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Abstract 
The fairly new method of 3D concrete printing is gaining interest in the build environment. The 3DCP 
research group at Eindhoven University of Technology aims to fully understand the material used for 
printing and strives to reach its full potential with this additive manufacturing technique. One of the 
biggest challenges is to overcome the low tensile strength of concrete by adding in reinforcing materials. 
Three methods can be formulated of which the entrainment of cable reinforcement and mixing in of 
fibres have been the topics of research already. The third option is the embedment of traditional rebar, 
as it has proven itself throughout history to be an effective reinforcing method. 

The research, as presented in this thesis, aims to determine the coherence between traditional 
deformed rebar and 3D printed concrete. First knowledge is acquired from literature on bond behavior 
in normal reinforced concrete. When a bar is pulled directly out of concrete the load transfer is build up 
out of adhesion, friction and mechanical interlock. The possible failure mechanisms are yield of the bar, 
splitting of the cover and pull-out along a shear plain parallel to the bar axis. The direct pull-out test is 
most suitable for analyzing the bond behavior as the resulting force-slip curve directly shows the failure 
mechanism that occurred. 

Before actual experiments where conducted, the behavior of the bars in printed filaments was observed 
by visual inspection. Important parameters involving the bond behavior were pointed out and 
researched individually in multiple print series for objects with a width of one layer. These parameters 
where bar diameter, layer age, placement and amount of layers printed on top. In the samples, the 
formation of air pockets next to the bars was observed for all positions researched ‘In’, ‘On’ and 
‘Halfway’. These pockets do not close when multiple layers are printed on top as the deformation of the 
first layer printed on top is too small compared to the air pocket. In terms of bond, larger diameter bars 
are effected more by the air pockets as the circumference ratio of what part of the bar is not touching 
concrete is higher compared to small diameter bars. Based on the findings, a scope was formulated  for 
use in experimental research: When bars of a small diameter are pushed ‘In’ the previous layer within 
the first five minutes after printing that layer, favorable conditions in terms of bond strength are 
obtained for 3D printed objects. 

The experimental research was carried out to quantify the bond behavior between rebar and 3DCP. It 
consisted out of direct pull-out tests on compacted samples and 3D printed samples for both 6mm and 
12mm bars, accompanied by material tests on the Weber 3D 145-2 mixture. Compacted samples were 
used as a frame of reference. Sufficient cover on the embedded bar is needed to prevent splitting failure 
of a sample during the test. Therefore blocks consisting out of five adjacent layers where printed. It 
turns out that the bond behavior for these blocks is different from objects with a width of one layer, as 
the air pockets are not observed anymore in the blocks. The comparison between compacted samples 
and printed samples with bars of different diameter is not possible as well, as the results are either 
inconsistent with each other or cannot be attributed to specific phenomena. It turns out that more 
parameters are at play than were researched in these experiments.  

Summarizing, no final conclusions can be drawn on the quality of the bond strength in printed samples 
compared to compacted samples based on this research. It is found though, that the bond behavior is 
comparable to that in normal reinforced concrete. Further research needs to be conducted to specify 
the specifics of this behavior. 
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Symbols and abbreviations 
Greek symbols: 

α  - Angle between rib face and bar axis   [0] 
εuk  - Characteristic rebar strain at ultimate tensile stress  [-] 
η1  - Coefficient for bond circumstances    [-] 
η2  - Coefficient concerning the bar diameter   [-] 
μ  - Coefficient of friction      [-] 
ν  - Poisson’s ratio      [-] 
σcf  - Concrete flexural bending stress    [N/mm2] 
σt(max)  - Concrete maximal tensile stress    [N/mm2] 
τ  - Bond stress      [N/mm2] 
τfr  - Bond stress by friction     [N/mm2] 
τmax  - Maximal bond stress     [N/mm2] 
Ø  - Rebar diameter      [mm]  

Latin symbols: 

b  - Height and width of square section of prism   [mm] 
c  - Coverage on rebar     [mm] 
Es  - Young’s modulus of elasticity for steel rebar   [N/mm2] 
f0,2k  - Characteristic 0,2% yield stress for rebar   [N/mm2] 
fck  - Characteristic cylindrical compression strength, 28 days [N/mm2] 
fck,cube  - Characteristic cubical compression strength, 28 days  [N/mm2] 
fctd  - Design value for tensile splitting strength   [N/mm2] 
fctm  - Mean tensile splitting strength    [N/mm2] 
ft  - Ultimate tensile stress of rebar    [N/mm2] 
fr  - Relative rib area      [mm2] 
 fyk  - Characteristic yield stress for rebar   [N/mm2] 
Ff  - Maximal applied force in flexural bending test  [N] 
Fmax  - Maximum tensile force in pull-out test   [N] 
l  - Span between supports in flexural bending test  [mm] 
n  - Total amount of printed layers    [-] 
p  - Normal stress      [N/mm2] 
P  - Placement of bar      [-] 
T  - Layer age      [min] 

Abbreviations: 

 3DCP  - 3 Dimensional Concrete Printing 

 FRED  - Fibre Reinforcement Entraining Device 

 HPC  - High Performance Concrete 

 NRC  - Normal Reinforced Concrete 

 RED  - Reinforcement Entraining Device 

 RSD  - Relative Standard Deviation 

 UUCT  - Uniaxial Unconfined Compression Test 

 UWTT  - Ultrasonic Wave Transmission Test
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1. Introduction 
1.1. 3D Concrete Printing 

In the 80’s, early forms of Additive Manufacturing techniques saw the light of day. The amount of 
research conducted on what we now call 3D printing is growing exponentially ever since. The fact that 
plastic printers are affordable and available to the public, shows the industry is moving at a rapid pace. 
Over the years multiple materials were developed that can be used in the printing process. Primarily  
plastics but also metals, biological tissues and eatable materials are printable today. 

Just like any other development it was only a matter of time before the building industry started to 
evaluate the possibilities of 3D printing for its own purposes. Multiple research groups and (private) 
companies developed different techniques of which the majority focuses on the 3D printing of concrete 
(3DCP). An elaborate overview of these methods is given by Wolfs, (2015). Most of these techniques 
use a robot to deposit a cement- or concrete-like material in a layer-by-layer fashion. Because the 
material has a high viscosity and sets rapidly the printed object maintains its shape and is able to bare 
the next layers. The advantages of the 3DCP techniques can be stated very clearly compared to 
traditional cast concrete: 

o High design freedom accompanied by high structural efficiency 
o No need for expensive formwork on complex forms 
o High construction speed due to the lack of formwork 
o Less labor intensive manufacturing process 

The developments by researches as Khoshnevis B. and Dini. E., both in the overview of Wolfs (2015), led 
to the technique as considered over the course of this thesis. A setup for 3D concrete printing was 
installed at the Eindhoven University of Technology in the fall of 2015. The research team currently 
consisting out of two PhD researchers, master students and graduate students is led by Professor T.A.M. 
Salet. The aim is to fill the gap off knowledge on the material properties of the concrete used and to 
reach its full potential in the advantages stated above.  

The setup currently has two different robots available for depositing the material: a gantry robot and a 
robotic arm. The former has a design space of 4,5 * 9 * 2.8 meters (X, Y, Z) with four degrees of freedom. 
Three translations in all possible directions and the fourth involves rotating about the z-axis. The robotic 
arm has a design space of approximately five meters, represented by a sphere. It can use all six degrees 
of freedom. Both robots are shown in Figure 1 together with an example of a printed element. Dry 
cement powder is mixed with water within a mixing machine. A rotor-stator pump builds up pressure 
and transports the wet concrete through a hose to a nozzle at the end of the used robot. The nozzle 
itself is interchangeable and multiple variants have been tested, resulting in different shapes and sizes 
of the deposited layer. They are either CNC milled from steel, or created using a 3D plastic printer. All 
components of the setup are connected to a control unit that controls the print path and pumping speed 
through inputted g-codes. 
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Since 2015 a wide range of topics have been researched already. For instance strength development of 
the concrete in all its phases (dormant-, setting- and hardening phase) and material parameters like 
density, viscosity and the Young’s modulus. Also the effects of layered manufacturing on these 
parameters have been taken into account. The topics go hand in hand with the general difficulties that 
arise with the development of this new technique like printing speed and tool path geometries. Apart 
from material related topics, improvements on the setup are researched as well. A device that provides 
a real-time feedback loop of the previous layer height for example. Also creating optimally designed 
elements instead of complete structures and connecting these elements has been the focus of former 
research. 

1.2. Reinforcing methods and Research Goal 
Although 3DCP uses a type of concrete that still is under development, the same principals apply as for 
conventional concrete. For instance the stress-strain behavior is similar. This means the compressive 
strength is considerably higher than the tensile strength. A rule of thumb is that the tensile capacity of 
concrete is about 10% of its compressive capacity. On top of that, concrete is a brittle material which 
means little strain has occurred at the point of failure. A structure build in concrete only has no warning 
capacity. Structures as columns and arches build in concrete function well because they are primarily 
loaded in compression (Figure 2). If tensional or bending forces occur the material needs to be aided by 
a second material. Since the 19th century engineers use steel for this purpose. Steel is strong in tension 
and ductile, which means it deforms considerably before it fails. So the composite material of concrete 
and steel is strong in both compression and tension, and has warning capacity before failure. Other 
advantages are that steel contributes to the control of crack width and the coefficients of thermal 
expansion of both concrete and steel are similar, which eliminates internal stresses under varying 
temperatures.  

  

Figure 1 3DCP robots of Eindhoven University of Technology (left) printed double curved element (right) 
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If 3DCP structures need to withstand more than compression forces only, the need for reinforcement is 
clear. Several companies and research groups developed methods to enhance the tensile capacity of 
printed concrete structures by incorporating reinforcing materials into the manufacturing process. 

One of them is a Chinese based company called Winsun. In 2014 they presented houses with pre-
fabricated reinforced walls that were assembled rapidly on site. By laying a flexible mesh between the 
printed layers, forces can be redistributed. In 2015 the same company revealed a villa and a 6-storey 
apartment building using a different reinforcing technique. First the printer creates the outer and inner 
wall of an element, after which it is fitted with traditional interlaced rebar. Finally the core of the wall is 
filled up with conventional casted concrete. 

Another Asian company that reinforces 3D printed objects is HuaShang Tengda Industry. In just 45 days 
they constructed a 400m2, 2-storey building. A rebar net is cast into the floor slab at the center of a wall. 
By using a double-headed nozzle the concrete is pushed around the net and a wall is formed. 

The Gramazio Kohler Research group takes a different approach. They use a robot to 3D weld a steel 
mesh instead of concrete. The mesh is dense enough to retain the fluid concrete that is poured in 
afterwards. Finally the outer surfaces are smeared of to protect the rebar from corroding. This idea was 
tested with plastic printed mesh molds. All mentioned methods are shown in Figure 3.  

Figure 3 Winsun 2014 (left), Winsun 2015 (middle), HuaShang Tengda (right), Gramazio Kohler (bottom) 

Figure 2 Three identical arches made up of cold stacked elements. Every arch printed in a different direction 
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The methods described above already show that reinforcement techniques used in conventional casted 
concrete are not immediately applicable in 3DCP. Whether or not a concept is usable highly depends 
on the setup and material used for printing. The possibilities can be grouped in different ways, for 
instance the stage at which they are applied in the manufacturing process. This implies three groups: 
before, during and after manufacturing of an object. For the setup of Eindhoven University of 
Technology, as described above, 3 distinctive reinforcing methods can be formulated: 

o Mixing fibres into the concrete 
o Entraining cables in the printed object 
o Placing rebar in printed layers 

All three of these methods are added during manufacturing, although the fibres are inputted at the 
mixer and cables or rebar are placed when depositing the layers. 

Two methods have been the topic of both published and yet unpublished graduate theses in Eindhoven. 
Jutinov, (2017) investigated the structural behavior of an entrained cable in printed structures. He 
developed the Reinforcement Entraining Device (RED) for introducing a steel cable in the printed layers 
(Figure 4). For fibres, the material properties in extrusion based manufacturing have been researched 
by Raedts, (2017). The development of a similar Fiber Reinforcement Entraining Device (FRED) for 
mixing fibres in is ongoing. A section of fibre reinforced printed concrete is shown in Figure 4. 

The third option of placing rebar in printed layers is yet unresearched. Since the 19th century, rebar has 
proven itself as a reinforcing method for concrete. Therefore it makes sense to explore the possibilities 
of incorporating it in the 3DCP manufacturing technique. Using the knowledge of traditional rebar 
reinforcement, its potential for the newly used printing material can be validated. This leads to the 
research goal of the graduation project presented in this thesis: 

 
“Determining the coherence between rebar and 3D Printed Concrete.” 

 

Keeping in mind that research in 3DCP is going at a rapid pace, the techniques used and insights gained 
over the course of this project are prone to changes as the research goes along. Examples are 
developments in the cement mixture and the actual methods off applying the rebar. In order to 
investigate the coherence between rebar and 3D printed concrete in a proper way, both the recipe and 
the method of application will be considered as constant over the course of this research.  

Figure 4 Reinforcement Entraining Device (RED) (left), fibre reinforced printed concrete (right) 
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1.3. Thesis outline 
Because the methods of 3D concrete printing are fairly new, no design codes or standardized tests exist. 
A result is that a substantial amount of the research done at Eindhoven University of Technology has to 
be performed by a trial-and-error approach. By thoroughly evaluating the results of a print session or 
test, the next steps are determined. This also applies to the work done during the graduation project 
presented in this thesis. The first chapter introduced the topic of 3D Concrete Printing. It also explained 
why research in applying reinforcement is necessary and that the focus of this thesis is on applying rebar 
in 3DCP. 

The second chapter provides a literary background. It treats the concrete used for printing and its 
properties, the rebar that is used, bond behavior in Normal Reinforced Concrete (NRC) and existing 
codes and test methods. This knowledge will be used to describe the phenomena explained in the 
following chapters. 

The experimental part of the research is split up in two main parts: 

o Geometrical aspects related to applying rebar in 3D Printed Concrete will be treated in the third 
chapter. Lots off parameters provide input when placing rebar. As the combinations between 
them are endless, this chapter aims to narrow down the options and provide insight in what 
contributes to a better coherence between steel and concrete. ‘Geometrical’ refers to the 
empirical way of analyzing samples and the use of image analysis. 
 

o The fourth chapter describes experimental research performed on the selected combination of 
parameters. A well-known test method for quantifying the bond strength is altered for use with 
3DCP. Special attention is needed for the way specimens are made. Also a frame of reference 
is created by testing of conventional casted specimens.  

Chapter five concludes the thesis by discussing the results and providing recommendations for further 
research.  
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2. Literature review  
It is stated in the introduction that the research in this study is split up in an empirical part and an 
experimental part. In order to explain the steps that were taken and the observations that were made 
in both types of research, knowledge is required from literature. A summary of this knowledge is 
presented in this chapter. Sources used can be the results produced in former research conducted in 
the 3DCP group or as part of research related to NRC. 

The first paragraph will treat the material used for 3D printing at Eindhoven University of Technology 
and its most important material properties related to this research. The next paragraph describes 
different types of rebar together with their geometry. Paragraph three treats bond behavior as it has 
been researched in NRC. This involves the possible bond mechanisms, failure mechanisms and typical 
load-slip diagrams. Also different types of tests to measure this behavior are discussed. Finally a 
discussion is presented with expectations for the research in the upcoming chapters. 

2.1. Concrete for 3D printing 
2.1.1. Concrete hardening process 

Right after mixing, concrete enters a transitioning phase from a fluid to a solid material. This is called 
the hardening process and can be divided into three phases: The dormant phase, setting phase and 
hardening phase. The division is based on the material properties that differ in each phase according to 
the degree of hydration. Figure 5 shows the hardening process according to Breugel, (1997). 

The dormant phase starts directly when water is mixed with cement. Outer parts of cement particles 
react, forming a dense but unstable layer of hydration products, called CSH-products, around the 
cement particle. This layer forms a barrier around the particles core, greatly reducing further hydration 
of the cement for the moment. For the remainder of the dormant phase, this barrier slowly reacts into 
a more stable and porous layer, making way for other water particles to reach the core and cause new 
hydration reactions. Forming of this porous layer marks the end of the dormant phase and is labelled as 
the initial setting time of the concrete. Between mixing and initial set, the material is also referred to as 
fresh concrete. It is still workable and can be remixed during this stage. 

At the beginning of the setting phase the rate at which hydration reactions take place increases. The 
CSH-products start forming a network between the individual aggregate particles in the matrix, creating 
both more stiffness and strength for the total product. Several hours after mixing, acceleration of the 
hydration reactions comes to a stop. This moment is referred to as final setting time and marks the end 
of the second phase. Concrete in its setting phase is considered as unworkable. 

Figure 5 Degree of hydration against mortar strength (left) cement core versus hydration products (right) 
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Finally the hardenings phase begins when the rate at which hydration reactions take place start to 
decrease. This phase technically goes on forever as it decelerates over time. The significant growth of  
CSH-networks still produce a higher strength and stiffness of the bulk material. Most types of concrete 
have reached more than 95% of the final strength after 28 days, therefore the 28-day strength is 
adopted as ultimate strength of a specific mixture. Concrete in between initial set and 28-days is 
referred to as early-age concrete and everything after is named fully-hardened concrete. 

2.1.2. 3DCP material & conducted research 
It is important to emphasize that conventional reinforced concrete is casted into formwork and kept in 
there to harden for at least a couple of days, until this formwork is removed. Any previous casted 
elements also had multiple days to harden before they were loaded. This means the concrete is still 
loaded in its early-age state, but well after the final setting time of the material. The new printing facility 
in Eindhoven asked for a special concrete mixture as it is very different from conventional material. The 
biggest discrepancies from casted concrete are due to the layered manufacturing technique used. The 
lack of formwork demands a mixture that shows strength and stiffness almost immediately after mixing, 
in order to bear the following layer and maintain its shape. This means applying load in the dormant and 
setting phases of the hardening process. On top of that, the mixed material needs to be pumpable 
through the used system and has to meet criteria for phenomena like creep and shrinkage. Naturally 
certain desires in terms of final strength of the concrete have to be met as well. The beforenamed 
properties of concrete depend on a lot of parameters in the mixture design. Improving on a specific 
property might provide a negative outcome for another. The ongoing battle between early age 
properties, hardened properties and workability has been one of the main research topics in 3DCP 
research. 

Since the start of the project the company SG Weber Beamix developed multiple mixtures that strive to 
achieve the best possible material properties within the capabilities of the used equipment. They 
provide pre-mixed dry material that is fed into the mixer and combined with a prescribed amount of 
water. According to Bos et al., (2016) the cement powder is composed of: 

o Portland cement 
o Siliceous aggregate with an optimized particle size distribution (maximum size = 1mm) 
o Limestone filler and specific additives to increase pumpability 
o Rheology modifiers for obtaining thixotropic behavior of the fresh mortar 
o Polypropylene fibres for reducing crack formation due to early drying 

The composition of the mixtures were chosen around two distinctive characteristics: no-slump behavior 
and long initial setting time. No-slump behavior means that after leaving the print nozzle, the filaments 
should hardly deform under its self-weight and therefor formwork is unnecessary. This also results in 
high geometrical precision and an easy to understand relation between designed print path, nozzle used 
and finally the printed geometry. As explained above, the setting time of concrete marks the point after 
mixing where the material becomes unworkable. This also means a fresh printed layer on top of a layer 
that past its initial setting time, will not produce good bonding along the interfaces. A long initial setting 
time will contribute to achieve the same properties of print material in bulk. 

Three mixtures have been successively used in Eindhoven. In the beginning Weber 3D 115-1 was used. 
Doomen, (2016) researched the basic strength properties of hardened concrete like density, Young’s 
modulus and compressive-, tensile- and flexural strength. He made a comparison between casted (and 
thus compacted) samples and printed samples. He considered all three possible print directions and 
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different time intervals between tested layers. His conclusions state that the strength development of 
printed concrete is similar to normal concrete and that the additive manufacturing technique used, 
provides a decrease in strength compared to casted samples. Based on the strength properties it was 
comparable to standard C20/25. He also found that samples printed with a significant interval between 
two layers (>5hours) show a decrease in strength and fail at the interface. Krijntjes, (2017) was the first 
to investigate the properties of uncured printed concrete in the first 90 minutes after printing, so both 
in the fresh and early-age state. He mainly produced and verified a test method to measure the shear 
resistance of samples with and without a normal force applied to them. He combined the results with 
Mohr-Coulomb theory to calculate cohesion and the angle of internal friction of the material. 

In the summer of 2017 the transition was made to Weber 145-1. Changes in the recipe were based on 
the findings of the first years of research and this mixture is comparable to standard C40/50 based on 
compression strength. Another transition to the third mixture, Weber 145-2, was made in the spring of 
2018. This was necessary due to problems with the pumpability of 145-1. Both mixes can be considered 
as equal in terms of mechanical properties. Research into the strength and stiffness properties in both 
the dormant and hardening period proceeded with these mixes.  

Wolfs et al., (2018) performed destructive Uniaxial Unconfined Compression Tests (UUCT) on concrete 
in the first 90 minutes after mixing. This method is adopted from soil mechanics and the chosen 
timeframe corresponds to the typical duration of a 3D printing session. The compression force needed 
to shear a fresh concrete sample is recorded by the testing apparatus and the lateral deformation is 
recorded by high resolution photos and determined in image analysis software afterwards. These results 
are translated into stress-strain diagrams. The updated cross section, derived by the image analysis, was 
used to calculate the actual state of stress. Therefor large deformations are taken into account. Each 
sample’s Young’s modulus was measured at 5% strain as well. The results of this research are shown in 
Figure 6. It also shows the difference between Weber 3D 145-1 and Weber 3D 115-1. 

It turns out both parameters can be represented by linear trend lines in the first 90 minutes. It is also 
clear that significant strength and stiffness buildup is present during the fresh phase of this material. 
The Poisson’s ratio was derived from lateral deformations at 5% strain and turned out to be constant in 
the first 90 minutes with a value of ν = 0,3. 

  

Figure 6 Compressive strength development (left) and Young’s modulus development (right) up to 90 min. for 
Weber 3D 145-1 (black), compared to Weber 3D 115-1 (grey). 
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Because the print process is depending on a lot of different parameters, the need for quality control 
between different sessions is high. Wolfs adopted a non-destructive test method from the industry in 
the form of Ultrasonic Wave Transmission Tests (UWTT). By measuring the transmission or reflection 
velocity of high frequency sound waves through a sample, the development of the fresh material can 
be monitored. In order to use a measured ultrasonic velocity to determine a mechanical property, the 
correlation between the measured and targeted parameters had to be established first. By using the 
results of the destructive UUCT above, these correlations were established for ultrasonic pulse velocity 
- Young’s modulus and ultrasonic pulse velocity – compressive strength. They turn out to be remarkably 
simple and can be expressed in linear formulas. With these relations, the results of non-destructive 
measurements can be used to assess structural integrity (or buildability) of 3D printed objects in the 
fresh material state. The UWTT provides an easier and more reliable test compared to the labor 
intensive and fragile test method of UUCT. 

The above mentioned research provides insights in the characteristics of print concrete that differ from 
conventional concrete. Another important property of the type of concrete used is its thixotropic 
behavior. Which means a non-Newtonian fluid is thick or viscous, in a static condition, but the viscosity 
reduces over time if a constant shear stress is applied. After releasing the shear stress the fluid takes a 
fixed time to return to its viscous state of the starting condition. Therefor the process is reversible. In 
other words the fluid gets extra fluid when energy is put into it by for instance stirring, but when the 
stirring stops the fluid thickens rapidly. In concrete this remixing means a reversible change of the 
orientation of the CSH-products that formed already. When the mixing stops the structure rebuilds its 
shear resistance by flocculation of the products. The response of a fluid with thixotropic behavior is 
depicted in Figure 7. Examples of other thixotropic fluids are quicksand, toothpaste and tomato ketchup.  

The thixotropic behavior attributes to the early build-up of stiffness of the 3D printing mixture and to 
the responses observed when its deformed in a fresh state. The behavior is known and observed but 
research into its specific contribution to the parameters mentioned here has not been published yet. 
Strength and stiffness as a result of thixotropic build-up should not be confused with strength and 
stiffness as a result of the hardening of concrete. Wolfs concludes that due to absence of an increase in 
temperature or acceleration measured with the UWTT, the material is still in its dormant phase for the 
first 90 minutes after mixing. Therefor early strength and stiffness may be primarily attributed to 
thixotropic build-up.  

Figure 7 Thixotropic behavior of a fluid (below) undergoing a change in shear rate (above). 
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2.2. Reinforcement steel 
It was stated in the introduction that concrete needs to be reinforced because it lacks tensile capacity 
and has a brittle failure mechanism of its own. This leads to collapse of concrete-only structures without 
much warning. In order to increase this tensile capacity and get a more ductile failure behavior, 
reinforcement is added inside the concrete since the 19th century. This chapter talks about the general 
types and adjoining properties of steel rebar. The specific bond behavior between concrete and steel is 
discussed in the next chapter. Other reinforcing materials as carbon fiber, glass fiber and composite 
rebar types are not part of this overview. 

According to Eurocode 2: ‘Design and calculation of concrete structures’, rebar has to meet the 
requirements of EN 10080: ‘Steel for the reinforcement of concrete’. In this standard the distinction is 
made between hot rolled and cold rolled steel. The difference is a result of the manufacturing method 
used in the factory and not of product specification or steel grade. Hot rolled steel is formed into its end 
geometry at high temperatures, where cold rolled steel is essentially also hot rolled steel but further 
processed after cooling down to room temperature followed by shaping into the end product. These 
two methods of forming the reinforcing steel result in a difference in mechanical properties  which are 
shown in the stress-strain diagrams of a sample tested in tension for both types as shown in Figure 8. 

The hot rolled steel diagram consists of a linear-elastic first part which follows Hooke’s Law. Therefor its 
slope represents the Young’s modulus which is the same for every steel grade: Es = 2,05 ∙ 105 N/mm2. 
The end of this branch is called the yield stress fyk. After this point, the material deforms considerably at 
a relative constant stress This is called the yield plateau. After yielding of the steel, both stress and strain 
increase again but not in a linear fashion. This is called strain-hardening of the material and goes on until 
the ultimate stress, ft, is reached. Then the samples cross-sectional area starts to decrease locally, which 
is called necking, until finally it reaches its fracture point.  

For cold rolled steel the shaping after cooling is a plastic deformation. After release of the shaping 
forces, only the elastic part of the elongation will recover. When the sample is loaded again, there will 
not be a yield plateau anymore and the fracture point will occur at a lower strain. The material is more 
brittle. The ultimate stress on the other hand, has increased compared to that of hot rolled steel. A clear 
yield stress cannot be observed because the yield plateau is absent, therefore the stress at 0,2% strain 
is taken as yield stress, f0,2k.  

Figure 8 Typical Stress – strain diagrams of hot rolled steel (left) and cold rolled steel (right) 
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A more well-known distinction of reinforcing steel, also present in the standards, consists of classes. It 
is based on the ductility of steel. Higher ductility means more strain has occurred at the fracture point, 
εuk and consequently implies a higher warning capacity. Three classes exist labelled A, B, and C and the 
minimal percentage of strain at fracture is 3,0% – 5,0% and 7,5% respectively. The industry also 
developed a range of preferred nominal diameters, Ø, for all kinds of reinforcing products which is listed 
in EN 10080. The list for bars is: 6, 8, 10, 12, 14, 16, 20, 25, 28, 32, 40, 50 mm. Other sizes are possible 
as well but not commonly used. If the diameter falls below 6 mm, it is considered to be a wire. Typical 
production lengths are 12 or 14 meter, but cutting into smaller pieces is possible. 

Apart from mechanical properties and nominal diameter, the surface geometry of a steel bar is of great 
importance for the actual bond with surrounding concrete. It is either smooth or deformed. Smooth 
bars are of a prismatic shape with a circular, square or oval cross-section and have a completely flat 
surface finish. Deformed bars have a special shape consisting out of ribs, dents or a combination of both 
along the bars surface. Smooth bars were used a lot in the past but nowadays they only serve special 
purposes, such as dowels at expansion joints. The main reason for this is the ribs and dents of deformed 
bars contribute significantly to the bond between concrete and steel, which is discussed in the following 
paragraph. 

According to van Boom et al., (1977), three main groups of deformed rebar can be distinguished:  

o Non-prismatic bars. These are essential twisted smooth bars with square, oval or cruciform 
cross-sections. 

o Indented steel bars. Usually cold rolled with at least two rows of indentations. Indentation 
parameters as depth, width, spacing and angle of inclination are prescribed in EN 10080. 

o Ribbed bars. Usually cold rolled with ribs perpendicular to or at inclination with the bars 
longitudinal axis. The ribs can either be continues or not and be present in at least two rows. 
These bars might be twisted as well. Ribs parameters are rib height, spacing, angle of inclination 
and rib flank inclination. They can either be combined in a relative rib area fr or be reviewed 
separately. The projection of a rib should at least extend over 75% of the circumference of the 
bar and merge smoothly into the core. All is prescribed in EN 10080. Examples are shown in 
Figure 9. 

Non-prismatic bars are hardly used anymore because they lack sufficient bond capacity compared to 
the other groups. Indented steel is mostly used for point welded nets, which in general transfer lower 
forces then ribbed bars. Silva Filho et al., (2012) researched the influence of different rebar geometries 
on bond strength in pull-out tests. They found that for 7 different bar types of 12mm diameter from all 
across the world, the bond strength can differ up to 50% as a result of different rib configuration. As it 
is difficult to measure the rib parameters by hand, they used a 3D laser scanning method to get the 
most accurate estimates for rebar parameters.  

Figure 9 Different types of ribbed rebar 
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2.3. Bond behavior 
A reinforced concrete structure can only behave as a composite material if bond between steel and 
concrete is able to transfer internal loads. Since little is known on reinforcing of 3DCP structures, 
literature on NRC is studied. This chapter starts by explaining the load transfer on different dimensional 
levels, after which the possible failure modes will be treated. Different test methods to measure bond 
are discussed accompanied by the resulting graphs and their interpretation. Finally the effects of 
corrosion and size effect on bond behavior will be treated shortly as well as a look into existing codes 
for design calculations. 

2.3.1. Load transfer 
In 1965 Raymond and Henry defined bond as “the property which causes hardened concrete to grip an 
embedded steel bar in such a manner as to resist forces tending to slide the bar longitudinally through 
the concrete”. In line with this definition the basic case of a bar, loaded in its longitudinal direction, 
embedded in concrete is examined to explain the principle mechanisms that make up bond behavior. 
This case is displayed in Figure 10. According to Alvarez (1998) three mechanism can be described, each 
occurring at a different dimensional level: adhesion, friction and mechanical interlocking. The surface 
of the bar can either be smooth or deformed which dictates if these mechanism occur or not and to 
what extent they contribute to the bond behavior. 

The first mechanisms is chemical adhesion at a molecular level. It is based on the van der Waals forces 
between the molecules of the two different materials which tend to adhere towards each other. 
Adhesion is not to be confused with cohesion, which describes the coherence between molecules of 
one and the same material. As adhesion is at play on a molecular level, the displacements during this 
mechanism are assumed to be linear and very small compared to displacements as a result of the other 
mechanisms. Therefor it is stated that, on a local scale, adhesion is only present in the interface when a 
bar has not yet slipped from the surrounding concrete. It is present in the case of both smooth and 
deformed bars but has a minor contribution to the maximal bond strength. When slip is initiated the 
van der Waals forces are broken and will not form again. 

The second mechanism is friction between the concrete and rebar. The surfaces of both materials differ 
in roughness, if they move parallel to each other frictional forces will try to resist this displacement. This 
is geometrical interlocking on a micro level, as it describes surface differences on a small scale. In case 
of smooth bars, friction is the only mechanism contributing to bond after a bar has start slipping (and 

Figure 10 Mechanisms of bond behavior in steel – concrete interface 
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thus adhesion is lost). In literature the laws of Coulomb friction are adopted. He implies that frictional 
resistance is proportional to the normal force applied  perpendicular to the sliding interfaces. Amongst 
other things he states that the friction coefficient is independent of the area of the sliding interfaces 
and dependent on the combination of materials used. Also the coefficient is larger for a static situation 
than for a kinematic situation. Altogether Coulomb was able to capture the friction contribution to bond 
in the following formula: 

𝜏𝜏𝑓𝑓𝑓𝑓 = 𝜇𝜇 × 𝑝𝑝 (Eq. 1) 

With: τfr = Bond stress by friction 
 μ = Coefficient of friction 
 p = Normal stress 

The normal stress in the formula can be caused by self-weight of a reinforced structure, by external 
forces or as a result of confinement of rebar, which is treated further on. The exact coefficient of friction 
for a combination of materials needs to be determined through testing. 

In case a bar is deformed the third and final mechanism, mechanical interlock (also referred to as 
dilatancy), contributes to the overall bond behavior as a result of the ribs along the bar surface and the 
concrete lugs in between. In dimensional terms mechanical interlock happens on a geometrical macro 
level. When slip has initiated, reaction forces push perpendicular to the rib faces against the concrete 
as shown in blue in Figure 10. These bearing forces can be divided in a longitudinal component parallel 
to the bar axis and a radial component perpendicular to the bar axis. The former is pointing opposite to 
the load direction of the bar as the latter is pointing away from the bar. The magnitudes of these 
components depend on the geometry of the ribs, primarily the angle α between rib face and bar axis.  

On a local scale at the tips of the ribs, the bearing stresses are counteracted by tension stresses in the 
other principal direction. If the tensional capacity of the concrete is reached, transversal cracks known 
as Goto cracks (1971) occur at the tip of the ribs perpendicular to the rib face, as can be seen in Figure 
11. As a result a teeth-like pattern appears in the concrete around the bar, as showed on the right side 
of the figure. These teeth move away from the bar because of the deformations. This effect is called 
wedging action and contributes to loss of bond between steel and concrete. The Goto cracks tend to be 
very small and can only be observed by means of ink injection in a specimen. 

Figure 11 Directions of principal stresses (left), Formation of Goto cracks and wedging action between the ribs as 
a consequence (right). 
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At the same time, on a more global scale, the radial components of the bearing forces spread out in the 
concrete around the bar in a conical shape. According to Tepfers (1973) these are balanced by tensile 
stress rings. If the tensional capacity of the concrete is reached at a point in these rings, longitudinal 
cracks appear near the steel-concrete interface. These cracks start as internal cracks, but might grow 
into failure of a system depending on multiple parameters, as will be discussed in the next paragraph. 
Tepfers compression cone- tensile ring model is shown in Figure 12 as well as the resulting longitudinal 
cracks and the local transverse cracks discussed previously. 

2.3.2. Failure modes 
The previous paragraph talked about the types of load transfer that occur in bond behavior between 
steel and concrete for both smooth and deformed bars. This paragraph discusses the possible failure 
mechanisms and their features following the same basic case of a longitudinally loaded bar embedded 
in concrete. Three failure modes can be distinguished: yield failure, splitting failure and pull-out failure. 
The first mode indicates failure of the steel bar, as both the second and the third mode indicate failure 
in the concrete.  

Yield failure 
According to Paragraph 2.2. the yield of a steel bar means that a lot of strain occurs at a constant stress. 
This is a material characteristic and therefor well-known upfront. In most cases steel of grade S500 will 
be used for reinforced structures, with a yield stress of fyk ≥ 500 N/mm2. When the steel stress passes 
this value, the bar will contract after which the contact points between steel and concrete will detach. 
Without contact slip of the rebar out of the concrete will happen immediately. If the bar is even loaded 
further, strain hardening of the yielded part will happen followed by necking and finally rupture. In 
theory yielding can occur for both smooth and deformed bars but in practice this failure mode is unlikely 
to occur at all. With smooth bars adhesion will be lost before yielding takes place and for deformed bars 
the other failure modes will occur earlier. A well-designed structure does not come near the yield stress 
of its rebar. Only when a small diameter deformed bar is very well confined and has sufficient coverage, 
yield can occur.  

Splitting failure 
The former paragraph explained how both transversal and longitudinal cracks start to form internally as 
a result of the mechanical interlock. According to Rehm (1961) another phenomena occurs at the same 
instance, depending on the crushing resistance of the concrete used and the rib face angle α. If this 

Figure 12 Tepfers compression cone- tensile ring model (left), Longitudinal and transverse cracks (right). 
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angle falls between 40 and 105 degrees, relative movement between steel and concrete is prevented. 
In order for slip to occur, the concrete in front of the ribs needs to be crushed into a compact powder 
and becomes lodged in front of the ribs. As a result the angle α decreases and the radial component of 
the bearing force pushing against the concrete increases. The crushing of concrete in front of the ribs is 
depicted in Figure 13. Following Tepfers compression cone – tensile ring model, higher tensional 
stresses are needed to counteract the compression stresses and therefor the formation of new 
longitudinal cracks or propagation of existing cracks is likely. These cracks can, accompanied by the Goto 
cracks as a result of wedging action, lead to the second failure mode of splitting when they reach the 
surface of a specimen or structure under loading. When splitting occurs the bond resistance drops 
immediately and the rebar slips out of the concrete matrix under residual stresses generated by friction 
between steel and concrete. If the rib face angle of a bar is below 40 degrees, splitting can occur without 
crushing of the concrete. Splitting is a brittle failure mechanisms without warning capacity and is 
therefore unwanted.  

If and when splitting occurs relies on two parameters: cover and confinement. Cover, (= c), is the 
distance between the steel/concrete interface and either the surface of a specimen or another bar in 
the vicinity. Tepfers produced a formula which predicts the tensile hoop stress in a structural element 
according to his compression cone – tension ring model. This formula can be rearranged in order to 
calculate the required cover thickness to prevent splitting failure: 

 

𝜎𝜎𝑡𝑡(max) =
1.644 ∅ ∙ 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 tan𝛼𝛼

�𝑐𝑐 + ∅
2�

 (Eq. 2) 

 

With: σt(max) = Concrete maximal tensile stress 
Ø = Bar diameter 
 τmax = Maximal bond stress 
α = Rib face angle 
c = Cover 

  

Figure 13 Crushing of concrete in front of the ribs, with decrease of angle α as a result (left), end view showing 
formation of splitting cracks longitudinal to the bar (right). 



Eindhoven University of Technology 

16  
 

Equation 2 produces different cover values for different bar diameters and concrete types based on the 
maximal tensile capacity and bond stress. A more general tool is the ratio between cover and bar 
diameter (= c/Ø), which was obtained by multiple different researchers in the past. For example in the 
work of Vale Silva (2011). He determined that the change between splitting failure and pull-out failure 
for bars ranging between 8,0 ≤ Ø ≤ 16,0 mm and concrete of class C35/45 lies between c/Ø = 4,5 and 5. 
Torra-Casanova (2012) found round and about the same values using a numerical model with the 
change between splitting and pull-out laying in between c/Ø = 4 and 5. 

The second parameter of confinement has been the topic of research in the past as well. Holmes (2014) 
states it can be of both a passive and active nature. Passive confinement is achieved by using lateral 
reinforcement or stirrups. By means of wedging action the concrete around the bar wants to expand 
outward. As soon as this happens the stirrups are activated and prevent this movement by taking up 
the tension ring forces as presented by Tepfers. Active confinement is achieved by applying an initial 
confining pressure on a specimen, for instance by pre-stressing samples. This prevents expansion even 
before wedging action occurs, and contributes to the frictional resistance in terms of a normal pressure 
on the sliding interfaces as well. When either of these types of confining pressure are applied, a 
specimen is capable of taken a higher load before longitudinal cracks start to occur compared to 
unconfined specimens. Holmes researched these types of confinement by axially loading cylindrical 
concrete samples with or without pre-stressing bands around them and found up to a 53% increase in 
load capacity when using active confinement compared to unconfined samples. 

Pull-out failure 
If the loaded bar under discussion in this paragraph does not yield and splitting failure is prevented by 
either sufficient cover or proper confinement, the third and final failure mode of pull-out will occur. For 
smooth rebar a shear plane is formed along the interface between steel and concrete after the adhesion 
is lost due to slip initiation of the bar. The only load transfer mechanisms that remains is the frictional 
resistance. As the bar is slipping this resistance decreases as both interfaces wear due to the movement. 
For deformed bars shear cracks between the concrete lugs start to develop at the point of maximum 
bond resistance. These cracks propagate until a continues shear plane is formed between the tops of 
the ribs along the bond length of the bar. As the bar slips out of the concrete friction between the shear 
plane and the surrounding concrete remains, which deteriorates by the interfaces wearing against each 
other. Figure 14 shows the formation of the shear plane between the lugs as captured by Ertzibengoa 
et al. (2012). 

  

Figure 14 Shear plane between tops of the ribs (left) captured by Ertzibengoa (right). 
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2.3.3. Test methods 
The theory presented in the previous sub-paragraphs can be tested experimentally to verify if it is 
correct and to determine specific values for the bond strength of a steel concrete interface. Possible 
set-ups are depicted in Figure 15. 

These tests can be subdivided in two main groups based on the level of complexity: 

o Simple test methods which help to completely understand the fundamental bond behavior. 
Loading conditions and points of measurement are easy to understand in these set-ups and 
they are often cheap and less time consuming compared to the second group. Examples are a, 
b and c in Figure 15 The drawback of these methods is they often do not represent reality 
adequately as factors like bending contribution, lap splices and active/passive confinement are 
usually not taken into account.  

o Tests which represent the actual conditions in a real structure in order to predict its behavior in 
reality. It often involves scaled models of a design with complex load situations and 
measurement points. They are usually more expensive and more time consuming then simple 
tests but the obtained analysis can be used directly. Examples are d till i in Figure 15. 

For both groups the most well-known test will be described below. Both focus on the primary bond 
capacity of a single piece of rebar in a concrete block. Tests that involve the investigation on lap splices 
and other more complex phenomena in rebar application are not part of this literature review. 

  

Figure 15 Test set-ups for determination of bond strength. 
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Pull-out test 
The easiest and most common experimental test for measuring bond behavior is the centric pull-out 
test. The method is nowadays prescribed in Annex D of NEN-EN 10080 (2005) based on publication RC6 
by RILEM (1983) but originates in tests performed by Abrahms in 1917. Both a pull-out test sample and 
the principal test set-up are shown in Figure 16. A single steel bar is cast in a concrete cube measuring 
200 x 200 x 200 mm3. The bond length of the bar is fixed at 5∙Ø of the bar. Bonding over the rest of the 
bars length is prohibited by a PVC sleeve and water tight seal. The sample is placed in a testing machine 
by gripping the top of the bar and preventing the concrete block from moving by means of the bearing 

plate and fixation to the testing machine. A tensile force is introduced at the top in order to extract the 
rebar out of the concrete block. The test has to be performed displacement controlled. The actual 
displacement (or slip) of the rebar relative to the concrete has to be measured at the bottom of the 
sample by LVDTs. Measuring the displacement at the loaded end of the bar is possible as well to check 
the elastic deformation of the bar. As described above the drawback of this test is the discrepancy with 
real structures as things like bending contributions and use of stirrups are not taken into account at first. 

Beam test 
An example of a test representing reality more accurate is the beam test, h in Figure 15. It is prescribed 
in Annex C of NEN-EN 10080 (2005) and based on RILEM publication RC5 (1982). A sample consists out 
of two half beams which are connected by a hinge at the top and a single continuous rebar at the bottom 
sticking out at both ends of the beam. Dimensions of the sample depend on the chosen bar diameter. 
The test principal for bar diameters Ø < 16mm is shown in Figure 16. The bar is embedded in both half 
beams over a length of 10∙Ø. Bonding over the rest of the bars length is prohibited by means of PVC 
sleeves and water tight seals. Furthermore the beam is reinforced by stirrups and longitudinal bars over 
the height of the beam to prevent splitting and assure pull-out behavior. The sample is placed in a testing 
rig similar to a 4-point bending test. By introducing a bending moment on the beam, the hinge is loaded 
in compression and the continuous bar is loaded in tension. Pull-out failure for the bar in the weakest 

Figure 16 Pull-out test sample: 1.Length for LVDT; 2.Bond length; 3.Free pre-length 200mm-5∙Ø; 4.Top of concrete 
to bottom force application; 5.Rebar; 6.Concrete; 7.Watertight seal; 8.PVC sleeve; 9.Test machine grip (left) 

Principal test set-up: 1.LVDT; 2.Sample; 3.Softboard; 4.Tensile force; 5.+6.Bearing plate (right) 
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of both half beams will occur and slip is measured on both ends of the beam by LVDTs. The exact tensile 
force exerted on the rebar is calculated from the forces applied on the total beam. As stated above this 
type of test is more expensive and time consuming compared to simple tests. The results are applicable 
in design of structural elements as bending contributions and stirrups are present in the test. It is also 
suitable in the investigation on anchorage lengths for rebar. 

2.3.4. Bond-slip diagram. 
Sub-paragraph 2.3.1. described the three possible load transfer mechanisms that occur in bond 
behavior between steel and concrete. It is important to emphasize that bond is not a material property, 
its load transfer mechanism shows it is strongly dependent on both material and geometrical related 
parameters. The most common way to describe this behavior is by means of a bond-slip diagram which 
treats the relation between bond stress and relative displacement between the bar and surrounding 
concrete. Multiple researchers agree that the general shapes of the diagram can be explained using the 
diagram drawn by Tassios (1979), Figure 17. It is based on the pull-out test as described in the previous 
sub-paragraph. The bond stress τ is calculated by dividing the applied tensile force by the area over 
which the bar is bonded to the concrete. This area is simplified to that of a cylinder as the deviation 
from the real area is small. The slip is measured at either the loaded or unloaded bar end. By measuring 
at the unloaded end the elastic elongation of the bar is disregarded and true slip is measured. The bond 
stress distribution for deformed bars is assumed to be uniform over the embedment length. The 
different failure modes as discussed in sub-paragraph 2.3.2. can be observed in the diagram by means 
of the phases I till IVc. Each phase will be discussed shortly. For this explanation steel stress well below 
the yield stress are assumed. 

Figure 16 Beam test principle for Ø < 16mm: 1. LVDT; 2. PVC sleeve; 3. Simple support (top) Reinforcement 
plan for half beams (bottom). 
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Phase I: In the first part of the relation load transfer is governed by chemical adhesion between steel 
and concrete and therefor no relative slip is present yet. The strain of concrete is equal to that of steel 
in this phase. Displacement is caused by elastic strain of both materials simultaneously. Shear 
deformation for concrete and elastic elongation for steel. Note that the slip in the diagram is measured 
with respect to undisturbed concrete. For smooth bars the frictional resistance between steel and 
concrete remains once adhesion is lost and thus slip is initiated. This lasting resistance decreases as the 
interfaces wear against each other, this is shown in the diagram by phase IVa. 

Phase II: For deformed bars the mechanical interlock of the lugs is activated right after slip initiation. As 
explained in sub-paragraph 2.3.1. bearing forces act on the concrete. Once the tensile capacity is 
exceeded locally, Goto-cracks start to form at the top of the ribs. The stiffness of the overall bond – slip 
diagram decreases as a result of this. Wedging action is still limited and splitting is not yet an issue. 

Phase III: If the bond stress is further increased the longitudinal cracks resulting from the wedging action 
and crushed concrete in front of the lugs start spreading radially from the bar. As soon as one of the 
cracks reaches the outer surface of the concrete member, a sudden loss in bond stress is observed as 
splitting failure takes place. Based on the amount of confinement a residual frictional stress stays 
present during the rest of the test. This is shown by phase IVb.  
In the case of heavy confinement or sufficient cover, full splitting will not occur and the concrete lugs 
between the ribs shear off. Mechanical interlock of the ribs is lost and frictional resistance is all that 
remains as pull-out failure occurs. Again a decrease in friction resistance is noticeable by wearing of the 
interfaces. This final failure mechanism is shown by phase IVc. 

2.3.5. Size effect and corrosion 
Two more subjects need attention when talking about bond behavior of reinforced concrete structures: 
size effect and corrosion. Both are well researched in the past and proven to be of influence on the 
maximal bond capacity. 

  

Figure 17 Bond – slip relationship according to Tassios 
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Size effect 
Size effect can be simply explained by the metaphor of links in a chain. Not every link has exactly the 
same material strength and thus the strength of the whole chain is determined by the weakest link. As 
the length of the chain is increased by using more links, the probability of a weaker link increases as 
well. Therefor the strength of the total system decreases. In other words, the nominal strength of a 
structure being influenced by size effect is dependent on the structures size. This theory is also 
applicable in brittle failure mechanisms like the one described for pull-out behavior. Either the 
longitudinal cracks propagate through the cover reaching the surface or the shear cracks between the 
ribs propagate until a full shear plane is formed along the bond length. In both cases the crack finds the 
way that costs the least amount of energy. In a larger structure the probability of a path that consumes 
less energy increases and therefor the maximum capacity of the structure decreases. This turns out to 
be valid considering rebar sizes as well, as the area around the bar from which brittle cracks can originate 
is larger for increasing bar sizes. Size effect in general was intensively studied by Bažant (1987) how 
came up with a general law for applying this effect in calculations. Bamonte et al. (2013) looked into the 
size effect of both smooth and deformed bars in NRC and High Performance Concrete (HPC). They 
performed experimental tests on specimens containing bars with diameters of 5, 12, 18 and 26mm and 
proved the existence of the size effect by the trend lines in Figure 18. They also confirmed Bažant’s law 
by means of a numerical model. 

Corrosion 
In general corrosion is the deterioration of steel by electrochemically reacting with for instance moisture 
and chlorides or by carbonation. It can occur before reinforcement is placed inside the concrete or after. 
When addressing the influence on the bond performance, only corrosion formed after casting is 
discussed (Task Group Bond Models, 2000). Reinforcing bars are protected by an oxide layer at first and 
the process of corrosion is roughly split up in an initiation phase and a propagation phase. The former 
is the time needed for either chloride-ions or carbonation products to penetrate the oxide layer. During 
this phase corrosion has not yet taken place on the surface of the bar and is not visible. The later phase 
is the start of the actual corrosion of steel at the bars surface until structural failure occurs. Codes 
prescribe that structures provide sufficient protection to prevent corrosion, so staying in the initiation 
phase. This can be achieved by proving that the concrete is impenetrable at a certain cover value or for 
instance coating a structural element to prevent penetration. If either of these precautions fail the 
corrosion of rebar will have several effect on the bearing capacity. 

Figure 18 Size effect in pull-out tests on both NRC- and HPC samples for deformed bars. 
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As corrosion uses the steel of a bar as parent material for the chemical reaction, the primary effect is 
the decrease in bar diameter. A lower sectional area means less tensional forces can be transferred 
before yielding of the bar occurs. Two more effects take place which are more important for the bond 
behavior of rebar. The coefficient of friction of the steel-concrete interface changes with growth of the 
corrosion products. Some researchers suggest it provides an enhancement of the frictional resistance, 
while others suggest it is a disadvantage as the weak corrosion layer wears earlier once slip is initiated 
then an uncorroded steel-concrete interface. The final effect is that corrosion products are bigger in 
volume than their parent material. This means the volume expansion of a corroded bar exerts forces 
radially in the surrounding concrete. For low levels of corrosion, and thus a low outward pressure, this 
increases the frictional resistance of the bar. However, when the radial forces become too high and 
tensional ring reaction forces around the bar exceed the tensional strength of the concrete, longitudinal 
cracks form and thus a reduction in bond resistance is achieved. The expansion of corrosion products 
also aids the wedging action and thus the decrease of mechanical interlock between ribs and concrete. 

2.3.6. Codes on bond strength 
Throughout history multiple codes and norms proposed equations for bond behavior between concrete 
and steel. For design calculations only the value of maximum bond capacity is necessary. In the work of 
van Heuveln (2017) several equations are listed taken from different codes. It turns out the maximum 
bond stress (τmax) can be expressed as a function of either the compressive stress (both cubic and 
cylindrical) or the tensile strength of the concrete mixture. For European practice the Eurocodes are 
governing so the equation as presented in Eurocode 2 (EC 2) is added to the following list as well. 

CEB-FIP:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 2.5 �𝑓𝑓𝑐𝑐𝑐𝑐 (Eq. 3) 

BS 8110:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 0.5 �𝑓𝑓𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (Eq. 4) 

ACI 408:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 20.23 �𝑓𝑓𝑐𝑐𝑐𝑐 / ∅ (Eq. 5) 
EN 1992:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 2.25 ∙ 𝑓𝑓𝑐𝑐𝑡𝑡𝑚𝑚 (Eq. 6) 

EC 2:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 2.25 ∙ 𝜂𝜂1 ∙ 𝜂𝜂2 ∙ 𝑓𝑓𝑐𝑐𝑡𝑡𝑐𝑐 (Eq. 7) 
With: τmax = Maximal bond stress 

fck = Characteristic cylindrical compression strength after 28 days 
fck,cube = Characteristic cubic compression strength after 28 days 
Ø = Bar diameter 
fctm = Mean tensile splitting strength  
η1 = Coefficient for bond circumstances 
η2 = Coefficient concerning the bar diameter 
fctd = Design value for tensile splitting strength 

To emphasize the large differences in maximum bond stress values arising from these equations an 
example is given for a standard C25/30 mixture, with a 10mm bar and good bond circumstances so  
η1 = η2 = 1,0. Note that in the EC 2 equation a design value is used so a safety factor is incorporated: 

CEB-FIP:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 12,50 𝑁𝑁/𝑚𝑚𝑚𝑚2 

BS 8110:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 2,74 𝑁𝑁/𝑚𝑚𝑚𝑚2 

ACI 408:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 10,11 𝑁𝑁/𝑚𝑚𝑚𝑚2 

EN 1992:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 5,85 𝑁𝑁/𝑚𝑚𝑚𝑚2 

EC 2:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 2,7 𝑁𝑁/𝑚𝑚𝑚𝑚2 
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2.4. Research expectations 
Considering the information in the paragraphs of this chapter and the aim of this research in the 
previous chapter, expectations for the upcoming research on the coherence between rebar and 3D 
printed concrete can be written down. It is stated in the introduction that the bulk material used for 3D 
printing is considered as a constant in order to control the amount of parameters involved in rebar 
behavior. The same goes for the method of applying the bars in the printed concrete. 

Based on the layered manufacturing process of 3DCP the rebar will be placed during printing of a 
structural element. In terms of the hardening process this is during the dormant phase, before the initial 
setting time. The no-slump behavior of the concrete mixture in this phase is favorable for the 
geometrical precision but might present a challenge when embedding reinforcement by the absence of 
compaction. Traditional reinforced concrete in formwork is compacted by using a concrete vibrator to 
gain the best possible bond conditions around a bar. For printed material this is not an option as the 
energy introduced in the concrete by compaction will trigger the thixotropic behavior and causes the 
printed layers to liquify and shear of the printed object.  

The information on reinforcement steel dictates that both hot rolled and cold rolled steel can be used, 
but cold rolled steel is preferable due to the higher strength properties and lower strain at rupture. 
Furthermore ribbed deformed bars are favored over smooth bars for their higher bond strength. The 
specific geometries of these bar ribs with parameters like rib height, rib spacing and rib face angle turns 
out to be of great influence on the maximal bond stress. 

Finally the theory on bond behavior states that mechanical interlock will be the governing load transfer 
mechanism when using ribbed bars. In order to quantify the behavior a pull-out test is preferred over a 
beam test as the former gains primarily inside in the failure mechanisms that occurred by analyzing the 
load-slip diagram, compared to the latter being more appropriate for complex loading situations. In 
these tests pull-out failure, instead of yield- or splitting failure, is preferred to make sure the highest 
possible bond stress is found. This can be achieved by using reinforcing steel with sufficient yield 
strength and by producing samples with sufficient cover on the cast-in bar. The deviation observed in 
maximal calculated bond stress by different codes is remarkable and it will be interesting to see which 
code comes closest to the actual value found by experimental testing for 3D printed concrete. 
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3. Geometrical aspects 
The research goal of this thesis aims to determine the coherence between rebar and 3D printed 
concrete. The information on bond behavior in NRC in the previous chapter indicates how this 
coherence can be approached from an experimental point of view. By performing tests and analyzing 
the data, specific values for maximum bond stress in 3D printed concrete can be determined. A high 
maximum bond stress is preferable as this decreases the required bar length for anchorage and lap 
splices. In design this means structurally safe elements using as little steel as possible and so an efficient 
design. Chapter 4 will treat the experimental tests performed to quantify the bond stress. 

Before these tests can be done, samples have to be produced using the 3D printer. As this topic is new 
and not yet researched, this presents a challenge. The unique manufacturing technique comes with 
questions that have not been answered in the history of NRC or where not of great importance before. 
For example in 3D printing the rebar has to be put in position during the manufacturing process while 
in NRC the rebar is put into place prior to a pore. Also compacting is the way to get rid of air bubbles 
near bars in NRC. The inability to perform this action with printed concrete might have an effect on the 
bonding capacity. 

This chapter will first group all parameters involved with applying rebar in 3DCP into families. From there 
on the most important parameters are chosen and subjected to empirical research. The aim is to narrow 
down the options and assess what influence a parameter has on the bond behavior between steel and 
concrete. Upfront assumptions will be made, for every chosen parameter, on what will achieve the best 
possible bond stress. By analyzing printed samples on geometrical aspects both visually and by 
measurements, these assumptions will either be confirmed or adjusted. Concluding this chapter 
produces a narrowed down scope, suitable for producing experimental test specimens. It should be 
noted that the empirical research performed here is only applicable for the specific concrete and 
reinforcing bars used in this research. The effects of other mixtures and bar types should be assessed 
separately. 

3.1. Parameters of interest 
3.1.1. Parameter families 

There are many possibilities to group all parameters involved in applying rebar in 3DCP. Here an 
approach of input versus output is taken. Output values that describe the same set of properties, are 
grouped in a family. An output value cannot be altered directly, it is composed out of multiple input 
values which can be independent as well as related to each other. For example the output value mass 
for a cylinder depends on its input values of volume and density. Mass can be grouped in the family of 
material properties. Involving 3DCP and rebar three main output families are considered: 

I. Material properties 
II. Geometric properties 

III. Degree of consolidation 

I.  Material properties 
In the largest family treating material properties the output can be subdivided in: 

o Physical properties 
o Mechanical properties 
o Chemical properties 
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The last one is of lesser importance in this context and is therefore not further discussed. Physical 
properties follow the laws of nature like volumetric weight resulting from gravity and color involving 
reflection of certain wave lengths. While mechanical properties involve the structural behavior of a 
material like strength and stiffness.  

Until now only output values are described, the actual input parameters that can be altered in this family 
are linked to: 

o Chosen materials: primarily concrete and reinforcing steel, but subdividable in water cement 
ratio, aggregates, steel class etc. 

o Print process: robot speed, mixing speed, pump pressure, hose length etc. 
o Time dependency: mixing time, interval between layers, age when placing rebar etc. 

II. Geometric properties 
The geometric properties family produces output values which are the overall dimensions of a printed 
structure. These are composed out of the dimensional properties of its parts. For instance: bar diameter, 
bar rib geometry, print filament profile, programmed print path and position of a bar in a cross section. 

III. Degree of consolidation 
It was stated earlier that compaction of printed concrete is not an option because of its thixotropic 
behavior. The output term ‘degree of consolidation’ refers to compaction of the bulk material by either 
itself or the rebar that is placed in it. Those are the input values. The former situation is termed global 
consolidation as the layers that are stacked either on top or next to each other compact the concrete. 
The latter is termed local consolidation, or simply placement, where the location of a bar in or on a 
printed layer affects the compaction. 

3.1.2. Choices & assumptions 
The previous sub-paragraph makes clear that a large amount of parameters are involved in the 
application of traditional reinforcement. Given the nature of the 3DCP project at TU Eindhoven, the 
cement recipe used is provided by SG Weber Beamix and therefor considered a constant over the course 
of this research. For aims of quality control of the printed material the rotor-stator pomp, hose length 
and water/cement ratio are kept constant as well. Also the print nozzle that will be used is fixed for all 
experiments with a vertical facing opening of 50 x 10mm. The cement, pump and nozzle used are shown 
in Figure 19. The same goes for the method of application for the bars. Developing a device that is 
capable of placing rebar although the preferred position and size are not known yet, interferes with the 
main goal of the research for now. This already excludes a lot of input values like concrete related 
material input and print process parameters. 

Figure 19 Cement mix ‘Weber 145-2’ provided by SG Weber Beamix (left) and Pump and vertical 50 x 10mm 
nozzle (right). 
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Given the information in the literature review, the families presented above and the exclusions, three 
parameters are thought of playing a key role in the final bond behavior. An assumption is made for each 
parameter, on what provides a better maximal bond stress. Figure 20 depicts these assumptions: 

o Bar diameter, Ø: A large bar diameter implies a larger surface area to facilitate bond between 
steel and concrete for similar anchorage lengths. Therefor larger bars are assumed to bond 
better then smaller bars. This input parameter is taken from the ‘Geometric properties’ family. 
 

o Placement, P: The difference of placing a bar ‘In’ or ‘On’ a layer affects the previous as well as 
the following printed layer. Pushing a bar ‘In’ the previous layer consolidates the material on a 
local scale below the bar. By laying a bar ‘On’ the previous layer, the following layer has to flow 
around its contours, this demand is in contradiction with the no-slump behavior of the 3DCP 
material. Therefor it is assumed that bars pressed ‘In’ the previous layer provide better bond 
compared to bars laid ‘On’ top. This input parameter is taken from the ‘Degree of consolidation’ 
family. 

 
o Layer age, T: Considering the rapid buildup of strength and stiffness in 3DCP material during 

the first 90 minutes after mixing, the age of the previous layer affects the bond between steel 
and concrete. It is assumed that rebar bonds best in fresh printed concrete. This parameter is 
taken from the ‘Material properties’ family. 

3.2. Empirical analysis 
3.2.1. Approach & specimen preparation 

The parametrical study as proposed in the previous paragraph was conducted using the 3D printer itself. 
First the values chosen for every parameter will be explained, followed by the explanation for a division 
in two test Series.  

The aim of this part of the research is to narrow down the possibilities in the combination of parameters 
involved. By looking for both upper- and lower bounds a scope can be determined. By for instance 
looking at the parameter placement, the two extreme cases for a bar are either completely pushed ‘In’ 
the previous layer or laid down ‘On’ that layer. Endless positions exist between these boundaries but 
for analyzing the response on bond behavior they will suffice. For the rebar diameter the lower bound 
is based on the smallest diameter considered as a bar in EN 10080. For the upper bound a large diameter 
bar was chosen from the inventory of the laboratory. Within these bounds two more diameters where 
chosen to achieve a stepwise increase. For the final parameter layer age, a lower bound for placing 
reinforcement is directly after printing a filament. The upper bound is based on the initial setting time 
of the mixture. An overview of chosen parameters is given in Table 1. Not every possible combination 
was produced to keep the number of specimens within the limits. 

Figure 20 Parameters and assumptions for empirical research: bar diameter (left), placement (middle) and layer 
age (right). 
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Testing all parameters in one print session would result in an overcomplicated print path and difficulties 
while laying the reinforcement. Therefore a division in two series of specimens was made named Series 
A and Series B from here on. Specific information on both series, like print path and specimen 
dimensions, are given in Appendix A. First, Series A focusses mainly on the parameter of layer age, while 
also taking the positions ‘In’ and ‘On’ and all four possible bar diameters into account. To prevent a 
collision between the print nozzle and both 16 and 22mm bars and to be able to analyze the samples 
afterwards, no addition layers where printed on top of the bars in this series. It is possible to raise the 
nozzle but this results in an unwanted additional parameter. The analysis of the produced samples will 
be presented in the next sub-paragraph. Examples of printed samples are shown in Figure 21.  

After the analysis of Series A was completed, a second print containing Series B was made. The main 
focus here was capturing the influence of addition layers being printed on top of the placed bars to 
complete the investigation in the placement parameter. To achieve this a parameter for total amount 
of printed layers, n, was added. The layer age parameter was not part of this series. Also using the 
knowledge of Series A the placement parameter value ‘Halfway’ was added and the 22mm bars were 
excluded. Reasons for these choices will be explained in the following sub-paragraph. All together this 
gives the parameter values as presented in Table 2. 

P [-] ‘In’ ‘On’ ‘Halfway’ 

Ø [mm] 6 10 16 6 10 16 6 10 16 

n [-] 
4 4 4 4 4 4 4 4 4 
5 5 5 5 5 5 5 5 5 
6 6 6 6 6 6 6 6 6 

Table 1 Parameter values in empirical research. 

P [-] ‘In’ ‘On’ 

Ø [mm] 6 10 16 22 6 10 16 22 

T [min] 

0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 

1 1 1 1 1 1 1 1 

5 5 5 5 5 5 5 5 

10 10 10 10 10 10 10 10 
 15    15   

 30    30   

 60    60   

Table 2 Parameter values for Series B. 

Figure 21 Examples of specimens in Series A, 16mm bar placed after 5 minutes ‘In’ (left) and ‘On’ (right). 
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3.2.2. Geometric analysis  
The former sub-paragraph explained that the details on specimen preparation, print path and treatment 
after printing for both Series A and B are given in Appendix A. In addition to that a detailed analysis is 
presented in the same appendix on all specimens produced. Here a discussion on the results will be 
given, split up in the chosen key parameters of paragraph 3.1.2. First the observations of Series A will 
be treated. Depending on the result the alterations or additions for Series B will be explained, followed 
by the analysis of Series B. This approach is not always chronological but keeps information on a specific 
parameter clustered. Paragraph 3.3. will summarize the parametric investigation in the geometrical 
aspects and present the scope for experimental research. 

Layer age, T 
First the layer age parameter is treated by looking at the bars pushed ‘In’ the previous layer. A full 
overview of these samples is shown in Table A.2 in Appendix A. Two specimens for a 22mm bar placed 
1 minute and 60 minutes after printing are shown in Figure 22. It is observed that as both the layer age 
and bar diameter increase, cracks start to occur. For samples of both 16mm and 22mm placed 5 minutes 
after printing and older, at least one crack runs all the way from the placed bar to the sides of the 
specimen. 10mm bars from 15 minutes until 60 minutes show multiple smaller cracks on the surface of 
the third layer. 

These cracks can be explained by the concretes transition from a fluid to a solid material as investigated 
by Wolfs in terms of strength and stiffness build-up. The Young’s modulus development of the Weber 
3D 145-1 mixture in its first 90 minutes after mixing is shown in Figure 6, paragraph 2.1.2. Although 
normal concrete does not show significant strength and stiffness build-up before initial set, as it still 
behaves like a fluid, Wolfs proved that the mixture used for printing does show this build-up in the 
dormant phase. Using the expression derived for the Youngs modulus, the stiffness for concrete 1 and 
60 minutes after mixing can be calculated as being 20.8kPa and 222.8kPa respectively. This increase in 
stiffness was noticeable while pushing the bars into the concrete samples. It is also accompanied by a 
more brittle behavior of the material, which means rupture at lower strain. This can be observed from 
the specimens over time. For young filament layers the strain occurring when a bar is pressed in, is lower 
than the maximal strain at rupture belonging to the stiffness at that specific age. As the layer age 
increases the maximal strain at rupture decreases and is surpassed by the occurring strain, this results 
in cracks in the layers. On top of that a larger bar diameter causes a larger strain than a smaller bar 
diameter. As series B does not contain layer age dependent parameters, this concludes the analysis on 
this topic. 

Figure 22 Two specimens pushed ‘In’ third filament layer, 22mm bars 1 min. (left) and 60 min. (right) after printing. 
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Placement, P 
Both extreme values ‘In’ and ‘On’ for the placement parameter were looked at in Series A. As explained 
no additional layers were printed on top of the bars at first to avoid an extra parameter between 
samples by having to raise the nozzle for larger bar diameters. The absence of extra layers also makes it 
easier to analyze samples after curing. The influence of additional layers is looked at in Series B. 

First the bars laid ‘On’ the third filament layer will be treated. Table A.3 in Appendix A presents a 
complete overview of these samples. It is observed that samples of all bar diameters and at every layer 
age let loose from the filament layers while moving the samples or were not bonded to the concrete at 
all before moving. Indentations were observed though in the top layer underneath most bars, which 
implies the fresh concrete deformed under the self-weight of the bars. Two examples of these 
indentations are shown in Figure 23. The magnitude of this deformation can be approximated by a 
calculation as the weight of the bar, stiffness of the fresh concrete and dimensions are known. Appendix 
B holds a simplified calculation for these indentations. The simplified linear elastic spring model already 
produces a rather accurate result, as can be seen in the Appendix. The calculated deformation for the 
two bars in Figure 23  for instance, are 1.11mm and 1.50mm respectively. 

To further investigate the bars that were pushed ‘In’ the third filament layer, the samples were cut by 
using an industrial water saw. The best of two pieces were selected, put under a microscope and 
photographed as can be seen in Table A.4 in the Appendix. Here the interface between steel and 
concrete is magnified 6 or 10 times for further analysis. An example of a sawn sample and its microscope 
interface is shown in Figure 24. This destructive method of analysis is not ideal. It raises the possibility 
of altering the observation of the bond interface as already can be seen by the steel residue present 
around the bars circumference in the microscopic pictures. Also complete failure of a specimen is 
possibly, but this was prevented by maintaining a slow saw motion and using plenty of water. Non-
destructive ways of analysis were explored but turned out to be unsuitable for the purposes of this 
analysis. 

The Table shows no deviations in the interface between steel bars and the surrounding concrete when 
considering different bar sizes or layer ages. No air bubbles or inconsistencies in the concrete matrix 
were observed where the two materials touch each other. Also no difference between concrete near 
the interface and concrete elsewhere in the sample can be observed. What is noticeable are the large 
pockets of air present near the top half of each bar. These pockets are present for every bar diameter 
and at every age. The explanation for these pockets can be found in the no-slump behavior of the 
mixture as a result of thixotropic build-up, explained in sub-paragraph 2.1.2, accompanied by cohesion 

Figure 23 Specimens laid ‘On’ third filament layer, 16mm bar (left) and 22mm bar (right) both 5 min. after printing. 
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in the fresh concrete. When a bar is pressed in, the concretes viscosity reduces and starts to shear under 
the applied force acting like a fluid. As soon as the application of the force stops, the concrete returns 
to its initial viscous state rapidly and acts more like a solid rather than a fluid again. The total deformed 
area tends toward a V-shape instead of a U-shape because cohesion in the flowing concrete pulls the 
material outwards. The size of the pockets was measured using image analysis software and expressed 
as a ratio with the bar area. These ratios were plotted against time to find out if a relation with layer 
age exists. The results of the measurements are given in Table A.6 in the appendix and the plot is shown 
in Figure 25. For specific bar diameters the ratio seems more or less constant for increasing layer age. 
This implies that although over time more force is required to place the pieces of rebar (by higher 
stiffness as observed with the layer age parameter), the plastic deformation of the samples (and thus 
air pocket size) is equal once thixotropic behavior is broken. 

 

Figure 24 Sawn sample 16mm, placed 15min. after printing (left) and 6x magnified microscopic image of steel bond 
interface (right). 

Figure 25 Air pocket area to bar area ratio plotted over layer age, Series A ‘In’ 
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Before Series B was made, a small test was performed by printing over pieces of rebar, laid flat on the 
print bed. This was done to investigate how a filament layer forms around the contours of a bar. The 
results are shown in Figure 26. To prevent a collision with the nozzle the print path was programmed to 
maintain a height of Ø + 2mm over the bars. The bottom view shows a mirrored version of Figure 24. 
Air pockets are present near the bottom half of the bar. Again the no-slump behavior of the material is 
the reason. Right after deposition the concrete is not fluid enough to flow around the circumference of 
the bar and the blanket-like shape is the result. This observed behavior combined with the findings in 
Series A results in the following changes for Series B. To investigate the effect of layers printed on top 
of the rebar, a parameter for total amount of layers printed, n, is added. Its value can be either 4, 5 or 
6. The assumption for this parameter is that with an increasing amount of layers on top of the bar, the 
air pockets reduce in size due to the global consolidation of the concrete. The results of the two extreme 
values ‘In’ and ‘On’ being either air pockets near the top half or the bottom half respectively, implies a 
transition between the two lies somewhere in between. To further investigate this an extra value for 
the placement parameter was added as well, ‘Halfway’. Finally the use of 22mm bar in Series B is 
rejected for reasons that will be stated in the bar diameter discussion. 

After printing, and curing the samples were sawn in half by means of an industrial water saw. The same 
possibilities of alterations on the steel concrete interface exist as a result of the destructive analysis 
method. Pictures of the sawn samples are presented in Tables A.8, A.9 and A.10 in Appendix A one for 
every bar diameter. Examples for every possible placement value are shown in Figure 27. 

Again all samples show no deviations in material or presence of air where the concrete touches the 
steel. Just like in Series A and the test described above, the air pockets are present for positions ‘In’ and 
‘On’. For position ‘Halfway’ air pockets are clearly visable as well. Note that the holes for this position in 
Figure 27 are partially filled with steel residue due to the sawing procedure.The air pockets are 
measured again by means of image analysis and converted to ratios of the bar area. For specific 
measurements the reader is referred to the Appendix, the resulting relations between the ratios and 

Figure 26 Test print over pieces of rebar for all diameters top view (left) and bottom view (right). 

Figure 27 Samples Series B, 16mm bar, 1 layer on top ‘In’ (left), ‘On’ (middle) and ‘Halfway’ (right). 
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total amount of printed layers are shown in Figure 28 for all three bar sizes. The assumption stated 
above for parameter n implies that an increase in layers results in a decrease in air pocket size, and thus 
a lower ratio. In the figures below this would result in descending lines, but no obvious trends can be 
observed. A simplified linear elastic calculation in the second part of Appendix B shows that the 
deformation of the 4th layer at an air pocket, by the weight of the 5th and 6th layer is as small as 0,3mm 
for a 16mm bar placed ‘On’ the third layer. This calculation shows that the voids are not likely to close 
by adding extra layers on top of the bars, due to the increase in stiffness of the young material. In other 
words global consolidation does not occur when up to three layers are printed on top. Furthermore it 
can be observed that 4 values for 6mm bars have no air pockets at all. In terms of placement a 
preference for bars ‘In’ the third layer can be observed which switches to a preference for the ‘Halfway’ 
position as bar size increases.  

  

Figure 28 Air pocket ratio plotted to total amount of layers printed 6mm (top left), 10mm (top right), 16mm (bottom 
left) and area measured (bottom right). 
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As the aim of the analysis is to determine the influence of the parameters in response to the bond 
strength, a more accurate way is to measure the part of the bars circumference which is not touching 
concrete at all. These measurements are performed by image analysis as well and ratios were calculated 
similar to the previous procedure. The results are present in the appendix. Again the values of the ratios 
are plotted in relation to the total amount of layers printed and shown below in Figure 29, one for every 
bar diameter. On first sight these results look similar to the graphs for the air pocket ratios. Again no 
clear trend can be found between the ratios and total amount of layers printed. On closer look two main 
differences can be observed. First of all the preference for placement ‘Halfway’, as noticed for larger 
bars with the air pocket ratio, is not present anymore here. Second the ratios for circumference seems 
to increase with increasing bar diameter, which implies that larger bars are affected more for all possible 
positions of the bars. This finalizes the analysis for the placement parameters position and total amount 
of layers printed.  

 

 

 

 

 

 

 

 

  

Figure 29 Circumference ratio plotted to total amount of printed layers 6mm (top left), 10mm (top right), 
16mm (bottom left) and circumference measured (bottom right). 
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Bar diameter, Ø 
The final parameter under discussion is the bar diameter. The assumption made for this parameter 
states that a large diameter bar provides better bond resistance as its surface area is larger compared 
to bars with a smaller diameter for similar anchorage lengths. Looking back at the microscopic images 
in Table A.4 of Appendix A, it can be observed that the bottom halves of all bars are embedded in the 
concrete, while the top halve lays next to air pockets. This seems independent of the bar diameter, 
implying that, following the assumption, larger bars provide better bond, as more surface area is 
embedded in the printed material. 

In addition to this observation the results can be looked at from an esthetic viewpoint. When a bar is 
pushed into a 50 mm wide fresh filament layer, the concrete displaces sideways and the final geometry 
ends up being wider. If bars are applied everywhere in a print path this is not a problem as the difference 
cannot be observed. But if rebar is applied locally the effect might be unwanted. To quantify this bulging 
behavior of samples where a bar is pushed ‘In’ the third layer, measurements were taken on all sawn 
samples of both Series A and Series B. By measuring the width at both sides, with and without a piece 
of rebar, at the widest point a ratio can be calculated. Additionally the area of concrete at both sides 
was measured using image analysis software in order to observe the change in sectional area. The result 
are shown in Tables A.5 and A.11 in the Appendix. The average ratio for both width and area were 
calculated for every diameter and plotted. This is shown in Figure 30. 

Looking at the lines for the width of the specimens, it can be observed that for 6mm, 10mm and 16mm 
bars the data is consistent for both Series. For 6mm bars the bulging of the specimen is only 1% on 
average compared to layers without rebar and hardly noticeable by the naked eye. On the other hand, 
a 22mm bar makes the filament layers bulge out 28% on average compared to non-reinforced layers. 
This is considered to be over the limits of what is acceptable and therefor the 22mm bar was not 
considered in Series B. Examples of both a 6mm and 22mm bar are shown in Figure 31 to emphasize 
the difference in deformation. Looking at both lines considering the sectional area in the samples, it can 

Figure 30 Width and area ratio plotted against bar diameter for both Series A and B. 
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be seen that all values lay below 1.00. When the samples were inspected visually, no difference between 
reinforced and unreinforced samples could be observed considering the degree of consolidation. These 
values laying below 1.00 implies compaction of the concrete has occurred to some extent. With 
increasing bar diameter the level of compaction seems to increase a little bit, as the lines descent in the 
figure above. The difference between the lines of Series A and B can be explained by the layers printed 
on top in Series B which have a positive effect on compaction. The data in the figure can be used as an 
esthetic design tool. 

3.3. Scope for experimental testing 
The analysis in the former paragraph concludes the empirical investigation in the geometrical aspects 
concerning the application of rebar in 3D printed concrete. First the process was broken down into three 
distinctive parametric families based on an input versus output approach: the material properties, 
geometric properties and degree of consolidation. Keeping in mind that the material used for printing 
and the way rebar is placed in the filament layers are considered as constants, three key parameters 
where pointed out for further analysis: layer age, T; placement, P and bar diameter, Ø. 

The aim of the study was to narrow down the possible combinations between parameters and value the 
outcome in terms of bond behavior. Upfront assumptions were made for every parameter on what 
provides better bond behavior. By using image analysis and explaining phenomena using the knowledge 
on the printing material gained in chapter 2, statements can be made on what choice provides better 
bond behavior. The main result are repeated shortly and the assumptions made are either confirmed 
or adjusted. 

Considering the bar diameter it was assumed that a large diameter bar provides better bond resistance 
compared to a small diameter bar, for similar anchorage lengths, as the former has a larger surface area 
to facilitate bond. 6mm, 10mm, 16mm and 22mm bars were used in the experiments. Looking at the 
samples in Series A, the bulging of 28% when pushing ‘In’ 22mm bars is considered to be over the limit 
from an esthetical point of view. Considering the circumference ratios it turns out that larger bar 
diameters are affected more compared to smaller bar diameters. With these findings the assumption 
cannot be confirmed nor adjusted. Experimental research on the specific maximum bond stress is 
required. 

Involving placement of the bars it was assumed that bars pushed ‘In’ the previous printed layer provide 
better bond as they consolidate the material of that layer, compared to bars laid ‘On’ top. Visual 
inspection of cross-section does not provide evidence for this assumption. Based on the results of Series 
A it is found that bars laid ‘On’ top do not bond to the underlying layer at all. Furthermore air pockets 
where observed for both pushing ‘In’ and printing over bars. For further investigation layers on top of 
the bars were added in Series B, together with another position ‘Halfway’. No correlation seems to exist 

Figure 31 Samples of Series A bars ‘In’ third layer 1 minute after printing 6mm (left) and 22 (mm). 
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between the volume of the air pockets and the amount of layers printed on top of the bar. Considering 
the part of the circumference where bond is prohibited by an air pocket, this part seems to grow with 
increasing bar diameter. Therefor a preference for small diameter bars pushed ‘In’ the previous layer is 
observed. The measurements of the sectional area proved that local consolidation of the material 
occurs when bars are pushed ‘In’ the previous layer, therefor the assumption as stated upfront holds.  

Finally the assumption on layer age stated that bars bond better to fresh layer compared to older layers, 
due to the early strength and stiffness build-up of the used material. Series A showed clear failure of 
samples due to rupture of the filament layer with increasing age. The cracks in samples produced 5 
minutes after printing and older are not acceptable. They severely decrease the resistance to slippage 
of the rebar as discussed in chapter 2. Also the resistance to corrosion of the bars is lost through the 
cracks. Again the assumption stated upfront holds. 

Combining all findings of the empirical analysis the parametric scope can be narrowed down and used 
in the experimental research of the following chapter. When pushing ‘In’ bars of either 6mm or 10mm 
in diameter, placed earlier than 5 minutes after printing favorably conditions in terms of bond behavior 
are acquired.  

 

  

Goris, G.P.J.A.
Placement: position and total amount of printed layers
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4. Experimental research 
In the previous chapter empirical research was performed on the parameters involved in laying 
traditional reinforcement. The vast collection of options was narrowed down to a manageable set by 
use of the knowledge gained in the presented Series and available knowledge on 3DCP material. This 
chapter describes the experimental program performed to determine the coherence between rebar 
and printed concrete. The well-known pull-out test is used to quantify the maximal bond stress. By 
analyzing its measured data and performing visual inspection on the produced samples, conclusions can 
be drawn on the behavior of rebar in 3DCP structures.  

First of all a frame of reference is set by performing tests on compacted samples. These are 
accompanied by material tests as prescribed in the standards and necessary for quality control. Then 
the manufacturing process of the actual 3D concrete printed samples will be described, followed by the 
test results. This chapter is concluded by a discussion on the results and a comparison of these printed 
samples with the reference samples.  

Throughout the project multiple Series where produced for both the pull-out test and the material tests. 
Due to the switch in print material in the spring of 2018, the decision was made to redo all experimental 
tests. This to exclude the possibility of differences in material properties resulting from use of different 
mixtures as the structural performance of the new mixture was not known at the time. Details and 
results concerning all tests are present in the appendices specified in the text. Here only the final test 
series are presented. The earlier series outcome are used for comparison of the structural performance.  

4.1. Frame of reference 
4.1.1. Pull-out on compacted samples 

It was pointed out earlier that one of the most important differences between manufacturing NRC and 
3D concrete printing is the inability to compact a printed object. Where during the former procedure a 
vibrating needle or shake table is used to get rid of unwanted air in the mixture, these bubbles stay 
present in a print as observed in chapter 3. In order to make statements about the bond behavior of 
printed objects, a frame of reference is needed for comparison. This sub-paragraph describes tests on 
compacted material to create that frame.  

The literature review explained the distinction in two groups of experimental test for bond behavior, 
based on their level of complexity. As the aim of this research is to comprehend this behavior for rebar 
in 3D concrete printed structures the choice for a simple test method is obvious. Their results provide 
direct insight in the fundamentals of the steel-concrete load transfer mechanisms and the occurring 
failure mechanisms. The specific test chosen here is the centric pull-out test as its set-up is easy to 
understand and specimens are relatively easy to make at low cost. The principal idea behind the test is 
already described in paragraph 2.3.3. Here the specifics will be pointed out, followed by the results for 
the compacted reference tests. 

Specimens and test procedure 
To create the frame of reference the 3D printing material will be treated like general concrete in the 
pull-out tests as prescribed in Annex D of NEN-EN 10080 (2005). The procedure of making the samples 
is presented in Appendix C alongside the test results. For concrete the Weber 3D 145-2 mixture was 
used, mixed by the mixer pump, then casted into formwork and vibrated for 5 seconds. For the rebar 
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two sizes were taken, 6mm and 12mm, based on the results of chapter 3. Figure 32 shows prepared 
formwork and a sample after curing. 

After sufficient curing time, proven by the material tests of the next sub-paragraph, the samples were 
put in a 250kN INSTRON machine and tested until the bars slipped from the concrete. The test is 
displacement controlled with varying loading speeds, starting slow to capture the behavior as accurate 
as possible. Testing goes on until 30mm of displacement occurred, as this is the maximal bond length of 
the smaller samples. When the test is completed the type of failure is assessed, after which the bar is 
removed from the sample for visual analysis. Some samples were sawn in half for further analysis as 
well. 

Test results 
After testing the data was analyzed in Microsoft Excel. Measured values needed are the maximum 
tensile force inflicted by the INSTRON bench and the average of the LVDT’s at the bottom of the sample. 
The maximum bond stress is calculated by dividing the maximum tensile force by the bond surface 
around the bar: 

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 =
1

5𝜋𝜋
∙
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚

∅2
 (Eq. 8) 

 
With: τmax = Maximum bond stress 
 Fmax = Maximum tensile force 
 Ø = Bar diameter 

Figuur 32 Formwork with 6mm bar showing bond length (left), cured sample (top right), rebar’s free 
end (bottom right) 
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The test results for the specimens PO.06.F till .J and PO.12.F till .J are presented here in Tables 3 and 4. 
The maximum tensile force as inflicted by the INSTRON bench is noted, followed by the maximum bond 
stress as calculated by Equation 8. The slip measured at this maximum tensile force is given as well. The 
last column shows the stress occurring in the steel bar, calculated by dividing the acting force by the 
bars cross-sectional area. The average, standard deviation and Relative Standard Deviation (RSD) are 
calculated and shown below the data. Values of specimen PO.06.H are excluded from this calculation as 
it failed prematurely due to air inclusion near the bond length. The force-slip diagrams are plotted in 
Figures 33 and 34.  

 

Specimen Fmax [N] τmax [N/mm2] sm,us [mm] σs,max [N/mm²] 

PO.06.F 8050.91 14.24 0.818 288 

PO.06.G 7462.04 13.20 0.865 267 

PO.06.H {3556.09} {6.29} {0.956} {127} 

PO.06.I 7755.87 13.72 0.633 277 

PO.06.J 9359.36 16.55 0.732 334 

Average 8157.0 14.4 0.762 291.3 

St.dev. 836.8 1.48  29.9 

RSD [%] 10.26 10.26  10.26 

Table 3 Test results specimens PO.06.F till .J. 

 

 

Figure 33 Force-slip diagrams specimens PO.06.F till .J. 
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Specimen Fmax [N] τmax [N/mm2] sm,us [mm] σs,max [N/mm²] 

PO.12.F 26456.48 11.70 0.791 234 

PO.12.G 22399.09 9.90 1.002 198 

PO.12.H 26427.93 11.68 0.792 234 

PO.12.I 22330.89 9.87 1.344 198 

PO.12.J 24047.20 10.63 0.773 213 

Average 24332.3 10.8 0.940 215 

St.dev. 2045.0 0.90  18.1 

RSD [%] 8.40 8.40  8.40 

Table 4 Test results specimens PO.12.F till .J. 

 

Analysis 
Using the knowledge in paragraph 2.3.4. the force-slip diagrams can be analyzed. As the bond stress is 
found by dividing the applied force by the bond surface, the shape of a force-slip diagram is similar to 
that of a bond-slip diagram. Knowing that all samples failed by pull-out failure the shape of the diagram 
should follow phase IVc as described by Tassios in Figure 17. The test starts with a preload of 
approximately 0.37kN for all samples, produced by the weight of the sample and the bearing plate. The 
first part of the graphs can be considered as linear. At first the load is transferred by chemical adhesion 
only, when slip has initiated both frictional transfer and mechanical interlock occur as well. This can also 
be observed by the slight change in stiffness of the first branch. After the maximal pull out force, and 
thus maximal bond stress, is reached at the top of the graph, the bar slips out of the concrete along the 
formed shear plane. A drop in pull-out force is clearly visible. The small jumps in force increase, present 
in these descending lines are caused by an increase in test speed as manually inserted in the INSTRON 
bench. After the drop the load transfer mechanism that remains is friction, as can be seen by the lines 

Figure 34 Force-slip diagram specimens PO.12.F till .J. 
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going in a more horizontal direction. As the interfaces wear down, the frictional resistance decreases. 
An additional phase can be observed in both Figures on top of the analysis by Tassios. A sinus-like shape 
can be observed in the frictional branch with a distance between peaks of approximately 6mm for 6mm 
bars and 8mm for the 12mm bars. This corresponds with the center-to-center distance of two adjacent 
ribs on the bars surface. 

In Figure 35 the bar of sample PO.12.F is shown after testing. It has to be noted that the bars were 
removed from the specimens with considerable force. It can be observed that concrete is still partially 
present between the lugs of the reinforcing bar. This confirms the forming of a continuous shear plane 
between the tips of the ribs, parallel to the bars axis. The concrete still present is a combination of 
hardened material and crushed material lugged in front of the ribs. Figure 36 shows typical cross-
sections over the bond length of two samples, sawn parallel to the bars axis. If examined closely the top 
surfaces of the ribs can be recognized by darker spots on the concrete. In between the cracked shear 
surface can be seen as well. Both Figures 35 and 36 are representative for all samples. 

4.1.2. Material tests 
To be able to compare the findings in this research with values acquired from literature and expectations 
calculated from the codes, material properties of the concrete used are of great importance. Both 
mixtures used in the pull-out tests are fairly unresearched and little on material properties is published 
so far. On top of that the standard used for pull-out tests demands material tests are performed for 
aims of quality control. For these reasons material tests in the form of compression and flexural bending 
tests were performed as adopted from research on mortars. An elaborate overview of all tests and its 
procedures is presented in Appendix D. Here the test on mixture Weber 3D 145-2 are summarized 
belonging to pull-out test Series 2. The results are compared to the values of material tests belonging 
to pull-out Series 1 produced with mixture Weber 3D 145-1. 

Figure 35 Bond area of bar PO.12.F after testing. 

Figure 36 Cross-section over bond length of sample PO.06.F (left) and PO.12.F (right). 
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Specimens and test procedure 
To determine the compressive strength and flexural strength of the concrete used, tests standardized 
for cement mortar were adopted. These are prescribed in NEN-EN 196-1:1995. Dimensions of the 
specimens are in accordance with BS-EN 196-1 and curing of the samples was done as prescribed in 
NEN-EN 12390-2. 

From the same material batch as the pull-out specimens of the former paragraph, mortar prisms 
measuring 40x40x160mm were casted in polystyrene molds. After compacting for 5 seconds on a 
vibration table, the molds were covered in plastic to keep moisture in. After 24 hours the samples were 
demolded and stored in a water tank until 30 minutes prior to testing. 

Test both on flexural bending strength and compression strength were performed 1-, 3-, 7- and 28-days 
after production. First all prisms were tested in bending, then the resulting halves were used for 
compression testing. Details on the procedures are presented in Appendix D. Examples of both tests are 
shown in Figure 37. 

Test results 
With the forces recorded in testing, the stresses applied on samples can be calculated. For compression 
tests this is simply dividing the force by the effective area (specified by standard as 40x40mm for the 
half prisms) and for flexural bending tests by using the equation: 

𝜎𝜎𝑐𝑐𝑓𝑓 =
1,5 ∙ 𝐹𝐹𝑓𝑓 ∙ 𝑙𝑙

𝑏𝑏3
 (Eq. 9) 

 
With: σcf = Concrete flexural bending stress 
 Ff = Maximum applied force in flexural bending test 
 l = Span between supports 
 b = Height and width of the square section of the prism 

The results for both tests are presented in Tables 5 and 6. Mean compressive and flexural stress are 
shown as well as the standard deviation and the RSD. The development of both strengths over time are 
plotted in Figures 38 and 39. Here the results of material tests on Weber 3D 145-1 belonging to pull-out 
series 1 and fully described in Appendix D are shown as well for comparison. 

  

Figure 37 Sample 28D.C of series 2 flexural bending strength (left), sample 1D.A2 of series 2 
compression strength (right). 
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Age [days] 

Mean 
compressive 

stress 
[N/mm²] 

Standard 
Deviation 
[N/mm²] 

Relative 
Standard 
Deviation 

[%] 

1 24.35 1.08 4.43 

3 31.27 1.09 3.50 

7 34.74 2.26 6.50 

28 42.51 2.45 5.76 
 

 

Figure 38 Mean compressive strength plotted over time for material tests belonging to 
Series 1 (green + blue) and Series 2 (yellow). 

Figure 39 Mean flexural strength plotted over time for material tests belonging to Series 1 
(grey) and Series 2 (orange). 

Table 3 Results compression tests prism halves, Series 2.   Table 4 Results flexural bending tests prism, Series 2. 
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Analysis 
All specimens in the test series failed as prescribed in the standards. No visible discontinuities where 
observed on the surfaces of specimens or in the failure planes. Looking at the data presented in the 
figures above some things can be observed. 

All strength development lines above show a rapid increase in the first days after production. The 28-
day strength is taken as ultimate compression strength of concrete. The pull-out tests presented in the 
previous sub-paragraph where tested 11 days after production. The above figures show that the 
strength development after 11 days is sufficient to perform the tests. In both figures it can be seen that 
the Weber 3D 145-2 mixture has lower strength compared to Weber 3D 145-1. For flexural strength the 
difference is small, 3% after 28-days. For compressive strength on the other hand the difference is 
considerable with a 24% difference between prisms tested for both mixtures after 28-days. Following 
the specimen preparation, production and curing, two possible differences between tested series can 
be denoted: 

o The prisms of Series 1 were made in metal molds resulting in a smooth surface finish for the 
samples. The prisms in Series 2 were made in polystyrene molds, resulting in a more course 
surface finish. The reader is referred to Appendix D for an elaboration. 

o The water tank used for curing the samples might held contaminated water caused by samples 
of different concrete mixtures, influencing the strength development of the samples. 

No literary proof on the above differences was found, therefore more experimental tests need to be 
conducted before conclusions can be drawn on the differences. 

Looking at Figure 38 differences in compression strength between cubic samples and prism halves for 
mixture Weber 3D 145-1 over time can be observed. Information in sub-paragraph 2.3.5 states that the 
theory on size-effect is applicable when brittle failure mechanisms are discussed, implying this is also 
valid for the compression tests discussed here. According to size-effect a sample with larger dimensions 
should fail at a lower stress, compared to a smaller sample. This theory is backed by experimental proof 
like for instance in the work of Hamad (2015), who tested cubes of 50mm3, 100mm3 and 150mm3, on 
compressive strength produced with normal weight concrete (control mix) and multiple mixtures of 
lightweight concrete. For all mixtures he found a significant decrease in the 28-day compressive strength 

Figure 40 Results on 28-day compressive stress as found by Hamad for Normal weight concrete and 
multiple lightweight concrete mixtures. 
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with an increasing specimen size, as shown in Figure 40. The results presented here for cubes of 100mm3 
and half prisms with an effective dimension of 40mm3 deliver the opposite result compared to the 
literature. The compressive strength found by testing cubes is higher compared to the compressive 
strength as found by testing half prisms. Following the specimen preparation, curing procedure and 
testing procedure for both types of samples in Appendix D, no differences can be found. Therefore no 
conclusions can be drawn on what caused the difference in results. 

4.2. 3D printed samples 
Now that a frame of reference is set by the pull-out tests on compacted samples and associated material 
tests in the previous paragraph, actual tests on 3D concrete printed samples can be performed. The 
design process of these printed samples is treated first, after which the actual test results are presented. 

4.2.1. Manufacturing printed samples 
Looking at the nature of 3D concrete printing conducted at Eindhoven University of Technology, most 
structures consist of single lines with a width of 50mm. Taking into account the goal of this graduation 
project, producing printed pull-out samples similar to those slender lines is preferred. This simulates 
bond behavior as accurate as possible to printing situations. On the other hand, making samples as close 
as possible to the 200mm3 cubes as prescribed in standard NEN-EN 10080:2005 provides the best 
possible ground for a comparison with the reference samples. These considerations were turned into 
two possible designs for printed pull-out samples, both shown in Figure 41 on the following page. An 
elaborate explanation on the designs, associated tests and the final manufacturing procedure of printed 
pull-out samples is given in Appendix E. 

To make sure the maximal bond stress in a sample is reached while performing a pull-out test, pull-out 
failure should be the governing mechanism instead of splitting failure. As confinement is not considered, 
splitting failure should be prevented by sufficient cover around the embedded bars. Considering 6mm, 
12mm and 16mm bars for printed specimens, this cover should be 17,0mm, 33,9mm and 45,2mm 
respectively according to Tepfers’ equation presented in sub-paragraph 2.3.2. For the printed block in 
the figure above this condition is met for all three sizes, but for the single line specimen the condition 
is not met for 12mm and 16mm bars. 

Figure 41 Possible designs for printed pull-out samples, single line (left) and printed block (right). 
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Experiments were conducted to investigate the possibility of expanding the volume of the single line 
specimen and prevent splitting failure while testing. First three 50x200mm samples were produced 
using compacted concrete to test if they behave as Tepfers’ equation predicts. Formwork from the 
reference tests was adapted to produce the narrow slabs. One sample for each bar diameter. As 
expected the 6mm bar failed under the pull-out mechanism, and the 12mm and 16mm bar split the 
sample at a low pull-out force compared to the force achieved in the reference tests. An example is 
shown in Figure 42. Details and load-slip diagrams are present in Appendix E.  

Then four more samples were made with similar dimensions and 12mm bars, but now the volume was 
expanded at the initial setting time of approximately 3 hours, to the full 200mm3. This was done by 
casting gypsum or a non-thixotropic printing concrete around the narrow slabs, two samples for each 
material. An example is shown in Figure 43. This method is from now on referred to as capping. The 
non-thixotropic mixture is essentially the same as Weber 3D 145-1 but without the thixotropic 
properties. This makes it fluid like self-compacting concrete and therefore easy to mix and cast by hand. 
After curing the samples were tested on their pull-out capacity. All four samples first showed shear 

Figure 42 50x200mm samples for testing minimal cover (left) 
Sample PPO.16.NC split under pull-out testing (right). 

Figure 43 Capping of narrow sample using gypsum (left) shear failure of capped sample PPO.12.NTA followed 
by splitting failure (right). 
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failure between the narrow slab and the capping material, followed by splitting of the compacted 
concrete due to insufficient cover around the bar. An example of this failure is shown in Figure 43. This 
inability to transfer a sufficient amount of shear force between the core material and the capping 
material makes the narrow samples unsuitable as specimens for printed pull-out tests, as pull-out failure 
is necessary.  

Considering the results on capped samples the second design in Figure 41 was chosen. It is a printed 
block consisting out of 5 adjacent lines, with an overlap between layers to assure horizontal adherence. 
This overlap creates the possibility of interference on the bond behavior around an embedded 
reinforcement bar, but is a necessity for producing a homogeneous structure suitable for testing. By 
trail-and-error an overlap of 1mm was chosen. Considering the method of embedding the rebar, a 
fixture was designed to place it accurately at a specific height in the sample. This height is calculated for 
the bars to be pushed ‘In’ the previous layer, as was determined to be positive on bond behavior in 
Chapter 3. For 6mm bars an additional 3D plastic printed piece was designed to create a more gradual 
transition between PVC sleeves and the bonded part of the bar. This reduces the risk of unwanted air 
inclusions and makes sure the bond length is as specified by the standard. With the demand of placing 
the bars ‘In’ the previous layer and a fixed layer height of 9.5mm it is not possible to embed 16mm bars, 
which are prepped with a 27mm PVC sleeve. This would result in a collision between the sleeve and the 
print nozzle. Therefore 16mm bars are excluded from this test series. Examples of the fixtures and the 
resulting printed blocks are shown in Figure 44. For reference, pieces of rebar were placed in single 
printed lines for both 6mm and 12mm bars. 

4.2.2. Test results and analysis 
After sufficient curing time, proven by the material tests of sub-paragraph 4.1.2, the samples were put 
in a 250kN INSTRON machine and tested until the bars slipped from the printed samples. The test was 
performed identical to those of the reference test and stopped after 20mm or when the LVDT’s reached 
their limit. When a test is completed the type of failure is assessed, after which the bar is removed from 
the sample for visual analysis. Some samples were sawn in half for further analysis as well. 

Test Results 
After testing the data was analyzed in Microsoft Excel. Measured values needed are the maximum 
tensile force inflicted by the INSTRON bench and the average of the LVDT’s at the bottom of the sample. 
The maximum bond stress is calculated by dividing the maximum tensile force by the bond surface 
around the bar: 

Figure 44 Fixtures holding prepped rebar for printed pull-out samples (left) resulting printed samples (right). 
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𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 =
1

5𝜋𝜋
∙
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚

∅2
 (Eq. 8) 

With: τmax = Maximum bond stress 
 Fmax = Maximum tensile force 
 Ø = Bar diameter 

The test results for the specimens PPO.06.A till .G and PPO.12.A till .G are presented here in Tables 5 
and 6. The maximum tensile force as inflicted by the INSTRON bench is noted, followed by the maximum 
bond stress as calculated by Equation 8. The slip measured at this maximum tensile force is given as 
well. The last column shows the stress occurring in the steel bar, calculated by dividing the acting force 
by the bars cross-sectional area. The average, standard deviation and Relative Standard Deviation (RSD) 
are calculated and shown below the data. The force-slip diagrams are plotted in Figures 45 and 46.  

Specimen Fmax [N] τmax [N/mm2] sm,us [mm] σs,max [N/mm²] 

PPO.06.A 6557.10 11.60 0.986 234 

PPO.06.B 6188.75 10.94 0.391 221 

PPO.06.C 6322.77 11.18 0.637 226 

PPO.06.D 6600.00 11.67 0.928 236 

PPO.06.E 6977.27 12.34 0.873 249 

PPO.06.F 6276.56 11.10 0.581 224 

PPO.06.G 7395.77 13.08 0.623 264 

Average 6616.9 11.7 0.717 236.3 

St.dev. 433.2 0.77  15.5 

RSD [%] 6.55 6.55  6.55 
 

Table 5 PPO.06.A till .G results. 

Figure 45 PPO.06.A till G Force-slip plots 
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Table 6 PPO.12.A till .G results 

Analysis 
Again using the knowledge of Tassios from literature, the force-slip diagrams can be analyzed. All 
sampled failed in pull-out failure so theoretically the diagrams should follow phase IVc in Figure 17. The 
tests start with a preload of 0.56kN on average, which is the weight of the sample and the bearing plate 
combined. For sample PPO.12.A a sudden drop in force is measured right before the maximal pull-out 
force is reached, due to touching of the LVDT’s cable. After the maximum is reached the force decreases 
again with slight jumps in force as a result of the change in test speed as manually inputted on the 
INSTRON bench. The sinus-like shapes in the frictional branch of the diagram are present again for both 
6mm and 12mm bars. 

Specimen Fmax [N] τmax [N/mm2] sm,us [mm] σs,max [N/mm²] 

PPO.12.A 29422.55 13.01 1.192 260 

PPO.12.B 27897.04 12.33 1.223 247 

PPO.12.C 25511.24 11.28 1.138 226 

PPO.12.D 30314.87 13.40 0.962 268 

PPO.12.E 27217.60 12.03 1.015 241 

PPO.12.F 28321.57 12.52 1.171 251 

PPO.12.G 27063.06 11.96 0.957 239 

Average 27964.0 12.4 1.094 247.5 

St.dev. 1590.1 0.70  14.1 

RSD [%] 5.69 5.69  5.69 
 

Figure 46 PPO.12.A till G Force-slip plots. 
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An example of a bar removed from a printed sample after testing is shown in Figure 47. The concrete 
between the lugs indicates the formation of a shear plain between the tips of the ribs, parallel to the 
bars axis. An example of a typical cross section over the bond length of the bar is shown in Figure 48. 
Figure 49 shows sections of the embedded bars for both the reference pieces placed in single lines and 
similar sections for the printed blocks as used in the pull-out tests. It can be observed that the rebar in 
the single lines behaves similar to the samples of the parametric study in Chapter 3. Air pockets are 
present for both 6mm and 12mm bars. In the section of the printed blocks no air pockets can be 
observed for both bar diameters. Comparison of the results with the compacted samples follows in the 
next paragraph.  

Figure 47 Bond area of bar PPO.12.A after testing 

Figure 48 Cross-section of sample PPO.12.D showing bond area. 

Figure 49 Sections parallel to bars reference samples in single line 6mm (top left), 12mm (bottom left) 
and in printed blocks 6mm (top right), 12mm (bottom right). 
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4.3. Discussion on results 
Now that both the compacted samples and the 3D printed samples have been tested and analyzed, 
interpretation of the results and comparison between both can be made using knowledge from 
literature. It is emphasized up front that no hard conclusions can be drawn on the results. The 
discussions below provide possible explanations but further research in the separate phenomena is 
necessary. To guide these discussions the values of maximum bond stress, τmax, for all pull-out tests 
performed on the Weber 3D 145-2 mixture are shown in Figure 50 split up by bar diameter. Note that 
the y-axis does not start at 0.00. The compacted samples are depicted by circles and the printed samples 
are shown by triangles. Average values are shown left of the markings and the standard deviation is 
plotted as well. 

Scatter 
In general the expected scatter in pull-out tests is larger compared to scatter in compression tests or 
flexural bending tests. This has to do with the type of failure occurring in this behavior. As explained in 
chapter 2, failure in pull-out of deformed bars is complex and a combination between compression, 
tension and eventually shear of concrete. The scatter (or Relative Standard Deviation) of the tests 
depicted in Figure 50 range between 5,6% and 10,2%. Considering the complex failure mechanism and 
comparing this range with values of other research this can be considered as acceptable.  

Comparison with Weber 3D 145-1 
Before the material switch between 145-1 and 145-2 was made, a pull-out test series was performed 
on compacted samples using 6mm and 12mm bars. Results of these tests are presented in Appendix C. 
For aims of quality control the average values of those tests can be compared to the values of 
compacted samples in Figure 50. The difference for 6mm samples was only 0.2%. the difference for 
12mm samples is 13%. Note that the geometry of the 12mm bars between both series differs. For 6mm 
bars the same bar geometry was used. Pictures of all geometries are shown on page 1 of Appendix C. 

Figure 50 Scatter, average and standard deviation of pull-out tests on Weber 3D 145-2, 6mm (left) and 12mm 
(right). 
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Size effect 
Looking at the average values of τmax for compacted samples for both 6mm and 12mm, it can be seen 
that the value for 12mm bars is approximately 25% lower than for 6mm bars. Literature in paragraph 
2.3 dictates that the maximum bond stress depends on multiple phenomena. Bamonte et al. (2013) 
claims size effect is present in the maximum bond stress value for pull-out tests on deformed bars of 
varying diameter. His research focused on NRC with a compression strength of 29 MPa and HPC with a 
compression strength of 65 MPa. The material research in sub-paragraph 4.1.2. stated the compression 
stress of Weber 3D 145-2 is approximately 44 MPa after 28 days. Interpolating between Bamonte’ s 
findings in Figure 51 results in estimations for τmax of 12 N/mm2 for 6mm bars and 8 N/mm2 for 12mm 
bars. The latter being 33% lower than the former. Although the magnitudes of these values estimated 
for maximum bond stress do not correspond with the values acquired from the experimental tests, the 
difference between them lays in the same range.  

It is emphasized that only compacted samples have been discussed so far. If the results of printed 
samples are looked at, the average of 12mm samples is 6% higher than the average of 6mm samples. 
This contradicts with the statements of size effect as discussed above and no clear conclusion on 
Bamonte’ s size effect being present or not can be drawn. 

Global consolidation 
Based on chapter 3 it is expected that printed samples produce a lower maximum bond stress because 
of air pockets forming when placing the bars. Due to these air pockets, bond behavior cannot form over 
the full surface area of the bar. This results in a lower maximum bond stress when pull-out failure occurs. 
Looking at the 6mm samples in Figure 50, this is in accordance with the expectations. The average value 
of printed samples lays 19% lower than that of compacted samples. But when looking at the 12mm 
samples the opposite is seen. The printed samples have an average maximum bond stress which lays 
15% higher compared to compacted samples. 

Looking at the sections of the printed samples and the single line reference samples in Figure 49, 
differences can be seen. The air pockets are present in the single line samples, just like in the samples 
of Chapter 3. But in the sections of the printed blocks the air pockets are not present anymore. A 
possible explanation for this difference is related to the geometry of the printed block. The sectional 
area a 12mm bar takes up within a single printed layer is much larger than that of a 6mm bar. With 
28mm2 for the latter and 113mm2 for the former that is approximately four times the area. With the 

Figure 51 Estimations of τmax according to Bamonte for 6 mm and 12 mm bars. 
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print paths for the blocks of both bar types being similar, the printer does not take into account which 
type of bar is placed. It always deposits the same amount of filament. For single line structures this does 
not seem to be an issue. When the bar is placed the concrete of the previous layer bulges out sideways 
and the layers printed on top have space to settle sideways as well. But for the printed blocks it is 
different. When a bar is pushed ‘In’ the previous layer, the adjacent layers prevent the concrete from 
bulging out sideways. When layers are printed on top of the bar, the neighboring layers tend to push 
back on each other as well. Reason for this is the necessary overlap of 1mm between adjacent layers to 
create a homogeneous printed object, suitable for pull-out testing. It can be stated that the concrete is 
globally consolidated due to the chosen print path geometry. The principals for both path types, single 
line and block, are illustrated in Figure 52. Although this phenomena might explain the absence of air 
pockets near the bars of printed blocks, it does not explain the difference in average maximum bond 
stress for printed samples between 6mm and 12mm bars. 

Bar rib geometry 
One of the most important factors influencing the bond behavior is the rib geometry of the used bar. In 
paragraph 2.2 the work of Silva Filho et al. (2012) was discussed. For seven bars all 12 mm in diameter 
but with very different rib geometries, the maximum bond stress was determined in pull-out tests. With 
use of 3D laser scanning they obtained accurate values on the rib geometries for rib height, rib spacing 
and rib face angle. Their results hint on the existence of a relation between the rib height and the 

Figure 52 Different behavior in air pockets as a result of the geometry of a printed object. Single line (left) 
and printed block (right). 

Figure 53 Relation between relative rib height and ultimate bond strength. 
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maximum bond stress in pull-out. This can be seen in Figure 53. Unfortunately it was not possible to 
acquire accurate numbers on either one of the rib geometry parameters of any bar used in this research. 
It turns out suppliers do not have these specifications available and measurements by hand are not 
possible. The only valid way seems to be the 3D laser scanning used by Silva Filho. Therefor a direct 
comparison with his studies is not possible. Although the result do indicate that the rib geometry is of 
great influence. This makes it even more difficult to compare the bars off different diameter used in the 
pull-out tests, as their rib geometries are not alike. 

Comparison with codes 
In sub-paragraph 2.3.6. an overview of formulas for bond strength was presented, taken from existing 
codes. An example showed large deviations between the different answers. From the material tests it 
can be stated that printed concrete is comparable with standard C40/50. If a 6mm bar is considered in 
good bond conditions values can be calculated using the codes. These are shown in the table below. 
Their value is compared to the average value found for maximum bond stress for 6mm bars in 
compacted material τmax = 14,4: 

 

CEB-FIP:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 15,81 𝑁𝑁/𝑚𝑚𝑚𝑚2  1.10 

BS 8110:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 3,54 𝑁𝑁/𝑚𝑚𝑚𝑚2  0.25 

ACI 408:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 21,32 𝑁𝑁/𝑚𝑚𝑚𝑚2  1.48 

EN 1992:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 7,88 𝑁𝑁/𝑚𝑚𝑚𝑚2  0.55 

EC 2:  𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 3,75 𝑁𝑁/𝑚𝑚𝑚𝑚2  0.26 

 

It turns out that the Eurocode would provide a very conservative estimation of the bond strength. It is 
emphasized that the EC2 equation is used in design situations and therefore incorporates a safety factor. 
The other equations do not. For this specific case, the formula of CEB-FIP comes closest to the actual 
value found in testing. It is noted that the equation of ACI 408 is the only formula that depends on the 
diameter of the bar that is used, but provides an over estimation of the maximum bond stress just like 
the CEB-FIP equation. Over estimations are dangerous compared to conservative estimations as they 
would lead to premature failure of a structure. All-in-all the formula in EN 1992 would result in the safest 
estimation of the maximum bond stress of the equations presented here, but it is far from the actual 
value found in the experiments. 
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5. Conclusions and recommendations 
In the introduction of this graduation project, the research goal was formulated as determining the 
coherence between rebar and 3D printed concrete. Then a literature review, parametric study and 
experimental research were presented to investigate the bond behavior between printed concrete and 
traditional reinforcing steel. In this final chapter, conclusions are formulated on the research goal. These 
are based on the findings of the conducted experiments and existing knowledge from literature. It is 
emphasized that these conclusions are valid for the conditions as presented in this thesis. If changes in 
for instance bar diameter, geometry or printing mixture are implemented their effect on the bond 
behavior should be validated. Finally recommendations are presented for future research.  

5.1. Conclusions 
The fundamental differences between traditional concrete casting and 3D concrete printing, 
considering bond behavior, are the fact rebar is placed during the printing process, it is not possible to 
compact a printed structure and age plays an important role. Given these differences, four parameters 
were investigated: layer age T; placement P; bar diameter Ø; and amount of layers n. 

Looking at layer age, bars that are placed until 5 minutes after printing of the previous layer bond well 
to the surrounding concrete, provided they are pushed ‘In’ the layer. Bars placed ‘On’ the layer do not 
bond at all. When applying bars in printed concrete, air pockets form near the reinforcement bar for all 
of the investigated positions: ‘In’, ‘On’ and ‘Halfway’. The deformation of the first layer printed on top 
of the bars turns out to be very small, therefore the pockets will not close due to the weight of extra 
layers printed on top. Considering the circumference ratios, a large diameter bar is affected more by 
the air pockets compared to a small diameter bar. Including the fact that a bar pushed ‘In’ the previous 
layer consolidates the underlaying concrete slightly, results in the conclusion that small diameter bars 
pushed ‘In’ the previous layer and placed directly after printing provide, favorable conditions in terms 
of bond between rebar and 3D printed concrete.  

The parameter study provided favorable conditions for achieving a high bond strength in 3D printed 
structures . The experimental program that followed, aimed to quantify this bond strength for two bars 
6mm and 12mm in diameter using these conditions. For comparison, a frame of reference was created 
by testing samples manufactured with compacted 3DCP material. In order for printed samples to fail in 
pull-out failure, instead of splitting failure, sufficient cover on the embedded bar is needed. Narrow 
samples with a width of one filament layer do not provide the necessary cover, therefore printed blocks 
were tested, consisting out of five adjacent layers. 

Through analysis of data generated by direct pull-out tests, it can be concluded that there is  coherence 
between 3D Printed Concrete and traditional deformed reinforcement bars. Its behavior is comparable 
to the theory of bond behavior in normal reinforced concrete. Based on the force-slip diagram similar 
load transfer mechanisms can be pointed out being chemical adhesion, friction and mechanical 
interlock. Pull-out failure is similar as well by formation of shear plains between the tips of the bar ribs.  

Comparing the printed blocks to the single line objects, printed in the parametric study, it turns out their 
results cannot be compared as the air pockets are not present anymore in the printed blocks. This means 
it is not possible to generalize the outcome of these test as specific behavior for rebar in 3D printed 
objects. There is a difference occurring in samples with a different geometry. 
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On top of that, no conclusions can be drawn on the comparison between maximum bond strength of 
bars in compacted material or printed material. The results are confusing and contradicting when 
comparing bars of different diameter. This shows in the results as printed samples for 6mm bars perform 
19% lower than compacted samples while for 12mm bars the printed samples perform 15% higher in 
maximum bond stress. It is emphasized that more parameters seem to be involved than were actively 
researched in this study. The most important one being the influence of the bar rib geometry on the 
maximum bond stress, but also global consolidation as a result of print path geometry and size effect.  

Summarizing, it can be concluded that coherence between 3DCP and traditional rebar exists and its 
behavior is comparable to bond in normal reinforced concrete. Based on this research, no final 
conclusion can be drawn on the quality of this bond in 3D printed samples compared to compacted 
samples. Reasons is the change of too many parameters between printed samples consisting out of a 
single line and blocks consisting out of five adjacent lines. 

5.2. Recommendations 
Over the course of this project several recommendations can be given on what should be researched in 
the future involving the bond behavior of rebar in 3D printed structures. First of all, the list of parameters 
involved in the process is longer than what is researched here. For instance bar rib geometry and shape 
of the reinforced object seem to be of influence. Therefore parameters such as rib height, rib face angle 
and more general effective rib area should be added to the list. By isolating each parameter and 
producing and analyzing multiple samples with the same settings, this can be achieved.  

The way of analyzing samples in the parametric study can be improved as well. The destructive method 
of sawing pieces in half might influence the obtained values. Non-destructive test methods should be 
further explored. An example is röntgen scanning of samples to measure the air pockets in a printed 
object. 

Whether or not the obtained values can be compared goes hand in hand with the consistency of the 
print material coming from the pump and the way the rebar is applied. In this research both these 
factors were assumed to be constant, but in reality the material consistency fluctuates from day to day 
due to factors like water temperature and environmental conditions, which are difficult to control. Same 
goes for the rebar which was applied manually and therefore inconsistencies can occur. Further 
research is needed to increase the accuracy of the pump and a robotic device should be developed to 
place the rebar more accurate. 

Specifically on the printed pull-out samples, improvements can be researched as well. The method of 
capping single-line specimens turned out the be insufficient for gypsum and the non-thixotropic mixture 
for a relative smooth contact surface between printed and capping material. By developing a sample 
with more contact area between both materials, or finding a method to cast the capping material 
directly after printing, sufficient shear strength might be achieved. This would result in pull-out tests on 
specimens which resemble reality more closer.  

This research involves fresh concrete behaving partially like a fluid and partially like a solid. This makes 
it very difficult to make calculations upfront on the deformations occurring when a bar is pushed in. It 
involves large deformations instead of small deformations as calculated normally. The use of numerical 
models combined with theory coming from fluid dynamics might describe the behavior more accurate.  
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Finally this research only focused on the use of steel rebar, which is highly affected by corrosion if the 
surrounding concrete does not provide sufficient protection. The permeability of printing concrete is 
not known at the moment, so an alternative which is more sustainable in terms of corrosion is preferred. 
Research in different materials for use as reinforcing bars for instance glass fiber or stainless steel should 
be conducted. 

   



Eindhoven University of Technology 

58  
 

6. Bibliography 
6.1. References 

Alvarez, M., (1998), Einfluss des Verbundverhaltens auf das Verformungsvermögen von Stahlbeton, 
PhD thesis, Eidgenössische Technische Hochschule Zürich, Zürich, Switzerland. 

Bažant, Z.P., Şener, S., (1987), Size effect in pullout tests, Technical paper, ACI Materials Journal, 
American Concrete Institute, United States of America. 

Bemonte, P., Coronelli, D., Gambarova, P.G., (2013), Size effect in the bonding of smoot and deformed 
bars: NSC versus HPC, Paper, Milan University of Technology Department of Structural 
Engineering, Milan, Italy. 

Bos, F.P, Wolfs, R.J.M., Ahmed, Z.Y., Salet, T.A.M., (2016), Additive manufacturing of concrete in 
construction: potentials and challenges of 3D concrete printing, Virtual and Physical Prototyping, 
Taylor & Francis Group, United Kingdom, 11:3, 209-225. 

Breugel, K. (1997), Simulation of hydration and formation of structure in hardening cement-based 
materials, Book, Delft University Press, Delft, The Netherlands. 

CEN, (2005), NEN-EN 10080 (nl): Staal voor het wapenen van beton – Lasbaar betonstaal – Bijlage D, 
Code, Briswarenhuis, Rotterdam, The Netherlands. 

Ertzibengoa, D., Matthys, S., Taerwe, L., (2012), Bond behavior of flat stainless steel rebars in concrete, 
Rilem, Ghent University Department of Structural Engineering, Ghent, Belgium. 

Hamad, A.J., (2015), Size and shape effect of specimen on the compressive strength of HPLWFC 
reinforce with glass fibres, Journal of King Saud University – Engineering Sciences, King Saud 
University, Riyad, Saudi-Arabia, 373-380. 

Holmes, N., Niall, D., O’Shea, C., (2014), Active confinement of weakened concrete columns, Materials 
and Structures, Dublin Institute of Technology School of Civil and Structural Engineering, Dublin, 
Ireland. 

Jutinov, E., (2017), The effect of entrainment of reinforcement on the strength and ductility of 3DCP, 
Master thesis, Eindhoven University of Technology Department of the Build Environment, 
Eindhoven, The Netherlands. 

Krijntjes, T.E.L., (2017), Mechanical properties of uncured 3D printed concrete, Master thesis, 
Eindhoven University of Technology Department of the Build Environment, Eindhoven, The 
Netherlands. 

Raedts, W., (2017), Investigation into properties of fibre reinforced concrete in extrusion based 
manufacturing, Master thesis, Eindhoven University of Technology Department of the Build 
Environment, Eindhoven, The Netherlands. 

Raymond, E.U., Henry, R.L., (1965), Influence of normal pressure on bond strength, Journal of American 
Concrete Institute, Vol. 62. No.5, Andesite Press, United States of America, pages 577-586. 

Rehm, G., (1968), The basic principles of the bond between steel and concrete, Translation No. 134, 
Cement and Concrete Association, London, UK, page 66  



Graduation Thesis – G.P.J.A. Goris 
 

59 
 

Silva Filho, L.C.P., Vale Silva, B., Dal Bosco, V.I., Gomes, L., Barbosa, M.P., Lorrain, M.S., (2012), Analysis 
of the influence of rebar geometry variations on bonding strength in the pull-out test, Conference 
Paper, Conference: 4th Bond in Concrete: Bond, Anchorage, Detailing, Brescia, Italy. 

Task Group Bond Models, (2000), CEB-FIB Bulletin 10: Bond of reinforcement in concrete, state-of-the-
art report, International Federation for Structural Concrete (fib), Lausanne, Switzerland. 

Technical Committee CEN/TC 250 “Structural Eurocodes” ,EN 1992 Eurocode 2: Design and calculation 
of concrete structures Part 1-1: General rules and rules for buildings, Code ,BRIS Warenhuis, 
Rotterdam, The Netherlands. 

Technical Committee ECISS/TC 19  Concrete reinforcing and pre-stressing steels – Properties, 
dimensions, tolerances and specific tests, prEN 10080: Steel for the reinforcement of concrete – 
Weldable reinforcing steel – General, Code, CEN, Brussels, Belgium. 

Tepfers, R., (1973), A theory of bond applied to overlapped tensile reinforcement splices for deformded 
bars, Publication 73:2, Chalmers University of Technology Division of Concrete Structures, 
Göteborg, Sweden. 

Torre-Casanova, A., Jason, L., Davenne, L., Pinelli, X., (2012), Confinement effect on the steel-concrete 
bond strength and pull-out failure, Engineering Fracture Mechanics 97, Elsevier, Cachan, France. 

Vale Silva, B., Barbosa, M.P., Silva Filho, L.C.P., Lorrain, M.S., Dal Bosco, V.I., (2011), Correlation 
between the ultimate bond stress and the strength of concrete using test “APULOT”: Evaluating 
the effect of chance of concrete cover around the steel bar, Converence Paper, 53th Congresso 
Brasileiro do Concreto Ibracon 2011, Florianopolis, Brazil. 

van Boom, G.H., Buijs, J., Dekker, A.J.CHR., Eisma, W.A., Kamerling, J.W., Luitwieler, J.A., Souwerbren, 
C., (1977), Construeren in gewapend beton, Deel 1: Technologie en uitvoering, Book, Agon 
Elsevier, Amsterdam/Brussel, The Netherlands/Belgium. 

van Heuveln, E., (2017), Material and structural design aspects of a prefabricated balcony of 
lightweight concrete, Thesis, Eindhoven University of Technology Department of the Build 
Environment, Eindhoven, The Netherlands.  

Wolfs, R.J.M., (2015), 3D printing of concrete structures, Master thesis, Eindhoven University of 
Technology Department of the Build Environment, Eindhoven, The Netherlands. 

Wolfs, R.J.M., Bos, F.P., Salet, T.A.M., (2018), Correlation between destructive compression tests and 
non-destructive ultrasonic measurements on early age 3D printed concrete, Construction and 
Building Materials 181, Eindhoven University of Technology Department of the Build 
Environment, Eindhoven, The Netherlands, pages 447-454. 

  



Eindhoven University of Technology 

60  
 

6.2. List of figures 
1. 3D concrete printing robots at TU/e + printed double curved element. Retrieved 6-2018 from: www.tue.nl  
2. Three identical arches made up of cold stacked elements. Every arch printed in a different direction. 

Retrieved 6-2018 from authors work. 
3. Winsun using a flexible mesh between layers in 2012. Retrieved 6-2018 from: 

http://www.3ders.org/articles/20140401   
Winsun casting interlaced rebar within printed walls in 2015. Retrieved 6-2018 from: 
https://3dprint.com/38144/3d-printed-apartment-building/  
Huashang Tengda Industry method of printing around rebar. Retrieved 6-2018 from: https://www.3d-
board.ch/index.php/ 
Gramazio Kohler Research group mesh molds. Both plastic and steel. Retrieved 6-2018 from: 
http://gramaziokohler.arch.ethz.ch/  

4. Reinforcement Entraining Device (RED) + fibre reinforced concrete section. Retrieved 6-2018 from: 
www.tue.nl  

5. Degree of hydration against mortar strength and cement core versus hydration products. Retrieved 6-2018 
from: Di Carlo, T.T., (2012), Experimental and numerical techniques to characterize structural properties of 
fresh concrete relevant to contour crafting, PhD thesis, University of Southern California, United States. 

6. Compressive strength development and Young’s modulus development of Weber 3D 145-1 from t=0 till 
t=90 min, compared to Weber 3D 115-1. Retrieved 7-2018 from: Wolfs, R.J.M., Bos, F.P., Salet, T.A.M., 
(2018), Correlation between destructive compression tests and non-destructive ultrasonic measurements on 
early age 3D printed concrete, Construction and Building Materials 181, Eindhoven University of 
Technology Department of the Build Environment, Eindhoven, The Netherlands, pages 447-454. 

7. Thixotropic behavior of a fluid under an applied and removed shear stress. Retrieved 7-2018 from: 
https://www.copybook.com/companies/malvern-panalytical/articles/quantifying-viscosity-recovery-
following-extrusion-or-spraying-using-thixotropy-assessment-on-a-rotational-rheometer  

8. Typical stress-strain diagrams of hot rolled steel and cold rolled steel. Retrieved 7-2018 from: Technical 
Committee CEN/TC 250 “Structural Eurocodes” ,EN 1992 Eurocode 2: Design and calculation of concrete 
structures Part 1-1: General rules and rules for buildings, BRIS Warenhuis, page 32. 

9. Different types of rebar. Retrieved 7-2018 from: http://www.ductilsteel.ro/products02aEN.html & 
http://www.euroblok.nl/downloads/bouwtechniek/03_02_wapening.html  

10. Mechanisms of bond behavior. Retrieved 7-2018 from: Alvarez, M., (1998), Einfluss des Verbundverhaltens 
auf das Verformungsvermögen von Stahlbeton, PhD thesis, Eidgenössische Technische Hochschule Zürich, 
Zürich, Switzerland, page 19. (Edited by author). 

11. Directions of principal stresses: Retrieved 7-2018 from: ACI Committee 408, (2003), ACI 408R-03: Bond and 
Development of Straight Reinforcing Bars in Tension, American Concrete Institute, United States of 
America. 
Formation of Goto cracks and wedging action of the concrete between the ribs. Retrieved 7-2018 from: 
Tepfers, R., (1973), A theory of bond applied to overlapped tensile reinforcement splices for deformded bars, 
Publication 73:2, Chalmers University of Technology Division of concrete structures, Göteborg, Sweden. 

12. Tepfers compression cone- tensile ring model. Retrieved 7-2018 from: Tepfers, R., (1973), A theory of bond 
applied to overlapped tensile reinforcement splices for deformed bars, Publication 73:2, Chalmers University 
of Technology Division of Concrete Structures, Gothenburg, Sweden 
Longitudinal and transverse cracks. Retrieved 7-2018 from: Magnusson J.(2000), Bond and Anchorage of 
Ribbed Bars in High-Strength Concrete, PhD thesis, Chalmers University of Technology Division of Concrete 
Structures, Gothenburg, Sweden. 

  

http://www.tue.nl/
http://www.3ders.org/articles/20140401
https://3dprint.com/38144/3d-printed-apartment-building/
https://www.3d-board.ch/index.php/
https://www.3d-board.ch/index.php/
http://gramaziokohler.arch.ethz.ch/
http://www.tue.nl/
https://www.copybook.com/companies/malvern-panalytical/articles/quantifying-viscosity-recovery-following-extrusion-or-spraying-using-thixotropy-assessment-on-a-rotational-rheometer
https://www.copybook.com/companies/malvern-panalytical/articles/quantifying-viscosity-recovery-following-extrusion-or-spraying-using-thixotropy-assessment-on-a-rotational-rheometer
http://www.ductilsteel.ro/products02aEN.html
http://www.euroblok.nl/downloads/bouwtechniek/03_02_wapening.html


Graduation Thesis – G.P.J.A. Goris 
 

61 
 

13. Crushing of concrete in front of ribs, with decrease of angle α as a result. Retrieved 7-2018 from: Tepfers, 
R., (1973), A theory of bond applied to overlapped tensile reinforcement splices for deformed bars, 
Publication 73:2, Chalmers University of Technology Division of Concrete Structures, Gothenburg, Sweden. 
End view showing formation of splitting cracks longitudinal to the bar. Retrieved 7-2018 from: ACI 
Committee 408, (2003), ACI 408R-03: Bond and Development of Straight Reinforcing Bars in Tension, 
American Concrete Institute, United States of America. 

14. Shear plane between top of the ribs. Retrieved 7-2018 from: Hussein, L., (2011),  Analytical modeling of 
bond stress at steel-concrete interface due to corrosion, Thesis, Ryerson University Department of Civil 
Engineering, Toronto, Canada.  
Shear plane captured by Ertzibengoa. Retrieved 7-2018 from: Ertzibengoa, D., Matthys, S., Taerwe, L., 
(2012), Bond behavior of flat stainless steel rebars in concrete, Rilem, Ghent University Department of 
Structural Engineering, Ghent, Belgium. 

15. Test for determination of bond strength. Retrieved 7-2018 from: Alvarez, M., (1998), Einfluss des 
Verbundverhaltens auf das Verformungsvermögen von Stahlbeton, PhD thesis, Eidgenössische Technische 
Hochschule Zürich, Zürich, Switzerland, page 29. 

16. Pull-out test principal and test set-up. Retrieved 7-2018 from: CEN, (2005), NEN-EN 10080 (nl): Staal voor 
het wapenen van beton – Lasbaar betonstaal – Bijlage D, Code, Briswarenhuis, Rotterdam, The 
Netherlands, pages 59 + 63. 

17. Load – slip relationship according to Tassios. Retrieved 7-2018 from: Task Group Bond Models, (2000), CEB-
FIB Bulletin 10: Bond of reinforcement in concrete, state-of-the-art report, International Federation for 
Structural Concrete (fib), Lausanne, Switzerland, page 4. 

18. Size effect in pull-out tests on both NRC- and HPC samples for deformed bars. Retrieved 7-2018 from: 
Bemonte, P., Coronelli, D., Gambarova, P.G., (2013), Size effect in the bonding of smoot and deformed 
bars: NSC versus HPC, Paper, Milan University of Technology Department of Structural Engineering, Milan, 
Italy. 

19. Cement mix ‘Weber 145-2’ and pump and 50 x 10mm nozzle. Pictures taken by author. 
20. Parameters and assumptions for empirical research: bar diameter, placement and layer age. Drawn by 

author. 
21. Specimens in Series A, 16mm bar placed after 5 min both ‘In’ and ‘On’. Pictures taken by author. 
22. Two specimens pushed ‘In’ third filament layer, 22mm bars 1 min. and 60 min. after printing. Pictures taken 

by author. 
23. Specimens laid ‘On’ third filament layer, 16mm bar and 22mm bar both 5 minutes after printing. Pictures 

taken by author. 
24. Sawn sample 16mm, placed 15 min. after printing and 6x magnified microscopic image of steel bond 

interface. Pictures taken by author. 
25. Air pocket area to bar area ratio plotted over layer age, Series A ‘In’. Drawn by author. 
26. Test print over pieces or rebar for all diameters top and bottom view. Pictures taken by author. 
27. Samples Series B, 16mm bar, 1 layer on top ‘In’, ‘On’ and ‘Halfway’. Pictures taken by author. 
28. Air pocket ratio plotted to total amount of layers printed 6mm, 10mm,16mm. Drawn by author. 
29. Circumference ratio plotted to total amount of layers printed 6mm, 10mm, 16mm. Drawn by author. 
30. Width and area ratio plotted against bar diameter for both Series A and B. Drawn by author. 
31. Samples of Series A bars ‘In’ third layer 1 minute after printing 6mm and 22mm. Pictures taken by author. 
32. Formwork with 6mm bar showing bond length, cured sample and rebar’s free end. Pictures by author. 
33. Force-slip diagrams specimens PO.06.F till .J. Drawn by author. 
34. Force-slip diagrams specimens PO.12.F till .J. Drawn by author. 
35. Bond area of bar PO.12.F after testing. Picture by author. 
36. Cross-section over bond length of sample PO.06.F and PO.12.F. Pictures taken by author. 
37. Sample 28D.C of series 2 flexural bending strength and sample 1D.A2 of series 2 compression strength. 

Pictures taken by author. 



Eindhoven University of Technology 

62  
 

38. Mean compressive strength plotted over time for material tests belonging to Series 1 and Series 2. Drawn 
by author. 

39. Mean flexural strength plotted over time for material tests belonging to Series 1 and Series 2. Drawn by 
author. 

40. Results on 28-day compressive stress for normal weight concrete and multiple lightweight concrete 
mixtures. Retrieved 08-2018 from: Hamad, A.J., (2015), Size and shape effect of specimen on the 
compressive strength of HPLWFC reinforce with glass fibres, Journal of King Saud University – Engineering 
Sciences, King Saud University, Riyad, Saudi-Arabia, 373-380. 

41. Possible designs for printed pull-out samples, single line and printed block. Drawn by author. 
42. 50x200mm samples for testing minimal cover. Sample PPO.16.NC split under pull-out testing. Pictures 

taken by author. 
43. Capping of narrow sample using gypsum and shear failure of capped sample PPO.12NTA followed by 

splitting failure. Pictures taken by author. 
44. Fixtures holding prepped rebar for printed pull-out samples and resulting printed samples. Pictures taken 

by author. 
45. Force-slip diagrams specimens PPO.06.A till .G. Drawn by author. 
46. Force-slip diagrams specimens PPO.12.A till .G. Drawn by author. 
47. Bond area of bar PPO.12.A after testing. Picture taken by author. 
48. Cross-section of sample PPO.12.D showing bond area. Picture taken by author. 
49. Sections parallel to bars reference samples in single line 6mm, 12mm and in printed blocks 6mm and 

12mm. Pictures taken by author. 
50. Scatter, average and standard deviation of pull-out tests on Weber 3D 145-2, 6mm and 12mm bars. 

Drawn by author. 
51. Estimations of τmax according to Bamonte for 6mm and 12mm bars. Drawn by author. 
52. Different behavior in air pockets as a result of the geometry of a printed object. Single line and printed 

block. Drawn by author. 

  



Graduation Thesis – G.P.J.A. Goris 
 

63 
 

7. Appendices 

Appendix A – Parameter series A & B 
 

Appendix B – Calculation of bar indentation and air pocket deformation 
 

Appendix C – Reference tests 
 

Appendix D – Material tests 
 

Appendix E – Manufacturing printed samples 
 

Appendix F – Printed pull-out tests 
 



Eindhoven University of Technology 

64  
 

Appendix A – Parameter Series A & B 
This appendix describes the methods for preparing the specimens of parameter series A and B. Both 
series where printed to gain knowledge on the influence on bond behavior between rebar and 3D 
printed concrete for the chosen key parameters. These parameters where chosen to be:  

o Bar diameter, Ø 
o Placement, P 
o Layer age, T 

Series A 
For Series A the parameter values are given in the following table: 

 

This series was produced using the 3D concrete printer on 11-12-2017 using the Weber 145-1 mixture. 
A single specimen consists out of roughly 200mm of concrete in length, with a height of three layers. 
This was done to make the possible influence of the print bed negligible and to gain sufficient height for 
the larger bars to be pushed into the concrete. The speed of printing is 6000mm/min. A piece of 100mm 
steel bar is either laid on top of the third filament layer or pushed in until the top of the bar lays 
completely under the surface, by using a standard trowel. The print path consisted out of two straight 
lines, subdivided in parts for every time interval. For the intervals up to 10 minutes, all four bar 
diameters are placed for both positions ‘In’ and ‘On’. For the remaining intervals only 10 mm bars where 
used for both positions as well. An impression of the total print path a clos-up and all pieces of rebar 
used are shown in the figures below: 

 

P [-] ‘In’ ‘On’ 

Ø [mm] 6 10 16 22 6 10 16 22 

T [min] 

0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 

1 1 1 1 1 1 1 1 

5 5 5 5 5 5 5 5 

10 10 10 10 10 10 10 10 

  15      15    

  30     30    

  60       60     

Table A.1 Parameters series A. 

Figure A.1 Parameters chosen for empirical study. 

Figure A.2 Print path series A; complete (top), close-up (bottom). 
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One hour after printing the specimens where separated using a trowel. Then everything was covered in 
plastic to keep the moisture in and left to harden on the table. After 24 hours the specimens where 
removed from the print bed and examined. 

Analysis 
Analyzing the samples was done in multiple steps. First pictures were taken of all individual samples. 
These pictures were put in two tables, one for the bars pushed ‘In’ and one for the bars laid ‘On’ the 
filaments. These tables are presented in Tables A.2 and A.3 on the following pages with the bar diameter 
on the y-axis and the layer age on the x-axis. During this process it was discovered that all bars that were 
placed ‘On’ the layers, let loose on moving the samples (although done with great care) or were not 
bonded to the concrete at all before moving. For these samples the picture in the table is lined with a 
red square. 

The next step was sawing the samples that were pushed ‘In’ half. This was done using an industrial water 
saw. By sawing with a slow motion the possibility of concrete chipping off was decreased. This is a 
destructive method of analyzing with the possibility of altering the bond interface between steel and 
concrete at the cut by the large amount of energy that is necessary for the blade to cut through the 
samples. Non-destructive methods were explored but turned out to be unsuitable for the purpose of 
this empirical research. After sawing the best of two pieces were selected. They were put under a 
microscope to inspect the steel concrete interface. Ø6 bars were amplified 10x, Ø10, Ø16 and Ø22 bars 
were amplified 6x. Pictures were taken by a camera mounted on the microscope. These are combined 
in Table A.4 on the following pages.  

Finally pictures were taken next to a ruler for use in image analysis. This was done using the program 
‘ImageJ’ which is available for free on the internet. In this analysis the selected piece was measured at 
both sides. The concrete only side, denoted as ‘End’, serves as reference plane. The sawn side is denoted 
as ‘Middle’. The height, width and the area of all specimens are measured in ImageJ as shown in Figure 
A.4. Ratios for both the width and the area are calculated for both sides ‘End’ and ‘Middle’. The results 
are shown in Table A.5 on one of the following pages. The averages of both ratios are plotted against 
the bar diameter in Figure A.5. The size of the air pockets in the samples are measured using ImageJ as 
well. They are presented as a ratio against the bar diameter in Table A.6 and these are plotted over time 
in Figure A.6.  

Figure A.3 Rebar pieces used in Series A. 
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Table A.5 Image analysis results Series A. 

Figure A.4 Measurement details. 
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 Time [min] 0.5 1 5 10 15 30 60 

Bar 
diameter Ø 

[mm2] 

Ø6 (28mm²) 0.35 0.35 0.39 0.24 - - - 

Ø10 (79mm²) 0.32 0.33 0.33 0.24 0.29 0.23 0.21 

Ø16 (201mm²) 0.41 0.35 0.31 0.30 0.34 - - 

Ø22 (380mm²) 0.27 0.28 0.35 0.31 - - 0.36 

Table A.6 Air pockets to bar area ratio Series A ‘In’. 

Figure A.5 Width and area ratio plotted against bar diameter Series A ‘In’. 

Figure A.6 Air pocket area to bar area ratio plotted over time Series A ‘In’. 
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Series B 
Using the knowledge gained analyzing the first Series, a second one was proposed with a couple of 
moderations. First a small test was carried out by printing over four pieces of rebar laying directly on 
the print table, one piece for every diameter. To make sure the nozzle did not collide with the bars, a 
print path was programmed where the nozzle was always at a height of Ø + 2mm. The results are shown 
here: 

This test shows that air pockets are formed when the filament layer has to wrap around the bar. To 
investigate these pockets a parameter is added, total amount of layers printed, n. Its values in this series 
can be either 4, 5 or 6 layers. On top of that a parameter value for placement is added, ‘Halfway’. The 
bar diameter of 22 millimeter is excluded from this series. The parameters involved are listed in the 
following table: 

This series was printed 07-02-2018 using the 3D concrete printer and the Weber 145-1 mixture. A single 
specimen measures 350mm in length. Again three base layers are printed first in order to neglect the 
influence of the print bed and gain sufficient height for the larger bar diameters. The print path was 
designed as such that one layer takes 1 minute to print, with a speed of 6000mm/min. Depending on 
the total amount of layers for a sample, a 4th, 5th and 6th layer were printed on top. For samples with a 
10 or 16mm bar the nozzle is raised to 12 or 18mm respectively while printing the 4th layer (instead of 
10mm normally) to avoid collision between the nozzle and the rebar. Pieces of rebar used had a length 
of approximately 100mm. This time the bars were pushed in by hand to gain a more accurate result. 
The print path together with its dimension is shown below. The depicted path was printed three times, 
one path for every bar diameter. 

Table A.7 Parameters series B. 

Figure A.7 Test printing over pieces of rebar. 

P [-] ‘In’ ‘On’ ‘Halfway’ 

Ø [mm] 6 10 16 6 10 16 6 10 16 

n [-] 

4 4 4 4 4 4 4 4 4 

5 5 5 5 5 5 5 5 5 

6 6 6 6 6 6 6 6 6 
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One hour after printing the specimens where separated using a trowel. Then everything was covered in 
plastic to keep the moisture in and left to harden on the table. After 24 hours the specimens where 
removed from the print bed and examined. 

Analysis 
Before analysis of the samples in Series B could take place they were cut in half using an industrial saw. 
By sawing in a slow motion the possibility of concrete chipping off was decreased. This is a destructive 
method of analyzing with the possibility of altering the bond interface between steel and concrete at 
the cut by the large amount of energy that is necessary for the blade to cut through the samples. Non-
destructive methods were explored but turned out to be unsuitable for the purpose of this empirical 
research. After sawing the best of two pieces were selected. Pictures of the sawn sides were taken and 
combined in the Tables A.8, A.9 and A.10 on the following pages, one table for every bar diameter. 

Pictures of the sawn sides next to a ruler were taken as well for use in image analysis. Again ImageJ was 
used. The samples with placement value ‘In’ were measured at both sides ‘End’ and ‘Middle’. The width 
was measured at the top of the third filament layer and the area was measured similar to Series A as 
shown in Figure A.9. Again width and area ratios were calculated between both sides. The result of those 
calculations are given in Table A.11 and plotted against bar diameter in Figure A.10.  

The air pockets were measured and expressed as a ratio against the bars surface area. Here this is done 
for all placement values, so ‘In’, ‘On’ and ‘Halfway’. The ratios are given in Table A.12 and plotted against 
the total amount of layers in Figures A.11, A.12 and A.13. Each figure treating the data belonging to a 
specific bar diameter. The air pockets are measured as in Figure A.14.  

Finally the portion of a bars circumference adjacent to the air pockets was measured and expressed as 
a ratio against the bars total circumference, as shown in Figure A.15. This is done for all placement 
values and these are given in Table A.13. The results are plotted in Figures A.16, A.17 and A.18. 

 

  

Figure A.8 Print path Series B. 
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Table A.11 Image analysis results Series B. 

Figure A.9 Measurement details. 

Figure A.10 Width and area ratio plotted against bar diameter Series B. 
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  P [-] 
‘In’ ‘On’ ‘Halfway’ 

  n [-] 

Bar 
diameter Ø 

[mm2] 

Ø6 
(28mm²) 

4 0.00 0.31 0.39 

5 0.00 0.33 0.00 

6 0.00 0.30 0.28 

Ø10 
(79mm²) 

4 0.12 0.25 0.21 

5 0.20 0.35 0.17 

6 0.33 0.30 0.18 

Ø16 
(201mm²) 

4 0.20 0.21 0.19 

5 0.27 0.25 0.20 

6 0.21 0.22 0.20 
 Table A.12 Air pockets to bar area ratio Series B. 

Figure A11 Air pockets ratio plotted to total amount of 
layers 6mm bars Series B. 

Figure A.12 Air pockets ratio plotted to total amount of 
layers 10mm bars Series B. 

Figure A.13 Air pockets ratio plotted to total amount of 
layers 16mm bars Series B. Figure A.14 Air pockets area measured. 
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  P [-] 
‘In’ ‘On’ ‘Halfway’ 

  n [-] 

Bar 
diameter Ø 

[mm2] 

Ø6 
(18.85mm) 

4 0.00 0.31 0.28 

5 0.00 0.22 0.00 

6 0.00 0.19 0.28 

Ø10 
(31.42mm) 

4 0.16 0.26 0.22 

5 0.30 0.29 0.17 

6 0.25 0.17 0.25 

Ø16 
(50.27mm) 

4 0.27 0.28 0.24 

5 0.32 0.30 0.32 

6 0.31 0.31 0.33 
 

  

Table A.13 Circumference air pockets to bar circumference ratio Series B. 

Figure A.15 Air pockets circumference measured. 
Figure A.16 Circumference air pockets ratio plotted 

to total amount of printed layers 6mm bars. 

Figure A.17 Circumference air pockets ratio plotted to 
total amount of printed layers 10mm bars. 

Figure A.18 Circumference air pockets ratio plotted to 
total amount of printed layers 16mm bars. 
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Appendix B – Calculation of bar indentation and air pocket deformation 
The first part of this appendix describes a calculation for the bar indentation as a result of laying pieces 
of rebar of different bar diameters on fresh printed concrete filaments of different ages. Bar diameters 
6; 10; 16 and 22mm will be discussed, as well as layer ages 0,5; 1; 5; 10; 15; 30 and 60 minutes. The 
second part describes a calculation for the deformation of air pockets as a result of additional layers 
printed on top. 

Part 1: 
The calculation is simplified by describing it as the linear elastic spring model as shown in Figure B.1. 
The fresh concrete filament is simplified to a linear elastic spring with a spring stiffness value E. Which 
is the Young´s modulus of the concrete. The mass of the spring is simplified to the force F on the spring. 
The distribution of the self-weight is assumed to be constant over the contact area under the bar, a 
more accurate Boussinesq distribution is not taken into account. 

The shortening of this simple system can be described by the following formula: 

∆𝑙𝑙 =
𝐹𝐹 ∙ 𝑙𝑙
𝐸𝐸 ∙ 𝐴𝐴

 

The l in this formula stands for the length of the spring, which is equivalent to the height of the filament 
layer, 10mm. 

The force F is the self-weight of a piece of rebar, for this calculation a strip of bar 10mm in length is 
assumed. The weight of the bars is known from literature: 

Ø [mm]: F [N]: 

6 0.0226 
10 0.0628 
16 0.161 
22 0.297 

Table B.1 Force F per 10mm bar. 
The area A over which the force F is distributed in the concrete, is assumed to be constant and taken as 
the arclength of 30 degrees over the bars circumference. With the depth being similar as for the self-
weight, 10mm, this gives the following values for A: 

Ø [mm]: A [mm2]: 

6 15.7 
10 26.2 
16 41.9 
22 57.6 

Table B.2 Area A over arclength of 30 degrees and 10mm depth. 

Figure B.1 Simplified linear elastic spring model for metal bar laid on fresh concrete. 
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For the Young’s modulus of the fresh concrete the equation as proposed in the work of Wolfs et al. 
(2018) is used: 

𝐸𝐸(𝑡𝑡) = 3.423 ∙ 𝑡𝑡 + 17.369 

For the proposed layer ages as value t this gives the following values for the stiffness: 

t [min]: E(t) [kPa]: 

0.5 19.08 
1 20.79 
5 34.48 

10 51.60 
15 68.71 
30 120.06 
60 222.75 

Table B.3 Stiffness of fresh concrete at age t. 

With these values the shortening of the linear elastic spring in the system can be determined by the 
formula presented above, for the given layer ages t and given bar diameter Ø: 

  T [min]: 
 ∆l [mm]: 0.5 1 5 10 15 30 60 

Ø [mm]: 

6 0.75 0.69 0.42 0.28 0.21 0.12 0.06 

10 1.26 1.15 0.70 0.46 0.35 0.20 0.11 

16 2.01 1.85 1.11 0.74 0.56 0.32 0.17 

22 2.70 2.48 1.50 1.00 0.75 0.43 0.23 

Table B.4 Shortening of linear elastic spring system. 

Part 2: 
This calculation describes the deformation of an air pocket as a result of layers printed on top. It is 
strongly simplified from reality, but provides a general idea about the magnitude of these deformations. 
A bar of 16mm laid ‘On’ the third filament layer will be discussed, with three layers printed on top. This 
example is split up in three stages: S0, S1 and S2 as seen in the figure below: 

 

Figure B.2 Stages of the air pocket calculation 
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The time between two layers is taken as 1 minute. Therefore the stiffness of the layers varies. S0 is the 
moment the first layer is printed on top of the bar. It has a stiffness equal to E0 and forms two air pockets 
next to the bar. At S1 another layer is printed on top with stiffness E0. At that point the stiffness of the 
former layer changed to E1. This layer will deform due to its self-weight and the weight of the new layer. 
In S2 the third layer is printed, again with stiffness E0. The middle layer has stiffness E1 and the bottom 
layer has a stiffness equal to E2. Again a deformation can be determined for the bottom layer. Adding 
up the deformations of S1 and S2 results in the total deformation of the air pocket due to the additional 
printed layers. 

First of all the situation in S0 has to be simplified in a structural diagram. The deformation of the layers 
underneath the bar is not taken into account here. One side of the layer is discussed, so one air pocket. 
Half of the layer is simplified as a beam, loaded by a evenly distributed load and supported by a hinge 
and a roller. The structural schema and dimensions of the example calculation are shown in the figure 
below: 

For reasons of simplicity the diagram is interpreted as one of the basic cases (vergeet-me-nietjes) in 
structural mechanics. The maximum deformation of that basic case is given by equation: 

𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚 =
−5
384

∙
𝑞𝑞 ∙ 𝑙𝑙4

𝐸𝐸𝑡𝑡 ∙ 𝐼𝐼
 

The evenly distributed load is multiplied by cos(α) to calculated the portion perpendicular to the beam 
axis. The length l is found using Pythagoras. The stiffnesses are calculated using Wolfs’ equation on the 
former page. The second moment of inertia I depends on the section that is taken into account.  

The dimensions of a complete flat filament layer are 50x10mm. A depth of 10mm is taken in this 
example. Stage S0 is taken as the reference point. The first layer is deposited on the bar and the pocket 
is formed. At S1 it is assumed that only the first layer attributes to the stiffness. Therefor the active 
section of the beam in the calculation is 10x10mm with a stiffness E1. During stage S2 the first and 
second layer are assumed to completely work together. As the stiffness of both parts is different, first 
the neutral line of the active section has to be calculated, followed by the second moment of inertia for 
the inhomogeneous section. The active sections of stages S1 and S2 are shown in Figure B.4. 

 

Figure B.3 structural diagram. 
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The values used in the calculation of wmax for both S1 and S2 are shown in Tables B.5 and B.6: 

 

S1 Value: Unit: 

q 0.0030 kN/m 

l 0.0184 m 

E 20.792 kN/m2 

I 8.33E-10 m4 
   
      Table B.5 Values S1 

 

The calculation of the actual deformations in both stages and the total deformation as a result of three 
layers printed on the bar is shown below. As stated above, the second moment of inertia in S2 is 
calculated for an inhomogeneous section. For the stiffness value in the calculation of ws2 , E1 is used to 
provide the most conservative answer. 

𝑤𝑤𝑆𝑆1 =
−5
384

∙
0.0030 ∙ 0.01844

20.792 ∙ (8.33 ∙ 10−10) = −0.2558 𝑚𝑚𝑚𝑚 

 

𝑤𝑤𝑆𝑆2 =
−5
384

∙
0.0045 ∙ 0.01844

20.792 ∙ (7.1704 ∙ 10−9) = −0.0446 𝑚𝑚𝑚𝑚 

 

𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑤𝑤𝑆𝑆1 + 𝑤𝑤𝑆𝑆2 = 0.3004 ≈ 𝟎𝟎.𝟑𝟑 𝒎𝒎𝒎𝒎 

  

S2 Value: Unit: 

q 0.0045 kN/m 

l 0.0184 m 

E1 20.792 kN/m2 

E2 24.215 kN/m2 

I 7.17E-09 m4 

Table B.6 Values S2 

Figure B.4 active sections in calculation 
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Appendix C – Reference tests 
This appendix describes the experimental tests performed as reference tests for pull-out behavior. 
Preparation of the samples will be treated, followed by the results. These tests are performed as 
prescribed in Annex D of NEN-EN 10080 (2005) based on publication RC6 by RILEM. 

Series and materials 
Two series of reference tests were performed throughout the graduation project. Reason for this was a 
switch in concrete mixture from Weber 3D 145-1 tot Weber 3D 145-2 in the spring of 2018. This was 
necessary due to problems in pumpability with 145-1. At the time not many material tests were 
completed on both mixtures, so for reasons of quality control the reference tests were repeated. The 
first series was manufactured on 07-02-2018 using Weber 3D 145-1, the second series on 25-06-2018 
using Weber 3D 145-2.  

As the empirical research was not completed when the first series was manufactured, three bar sizes 
were used: 6mm, 12mm and 16mm. At the time the second series was manufactured only 6mm and 12 
mm bars were used. All bars were taken from the inventory of the test laboratory. Specific dimensions 
on the bar rib geometries could not be obtained as this information is not available from vendors. For 
the 12mm bars, two bar types with different geometries were used between both Series. Close-up 
pictures of all bar geometries used are shown in Figure C.1. A list on all reference samples is presented 
in Table C.1. 

 

 

 

 

 

  

Figure C.1 Bar geometries of rebar used, 6mm (1st), 12mm series 1 (2nd), 12mm series 2 
(3th), 16mm (4th). 
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Sample preparation, production and curing 
First formwork is constructed as specified for a 200mm square cube. Rebar is positioned in the center 
of the formwork in a horizontal position. The bond length of a bar is equal to 5 ∙Ø. Bond is prevented 
over the remainder of the bars length by use of a PVC sleeve. A watertight seal between bar and sleeve 
opening is made with glue. The bars sticking out of the formwork are hold in place by adhesive tape 
during manufacturing to prevent the bars from resonating while compacting. Formwork and bars with 
PVC sleeve and seal are shown in Figure C.2. 

Before production the formwork is sprayed with formwork oil after which the bond surface of the bar 
is cleaned with alcohol. Concrete is produced by the mixing pump and deposited in the formwork 
directly from the printer hose. Then the specimens are placed on a 30Hz vibration table and vibrated 
for a period of 5 seconds. The formwork is covered with wet cloth and sealed by a sheet of plastic. After 
1 day the specimens of the first series where taken out of the formwork and the samples where left to 
cure in a water tank until 5 hours before testing. The samples of the second series where stacked onto 
a pallet, covered with wet cloth and completely wrapped in plastic, so the moisture was kept within the 
samples. Formwork was removed 6 hours before testing. 

  

Label Test 
Size (lxbxh; 

mm)
Bar diameter 
(6,12,16; mm)

Bondlength 
(5∙Ø; mm)

Sample name 
(A,B,C,D,E,F,G,

H,I,J,)

Concrete used       
(WB 145-1, WB 145-2)

Specific remarks

PO.Ø6.A PO 200x200x200 Ø6 30 A WB 145-1
PO.Ø6.B PO 200x200x200 Ø6 30 B WB 145-1
PO.Ø6.C PO 200x200x200 Ø6 30 C WB 145-1
PO.Ø6.D PO 200x200x200 Ø6 30 D WB 145-1
PO.Ø6.E PO 200x200x200 Ø6 30 E WB 145-1
PO.Ø6.F PO 200x200x200 Ø6 30 F WB 145-2
PO.Ø6.G PO 200x200x200 Ø6 30 G WB 145-2
PO.Ø6.H PO 200x200x200 Ø6 30 H WB 145-2
PO.Ø6.I PO 200x200x200 Ø6 30 I WB 145-2
PO.Ø6.J PO 200x200x200 Ø6 30 J WB 145-2

PO.Ø12.A PO 200x200x200 Ø12 60 A WB 145-1
PO.Ø12.B PO 200x200x200 Ø12 60 B WB 145-1
PO.Ø12.C PO 200x200x200 Ø12 60 C WB 145-1
PO.Ø12.D PO 200x200x200 Ø12 60 D WB 145-1
PO.Ø12.E PO 200x200x200 Ø12 60 E WB 145-1
PO.Ø12.F PO 200x200x200 Ø12 60 F WB 145-2
PO.Ø12.G PO 200x200x200 Ø12 60 G WB 145-2
PO.Ø12.H PO 200x200x200 Ø12 60 H WB 145-2
PO.Ø12.I PO 200x200x200 Ø12 60 I WB 145-2
PO.Ø12.J PO 200x200x200 Ø12 60 J WB 145-2

PO.Ø16.A PO 200x200x200 Ø16 80 A WB 145-1
PO.Ø16.B PO 200x200x200 Ø16 80 B WB 145-1
PO.Ø16.C PO 200x200x200 Ø16 80 C WB 145-1
PO.Ø16.D PO 200x200x200 Ø16 80 D WB 145-1
PO.Ø16.E PO 200x200x200 Ø16 80 E WB 145-1

Table C.1 List of reference samples produced. 
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Test procedure 
The first series was tested on 07-03-2018, the second on 
06-07-2018. Specimens are placed in a 250kN INSTRON 
test bench as shown in Figure C.3. A wooden support sits 
under the block as soft board is laid on top and LVDT’s are 
connected to the free end of the rebar. A bearing plate is 
placed followed by nuts on the threaded bars, without 
tightening. The end of the rebar is placed in the gripper of 
the testing bench and tightened. The machine is slightly 
moved up until the concrete block comes loose from the 
support. The bar is now loaded by the self-weight of the 
block. Then the nuts are hand-tightened so that the 
bearing plate stays in place but no preload is added to the 
bar. The specimen is now ready for testing. 
 
Speed of the test is inserted manually in the test machine 
and varied throughout the test. The speeds are shown in 
Table C.2 based on the deformation that occurred. A test 
is finished when a maximum of 30mm displacement has 
occurred 

Displacement 
[mm] 

Test speed 
[mm/min] 

0 - 2 0.5 
2 - 5 2.5 

5 - 30 30.0 

Table C.2 Test speeds 

Figure C.2 Formwork for 6mm, 12mm and 16mm samples (left) bars with PVC sleeves and watertight seal (right). 

Figure C.3 Test set-up for pull-out test. 
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Test results 
Measurements taken during testing are the tensile force needed by the test bench to slip the bar out of 
the concrete and the values of the LVDT’s at the bottom of the sample. These values can be used to plot 
a bond-slip relationship. The maximum bond stress is calculated by the following equation: 

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 =
1

5𝜋𝜋
∙
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚

∅2
 

The following pages provide the test results of the reference pull-out tests consisting out of a table and 
a bond-slip plot each. The tables hold the maximum pull-out force, the maximum bond stress, 
displacement of the LVDT’s at maximum pull-out force and the stress occurring in the rebar at the 
maximum pull-out force. First the results of the first series are presented, followed by the results of the 
second series. 

Series 1; Specimens PO.06.A till PO.06.E: 

  

Figure C.4 PO.06.A till E Force-slip plots 

Specimen Fmax [N] τmax [N/mm2] sm,us [mm] σs,max 

[N/mm²] 

PO.06.A 8842.5 15.64 0.585 316 

PO.06.B 6799.9 12.02 0.708 243 

PO.06.C 7721.4 13.65 0.520 276 

PO.06.D 8549.0 15.12 0.537 305 

PO.06.E 8739.7 15.46 0.802 312 

Average 8130.5 14.38 0.630 290 

St.dev. 864.8 1.53  30.9 

RSD 10.64 10.64  10.64 
 Table C.3 PO.06.A till E results 



Graduation Thesis – G.P.J.A. Goris 
 

87 
 

Series 1; Specimens PO.12.A till PO.12.E: 

 

Specimen Fmax [N] τmax 

[N/mm2] 
sm,us 

[mm] 
σs,max 

[N/mm²] 

PO.12.A 22543.5 9.97 1.357 200 

PO.12.B 23961.1 10.59 0.871 212 

PO.12.C 24209.7 10.70 1.061 214 

PO.12.D 17298.3 7.65 1.067 153 
PO.12.E 17926.4 7.93 1.070 159 
Average 21187.8 9.37 1.085 188 

St.dev. 3332.6 1.47  29.5 

RSD 15.73 15.73  15.73 
 

Table C.4 PO.12.A till E results 

 

 

  

Figure C.5 PO.12.A till E Force-slip plots 
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Series 1; Specimens PO.16.A till PO.16.E: 

The values of specimen PO.16.C are excluded from the results as preload was set on the specimen by 
accident. This was a result of tightening of the nuts by too much force. The results for specimen PO.16.C 
are excluded in the calculation of the average and standard deviation, as splitting failure occurred 
instead of pull-out failure. The force-slip plot of that specimen is shown by a dotted line. 

 

Specimen Fmax [N] τmax 

[N/mm2] sm,us [mm] σs,max 

[N/mm²] 

PO.16.A 53980.5 13.42 1.181 269 

PO.16.B 47425.5 11.79 0.928 236 

PO.16.C x x x x 

PO.16.D {62296.9} {15.49} {0.664} {310} 
PO.16.E 50896.3 12.66 0.666 253 
Average 50767.4 12.62 0.925 253 

St.dev. 3279.43 0.82  16.3 

RSD 6.46 6.46  6.46 
 

Table C.5 PO.16.A till E results 

 

 

  

Figure C.6 PO.16.A till E Force-slip plots 
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Figure C.7 Scatter, average and standard deviation of pull-out Series 1 for 6mm (green), 12mm (blue) 
and 16mm  bars (yellow). 
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Series 2; Specimens PO.06.F till PO.06.J: 

The values of PO.06.H are excluded from the average and standard deviation as the specimen failed 
earlier due to inclusion of air near the bond length. 

Specimen Fmax [N] τmax [N/mm2] sm,us [mm] σs,max [N/mm²] 

PO.06.F 8050.91 14.24 0.818 288 

PO.06.G 7462.04 13.20 0.865 267 

PO.06.H {3556.09} {6.29} {0.956} {127} 

PO.06.I 7755.87 13.72 0.633 277 

PO.06.J 9359.36 16.55 0.732 334 

Average 8157.0 14.4 0.762 291.3 

St.dev. 836.8 1.48  29.9 

RSD [%] 10.26 10.26  10.26 
 

Table C.6 PO.06.F till J results 

 

 

  

Figure C.8 PO.06.F till J Bond-slip plots 
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Series 2; Specimens PO.12.F till PO.12.J: 

 

Specimen Fmax [N] τmax [N/mm2] sm,us [mm] σs,max [N/mm²] 

PO.12.F 26456.48 11.70 0.791 234 

PO.12.G 22399.09 9.90 1.002 198 

PO.12.H 26427.93 11.68 0.792 234 

PO.12.I 22330.89 9.87 1.344 198 

PO.12.J 24047.20 10.63 0.773 213 

Average 24332.3 10.8 0.940 215 

St.dev. 2045.0 0.90  18.1 

RSD [%] 8.40 8.40  8.40 
 

Table C.7 PO.12.F till J results 

 

 

  

Figure C.9 PO.12.F till J Force-slip plots 
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Specimen analysis 
After testing the bars were removed from the samples and photographed for analysis. Multiple samples 
were sawn in half for inspection of the bonded area and to check the homogeneity of the concrete. 
Examples are shown on the following pages as well as evidence of the split sample and the inclusion of 
air near the bond surface. 

Figure C.10 Bonded area of bars after testing, Series 1 
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            6F     6G            6H       6I     6J 

                12F         12G     12H            12I   12J 
Figure C.11 Bonded area bars after testing, Series 2 
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Figure C.12 Sample PO.06.A sawn in half + close-up of 
bond length 

Figure C.13 Sample PO.12.C sawn in half + close-up of 
bond length. 

Figure C.14 Sample PO.16.B sawn in half + close-up of 
bond length. Figure C.15 Sample PO.06.F sawn in half + close-up 

of bond length. 
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Figure C.16 Sample PO.12.F sawn in half + close-up of bond 
length. 

Figure C.17 Air inclusion in Sample PO.06.H. 

Figure C.18 Splitting failure in Sample PO.16.D. 
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Appendix D – Material tests 
This appendix describes the material tests performed on both the Weber 3D 145-1 and Weber 3D 145-
2 mixtures. They were necessary as little about the mixtures was known and specific numbers on 
compression strength and flexural strength were still unknown. Also quality control for the pull-out tests 
of Appendix C was necessary.  

Codes, series and material 
Two series of tests were performed on both Weber 3D 145-1 and Weber 3D 145-2. Specimen 
dimensions and curing conditions of both series are in accordance with BS-EN 196-1:1995 and NEN-EN 
12390-2 respectively. 

The first series was produced on 07-02-2018 with Weber 3D 145-1 and corresponds to Series 1 of the 
pull-out tests. It consists out of compression tests on 100mm square cubes conform NEN-EN 12390-
4:2005, flexural bending tests on 40x40x160mm prisms conform BS-EN 196-1:1995 and compression 
tests on half prisms conform BS-EN 196-1:1995. All tests were performed at ages 1, 7 and 28 days after 
production of the samples.  

The second series was produced on 25-06-2018 with Weber 3D 145-2 and corresponds to Series 2 of 
the pull-out tests. It consists out of flexural bending tests on 40x40x160mm prisms conform BS-EN 196-
1:1995 and compression tests on half prisms conform BS-EN 196-1:1995. All tests were performed at 
ages 1, 3, 7 and 28 days after production of the samples.  

Sample preparation, production and curing 
Two types of samples were produced: cubes and prisms. For the cubes metal molds with an inner 
dimension of 100x100x100mm were used when bolted together. For the prisms in the first series, metal 
molds dimensions 40x40x160mm were used. In the second series polystyrene molds were used. All 
molds were cleaned thoroughly before use. Before casting all molds were sprayed with formwork oil for 
easy of unmolding. Concrete was produced by use of the mixing pump and deposited directly into the 
molds from the printer hose. Then the specimens were placed on a 30Hz vibration table and vibrated 
for a period of 5 seconds. If necessary extra material was added and the sample was vibrated again. Up 
next the molds were sealed by a sheet of plastic. After 1 day of curing the specimens were demolded, 
checked for inconsistencies  and stored in a water tank until 30 minutes before testing. Examples of 
both cubes and prisms are shown in Figure D.1. 

Figure D.1 Cubes and prisms of test series 1. 
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Test procedures 
The cubes were tested on a 4 Mega Newton test bench and the prisms on a Controls bench, both 
present in the structural laboratory of Eindhoven University of Technology.  

The cubes are placed in the test machine. According to the standard the compression test for cubes is 
force controlled and is supposed to last approximately 60 seconds. The loading rate should be estimated 
according to an expected compression strength depending on the age of the concrete. For the tests 
performed here an estimation is based on a test report by Crombez, Simpelaar and van de Ven (2018). 
Loading rates for 1-, 7- and 28-day samples are 4,33; 9,0; and 10,5kN/sec respectively. A preload of 
10kN is set by the bench, then the test is started. When the maximum compression force is reached, 
the specimen fails and the bench automatically stops the test. The force is recorded manually from the 
bench and rounded off to the nearest 0,1kN. The type of failure is assessed in accordance with Figure 1 
& 2 in NEN-EN 12390-3:2005. 

The prisms are tested on a Controls bench. Specimens should be rotated 90O degrees compared to the 
casting position. First a flexural bending test is performed on the full specimen. Loading rate is specified 
by the code as constant with a speed of 50 N/sec. The test is force controlled and lasts until failure of 
the specimen, detected by the bench. Maximal force is recorded manually and round off to the nearest 
0,01kN. The type of failure is assessed, specimens should fail at the bottom underneath the load 
application point. 

Both halves resulting from the flexural bending test are used as samples in compression tests on the 
Controls bench as well. Again specimens should be rotated in a way the cast face, faces sideways. The 
loading rate is specified by the code as constant with a speed of 2400N/sec. The test is force controlled 
and lasts until failure of the specimen, detected by the bench. Maximal force is recorded manually and 
round off to the nearest 0,01kN. The type of failure is assessed, specimens should fail in an hourglass 
shape. 

Figure D.2 shows failed specimens for all three tests in the corresponding test bench. 

Test results 
Results of all test are recorded by hand. The compressive stress at failure for both the cubes and half 
prisms results from the force as recorded from the bench divided by the failure plane, taken as the 
cross-section of the samples. For flexural bending strength the stress is calculated by the following 
equation: 

𝜎𝜎𝑐𝑐𝑓𝑓 =
1,5 ∙ 𝐹𝐹𝑓𝑓 ∙ 𝑙𝑙

𝑏𝑏3
 

Figure D.2 Specimens after testing cube compression (left), flexural bending (middle), prism compression (right). 
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For the cubes and prisms in the first series, the mass was weight to determine the density of the 
hardened material. Test results of all specimens are shown in the tables on the following pages. 

Series 1; Compression cubes: 

 
Table D.1 Results compression cubes series 1. 

Series 1; Compression prisms: 

 

Age [days] Sample [-] Mass [kg]
Volume 

[m³]
Density 
[kg/m³]

Failure 
load [kN]

Failure 
plane 
[mm²]

Compressive 
strength 
[N/mm²]

Remarks [-]

CO.01.A 2.183 0.001 2183.00 282.8 10000 28.3
CO.01.B 2.180 0.001 2180.00 280.2 10000 28.0
CO.01.C 2.186 0.001 2186.00 283.6 10000 28.4

Mean [n=3] 2183.00 282.2 28.22
St. Dev. [n=3] 3.00 1.78 0.18

CO.07.A 2.177 0.001 2177.00 479.1 10000 47.9
CO.07.B 2.185 0.001 2185.00 477.4 10000 47.7
CO.07.C 2.214 0.001 2214.00 500.1 10000 50.0

Mean [n=3] 2192.00 485.5 48.55
St. Dev. [n=3] 19.47 12.64 1.26

CO.28.A 2.183 0.001 2183.00 569.3 10000 56.9
CO.28.B 2.199 0.001 2199.00 586.4 10000 58.6
CO.28.C 2.190 0.001 2190.00 596.4 10000 59.6

Mean [n=3] 2190.67 584.0 58.40
St. Dev. [n=3] 8.02 13.70 1.37

1-day

7-days

28-days

Tested:      
08-02-2018

Tested:      
14-02-2018

Tested:      
07-03-2018

Age [days] Sample [-]
Failure 

load [kN]

Failure 
plane 
[mm²]

Compressive 
strength 
[N/mm²]

Remarks [-]

FB.01.A1 44.04 1600 27.5
FB.01.A2 42.08 1600 26.3
FB.01.B1 43.36 1600 27.1
FB.01.B2 42.59 1600 26.6
FB.01.C1 43.65 1600 27.3
FB.01.C2 43.71 1600 27.3

Mean [n=6] 43.24 27.02
St. Dev. [n=6] 0.75 0.47

FB.07.A1 74.48 1600 46.6
FB.07.A2 74.30 1600 46.4
FB.07.B1 76.51 1600 47.8
FB.07.B2 76.03 1600 47.5
FB.07.C1 76.19 1600 47.6
FB.07.C2 76.11 1600 47.6

Mean [n=6] 75.60 47.25
St. Dev. [n=6] 0.96 0.60

FB.28.A1 86.53 1600 54.1
FB.28.A2 90.26 1600 56.4
FB.28.B1 88.90 1600 55.6
FB.28.B2 90.51 1600 56.6
FB.28.C1 87.54 1600 54.7
FB.28.C2 88.55 1600 55.3

Mean [n=6] 88.72 55.45
St. Dev. [n=6] 1.54 0.96

1-day

7-days

28-days

Tested:      
08-02-2018

Tested:      
14-02-2018

Tested:      
07-03-2018

Table D.2 Results compression prisms series 1. 
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Series 1; Flexural bending prisms:

 

Table D.3 Results flexural bending prisms series 1. 

Age [days] Sample [-] Mass [kg]
Volume 

(∙10⁻⁶)[m³]
Density 
[kg/m³]

Failure 
load [kN]

Flexural 
strength 
[N/mm²]

Remarks [-]

FB.01.A 0.560 256 2187.50 2.311 5.416
FB.01.B 0.558 256 2179.69 2.054 4.814
FB.01.C 0.562 256 2195.31 2.008 4.706

Mean [n=3] 2187.50 2.124 4.979
St. Dev. [n=3] 7.81 0.163 0.383

FB.07.A 0.566 256 2210.94 3.096 7.256
FB.07.B 0.562 256 2195.31 2.999 7.029
FB.07.C 0.564 256 2203.13 3.108 7.284

Mean [n=3] 2203.13 3.068 7.190
St. Dev. [n=3] 7.81 0.060 0.140

FB.28.A 0.578 256 2257.81 3.432 8.044
FB.28.B 0.571 256 2230.47 3.240 7.594
FB.28.C 0.562 256 2195.31 3.215 7.535

Mean [n=3] 2227.86 3.296 7.724
St. Dev. [n=3] 31.33 0.119 0.278

28-days
Tested:      

07-03-2018

1-day
Tested:      

08-02-2018

7-days
Tested:      

14-02-2018

Figure D.3 Mean compressive strength of cubes and prisms series 1 (top) mean flexural strength of 
prisms series 1 (bottom). 
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Series 2; Compression prisms: 

 

 

 

 

  

Age [days] Sample [-]
Failure 

load [kN]

Failure 
plane 
[mm²]

Compressive 
strength 
[N/mm²]

Remarks [-]

1DA.A1 38.40 1600 24.0
1DA.A2 37.22 1600 23.3
1DB.A1 38.26 1600 23.9
1DB.A2 41.89 1600 26.2
1DC.A1 37.89 1600 23.7
1DC.A2 40.11 1600 25.1

Mean [n=6] 38.96 24.35
St. Dev. [n=6] 1.73 1.08

3DA.A1 49.96 1600 31.2
3DA.A2 51.46 1600 32.2
3DB.A1 50.51 1600 31.6
3DB.A2 51.75 1600 32.3
3DC.A1 46.89 1600 29.3
3DC.A2 49.59 1600 31.0

Mean [n=6] 50.03 31.27
St. Dev. [n=6] 1.75 1.09

7DA.A1 57.46 1600 35.9
7DA.A2 51.76 1600 32.4
7DB.A1 52.18 1600 32.6
7DB.A2 53.23 1600 33.3
7DC.A1 59.95 1600 37.5
7DC.A2 58.90 1600 36.8

Mean [n=6] 55.58 34.74
St. Dev. [n=6] 3.61 2.26

28DA.A1 71.72 1600 44.8
28DA.A2 72.26 1600 45.2
28DB.A1 61.71 1600 38.6
28DB.A2 68.36 1600 42.7
28DC.A1 68.24 1600 42.7
28DC.A2 65.77 1600 41.1

Mean [n=6] 68.01 42.51
St. Dev. [n=6] 3.92 2.45

1-day

7-days

28-days

Tested:      
20-06-2018

Tested:      
26-06-2018

Tested:      
17-07-2018

3-days
Tested:      

22-06-2018

Table D.4 Result compression prisms series 2. 

Figure D.4 Mean compressive strength prisms series 2. 
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Series 2; Flexural bending prisms: 

  

Age [days] Sample [-]
Failure 

load [kN]

Flexural 
strength 
[N/mm²]

Remarks [-]

1D.A 2.074 4.861
1D.B 1.878 4.402
1D.C 1.929 4.521

Mean [n=3] 1.960 4.595
St. Dev. [n=3] 0.102 0.238

3D.A 2.831 6.635
3D.B 2.532 5.934
3D.C 2.550 5.977

Mean [n=3] 2.638 6.182
St. Dev. [n=3] 0.813 0.393

7D.A 2.898 6.792
7D.B 2.857 6.696
7D.C 2.841 6.659

Mean [n=3] 2.865 6.716
St. Dev. [n=3] 0.029 0.069

28D.A 3.157 7.399
28D.B 3.316 7.772
28D.C 3.150 7.383

Mean [n=3] 3.208 7.518
St. Dev. [n=3] 0.094 0.220

Tested:      
17-07-2018

1-day
Tested:      

20-06-2018

7-days
Tested:      

26-06-2018

3-day
Tested:      

22-06-2018

28-days

Table D.5 Results flexural bending prisms series 2. 

Figure D.5 Mean flexural strength prisms series 2. 
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Analysis 
All specimens failed as prescribed in the standards. No discontinuities where observed on the surfaces 
of specimens or in failure planes.  

A difference was observed in the compression tests on half prisms between the first and second series. 
When a test finishes, the bench shows a force-displacement curve on the screen. Although no specific 
values can be determined, the shape of the curve provides information on the test performed. Figure 
D.6 shows curves representative for all tests performed in series 1 and series 2 respectively. It can be 
seen that in the tests of series 1 the stiffness during testing was constant until failure (inclination angle 
is constant). In contrast to the stiffness of the tests in series 2, which seems to decrease at first, after 
which it stiffens again until failure. Also lower values in compression strength were found in series 2 
compared to the values of series 1, although the flexural strength is similar to that of series 1. Possible 
explanations for these phenomena are the possibility of contaminated water in the tank used for curing 
the samples and the difference in molds used. Series 1 was cast in metal molds and series 2 was cast in 
polystyrene molds. The former resulting in a more smooth surface finish compared to the finish in the 
latter. The difference is shown in Figure D.7. 

  

Figure D.6 force-displacement curves of prism compression tests as captured by the Controls bench for 
series 1 (left) and series 2 (right). 

Figure D.7 Difference in surface finish of prisms cast in metal molds (left) and cast in polystyrene molds (right). 
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Appendix E – Manufacturing printed samples 
This appendix describes the steps taken in the development of 3D printed samples suitable for use in a 
direct pull-out test as described in Annex D of NEN-EN 10080:2005. As this type of sample was not yet 
produced before, two options were thought out and tested. The results of these tests are presented 
here. The chosen procedure is elaborated upon in the end. The options were tested simultaneous with 
the reference tests, therefore first 6mm, 12mm and 16mm bars are discussed. For the final procedure 
only 6mm and 12mm bars are considered. 
 
Possible print paths 
In order to get the best comparison possible between compacted reference samples and printed pull-
out samples, the specimens should all fail in pull-out failure. For the reference tests this was achieved, 
except for one 16mm sample. This implies, as no confinement of any kind is present in the samples, that 
the dimensions of 200 x 200 x 200mm as specified in the code, provide sufficient cover around the bar 
to prevent splitting failure. Considering the nature of the printing set-up used at Eindhoven University 
of Technology, most printed objects consist out of single lines with a 50mm width. With these two things 
in mind two possible designs were created for the printed pull-out samples, as shown in Figure E.1. The 
first is a single printed line with a steel bar embedded halfway, the other is a robust printed block 
consisting out of five lines printed alongside each other. In both options the bar lays parallel to the print 
direction. 

 

Figure E.1 Possible designs for printed pull-out samples. A single printed line (left) and a printed block (right). 

With the second design the possibility of interference of adjacent layers on the bond behavior of the 
bar is considerable. As the aim of this project is to capture the behavior of reinforcing steel in 3D printed 
concrete, the first design is preferred. 

Test on 50mm wide samples and capping 
With the width of the specimen being only 50mm, the possibility of splitting of the sample while testing 
needs to be determined. Based on the equation in the literature review, coming from Tepfers, the 
minimal cover needed to prevent splitting can be estimated by rewriting this equation: 
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𝜎𝜎𝑡𝑡(max) =
1.644 ∅ ∙ 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 tan𝛼𝛼

�𝑐𝑐 + ∅
2�

 

The tensile capacity of the concrete used is estimated at 10% of its 28-day compressive strength: +-5 
N/mm2. For the angle α a value of 45O degrees is taken and the maximal bond stress is estimated at 10 
N/mm2. With these values the minimal cover for 6mm, 12mm and 16mm bars can be determined. The 
values for c are: 

Ø [mm] c [mm] 

6 17,0 
12 33,9 
16 45,2 

Table E.1 Minimal cover on reinforcing bars. 

This implies that the use of 50mm wide sample embedding 12mm and 16mm bars results in splitting 
failure instead of pull-out failure. To prevent this the volume of the samples needs to be expanded 
towards the dimensions of the 200mm3 square blocks as described in the standards. This way the forces 
have more material to spread out in the conical shape as described by Tepfers. 

Two options were thought off to increase the size of a sample, based on the idea of capping. In 
experimental research, often samples are capped with gypsum to create a smoother and more even 
surface finish where a specimen for example touches a load cell or has to act as a roller support. Here 
both gypsum and a special non-thixotropic print concrete mixture will be used to cap a 50mm wide 
sample. The non-thixotropic mixture is provided by SG Weber Beamix and is in essence similar to the 
Weber 3D 145-1 mixture, but without the thixotropic properties. The main advantage is it can be easily 
mixed and casted by hand, but the disadvantage is it flows like self-compacting concrete and needs to 
be poured into a mold. To test the capping principle a small test series was produced. As this test is 
focusing on the dimensions of the samples, concrete is poured in molds directly from the printer hoze 
and compacted on a vibration table. First one 50 x 200mm wide sample is made for all three bar 
dimensions to test if splitting failure occurs. Then two narrow samples are capped using gypsum, and 
two samples are capped using the non-thixotropic mixture. Details on the sample are shown in Table 
E.2 and the manufacturing procedure is schematized in steps in Figure E.2. The same formwork is used 
as for the reference pull-out tests, preparation of the bars used, bond length and so on are similar as 
well (1.). To end up with 50mm wide samples, two pieces of Styrodur foam are fixed in the formwork 
during casting (2.). After vibrating the concrete is covered to harden until initial set of the print concrete 
is reached after approximately 3 hours (3.). Then the formwork is partially taken apart to remove the 
Styrodur foam (4.). The formwork is closed up again and both gypsum and non-thixotropic concrete are 
poured in the designated formwork (5.). Then samples are covered again and left to cure. 

 
Table E.2. Details on test samples for capping procedure. 

PPO.06.NC PO 50x200x200 Ø6 30 NC WB 145-1 Not Capped
PPO.12.NC PO 50x200x200 Ø12 60 NC WB 145-1 Not Capped
PPO.16.NC PO 50x200x200 Ø16 80 NC WB 145-1 Not Capped
PPO.12.GA PO 200x200x200 Ø12 60 GA WB 145-1 Gypsum capped
PPO.12.GB PO 200x200x200 Ø12 60 GB WB 145-1 Gypsum capped
PPO.12.NTA PO 200x200x200 Ø12 60 NTA WB 145-1 Non-thixotropic cap
PPO.12.NTB PO 200x200x200 Ø12 60 NTB WB 145-1 Non-thixotropic cap

Sample name 
(NC,GA,GB,NTA,NTB

Concrete used (WB 
145-1)

Specific remarksLabel Test Size (lxbxh; mm) Bar diameter 
(6,12,16; mm)

Bondlength 
(5∙Ø; mm)
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Figure E.2. Manufacturing process of uncapped and capped samples. 

Figure E.3 shows multiple samples after demolding. 

 

Figure E.3 Samples after demolding not capped (top), gypsum capped (right) and non-thixotropic capped (left). 

For testing of the samples the exact same procedure as described in Appendix C. was used. For details 
on the set-up and procedure, the reader is referred to that appendix. On the following pages the results 
for uncapped samples are shown in the form of force-slip diagrams. The results of bars with a similar 
diameter from reference Series 1 are shown with light blue lines for comparison. 
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Figure E.4 50x200mm wide sample with 6mm bar without capping. 

 

 

 

Figure E.5 50x200mm wide sample with 12mm bar without capping. 
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Figure E.6 50x200mm wide sample with 16mm bar without capping. 

All three samples behaved exactly as predicted by the minimal cover calculation. The 6mm bar failed by 
pull-out failure and both the 12mm and 16mm bars failed by splitting failure, as the cover on the bars 
is insufficient. Splitting failure is shown by a dotted line in the graphs. An example of a split sample is 
shown in Figure E.7. The radial and longitudinal cracks corresponding to splitting theory can be observed 
clearly. 

The maximum pull-out force for sample PPO.06.NC is lower than the values found in the reference tests. 
This can be explained by the presence of small air bubbles observed underneath all bars in this test 
series. Where air lays next to the bars, no bond can be facilitated, resulting in a lower pull-out resistance. 
Reason for this is either insufficient vibration time on the compaction table, or the samples were not 
pressed down hard enough during compaction. An example of these bubbles is shown in Figure E.7 for 
split sample. 

Figure E.7 Radial cracks in split sample PPO.16.NC (left) longitudinal cracks near bond surface and air bubbles 
below bar (right). 
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Figure E.8 Results of gypsum capped and non-thixotropic capped samples with 12mm bars. 

Results for the capped samples are shown in Figure E.8. For comparison the force-slip diagram for the 
uncapped sample PPO.12.NC is shown as well by the continuous line. Note that the x-axis representing 
slip only goes on until 3mm. All four tests were stopped earlier as first shear failure occurred between 
the compacted concrete and one of both capped parts followed by splitting failure of the print concrete 
material due to insufficient cover, shown in Figure E.9 . The samples were not able to transfer sufficient 
shear force between the core material and either gypsum or non-thixotropic concrete. As observed in 
the figure, the contact surface between compacted print concrete and both types of capping is rather 
smooth. This is due to the fact that the Styrodur foam has to be taken out of the formwork, before cast 
of the cappings is possible. Also the time between manufacturing core material and pouring the 
cappings is essential in the bond between the two materials.  

 

Figure E.9 Samples failed in shear between core material and capping first, followed by splitting failure for both 
gypsum capping (left) and non-thixotropic concrete capping (right). 
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Final manufacturing procedure 
Considering the results of the capping test, the options for producing printed pull-out samples as shown 
in Figure E.1 are assessed again. Although the narrow 50x200mm samples are preferred due to their 
close similarities with 3D printed structures in general, they do not suffice as splitting failure occurs for 
larger bar diameters. Expanding the volumes by means of capping is not an option, as the shear capacity 
between two different materials turns out to be insufficient as well. For these reasons the choice was 
made to produce robust pull-out specimens by printing blocks consisting out of 5 adjacent lines. The 
lines have a minimal overlap of 1mm to assure they adhere to each other. The magnitude of this overlap 
was found experimentally in varies printing sessions. The print path is shown in Figure E.10. First 11 
layers are printed of 9.5mm height each. Then a fixture holding the rebar is placed, pushing the rebar 
‘In’ the 11th layer as prescribed by the empirical research. Then another 10 layers are printed. After 
approximately 20 minutes the unnecessary parts of the print path are cut off and removed, after which 
the block is covered in plastic to prevent dehydration. 24 hours after printing all blocks where removed 
from the print bed and stacked on a pallet covered in wet cloth. The pallet was completely wrapped in 
plastic so moisture was kept within the samples.  

Using the procedure presented here, pieces of rebar measuring 6mm and 12mm in diameter can be 
embedded without a collision between nozzle and the sleeve preventing bond over the rest of the bar. 
The same PVC sleeve is used, measuring approximately 19mm in diameter. For 16mm bars however a 
bigger sleeve measuring approximately 27mm in diameter is necessary. This cannot be applied in the 
print path presented above without raising the nozzle in the 12th layer, after the bar is placed. If the 
nozzle is raised a non-uniform block will result, which is unsuitable for testing in the pull-out test. For 
this reason the 16mm bar is not applied in the printed test series. 

Figure E.10 Manufacturing procedure of printed pull-out samples. 
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Alterations had to be made to the preparations of the rebar in comparison to the parts used in the 
reference tests. These are shown in Figure E.11. First of all a fixture was made to keep the bar in the 
desired position, as no formwork is present to secure the bar in. Holes were drilled at a specific height 
so the highest point of the bars meet the height of the 11th layer in the print path. Second, an additional 
PVC sleeve was added to the bar, to assure a bond length of 5∙Ø for the bars used. Finally an additional 
piece was designed using 3D modelling software to create a more gradual transition between the PVC 
sleeve and the bonded length of the bar. Without these pieces the possibility of air inclusion where the 
PVC sleeve end and the bonded length of the bar begins is severe. The pieces were printed by means of 
a 3D plastic printer and glued to the PVC and bars, acting as watertight seals at the same time. 

Actual production of the printed pull-out samples took place simultaneous with the second reference 
sample Series on 25-06-2018, using the Weber 3D 145-2 mixture and bars of 6mm and 12mm in 
diameter (same 12mm bar as in reference Series 2). For both bar types, seven specimens were 
produced. The details are shown in Table E.3. Additional pieces of rebar were placed in straight printed 
lines in order to compare their behavior with the findings of the empirical research. Three different 
stages during the printing process and examples of printed blocks are shown in Figures E.12 and E.13. 
 

Figure E.11 Alterations to bar preparation for printed pull-out samples. Design (top), plastic piece (middle), 
complete fixture (bottom). 
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Table E.3 Details on printed pull-out samples with 6mm and 12mm bars. 

 

 
Figure E.13 Examples of printed pull-out specimens after curing. 

  

PPO.06.A PO 200x237x200 Ø6 30 A WB 145-2
PPO.06.B PO 200x237x200 Ø6 30 B WB 145-2
PPO.06.C PO 200x237x200 Ø6 30 C WB 145-2
PPO.06.D PO 200x237x200 Ø6 30 D WB 145-2
PPO.06.E PO 200x237x200 Ø6 30 E WB 145-2
PPO.06.F PO 200x237x200 Ø6 30 F WB 145-2
PPO.06.G PO 200x237x200 Ø6 30 G WB 145-2

PPO.12.A PO 200x237x200 Ø12 60 A WB 145-2
PPO.12.B PO 200x237x200 Ø12 60 B WB 145-2
PPO.12.C PO 200x237x200 Ø12 60 C WB 145-2
PPO.12.D PO 200x237x200 Ø12 60 D WB 145-2
PPO.12.E PO 200x237x200 Ø12 60 E WB 145-2
PPO.12.F PO 200x237x200 Ø12 60 F WB 145-2
PPO.12.G PO 200x237x200 Ø12 60 G WB 145-2

Sample name 
(A,B,C,D,E,F,G)

Concrete used          
(WB 145-2)

Specific remarksLabel Test Size (lxbxh; mm) Bar diameter 
(6,12; mm)

Bondlength 
(5∙Ø; mm)

Figure E.12 Different stages during printing of a specimen embedding a 6mm bar. 
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Appendix F – Printed pull-out tests 
This appendix described the experimental tests performed on printed pull-out samples. Design and 
preparation and production of the samples are treated in Appendix E. Here the test procedure, results 
and analysis of the data are treated. The tests are performed as prescribed in Annex D of NEN-EN 10080 
(2005) based on publication RC6 by RILEM. 

Test procedure 
Testing of the printed specimens took place on 06-07-2018 together with the reference samples of 
Appendix C. The same method is applied with some slight alterations to make testing possible. 
Specimens are placed in a 250kN INSTRON test bench s shown in Figure F.1. A wooden support sits 
under the block as soft board is laid on top. The LVDT’s are connected at the free end of the rebar. As 
the length of this free end was too short for testing at least 30mm of slip, bolts were glued on as shown 
in Figure F.2. These do not influence tests. A bearing plate is placed followed by nuts on the threaded 
bars, without tightening. The end of the rebar is placed in the 
gripper of the testing bench and tightened. The machine is 
slightly moved up until the concrete block comes loose from 
the support. The bar is now loaded by the self-weight of the 
block. Then the nuts are hand-tightened so that the bearing 
plate stays in place but no preload is added to the bar. The 
specimen is now ready for testing. For test speed the same 
speeds are taken as for the reference tests, shown in Table F.1. 
A test is finished when a maximum of 30 mm displacement has 
occurred, or the LVDT’s cannot be moved in further. 
 
 
 
 
 
 
  

Figure F.1 Test set-up for pull-out test with 
printed sample. 

Figure F.2 Glued-on bolt for extra testing length. 

Displacement 
[mm] 

Test speed 
[mm/min] 

0 - 2 0.5 
2 - 5 2.5 

5 - 30 30.0 
 

Table F.1 Test speeds 
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Test results 
Measurements taken during testing are the tensile force needed by the test bench to slip the bar out of 
the concrete and the values of the LVDT’s at the bottom of the sample. These values can be used to plot 
a bond-slip relationship. The maximum bon stress is calculated by the following equation: 

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 =
1

5𝜋𝜋
∙
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
∅2  

Now the test results of the printed pull-out samples will be presented for 6mm and 12mm bars. A table 
and a bond-slip plot are shown for each bar type. The tables hold the maximum pull-out force, the 
maximum bond stress, displacement of the LVDT’s at maximum pull-out force and the stress occurring 
in the rebar at the maximum pull-out force. Also average, standard deviation and Relative standard 
deviation are shown. 
Specimens PPO.06.A till PPO.06.G: 

Specimen Fmax [N] τmax [N/mm2] sm,us [mm] σs,max [N/mm²] 

PPO.06.A 6557.10 11.60 0.986 234 

PPO.06.B 6188.75 10.94 0.391 221 

PPO.06.C 6322.77 11.18 0.637 226 

PPO.06.D 6600.00 11.67 0.928 236 

PPO.06.E 6977.27 12.34 0.873 249 

PPO.06.F 6276.56 11.10 0.581 224 

PPO.06.G 7395.77 13.08 0.623 264 

Average 6616.9 11.7 0.717 236.3 

St.dev. 433.2 0.77  15.5 

RSD [%] 6.55 6.55  6.55 
Table F.2 PPO.06.A till G results 

  

Figure F.3 PPO.06.A till G Force-slip plots 
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Specimens PPO.12.A till PPO.12.G: 

Specimen Fmax [N] τmax [N/mm2] sm,us [mm] σs,max [N/mm²] 

PPO.12.A 29422.55 13.01 1.192 260 

PPO.12.B 27897.04 12.33 1.223 247 

PPO.12.C 25511.24 11.28 1.138 226 

PPO.12.D 30314.87 13.40 0.962 268 

PPO.12.E 27217.60 12.03 1.015 241 

PPO.12.F 28321.57 12.52 1.171 251 

PPO.12.G 27063.06 11.96 0.957 239 

Average 27964.0 12.4 1.094 247.5 

St.dev. 1590.1 0.70  14.1 

RSD [%] 5.69 5.69  5.69 
Table F.3 PPO.12.A till G results 

  

Figure F.4 PPO.12.A till G Force-slip plots. 
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Specimen analysis 
After testing the bars were removed from the samples and photographed for analysis. Multiple samples 
were sawn in half for inspection of the bonded area and to check the homogeneity of the concrete. 
Examples are show in the figures below. Sections of the bars placed in single lines for reference are 
shown as well. 

    6A         6B          6C   6D      6E   6F         6G 

 

 12A  12B              12C         12D      12E      12F           12G 

  

Figure F.5 Bonded area bars after testing. 
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Figure F.6 Sawn samples for PPO.06: PPO.06.E + close-up (top), PPO.06.G (middle), PPO.06.D (bottom). 
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Figure F.7 Sawn samples for PPO.12: PPO.12.F + close-up (top), PPO.12.D (middle), PPO.12.C (bottom). 
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Figure F.8 Sections with rebar put in single printed lines for reference, 6mm bar (left) and 12mm bar (right). 
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