio in the 

tensile zone (𝜌), and compressive strength of concrete (𝑓𝑐). 

o Ghaffar et al. [12] have listed more factors which have a (minor) influence on 

the shear capacity. These are aggregate interlocking, the density of concrete, 

specimen size (size effect), fibre volume in concrete, the tensile strength of 

concrete, geometry of a specimen, boundary conditions of support and loading 

plates, and dowel action (spreading of tensile reinforcement and end anchorage 

of tension reinforcement). 

• Strain Hardening Cementitious Composite has superior tensile properties to concrete. 

Those properties are highly dependent on the compositions of a mix, so there is no 

universal value for certain properties: 

o The main benefit of SHCC is its high ductility. The range of tensile strain at 

90% strength is somewhere between 2% and 5% [17, 43]. 

o A typical crack pattern of SHCC, as seen in Figure 11, has multiple parallel 

cracks. This is more advantageous than one concentrated crack like in normal 

concrete because the width of an individual SHCC crack is significantly smaller. 

The width of cracks in SHCC is ranging between 60 µm and 100 µm according 

to Luković [4]. The advantages of smaller crack width are: 

▪ Good self-healing properties, 

▪ Smaller water permeability: water with ions is one of the ingredients that 

lead to the corrosion of reinforcement. Furthermore, the effects of 

freeze-thaw cycles are smaller. 

o The common range of the tensile strength of an SHCC is between 2 to 8 MPa. 

Yet, it highly depends on many factors like compressive strength, fibre volume 

fraction and type of fibres. There have also been developed high strength strain-

hardening cementitious composites (HS-SHCC) with over 10 MPa tensile 

strength [45]. 

• SHCC has great durability but does not belong to the least environmental burden 

materials according to Li [7]. SHCC can be more sustainable than normal concrete only 

if its superior properties are utilized. In other cases, there is more damage done to the 

natural environment than it is worth. 

• Thus answering the first sub-question: there is still a lack of knowledge regarding the 

interface concrete connection between old SHCC and new normal concrete. Most of the 

current experiments [38, 39, 41] on this subject have been performed on the interface 

between new SHCC and old normal concrete. Based on experiments [38] conducted by 

Tian et al., the positive effect on the interfacial shear strength is mainly due to higher 

SHCC compressive strength and interfacial roughness. The secondary parameter, which 

is positively correlated with the interfacial shear strength, is the ultimate tensile strength 

of fibres according to data [38]. Based on experiments [39] conducted by Gao et al., the 

limited temperature treatment (< 200 °C) might be beneficial to the bonding 

performance of the interface, but at extreme values (> 200 °C) the interfacial shear 

strength is lower. Furthermore, Şahmaran et al. [41] have discovered that SHCC with 

2.3 Conclusions of the Literature Study 
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slag has higher bond shear strength than SHCC with fly ash. But the contribution of 

slag in SHCC should be denoted as the secondary parameter since primary parameters 

(SHCC compressive strength and interfacial roughness) had much greater effects on the 

interfacial shear strength.  

The main unresolved aspects of those experiments are the unrealistic loading 

scenarios and actual environmental conditions that members are exposed to in practice. 

Specifically, there are no members with pure shear (moment = 0) alone: there is always 

an interaction between shear and moment. Further, the geometry of the interface will 

not always be plain. The structures are more complex and varied. They come in all 

shapes and forms. 

Despite those aspects, it has been discovered that the most effective way to 

increase interfacial strength between SHCC and normal concrete is to add roughness to 

the surface and increase the strength of SHCC. This can be used as guidance during 

designing the hybrid interface. 

• The biggest disadvantage of SHCC is its significant magnitude and rate of drying 

shrinkage compared to that of normal concrete. In most cases, the drying shrinkage of 

SHCC is at least twice as high as that of NC. This has a huge negative consequence for 

interfaces between old SHCC and new normal concrete because they are prone to 

delamination at an older age.  

• In the recent past, scientists have conducted a few experimental investigations [43, 44, 

45] of shear behaviour on RC beams with SHCC laminate. Using SHCC the laminates 

with a thickness of 10 mm improves shear capacity between 18% and 50% based on 

those papers. The shear failures of those hybrid beams were still brittle and sudden as 

the control groups. Some of the tested hybrid beams show debonding of SHCC 

laminates which resulted in premature failure. 
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3  
Design of beams 

“The best design is the simplest one that works.” 

Albert Einstein 

 

The three-point bending test will be conducted on four hybrid SHCC-concrete beams (the 

experimental group) and two reference RC beams (the control group). This chapter shows only 

the design calculations of the control group according to Eurocode 2. It is crucial for the success 

of this experiment that all beams fail in shear. Therefore, a large margin of difference between 

shear and flexural capacity is left to assure the desired failure mechanism.  
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The first section shows the calculation of the shear and flexural capacities of the RC beam 

without shear reinforcement according to Eurocode 2 approach. In the second section, the 

calculation of the shear and flexural capacities of the RC beam with shear reinforcement 

according to the Eurocode 2 approach are shown. In the paragraph below, the main parameters 

are listed which have been used for the design of those beams. 

Material properties and mechanical properties for all RC beams  

The effective span of all beams is chosen to be 1 m. The beams have a rectangular cross-section 

with dimensions of 200 mm × 120 mm. Hence, every shear span parameter (𝜂𝑎) remained equal 

to 3. The self-weight of beams is neglected. The beams are loaded by the concentrated load ‘F’ 

at mid-span. The beams are simply supported. The target capacities are based on theoretical 

mean values: 

Geometric parameters: 

𝑆𝑝𝑎𝑛         𝐿 = 1  [𝑚] 

𝐶𝑜𝑣𝑒𝑟         𝑐 = 25  [𝑚𝑚] 

𝐻𝑒𝑖𝑔ℎ𝑡        ℎ = 200  [𝑚𝑚] 

𝑊𝑖𝑑𝑡ℎ        𝑏 = 120  [𝑚𝑚] 

𝑆𝑒𝑐𝑜𝑛𝑑 𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑎𝑟𝑒𝑎       𝐼 =
1

12
∙ 𝑏 ∙ ℎ3 = 8 ∙ 107  [𝑚𝑚4] 

 

Reinforcement parameters: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ             𝑓𝑦𝑚 = 560 [𝑀𝑃𝑎] 

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡          ∅16
𝐿 = 16  [𝑚𝑚] 

 𝑁𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑟𝑒𝑏𝑎𝑟𝑠    𝑛 = 2  [−] 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡    𝐴𝑠𝑙 = 𝑛 ∙
𝜋∙∅16

𝐿 2

4
= 402,12 [𝑚𝑚2] 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑖𝑔ℎ𝑡               𝑑 = ℎ − 𝑐 −
∅16

𝐿

2
= 167 [𝑚𝑚] 

𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜  𝜌𝑠𝑙 =
𝐴𝑠𝑙

𝑏 ∙ 𝑑
∙ 100% = 2,01 [%] 

 

Concrete parameters: 

Properties of C20/25 according to NEN-EN 1992-1-1:2011 Table 3.1: 

𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑠𝑡𝑖𝑐 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ            𝑓𝑐𝑘 = 20  [𝑀𝑃𝑎] 

𝑀𝑒𝑎𝑛 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ            𝑓𝑐𝑚 = 28  [𝑀𝑃𝑎] 

𝑀𝑒𝑎𝑛 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠             𝐸𝑐𝑚 = 30   [𝐺𝑃𝑎] 
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3.1  Target capacity of RC beam without transverse reinforcement  
(first series) 

Shear capacity 

1
2 F

0

1
2 F

0 L1
2 L

 

Figure 18 Shear diagram of a simply supported beam loaded by concentrated load at the 
midspan. 

The percentage of longitudinal reinforcement (𝜌𝑙) that contributes to the shear strength is 

defined as follows: 

𝜌𝑙 = min{𝜌𝑠𝑙 ; 2,0%} = min{2,01%; 2,0%} = 2,0% (Eq. 3.0) 

According to NEN-EN 1992-1-1:2011 §6.2.2: 

𝑘 = min {1 + √
200

𝑑
; 2,0} = min {1 + √

200

167
; 2,0} = 2,0 (Eq. 3.1) 

𝑣𝑅𝑚,𝑚𝑖𝑛 = 0,035 ∙ 𝑘
3
2 ∙ √𝑓𝑐𝑚 + 𝑘1 ∙ 𝜎𝑐𝑝 = 0,035 ∙ 2

3
2 ∙ √28 + 0,15 ∙ 0

= 0,524
𝑁

mm2
 

(Eq. 3.2) 

𝑣𝑅𝑚,𝑐 = 0,18 ∙ 𝑘 ∙ (𝜌𝑠𝑙 ∙ 𝑓𝑐𝑚)
1
3 = 0,18 ∙ 2 ∙ (2,0 ∙ 28)

1
3 = 1,379

𝑁

mm2
 

 

(Eq. 3.3) 

𝑉𝑅𝑚,𝑐 = 𝑚𝑎𝑥{𝑣𝑅𝑑,𝑚𝑖𝑛; 𝑣𝑅𝑚,𝑐} ∙ b ∙ 𝑑 = 1,379 ∙ 120 ∙ 167 = 27,63 kN 

 
(Eq. 3.4) 

Thus, the shear capacity of the beam equals: 

𝐹𝑉 = 𝑉𝑅𝑚,𝑐 ∙ 2 = 27,63 ∙ 2 = 55,3 kN (Eq. 3.5) 
 

  

3.1 Target capacity of RC beam without transverse reinforcement (first series) 
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Figure 19 Internal forces in cross-section generated by ultimate moment. 

𝑁𝑠 = 𝐴𝑠𝑙 ∙ 𝑓𝑦𝑚;    𝑁𝑐 =  𝛼 ∙ 𝑥𝑢 ∙ 𝑏 ∙ 𝑓𝑐𝑚 

 
(Eq. 3.6) 

∑ 𝐹𝑜𝑟𝑐𝑒𝑠 = 𝑁𝑐 − 𝑁𝑠 = 0 → 𝑥𝑢 =
𝐴𝑠𝑙 ∙ 𝑓𝑦𝑚

 𝛼 ∙ 𝑏 ∙ 𝑓𝑐𝑚
=

402,12 ∙ 560

3
4

∙ 120 ∙ 28
= 89,36 𝑚𝑚 (Eq. 3.7) 

𝑧 = 𝑑 − 𝛽 ∙ 𝑥𝑢 = 167 −
7

18
∙ 89,36 = 132,25 𝑚𝑚 

 

(Eq. 3.8) 

𝑀𝑅𝑚 = 𝑁𝑠 ∙ z = 402,12 ∙ 560 ∙ 132,25 = 29,78 𝑘𝑁𝑚 
 

(Eq. 3.9) 

0 L1
2 L

FL
4  

Figure 20 Moment diagram of a simply supported beam loaded by concentrated load at the 
midspan. 

 

So, the moment capacity of the beam equals: 

𝐹𝑀 =
𝑀𝑅𝑚 ∙ 4

𝐿
=

29,78 ∙ 4

1
= 119,1 kN 

(Eq. 3.10) 

 

As shown above, the shear capacity (55,3 kN) of this design is lower than its moment capacity 

(119,1 kN), therefore shear failure is expected.  
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3.2 Target capacity of reference beam with (minimum) transverse 
reinforcement (second series) 

Shear capacity 

The minimum shear reinforcement ratio in the Netherlands according to NEN-EN 1992-1-1+ 

C2:2011 §9.2.2(5) equals: 

𝜌𝑤,𝑚𝑖𝑛 =
0,08 ∙ √𝑓𝑐𝑚

𝑓𝑦𝑚
=

0,08 ∙ √28

560
= 7,56 ∙ 10−4 (Eq. 3.11) 

𝜌𝑤 =
𝐴𝑠𝑤

𝑠 ∙ 𝑏𝑤 ∙ sin(𝛼)
 (Eq. 3.12) 

→
𝐴𝑠𝑤,𝑚𝑖𝑛

𝑠
= 𝜌𝑤,𝑚𝑖𝑛 ∙ 𝑏𝑤 ∙ sin(𝛼) = 7,56 ∙ 10−4 ∙ 120 ∙ sin(90°)

= 90,71 mm2/𝑚 

(Eq. 3.13) 
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Figure 21 Side view for proposed reinforcement design. The highlighted area indicates the 
most loaded stirrup. 

Thus minimum shear area within length s: 

𝐴𝑠𝑤,𝑚𝑖𝑛 =
𝐴𝑠𝑤,𝑚𝑖𝑛

𝑠
∙ s = 90,71 ∙ 0,25 = 22,68 mm2 (Eq. 3.14) 

The smallest practical diameter is 6 mm. The area of ∅𝑠𝑤6 shear reinforcement with two legs: 

𝐴𝑠𝑤,6 = 2 ∙
𝜋 ∙ ∅𝑠𝑤

2

4
= 2 ∙

𝜋 ∙ 62

4
= 56,55 mm2 (Eq. 3.15) 

The shear resistance according to NEN-EN 1992-1-1+ C2:2011 §6.2.3(3): 

𝑉𝑅𝑚,𝑠 =
𝐴𝑠𝑤,6

𝑠
∙ 𝑧 ∙ 𝑓𝑦𝑚 ∙ cot(𝜃) =

56,55

250
∙ 132,25 ∙ 560 ∙ cot(21,8°)

= 41,9 𝑘𝑁 

(Eq. 3.16) 

𝑉𝑅𝑚,𝑚𝑎𝑥 =
𝛼𝑐𝑤 ∙ 𝑏 ∙ 𝑧 ∙ 𝑣1 ∙ 𝑓𝑐𝑚

cot(𝜃) + tan(𝜃)
=

1 ∙ 120 ∙ 132,25 ∙ 0,6 ∙ 28

cot(21,8°) + tan(21,8°)
= 91,9 𝑘𝑁 (Eq. 3.17) 

𝑉𝑅𝑚 = 𝑚𝑖𝑛{𝑉𝑅𝑚,𝑠; 𝑉𝑅𝑚,𝑚𝑎𝑥} = 41,9 𝑘𝑁 (Eq. 3.18) 

3.2 Target capacity of reference beam with (minimum) transverse reinforcement (second series) 
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Thus, the shear capacity of the beam equals: 

𝐹𝑉 = 𝑉𝑅𝑚 ∙ 2 = 41,9 ∙ 2 = 83,8 kN (Eq. 3.19) 

The shear capacity is lower than flexural capacity. This means that the beam will fail in shear. 

Flexural capacity  

The flexural capacity of RC beam with or without transverse reinforcement is the same, 

therefore the moment capacity of the beam has been already calculated in Eq. 3.10. Hence, the 

shear capacity of 83,8 kN is still lower than the flexural capacity of 119,1 kN. This beam should 

fail in shear as well. 
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4  
Experimental program 

“A scientist in his laboratory is not a mere technician:  
he is also a child confronting natural phenomena  

that impress him as though they were fairy tales.” 

Maria Skłodowska-Curie 

 

The description of the manufacturing process of four hybrid SHCC-concrete beams, two 

reference beams, and their corresponding specimens is provided in this chapter. In the first 

series, two hybrid SHCC-concrete beams and one reference beam with longitudinal steel ribbed 

bars were tested. The main objective of the first series was to investigate the behaviour of shear 

failure of hybrid SHCC-concrete beams without transverse reinforcement with outer SHCC 

layers. The point of attention was the interface between SHCC and normal concrete. In the 

second series, two hybrid beams with longitudinal and vertical (shear) reinforcement were 

tested. The main objective of the second series was to investigate the behaviour of shear failure 

of hybrid SHCC-concrete beams with transverse reinforcement. The second goal was to 

investigate the influence of boundary conditions on the behaviour of a hybrid beam. This 

chapter also includes a list of the materials with their properties, as well as descriptions of 

specimen preparation, casting procedure and the testing set-up. 
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4.1 Experimental design 

4.1.1 Cross-section designs of (hybrid) beams 

The main test program consists of two series of hybrid SHCC-concrete beams with a height of 

200 mm and a width of 120 mm. C20/25 has been selected for normal concrete class strength. 

The reinforcement design was based on the work of Haung et al. [49]. 

The beams from the first series are reinforced with two steel B500 longitudinal ribbed 

bars with a diameter of 16 mm. The distance between the main longitudinal bars equals 28 mm. 

No ‘effective’ transverse (shear) reinforcement has been placed, but only two stirrups (⌀8 B500) 

have been provided for more convenient lifting operations. Those lifting stirrups do not affect 

the shear capacity of a beam. Furthermore, two steel B500 longitudinal rebars with a diameter 

of 12 mm in the compression zone have been placed. Those bars are needed only for execution 

reasons and provided a neglectable shear capacity of a cross-section. 

Two of the three beams from the first series have been strengthened by outer SHCC 

side layers. The emphasis is on the interface between normal concrete and SHCC, therefore 

two different hybrid beam designs were invented. The first beam is strengthened by two smooth 

SHCC laminates with a through-thickness of 10 mm and without any surface preparation, see 

Figure 22b). The second beam is strengthened by two SHCC laminates with shear keys height 

of 10 mm and a thinner through-thickness of 10 mm and without any surface preparation, see 

Figure 22c). Please note that the detailed design of SHCC laminates with shear keys is 

discussed in section 4.3. The last beam remains unstrengthen and will be referred to as the 

reference beam, see Figure 22a). The side covers equal 30 mm (including the through-thickness 

of SHCC laminate). The bottom cover equals 25 mm. 
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Figure 22 The cross-sections of the first series of the beams.  

a) Reference RC cross-section. b) Hybrid cross-section with smooth SHCC laminates.  
c) Hybrid cross-section with SHCC laminates with shear keys. 

The cross-section designs of the second series consist of one conventional 

reinforcement concrete cross-section and two hybrid cross-sections, see Figure 23. Both hybrid 

cross-sections are strengthened by two SHCC laminates with shear keys (the dimensions 
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remained unchanged). The emphasis is on the different supporting boundary conditions, see 

section 4.4.1. In practice, engineers are obligated to apply a minimum amount of shear 

reinforcement in accordance with Eurocode 2, in order to make sure the design shear resistance 

is larger than the design load. This is done due to prevent brittle failure of concrete as it is 

explained in section 2.1. To reflect the realistic scenario in the experiment, four stirrups (⌀6 

B500) have been provided with governing stirrup spacing of 250 mm, see Figure 25.  
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Figure 23 The cross-sections of the second series of the beams.  

a) Reference RC cross-section with vertical (shear) reinforcement.  
b) Hybrid cross-section with SHCC laminates with shear keys. 

4.1.2 Designs of (hybrid) concrete beams in sideview 

Since shear failure behaviour and the corresponding capacity of a beam are the objects of the 

investigation, a three-point bending test setup has been selected. This setup produces the 

flexural peak stresses at the midpoint but since a flexural crack at this location is not the subject 

of research, a four-point bending test setup is not necessary. The beam span has been chosen to 

be 1 m which results in 0,5 m of shear span and this corresponds to 𝜂𝑎 ≈ 3,0. This value of the 

shear span parameter is commonly encountered in practices. Additionally, the beams have been 

made extra longer by adding 0,2 m on each side. This extra length is needed to place the lifting 

stirrup and counter some concentration of stresses near the support. This means that the total 

length of beams equals 1,4 m. The detailed designs are shown below:  
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4.1 Experimental design 

 

Figure 24 Design of (hybrid) concrete beams of the first series in side view. 
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Figure 25 Design of (hybrid) concrete beams of the second series in side view. 

4.2 Materials 

The recipes for materials, which have been used during the casting of specimens, would be 

presented in this section. First, SHCC composition will be discussed and after that the 

composition of normal concrete. 

4.2.1 Strain-Hardening Cementitious Composite mixture 

The composition of SHCC consists of cement, limestone powder, PVA fibres, water and 

superplasticizer, see Figure 26. The more detailed composition of SHCC can be found in Table 

4. This SHCC mix was developed by MSc Shan He and was published in [50]. The water-to-

binder ratio equals 0,40 and a polycarboxylate-based superplasticizer (MasterGlenium 51 con. 

35% NL) to binder ratio equals 0,23. The binder, CEM III/B 42.5 N, is delivered from ENCI 

(the Netherlands) and it consists of 66–80% blast furnace slag (BFS) and 20–34% clinker 

according to [50]. The fibre volume equals 2,02%. The properties of PVA fibre from Kuraray 

(Japan) are found in Table 5. The water-to-powder ratio equals 0,27 and the filler-to-binder 

ratio equals 0,50. The filler is finely grinded limestone powder. It is produced by Calcitec® 

from Carmeuse (Belgium). The procedure for standardized mixing of SHCC has been provided 

in Appendix A which has been followed during the preparation of SHCC batches.  

 
Figure 26 Ingredients for Strain-Hardening Cementitious Composite 
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Table 4 SHCC mix design developed by He [50] 
Component Dry Weight [kg/m3] Volume [L] 
CEM III/B 42.5 N LH/SR 1050 354,730 

Limestone Powder 525 194,44 

Water 420 420,00 

Superplasticizer 2,4 2,00 

PVA fibres 26 20,00 

Air content  9 

Total Volume  1000 

As described in subsection 2.2.1, the environmental impact of SHCC is considerable 

compared to normal concrete looking only at the functional unit of 1000 kg material. Therefore, 

quoting from [18], „the SHCC mix used in this study is developed at TU Delft in efforts to 

produce green SHCC by using locally available materials in the Netherlands.” The same 

suppliers for ingredients for the experiments have been used as in the work of [18] and [50]. 

Table 5 Physical and mechanical properties of PVA fibre according to [18] and [50] 
Property PVA fibre 
Tensile Strength (MPa) 1640 

Young’s Modulus (GPa) 41,100 

Density (kg/m3) 1300 

Diameter (mm) 0,04 

Length (mm) 8 

Surface oiling coating (wt.%) 1,2 

 

 

 

4.2.2 Normal concrete mixture 

The role of normal concrete composition is not the topic of this study and to decrease the 

number of factors that could influence the aim of the research, therefore it has been decided to 

use only one type of NC mix for all specimens. To assure shear failure by given dimensions in 

section 4.1, C20/25 has been selected. This has relatively low-value strength properties, but it 

is still used in practice these days. In Table 6, the composition of the concrete mix used in the 

experiments is shown. The water-cement ratio equals 0,60 and superplasticizer 

(MasterGlenium 51 con. 35% NL) to binder ratio equals 0,10. This mix was developed by 

Blagojević [52]. Note that a maximum aggregate size (Dmax) used in this mix equals 16 mm. To 

prevent blocking the aggregates between reinforcement, the ACI 211.1-91 specified that the 

minimum clear spacing between individual reinforcing bars is limited to:  

 
3

4
∙ 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡 =

3

4
∙ 28 = 21 𝑚𝑚 ≥ 𝐷𝑚𝑎𝑥 = 16 𝑚𝑚 

  

4.2 Materials 

 



- 37 -   
 

Table 6 Concrete mix design developed by Blagojević [52] 
Component Dry Weight [kg/m3] Volume [L] 
CEM I 42.5 N 260 82,28 

Sand 0,125 – 0,250 mm 78,830 29,86 

Sand 0,250 – 0,500 mm 256,199 97,05 

Sand 0,500 – 1 mm 256,199 97,05 

Sand 1 – 2 mm 157,661 59,72 

Sand 2 – 4 mm 98,538 37,33 

Gravel 4 – 8 mm 394,152 149,30 

Gravel 8 – 16 mm 729,181 276,21 

Water 156 156 

Superplasticizer 0,26 0,22 

Air content  15 

Total Volume  1000 

4.3 Specimen preparation – casting and curing 

In this section, the fabrication and curing process of laminates for hybrid beams will be 

discussed. Thereafter, the manufacture and curing of hybrid and reference beams will be 

explained in detail. The fabrication of the quality control samples and curing will be described 

at the end of the section. 

4.3.1 SHCC laminates, hybrid beams and reference beam  

As described in section 4.1.1, there are two designs for laminates: a smooth one and one with 

shear keys. The detailed design of a laminate with shear keys is shown in Figure 27. This 

laminate board has a through-thickness of 10 mm just like a smooth laminate has. The shear 

keys have a cylindrical shape with a height of 10 mm and a diameter of 25 mm. The prior small-

scale experiment showed that shear keys with a width of 10 mm cast vertically are not reliable 

because very few fibres make bridges between a shear key and laminate board (see Appendix 

B) due to too small notches in the mould. To ensure that the fresh normal concrete with Dmax of 

16 mm can flow freely between shear keys, the distance between shear keys’ edges is not 

smaller than 25 mm. 
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Figure 27 Design of laminate with shear keys. Length unit in [mm]. 
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Figure 28 a) Wooden cylindrical studs with a diameter of 25 mm. b) Process of gluing 
wooden studs to board formwork with double-sided tape. c) Formwork board with studs. 

                   

Figure 29 a) Mould for rubber mesh. b) Single rubber mesh. c) Rubber meshes glued on 
formwork board. 

4.3 Specimen preparation – casting and curing 

 

a) b) 

c) 

a) b) c) 
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Figure 30 a) Mould for laminates with shear keys. b) Mould for smooth laminates. 

The first step in the fabricating of a laminate with shear keys was to glue wooden 

cylindrical studs onto the formwork board according to the design shown in Figure 27. Such 

board with studs (see Figure 28) was placed inside the beforehand prepared mould. 

Straightaway, this mould was filled with fluid silicone rubber (Poly-Service 8510 set), see 

Figure 29a). After waiting at least 6 hours, the rubber mesh was ready to be demoulded, see 

Figure 29b). In total, two rubber meshes were fabricated. They are shown in Figure 29c) glued 

to the new formwork board. This new formwork board was placed in the mould shown in Figure 

30a). Figure 30b) is the picture of the mould to fabricate smooth laminates. Both moulds were 

filled with SHCC and after waiting around 24 hours, the laminates were sufficiently hardened 

to be demoulded. Two smooth laminates and two laminates with shear keys were fabricated for 

the first series of the beams, shown in Figure 31 and 32. For the second series of the beams, 

four laminates with shear keys were fabricated, see Figure 36. 

Fabrication of the first series of the beams 

 

Figure 31 SHCC laminates with shear keys (the first series of the beams) 

a) b) 
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Figure 32 SHCC smooth laminates (the first series of the beams) 

The laminates were cured under the standard curing condition (20 (± 2) °C and relative 

humidity >95%) for 14 days. After this period, they were removed from the curing room and 

dried to avoid additional moisture in the interface. This extra water could weaken the bearing 

capacity of the interface because this additional water would locally increase the water-cement 

ratio of normal concrete. 

After drying, the laminates were ready to be positioned in the mould with the 

reinforcement cages, see Figure 33. Plastic spacers were placed to ensure a uniform cover but 

also to prevent shifting the reinforcement cages during the vibrating of the mould. Later, the 

mould was filled with normal concrete up to one-third of its height and then it was vibrated. 

This procedure was repeated two more times to fill the mould completely. The beams were 

sealed for 28 days using a plastic sheet (Figure 34) and have been kept under a constant 

temperature of 20 (± 2) °C. 

 

Figure 33 Mould for two hybrid beams and reference beam (the first series of the beams) 

 

Figure 34 Two hybrid beams and one reference beam sealed (the first series of the beams) 

4.3 Specimen preparation – casting and curing 
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Figure 35 The deviation of through-thickness of shear keys laminates in respect to the perfect 
laminate. The top graph shows the through-thickness versus the length of K1 laminate. The 

bottom graph shows the through-thickness versus the length of K2 laminate. 

The through-thickness of shear keys laminates K1 and K2 deviate from 10 mm at certain 

spots, see Figure 35. The reason for this deviation is due to the unequal thickness of rubber 

meshes, see Figure 29 b) and c). During the hardening of those rubber meshes, the mould 

displayed in Figure 29 a) has deformed significantly due to the outwards pressure of liquid 

rubber. Hence, the rubber meshes were in some places thicker. This should not be surprising 

because this mould was heavily exploited in the past. 

The laminates have been placed in the mould (see Figure 33) in such a way that the 

thinner part of K2 laminate is compensated by the thicker part of K1 laminate. As a reminder, 

200 mm and 1200 mm are the locations of the supports. At the location of 300 mm, which is 

close to one of the supports, the lowest total through-thickness has been measured. 

Approximately 30% of the ideal total through-thickness is missing.  
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Fabrication of the second series of the beams 

 
Figure 36 SHCC laminates with shear keys (the second series of the beams) 

Laminates for the second series of the beams have been cured for 21 days in the standard 

curing condition (20 (± 2) °C and relative humidity >95%). That is one week longer than in the 

case of the first series. The reason behind this is that the delivered reinforcement was not in 

accordance with the drawings that have been sent to the factory. It had to be corrected manually 

in the laboratory Stevin II.  

 
Figure 37 Mould for two hybrid beams and reference beam (the second series of the beams) 

4.3 Specimen preparation – casting and curing 

 



- 43 -   
 

After drying, the laminates and reinforcement cages have been placed in the mould, see 

Figure 37. From an execution point of view, shear keys are slightly inconvenient. A few shear 

keys were in the way of some stirrups. Plastic spacers were placed at the bottom and the sides 

to ensure a uniform cover. The mould was ready to be filled with normal concrete. Here as 

well, the mould was filled up to one-third of its height first and then vibrated. This procedure 

was repeated two more times to fill the mould fully. The beams were sealed for 35 days by 

using a plastic sheet (Figure 38) at a constant temperature of 20 (± 2) °C. That is one week 

longer than in the case of the first series due to logistic problems in the laboratory. 

 
Figure 38 Two hybrid beams and one reference beam sealed (the second series of the beams) 

4.3.2 SHCC cube specimens, SHCC dog bone specimens and SHCC prisms specimens 

During manufacture process of the beams, five separate batches of SHCC have been casted. 

Three batches were needed to cast all laminates in the first series and two batches in the second 

series. Casting all laminates with all quality control groups in one batch was not possible due 

to limiting volume of the mixer. To ensure that the properties of SHCC are in a desirable range, 

the quality check for every batch has been performed. 

 In case of the first series of the beams: one batch was consumed by two smooth 

laminates, so there was need for only one quality group. However, one batch was consumed 

for every laminate with shear keys and therefore, two quality groups were prepared, and as 

consequence, one laminate is referred to as ‘K1’ and the other one is referred to as ‘K2’. 

In case of the second series of the beams: one batch was consumed by two laminate 

with shear keys which results in one quality group referred to as ‘B1’. The quality group of the 

second batch is referred to as ‘B2’. 

 
Figure 39 SHCC cube specimens 40 mm  40 mm  40 mm 
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To control compressive strength of SHCC, cubes with dimension of 40 mm  40 mm  

40 mm were prepared, as seen in Figure 39. Those cubes were cut from a SHCC prism with 

dimension of 150 mm  40 mm  40 mm (see Figure 40). For every batch of SHCC, three prism 

specimens of SHCC were prepared and cured in different environments and ages:  

i. Cured for 14 days in standard curing conditions and then tested; 

ii. Cured for 28 days in standard curing conditions and then tested; 

iii. Cured for 14 days in standard curing conditions and then sealed for 28 days in 

airtight conditions at 20 (± 2) °C next to the beams. (Please note: it is the exact same 

treatment as laminates in the beams). After this, the specimen was ready to be tested. 

Note: The expression "standard curing conditions" refers to the specific enviroment conditions 

in a climate room which are defined in NEN-EN 12390-2. This room has a temperature of 20 

(± 2) °C and relative humidity >95%. 

           

Figure 40 a) SHCC prism specimen 150 mm  40 mm  40 mm. b) Styrofoam mold (160 mm 
long) for 3 SHCC prism specimens 

To determine the so-called scale factor, six standard size cubes (150  150  150 mm3) 

have been prepared at different ages and under two different curing conditions, see points i) 

and ii) above for more details. Due to limitations in the volume of the Hobart mixer, those cubes 

had to be cast in separate batches than the prisms and the laminates. 

To verify the tensile strength of SHCC, dog bone specimens have been prepared with 

dimension shown in Figure 41 and tested under the uniaxial tensile test set-up. Top and bottom 

edges have been glued to thick steel plates to reduce eccentric bending moments and increase 

the bonding area with the set-up. Specimens were loaded by prescribed deformation of 

0,005mm/sec. The strain was defined as the average ratio of the changes in measurement 

lengths of 80 mm in two LVDTS. For every batch of SHCC, four dog bone specimens were 

prepared and cured at different conditions: 

i. Two specimens were cured for 28 days in standard curing conditions and then 

tested; 

ii. Two specimens were cured for 14 days in standard curing conditions and then 

sealed for 28 days in airtight conditions at 20 (± 2) °C next to the beams. (Please 

note: it is the exact same treatment as laminates in the beams). After this, the 

specimens were ready to be tested. 

a) b) 
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Figure 41 Details of SHCC dog bone specimens: a) front view [53]; b) side view (mm) [53]. 
c) typical SHCC dog bone specimen 

 From the literature study in section 2.2.1 and 2.2.2, an important point to attention 

regarding the behaviour of SHCC has been drawn. Shrinkage of SHCC is at least twice as big 

as shrinkage of normal concrete. This results in residual stresses at the interface between SHCC 

and normal concrete. Therefore, it has been decided to measure shrinkage behaviour of SHCC. 

For this purpose, two set of three prism specimens each (shown in Figure 42) has been prepared 

with different curing conditions.   

      

Figure 42 Left: SHCC prism specimens (150 mm  40 mm  40 mm) for shrinkage test. Right: 
Setup for length measurement of a prism specimen. 

4.3.3 Normal concrete cubes and prism specimens 

It was decided to do also a quality check for normal concrete. For this purpose, six cube 

specimens with a dimension of 150 mm  150 mm  150 mm and three prism specimens with 

a dimension of 400 mm  100 mm 100 mm were prepared. The shapes are thus in accordance 

with NEN-EN 12390-1. The curing conditions for those specimens were the same. They were 

a) b) c) 
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sealed with foil and kept at 20 (± 2) °C for 28 days next to the beams. The cubes were subjected 

to the uniaxial compressive test to verify compressive strength. The prims were loaded to obtain 

Young’s modulus of normal concrete. Those specimens were loaded in three cycles up to fc/3 

as specified in NEN-EN 12390-13. The speed of loading was set on 0,5 kN/sec. 

 

Figure 43 Normal concrete cube specimen 150 mm  150 mm  150 mm. a) cube in mould; b) 
perspective view of concrete cube; c) sealed cube specimen. 

 

        

Figure 44 Normal concrete prism specimen 400 mm  100 mm  100 mm. a) perspective view 
of concrete prism; b) prism in mould; c) sealed prism specimen. 

After complying the test on the concrete prism, those specimens were cut into three 

cubes with a dimension of 100 mm  100 mm  100 mm, see Figure 45. The cubes were 

subjected to the uniaxial compressive test to verify the compressive strength of the concrete, 

but foremost to check the quality of the prism specimens. 

 

c) a) b) 

a) 

b) c) 

4.3 Specimen preparation – casting and curing 

 

Figure 45 Normal concrete cube specimens 100 mm  100 mm  100 mm 

. 
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1 The width of those steel plates (150 mm) was larger than the width of the beams (120 mm). 

 

4.4 Structural testing and bending setups of beams 

In this section, the description of measuring setups and the three-point bending configuration 

that have been used during the testing of the beams are provided. First, the three-point bending 

configuration is presented. As mentioned in section 4.1.2, this configuration remained the same 

for all beams. After this, the detailed description of setups of the first series of the beams are 

given and subsequently in the last part, monitoring setups of the second series of the beams are 

reported. 

4.4.1 Three-point bending configuration 

Beams were loaded by a concentrated load introduced by the hydraulic piston shown in Figure 

46. It has been decided to generate this load as prescribed deformation. This type of loading is 

often referred to as displacement control because an applied load is increased by adding small 

increments of displacement. In this particular test, a value of 0.01 [mm/s] was selected for the 

increment values. The path length refers to the displacement of the piston. The displacement 

control allows for measuring the deformation of beams from elastic behaviour and nonlinear 

up to the failure and even beyond the peak load. 

   
Figure 46 Right: hydraulic piston 1000 kN (first series).  
                Left: hydraulic piston 400 kN (second series). 

The loading condition for every beam in all series was the same. It consisted of an 8 

mm thick soft pad that spread the load evenly over the loading area. The purpose of those soft 

pad is to reduce the unevenness of the top surface of a beam. Otherwise, those irregularities 

would lead to stress concentrations which could have affected the experimental results. On top 

of this soft pad, the steel plate with a thickness of 10 mm was situated. The loading area was 

100 mm  50 mm (width  length) and was centred along the double symmetric axis. 

The beams in the first series were simply supported on steel plates with a thickness of 

8 mm. Those plates were glued to concrete to even the surface. The area of each support plate 

for the reference beam was 120 mm  50 mm (width  length). The area of each support plate 

for hybrid beams was 90 mm  50 mm (width  length). This means that hybrid beams in the 

first series were supported only at the normal concrete part. 

The beams in the second series were simply supported as well. For this purpose steel 

plates with a thickness of 12 mm had been used. The area of each support plate for the reference 

beam and the hybrid beam ‘B1’ was 150 mm  55 mm (width1  length). However, the other 
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hybrid beam ‘B2’ was supported by steel plates with an area of 95 mm  50 mm (width  

length) each. The hybrid beam ‘B2’ was only supported on the normal concrete part.  

4.4.2 The bending setups of beams 

The behaviours of beams were monitored by two independent techniques: Linear 

Variable Data Transformers (LVDTs), and Digital Image Correlation (DIC). The bending set-

ups was based on the work of Haung et al. [49]. 

LVDT is a reliable and accurate technique to measure a particular distance. It converts 

transverse motion into an electrical signal which can be translated to displacement. The 

obtained data is correlated with the magnitude of load to obtain a displacement curve. The 

disadvantage of this method is that LVDT sensors have to be physically attached to an object 

of interest. The other limitation is that the LVDT sensor measures motion only in one 

dimension, therefore operator has to know beforehand crucial spots of interest. 

DIC captures photos with specified time intervals during loading of the beams and 

employs tracking algorithms to accurately register changes between photos. It uses contrast of 

colours between grids, therefore, the speckle pattern is applied to obtain strong contrast between 

points. DIC is able to monitor 3D fields, however, the 2D field has been monitored in this 

experiment. The huge advantage of this method is non-contact feature. However, this technique 

is considered often less accurate for measuring displacement and strain fields compared to 

LVDTs. The 2D measurements becomes less accurate when out-of-plain motion occurs. DIC 

is suitable for capturing development and crack pattern which results in more deep 

understanding of failure mechanisms. It is therefore important during preparation of the speckle 

pattern that white ground colour should not have thick layer otherwise it may conceal small 

cracks. Furthermore, an image analysis software package, GOM Correlate 2019 {v 2.0.1} [54], 

has been used to evaluate data obtain from photos. 

The reference beam in the first series 

The first beam that has been tested was a reference RC beam without shear reinforcement. The 

one side was monitored by DIC and the other side was monitored by LVDTs, see Figure 47.  

 
Figure 47 Two side views of the reference beam. Photo on the top: the configuration of 

LVDTs. Photo on the bottom: the speckle pattern for DIC. 
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The detailed LVDTs configuration is shown in Figure 48. In total six sensors have been 

installed. LVDTs with number 1, 2 and 3 has been installed in compressive zone of the beam. 

LVDTs with number 4 and 5 had the task to measure the outer fibres in the tension zone. The 

task of those LVDTs was to measure horizontal displacement. To keep the track on the vertical 

displacement, LVDT number 6 has been mounted. 
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Figure 48 The drawings for the configuration of LVDTs on the reference beam without shear 
reinforcement. 

The hybrid beam with smooth interface in the first series 

The second beam that has been tested was a hybrid beam with smooth laminates without shear 

reinforcement. Just like reference beam, the one side was monitored by DIC and the other side 

was monitored by LVDTs, see Figure 49 and 50. Additionally, LVDTs were installed on the 

top of the beam to measure relative displacements of laminates with respect to normal concrete 

part.  

 
Figure 49 Side views of the beam with smooth laminates with the configuration of LVDTs. 
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Figure 50 Side views of the beam with smooth laminates with the speckle pattern for DIC. 

The detailed LVDTs configuration is shown in Figure 51. In total nine sensors have 

been installed. LVDTs with numbers from 1 to 4 measure relative vertical displacement of 

laminates with respect to normal concrete part. LVDTs with numbers from 5 to 8 measure 

relative vertical displacement of laminates. LVDT number 9 measures vertical displacement of 

the beam. 
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Figure 51 The drawings for the configuration of LVDTs on the beam with smooth laminates. 
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The hybrid beam with shear keys laminates in the first series 

The third beam that has been tested was a hybrid beam with shear keys laminates without shear 

reinforcement. This beam was monitored by DIC from both sides (see Figure 52) because the 

unequal thickness of the laminates could trigger an unusual failure mechanism. As can be seen 

in the Figure below, two different techniques have been used to make those speckle patterns. 

The speckle pattern in the first picture in Figure 52 was prepared using a porous painting roller. 

The other speckle pattern in the second picture in Figure 52 was obtained by spraying black 

paint with an airbrush. Despite their different appearance, both patterns performed their work 

excellently. However, the latter pattern showed less noise in the measurements, therefore, is 

advisable to apply the pattern using an airbrush. Just like in the beam with smooth laminates, 

LVDTs were installed on the top of the beam to measure relative displacements of laminates 

with respect to the normal concrete core. 

 

 
Figure 52 Two side views of the beam with laminates shear keys without shear reinforcement. 

Photo on the top: the speckle pattern on laminate K2 for DIC. Photo on the bottom: the 
speckle pattern on laminate K1 for DIC 

 

The detailed LVDTs configuration is shown in Figure 53. In total nine sensors have 

been installed. LVDTs with numbers from 1 to 4 measure relative vertical displacement of 

laminates with respect to normal concrete part. LVDTs with numbers from 5 to 8 measure 

relative vertical displacement of laminates. LVDT number 9 measures vertical displacement of 

the beam. At the bottom of the beam no LVDT has been installed. 
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Figure 53 The drawings for the configuration of LVDTs on the beam with shear keys laminates. 

The reference beam in the second series 

The fourth beam that have been tested was the reference beam with shear reinforcement. Both 

side was monitored by DIC and additionally, the one side was monitored by LVDTs, see Figure 

54 and 55.  

 
Figure 54 The speckle pattern on the reference beam with shear reinforcement for DIC. 
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Figure 55 The speckle pattern with LVDTs on the reference beam with shear reinforcement 

for DIC. 

The detailed LVDTs configuration for this beam is shown in Figure 56. Only three 

LVDTs had been placed on this beam. To measure vertical displacements, LVDT with number 

1 was installed. LVDT with number 2 was responsible to measure deformation at a distance of 

15 mm from the top fibre. The last LVDT with number 3 measured the bottom fibre’s 

deformation. 
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Figure 56 The drawings for the configuration of LVDTs on the reference beam with shear 
reinforcement. 
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The hybrid beam [B1] with shear reinforcement in the second series  

The five beam that has been tested was a hybrid beam with shear keys laminates strengthen by 

shear reinforcement in the second series. From now on, this beam will denoted as the hybrid 

beam B1. Both side was monitored by DIC and additionally, the one side was monitored by 

LVDTs, see Figure 57. 

 

 
Figure 57 Two side views of the hybrid beam B1 

 

The detailed LVDTs configuration is shown in Figure 58. In total ten sensors have been 

installed. The duty of LVDT with number 1 is to measure the vertical deformation of the beam. 

LVDT with number 2 measures deformation at a distance of 15 mm from the top fibre. LVDTs 

with numbers from 3 to 6 measure relative vertical displacement of laminates with respect to 

normal concrete part. LVDTs with numbers from 7 to 10 measure relative vertical displacement 

of laminates.  
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Figure 58 The drawings for the configuration of LVDTs on the hybrid beam B1 

The hybrid beam [B2] with shear reinforcement in the second series  

The five beam that has been tested was a hybrid beam with shear keys laminates strengthened 

by shear reinforcement in the second series. This beam will denoted as the hybrid beam B2. 

 

 

  

Figure 59 The speckle pattern for DIC + the configuration of LVDTs on the hybrid beam B2. 
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Figure 60 The other side of the hybrid beam B2. The speckle pattern for DIC and  the 

configuration of LVDTs is visible. 

 

Both side was monitored by DIC and additionally, the one side was monitored by 

LVDTs, see Figure 59 and 60. The detailed LVDTs configuration is shown in Figure 61. This 

configuration is exactly the same as for the hybrid B1. The bottom paragraph on the page 54 

gives more detailed description of the configuration.  
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Figure 61 The drawings for the configuration of LVDTs on the hybrid beam B2 
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5  
Experimental results  

“What we know is a drop, what we don’t know is an ocean.” 

Isaac Newton 

 

The three-point bending test was conducted on four hybrid SHCC-concrete beams and two 

reference RC beams. In this chapter, the recorded behaviours of those beams will be shown and 

analysed. The results of the quality control of concrete and SHCC have been reported as well. 

Finally, all results are critically examined and discussed. 
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In this chapter, the results of all experiments mentioned in the previous chapter are presented. 

In the first section, the mechanical properties of normal concrete and SHCC are given. In the 

second section, the structural responses of all (hybrid) beams are given. Their capacity, 

deflection, failure modes and energy dissipation are discussed here as well. 

5.1 Material test results 

This section is subdivided into two parts: mechanical performance of normal concrete, 

mechanical performance of SHCC.  

5.1.1 Mechanical performance of normal concrete 

The results of the uniaxial compressive test on six standard cubes (150  150  150 mm3) are 

shown in Table 7. The results of secant modulus of elasticity in compression on four prisms 

(400  100  100 mm3) is shown in Table 9. Section 4.3.3 provides more detailed information 

about those specimens. The specimens’ notation is defined as follows: the first part indicates 

the type of material; the second part refers to the individual name {C: standard cube, mc: 

medium cube, P: prism}; the third part indicates the age of a specimen in days.  

Table 7 The results of compressive test on normal concrete cubes (150  150  150 mm3) 
Series nr. Specimen 

ID 
Compressive 

strength [MPa] 
Average compressive 

strength [MPa] 
Standard 

deviation [MPa] 

First 
(without TR) 

NC_C1_28 30,00 

29,07 ± 1,08 

NC_C2_28 27,43 

NC_C3_28 29,79 

NC_C4_28 28,60 

NC_C5_28 30,45 

NC_C6_28 28,14 

Second 
(with TR) 

NC_C7_35 28,92 

31,73 ± 1,89 

NC_C8_35 34,20 

NC_C9_35 34,05 

NC_C10_35 30,44 

NC_C11_35 31,68 

NC_C12_35 31,09 
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Specimens from the second series 

showed a slightly higher average 

compressive strength and a slightly larger 

standard deviation of compressive 

strength compared to the results of the 

first series, as displayed in Figure 62. 

Despite that, the strength of concrete from 

both series has reached its anticipated 

strength class of C20/25 according to 

“identity criteria” found in Tabel B.1 of 

NEN‐EN 206 + NEN 8005:2017 

document, see Table 8. 

 

Figure 62 Variation in two sets of 
compressive strength on NC cubes  
(150  150  150 mm3). 
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Table 8 Identity criteria for the compressive strength according to NEN‐EN 206. 
Series nr. Specimen 

ID 
Criterium 1: 

fcm ≥ fck + 2 [MPa] 
Criterium 2: 

fci ≥ fck – 4 [MPa] 
Strength 

Class 

First 
(without TR) 

NC_C1_28 

29,07  ≥  27 

30,00  ≥  21,00 

27,43  ≥  21,00 

29,79  ≥  21,00 

28,60  ≥  21,00 

30,45  ≥  21,00 

28,14  ≥  21,00 

C20/25 

NC_C2_28 

NC_C3_28 

NC_C4_28 

NC_C5_28 

NC_C6_28 

Second 
(with TR) 

NC_C7_35 

31,73  ≥  27 

28,92  ≥  21,00 

C20/25 

NC_C8_35 34,20  ≥  21,00 

NC_C9_35 34,05  ≥  21,00 

NC_C10_35 30,44  ≥  21,00 

NC_C11_35 31,68  ≥  21,00 

NC_C12_35 31,09  ≥  21,00 

 Table 9 provides only one result from the second series. The other two prisms were 

rejected due to poor compaction of concrete during casting, see Appendix C.1 for the 

explanation. To show quality of the remaining concrete prism, the results of the uniaxial 

compressive test on three cubes (100  100  100 mm3) cut from this prism are reported in 

Table 10.  

Table 9 The results of elastic modulus of normal concrete prisms (400  100  100 mm3) 
Series nr. Specimen 

ID 
Young’s 

modulus [MPa] 
Average Young’s 
modulus [MPa] 

Standard deviation 
[MPa] 

First 
(without TR) 

NC_P1_28 32638 
33031 ± 552 NC_P2_28 32644 

NC_P3_28 33813 

Second 
(with TR) NC_P4_35 34486   

Table 10 The results of compressive test on normal concrete medium cubes (100  100  100  
                mm3) after 35 days of sealing. 
Series nr. Specimen 

ID 
Compressive 

strength [MPa] 
Average compressive 

strength [MPa] 
Standard 

deviation [MPa] 

Second 
(with TR) 

NC_mc1_35 34,87 
32,57 ± 1,97 NC_mc2_35 30,04 

NC_mc3_35 32,82 

Due to the influence of the scale factor on the compressive strength of normal concrete, 

the results of smaller cubes are higher than the results of standard cubes. According to NEN 

8005+C1:2017 Table G, the correction factor due to this phenomenon equals 0,91 for a cube 

with 100  100  100 mm3 dimensions. Hence, the corrected average compressive strength 

equals 29,64 MPa which is more or less in line with Table 7. For this reason, this prism has 

been labelled as a good quality specimen.  
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5.1.2 Mechanical performance of strain hardening cementitious composite 

The primary results of the uniaxial compressive test on SHCC cubes (40  40  40 mm3) are 

presented in Table 11. However, the complete list of those results can be found in Table D-3 

(see Appendix D). Further, the results of the uniaxial tensile test on standard dog bone 

specimens are reported in Figure 64 and Table 14 and 15. Finally, the results of shrinkage on 

SHCC prisms (150  40  40 mm3) are provided in Figure 67. Section 4.3.2 provides more 

detailed information about curing conditions and testing procedures of all those specimens. To 

distinguished specimens from each other, the specimens’ types are formulated as follows: the 

first part indicates a laminate(s) or a hybrid beam or a purpose {Sm: smooth laminates, K1: 

shear key laminate of the first batch, K2: shear key laminate of the second batch, B1: hybrid 

beam B1, B2: hybrid beam B2, ST: shrinkage test, SF: scale factor}; the second part refers to 

the individual name {C: standard cube, c: small cube, d: dog bone specimen, p: prism 

specimen}; the third part indicates the age of a specimen in days {days in the climate room + 

days in sealing}. As already documented in previous chapter, the K1 laminate is slightly thicker 

in certain spot than the K2 laminate. Some dog bone specimens had to be recreated (indicated 

with symbol ‘R’) because original specimens had an initial curvature caused by a faulty mould. 

Table 11 The primary results of compressive test on SHCC cubes (40  40  40 mm3) 
Series nr. Specimen ID Compressive 

strength [MPa] 
Average 

compressive 
strength [MPa] 

Standard 
deviation [MPa] 

First 
(without TR) 

Sm_c1_14+28 70,491 
68,957 ± 2,437 Sm_c2_14+28 65,518 

Sm_c3_14+28 70,863 

K1_c1_14+28 65,302 
66,269 ± 2,827 K1_c2_14+28 63,393 

K1_c3_14+28 70,111 

K2_c1_14+28 61,777 
64,118 ± 2,082 K2_c2_14+28 63,741 

K2_c3_14+28 66,836 

Second 
(with TR) 

B1_c1_21+35 72,107 

69,764 ± 4,737 B1_c2_21+35 74,028 

B1_c3_21+35 63,158 

B2_c1_21+35 77,143 

75,376 ± 1,972 B2_c2_21+35 76,361 

B2_c3_21+35 72,623 

Looking at the table above, it can be concluded that the target compressive strength of 

60 MPa has been reached. Despite five separated batches, the mean values and standard 

deviations remained in the acceptable limits, see Figure 63. Table 12 shows the primary results 

of quality control groups for shrinkage specimens. Those results are proof that the target 

compressive strength for shrinkage specimens has been indeed reached. However, the complete 

list of those results can be found in Table D-4 (see Appendix D). It is worth noticing that the 

average compressive strength of SHCC is 2,1 – 2,3 factor1 greater than that of normal concrete. 

Chapter 5: Experimental results 

 

1 Based on the compressive strength results on cubes (150  150   150  mm3)  

   [Table 7 vs Table 13] 
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Figure 63 SHCC compressive strength in different curing conditions, see Table D-3. 

Table 12 The primary results of compressive test on SHCC cubes (40  40  40 mm3) 
Series nr. Specimen ID Compressive 

strength [MPa] 
Average 

compressive 
strength [MPa] 

Standard 
deviation [MPa] 

Not 
applicable 

ST_c1_14+28 77,265 

72,795 ± 3,361 ST_c2_14+28 71,959 

ST_c3_14+28 69,161 

Concrete compressive strength decreases as sample size increases, this phenomena is 

called ‘the size effect’. As seen in Table 13, the size effect factor for this specific SHCC mix is 

estimated to be around 0,97. It is rather small and therefore the compressive strength of small 

SHCC cubes can be directly be compared with compressive strength of standard NC cubes. 

The complete list of those results can be found in Table D-5 (see Appendix D). 

According to the experiment of He [50] (inventor of the mix composition), Young’s 

modulus of this particular SHCC equals 16,5 (± 1,4) GPa.  

Table 13 The primary results of compressive test on SHCC cubes (150  150  150 mm3) 
Series 
nr. // 
Beam 

Specimen ID Compressive 
strength [MPa] 

Average 
compressive 

strength [MPa] 

Standard 
deviation [MPa] 

Second // 
B1 

SF_C1_21+35 64,21 

68,14 ± 3,05 SF_C2_21+35 68,56 

SF_C3_21+35 71,64 

Two different curing conditions had no significant effect on the tensile properties of 

SHCC. The anticipated mechanical properties of this particular SHCC have been reached. 

Compared to the first series, the results of the second series are more uniform due to eliminating 

an initial curvature of the dog bone specimens by using the steel mould. 

Not all dog specimens at age of 56 days were successfully tested. Three of four 

specimens failed outside the range of LVDTs. The failure was due to too extensive oiling of 

the mould prior to casting which damaged microcracking bridging between cement past and 

fibres. It can be concluded that the mechanical properties of SHCC were not an issue here. 

5.1 Material test results 
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Figure 64 Representative tensile stress-strain curves of SHCC after  
(a) 28 days standard curing and (b) 14 days standard curing + 28 days of sealing (42 days 

total) or 21 days standard curing + 35 days of sealing (56 days total). 

Table 14 Uniaxial tensile test results on SHCC samples after 28 days standard curing.  
Series nr. Specimen 

ID 
Ultimate 
tensile 

strength 
[MPa] 

Tensile 
strain at 

90% 
strength [%] 

Average 
ultimate tensile 
strength [MPa] 

Average 
tensile strain 

at 90% 
strength [%] 

First 
(without TR) 

Sm_d1_28 3,92 3,67 
3,61 (± 0,32) 2,81 (± 0,87) 

Sm_d2_28 3,29 1,94 

K1_d1_28 3,25 1,42 
3,30 (± 0,05) 2,22 (± 0,80) 

K1_d2_28 3,35 3,02 

K2_d1_28 3,98 3,02 
3,89 (± 0,09) 2,35 (± 0,68) 

K2_d2_28 3,80 1,67 

Second 
(with TR) 

B1_d1_28 2,71 1,62 
2,90 (± 0,19) 2,01 (± 0,39) 

B1_d2_28 3,09 2,39 

B2_d1_28 3,25 2,07 
3,60 (± 0,35) 1,93 (± 0,15) B2_d2_28 3,95 1,78 

Table 15 Uniaxial tensile test results on SHCC samples short after beam tests.  
Series nr. Specimen 

ID 
Ultimate 
tensile 

strength 
[MPa] 

Tensile 
strain at 

90% 
strength [%] 

Average 
ultimate tensile 
strength [MPa] 

Average tensile 
strain at 90% 
strength [%] 

Not 
applicable 

R_d1_42 3,31 1,99 

3,52 (± 0,16) 2,27 (± 0,33) R_d2_42 3,69 2,08 

R_d3_42 3,57 2,74 

Second 
(with TR) 

B1_d1_56 5,14 4,84 
  B2_d1_56a) 4,42* 

 
a) The sample failed outside the LVDT range, hence the ultimate tensile strength may be higher. 
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The tensile stress-strain curve can be divided into three phases, see Figure 65 a). The 

first phase is called the initial elastic stretch where the material behaves linearly. The slope of 

this line equals the initial Young’s modulus of the material. At the sign of the first crack, the 

second phase is officially started. This phase is called the strain-hardening stage. Opposite to 

normal concrete, SHCC does not grow cracks locally but forms multiple parallel cracks during 

an increase in loading, as seen in Figure 65 b). In tensile stress-strain curves of SHCC, small 

drops and increases of stress can be noted due to the formation of those parallel cracks. The last 

stage is the phase of the final fracture. The strength of microcracking bridging between cement 

past and fibres is exited and the material fails. Figure 66 shows the typical crack pattern of 

SHCC. 

  

Figure 65 (a) The typical tensile stress-strain curves of SHCC {specimen: B1_d1_56} divided 
into three phases. (b) Close-up on the typical initial elastic stretch. 

 

Figure 66 The crack pattern of SHCC. Specimen: B1_d1_56. 

The literature study conducted in Chapter 2 has highlighted possible problems caused 

by different rates and magnitudes of shrinkage between normal concrete and SHCC. Since 

CEM III/B is used as the binder for this specific SHCC mix, the shrinkage of SHCC is expected 

to be significant since the presence of slag in this type of cement is known for causing more 

shrinkage than without it. Figure 67 shows the shrinkage strain of SHCC for different ages and 
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two different curing conditions. Detailed information on the corresponding data points can be 

found in Tables D-1 and D-2 (see Appendix D). It is observed that curing conditions had a 

significant impact on the shrinkage strain. Specimens with longer curing time showed an almost 

twofold the reduction of shrinkage. However, the shrinkage of this SHCC is still factor three 

larger than the values of other SHCCs found in the literature study. 

 

Figure 67 Shrinkage history of SHCC in the standard environment after (a) 28 days standard 
curing and (b) 14 days standard curing + 28 days of sealing. 

 

 

 

 

 

5.2 Structural test results of (hybrid) beams 

As already mentioned in the previous chapter, three beams have been tested in every series. In 

total six beams have been tested: two reference beams with and without transverse 

reinforcement, and four hybrid beams with and without transverse reinforcement. The section 

is divided into six parts. First, the load-deflection responses of all beams are reported and 

discussed. In the next part, the load-strain relationships are presented and explained. In the third 

subsection, the cracking developments and failure modes of the beams are shown. In the fourth 

part, the interface displacements between SHCC laminates and normal concrete are reported 

and discussed. In the fifth subsection, the stiffness degradation of the beams is discussed. In the 

sixth part, energy dissipation is elaborated. And in the last part, growth rates of main diagonal 

cracks are reported. 

  

-1200

-1000

-800

-600

-400

-200

0

0 10 20 30 40 50 60

St
ra

in
 [

x 
1

0
-6

]

Time [day(s)]

ST_p1_28
ST_p2_28
ST_p3_28

-1200

-1000

-800

-600

-400

-200

0

0 10 20 30 40 50 60

St
ra

in
 [

x1
0

-6
]

Time [day(s)]

ST_p1_42
ST_p2_42
ST_p3_42

(a) (b) 

Chapter 5: Experimental results 

 



- 66 - 
 

5.2.1 Load deflection response 

To evaluate the shear capacity of hybrid beams without transverse reinforcement, two hybrid 

beams and one RC beam were tested. The latter one is the reference beam. As mentioned before, 

testing of all beams were under displacement control. Figure 68 shows the load midspan 

deflection relationships of those beams. The data obtained from LVDTs for vertical deflection 

and DIC match almost perfectly with each other, see Appendix E. The most crucial results of 

the first series are summarised in Table 16. 

The ultimate vertical force (Fmax) acting on the reference beam was 53,5 kN. According 

to the analytical calculation in section 3.1 based on the Eurocode 2 approach, the expected 

failure should happen at 55,3 kN which is more or less the same value that has been found in 

the experiments. The difference could be explained by the stochastic nature of mechanical 

properties of materials, and neglecting the self-weight of the beam in the calculations. The 

midspan deflection at the peak load was 1,46 mm. After peak load, the reference beam still 

showed ductility due reinforcement dowel effect until the vertical midspan deflection arrives at 

3,13 mm.  

 
Figure 68 Load F versus vertical deflection of the (hybrid) beams without transverse 

reinforcement at midspan. 

The ultimate vertical forces (Fmax) acting on the hybrid beam with smooth laminates and 

on the hybrid beam with shear keys laminates were 66,7 kN and 65,6 kN respectively. The 

capacities of those hybrid beams were 13,2 kN and 12,1 kN higher than the reference beam 

without shear reinforcement respectively. Putting into perspective, the capacity has increased 

by 24,7% for the hybrid beam with smooth laminates and by 22,6% for the hybrid beam with 

shear keys laminates. The midspan deflection at the peak load was 2,77 mm for the hybrid beam 

with smooth laminates and 2,56 mm for the hybrid beam with shear keys laminates. Both hybrid 

beams show plateaus before the failure, see Figure 68 once more time. Such behaviours showed 

a bit more warning before the sudden failure of those hybrid beams compared to the reference 

beam without shear reinforcement.  
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Table 16 The experimental results on (hybrid) beams without transverse reinforcement 
Series nr. Specimen 

without 
transverse 

reinforcement 

Ultimate 
capacity 

[kN] 

Δ in 
ultimate 
capacity 

compared to 
reference 

group [kN] 

Δ in 
ultimate 
capacity 

compared to 
reference 
group [%] 

Vertical 
displacement 
at peak load 

[mm] 

First 
(without TR) 

Reference beam 

{120  200 mm2} 

 
53,5 - - 1,46 

Hybrid beam 
with smooth 

laminates  

{120  200 mm2} 
 

66,7 + 13,2 + 24,7 2,77 

Hybrid beam 
with shear keys 

laminates  

{120  200 mm2} 

65,6 + 12,1 + 22,6 2,56 

To evaluate the shear capacity of hybrid beams with transverse reinforcement, two 

hybrid beams and one RC beam were tested. The latter one is the reference beam. Also this 

time, testing was under displacement control. Figure 69 shows the load midspan deflection 

relationships of those beams. The data obtained from LVDTs for vertical deflection and DIC 

do not match entirely, see Appendix E. Due to the noise in the pictures, data from DIC have 

slightly offset to the right, but it is still in the acceptable range to be trusted for the analysis. 

The most crucial results of the beams with TR in the second series are summarised in Table 17. 

 
Figure 69 Load F versus vertical deflection of the (hybrid) beams with transverse 

reinforcement at midspan. 
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Table 17 The experimental results on (hybrid) beams with transverse reinforcement 
Series 
nr. 

Specimen with 
transverse 

reinforcement 

Ultimate 
capacity 

[kN] 

Δ in ultimate 
capacity 

compared to 
reference 

group [kN] 

Δ in ultimate 
capacity 

compared to 
reference 
group [%] 

Vertical 
displacement 
at peak load 

[mm] 

Second 
(with TR) 

Reference beam  

{120  200 mm2} 
 

101,8 - - 4,65 

Hybrid beam B1  

{120  200 mm2} 
 

124,5 + 22,7 + 22,3 4,54 

Hybrid beam B2  

{120  200 mm2} 
 

124,2 + 22,4 + 22,0 5,35 

The ultimate vertical force (Fmax) acting on the reference beam was 101,8 kN. According 

to the calculation in section 3.2 based on the Eurocode approach, the expected failure should 

happen at 83,8 kN which is 18,0 kN less than the value that has been found in the experiments. 

The difference could be explained by the conservative shear model used for slightly shear-

reinforced beams by Eurocode 2, as has been proved by Cladera et al. [55]. The model of EC2 

does not consider a concrete contribution. A more in-depth analysis has been made in section 

6.1.2 on this subject. The vertical deflection at midspan at the peak load before forces dropped 

considerably equals 4,65 mm. This beam showed less sudden and brittle failure than the 

reference beam in the first series. This can be attributed to the presence of shear reinforcement 

which in combination with concrete formed the truss-carrying mechanism. 

The ultimate vertical forces (Fmax) acting on the hybrid beams B1 and B2 were 124,5 

kN and 124,2 kN respectively. This means that the capacities of those hybrid beams were 22,7 

kN and 22,4 kN higher than the reference beam with shear reinforcement respectively. Putting 

into perspective, the capacity has increased by 22,3% for the hybrid beam B1 and by 22,0% for 

the hybrid beam B2. The vertical deflection at midspan at the peak load equalled 4,54 mm for 

the hybrid beam B1, and 5,35 mm for the hybrid beam B2. The hybrid beam B1 had roughly 

the same magnitude for the midspan deflection at the peak load as the reference beam with 

shear reinforcement. The hybrid beam B2 deflected 15% more at the peak load than its 

reference beam hence this deflection has increased by 0,70 mm. 

In Appendix E, Figure E-7 shows experimental results of all beam specimens together 

in one graph. 
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5.2.2 Load strain response 

The analysis of the load-strain relationships refers to the values measured by LVDTs and DIC 

along the various depths of a beam specimen at its mid-span. Figure 70 covers the concrete 

strains of the beams in the first series, and Figure 71 presents the concrete strains of the beams 

in the second series. In Appendix E, Figures E-8 and E-9 show the magnitude of load versus 

concrete strains of fibres at various heights for the first and the second series respectively.  

In general, the specimen with transverse reinforcement (the second series) showed 

larger strain values than the specimen without it (the first series). Moreover, the reference 

beams showed smaller strain values than their corresponding hybrid beams since the hybrid 

beams carried larger loads. 

All tested hybrid beams have surpassed the yielding strain (2,0‰) of their longitudinal 

reinforcement at their failures. The normal strains in the longitudinal bars remained in the 

hardening phase and did not reach the fracture point of B500 steel. At failure, the tensile strain 

values measured on the bottom of the beams without shear reinforcement were 2,0‰, 2,5‰ 

and 2,4‰ for the reference beam and the hybrid beam with smooth laminates and the hybrid 

beam with shear keys laminates, respectively, while for the beams with shear reinforcement, 

the tensile strain were 2,7‰ (the reference beam), 3,5‰ (the hybrid beam B1) and 2,9‰ (the 

hybrid beam B2). Since the reference beams carried lower ultimate force than their 

corresponding hybrid beams, the tensile strain of the reference beams at the bottom should be 

lower than the corresponding hybrid beams. And indeed, this can be observed. 

According to the data, all tested beams did not reach the ultimate concrete compressive 

strain of 3,5‰ which EN 1992-1-1 assumes for ≤ C50/60. In the case of SHCC, the ultimate 

compressive strain is estimated to be around 0,38% according to Yu et al. [56]. At failure, the 

compressive strain values measured on 15 mm from the top of the beams without shear 

reinforcement were 0,9‰, 1,4‰ and 1,4‰ for the reference beam and the hybrid beam with 

smooth laminates and the hybrid beam with shear keys laminates, respectively, while for the 

beams with shear reinforcement, the compressive strains were 2,1‰ (the reference beam), 

2,8‰ (the hybrid beam B1) and 1,9‰ (the hybrid beam B2). However, true concrete 

compressive strains of hybrid beams could not be measured since the laminates obstruct access 

to normal concrete cores. Any slip in the interface between a normal concrete core and an 

SHCC laminate affects measured values. Therefore, it can be concluded that the reference beam 

did not reach the ultimate concrete compressive strain of 3,5‰ and definitely not the ultimate 

SHCC compressive strain of 0,38%. And as for those hybrid beams, the situation is unclear. 

More about it in the next two subsections. 

According to the mechanical principles of three-point bending, a strain development in 

a rectangular cross-section at midspan should have been straight line. Looking at Figure 70 and 

71, the strain developments are not straight at all. It should not be forgotten that the straight 

strain lines are only occurring in the mechanical fiber model. In this model, the cross section is 

modeled as a collection of initially straight fibers which are parallel to the beam neutral axis. 

This model does not account for heterogonies properties of concrete or SHCC, like for example 

Young’s modulus. In reality, not every mechanical fibre (thus not physical fibre) would be 

equal stiff in a material. Furthermore, measurement errors are not taken into account. 
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Figure 70 Horizontal strains of fibres at various depths. Beams are without transverse 
reinforcement: (a) Reference beam; (b) Hybrid beam with smooth laminates;  

(c) Hybrid beam with shear keys laminates. 
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Figure 71 Horizontal strains of fibres at various depths. Beams are with transverse 
reinforcement: (a) Reference beam; (b) Hybrid beam B1; (c) Hybrid beam B2. 
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5.2.3 Cracking development and failure modes 

5.2.3.1 Reference beam without transverse reinforcement 

Figure 72 illustrates the formation of the crack pattern in the reference beam without shear 

reinforcement. The first flexural crack appeared at the bottom of the mid-span of the beam at 

the load level of 14,5 kN. Upon increasing the load, other several flexural cracks have 

developed at the bottom as well but further from the proximity of the mid-span. The full pattern 

of those flexural cracks has developed at the load level of 43,2 kN (80,7% of the maximum 

applied load), see Figure 72 a). Adding a higher load has resulted in the inclination of those 

cracks towards the loading spot, as seen in Figure 72 b). Just after the peak force, see Figure 72 

c), the dominant diagonal crack started to widen and expand from the neutral axis towards the 

compression zone, as seen in Figure 72 d). The shear angle of the main crack equalled 34,6°. 

Since the ultimate concrete compressive strain has not been exited (see section 5.2.2) at the 

peak load of 66,7 kN, the main crack can be categorized as diagonal tension failure which is 

typical for beams with 𝜂𝑎 ≈ 3,0. A more detailed description of this type of failure can be found 

in section 2.1.1 

 
Figure 72 Crack pattern evolution in reference beam without shear reinforcement: major 

principle strain fields at various loading stages. a) full flexural crack pattern. b) inclination 
of cracks. c) maximal load. d) post development of failure crack beyond peak load capacity.  

 
Figure 73 Final crack pattern of reference beam without transverse reinforcement 

Load F: 51,7 kN 

Load F: 52,4 kN 

Load F: 47,3 kN 

Vertical deflection: 1,50 mm 

Vertical deflection: 1,66 mm 

Vertical deflection: 1, 84 mm 

b) 

c) 

d) 

Load F: 43,2 kN Vertical deflection: 1,05 mm a) 
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5.2.3.2 Hybrid beam with smooth laminates without transverse reinforcement 

The failure mechanism of this hybrid beam with smooth laminates without shear reinforcement 

is quite fascinating. Figure 74 presents the evolution of the crack pattern at the progressive 

loading rate. The first flexural crack appeared at the bottom of the mid-span of the beam at the 

load level of 17,8 kN. When load F reached 52,2 kN (80,0% of the maximum applied load), the 

flexural crack pattern was completed. After load F had increased further, the cracks started to 

incline toward the application of load. Furthermore, new diagonal cracks appear at the neutral 

axis of the beam. At this point, it seems like the right diagonal crack would be the main crack 

failure. Suddenly, the left diagonal crack started to grow and expand in its width as the load 

increased. Hence, this beam experienced diagonal tension failure at the peak load of 65,9 kN. 

The shear angle of the main crack equalled 29,7°. After the peak load, the SHCC laminate on 

front side have started to delaminated completely from the NC core and fall of in the last phase. 

 

 
Figure 74 Crack pattern evolution in the beam with smooth laminates {back side}: major 
principle strain fields at various loading stages. a) full flexural crack pattern. b) inclination of 
cracks. c) maximal load. d) post development of failure cracks beyond maximal load capacity.   

 

Figure 75 Final crack pattern of the beam with smooth laminates {back side}  

Load F: 52,2 kN 
a) 

b) 

c) 

d) 

Load F: 65,2 kN 

Load F: 65,9 kN 

Load F: 55,5 kN 

Vertical deflection: 1,29 mm 

Vertical deflection: 2,28 mm 

Vertical deflection: 2,90 mm 

Vertical deflection: 3,19 mm 
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5.2.3.3 Hybrid beam with shear keys laminates without transverse reinforcement 

The failure mechanism of the hybrid beam with shear keys laminates without shear 

reinforcement is interesting as well. Figure 76 and 79 show the formation of the crack pattern 

on the K1 and the K2 side respectively. The first flexural crack appeared at the bottom of the 

mid-span of the beam at the load level of 20,8 kN (the K1 side). The load level at which the 

first flexural crack at the K2 side is unknown since LVDT09 blocked the camera view. When 

the load of 45,4 kN (70% of the maximum applied load) has been reached, the flexural cracks 

have stabilised. After increasing the load further, those cracks started to incline towards the 

loading area. Looking at Figure 76 c), it seems like the left diagonal crack would be the main 

crack. However, with an increase in the load, the right side has localised the main diagonal 

crack, as seen in Figure 76 d). The total through-thickness of laminates was the smallest on this 

side, see Figure 35, so the main crack appeared there. The concrete core of the beam has cracked 

at the same location as the laminates did, as seen in Figure 78. At the peak load of 64,2 kN, the 

hybrid beam experienced diagonal concrete tension failure with a shear angle of 24,3° for the 

K1 side and 37,5° for the K2 side. The difference in the shear angle between those sides is 

considerable. Most likely it has to do with different thicknesses of laminates. 

It is interesting to notice that the hybrid beams without shear reinforcement developed 

diagonal cracks on the left and right spans almost simultaneously. But in the end, only one 

crack has localized and became the main crack. Looking at the reference beam, there was only 

one diagonal crack in the development. 

 

 

 
Figure 76 Crack pattern evolution in the beam with shear keys laminates: major principle 

strain fields at various loading stages. a) full flexural crack pattern. b) inclination of cracks.  
c) shear crack propagation (the peak load). d) failure pattern at the ultimate deflection. 

{K1 side view}  

a) 

b) 

c) 

d) 

Load F: 45,4 kN Vertical deflection: 1,22 mm 

Load F: 63,5 kN Vertical deflection: 2,27 mm 

Load F: 63,7 kN Vertical deflection: 2,43 mm 

Load F: 60,4 kN Vertical deflection: 3,99 mm 
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Figure 77 Final crack pattern of beam with shear keys laminates (a) K1 and (b) K2 side view. 

 

 

 

 

 

Figure 78Close-up on the details indicated in Figure above. Detail 1: crack penetrates 
through SHCC K1 laminate and normal concrete. Detail 2: upper part of K1 laminate slip. 

 

 
Figure 79 Crack pattern evolution in the beam with shear keys laminates: major principle 

strain fields at various loading stages. a) full flexural crack pattern. b) inclination of cracks.  
c) shear crack propagation (the peak load). d) failure pattern at the ultimate deflection. 

{K2 side view} 

1 

2 

2 1 

a) 

b) 

c) 

d) 

Load F: 52,6 kN 

Load F: 60,4 kN 

Load F: 63,5 kN 

Load F: 60,4 kN 

Vertical deflection: 1,42 mm 

Vertical deflection: 1,87 mm 

Vertical deflection: 2,62 mm 

Vertical deflection: 3,62 mm 

a) 

b) 
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5.2.3.4 Reference beam with transverse reinforcement 

Figure 80 and 82 illustrate the formation of the crack pattern in the reference beam with shear 

reinforcement. The first flexural crack appeared at the bottom of the mid-span of the beam at 

the load level of 19,7 kN. The full pattern of those flexural cracks has developed at the load 

level of 51,9 kN (50,9% of the maximum applied load), as seen in Figure 80 and 82 a). After 

applying more load, the cracks start to incline. Cracks that were situated further from the 

midspan inclined more. Most inclined cracks experience the largest shear stresses and therefore 

started to widen around the neutral axis of the beam. The crack started to propagate to the 

location of the load application with shear angles of 36,4° (the font view) and 38,7° (the back 

view). The main crack only went through one stirrup which was located close to the applied 

load. However, the crack started at the rigid point between the longitudinal bars and the other 

stirrup located which was located close to the support. The beam failed in shear without 

crushing concrete in the compressive zone near support at the peak load of 101,8 kN. 

 

Load F: 51,9 kN Vertical deflection: 2,11 mm 
a) 

b) Load F: 65,5 kN Vertical deflection: 2,73 mm 

c) Load F: 83,6 kN Vertical deflection: 3,72 mm 

d) Load F: 101,8 kN Vertical deflection: 5,59 mm 

Figure 80 Crack pattern evolution in reference beam with shear reinforcement: 
 major principle strain fields at various loading stages [front view]. a) full flexural crack 
pattern. b) inclination of cracks. c) formation of failure crack. d) the maximal load. 
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Figure 81 The final crack pattern of refence beam with shear reinforcement.  

Top picture: the front view. Bottom picture: the back view. 

 
 

 

Load F: 47,8 kN Vertical deflection: 1,14 mm a) 

b) Load F: 65,5 kN Vertical deflection: 2,72 mm 

c) Load F: 83,6 kN Vertical deflection: 3,86 mm 

d) Load F: 101,8 kN Vertical deflection: 5,29 mm 

Figure 82 Crack pattern evolution in reference beam with shear reinforcement: 
 major principle strain fields at various loading stages [back view]. a) full flexural crack 
pattern. b) inclination of cracks. c) formation of failure crack. d) the maximal load. 
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5.2.3.5 Hybrid beam B1 with transverse reinforcement 

Figure 83 and 85 present the evolution of the crack pattern at the progressive loading rate. The 

first flexural crack appeared at the bottom of the mid-span of the beam at the load level of 26,5 

kN. At the load of 64,8 kN (52,3% of the peak load), the full flexural crack pattern has 

developed, see Figure 83 and 85 a). Upon application of higher load, cracks started to incline 

and grow towards the loading area with shear angles of 35,9° (the font view) and 32,6° (the 

back view), as seen in Figure 83 and 85 b). After reaching the loading plate, the cracks 

experienced widening at the neutral axis of the beam, see Figure 83 and 85 c). The main crack 

only crossed one stirrup which was located close to the mid-span, as seen in Figure 83 and 85 

d). Altogether, this hybrid beam experienced shear failure at the peak load of 124,5 kN. 

Similarly to the hybrid beams without shear reinforcement, the (hybrid) beams with 

shear reinforcement did develop diagonal cracks on the left and right spans almost 

simultaneously. In contrast, this hybrid beam with stirrups showed the dispersed cracking of 

SHCC laminates, similar to those during the testing of dog bone specimens. The RC beam with 

shear reinforcement did not show this kind of dispersed cracking behaviour. 

 

 

 
Figure 83 Crack pattern evolution in the hybrid beam B1 with shear reinforcement: major 

principle strain fields at various loading stages [back view]. a) full flexural crack pattern. b) 
inclination of cracks. c) formation of failure crack. d) the maximal load. 

Vertical deflection: 1,52 mm 

Load F: 89,5 kN Vertical deflection: 2,60 mm 

Load F: 104,0 kN Vertical deflection: 3,40 mm 

Load F: 123,9 kN Vertical deflection: 5,12 mm 

b) 

c) 

d) 

a) Load F: 64,8 kN 
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Figure 84 The final crack pattern of the hybrid beam B1 with shear reinforcement  

Top picture: the back view. Bottom picture: the front view. 

 
Figure 85 Crack pattern evolution in the hybrid beam B1 with shear reinforcement: major 

principle strain fields at various loading stages [front view]. a) full flexural crack pattern. b) 
inclination of cracks. c) formation of failure crack. d) the maximal load.  

a) 

b) 

c) 

d) 

Load F: 68,4 kN Vertical deflection: 1,75 mm 

Load F: 94,8 kN Vertical deflection: 2,75 mm 

Load F: 109,0 kN Vertical deflection: 3,40 mm 

Load F: 123,9 kN Vertical deflection: 4,96 mm 
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5.2.3.6 Hybrid beam B2 with transverse reinforcement 

Since unexpected large noise in DIC of the back view, the data from this DIC could not be used 

in this analysis. Fortunately, the data of DIC in the front view have good correlation with 

LVDTs’ data, so the analysis will be based only on those measurements. Figure 86 shows the 

formation of the crack pattern at different loading stages. The first flexural crack occurred at 

the load level of 26,2 kN. After reaching the load level of 48,6 kN (39,1% of the peak load), 

the full flexural crack pattern stabilised, see Figure 86 a). Soon after, those cracks start to incline 

towards the application of the load, as seen in Figure 86 b). At the same time, new diagonal 

cracks appear at the neutral axis of the beam. Those cracks grow under the angle of 29,3° 

towards the loading plate, but also towards the supporting plate. The main crack crossed one 

stirrup which was located close to the mid-span. The origin of the crack was at the rigid point 

between the longitudinal bars and the other stirrup located which was located close to the 

support. Altogether, this hybrid beam experienced shear failure at the peak load of 124,2 kN. 

 
Figure 86 Crack pattern evolution in the hybrid beam B2 with shear reinforcement: major 
principle strain fields at various loading stages [front view]. a) full flexural crack pattern.  

b) inclination of cracks. c) formation of failure crack. d) the maximal load. 

a) 

b) 

c) 

d) 

Load F: 48,6 kN Vertical deflection: 1,14 mm 

Load F: 87,8 kN Vertical deflection: 2,82 mm 

Load F: 108,1 kN Vertical deflection: 3,97 mm 

Load F: 123,1 kN Vertical deflection: 5,64 mm 
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Figure 87 The final crack pattern of hybrid beam B2 with shear reinforcement [front view]. 

This hybrid beam have developed diagonal cracks on the left and right spans, like the 

reference beam did. But, those cracks were more dispersed, similar to the hybrid beam B1. 

5.2.3.7 Overview of cracking development and failure modes 

Table 18 summarizes the test results, namely peak load, deflection at peak load, failure mode 

and shear angle of main failure crack. 

Table 18 Results in terms of peak load, deflection at peak load, failure mode and shear angle 
Series nr. Specimen type Peak 

Load 
[kN] 

Deflection at 
peak load 

[mm] 

Failure mode Shear angle a) 
[°] 

First 
(without TR) 

Reference beam  

{120  200 mm2} 
 

53,5 1,46 
Diagonal 

tension failure 34,6 

Hybrid beam 
with smooth 

laminates  

{120  200 mm2} 
 

66,7 2,77 
Diagonal 

tension failure  
29,7 

Hybrid beam 
with shear keys 

laminates  

{120  200 mm2} 
 

65,6 2,56 
Diagonal 

tension failure 
24,3 (K1) 
37,5 (K2) 

Second 
(with TR) 

Reference beam 

{120  200 mm2} 

 

101,8 4,65 Shear 36,4 (front) 
38,7 (back) 

 

Hybrid beam B1 

{120  200 mm2} 

 
124,5 4,54 

Shear 
 

35,9° (font) 
32,6° (back) 

Hybrid beam B2 

{120  200 mm2} 

 
124,2 5,35 Shear 29,3° (front) 

b) The words in parentheses refer to the specific sides of the beams 
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5.2.4 Interface displacement  

All hybrid beams in this experiment were visually inspected for signs of any delamination after 

demoulding and two days later shortly before testing. During demoulding of the beams, no 

partial nor full delamination of SHCC laminates from normal concrete cores has been spotted. 

However, prior to the testing of the hybrid beam with smooth laminates, partial delamination 

has been clearly visible, as seen in Figure 88. The reason for those bonding failures in this 

hybrid beam was the differential shrinkage between SHCC laminates and the NC core. The 

other hybrid beams did not show any sign of delamination prior to their testing. 

 
Figure 88 Partial delamination of laminates prior to testing. The bottom laminate (in this 

picture) is the laminate which delaminated completely during the test. 

Figure 89 shows the largest slip and opening measurements of SHCC laminates in the 

first series relative to normal concrete cores. The detailed measurements are provided in 

Appendix E, see Figures from E-12 to E-19. As shown in the graphs below, the maximum 

values for the smooth interface are much higher than the rough interface. The ‘rough interface’ 

refers to the interface between a shear key laminate and a normal concrete core. According to 

the requirement specified in fib Bulletin 43 [57], an ultimate slip of smooth interface should 

not exceed 2 mm and an ultimate width of the opening should not exceed 0,1 mm. When 

displacement exceeds one of the criteria, lateral separation should be assumed. Since those 

criteria have been violated during the testing of the hybrid beam with smooth SHCC laminates, 

see Figure 89, delamination is acknowledged. It can be argued that it has happed after the peak 

load. The visual proof is shown in Figure 90. The delamination of this smooth laminate was 

spotted with the naked eye at approximately 2,6 mm deflection of the beam. 

 

 

Figure 89 Largest interface displacement (slip and opening) measured for hybrid beams 
without transverse reinforcement. 

0

20

40

60

80

0 2 4 6

Lo
ad

 F
 [

kN
]

Slip [mm]

LVDT01 of smooth interface

LVDT03 of K1 rough interface
0

20

40

60

80

0 1 2 3 4

Lo
ad

 F
 [

kN
]

Opening [mm]

LVDT06 of smooth interface

LVDT07 of K1 rough interface

(a) Slip – Vertical displacement (b) Opening – Horizontal displacement 

5.2 Structural test results of (hybrid) beams 

 



- 83 -   
 

(b) Opening – Horizontal displacement 

       
Figure 90 Delamination of the laminate on the front side. Pictures were taken after the test. 

The rough interface of K1 laminate has displace less relative to the normal concrete 

core than K2 laminate did. The interface slip did not exceed 0,1 mm nor the interface opening 

did not exceed 0,051 mm. According to the requirement specified in fib Bulletin 43 [57], an 

ultimate slip of rough interface should not exceed 2,5 mm and an ultimate width of the opening 

should not exceed 1,1 mm. The values are thus lower than those criteria, therefore SHCC 

laminates with shear keys did not delaminate from this hybrid beam without shear 

reinforcement. 

Figure 91 illustrates the largest slip and opening measurements of SHCC laminates with 

shear keys relative to normal concrete cores in the second series. The rough interfaces in hybrid 

beam B1 did not exceed 0,27 mm slip nor 0,80 mm opening. Those values are still lower than 

the requirement specified in fib Bulletin 43 [57], so the laminates in hybrid beam B1 have not 

separated during the testing of the beam. In hybrid beam B2, the largest slip and opening 

measurements are unknown because the holder responsible for holding LVDT05, LVDT06, 

LVDT09 and LVDT10 have tilted during the testing due to cracking in the NC core, as seen in  

 

Figure 91 Largest interface displacement (slip and opening) measured for hybrid beams with 
transverse reinforcement. 
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Figure 92. This crack originated from the load application and has been growing towards the 

holders during the loading. This caused errors in the measurements in the governing slip and 

opening. The measurements were higher than in reality, but even including those errors the 

criteria of fib Bulletin 43 [57] have not been exceeded. Therefore it is safe to say that laminates 

of hybrid beam B2 have not delaminated. The detailed measurements for hybrid beams B1 and 

B2 are provided in Appendix F, see Figures from E-18 to E-21. 

 

 

Figure 92 The close-up on final cracks of the hybrid beam B2 with shear reinforcement. Top 
picture: the top view of the load application. Bottom picture: the side view near load 

application. 

5.2.5 Stiffness degradation 

The initial stiffnesses of the beams are summarized in Table 19. Of course, there are many 

definitions of the initial stiffness of RC beams in the literature. They all do agree that is about 

the initial slope of the linear zone of a load-displacement curve. However, it is still debated at 

which percentage of the maximum load ends this linear zone. In general, it is somewhere 

between 10% and 40% of the maximum load. In this study, it is calculated as 20% of the 

maximum capacity of a beam. The stiffness of a simply supported beam with a point load at 

midspan was determined by forget-me-nots, see Figure 93. The equation for the initial Young’s 

modulus of the system is as follows: 

 𝐸𝑖𝑛𝑖 =
1

48
∙

𝐹∙𝐿3

𝐼
∙

1

𝑤
 where: F = 20% of the maximum load (N); L = span of simply supported 

beam (mm); I = second moment of area (mm4); w = deflection of the beam at 20% of the 

maximum load.   

LVDT02 side 

LVDT05  

LVDT06  

LVDT10  

LVDT09  
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Figure 93 On the right: Close-up of Figure 94 with analytical solution plotted. Load F versus 
vertical deformation of the reference beam without transverse reinforcement. On the left: 
forget-me-nots of a simply supported beam. 

 

Table 19 Initial stiffness and Young’s modulus of beams 
Series nr. Specimen type 20% of 

peak load 
[kN] 

Deflection at 
20% of peak 
load [mm] 

Initial 
stiffness 
[kN/mm] 

Initial Young’s 
modulus [MPa] 

First 
(without TR) 

Reference beam  

{120  200 mm2} 
 

10,7 0,087 122,476 31895 

Hybrid beam 
with smooth 

laminates  

{120  200 mm2} 
 

13,3 0,145 92,043 23670 

Hybrid beam 
with shear keys 

laminates  

{120  200 mm2} 
 

13,1 0,156 84,260 21943 

Second 
(with TR) 

Reference beam 

{120  200 mm2} 

 

20,4 0,451 45,174 11764 

Hybrid beam B1 

{120  200 mm2} 

 
24,9 0,266 93,736 24410 

Hybrid beam B2 

{120  200 mm2} 

 
24,8 0,546 45,481 11844 
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The initial stiffness of the RC beam without shear reinforcement was 24,8% higher than 

that of the hybrid beam with smooth laminates without shear reinforcement, and was 31,2% 

higher than that of the hybrid beam with shear keys laminates without shear reinforcement. The 

initial Young’s modulus of this reference beam was approximately the same magnitude as 

Young’s modulus of normal concrete prisms, as seen in Table 9. 

The initial stiffness of the reference beam with transverse reinforcement was 63,1% 

lower than the reference beam without transverse reinforcement. It is odd since Young’s 

modulus of the normal concrete prism in the second series was similar in quality to that of the 

first series. It seems like the reference beam with shear reinforcement was not properly 

densified on the vibrating table during casting, see Appendix C.2. The surfaces of the beam 

looked good during visual inspection. The same can be said about hybrid beam B2 since its 

initial stiffness was 62,9% lower than that of the reference beam with transverse reinforcement. 

The hybrid beam B2, however, showed expected initial stiffness which was only 23,5% lower 

than that of the reference beam with shear reinforcement. Figure 95 illustrates the initial vertical 

deflections of every beam. At higher loads, cracks in concrete and SHCC cause stiffness 

deterioration. 

  
 Figure 95 Load F versus vertical midspan deflection of the beams. The solid line shows 

beams without transverse reinforcement (TR). The dashed line represents beams with TR. The 
“INT” abbreviation stands for the word: interface. 

0

5

10

15

20

25

0 0,1 0,2 0,3 0,4 0,5

L
o
ad

 F
[k

N
]

Deflection [mm]

LVDT06 - Reference beam without TR

LVDT09 - Hybrid beam smooth INT

LVDT09 - Hybrid beam profiled INT

LVDT01 - Reference beam with TR

LVDT01 - Hybrid beam B1

LVDT01 - Hybrid beam B2

5.2 Structural test results of (hybrid) beams 

 



- 87 -   
 

5.2.6 Energy dissipation capacity 

Whether loading a simple beam or a complex structure, the area under their load-

deflection curves (A) equals the work (W) generated by the force (F). If a system does not 

return to its original state, it means that energy has dissipated from the system. The essential 

feature of (concrete) structures is their ability to absorb energy before their collapse. The energy 

dissipation capacity of a beam can therefore be defined as the area under its load deflection 

curve until its maximum load is reached. 

The energy dissipation capacity of the beams are summarized in Figure 96. From the 

results is clear that the hybrid beams dissipate more energy than their conventional counter 

parts. The hybrid beam with smooth laminates without shear reinforcement and the hybrid 

beam with shear keys laminates without shear reinforcement have absorbed 173% (86,05 

kNmm) and 318% (158,21 kNmm) more energy, respectively, than the reference beam without 

shear reinforcement. The difference in energy dissipation between those two hybrid beam can 

be explained due to weaker bond of the smooth SHCC laminate with the NC core compared to 

the SHCC laminate with shear keys. 

Furthermore, the RC beam with transverse reinforcement has dissipated 514% (256,27 

kNmm) more energy than the RC beam without transverse reinforcement. The hybrid beams 

B1 and B2 have absorbed 27% (82,89 kNmm) and 39% (118,2 kNmm) more energy, 

respectively, than their reference beam. 

 

Figure 96 Energy dissipation capacities of the beams (a) without transverse reinforcement 
and (b) with transverse reinforcement 
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5.2.7 Growth rate of main diagonal cracks  

Analysis of the growth rate of the main diagonal cracks was carried out using DIC. The growth 

rate of a crack can be obtained by taking the difference in major principle strain between two 

load stages. The major principle strain rates of the reference beam without shear reinforcement 

are shown in Figure 97. This figure attempts to provide an overview of the growth rate of the 

main diagonal crack just before the failure in the reference beam. As can be seen, the rate of 

the main crack only increases in its width as the load approach its peak. Figure 99 and 100 show 

the major strain rates of the hybrid beams without shear reinforcement. In contrast to the 

reference beam, the major stain rates in the hybrid beams fluctuated. This occurs at lower F 

load than any peak load of hybrid beam without transverse reinforcement. But at the same time, 

F load at fluctuation is higher by roughly 19% than the peak load of the reference beam without 

stirrups. The cause of why it happens will be explored and discussed in the follow-up chapter. 

 
Figure 97 Major principle strain rate evolution in reference beam without shear 

reinforcement at various loading stages: a) & b) just before the peak load;  
c) the maximal load. 

Furthermore, the hybrid beams with shear reinforcement did not show this kind of 

behaviour. The main diagonal crack of those beams had no sudden jumps during their growth. 

The situation with transversal reinforcement was therefore better because there was still some 

ductility available by stirrups and as consequence, the cracks at the surface did not open rapidly. 

Additionally, the SHCC had sufficient time to disperse the major strain, see Figure 98. Hence, 

the diagonal cracks were less localized.  

 

  
Figure 98 Typical major principle strain rate evolution in hybrid beam with shear 

reinforcement. Same scale as in the previous figure. 

  

a) 

b) 

c) 
Load F: 52,4 kN Vertical deflection: 1,66 mm 

Load F: 52,1 kN Vertical deflection: 1,57 mm 

Load F: 51,7 kN Vertical deflection: 1,50 mm 
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Figure 99 Major principle strain rate evolution in hybrid beam without shear reinforcement 

with smooth laminates at various loading stages. 

  

Load F: 65,2 kN Vertical deflection: 2,11 mm 

Load F: 63,1 kN Vertical deflection: 2,40 mm 

Load F: 63,2 kN Vertical deflection: 2,63 mm 
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Vertical deflection: 2,75 mm Load F: 66,4 kN 

Vertical deflection: 2,70 mm Load F: 65,7 kN 

Vertical deflection: 2,67 mm Load F: 64,5 kN 
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Figure 100 Major principle strain rate evolution in hybrid beam without shear reinforcement 

with shear keys laminates at various loading stages. {K2 side view} 

  

Load F: 62,8 kN Vertical deflection: 1,98 mm 

Load F: 62,9 kN Vertical deflection: 2,08 mm 

Load F: 63,1 kN Vertical deflection: 2,20 mm 

Vertical deflection: 2,43 mm 

Vertical deflection: 2,35 mm 

Vertical deflection: 2,25 mm 

Vertical deflection: 2,25 mm 

Load F: 65,2 kN 

Load F: 64,0 kN 

Load F: 63,7 kN 
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6  
Analysing results in-depth  

& Discussion 
“The heart of mathematics consists of 

 concrete examples and concrete problems” 

 Paul Richard Halmos 

 

In this chapter, the equations are listed for the prediction of the ultimate shear strength 

capacities of the hybrid beams. During the designing of RC beams, the model for calculating 

the resistance of RC beams was based on the Eurocode 2 approach. But this approach is 

insufficient in the case of hybrid beams since EC2 does account for the contribution of SHCC 

laminates to the shear capacity of a beam. For this reason, the Eurocode 2 approach has been 

modified based on proposed models in current literature in such a way that it does. All 

limitations of modified approaches are listed. Furthermore, all results are critically examined 

and discussed at the end of this chapter.  
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The first section shows the calculation of the theoretical shear capacities of the (hybrid) beams 

with and without shear reinforcement from this experiment. In the second section, the 

theoretical shear capacities of (hybrid) beams, which have been found in the literature, are 

calculated. The last section discusses all results found in the experiments and the literature in 

order to explain some trends. In the paragraph below, the main parameters are listed which 

have been used for the design of those beams. 

6.1 Theoretical shear capacity of (hybrid) beams – analytical methods  

These sections focus on the analytical methods that could predict the shear capacities of the 

hybrid beams with and without shear reinforcement. The first subsection focus on the first case 

and the latter case is shown in the last subsection. In the second subsection, more detailed 

calculations have been performed on the shear capacity of the RC beam with shear 

reinforcement since the Eurocode 2 approach could not predict the capacity of this beam 

correctly. In the paragraph below, the main parameters are listed which have been used for the 

design of those beams. 

Material properties and mechanical properties for beams in this experiment 

The self-weight of beams is neglected. The beams were loaded by the concentrated load ‘F’ at 

mid-span. The beams are simply supported. The theoretical capacities are based on mean 

values: 

Geometric parameters: 

𝑆𝑝𝑎𝑛         𝐿 = 1  [𝑚] 

𝐶𝑜𝑣𝑒𝑟         𝑐 = 25  [𝑚𝑚] 

𝐻𝑒𝑖𝑔ℎ𝑡        ℎ = 200  [𝑚𝑚] 

𝑊𝑖𝑑𝑡ℎ        𝑏 = 120  [𝑚𝑚] 

𝑆𝑒𝑐𝑜𝑛𝑑 𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑎𝑟𝑒𝑎       𝐼 =
1

12
∙ 𝑏 ∙ ℎ3 = 8 ∙ 107  [𝑚𝑚4] 

 

Reinforcement parameters: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ             𝑓𝑦𝑚 = 560 [𝑀𝑃𝑎] 

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠              𝐸𝑠 = 200  [𝐺𝑃𝑎] 

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡          ∅16
𝐿 = 16  [𝑚𝑚] 

 𝑁𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑟𝑒𝑏𝑎𝑟𝑠    𝑛 = 2  [−] 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡    𝐴𝑠𝑙 = 𝑛 ∙
𝜋∙∅16

𝐿 2

4
= 402,12 [𝑚𝑚2] 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑖𝑔ℎ𝑡               𝑑 = ℎ − 𝑐 −
∅16

𝐿

2
= 167 [𝑚𝑚] 

𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜  𝜌𝑠𝑙 =
𝐴𝑠𝑙

𝑏 ∙ 𝑑
∙ 100% = 2,01 [%] 
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Concrete parameters: 

Properties of C20/25 according to NEN-EN 1992-1-1:2011 Table 3.1: 

𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑠𝑡𝑖𝑐 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ            𝑓𝑐𝑘 = 20  [𝑀𝑃𝑎] 

𝑀𝑒𝑎𝑛 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ            𝑓𝑐𝑚 = 28  [𝑀𝑃𝑎] 

𝑀𝑒𝑎𝑛 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠             𝐸𝑐𝑚 = 30   [𝐺𝑃𝑎] 

6.1.1 Theoretical shear capacity of hybrid beams without transverse reinforcement 
(first series) 

The Eurocode 2 approach slightly overestimated the shear capacity of the RC beam without 

stirrups by 1,8 kN, see section 5.2.1. In this case, the model of EC2 was accurate enough so 

with some modification it may be possible to determine the shear capacity of the hybrid beams 

without shear reinforcement. 

 The contribution to the shear capacity of a hybrid beam with SHCC laminates on both 

sides without shear reinforcement consists of the shear capacity of reinforced normal concrete 

without shear reinforcement (𝑉𝑅𝑚,𝑐) and the shear capacity of SHCC laminates (𝑉𝑆𝐻𝐶𝐶), so the 

expression looks as follows: 

𝑉𝑅𝑚,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝑉𝑅𝑚,𝑐 + 𝑉𝑆𝐻𝐶𝐶  

 

(Eq. 6.1) 

Eurocode 2 
The first contribution due to NC in the above equation is based on the model provided 

in NEN-EN 1992-1-1:2011 §6.2.2. Substituting Eqs. 3.2 and 3.3 into the following expression 

leads to: 

𝑉𝑅𝑚,𝑐 = 𝑚𝑎𝑥{𝑣𝑅𝑑,𝑚𝑖𝑛; 𝑣𝑅𝑚,𝑐} ∙ 𝑏𝑐 ∙ 𝑑 = 1,379 ∙ 100 ∙ 167 = 23,03 kN (Eq. 6.2) 

,where: 𝑏𝑐 is the width of normal concrete core. 

Note that the value of 𝜌𝑠𝑙 does not change since the width of the core plus the total 

thickness of SHCC laminates equals 𝑏. 

The second contribution due to SHCC in Eq. 6.1 can be calculated by the simplified 

model, which is proposed by Baghi [58], or by the truss model which is proposed by Wang et 

al. [44]. 

 

Simplified model by Baghi [58] 
The proposed model for the shear resistance of an SHCC plate by Baghi [58] is based on the 

idea of the maximum shear stress in a rectangular non-cracked cross-section. The model 

assumes the perfect bonding between an SHCC laminate and a normal concrete core. The full 

height utilization of an SHCC laminate is assumed as well. In the case of a hybrid beam with 

laminates on both sides, the contribution of those SHCC laminates to the shear capacity can be 

expressed as follows: 

𝑉𝑆𝐻𝐶𝐶 = 2 ∙ (
1

 3
∙ 𝑡𝑆𝐻𝐶𝐶 ∙ ℎ𝑆𝐻𝐶𝐶 ∙ 𝑓𝑡,𝑆𝐻𝐶𝐶) (Eq. 6.3) 

where 𝑡𝑆𝐻𝐶𝐶  is the total thickness of SHCC laminates, ℎ𝑆𝐻𝐶𝐶  is the height of SHCC 

laminates, 𝑓𝑡,𝑆𝐻𝐶𝐶 is the ultimate tensile strength of SHCC. 

6.1 Theoretical shear capacity of (hybrid) beams – analytical methods 
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Looking at the hybrid beams with shear keys laminates, Eq. 6.3 is valid since the SHCC 

laminate(s) did not detach from the NC core at the peak load. Furthermore, the equation can be 

slightly modified to account for imprecation in the total through-thickness of SHCC laminates:   

𝑉𝑆𝐻𝐶𝐶 = 2 ∙ (
1

 3
∙ ℎ𝑆𝐻𝐶𝐶 ∙ (𝑡𝑆𝐻𝐶𝐶,𝐾1 ∙ 𝑓𝑡,𝑆𝐻𝐶𝐶,𝐾1 + 𝑡𝑆𝐻𝐶𝐶,𝐾2 ∙ 𝑓𝑡,𝑆𝐻𝐶𝐶,𝐾2))

= 2 ∙ (
1

 3
∙ 200 ∙ (9 ∙ 3,52 + 5 ∙ 3,52)) = 6,57 𝑘𝑁 

(Eq. 6.4) 

where 𝑡𝑆𝐻𝐶𝐶  was splatted in the governing through-thickness of K1 laminate (𝑡𝑆𝐻𝐶𝐶,𝐾1) 

and the governing through-thickness of K2 laminate (𝑡𝑆𝐻𝐶𝐶,𝐾2), K1 and K2 laminates had their 

induvial ultimate tensile strength. 

Substituting Eqs. 6.2 and 6.4 into Eq. 6.1:  

𝑉𝑅𝑚,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝑉𝑅𝑚,𝑐 + 𝑉𝑆𝐻𝐶𝐶 = 23,03 + 6,57 = 29,6 𝑘𝑁 

 

(Eq. 6.5) 

Thus, the shear capacity of the hybrid beam with shear keys laminates without shear 

reinforcement equals: 

𝐹𝑉 = 𝑉𝑅𝑚,ℎ𝑦𝑏𝑟𝑖𝑑 ∙ 2 = 29,6 ∙ 2 = 59,2 kN (Eq. 6.6) 

According to experimental data, this hybrid beam failed at 66,7 kN, see Table 16, which 

is 7,5 kN higher than the above theoretical prediction. 

 

Truss model by Wang et al. [44] 
In order to estimate the shear capacity of an RC beam with stirrups, engineers may draw 

a virtual truss inside the beam. It is a trick that helps them to simplify the problem. The forces 

in this model are carried by the virtual members which are subdivided in the compression and 

the tension members. In the case of the compression members (struts and chord), the concrete 

properties are assigned to those members. For the tension members, the properties of 

reinforcement are selected. In latter case, there are two sets of the properties for reinforcement: 

longitudinal and transversal. The properties of longitudinal and transversal reinforcement are 

located in the tension chord and tension webs, respectively. In conventional RC beams, the 

latter properties are defined by stirrups. Since SHCC has excellent tensile properties compared 

to normal concrete, the properties of SHCC can be assigned to the tension webs, see  

Figure 101.  

F

φ

Tension chord 
[Longitudinal reinforcement]

Compression chord [Concrete]Compression strut [Concrete]

Tension web 
[SHCC]  

Figure 101 Example of a truss model in a hybrid beam without transverse reinforcement 
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1 The strain in longitudinal bars influence the shear capacity of a beam, see section 6.2.1. 

 

Wang et al. [44] argue that the complex stress patterns in a hybrid beam could be solved 

by the strut and tie model, see Figure 102. This model is only valid for beams with the span 

ratio greater than or equal to 2,5. The contribution of SHCC laminates to the shear capacity in 

a hybrid beam can be expressed as follows:  

𝑉𝑆𝐻𝐶𝐶 = 𝜂 ∙ β ∙ 𝑓𝑡,𝑆𝐻𝐶𝐶 ∙
ℎ𝑆𝐻𝐶𝐶

𝑐𝑜𝑠𝜑
∙ 𝑡𝑆𝐻𝐶𝐶 ∙ 𝑐𝑜𝑠𝜑 (Eq. 6.7) 

 

Figure 102 SHCC body for Truss Model [44] 

To take into account the debonding of SHCC laminates from a NC core, the Reduction 

Coefficient (η) is introduced. The suggested values by Wang et al. [44] for smooth laminates 

with the thickness of 20 mm and 40 mm are 0,6 and 0,4 respectively. Since laminates with 

shear keys are at low risk of debonding, η is set to 1,0.     To 

correct for the change1 of the tensile reinforcement ratios in the beam, the Influence Coefficient 

of Reinforcement Ratio (β) is used. The proposed expression for β by Wang et al. [44] is: 

β = −23,04 ∙
𝜌𝑠𝑙

100
+ 1,00 (Eq. 6.8) 

So for all hybrid beams in this study, Influence Coefficient of Reinforcement Ratio is: 

β = −23,04 ∙
2,01

100
+ 1,00 = 0,537 (Eq. 6.9) 

In the case of the hybrid beam with shear keys laminates without shear reinforcement, the 

contribution of SHCC laminates to the shear capacity according to Eq. 6.7 equals: 

𝑉𝑆𝐻𝐶𝐶 = 1,0 ∙ 0,537 ∙ 3,52 ∙ 200 ∙ 14 = 5,29 𝑘𝑁 (Eq. 6.10) 

Substituting Eqs. 6.2 and 6.10 into Eq. 6.1:  

𝑉𝑅𝑚,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝑉𝑅𝑚,𝑐 + 𝑉𝑆𝐻𝐶𝐶 = 23,03 + 5,29 = 28,3 𝑘𝑁 (Eq. 6.11) 
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Thus, the shear capacity of the hybrid beam with shear keys laminates without shear 

reinforcement equals: 

𝐹𝑉 = 𝑉𝑅𝑚,ℎ𝑦𝑏𝑟𝑖𝑑 ∙ 2 = 28,3 ∙ 2 = 56,6 kN (Eq. 6.12) 

As mentioned before, this hybrid beam failed at 66,7 kN with a vertical deflection of 

2,56 mm, see Table 16, which is 10,1 kN more than the above value. But according to 

experimental results, the contribution of the SHCC laminates was 12,1 kN which is more or 

less in accordance with Eq. 6.10 (𝐹𝑆𝐻𝐶𝐶 = 5,29 ∙ 2 = 10,6 kN). It seems like the NC core failed 

at the higher load than in the case of the reference beam even though the NC part in the 

reference beam was 20 mm wider. Looking at Figure 100, it was observed that the main 

diagonal crack has gained a significant increase in growth for a very short period before 

reverting to a slower pace of growth. This happened at around 62,9 kN with a midspan vertical 

deflection of 2,08 mm. After this event, the hybrid beam could still sustain the increasing load. 

It seems like during this very short moment major redistribution of internal forces took place 

since SHCC experience considerable increase in the strain which later return to the pre-event 

value. Most probably, part of the NC core could not resist more load at this point and had to 

transfer part of the load to the SHCC webs. Under rapid increase of new internal force, the 

SHCC had no time to properly spread this. As consequence, the crack has localised in the SHCC 

web and did not form multiple parallel cracks like the SHCC does during the uniform stretching 

rate of dog bone specimen, see Figure 66. 

From the experiment on the hybrid beam with smooth laminates without shear 

reinforcement, the contribution of the shear capacity of SHCC laminates equalled 13,2 kN 

(𝑉𝑆𝐻𝐶𝐶 =
13,2

2
= 6,6 𝑘𝑁), see Table 16. Eq. 6.7 can be rewritten to find the Reduction 

Coefficient of smooth laminates with a thickness of 10 mm in the following way: 

𝜂 =
𝑉𝑆𝐻𝐶𝐶

β ∙ 𝑓𝑡,𝑆𝐻𝐶𝐶 ∙ ℎ𝑆𝐻𝐶𝐶 ∙ 𝑡𝑆𝐻𝐶𝐶
=

6,6 ∙ 103

0,537 ∙ 3,52 ∙ 200 ∙ 20
= 0,87  (Eq. 6.13) 

 

Thus according to this model, the utilization of two smooth laminates with a thickness 

of 10 mm was only 87% in this hybrid beam. It seems like the SHCC did not activate completely 

for some reason. To investigate this specific mechanical behaviour, let us have a brief look at 

lower and upper bounds. 

In order to find lower bound limit, the superior tensile properties of SHCC have to be 

disregard for a moment and instead assume their values equals to that of NC. Since the cross-

section consist of the SHCC and the NC part, the expression for shear capacity of NEN-EN 

1992-1-1:2011 §6.2.2 can be modified in the following way: 

𝑉𝑅𝑚,ℎ𝑦𝑏𝑟𝑖𝑑,𝑙𝑜𝑤𝑒𝑟 = 0,18 ∙ 𝑘 ∙ 𝜌𝑠𝑙

1
3 ∙ (𝑓𝑐𝑚

1
3 ∙ 𝐴𝑐

𝑒𝑓𝑓
+ 𝑓𝑐,𝑆𝐻𝐶𝐶

1
3 ∙ 𝐴𝑆𝐻𝐶𝐶

𝑒𝑓𝑓
) (Eq. 6.14) 

where: 𝐴𝑐
𝑒𝑓𝑓

= 𝑏𝑐 ∙ d and 𝐴𝑆𝐻𝐶𝐶
𝑒𝑓𝑓

= 𝑡𝑆𝐻𝐶𝐶 ∙ d 

The lower bound limit after substituting Eq. 3.1 into Eq. 6.14 equals: 

𝑉𝑅𝑚,ℎ𝑦𝑏𝑟𝑖𝑑,𝑙𝑜𝑤𝑒𝑟 = 0,18 ∙ 2 ∙ 2,01
1
3 ∙ (28

1
3 ∙ 100 ∙ 167 + 69

1
3 ∙ 20 ∙ 167)

= 29,3 𝑘𝑁 
(Eq. 6.15) 

𝐹𝑉,𝑙𝑜𝑤𝑒𝑟 = 𝑉𝑅𝑚,ℎ𝑦𝑏𝑟𝑖𝑑,𝑙𝑜𝑤𝑒𝑟 ∙ 2 = 29,3 ∙ 2 = 58,6 𝑘𝑁 (Eq. 6.16) 
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The upper bound limit, however, takes into the account the superior tensile properties 

of SHCC to their full extended. Using combined approach of EC2 and the Truss model by 

Wang et al. [44] with the Reduction Coefficient equal to 1 results in: 

𝑉𝑆𝐻𝐶𝐶 = 1,0 ∙ 0,537 ∙ 5,14 ∙ 200 ∙ 20 = 11,04 𝑘𝑁 (Eq. 6.17) 

The upper bound limit after substituting Eqs. 6.2 into Eq. 6.14 equals: 

𝑉𝑅𝑚,ℎ𝑦𝑏𝑟𝑖𝑑,𝑢𝑝𝑝𝑒𝑟 = 𝑉𝑅𝑚,𝑐 + 𝑉𝑆𝐻𝐶𝐶 = 23,03 + 11,04 = 34,1 𝑘𝑁 

 

(Eq. 6.18) 

𝐹𝑉,𝑙𝑜𝑤𝑒𝑟 = 𝑉𝑅𝑚,ℎ𝑦𝑏𝑟𝑖𝑑,𝑢𝑝𝑝𝑒𝑟 ∙ 2 = 30,6 ∙ 2 = 68,2 𝑘𝑁 (Eq. 6.19) 

According to experimental data, the hybrid beam with smooth laminates failed at 65,6 

kN with a vertical deflection of 2,77 mm, see Table 16. This ultimate force value is between 

the lower and upper bound limits. As shown in Eq. 6.17, the upper theoretical contribution of 

SHCC laminates equals (𝐹𝑆𝐻𝐶𝐶 = 11,04 ∙ 2 =) 22,08 kN which is almost double the value 

found in the experiment (13,2 kN).  

Nevertheless, the part of the NC core may have failed sooner at around 65,2 kN with a 

vertical deflection of 2,40 mm than the SHCC laminates. The evidence for this statement can 

be seen in Figure 99. Like in the case of the hybrid beam with shear keys, the unusual brittle 

behaviour of the SHCC on the surface was observed as well. The growth of the main diagonal 

crack accelerates for a very short period before reverting to slower growth rate. As explained 

before, this observation indicates for redistribution of internal forces. It seems like Young’s 

modulus of SHCC, which is lower than that of NC, did not allow for sufficient activation of the 

SHCC in an earlier stage of loading. Consequently, the NC core had to resist a significant 

portion of shear force which had to be (partly) transferred to the SHCC webs. Since NC is a 

brittle material, there must have been a sudden redistribution of internal forces which is more 

violent than the case of a gradual redistribution of forces. Further analysis is provided in section 

6.2 where the results are compared with the results of experimental benchmarks from the 

literature. 

6.1.2 Theoretical shear capacity of RC beam with (minimum) transverse reinforcement 
(second series) 

The reference beam with stirrups sustained a higher load than the model of Eurocode 2 has 

originally predicted. As already mentioned in section 5.2.1, this beam failed at 101,8 kN but 

the target shear capacity equals 83,8 kN according to the design calculations prescribed by the 

EC2 approach, see section 3.2. The difference between those two values is therefore 18,0 kN 

which is 16,9% higher than the predicted shear capacity of the Eurocode 2 model.  

The model of EC2 is easily applicable however due to its simplicity it overlooks some 

crucial factors according to Cladera et al. [55] which make it conservative for lightly shear-

reinforced beams (like this reference beam in this experiment). In the case of slightly shear 

reinforcement, the concrete contribution to shear capacity becomes evident since it is an 

important factor when the stirrups contribution is low.  

Cladera and Marí have recognized this issue and have proposed a model [59] where the 

shear contribution of concrete is taken into account but also adding an extra term which takes 

the influence of the shear friction due to the transverse reinforcement into account. They called 

their model ‘General Shear Design Method (GSDM)’. According to this model, the shear 
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capacity (𝑉𝑅𝑚) of a beam with shear reinforcement is the summation of the shear capacities of 

concrete (𝑉𝑅𝑚,𝑐) and transverse reinforcement (𝑉𝑅𝑚,𝑠).  

𝑉𝑅𝑚 = 𝑉𝑅𝑚,𝑐 + 𝑉𝑅𝑚,𝑠 (Eq. 6.20) 

Furthermore, there is no beam in the world which is loaded with pure shear (no bending 

moment). The shear resistance of a cross-section is thus the strength under shear force and 

bending moment. Therefore, the proposed model of Cladera et al. [59] requires input of shear 

and moment values at the location of interest. Figure 103 shows the governing section (the 

location of interest) in the case of the reference beam with stirrups. 
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Figure 103 (a) Side view of the design of the RC beam with shear reinforcement. The 
highlighted area indicates the governing stirrup. (b) Shear and (c) moment diagram of a 

simply supported beam loaded by concentrated load at the midspan. 
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So, for beams with stirrups and 𝑓𝑐𝑚 ≤ 100 𝑀𝑃𝑎, the shear strength consists of those two 

components according to Cladera et al. [59]: 

𝑉𝑅𝑚,𝑠 =
𝐴𝑠𝑤

𝑠
∙ 𝑧 ∙ 𝑓𝑦𝑚 ∙ cot(𝜃) 

(Eq. 6.21) 

𝑉𝑅𝑚,𝑐 = [0,17 ∙ 𝜉 ∙ √𝜌𝑠𝑙 ∙ 𝑓𝑐𝑚
0,2 ∙ 𝜏1/3] ∙ b ∙ d (Eq. 6.22) 

The values of the constant 0,17 and the powers which are used in Eq. 6.22 has been calibrated 

by more than 100 empirical results. The percentage of longitudinal reinforcement (𝜌𝑠𝑙) that 

contributes to the shear strength is not limited to 2,0% like in EC2. 

The equation for the size effect factor proposed by Cladera et al. [59] is as follows: 

𝜉 = 1 +  √
200

𝑠𝑥
≤ 2,75 (Eq. 6.23) 

where, 𝑠𝑥 is minimum of z or the vertical distance between longitudinal distributed 

reinforcement. In this case, 𝑠𝑥 equals 132,25 mm. Note that z has been already calculated in 

Eq. 3.8. 

𝜉 = 1 +  √
200

132,25
= 2,23 ≤ 2,75  (Eq. 6.24) 

The shear stress in the beam can by found in the following way: 

𝜏 =
𝑉

𝑏 ∙ 𝑧
=

50,9 ∙ 103

120 ∙ 132,25
= 3,21 ≤ 3 𝑀𝑃𝑎  (Eq. 6.25) 

𝜏

𝑓𝑐𝑚
=

3

28
= 0,11 ≥ 0,05 (Eq. 6.26) 

Substituting Eqs. 6.24 and 6.25 into Eq. 6.22, the contribution of concrete in the reference beam 

with transverse reinforcement is: 

𝑉𝑅𝑚,𝑐 = [0,17 ∙ 2,23 ∙ √2,01 ∙ 280,2 ∙ 31/3] ∙ 120 ∙ 167 =  30,3 𝑘𝑁 (Eq. 6.27) 

In contrast to the Eurocode 2 approach, the angle of the inclined struts (𝜃) has to be calculated 

in the model by Cladera et al. [59], and it is calculated by the following expression: 

𝜃 = 20 + 15 ∙ 𝜀𝑥,𝑠𝑡 + 45 ∙
𝜏

𝑓𝑐𝑚
 (Eq. 6.28) 

where, 𝜀𝑥,𝑠𝑡 is the longitudinal strain in the stirrup with unit 1/1000 and is determined 

by following equation: 

𝜀𝑥,𝑠𝑡 = 0,5 ∙

𝑀𝐸
𝑧

+ 𝑉𝐸

𝐸𝑠 ∙ 𝐴𝑠𝑙
∙ 1000 = 0,5 ∙

17,82 ∙ 106

132,25
+ 50,9 ∙ 103

200 ∙ 103 ∙ 402,12
∙ 1000 = 1,15 ≤ 1 

 
 

(Eq. 6.29) 
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Substituting Eqs. 6.25 and 6.29 into Eq. 6.28: 

𝜃 = 20 + 15 ∙ 1 + 45 ∙
3

28
= 39,8° ≤ 45°  (Eq. 6.30) 

The angle from Eq. 6.30 is much higher than it has been assumed during the design of 

this reference beam (21,8°), see Eq. 3.16. In reality, the experimental angle of the critical 

inclined diagonal crack was 34,6°, as seen in Table 18, which is much closer to the above 

solution than the initial chosen one.  

The contribution of stirrups in the reference beam with transverse reinforcement is obtained by 

substituting Eqs. 3.15 and 6.30 into Eq. 6.21: 

𝑉𝑅𝑚,𝑠 =
56,55

250
∙ 132,25 ∙ 560 ∙ cot(39,8°) = 20,1 𝑘𝑁 

(Eq. 6.31) 

Substituting Eqs. 6.27 and 6.31 into Eq. 6.26: 

𝑉𝑅𝑚 = 30,3 + 20,1 = 50,4 𝑘𝑁 (Eq. 6.32) 

The maximal shear capacity (𝑉𝑅𝑚,𝑚𝑎𝑥) has been already calculated in Eq. 3.17 and it is 

lower than the solution of Eq. 6.32, therefore the risk of crushing of concrete strut is unlikely. 

Hence, the shear capacity of the reference beam with transverse reinforcement according to the 

model by Cladera et al. [59] equals: 

𝐹 = 2 ∙ 𝑉𝑅𝑚 = 2 ∙ 50,4 = 100,8 𝑘𝑁 (Eq. 6.33) 

The value from Eq. 6.33 is only 1 kN smaller than the experimental value. As has been 

demonstrated above, the shear contribution of concrete in this particular case was 39,9% which 

by the Eurocode 2 approach this term is neglected. But, this assumption of EC2 makes 

considerable underestimation of shear capacity for the beam with low shear-reinforced beams. 

6.1.3 Theoretical shear capacities of hybrid beams B1 and B2 with (minimum) 
transverse reinforcement (second series) 

The main contributors to the shear capacity of a hybrid beam with SHCC laminates on both 

sides with shear reinforcement consist of the shear capacity of transverse reinforcement (𝑉𝑅𝑚,𝑠) 

and the shear capacity of SHCC laminates (𝑉𝑆𝐻𝐶𝐶). As explained in the previous section 6.1.2, 

the contribution of NC to the shear capacity (𝑉𝑅𝑚,𝑐) is significant for lightly shear-reinforced 

beams, according to [59]. Since the Eurocode 2 approach was not capable to predict the shear 

capacity accurately, the contribution as a result of NC and shear reinforcement will be based 

on the model by Cladera et al. [59]. All things considered, the expression looks as follows: 

𝑉𝑅𝑚,ℎ𝑦𝑏𝑟𝑖𝑑 = 𝑉𝑅𝑚,𝑐 + 𝑉𝑅𝑚,𝑠 + 𝑉𝑆𝐻𝐶𝐶  

 

(Eq. 6.34) 

Since the shear reinforcement of the reference beam and hybrid beams B1 and B2 were 

the same, the contribution of 𝑉𝑅𝑚,𝑠 in the above equation remains the same as in the solution of 

Eq. 6.31. However, the contribution of 𝑉𝑅𝑚,𝑐 changes since the NC cores is 20 mm less wider 

than width of the reference beam. As consequence, the shear stress in the beam equals: 
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𝜏 =
𝑉

𝑏 ∙ 𝑧
=

50,9 ∙ 103

100 ∙ 132,25
= 3,84 ≤ 3 𝑀𝑃𝑎  (Eq. 6.35) 

Please note that calculated value of 𝜏 did not change even though the hybrid beams are 

less wide since the value is limited to 3 MPa. 

After substituting Eqs. 6.24 and 6.35 into Eq. 6.22, the shear capacity of the NC cores equals: 

𝑉𝑅𝑚,𝑐 = [0,17 ∙ 2,23 ∙ √2,01 ∙ 280,2 ∙ 31/3] ∙ 100 ∙ 167 =  25,2 𝑘𝑁 (Eq. 6.36) 
 

Simplified model by Baghi [58] 
As mentioned in section 6.1.1, the contribution of SHCC laminates in the webs of a 

hybrid beam can be estimated by the simplified model proposed by Baghi [58]. It is a very basic 

model which does not account for anything apart from tensile strength of SHCC and geometry 

of laminates.  

 

Solving Eq. 6.3 leads to: 

in the case of the hybrid beam B1: 

𝑉𝑆𝐻𝐶𝐶,𝐵1 = 2 ∙ (
1

 3
∙ 20 ∙ 200 ∙ 5,14) = 13,7 𝑘𝑁 (Eq. 6.37) 

in the case of the hybrid beam B2: 

𝑉𝑆𝐻𝐶𝐶,𝐵2 = 2 ∙ (
1

 3
∙ 20 ∙ 200 ∙ 4,42) = 11,8 𝑘𝑁 (Eq. 6.38) 

Truss model by Wang et al. [44] 
The other method to estimate contribution of shear capacity due to SHCC laminates is 

Truss model by Wang et al. [44]. As mentioned in section 6.1.1, the model takes additionally 

into account the deboning of SHCC laminates from a NC core and the interaction between 

SHCC and longitudinal reinforcement. 

Substituting Eq. 6.9 into Eq. 6.3 leads to: 

in the case of the hybrid beam B1: 

𝑉𝑆𝐻𝐶𝐶,𝐵1 = 1,0 ∙ 0,537 ∙ 5,14 ∙ 200 ∙ 20 = 11,0 𝑘𝑁 (Eq. 6.39) 

in the case of the hybrid beam B2: 

𝑉𝑆𝐻𝐶𝐶,𝐵2 = 1,0 ∙ 0,537 ∙ 4,42 ∙ 200 ∙ 20 = 9,5 𝑘𝑁 (Eq. 6.40) 

 

As the last step, all contributions were summed up. The solutions of Eq. 6.34 for the 

hybrid beams with shear reinforcement are provided in Table 20. Looking at the results, the 

truss model by Wang et al. [44] was much closer to experimental values of the shear capacity 

contributions of the SHCC laminates than the simplified model by Baghi [58]. But in the end, 

the combination of the General Shear Design Method (GSDM) by Cladera et al. [59] with the 

simplified model came closer to experimental values of the total shear capacities than the 
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combination of the GSDM with the truss model. The underestimation of the shear capacity of 

the NC cores by GSDM is the issue even though is much more precise than the EC2 approach. 

Table 20 Experimental and theoretical shear capacities of hybrid beams with transverse  
   reinforcement. 

 Experimental results Theoretical shear capacities 
Specimen type Peak 

load 
[kN] 

Δ in 
ultimate 
capacity 

compared to 
reference 

group [kN] 

GSDM  
+ 

Simplified 
model  
[kN] 

VSHCC  
acc. to  

Simplified 
model  
[kN] 

GSDM  
+ 

Truss 
model 
[kN] 

VSHCC  
acc. to  
Truss 
model  
[kN] 

Hybrid beam B1 124,5 + 22,7 118,0 + 27,4 112,6 + 22,0 

Hybrid beam B2 124,2 + 22,4 114,2 + 23,6  +  

Looking at Figure 83, 85, 86 or even 98, it can be observed that the dispersed cracking 

of SHCC is similar to those during the testing of dog bone specimens, see Figure 66. Moreover, 

the growth of the main diagonal cracks in hybrid beams with shear reinforcement did not 

flocculate much. In addition, the theoretical shear capacities according to the truss model by 

Wang et al. [44] match the experimental shear capacity contributions of SHCC laminates. All 

evidence points to the fact that the SHCC laminates were fully activated in contrast to the hybrid 

beams without shear reinforcement. Most likely, the stirrups cushioned the sudden 

redistribution of the internal forces due to their large Young’s modulus which pulled the 

significant part of the force flow toward themselves. Hence, the transfer of the internal force 

towards the SHCC webs was more gradual than in the case of hybrid beams without shear 

reinforcement. As a consequence of the smaller gradient of the additional force, the SHCC 

laminates in the webs experienced a smaller sudden jump in the strain since the transverse 

reinforcement absorbed a significant portion of the internal forces from the NC core after it has 

fractured. Hence, the SHCC developed its typical crack pattern in a later stage which is a sign 

of full activation of the tensile properties. 
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6.2 Theoretical shear capacity of (hybrid) beams – results comparison with 
experimental benchmarks 

This section provides results comparisons between this study and previous experiments which 

are related to this topic. The goal is to achieve a better understanding of the shear capacity of a 

hybrid beam. In total two experimental benchmarks were thoroughly examined to find 

correlations. 

6.2.1 Results comparison with experimental investigation by Zhang et al. (2015) 

Figure 104 shows the load midspan deflection relationships of beams from the first series and 

additionally, the (hybrid) beams of Zhang et al. from their experiment [43]. All those beams 

were not provided with shear reinforcement. The most crucial results of the first series as well 

as the results of Zhang et al. [43] are summarised in Table 21. A detailed overview of material 

properties and geometry parameters is given in Table 22. 

 
Figure 104 Load F versus vertical deflection of the (hybrid) beams without transverse 

reinforcement at midspan. 

In general, the results of Zhang et al. [43] differ from this thesis's results. Firstly, their 

RC beam has almost the same shear capacity as the reference beam of the first series, although 

concrete in those beams belongs to the same concrete class moreover, their beam has a smaller 

width, which is counter-intuitive. Secondly, the hybrid beams improved shear capacity by 41% 

according to their results. It is approximately three times larger than the value found in the 

experiment of this thesis. 

In order to understand why the reference beam of Zhang et al. [43] has achieved 

comparable shear capacity with a smaller cross-section as the reference beam in the first series, 

let us first see if the Eurocode 2 approach is capable to predict the capacity. But keep in mind 

that the total area of longitudinal reinforcement and the second moment of area were 60,9% 

and 16,9% smaller, respectively, compared to the reference beam in the first series, as seen in 

Table 22. Furthermore, the shear span parameters (𝜂𝑎) were equalled in both studies. 

0

20

40

60

80

100

0 1 2 3 4 5 6

Lo
ad

 F
 [

kN
]

Vertical displacement [mm]

Reference beam

Hybrid beam with smooth laminates

Hybrid beam with shear keys laminates

Reference beam by Zhang et al. [43]

Hybrid beam with smooth laminates by Zhang et al. [43]

6.2 Theoretical shear capacity of (hybrid) beams – results comparison with exp. benchmarks 

 



- 105 -   
 

Table 21 The comparison of between experimental results on (hybrid) beams without 
transverse reinforcement 

Ref. Specimen 
without 

transverse 
reinforcement 

Ultimate 
capacity 

[kN] 

Δ in ultimate 
capacity 

compared to 
reference 

group [kN] 

Δ in ultimate 
capacity 

compared to 
reference 
group [%] 

Vertical 
displacement 
at peak load 

[mm] 

This study  
(1st series) 

Reference beam 

{120  200 mm2} 

 
53,5 - - 1,46 

Hybrid beam 
with smooth 

laminates  

{120  200 mm2} 
 

66,7 + 13,2 + 24,7 2,90 

Hybrid beam 
with shear keys 

laminates  

{120  200 mm2} 
 

65,6 + 12,1 + 22,6 3,95 

Zhang  
et al. [43] 

Reference beam 

{100  200 mm2} 
 

51 - - 2,75 

Hybrid beam 
with smooth 

laminates  

{120  200 mm2} 

92 + 41 + 80 5,50 

Table 22 Comparison of beams without transverse reinforcement: a detailed overview of 
material properties and geometric parameters  

 
 In the study of  

Zhang et al. [43] 
This study 
(1st series) | Difference | 

M
at

er
ia

l p
ro

pe
rt

ie
s 

Average compressive 
strength of concrete 

[MPa] 
27 

29,07 
(± 1,08) 

2,07 
(± 1,08) 

7,1% 
(± 3,7%) 

Young’s modulus of 
concrete [MPa] 

23500 
33031 
(± 552) 

9531 
(± 552) 

28,9% 
(± 1,7%) 

Average compressive 
strength of SHCC 

[MPa] 
91 

66,448 
(± 2,449) 

24,552 
(± 2,449) 

36,9% 
(± 3,7%) 

Average tensile 
strength of SHCC 

[MPa] 
6,2 

3,52 
(± 0,16) 

2,68 
(± 0,16) 

76,1% 
(± 4,5) 

Average tensile strain 
at 90% strength [%] 

1,6 
2,27 (± 
0,33) 

0,67 
(± 0,33) 

29,5% 
(± 14,5%) 

Young’s modulus of 
SHCC [MPa] 

29000 16500a) 12500 75,8% 
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 Characteristic yield 
strength of steel 

[MPa] 
345b) 500 155 31,0% 

G
eo

m
et

ri
c 

pa
ra

m
et

er
s The second moment 

of area [104 mm4] of 
RC beams 

6666,7 8000 1333,3 16,7% 

The second moment 
of area [104 mm4] of 

hybrid beams 
8000 8000 0 0% 

Total area of 
longitudinal 

reinforcement [mm2] 
157,08 402,12 245,04 60,9% 

a) This value comes from the experiment [50] of He (inventor of the mix composition). 

b) It is most probably a type error in the paragraph of [43] “2.1.2. Reinforcements and 

concrete”. It should be 1050 MPa, see the below analysis for the explanation.  

Theoretical shear capacity of RC beam without transverse reinforcement from 
experimental investigation [43] by Zhang et al. (2015) 

The total area of longitudinal reinforcement: 

𝐴𝑠𝑙 = 𝑛 ∙
𝜋 ∙ ∅10

𝐿 2

4
= 2 ∙

𝜋 ∙ 102

4
= 157,08 𝑚𝑚2 (Eq. 6.41) 

The longitudinal reinforcement ratio of the reference beam of Zhang et al. [43] equals: 

𝜌𝑠𝑙,𝑅𝐸𝐹 =
𝐴𝑠𝑙

𝑏𝑐  ∙  𝑑
∙ 100% =

157,08 

100 ∙  165
∙ 100% = 0,95% (Eq. 6.42) 

According to NEN-EN 1992-1-1:2011 §6.2.2: 

𝑘 = min {1 + √
200

𝑑
; 2,0} = min {1 + √

200

165
; 2,0} = 2,0 (Eq. 6.43) 

𝑣𝑅𝑚,𝑚𝑖𝑛 = 0,035 ∙ 𝑘
3
2 ∙ √𝑓𝑐𝑚 + 𝑘1 ∙ 𝜎𝑐𝑝 = 0,035 ∙ 2

3
2 ∙ √27 + 0,15 ∙ 0

= 0,514
𝑁

mm2
 

(Eq. 6.44) 

𝑣𝑅𝑚,𝑐 = 0,18 ∙ 𝑘 ∙ (𝜌𝑠𝑙,𝑅𝐸𝐹 ∙ 𝑓𝑐𝑚)
1
3 = 0,18 ∙ 2 ∙ (0,95 ∙ 27)

1
3 = 1,062

𝑁

mm2
 

 

(Eq. 6.45) 

𝑉𝑅𝑚,𝑐 = 𝑚𝑎𝑥{𝑣𝑅𝑑,𝑚𝑖𝑛; 𝑣𝑅𝑚,𝑐} ∙ 𝑏𝑐 ∙ 𝑑 = 1,062 ∙ 100 ∙ 165 = 17,5 kN 

 
(Eq. 6.46) 

Thus, the shear capacity of the beam equals: 

𝐹𝑉 = 𝑉𝑅𝑚,𝑐 ∙ 2 = 17,5 ∙ 2 = 35,0 kN (Eq. 6.47) 

The Eurocode 2 approach underestimated the shear capacity in this case when compared 

to the experimental results of Zhang et al. [43]. Their reference beam had the shear capacity of 

approximately 51 kN which is 16 kN (45,7%) more than the calculated capacity with EC2. 
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Since there is still a large disagreement on the governing mechanism of shear failure of RC 

beams without shear reinforcement in the scientific community, the Eurocode 2 approach is 

based only on totally empirical results without bulletproof theory on shear failure mechanism.  

For this reason, EC2 prediction is very poor at estimating shear capacity for various 

longitudinal reinforcement ratios according to Collins et al. [60]. In practice, this ratio is more 

diversified than the original database on which Eurocode 2 model is based on. They argue that 

in the practical scenario the 𝜂𝑎/𝜌𝑠𝑙 parameter is quite homogeneous unlike in the laboratory 

configurations. This happens due to the fundamental difference during the designing of the 

beam. In practice, engineers designing their beams more often for the flexural failure rather 

than for the shear failure since they like to avoid brittle and sudden failures due to safety 

reasons. But in the laboratory, scientists want to ensure a shear failure before a flexural failure 

if they want to investigate the former one or vice versa. In this kind of configuration, the shear 

span parameter (𝜂𝑎) and longitudinal reinforcement ratio (𝜌𝑠𝑙) are not correlated and thus 

creating unrealistically scenarios where often 𝜌𝑠𝑙 is selected ridiculous high just to prevent the 

flexural failure for the sake of shear failure. To illustrate this problem, Collins et al. [60] have 

plotted graph where the predictions of three important codes EC2, CSA and ACI are plotted 

together with experiments representing the practical situations but then without shear 

reinforcement. Additionally, the results of this study and Zhang et al. [43] has been added as 

well, see Figure 105. 

This study

Zhang et al. [43]
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Figure 105 Effect of changing 𝜌𝑠𝑙 while keeping steel stress 𝜎𝑠𝑙 constant [60] 
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From the empirical evidence, it is clear that the impact of changing 𝜌𝑠𝑙 has huge 

consequence on the shear prediction of EC2. According to Collins et al. [60], from those 44 

experiments, the average test to predicted ratio is 0,93 with a COV 17,3%. But there are case 

like the reference beam of Zhang et al. [43] where the model is too conservative with the ratio 

of 1,46. In other cases where the ratio is 0,69 according to Collins et al. [60]. But to be more 

precise, it is not the effect of the amount of the longitudinal reinforcement in the cross-section, 

but rather the normal strain in those bars that influence the shear capacity, see Figure 106, since 

it affects the angle of the inclined struts (𝜃) and the width of the cracks. 

 

Figure 106 Shear stress at failure versus normal strain in longitudinal reinforcement [63] 

Shuraim [63] has studied a database with the results of 232 beams collected from ten 

different sources. He tried to cover a wide range of parameters (𝑓𝑐, 𝜌𝑠𝑙, 𝑒𝑥, 𝜂𝑎, 𝑑) that may 

influence the shear capacity of an RC beam. According to his assessment of trends, the 

reference beam of Zhang et al. [43] should have a lower shear capacity than the reference beam 

from the first series, because: 

- If the internal arm 𝑑 decreases then the shear strength of a concrete beam decreases. In 

this specific case, their beam had 𝑑 equal to 165 mm which was 2 mm smaller than the 

reference beam from this study. 

- If 𝜌𝑠𝑙 decreases then the shear strength of a concrete beam decreases. In this specific 

case, their reference beam had a 52,7% smaller ratio than the reference beam from this 

study. 

- High 𝑓𝑐𝑚 is associated with higher shear strength and especially for beams with low 𝜌𝑠𝑙. 

However, the difference in concrete compressive strength was only 7,1% in this case. 

Moreover, the concrete had lower strength than the reference beam from this study. 

- If the normal strain (𝑒𝑠) in flexural reinforcement decreases then the shear strength of a 

concrete beam increases. The reference beam of Zhang et al. had certainly a higher 

strain value than the reference beam from this study because their beam had lower 𝐴𝑠. 

As can be seen from the above bullet points, the results of their reference beam differs 

significantly from other observations. 

Looking at the flexural capacity of Zhang’s reference beam: 

𝑀𝑅𝑚 = 𝑁𝑠 ∙ z = 157,08 ∙ 345 ∙ 165 ∙ 0,9 = 8,05 𝑘𝑁𝑚 (Eq. 6.48) 
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And the moment at failure: 

𝑀𝐸 =
𝐹𝐸 ∙ 𝐿

4
=

51 ∙ 1

4
= 12,75 𝑘𝑁𝑚 

(Eq. 6.49) 

As it can be seen from the above calculations, the moment at failure was 12,75 kNm 

however the theoretical flexural capacity is only 8,05 kNm. This means that the reinforcement 

should yield at 63% of the peak load already, but it did not. The reported yield strength of 

reinforcement by Zhang et al. [43] is most probably incorrect. It is speculated that the properties 

of reinforcement bars with a diameter 10 mm and 25 mm have been swapped by accident, see 

the subparagraph “2.1.2. Reinforcements and concrete” in [43]. The steel with yield strength of 

1050 MPa and Young’s modulus 200 GPa could have been used for bars with 10 mm diameter 

since its properties allow it to carry this specific load. Furthermore, 2⌀10 with yield strength of 

1050 MPa are capable of carrying the peak loads of their hybrid beams. Therefore, for further 

analysis of their results, the properties of this type of steel will be used instead of the reported 

one. 

Theoretical shear capacity of hybrid beam without transverse reinforcement from 
experimental investigation [43] by Zhang et al. (2015) 

Apart from the difference in the results between the reference beams without shear 

reinforcement of this study and Zhang et al. [43], there is considerable inequality in the shear 

capacities between the hybrid beams of those two studies. The hybrid beam of Zhang et al. [43] 

was capable of outperforming the shear capacity of its reference beam by 41 kN, see Table 21, 

which is almost three times better than the values of 13,2 kN found in this study. To understand 

why the enhancement of shear capacity in the case of Zhang et al. [43] was much greater, let 

us highlight the characteristics of those cases.  

In general, the mechanical properties of SHCC used in [43] were superior to these of 

the master thesis experiment, see Table 22. The average tensile strength and Young’s modulus 

of Zhang’s SHCC were 2,68 MPa (76,1%) and 12,5 GPa (75,8%) higher than the SHCC used 

in this study, but also the average compressive strength was 24,6 MPa (28,9%) stronger. In 

contrast, the average compressive strength of concrete in both cases was almost equal, but 

Young’s modulus of concrete of Zhang et al. [43] was 9,5 GPa (28,9%) smaller than that of 

hybrid beams in the first series. Hence, the load midspan deflection of Zhang’s hybrid beam 

was less strip due to its lower initial stiffness compared to the results of the hybrid beams in 

the first series, as shown in Figure 104. In theory, it does not affect the carrying capacity of a 

simply supported beam since this system is kinematically and statically determined. There is 

also a significant difference of 60,9% in the longitudinal reinforcement ratios which may 

potentially impact the shear capacity of a hybrid beam like it does in RC beams, as explained 

on the previous page. Therefore, it is highly doubly that the simplified model by Baghi [58] is 

capable of predicting the shear capacity contribution of SHCC since it does no take the 

longitudinal reinforcement in the account. To verify this statement, Eq. 6.3 is substitute with 

the parameters of Zhang’s hybrid beam: 

𝑉𝑆𝐻𝐶𝐶 = 2 ∙ (
1

 3
∙ 20 ∙ 200 ∙ 6,2) = 16,5 𝑘𝑁 (Eq. 6.50) 

Converting to the force as a result of SHCC laminates: 

𝐹𝑆𝐻𝐶𝐶 = 2 ∙ 𝑉𝑆𝐻𝐶𝐶 = 2 ∙ 16,5 = 33 kN (Eq. 6.51) 
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As it can be seen, the difference between the above solution and the experimental value 

is 8 kN (19,5%) which is a lot compared to the difference of 1,0 kN (8,3%) found in this study, 

see section 6.1.1. The other method to estimate contribution of shear capacity due to SHCC 

laminates is Truss model by Wang et al. [44]. In contrast to the previous model, Wang et al. 

have included the influence of longitudinal reinforcement ratio in their model. They did this by 

introducing the Influence Coefficient of Reinforcement Ratio (β) into their equation. 

The longitudinal reinforcement ratio of the hybrid beam of Zhang et al. [43] equals: 

𝜌𝑠𝑙,𝐻𝑦𝑏𝑟𝑖𝑑 =
𝐴𝑠𝑙

𝑏𝑐  ∙  𝑑
∙ 100% =

157,08 

120 ∙  165
∙ 100% = 0,79% (Eq. 6.52) 

So substituting Eq. 6.52 into Eq. 6.8 allows for obtaining β: 

β = −23,04 ∙
0,79

100
+ 1,00 = 0,817 (Eq. 6.53) 

In the case of Zhang’s hybrid beam, the contribution of SHCC laminates to the shear capacity 

according to Eq. 6.7 equals: 

𝑉𝑆𝐻𝐶𝐶 = 1,0 ∙ 0,817 ∙ 6,2 ∙ 200 ∙ 20 = 20,3 𝑘𝑁 (Eq. 6.54) 

Converting to the force as a result of SHCC laminates: 

𝐹𝑆𝐻𝐶𝐶 = 2 ∙ 𝑉𝑆𝐻𝐶𝐶 = 2 ∙ 20,3 = 40,6 kN (Eq. 6.55) 

Thus, the difference between the above solution and the experimental value is only 0,4 

kN (1,0%) which is considerably more accurate than the simplified model by Baghi [58]. 

Furthermore, there is a significant difference in the theoretical shear capacities due to SHCC 

laminates between Zhang et al. [43] and this study. The value of Eq. 6.54 (20,3 kN) is almost 

four times larger than that of the hybrid beam with shear keys (5,3 kN), see Eq. 6.10. When 

compared those two cases, three inputs were different: tensile strength of SHCC (6,2 MPa vs 

3,52 MPa), a total thickness of SHCC laminates (20 mm vs 14 mm), and 𝜌𝑠𝑙 (0,79% vs 2,01%). 

The first two inputs are responsible for a 67,4% increase in the theoretical capacity (see Figure 

107) and are straightforward to understand: higher tensile strength in combination with higher 

total area leads to higher carrying force. However, the last input, the longitudinal reinforcement 

ratio, requires more effort to 

be understood since it is not 

directly connected with shear 

resistance. As proven by 

Collins et al. [60] and 

Shuraim [63], the normal 

strain in longitudinal 

reinforcement does affect the 

shear capacity of an RC 

beam. To verify this, the 

necessary analysis and 

calculation will be performed 

in the upcoming paragraphs. 
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To make normal strain comparison fair, the load of 50 kN has been selected as the 

reference point since it is very close to the peak loads of the reference beams of Zhang et al. 

[43] and this study (first series). It should be noted that the mechanical behaviour at this load 

level is not under the ultimate limit state, but rather under non-limit state (NLS), as a result, not 

all assumption valid in ULS will automatically hold for NLS. The stress distributions and 

deformation under ULS and NLS are not equal, see Figure 108. The obvious implication is the 

location of the neutral axis that depends on the stress level and cracking stage in a concrete 

beam.  

 

Figure 108 Developments of sectional stress and crack of beam: (a) before cracking, (b) just 
cracking, (c) after cracking, (d) yielding of reinforcement, (e) after yield, (f) ultimate state, 

(g) descending branch [64]. 

Often, the neutral axis is located slightly the below middle line before the cracking of 

concrete since the most of longitudinal reinforcement is located in the lower part of the cross-

section, see Figure 108 a). After the concrete has cracked, the concrete part contributes less and 

less to tensile stresses than before, but the stresses in the compression zone are still too small 

than the compressive strength of concrete, so stresses are linear distributed at this point. The 

only way to find a new equilibrium is to shift the neutral axis upwards. Suddenly, the tension 

force in the cross-section has to be carried mainly by reinforcement and the neutral axis has to 

move up again, see Figure 108 c). The stress distribution in concrete becomes non-linear. After 

reaching the yielding of reinforcement, the tensile force is constant if the hardening of steel is 

disregarded. So the only way to increase the bending moment is to increase the internal arm 

“z” by moving the neutral axis again, see Figure 108 d). While the compression stress in 

concrete is slowly reaching 𝑓𝑐, the neutral axis moves further upwards, see Figure 108 e). 

The codes such as Eurocode 2 primarily focus on the ultimate and serviceability limit 

states of a cross-section, see Figure 108 f). To simplify calculation, Eurocode 2 allows to use 

the simplified stress-strain relationships like rectangular stress distribution where two concrete 

compressive equivalent coefficients are given: α1 (EC2 notation:η) and β1 (EC2 notation: 
β). The factor α1 is needed to determine the effective strength and β1 to find the position of 

the combined compressive force. However, those coefficients are only allowed to be use in a 

limit state and EC2 does not provide coefficients necessary for a non-limit state.  

In the paper [65], Han et al. were capable to numerically simulate the nonlinear stress 

distribution in the concrete compression zone under non-limit state. Moreover, they developed 

practical equations which allow to find necessary α1 and β1 for a non-limit state. Their method 

assumed that the plane in the cross-section remained plane after deformation — and the 

concrete part in tension has fully cracked.  
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Figure 109 (a) Strain, (b) stress and (c) equivalent rectangular stress distribution. [65] 

The equation for the concrete compressive equivalent coefficients under a non-limit state by 

Han et al. [65] are as follows: 

𝛼1 ∙ 𝛽1 = 𝜉1 + 𝜉2 ∙
𝜀𝑐

𝜀𝑐𝑢
 (Eq. 6.56) 

𝛽1 = 𝜂1 + 𝜂2 ∙
𝜀𝑐

𝜀𝑐𝑢
 (Eq. 6.57) 

𝛼1 = 𝜁1 + 𝜁2 ∙
𝜀𝑐

𝜀𝑐𝑢
 (Eq. 6.58) 

 

Table 23 Parameters of concrete compressive equivalent coefficients for ≤ C50 [65] 

Concrete strain level 
𝜀𝑐

𝜀𝑐𝑢
 𝜉1 𝜉2 𝜂1 𝜂2 𝜁1 𝜁2 

I ≤ 0,3 0,015 1,382 0,665 0,117 0 0 
II ≤ 0,6 0,190 0,799 0,650 0,167 0,320 0,1 
II ≤ 1,0 0,475 0,325 0,630 0,200 0,795 0,540 

 

  

(a) (b) (c) 
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Figure 110 shows the strain and stress distribution in the non-limiting state under the 

bending moment M. As consequence, the equilibriums of internal forces and moments 

according to [65] are: 

∑ 𝐹𝑜𝑟𝑐𝑒𝑠 = 0 → 𝛼1 ∙ 𝛽1 ∙ 𝑓𝑐 ∙ 𝑏𝑐 ∙ 𝑥𝑛 + 𝑓𝑐𝑠 ∙ 𝐴𝑐𝑠 = 𝑓𝑠 ∙ 𝐴𝑠 (Eq. 6.59) 

∑ 𝑀𝑜𝑚𝑒𝑛𝑡𝑠 = 0 → 𝑀 = 𝑓𝑠 ∙ 𝐴𝑠 ∙ (𝑑 −
𝛽1 ∙ 𝑥𝑛

2
) + 𝑓𝑠𝑐 ∙ 𝐴𝑠𝑐 ∙ (

𝛽1 ∙ 𝑥𝑛

2
− 𝑎0) (Eq. 6.60) 

Where: 𝑥𝑛 =
𝜀𝑐

𝜀𝑐+𝜀𝑠
∙ d and 𝜀𝑠𝑐 =

𝑑−𝑎0

𝑑
∙ 𝜀𝑐 −

𝑎0

𝑑
∙ 𝜀𝑠; 

under the assumption that reinforcement does not yield, so: 𝑓𝑠 = 𝐸𝑠 ∙ 𝜀𝑠 ≤ 𝑓𝑦 

and 𝑓𝑠𝑐 = 𝐸𝑠𝑐 ∙ 𝜀𝑠𝑐 ≤ 𝑓𝑦 
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Figure 110 (a) Schematization of cross-sections. (b) Strain and (c) equivalent rectangular 
stress distribution in non-limit state. 

The only unknowns in Eqs. 6.59 and 6.60 are 𝜀𝑠 and 𝜀𝑐, so having two unknowns and 

two equations problem can be solved. Han et al. did a great job solving this exact problem in 

their paper [65] but even for cases when the reinforcement at the top and/or bottom yield. 

Unfortunately, it is not valid for a hybrid beam with SHCC web layers since those laminates 

contribute to the internal equilibrium of forces. 

To make it valid for a hybrid beam case, the model of Han et al. [65] has been modified 

by adding extra terms for the SHCC contribution. Since hybrid beams of Zhang et al. [43] and 

this study did not developed a bonding failure during their shear failures, the modified model 

is assuming perfect bonding between a NC core and SHCC laminates. Furthermore, the plane 

in the cross-section remained plane, see Figure 111b). 

 

  

(a) (b) (c) 
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Figure 111 (a) Schematization of cross-sections. (b) Strain and (c) equivalent stress 
distribution in non-limit state. (d) Equivalent stress and (e) force distribution in SHCC 

laminate in non-limit state.  

Figure 111 shows the strain and stress distribution in the non-limiting state under the 

bending moment M. Since the compression area of SHCC laminates is much smaller than the 

area of normal concrete in the compression zone 𝑥𝑛, the same concrete compressive equivalent 

coefficients (α1 and β1) will be used for equivalent rectangular compressive stress distribution 

of SHCC in the compression zone. It is a slightly conservative assumption for low strain levels 

in the compression zone, but it makes calculation much easier. Furthermore, SHCC will behave 

elastically in the uncracked height k. In the cracked region, however, SHCC will show its strain 

hardening properties until reaching its ultimate strain (𝜀𝑡𝑢,𝑆𝐻𝐶𝐶). The tensile stress distribution 

has been split in three regions: I. elastic region; II. ideal elastoplastic region; III. strain 

hardening region, as seen in Figure 111 d) and e). 

 

  

(a) (b) (c) 

(d) (e) 
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So, the equilibriums of internal forces and moments in a hybrid beam are defined as follows: 

∑ 𝐹𝑜𝑟𝑐𝑒𝑠 = 0 → 𝛼1 ∙ 𝛽1 ∙ (𝑓𝑐 ∙ 𝑏𝑐 + 𝑓𝑐,𝑆𝐻𝐶𝐶 ∙ 𝑏𝑆𝐻𝐶𝐶) ∙ 𝑥𝑛 + 𝑓𝑐𝑠 ∙ 𝐴𝑐𝑠

= 𝑓𝑠 ∙ 𝐴𝑠 + 𝐹𝐼,𝑆𝐻𝐶𝐶 + 𝐹𝐼𝐼,𝑆𝐻𝐶𝐶 + 𝐹𝐼𝐼𝐼,𝑆𝐻𝐶𝐶 

(Eq. 6.61) 

∑ 𝑀𝑜𝑚𝑒𝑛𝑡𝑠 = 0 → 

𝑀 = 𝑓𝑠 ∙ 𝐴𝑠 ∙ (𝑑 −
𝛽1 ∙ 𝑥𝑛

2
) + 𝑓𝑠𝑐 ∙ 𝐴𝑠𝑐 ∙ (

𝛽1 ∙ 𝑥𝑛

2
− 𝑎0) + 

+ 𝐹𝐼,𝑆𝐻𝐶𝐶 ∙ (𝑘 +
3 ∙ 𝛽1 ∙ 𝑥𝑛

2
) + 𝐹𝐼𝐼,𝑆𝐻𝐶𝐶 ∙

(𝑑 + 𝑘 + (1 − 𝛽1) ∙ 𝑥𝑛)

2
+ 

+ 𝐹𝐼𝐼𝐼,𝑆𝐻𝐶𝐶 ∙ (
𝑑

3
+

2 ∙ (𝑘 + 𝑥𝑛)

3
−

𝛽1 ∙ 𝑥𝑛

2
) 

(Eq. 6.62) 

Where: 𝐹𝐼,𝑆𝐻𝐶𝐶 =
1

2
∙ 𝐸𝑆𝐻𝐶𝐶 ∙ 𝜀𝑐𝑟,𝑆𝐻𝐶𝐶 ∙ 𝑘 ∙ 𝑏𝑆𝐻𝐶𝐶; 

  𝐹𝐼𝐼,𝑆𝐻𝐶𝐶 = 𝑓𝑦,𝑆𝐻𝐶𝐶 ∙ (ℎ − 𝑥𝑛 − 𝑘) ∙ 𝑏𝑆𝐻𝐶𝐶;     

   𝐹𝐼𝐼𝐼,𝑆𝐻𝐶𝐶 =
1

2
∙ 𝐸𝑠ℎ,𝑆𝐻𝐶𝐶 ∙ (𝜀𝑏 − 𝜀𝑐𝑟,𝑆𝐻𝐶𝐶) ∙ (ℎ − 𝑥𝑛 − 𝑘) ∙ 𝑏𝑆𝐻𝐶𝐶; 

 𝑥𝑛 =
𝜀𝑐

𝜀𝑐+𝜀𝑠
∙ d and 𝜀𝑠𝑐 =

𝑑−𝑎0

𝑑
∙ 𝜀𝑐 −

𝑎0

𝑑
∙ 𝜀𝑠; 

under the assumption that reinforcement does not yield, so: 𝑓𝑠 = 𝐸𝑠 ∙ 𝜀𝑠 ≤ 𝑓𝑦 

and 𝑓𝑠𝑐 = 𝐸𝑠𝑐 ∙ 𝜀𝑠𝑐 ≤ 𝑓𝑦, but also assuming that 𝜀𝑏 ≤ 𝜀𝑡𝑢,𝑆𝐻𝐶𝐶 

Here as well, the only unknowns are 𝜀𝑠 and 𝜀𝑐 in Eqs. 6.61 and 6.62, so the problem in the case 

of a hybrid beam can be solved. 

 

Calculation and analysis of stain in flexural reinforcement 

In essence, Eqs. 6.59 and 6.60 will be used to find the strain in flexural reinforcement 

in the reference beams, and Eqs. 6.61 and 6.62 will be used to find the strain in flexural 

reinforcement in the hybrid beams. As mentioned before, the load of 50 kN has been selected 

as the reference point, so the moment at this load equals: 

𝑀 =
𝐹 ∙ 𝐿

4
=

50 ∙ 1

4
= 12,50 𝑘𝑁𝑚 

(Eq. 6.63) 

All required inputs are summarised on the next page. Table 24 provides the necessary 

geometric parameters for both studies. Figure 112 a) gives the schematization of steel and 

SHCC tensile properties. Please note that models assume no yielding of the rebars. According 

to experimental data, see section 5.2.2, the yielding of longitudinal reinforcement did not occur 

at this load level. In the case of the beams of Zhang et al., strains were not measured. Figure 

112 b) shows how the tensile properties of the SHCC of Zhang et al. have been estimated. 

The set of equations has been solved by a script written in Maple 2020.2 (Build ID 

1502365). Maple is a programming language which uses symbolic and numeric computing 

environment. The whole script is shown in Appendix F. 
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Table 24 Geometric input 

Ref. 
Specimen 

ℎ 
[mm] 

𝑑 
[mm] 

𝑏𝑐 
[mm] 

𝑏𝑆𝐻𝐶𝐶 
[mm] 

𝑎0 
[mm] 

𝐴𝑠 [mm2] 𝐴𝑠𝑐 [mm2] 

T
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st
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(1
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ie

s)
 Reference 

beam 

200 

167 

120  

31 402,12 226,19 
Hybrid 
beam 

100 

20 

Z
ha

ng
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al

. 
[4

3]
 

Reference 
beam 

165 
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 157,08  
Hybrid 
beam 
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Figure 112 (a) Idealised stress-strain diagrams for reinforcing steel for tension and 

compression (red line) and idealised stress-strain diagrams for SHCC in tension (black line). 
(b) stress-strain curves of SHCC from [43] with plotted idealised stress-strain diagram. 

 
 
Table 25 Material input 
 Steel Concrete SHCC 

Ref. 

𝐸𝑠  

(𝐸𝑠𝑐) 
[GPa] 

𝑓𝑦 

[MPa] 

𝜀𝑢 
[%] 

𝑓𝑐 
[MPa] 

𝜀𝑐𝑢 
[‰] 

𝐸𝑆𝐻𝐶𝐶  
[GPa] 

𝑓𝑐𝑟,𝑆𝐻𝐶𝐶 

[MPa] 

𝑓𝑡𝑢,𝑆𝐻𝐶𝐶 

[MPa] 

𝜀𝑐𝑟,𝑆𝐻𝐶𝐶 

[‰] 

𝜀𝑡𝑢,𝑆𝐻𝐶𝐶 

[%] 

T
hi

s 
st

ud
y 

(1
st

 se
ri

es
) 

200 

560 

5,0 

29,07 

3,5 

16,5 3 3,52 0,25 2,27 

Z
ha

ng
  

et
 a

l. 
[4

3]
 

1050 27 29,0 4,35 6,2 0,15 2,0 
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1 The normal strain of longitudinal reinforcement was not measured directly. 

 

Solving equations leads to interesting discoveries, see Table 26. The strain in flexural 

reinforcement in the beams of Zhang et al. [43] is 2,4 – 2,5 higher than that of the beams from 

this study. Moreover, there is a huge difference in strain in the longitudinal reinforcement 

between the control and experimental group of Zhang et al. [43]. To be exact, the difference in 

absolute value is 0,0352%. In contrast, the difference in absolute value is only 0,0072% in this 

study. The calculated 𝜀𝑠 approximates the experimental values1, see Figure 70 (-67 mm). 

Table 26 Solution of reference beams and hybrid beams under non-limit state 

Ref. 
Specimen 𝜀𝑠 [%] 𝜀𝑐  [‰] 𝑓𝑠 [MPa]  𝑥𝑛 [mm]  ∑ 𝐹𝑆𝐻𝐶𝐶  [kN] 

T
hi

s 
st

ud
y 

(1
st
 s

er
ie

s)
 

Reference beam 0,1091 0,726 218,3 66,71  

Hybrid beam 0,1019 0,647 203,8 64,87 7,67 

Z
ha

ng
 e

t 
al

. [
43

] Reference beam 0,2772 1,552 554,3 59,24  

Hybrid beam 0,2420 0,984 483,9 47,69 13,34 

But why does it matter? As explained by Collins et al. [60] and Shuraim [63], the 

reduction of strain in flexural reinforcement has a positive effect on the shear capacity of a 

beam. Figure 106 shows the exponential relationship between strain in longitudinal 

reinforcement and normative shear stress at failure. Consequently, the reduction of the higher 

strain, as in Zhang’s case, is less effective than the reduction of the lower strain, as in the case 

of this study. However, the difference in strain between control and experimental specimen was 

so high in Zhang’s case that it led to a noticeable enhancement of the shear capacity of a beam: 

the failure stress at failure should have increased by roughly 10%, according to Figure 106. 

Looking at Mohr's circle for steel, reducing the strain in the x-direction (normal) will 

improve the limit of strain in the y-direction (shear). It may be related to the higher dowel action 

of longitudinal reinforcement since it works in the y-direction. Eventually, it would result in 

higher shear capacity.  

But why did the SHCC webs laminates in the hybrid beam of Zhang et al. [43] reduce 

more strain in the flexural reinforcement than in the hybrid beams from the first series? To 

answer this question, we have to look again at Table 22. Zhang’s SHCC had higher tensile 

strength and Young’s modulus which resulted in sooner activation of their laminates but also 

contributed more, see the last column of Table 26. Since the area of longitudinal bars of their 

hybrid beam was 60,9% smaller, it resulted in higher stress reduction. And since Youngs’s 

modulus of steel did not change, the constitutive equation of stress-strain relationships tells us 

that the strain has to be reduced by the same amount. 

In conclusion, the difference in the results between Zhang et al. [43] and this study are 

caused by two important factors. The primary factor, the tensile properties of Zhang’s SHCC 

were better that the tensile properties of SHCC of this study. Not only tensile strength was 

higher, but also Young’s modulus which helped to activate SHCC sooner in the case of Zhang’s 

hybrid beams. The secondary factor is the effect of higher strain in the longitudinal 

reinforcement of Zhang’s hybrid beam due to the lower longitudinal reinforcement ratio than 

in this study. As explained in the study [60] by Collins et al., the shear capacity is correlated 

with the amount of strain in longitudinal reinforcement along its axes.   
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6.2.2 Results comparison with experimental investigation by Wei et al. (2020) 

Figure 17 (on page 23) shows the load midspan deflection relationships of (hybrid) beams of 

Wei et al. from their experiment [45]. All beams, which will be discussed in this section, were 

provided with shear reinforcement. The most crucial results of Wei et al. [45] alongside the 

results of the second series are summarised in Table 27. A detailed overview of material 

properties and geometry parameters is given in Table 28. 

Table 27 Comparison of between experimental results on (hybrid) beams with transverse 
   reinforcement 

Ref. Specimen with 
transverse 

reinforcement 

Ultimate 
capacity 

[kN] 

Δ in 
ultimate 
capacity 

compared to 
reference 

group [kN] 

Δ in 
ultimate 
capacity 

compared to 
reference 
group [%] 

Vertical 
displacement 
at peak load 

[mm] 

This study 
(2nd series) 

Reference beam 

{120  200 mm2} 
 

101,8 - - 4,65 

Hybrid beam B1 

{120  200 mm2} 
 

124,5 + 22,7 + 22,3 4,54 

Hybrid beam B2 

{120  200 mm2} 
 

124,2 + 22,4 + 22,0 5,35 

Wei et al.  
[45] 

Reference beams  

{180  350 mm2} 
 

330,4 - - 4,3 

Hybrid beams 
with smooth 

laminates  

{200  350 mm2} 

392,6 + 62,2 + 18,8  

It is obvious to say, that the results of Wei et al. differ substantially from the results of 

this experiment due to the size effect. Furthermore. the shear span parameter (𝜂𝑎) of their beams 

is noticeably smaller (2,5 < 3) which has implications on the shear capacity and failure 

mechanism, but more about it later. Their cross-section is more heavily reinforced in the 

longitudinal direction (+510,4%) and slightly more in the transverse direction (+20,0%) than 

the beams in the second series. The type of steel used for longitudinal direction was the same, 

but weaker steel have been used for the stirrups. Additionally, the effective depth of their beams 

is 70,1% higher. On the material level, their concrete has a 13,5% higher compressive strength, 

but a 24,6% smaller Young’s modulus. Their Young’s modulus is much lower than the value 

provided by EC2. There is no additional information provided about NC by the authors of this 

paper. Most of those factors mentioned above, except for the size effect, weaker steel for the 

stirrups and Young's modulus of concrete, work in favour of the shear capacity. For clarity, 

Young's modulus of concrete has hardly any effect on the shear capacity of the reference beams. 

The results of hybrid beams between those studies differ due to better properties of 

SHCC in the case of Wei et al. Their SHCC had 94,6% higher tensile strength and 112,1% 

larger Young’s modulus. But their tensile strain at 90% strength was 38,0% lower. 
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Table 28 Comparison of beams with transverse reinforcement: a detailed overview of 
material properties and geometric parameters 

 
 Wei et al.  

[45] 
This study 
(2nd series) 

| Difference | 

M
at

er
ia

l p
ro

pe
rt

ie
s 

Average compressive 
strength of concrete [MPa] 

36a) 
31,73 

(± 1,89) 
4,27 

(± 1,89) 
13,5% 

(± 6,0%) 

Young’s modulus of 
concrete [MPa] 

26000 34486 8486 24,6% 

Average compressive 
strength of SHCC [MPa] 

120 
72,570 

(± 3,355) 
47,43 

(±3,355) 
65,4% 

(± 4,6%) 

Average tensile strength of 
SHCC [MPa] 

10 
(± 1,2) 

5,14 
4,86 

(± 1,2) 
94,6% 

(± 23,3%) 

Average tensile strain at 
90% strength [%] 

3 4,84 1,84 38,0% 

Young’s modulus of SHCC 
[MPa] 

35000 16500b) 18500 112,1% 

Mean yield strength of 
long. steel [MPa] 

585 560 25 4,5% 

Mean yield strength of 
stirrup steel [MPa] 

335 560 225 40,2% 

Mean tensile strength of 
stirrup steel [MPa] 

530 605 75 12,4% 

G
eo

m
et

ri
c 

pa
ra

m
et

er
s 

Effective depth [mm] 284 167 117 70,1% 

The second moment of 
area [104 mm4] of RC 

beams 
64312,5 8000 56312,5 703,9% 

The second moment of 
area [104 mm4] of hybrid 

beams 
71458,3 8000 63458,3 793,2% 

Total area of longitudinal 
reinforcement in tension 

zone [mm2] 
2454,37 402,12 2052,25 510,4% 

The cross-section area of 
single stirrup [mm2] 

56,55 56,55 0 0% 

Spacing between stirrups 
[mm] 

200 250 50 20,0% 

a) The specimen type: cube. The specimen size:100  100  100 mm3. 

b) This value comes from the experiment [50] of MSc Shan He (inventor of the mix 

composition).  
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Theoretical shear capacity of RC beams without transverse reinforcement from 
experimental investigation [45] by Wei et al. (2020) 

In order to determine the theoretical shear capacity of the reference beams (group B) from 

Wei’s experiment, the approach of GSDM by Cladera et al. [59] has been used. This method 

has been explained in detail in section 6.1.2. 

The longitudinal reinforcement ratio of the reference beams (group B) of Wei et al. [45] equals: 

𝜌𝑠𝑙,𝑅𝑒𝑓𝑒𝑟𝑛𝑐𝑒 =
𝐴𝑠𝑙

𝑏𝑐  ∙  𝑑
∙ 100% =

2454,37

180 ∙ 284
∙ 100% = 4,81% (Eq. 6.64) 

 

The load on the reference beam in the governing section 

𝑉𝐸 =
330,4

2
= 165,2 𝑘𝑁; 𝑀𝐸 =

330,4 ∙ 0,71

4
= 58,646 𝑘𝑁𝑚  

The size effect factor is obtained by solving Eq. 6.23: 

𝜉 = 1 + √
200

0,9 ∙ 284
= 1,88 ≤ 2,75 (Eq. 6.65) 

The shear stress in the beam can by found in the following way: 

𝜏 =
𝑉

𝑏 ∙ 𝑧
=

165,2 ∙ 103

180 ∙ 0,9 ∙ 284
= 3,59 ≤ 3 𝑀𝑃𝑎  (Eq. 6.66) 

𝜏

𝑓𝑐𝑚
=

3

36
= 0,083 ≥ 0,05 (Eq. 6.67) 

Substituting Eqs. 6.64, 6.65 and 6.66 into Eq. 6.22, the contribution of concrete in the reference 

beam with transverse reinforcement is: 

𝑉𝑅𝑚,𝑐 = [0,17 ∙ 1,88 ∙ √4,81 ∙ 360,2 ∙ 31/3] ∙ 180 ∙ 0,9 ∙ 284 =  95,2 𝑘𝑁 (Eq. 6.68) 

The longitudinal strain in the stirrup according to Eq. 6.29: 

𝜀𝑥,𝑠𝑡 = 0,5 ∙

58,646 ∙ 106

0,9 ∙ 284
+ 165,2 ∙ 103

200 ∙ 103 ∙ 1472,62
∙ 1000 = 1,34 ≤ 1 

 
 

(Eq. 6.69) 

The angle of the inclined struts can be calculated using Eq. 6.28: 

𝜃 = 20 + 15 ∙ 1 + 45 ∙
3

36
= 38,8° ≤ 45°  (Eq. 6.70) 

 The contribution of stirrups in the reference beam with transverse reinforcement is obtained 

by substituting Eq. 6.70 into Eq. 6.21: 

𝑉𝑅𝑚,𝑠 =
56,55

200
∙ 0,9 ∙ 284 ∙ 335 ∙ cot(38,8°) = 30,1 𝑘𝑁 

(Eq. 6.71) 
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Substituting Eqs. 6.68 and 6.71 into Eq. 6.26: 

𝑉𝑅𝑚 = 95,2 + 30,1 = 125,3 𝑘𝑁 (Eq. 6.72) 

Hence, the theoretical shear capacity of the reference beam with transverse reinforcement 

according to the model by Cladera et al. [59] equals: 

𝐹 = 2 ∙ 𝑉𝑅𝑚 = 2 ∙ 125,3 = 250,6 𝑘𝑁 (Eq. 6.73) 

The value of Eq. 6.73 is 79,8 kN (24,2%) lower than the experimental value (330,4 kN). In 

Wei’s reference beams, an unusual type of reinforced steel has been used for stirrups. The mean 

yielding and tensile strength of this steel were 335 MPa and 530 MPa, respectively. The tensile-

to-yielding strength ratio equalled 1,58. Arguably, it would be more realistic to use tensile 

strength steel properties in Eq. 6.71 for such type of steel. In contrast, reinforcing steel B500 

the tensile-to-yielding strength ratio is at least 1,08. For such steel, it is logical to use yielding 

strength since the ratio is small. 

 

Theoretical shear capacity of hybrid beam without transverse reinforcement from 
experimental investigation [45] by Wei et al. (2020) 

Since their beam has been heavily flexural reinforced, it has been proposed to use an effective 

longitudinal reinforcement ratio. The effective area of longitudinal reinforcement is defined as 

the area of the tensile reinforcement minus the area of the compression reinforcement: 

𝐴𝑠𝑙,𝑒𝑓𝑓 = 𝐴𝑠𝑙 − 𝐴𝑠𝑙𝑐 = 2454,37 − 981,75 = 1472,62 𝑚𝑚2 (Eq. 6.74) 

Thus the effective longitudinal reinforcement ratio of Wei’s hybrid beams equals: 

𝜌𝑠𝑙,𝐻𝑦𝑏𝑟𝑖𝑑,𝑒𝑓𝑓 =
𝐴𝑠𝑙,𝑒𝑓𝑓

𝑏𝑐  ∙  𝑑
∙ 100% =

1472,62 

200 ∙ 284
∙ 100% = 2,59% (Eq. 6.75) 

Substituting Eq. 6.75 into Eq. 6.8 allows for obtaining β: 

β = −23,04 ∙
2,59

100
+ 1,00 = 0,403 (Eq. 6.76) 

In the case of Wei’s hybrid beams, the contribution of SHCC laminates to the shear capacity 

according to Eq. 6.7 equals: 

𝑉𝑆𝐻𝐶𝐶 = 1,0 ∙ 0,403 ∙ 10 ∙ 350 ∙ 20 = 28,2 𝑘𝑁 (Eq. 6.77) 

Converting to the force as a result of SHCC laminates: 

𝐹𝑆𝐻𝐶𝐶 = 2 ∙ 𝑉𝑆𝐻𝐶𝐶 = 2 ∙ 28,2 = 56,4 kN (Eq. 6.78) 

The solution of Eq. 6.78 does not match the experimental value (62,2 kN). There are 

two reason for this. First, the truss model by Wang et al. [44] was calibrated for beams with 

shear span parameter equal 3. As explained in their paper [44], the arch mechanism becomes 

an important factor for beams with 𝜂𝑎 under 2,5. The arch mechanism has been covered in the 

literature study, see section 2.1.1. Second reason are the mechanical properties of Wei’s SHCC. 
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To be more precise: the standard deviation of tensile strength of the SHCC is approximately 

1,2 MPa. When this parameter is included then the lower and upper bound limits becomes: 

𝑉𝑆𝐻𝐶𝐶 = 1,0 ∙ 0,403 ∙ {10 ± 1,2} ∙ 350 ∙ 20 = [24,8 ; 31,6] 𝑘𝑁 (Eq. 6.79) 

Converting to the force as a result of SHCC laminates: 

𝐹𝑆𝐻𝐶𝐶 = 2 ∙ 𝑉𝑆𝐻𝐶𝐶 = 2 ∙ [24,8 ; 31,6]  = [49,6 ; 63,2] kN (Eq. 6.80) 

So the experimental value does fall in this range. From those calculation can be 

concluded that SHCC laminates were fully utilised. Even though, authors have reported a 

partial debonding in the midspan at the ultimate load, but “the system was able to maintain 

integrity” quoted from their paper [45]. So, bonding strength between the NC cores and the 

SHCC laminates was sufficient in this particular case. 
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6.3 Discussion 

The outcomes of this research have provided insight into the shear behaviours of hybrid beams 

with and without transverse reinforcement. In general, the hybrid beams have obtained higher 

shear capacity than the control group. This statement has been confirmed by the literature [10, 

43, 44, 45] on this specific subject. Therefore, all evidence suggests that the hypothesis of this 

research is correct. The question that remains is to what extent can the shear capacity be 

enhanced by having SHCC web layers attached to the reinforced concrete beam when compared 

to the control reinforced concrete beam. 

According to experimental data from this study, the hybrid beams without shear 

reinforcement increased their shear capacity by 13,2 kN and 12,1 kN compared to their 

reference beam. The hybrid beam with the smooth interface between its NC core and the SHCC 

laminates did perform slightly better than the hybrid beam with the profiled interface. It must 

be noted that the thickness of shear keys laminates was 30% thinner in one specific location. 

Indeed, this has reduced the shear capacity of the hybrid beam to some extent. In contrast, the 

hybrid beams with shear reinforcement achieved much better outcomes by enhancing the shear 

capacity by 22,7 kN and 22,4 kN in comparison with their reference beam. The hybrid beam 

which was supported at its full width produced slightly higher resistance against shear loading 

than the hybrid beam which was only supported at its NC core. It is therefore evident that 

supporting a hybrid beam with shear reinforcement at its NC core does not necessarily results 

in a significant lose of the shear capacity. However, it might not be true for hybrid beams with 

thicker SHCC web laminates since the reduction of supporting width will much greater, but 

this is beyond the scope of this research. 

The evolution of crack patterns during the loading was substantially different between 

the RC beam without transverse reinforcement to the beams that were shear reinforced by 

SHCC web laminates and/or stirrups. The beams which were shear reinforced showed the 

development of diagonal cracks on the left and right spans almost simultaneously. Just before 

the peak load, only one diagonal crack in each beam has localised which led to the failure of 

the particular beam. Whereas the RC beam without stirrups showed the development of only 

one diagonal crack during its testing. There is a remarkable difference between the hybrid 

beams with and without transverse reinforcement. The hybrid beams with lightly shear 

reinforcement showed dispersed cracking of their SHCC laminates in contrast to the hybrid 

beams without stirrups. In the latter, the crack in SHCC webs has for the most part localised. 

Besides, all hybrid beams had smaller experimental angles of the critical inclined diagonal 

crack smaller than that of the RC beam without transverse reinforcement. 

From design calculation using Eurocode 2 approach, the RC beam without stirrups was 

very close to reaching its target capacity of 55,3 kN. According to experimental data, this beam 

sustained a peak load of 53,5 kN. The same cannot be said about the RC beam with stirrups 

which failed at 101,8 kN. But according to the EC2 approach, this beam should reach only 83,8 

kN. So where did this extra shear capacity come from? According to  

Cladera et al. [55], the model of EC2 overlooks some crucial factors which could 

explain this observation. In the case of the lightly shear-reinforced beams (like this reference 

beam in this experiment), the primary overlooked factor is the normal concrete contribution to 

shear capacity. For this reason, they have proposed their own model GSDM [59] which takes 

this contribution into account together with other factors. According to GSDM, the theoretical 

shear capacity equals 100,8 kN which is more or less the same value that has been found during 

the experiment. Although calculations with the Eurocode 2 approach are generally faster and 

easier than with the GSDM approach, the computation time using the GSDM is not that bad for 
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the accuracy that it offers. According to GSDM, the reference beam with stirrups should fail at 

100,8 kN. 

In addition to the shear capacity contribution of an NC core and transverse 

reinforcement, a hybrid beam has obviously SHCC web laminates which must be considered 

during estimating shear capacity. Two models have been found in the literature that takes the 

shear contribution of SHCC laminates in the webs. The simplified model by Baghi [58] is based 

on the idea of the maximum shear stress in a rectangular non-cracked cross-section. It is a very 

basic model which takes only the geometrical and tensile strength of SHCC into account. And 

there is the deterministic model by Wang et al. [44] which uses a truss analogy. They have 

added deterministic reduction factors to compensate for the delamination of SHCC laminates 

from an NC core but also the effect of the longitudinal reinforcement. In the case of hybrid 

beams with shear reinforcement, it has been established that the truss model is more accurate 

in its prediction than the simplified model. However, both models failed to predict accurately 

the shear contribution of SHCC laminates in the first series. According to the truss model by 

Wang et al. [44], theoretical 𝐹𝑆𝐻𝐶𝐶  is almost double the experimental value. Most presumably, 

the SHCC laminates were not fully activated. The deep analysis showed that hybrid beams 

without stirrups experience accelerated growth of their main diagonal cracks for a very short 

period before reverting to slower growth rates. This observation indicates for quick 

redistribution of internal forces. It seems like Young’s modulus of SHCC, which is lower than 

that of NC, did not allow for sufficient activation of the SHCC in an earlier stage of loading. 

Consequently, the NC core had to resist a significant portion of shear force which had to be 

(partly) transferred to the SHCC webs. Since NC is a brittle material, there must have been a 

sudden redistribution of internal forces which is more violent than the case of a gradual 

redistribution of forces. 

In contrast to hybrid beams without transverse reinforcement, the SHCC laminates were 

activated in the hybrid beam with shear reinforcement as mentioned earlier. The empirical 

evidence of no peak flocculation in the growth of the main diagonal cracks in hybrid beams 

with shear reinforcement gives a strong signal that those cracks had more ductility. Most likely, 

the stirrups cushioned the sudden redistribution of the internal forces due to their large Young’s 

modulus which pulled the significant part of the force flow toward themselves. Hence, the 

transfer of the internal force towards the SHCC webs was more gradual than in the case of 

hybrid beams without shear reinforcement. As a consequence of the smaller gradient of the 

additional force, the SHCC laminates in the webs experienced a smaller sudden jump in the 

strain since the transverse reinforcement absorbed a significant portion of the internal forces 

from the NC core after it has fractured. Hence, the SHCC developed its typical crack pattern in 

a later stage which is a sign of full activation of the tensile properties. 

From the comparison of the results between Zhang et al. [43] and this study, it became 

obvious that the experimental results were distinctly different from each other. In their case, 

the SHCC laminates (smooth interface) in the hybrid beams without stirrups have contributed 

three times more shear capacity than the SHCC laminates from this study in the first series even 

though the beams were equal size. The same cannot be said about their reference beam which 

was 20 mm less wide than the rest of the beams. Despite the fact that their reference beam was 

smaller in its width, the whole difference cannot be ascribed to this fact. From analytical 

calculations based on EC2, their reference beam should only sustain 35,0 kN but in reality, the 

peak load reached 51 kN. It is almost the same capacity as that of the reference beam from the 

first series. After consulting the literature on a wide range of parameters (𝑓𝑐, 𝜌𝑠𝑙, 𝑒𝑥, 𝜂𝑎, 𝑑) that 

may influence the shear capacity, it became obvious that their beams brakes all trends. 

Therefore, the results should be classified as an outlier since it does not follow the trends of the 
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hundreds of other results. However, two particular parameters were standing out in their beam, 

namely the area of the longitudinal reinforcement in the tension zone, and Young’s modulus of 

SHCC. The area was significantly smaller and Young’s modulus had almost the double value 

than the (hybrid) beams from this study. 

Using the truss model by Wang et al. [44], the theoretical 𝐹𝑆𝐻𝐶𝐶  of Zhang’s hybrid beam 

is almost identical to the experimental value. It is probable that their SHCC was almost fully 

activated since Young’s modulus of their SHCC was 75,8% higher. In general, the properties 

of their SHCC were higher than the properties of the SHCC from this study. Even though they 

were higher, those properties do not fully explain such a large contribution to shear capacity 

due to SHCC. It seems like it had to do something with low area of the flexural reinforcement 

(𝐴𝑠𝑙). In their case, the Influence Coefficient of Reinforcement Ratio (β) was extremely high 

due to 𝐴𝑠𝑙 parameter. After analysing strain in the longitudinal reinforcement under a non-limit 

state (NLS), it became evident that Zhang’s hybrid beam reduced significantly more strain 

compared to its control group than the hybrid beams in the first series compared to the control 

group in the first series. As explained by M. Collins et al. [60] and B. Shuraim [63], the 

reduction of strain in flexural reinforcement has a positive effect on the shear capacity of a 

beam. Lower strain helps in generating higher dowel action of longitudinal reinforcement since 

steel is further away from yielding. 

So in the case of hybrid beams without transverse reinforcement, it is highly important 

to make sure that Young’s modulus of SHCC is higher than that of NC. Otherwise, the SHCC 

laminates of a hybrid beam without TR will not be fully utilised as experimentally proven in 

this study. In contrast, the hybrid beams with (minimum) transverse reinforcement and with 

Young’s modulus of SHCC about half smaller than that of NC did not show this limitation. 

Furthermore, the tensile strength of SHCC is positively correlated with the contribution of the 

shear capacity in the hybrid beams with or without TR. Therefore, this property should be as 

high as possible after the criteria of Young’s moduli is satisfied.  

From the comparison of the results between Wei et al. [45] and this study, it has been 

established that the shear span parameter (𝜂𝑎) may play a key role in deciding the type of failure 

mechanism. Wei’s beams had a larger cross-section but they had smaller 𝜂𝑎 than the beams 

used in this study. The shear span parameter was 2,5, which is 0,5 smaller compared to this 

study, but it may be sufficient for their SHCC laminates to develop the arch mechanism. The 

arch mechanism is known for enhancing shear capacity. However, this effect is not taken into 

account in the truss model by Wang et al. [44], as consequence the theoretical value was 

underestimated. This truss model is only accurate for the beams with 𝜂𝑎 equal to 3 since it was 

calibrated for.  

However not all evidence point to the arch mechanism that caused this inaccuracy. 

There is also a standard deviation of the tensile strength of SHCC. After calculating the lower 

and upper bound limits, the experimental values fall in this range. Most probably, it is the 

interaction of both effects on the contribution due to SHCC laminates to shear capacity.  

In essence, the simplified model by Baghi [58] can be used for preliminary calculations 

since it straight forward to use. However, during USL analysis, the truss model by Wang et al. 

[44] should be used in the design calculations since it takes the risk of delamination of SHCC 

laminates but also takes into account the effect of reinforcement ratios. This truss model seems 

to be easy to implement in EC2 since already includes the strut and tie modelling for concrete. 

But before the implication of this model in the practices, better calibration of β and 𝜂 factors 

are required. For these reason, more experimental data are still needed to obtained satisfactory 

accuracy using this approach. 

Chapter 6: Analysing results in-depth & Discussion 
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There is some point of attention regarding the interface between SHCC and NC. During 

preparation for the experiment, the hybrid beam with smooth laminates showed partial 

delamination of all laminates near the side edges of the beam. This happened two days after the 

beam has been taken out of the mould. The smooth bonding system between the SHCC 

laminates and the NC core was not strong enough to withstand differential drying shrinkage 

between the SHCC and the NC over this short period of time. Even though it had not influenced 

the peak load, it should definitely be addressed before a practical application. For clarity, the 

hybrid beams with the profiled interface between the NC cores and the SHCC laminates did 

not have this issue. 

 

Analysis of the initial stiffness of the beams with transverse reinforcement showed 

problems with the quality of NC. It seems like the concrete was not properly densified on the 

vibrating table during the second casting. It is odd since Young’s modulus of the normal 

concrete prism in the second series was similar in quality to that of the first series. Also from 

visual inspection, the beams looked fine. Most importantly, this issue did not affect the ultimate 

capacities of the beams, but the effects of the difference in support boundary conditions of 

hybrid beams with shear reinforcement regarding the deflection behaviours could not be 

extracted from such data. 

 

  

6.3 Discussion 
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7  
Conclusions & 

Recommendations 
“The roots of education are bitter, but the fruit is sweet.” 

 Ἀριστοτέλης Aristotélēs (Aristotle) 

 

This chapter concludes the effects of the Strain-Hardening Cementitious Composite laminates 

on the shear behaviour of hybrid SHCC-concrete beams. Inspired by previous successful 

research on the topic, new experimental benchmarks on RC beams with shear strengthening 

using SHCC laminates have been established. This research distinguishes itself from other 

studies by the fact that normal concrete was cast between older SHCC laminates, consequently, 

forming the old-new interface concrete SHCC connections. Furthermore, two different types 

of SHCC-concrete interface have been used in hybrid beams, namely smooth and profiled ones. 

Its main focus is on the shear capacity of such a hybrid SHCC-concrete system. But other 

aspects of this complex phenomenon will be touched on. 
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7.1 Conclusions 

This master’s thesis research aimed to establish knowledge regarding the strengthening 

of reinforced concrete beams using 10 mm Strain-Hardening Cementitious Composite 

laminates under shear loading. The main research question, however, focuses on the extent of 

increased shear capacity due to SHCC web layers attached to the sides of an RC beam. To 

answer this question, the shear capacities of four hybrid beams were tested in a three-point 

bending set-up against the shear capacities of two pristine counterparts. The shear span 

parameter of all beams equalled 3. 

From those tests, it has been established that hybrid beams are more efficient in carrying 

the shear load than conventional RC beams. The hybrid beams without shear reinforcement 

enhanced the ultimate shear capacity by 22,6% (12,1 kN) and 24,7% (13,2 kN). The hybrid 

beam with smooth laminates reached a higher load capacity than the hybrid beam with shear 

keys laminates. This was caused by an unintended deviation of 30% from the total through-

thicknesses of shear keys laminates in the critical location of this particular beam. The hybrid 

beams with transverse reinforcement enhanced the shear capacity by 22,3% (22,7 kN) and 

22,0% (22,4 kN). The hybrid beam B1 with shear reinforcement, which was supported at its 

full length, has reached a slightly higher load capacity than the hybrid beam B2 with shear 

reinforcement which was only supported at its normal concrete core. The difference in 

boundary conditions of hybrid beams did not affect the carrying capacity of shear load.  

Answering the first sub-question: there is still a lack of knowledge regarding the 

interface concrete connection between old SHCC and new NC available in current literature. 

However, it was established that the factors that have a positive effect on the strength of an 

interface between new-SHCC/old-concrete are: SHCC compressive strength, normal concrete 

compressive strength curing age of the specimen, curing environment (temperature and relative 

humidity), interface roughness, fibres types, (if applied) additional binding agent strength, 

surface roughness, interlocking mechanism, type of cement and differential shrinkage. 

The smooth bonding system between the SHCC laminates and the NC core was not 

strong enough to withstand differential drying shrinkage between the SHCC and the NC over 

a short period of time. The hybrid beam with smooth laminates showed partial delamination of 

all laminates near the side edges of the beam after two days after demoulding. The beams with 

SHCC web laminates, which were provided with shear keys, did not show this kind of 

behaviour. But most importantly, no hybrid beam in this experiment has failed due to 

debonding failure. So, answering the second sub-question based on the results of the shrinkage 

tests: it is observed that curing conditions had a significant impact on the shrinkage strain of 

SHCC. Specimens with a longer curing time (14 days in the curing room and then sealed for 

28 days) showed almost twice the reduction of shrinkage than the specimens with a shorter 

curing time (28 days in the curing room). Since the SHCC laminates were threat the same as 

the first specimen, this curing condition has helped reduced almost twice the stress due to 

differential drying shrinkage between a NC core and a SHCC laminate. Hence, more capacity 

of an interface was reserved for transferring the actual load. 

In contrast to the smooth interfaces, the interfaces between the SHCC laminates with 

shear keys and the NC core did not show any sign of delamination before and during load 

testing. Based on this evidence, it has been concluded that this bonding system is stronger than 

the smooth one. 

Furthermore, the hybrid beams without shear reinforcement have improved the vertical 

displacement at their peak load compared to that of their reference beam. The midspan 

deflection at the peak load was 98,6% higher for the hybrid beam with smooth laminates and 

Chapter 7: Conclusions & Recommendations 

 



- 130 - 
 

170,5% higher for the hybrid beam with shear keys laminates compared to that of their 

counterpart. The brittle failure modes were not fully prevented in this case: those hybrid beams 

did not collapse immediately but more gradually. The hybrid beam B2 has improved the vertical 

displacement at its peak load by 15,1% compared to that of its reference beam. In contrast, the 

hybrid beam B1 did not improve the vertical displacement before failure. 

After performing the analytical analysis, it has been established that the hybrid beams 

without transverse reinforcement did not fully activate their SHCC laminates. After consulting 

with the literature, it has been found that some hybrid beams without shear reinforcement were 

capable of utilising their SHCC webs. It seems like hybrid beams with a higher Young's 

modulus of SHCC than NC could activate their SHCC laminates more efficiently. So answering 

the third sub-question, the hybrid beams with a minimum amount of shear reinforcement did 

not have the issue of activating their SHCC webs compared to the hybrid without any transverse 

reinforcement. 

The shear loading capacity of a hybrid beam with the shear span parameter of 3 or 

greater can be predicted with good accuracy by combining General Shear Design Method 

(GSDM) approach (developed by Cladera et al. [59]) for the RC part with the truss model by 

Wang et al. [44] for the contribution due to SHCC laminates. This method slightly 

underestimates the shear capacity of a hybrid beam. The simplified model for the contribution 

of an SHCC part by Baghi [58] should however be used only for preliminary calculations since 

the model is less accurate in general. 

The results of this research demonstrate the effectiveness and practical feasibility of RC 

beams strengthened by 10 mm SHCC laminates under shear loading. It must be noted that 

effectiveness of SHCC found in this study were smaller compared to the other results from the 

literature. But still, such an innovative system also allows for building slender members, but 

also increases the quality and safety of concrete structures since SHCC laminates would be 

manufactured at prefab factories and not cast-in-situ.  

7.2 Recommendations 

The use of SHCC laminates in the beams without transverse reinforcement showed less 

promising results than anticipated. Therefore further research and optimizations are needed 

before this innovative idea can be executed in practice. The major issue of a hybrid beam 

without stirrups is guaranteeing of full activation of SHCC properties. It is therefore 

recommended to use cementitious materials with higher Young’s modulus for this purpose.  

The secondary issue of hybrid beam is its bonding strength at the interface between 

SHCC laminates and a normal concrete core. It is not recommended to use smooth SHCC 

laminates due to a lack of confidence in long-term endurance against differential drying 

shrinkage between the SHCC and a NC core. The experiments showed that the difference in 

rate and magnitude of shrinkage between those two materials is significant. Hence, a smooth 

SHCC laminate might partially delaminate or even delaminate complete from the concrete core 

in long run. It is therefore advised to perform experiment(s) that would prove or disprove the 

hypothesis that by adding shear keys on an SHCC laminate the consequence of differential 

drying shrinkage between SHCC and normal concrete are mitigated.  

From the tests on the hybrid beams, the hybrid beam with shear keys in the interface 

outperforms the beam with smooth laminates since this profiled interface did not show any 

partial delamination prior to testing. However, there is still no experimental investigation 

performed on how strong both interfaces are. It is therefore highly advisable to perform research 

on the strength of interface for new-concrete-old-SHCC connections since most previous 

7.1 Conclusions 
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studies regarding this topic concentrated on the bonding properties of an interface between new 

SHCC to old NC. 

From an execution point of view, the shear keys on a laminate are slightly inconvenient. 

Because in practice transverse reinforcement has to be provided, a sufficient geometrical 

clearance is required to place the stirrups. Shear keys reduce this clearance by their height and 

therefore, they might block the space allocated for the stirrups. This issue has to be taken into 

account during the design of the beam. It is advisable to make guidelines regarding this issue 

for other engineers. 

A great topic for research would be hybrid connections since concrete members have 

to be somehow connected to the rest of the structure. The concrete connections are known for 

their tight allocations of reinforcement. The superior mechanical properties of SHCC might 

help with that issue. SHCC elements placed at the strategic location could reduce the amount 

of reinforcement or make the connection slender. Such a system would probably have a great 

positive influence on sustainability due to the small crack pattern and ductility of SHCC. 

Mastering this technology could open doors for a new prefabrication system made out of 

SHCC.  

Chapter 7: Conclusions & Recommendations 
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Appendix A.  Procedure for standardized mixing of SHCC 
 

SHCC mixtures were prepared in a Hobart mixer. This mixer is in accordance with EN 196-1. 

 

1st step) Dry mixing of cement and limestone powder for 5 minutes 

2nd step) Slowly add 90% of water (premixed with all SP) and mix for 3 minutes  

3rd step) Add 1/3 of fibre and mix for 1 minute 

4th step) Add 1/3 of fibre and 5% of water and mix for 1 minute 

5th step) Add 1/3 of fibre and 5% of water and mix for 1 minute 

6th step) Medium speed mixing for 2 minutes 

7th step) Low speed mixing for 2 minutes 

 

Total mixing time: 15 minutes 

  

Appendix A: Procedure for standardized mixing of SHCC 
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Appendix B.  Small scale experiments on shear keys  
 

B.1 Fibres bridging between shear key and laminate board 

This appendix is devoted to the subject of the dimensioning of a shear key using the trial and 

error method. From the previous experiments, it has been observed that the fibres of SHCC 

have an issue filling slots while cast vertically. If the slot is too small then only cement paste 

of SHCC filled such slot. The central question that will be answered in this section is as follows: 

What is the smallest size of shear keys on the thin SHCC laminate that give a good monolithic 
connection with the rest of the laminate? 

A good monolithic connection of SHCC between a shear key and a laminate is defined 

as the present of fibres and cement paste at the interface of the extraction. Since no answer 

could be found in the current literature, it has been decided to cast small scale laminates with 

different size and shapes profiles on it. 

   
Figure B-1 Closs up of profiled laminate. On the left: removed shear key with dimensions  

10 mm  80 mm. On the left: removed shear key with diameter of 25 mm. 

 During those small-scale experiments, it has been observed that the smallest dimension 

of a slot’s perimeter is the governing factor that predicts if the fibres will be present at the 

interface of an extraction, see Figure B-1. Only 50% of all slots with a minimum edge size of 

10 mm had a good monolithic connection. The slots with a minimum base dimension of 25 mm 

showed a 100% chance for a good monolithic connection. In the end, the cylinder with a 

diameter of 25 mm and a height of 10 mm has been selected as the shape for shear keys on 

profiled laminates. 

B.2 Failed chipboard mesh for shear key casting 

The second part of the small-scale experiments focuses on the manufacturing techniques of 

profiled laminates. In this section, the failed approach of the chipboard mesh will be shortly 

discussed. This experiment has tried to answer the following question:  

How to manufacture profiled laminates using conventional manufacturing techniques? 

 Figure B-2 shows chipboard mesh with a perimeter of 20 mm by 20 mm. At that time, 

this shape of a shear key was believed to have a good interlocking mechanism due to its 

angularity. Figures B-3 and B-4 illustrate the state of these particular shear keys after 

demoulding from the chipboard mesh. Unfortunately, this idea failed because the mesh 

Appendix B: Small scale experiments on shear keys 
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swallowed the water from fresh SHCC and as a consequence, the mesh expanded and ruined 

the shear keys. 

     
Figure B-2 Chipboard mesh 

    
Figure B-3 Specimen during demoulding 

 
Figure B-4 Specimen after demoulding 

B.2 Failed chipboard mesh for shear key casting 
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Appendix C.  Failed specimens & samples 

C.1 Normal concrete prism specimens in second series 

In the second series, three prism specimens with a dimension of 400 mm  100 mm  100 mm 

have been cast for quality control of Young’s modulus. Unfortunately, two specimens have 

been declared as failed samples due to their poor quality, see the pictures below.  

  

 
Figure B-1 Three normal concrete prism specimens with a dimension of  

400     mm3 [the second series]. 

As can be seen, the specimens in the middle and on the right side show large voids than 

the specimens on the right. All three specimens have been cast from the same normal concrete 

batch and were compacted on a vibrating table at the same time. Moulds have been filled with 

three steps as good engineering practices suggest. Surprisingly, the two prisms did not compact 

fully. This means that the position of the moulds during vibrating on the vibrating table matters.  

Appendix C: Failed specimens & samples 

 



- 142 - 
 

Table C-1 The results of elastic modulus of normal concrete prisms (400  100  100 mm3) 

Series nr. Specimen ID Young’s modulus [MPa] 

Second 

NC_P4_35 a) 34486 

NC_P5_35 b) 31726 

NC_P6_35 b) 30819 

a) The specimen was of good quality. 

b) The specimens were of poor quality, see Figure B-1. 

The deterioration of Young’s modulus was limited to approx. 10% compared to the 

value obtained from the good quality specimen.  

 

C.2 Possible consequence for the initial stiffness of the beams with 
transverse reinforcement 

Comparing the results of Table 19 and C-1 (NC_P5_35 & NC_P6_35), the elastic 

modulus of those two NC prisms was approximately three times higher than the initial elastic 

modulus of the reference beam with TR and the hybrid beam B2. This may indicate that NC in 

those beams could be more porous than NC_P5_35 and NC_P6_35 specimens since the initial 

value was lower. This is related to the weaker structural integrity of NC. Even though NEN 

norms prescribe to use of a vibrating table and/or a concrete vibrator for densifying NC. It 

would be better to use a concrete vibrator (and a vibrating table) while densifying hybrid or RC 

beams in the future.   

C.1: Normal concrete prism specimens in second series 
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Table D-3 The results of compressive test on SHCC cubes (40  40  40 mm3) 
Series 

nr. 
Specimen ID Compressive 

strength [MPa] 
Average compressive 

strength [MPa] 
Standard 

deviation [MPa] 

First 

Sm_c1_14+0 54,188 
56,995 ± 1,985 Sm_c2_14+0 58,396 

Sm_c3_14+0 58,400 

K1_c1_14+0 57,172 
56,469 ± 3,617 K1_c2_14+0 51,729 

K1_c3_14+0 60,505 

K2_c1_14+0 63,128 
56,711 ± 4,579 K2_c2_14+0 54,239 

K2_c3_14+0 52,767 

Sm_c1_28+0 67,720 
66,625 ± 1,942 Sm_c2_28+0 67,497 

Sm_c3_28+0 64,659 

K1_c1_28+0 64,148 
70,016 ± 4,433 K1_c2_28+0 71,039 

K1_c3_28+0 74,862 

K2_c1_28+0 63,166 
64,03 ± 1,899 K2_c2_28+0 62,260 

K2_c3_28+0 66,664 

Sm_c1_14+28 70,491 
68,957 ± 2,437 Sm_c2_14+28 65,518 

Sm_c3_14+28 70,863 

K1_c1_14+28 65,302 
66,269 ± 2,827 K1_c2_14+28 63,393 

K1_c3_14+28 70,111 

K2_c1_14+28 61,777 
64,118 ± 2,082 K2_c2_14+28 63,741 

K2_c3_14+28 66,836 

Second 

B1_c1_14+0 73,590 

70,739 ± 2,258 B1_c2_14+0 70,558 

B1_c3_14+0 68,069 

B2_c1_14+0 58,483 

66,172 ± 5,840 B2_c2_14+0 67,404 

B2_c3_14+0 72,628 

B1_c1_28+0 67,169 

70,546 ± 2,956 B1_c2_28+0 74,369 

B1_c3_28+0 70,100 

B2_c1_28+0 66,296 

70,153 ± 3,960 B2_c2_28+0 75,599 

B2_c3_28+0 68,566 

B1_c1_21+35 72,107 

69,764 ± 4,737 B1_c2_21+35 74,028 

B1_c3_21+35 63,158 

B2_c1_21+35 77,143 

75,376 ± 1,972 B2_c2_21+35 76,361 

B2_c3_21+35 72,623 

Appendix D: Mechanical performance of SHCC — Detailed information 

 

 



- 146 - 
 

Table D-4 The results of compressive test on SHCC cubes (40  40  40 mm3) 
Series nr. Specimen ID Compressive 

strength [MPa] 
Average compressive 

strength [MPa] 
Standard 

deviation [MPa] 

Not 
applicable 

ST_c1_7 54,814 
53,284 ± 1,152 ST_c2_7 53,003 

ST_c3_7 52,035 

ST_c1_14+28 77,265 

72,795 ± 3,361 ST_c2_14+28 71,959 

ST_c3_14+28 69,161 

NOTE: ‘ST’ stands for Shrinkage Test. 

 

Table D-5 The results of compressive test on SHCC cubes (150  150  150 mm3) 
Series nr. 
// beam 

Specimen ID Compressive 
strength [MPa] 

Average compressive 
strength [MPa] 

Standard 
deviation [MPa] 

Second  
/ / 

Hybrid 
beam B1 

SF_C1_28 69,33 
68,37 ± 0,70 SF_C2_28 67,69 

SF_C3_28 68,10 

SF_C1_21+35 64,21 

68,14 ± 3,05 SF_C2_21+35 68,56 

SF_C3_21+35 71,64 

NOTE: ‘SF’ stands for Scale Factor. 
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Appendix E.  Structural performance of (hybrid) 
beams — Detailed information 

 

 

Figure E-1: Load F versus vertical deformation of the reference beam without shear 
reinforcement at midspan 

  
Figure E-2: Load F versus vertical deformation of the beam with smooth laminates without 

shear reinforcement at midspan. 

Please note that DIC has problems capturing sharp changes in the graph. This issue could be 

fixed by increasing frequency of taking photos during testing, but then pre-processing would 

take more time and effort.  

0

10

20

30

40

50

60

0 0,5 1 1,5 2 2,5 3 3,5 4

Lo
ad

 F
 [

kN
]

Vertical deformation [mm]

LVDT06
DIC

0

10

20

30

40

50

60

70

80

0 0,5 1 1,5 2 2,5 3 3,5 4

Lo
ad

 F
 [

kN
]

Vertical deformation [mm]

LVDT09

DIC

Beams from 1st series 

Appendix E: Structural performance of (hybrid) beams — Detailed information 

 

 



- 148 - 
 

 
Figure E-3: Load F versus vertical deformation of the beam with shear keys laminates 

without shear reinforcement at midspan. 

 

Beams from 2nd series 

 

Figure E-4: Load F versus vertical deformation of the reference beam with shear 
reinforcement at midspan. 
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Figure E-5: Load F versus vertical deformation of the hybrid beam B1 with shear 
reinforcement at midspan. 

 

 

Figure E-6: Load F versus vertical deformation of the hybrid beam B2 with shear 
reinforcement at midspan. 
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Figure E-7: Load F versus vertical deformation of all beam specimens. The “INT” 
abbreviation stands for the word: interface. The “TR” abbreviation stands for transverse 

reinforcement. 
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Figure E-8 Load F versus horizontal strains of fibres at various heights. Beams are 
without transverse reinforcement: (a) Reference beam; (b) Hybrid beam with smooth 

laminates;  
(c) Hybrid beam with shear keys laminates. 
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Figure E-9 Load F versus horizontal strains of fibres at various heights. Beams are with 
transverse reinforcement: (a) Reference beam; (b) Hybrid beam B1; (c) Hybrid beam B2. 
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Figure E-10 Comparison of horizontal strain between DIC and LVDTs of reference beam 
without transverse reinforcement. 
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Figure E-11 Load F versus vertical deformations of beams (a) with transverse reinforcement 

and (b) without transverse reinforcement. 
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Figure E-12 Vertical displacement of laminates 
relative to vertical displacement of normal 

concrete. 

Figure E-13 Close-up: vertical displacement of 
laminates relative to vertical displacement of 

normal concrete. 

 

 

 

 

 

 

Figure E-14 Horizontal displacement of 
laminate relative to horizontal 

displacement of normal concrete. 

 

Figure E-15 Close-up: Horizontal displacement 
of laminate relative to horizontal displacement 

of normal concrete. 
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Figure E-17 Vertical displacement of K2 
laminate relative to normal concrete. 

 

Figure E-18 Horizontal displacement of K1 
laminate relative to normal concrete. 

Figure E-19  Horizontal displacement of K2 
laminate relative to normal concrete. 

 

Figure E-16 Vertical displacement of K1 
laminate relative to normal concrete. 
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Figure E-20 Vertical displacement of laminates relative to vertical displacement of normal 
concrete in hybrid beam B1. 

 

Figure E-21 Horizontal displacement of laminates relative to vertical displacement of normal 
concrete in hybrid beam B1. 
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Figure E-22 Vertical displacement of laminates relative to vertical displacement of normal 
concrete in hybrid beam B2. The red crosses represent the moment beyond which 

measurement errors occurred. These faulty points have been removed. 

 

 

Figure E-23 Horizontal displacement of laminates relative to vertical displacement of normal 
concrete in hybrid beam B2. The red crosses represent the moment beyond which 

measurement errors occurred. These faulty points have been removed. 
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Appendix F.   Maple script for solving non-limit state 
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Appendix F: Maple script for solving non-limit state 
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