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Abstract 
In this report is presented the work being done within the 3DCP project at the Eindhoven 

University of Technology Department of Build Environment. The focus is the research and 
development of the reinforcement system for 3D printing with concrete and to structurally 
investigate it. 

 
To be able to 3D print with reinforced concrete a system is designed for different sorts of 

reinforcements. The reinforcement with the most potential in 3D printing is studied in the details. 
The system is tested on pull-out capacity and behavior and ability to 3D print with current 3D 
printing setup in the university’s laboratory. 

 
The reinforcement system is being entrained with an extruded filament of concrete by a 

nozzle at the end of the printhead. The print head is operated by the four axes gantry robot. The 
gantry robot has a print volume of 9 x 5 x 3 meters. 

 
After several tests for establishing the adhesive bond and pull-out behavior, a series of case 

studies were carried out to conform gathered data. The case studies were executed in test form. The 
tests are two 4 points flexural tests and one uniaxial compression test. The results are promising. 
At the end of the research in collaboration with the industrial partners of 3DCP project namely 
Witteveen+Bos and BAM infra the first reinforced 3D concrete printed bridge in the world was 
manufactured. The bridge is reinforced with the system designed and developed within this 
graduation project. The bridge is 8 meters long 3.5 meters wide, with a clear span of 6.5 meters and 
it weighs 27 tons.  
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Introduction 
Scientific research is what drives the future technologies and revolution. This research is 

carried out with the focus on the built environment and in particular on the structural 
argumentation for a certain reinforcement system designed for 3D printing with concrete. 

 
The contemporary building industry is increasingly demanding more complex designs and 

forms for houses and structures such as viaducts and bridges. To accomplish this, it requires a lot of 
effort regarding implementation and design. These complex designs and forms can be made through 
the conventional process. However, it costs a lot of design time and work hours to realize such 
structures. 3D printing the concrete formwork for such structures, or constructing the entire 
structures, offers the potential to make freeform organic structures of equally high quality, but at 
lower costs, in some cases up to 50% lower in comparison with conventional building techniques. In 
brief, three basic advantages of 3D printing with concrete are mass customization, material 
optimization , sustainability and process automation. 

 
Subsequently, it is mandatory to be able to 3D print with reinforced concrete. For establishing 

and guaranteeing the safety of the 3D printed object. By making 3D printed concrete a structural 
material. First, it is necessary to study the existing reinforcement systems as far as is known. And 
then designing a system which works. 

 
After establishing the working prototype for the reinforcement system, an experimental study 

is carried out to highlight the structural capacity and behavior of the system. This is done through 
the pull-out tests and several case studies. So the research aims to find structural proof of this 
reinforcement system for 3D concrete printing(3DCP). 

 
At the end of the research, this reinforcement system is being used in the manufacturing of 

the first 3D printed bridge with reinforced concrete and was done in collaboration between TU/e 
and BAM Infra. The bridge was completed in October 2017 [1]. 

1.1 3DCP 
Additive manufacturing (AM) is the formalized term for what used to be called rapid 

prototyping and what is popularly called 3D printing. AM is an integral part of modern product 
development. Which particularly appears in the field of automotive and aerospace manufacturing, 
and for a wide range of medical applications and production of prototyping models for aesthetic and 
functional testing. The basic principle of AM technology is that a model, initially generated using a 
three-dimensional computer-aided design (3D CAD) system, can be fabricated directly without the 
need for process planning. AM technology significantly simplifies the process of producing complex 
3D objects directly from CAD data. 

 
The 3dcp process uses an additive, layer-based, manufacturing technique to build complex 

geometrical shapes without formwork and thus has a unique advantage over conventional 
construction methods. Briefly, in this process, components are designed, by using 3D modeling 
software,  as volumetric objects, for example, the 3D design of a Pavilion by Eindhoven University of 
Technology (TU/e), Figure 0-1 (a). Subsequently, the Pavilion is divided into smaller objects which 
are sliced and represented as a series of 2D layers. Generated data is transferred, in the form of G-
codes, to 3D printing robot, see Figure 0-1 (b). Hereafter, structural components are printed layer by 
layer using the controlled extrusion process with the concrete filament. The manufactured pavilion is 
displayed in Figure 0-1 (c).The 3D concrete printed pavilion proofs that 3DCP has a great potential in 
the building industry. 
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Figure 0-1: a) design of pavilion; b) 3D printer; c) 3D printed pavilion 

1.2 Costs, Sustainability, Health, Quality & Productivity 
The production of cement is very energy intensive due to the burning of slag in a kiln. As a 

consequence, concrete production accounts for a significant percentage of the global CO2 output 
(estimates and calculation methods vary, but the cement industry itself estimated that cement 
production is responsible for 5% of the global CO2 output; [2]). The introduction of cement-replacers 
such as fly-ash (a blast furnace by-product) has reduced the average concrete-related CO2 output, 
but it is still significant. 
 
 Another main challenge is related to the physical labor involved, particularly for in situ cast 
concrete. Both the erection of molds and the placement of reinforcement still require high physical 
labor, particularly when bespoke geometries are required. This results in creating health issues of 
the construction workers that should be avoided as much as possible, particularly with an aging 
workforce as in many developed countries. The Occupational Health and Safety Administration of 
the US Department of Labor lists as potential hazards for workers in the concrete 
industry: eye, skin and respiratory tract irritation from exposure to cement dust; inadequate safety 
guards on equipment; inadequate lockout systems on machinery; overexertion and awkward 
postures; slips, trip and falls; and chemical burns from wet concrete [3]. 
 
 A fourth challenge the concrete construction industry is facing is the use of the material. 
Besides the molds themselves, the necessity to make them and the low cost of raw materials 
discourage intricate structurally optimised geometries, but rather favor geometrical simplicity over 
optimal material use. 
 
 Additive manufacturing of concrete has the potential to address the challenges facing 
concrete construction described above. More than that, it could allow for a whole new design 
approach. Since the print head gradually builds up the complete structure, it is feasible that the 
composition and quantity of the printed material can be parametrically varied from one location to 
another, according to specific local requirements [4]. 
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Motivation 

3D printing material that currently being used in the 3DCP project is as mentioned concrete. 
This concrete is not reinforced and which means that the 3D printed objects are unreinforced and 
not structural.  

 
As commonly known concrete has a relatively low tensile strength and ductility, however, it 

can be exposed t high compressive strength. Reinforcing technique combines the compressive 
strength of concrete with the tensile strength of an added material to make it reinforced concrete.  
This technique was introduced in the 19th century, and since then almost all of concrete structures 
are reinforced. 

      
Figure 0-1: Typical toughness of brittle and ductile materials and typical  stress-strain relations of concrete 

 
2.1 Known reinforcement systems for 3D printing with concrete 

To overcome this problem and obtaining structural 3D printed concrete using reinforcement 
several studied were conducted Those projects are presented in this chapter. Reinforcement of 3D 
printed objects is an issue all over the world. Here is the overview of the known reinforcement 
techniques. 

 
Figure 0-2: Placing reinforcing at certain layer by Winsun 2014 [5]  
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One of the companies which are currently printing objects with reinforcement is Winsun from 
China. They lay a pre-fabricated reinforcement mesh between the layers during printing as can be 
seen in Figure 0-2. By the same company a different process is being used. Namely, 3D printing over 
the pre-fabricated steel reinforcement rebar mesh. With this method, a whole 3D printed villa is 
being manufactured in 2016, see Figure 0-3.  

          
Figure 0-3: 3D printed villa by Huashang Tengda 2016 [6] 

Another project of reinforcing the 3D printed concrete structure is a Mesh mold project done 
by Gramazio Kohler in 2012-2014, see Figure 0-4. First, they 3D printed reinforcement mesh with 
plastics and after that concrete is poured over it. 

 

 
Figure 0-4: Gramazio Kohler Research 2012-2014 [7]  
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2.2 Design of reinforcement system 
At the Technical University of Eindhoven, a different idea was born. Namely, by using 

advantages of the gentry robot, which is currently being used as a 3D printer with concrete, to 
design a different system. The advantages which were considered are the fact that the print head of 
the robot is following the pre-programmed tool path (g-code) to manufacture the object through the 
extrusion of concrete from the nozzle. This means that the nozzle position, speed, and the rotation 
are pre-programmed and stored in the g-code. The logical idea is to print different materials at the 
same time. Therefore, second material or a component is to be flexible enough and needs to be 
compatible with extruded concrete. By considering all above-mentioned issues, an entrainment of 
reinforcement system is designed and engineered. 

Considerable 3D printing requirements for the reinforcement system are: 
- Flexibility in transverse direction 
- Stiffness in longitudinal direction 
- Possibility of entrainment 

Considerable structural requirements for the reinforcement system are: 
- Material: steel 
- Bond strength with concrete (transfer length and anchoring length) 

  
Figure 0-5: Reinforcement system for 3D CP at TU/e 2016-2017 

First of all the system which is introduced in 3DCP is reinforcing with thin wire. This technique 
has his roots in the traditional reinforcing technique that makes use of the placement of 
reinforcement in the defined area of the cross-section. The most of the tensile stress in the cross 
section is taken by the reinforcement bars. To apply this technique in the 3D printed concrete, 
certain considerations must be taken into account. 

Due to the fact that the wire has a certain stiffness in the transverse (crosswise) direction 
which ensures that the wire can’t follow the bends which can be printed. With other words, the wire 
will always want to return to its original state due to its high elasticity in the transverse direction. By 
taking this into the consideration a couple of other techniques must be introduced and tested. Those 
techniques must possess several characteristics, namely the longitudinal stiffness, tensile strength, 
low transverse stiffness and has a good collaboration with concrete. A list of possible reinforcement 
systems is presented in Table 0-1. 
Table 0-1: Advantages of reinforcement systems for entrainment 

Reinforcement 
system 

Longitudinal 
Stiffness 

Transverse 
Stiffness 

Tensile Strength Application with 
Concrete 

Wire ++ - ++ ++ 
Spring coil +* + +* + 
Chain ++ ++ + + 
Wire rope ++ ++ ++ ++ 
* In combination with cured concrete.  
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By considering all these topics the research must be carried out on the behavior of the 
reinforced 3D printed concrete. Therefore the extrusion process needs to be accustomed in the way 
that the wire, spring coil chain and wire ropes can be added in the 3D printing process. 

2.2.1 Wire and fishing wire 
Initially, the first entrained reinforcement system is a thin steel wire. This attends is carried 

out manually, see Figure 0-6. The wire has to be held by hands to stick to the concrete and be 
entrained together with the filament. Dimension for the diameter of the wire is not conformed the 
calculation, it would be around 1 mm, and therefore it is not practical to entrain such a thick wire. 
The wire of 1 mm thickness is too rigid for taking bends. Consequently, the wire has to be changed 
to something more flexible. 

Next step is the fishing wire, and it is entrained with the extruded concrete during printing, 
the result of which can be seen in Figure 0-7. Printing did not go well because of the error in the 
print-path. The most important observation is that the fishing wire with a diameter of around 1 mm 
was dragging during t the printing. This means that the physical bond of fishing wire with fresh 
concrete is not enough to pull itself from the pulley without damaging the printed object. 

 
 

 
Figure 0-6: Manual entrainment of steel wire with the concrete filament 

    
Figure 0-7: Entrainment of fish wire with the concrete filament  
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2.2.2 Chain 
After testing several wires and fishing wires, a different approach is applied. Namely, the 

material of the reinforcement system should be steel, and the whole system must be controlled and 
automated. The choice for the reinforcement is steel chain. The diameter of the chain in the cross 
section is two times 1 mm; it is the thinnest off the shelf steel chain available at the moment. 
Furthermore, the process of entrainment must be automated which is performed by reinforcement 
entrainment device in short RED, see Figure 0-8. The design and development of RED are reported in 
Appendix 1. With RED can now specimens be printed and tested. 

The structural contribution of the chain is studied by analyzing several behaviors of it in 
printed specimens. Those behaviors are pull-out capacity and overall structural behavior. The overall 
structural behavior is tested as 4 points flexural test and is reported in Appendix 4.1. The pull-out 
capacity is tested with casted concrete, and the set-up of it is displayed in Figure 0-9. Chain is welded 
to a thick steel bar with much higher stiffness and cast in such a way that the bar does not influence 
the pull-out behavior only the chain, see Figure 0-10. The pull-out capacity of the chain in the 
concrete is not further studied because the failure mechanism is difficult and a several mechanisms 
occur which makes it difficult to study and draw scientific conclusions form it. 
 

  
Figure 0-8: Design for RED 

        
Figure 0-9: Pull out test set-up for chain in cast concrete 
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Figure 0-10: Illustration of the specimens and pulled out bar 

2.2.3 Wire rope 
By taking all above mentioned into the consideration and learning from the design process, 

the reinforcement system needs to meet several requirements. Those requirements appeared 
during the design process of the device as well as the whole reinforcement system. The 
reinforcement is to be made from steel with high strength and low transverse stiffness. From the 
practical point of view, the reinforcement must be thin enough to ensure the reliable entrainment of 
it by RED. Wire ropes are an obvious choice for the reinforcement system and are provided for the 
research purposes by NV Bekaert SA. The wire ropes were designed by NV Bekaert SA for the tensile 
forces of 500kN, 1000kN and 2000kN. The longitudinal stiffness and pull-out capacity of the wire 
ropes in traditional concrete were provided as well [8]. 

From here on the research is focussing on the pull-out capacity and behavior of the wire ropes 
A1, B1, and C1 in concrete which is currently being used within the 3DCP project. Furthermore, with 
collected data from the experimental research, a several case studies are carried out to confirm the 
capacity of the reinforcement system with wire ropes. 

Red is designed for entraining of different types of reinforcement systems with 3D printed 
concrete. So, there is no need to perform major adjustments to the device. 

   
Figure 0-11: 3D printing with reinforced concrete  
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Experimental research 
As mentioned, this research project is focusing on the proof of concept. The concept is 3D 

printing with reinforced concrete. The reinforcement is entrained in the extruded filament of 
concrete by a specially designed device for it, and it is named Reinforcement Entrainment Device 
(RED). In this technique, uses a thin steel wire rope to function as the reinforcement system. 
Because the wire ropes are not designed to serve as reinforcement for concrete, there is a limited 
amount of literature and information on the structural behavior of the wire ropes in concrete. To 
obtain this information an experimental research is carried out on the pull-out behavior of several 
wire ropes, which were provided by Bekaert. Within this experimental research, a lot of tests were 
executed. In the upcoming chapters, those tests are presented. 

3.1 3D printed concrete properties 
First of all, it is of great importance to understand as good as possible the material with which 

is currently being printed during the 3DCP project. The material is modified to achieve several 
properties among which no-slump and faster hardening. Those modifications were made by SG 
Weber Beamix. The properties of  3D printed concrete are investigated by C. Doomen 2016 [9] and 
G. Slager 2017 [10]. SG Weber Beamix provided information on the composition of the provided 
material. The mortar consists of: 

- Portland cement (CEM I 52,5 R) 
- Siliceous aggregate with an optimized particle size distribution and a maximum particle size 

of 1 mm 
- Limestone filler and specific additives for ease of pumping 
- Rheology modifiers for obtaining thixotropic behavior of the fresh mortar 
- A small amount of polypropylene fibers for reducing crack formation due to early drying 

 
The aim of the research done by C. Doomen is the effect of the layered manufacturing process 

on the strength properties of printable concrete. And G. Slager is focussed on the influence of the 
interface between layers on the tensile properties of 3D printed concrete. Out of those researches, 
several conclusions were drawn and a lot of information about the strength development of the 
material. The information that matters for this research is gathered in Table 0-1 for traditional 
concrete and in Table 0-2 for 3D printed concrete. The indication for the test directions is displayed 
in Figure 0-1. 

 
Table 0-1: Properties of several concrete sorts 

 fck 
[MPa] 

fck,cube 
[MPa] 

fcm 
[MPa] 

fctm 
[MPa] 

Ecm
b 

[GPa] 
C12/15 12.0 15.0 20.0 1.6 27 
C20/25 20.0 25.0 28.0 2.2 30 
C30/37 30.0 37.0 38.0 2.9 33 

 
 
Herein: 
fck  - Characteristic cylinder strength 
fck,cube  - Characteristic cube strength 
fcm  - Mean cylinder strength 
fctm  - Mean tensile strength 
Ecm

b  - Secant modulus of elasticity   



17 
 

Table 0-2: Mechanical properties of 3D printed concrete investigated by C. Doomen 2016 and G. Slager 2017 
C. Doomen 

30.2 [MPa] fcm,cc Compressive strength of casted concrete after 28 days 
23.15 [MPa] fcm,3DCP1 Compressive strength of 3d printed concrete in direction 1 after 28 

days 
20.96 [MPa] fcm,3DCP2 Compressive strength of 3d printed concrete in direction 2 after 28 

days 
21.49 [MPa] fcm,3DCP3 Compressive strength of 3d printed concrete in direction 3 after 28 

days 
1.88 [MPa] ftm,3DCP1 Tensile strength of 3d printed concrete in direction 1 after 28 days 
1.32 [MPa] ftm,3DCP2 Tensile strength of 3d printed concrete in direction 2 after 28 days 
1.61 [MPa] ftm,3DCP3 Tensile strength of 3d printed concrete in direction 3 after 28 days 

G. Slager 
30.66 [MPa] fcm,cc Comprassive strength of casted concrete after 28 days 
23.16 [MPa] fcm,cyl,cc Cylinder compressive strength of casted concrete after 28 days 

17.3 [GPa] E0 Initial modulus of elasticity of 3D printed concrete 
22.0 [GPa] E1 Second modulus of elasticity of 3D printed concrete 
1.36 [MPa] ftm,3DCP2 Tensile strength of 3d printed concrete in direction 2 after 28 days 

 
 
 

 
Figure 0-1: Test direction indication in 3D printed object 
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3.2 Pull-out research 
Focus on this research is to find structural validation for using wire ropes as the reinforcement 

system for 3DCP. To be able to do this a thorough experimental investigation is conducted. This 
investigation is concentrated on the pull-out behavior of wire ropes imbedded in concrete. As well in 
the cast as in 3D printed concrete. 

The behavior of thin wire ropes in stone like material as concrete is a new and relative 
unknown field. This is because the wire ropes are not originally designed for reinforcement system 
for concrete structures. The wire ropes are originally designed as the reinforcement in drive belts. 
Those belts are manufactured to be flexible in the transverse direction and very stiff in the 
longitudinal direction. The material which is used in drive belts is polyurethane which has relatively 
good bonding properties with steel wire ropes. 

Furthermore, another important point of attention is that the construction of wire rope has a 
significant role in this investigation. 

3.2.1 Classification 
Primarily, there are several different tests setups for testing bond strength between the 

reinforcing bar and the concrete, see Figure 0-2. Within the 3DCP project, the reinforcement system 
is based on the relatively thin reinforcing bar, wire rope. This reinforcement is entrained by an 
custom made device along with extruded concrete filament. By taking this into consideration several 
setups are not applicable and for this research will be focused on pull-out test setup a) from the 
Figure 0-2. Setup a) is the most used setup due to the focus of the test. The focus is to determine the 
bond strength of the wire rope in concrete and exclude other influences as much as possible. 

The reinforcement system which was tested consists of different wire ropes with a thickness 
of 0.63, 0.97 and 1.2 mm. Therefore, the pull-out forces are likely to be relatively small. 

 
Figure 0-2: Basic types of test specimens for the determination of composite bond stress relationships. a) Pull-out, b) 
Pull-out eccentric, c) Push-in, d) Modified pull-out test to minimize the effect of compression, e) Direct tensile test, f) 
Direct tensile test with 3 bars, g) Beam end test, h) Beam test, i) Bending beam test to study anchoring effects (M. 
Alvarez, 1998) [11]  
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3.2.1.1 Method conform norm, pull-out test NEN-EN 10080 
In this norm, the bond strength is determined according to the RILEM RC-6 which is described 

in Annex D of the NEN-EN 100080 (Dutch Standards Institute, 2005) [12]. The test principle is shown 
in Figure 0-3. The test specimens consisting of cubes of 200 x 200 x 200 mm³ (6) in which a 
reinforcing bar (5) is centrally positioned with a fixed, embedded length (2). Over the remaining 
length of the reinforcing bar, adhesion is prevented using a plastic sleeve (8) and sealing (7). 

The principle of the experimental setup is shown in Figure 0-3. The reinforcing bar is pulled 
out using a tensile testing machine (4). The displacement of the reinforcing bar concerning the 
concrete during the pull-out test is measured (1).  

The outcomes of this test are bond-slip diagrams in which the effective bond stress (τdm) is 
calculated with formula (3-1). This formulation is based on tensile force Fa and on an embedded 
length which is equal to 5d. The factor fcm/fc is a ratio between the average tested strength of used 
concrete (fcm) and the target value of the strength class of concrete (fc). Effective bond stress 
includes the influences of adhesive bond and dilation. For traditional reinforcement bars dilation 
plays a more significant contribution than for thin steel wire ropes, this is because the wire rope has 
a smooth surface without improvements to it. 

 

          (0-1) 

 
 

       
Figure 0-3: Test principle and setup principle for experiments 

1 Part of the bar for displacement measurement 1 Device for measuring the slip Δl0 
2 Embedded length 2 Specimen 
3 Debonded length, minimum 200mm - 5d 3 Steel plate, 10 mm thick 
4 Part of the bar until the applied force 4 Tensile force 
5 Reinforcing bar 5 Support plate 
6 Concrete 6 Rubber plate, 5 mm thick 
7 Sealing   
8 Plastic sleeve   
9 Engagement of the testing machine   
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Dimensions of the specimens in norm NEN-EN 10080 are based on the behavior of steel 
reinforcing bar embedded in concrete. This behavior is described by ir. C. van der Veen in book 
“Theorie en praktijk van het gewapend beton, deel 1.“ [13]. In it, 5d is the restriction to isolate 
bonded length of the bar with the concrete, and it is based on a diameter of the bar. If the width is 
smaller than 4 mm, the theory is no longer applicable. When the embedded length is lower than 4 
mm, a numeric study has to be carried out to address the stress propagation in thin steel bar 
embedded in concrete, this is because the adhesive bond strength is dependent on the contact area 
between the reinforcement bar and the cementitious matrix in concrete. If the embedded length is 
getting smaller the influences of aggregates play an increasingly important role. 

 
Considering the fact that the reinforcement system which is designed and being used within 

3DCP research project is based on thin steel wire ropes with the diameter not thicker than 1.5 mm. 
Furthermore, the diameter of the reinforcement steel which is required for the minimum amount of 
reinforcement steel in the concrete cross section of 40 x 10 mm is around 1.5 mm. In this, the 
concrete cross section of 40 x 10 mm is the cross-section of one extruded filament of concrete 
reinforced with the B500 steel. Consequently, this theory which works with relatively thick 
reinforcement bars in concrete must be compared with another considered theory which is being 
used for the testing of the pull-out behavior of steel fibers in concrete. Fibres are relatively thin and 
have a certain length. Accordingly, several articles are studied and a summary of which is displayed 
in the upcoming chapter.  
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3.2.1.2 Pull-out tests of single straight fiber by S. Cox 2015 [14] 
It is understood that the pull-out behavior of a straight fibre is dictated by three phases, viz. 

bonded state, de-bonded phase and pull-out phase, the principle is shown in Figure 0-4. Initially, the 
fiber is bonded to the cement matrix using an interfacial bond. This bond is able to transfer the pull-
out stress from the fibre to the cement matrix up to the point where the maximum bond stress (σcrit) 
is reached. After passing σcrit, the de-bonding phase is initiated. De-bonding is a progressive failure of 
the interfacial bond with increasing pull-out displacement until the complete failure is obtained. 
After the complete failure of the interfacial bond the fiber is pulled out of the concrete matrix with 
only frictional stresses acting on the fiber-matrix interface, this process takes place during the pull-
out phase. To be mentioned that the ratio between point Pcrit and point Pmax is an important 
parameter in Figure 0-4 c). 
 
 

 
Figure 0-4: (a) Straight steel fiber embedded in concrete with embedding length Le and pull-out force P acting on the 
fibre, initiating de-bonding and slip δ. (b) The typical pull-out curve for a straight fibre in terms of the pull-out force and 
slip, and (c) is a close-up of the curve during de-bonding, with point A as the point where de-bonding is initiated and 
point C as the point at which de-bonding is complete (based on [15]) 

 
 

• From point 0 to point A,which is the first step, considers the stresses in the fiber and the 
concrete matrix due to the adhesive bond. This step is entirely elastic. 

• From point A to B, this step describes de-bonding of the fibre. 
• At this point A, the maximum shear stress is reached at the top of the interface (between 

fiber and the matrix), and the fiber starts to de-bond. 
• At point B, as the slip keeps increasing, the fiber de-bonds from the top of the interface to 

the bottom of the interface. As the fiber starts to de-bond, the stresses due to friction start 
to increase until the fibre is fully de-bonded. 

• From point B to F, the final step considers the pull-out of the fully de-bonded fibre. This part 
of fibre pull-out occurs under frictional slip. 

 
 
The area under the load-displacement curve is equal to the energy dissipated during the pull-

out process, see Figure 0-4 (b). The pull-out energy, both de-bonding and friction, is directly related 
to the embedded fibre length (Le), up to the length at which the pull-out load becomes higher than 
the maximum fibre strength and rupture of the fibre will occur. (P. van der Aa 2014 [16]) 
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3.2.2 Cast Concrete (CC) 
Considering all above mentioned an adjusted test setup and formulation is designed.  As 

mentioned earlier the bond strength is tested in the cast as well as in 3D printed concrete. In 
upcoming chapters test, set-ups and results of the tests are presented for cast concrete. This is done 
to have a benchmark for the 3D printed concrete. 

3.2.2.1 Orientation test on behavior of thin steel wire ropes in concrete 
To determine the basis for the tests set-ups and the possible points of attention an orientation 

test is performed. The requirements are, as minimum as possible of slip of the wire rope in wedges 
in the testing machine is allowed, no influence on the stress distribution in the specimens, reliable 
test results and not too laborious or difficult to execute. The embedded length is chosen to be 25 
mm, and it was carried out before the additional tests on different embedded lengths were 
performed. Test set-up and the actual test is displayed in Figure 0-5. The number of specimens for 
this orientation test per wire rope is 5, so for the whole test series were 15 specimens tested. 

This orientation test proves that this type of set-ups works and that the embedded length can 
be even smaller than 25 mm. In Table 0-3 an overview is displayed per wire rope with average forces 
(Fa,25), average bond stresses (τcs,25) and corresponding standard deviations (St. Dev.). In the table lcs 
is embedded length. The results are presented in the load-slip diagrams, see Figure 0-6, wherein the 
full lines are representing the displacement recorded by LVDTs and dotted lines are the 
displacements of the testing machine. In the graphs can be seen bonded phase, the first linear part 
of the lines, and the de-bonding phase. This behavior corresponds with the theory, see  Figure 0-4. 
Point of interest is the point where the linear behavior stops and de-bonding starts. The adhesive 
force Fa corresponds with this point. This is because this research is focused on the pull-out behavior 
and the importance of it is in the first linear part in the load-slip diagrams, the adhesive bond. 
Table 0-3: Results from orientation test 

 lcs 
[mm] 

Fa,25 
[N] 

τcs,25 
[N/mm2] 

St. Dev. 
[%] 

A1 25 86.05 1.54 18 
B1 25 264.01 2.07 33 
C1 25 324.96 2.22 11 

 

   
Figure 0-5: Test set-up for the orientation test and the realization of it in the testing machine 
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Figure 0-6: Load-slip diagrams of representative specimens in orientation test lcs=25mm 

3.2.2.2 Sequel test on different embedded lengths of wire ropes in CC 
Several aspects are crucial for this research, including that the bond stress throughout the 

transfer length in concrete is not linear and in this chapter is focused on the adhesive bond stresses. 
To properly investigate the pull-out behavior the stress distribution has to as linear as possible. 
Therefore it has been chosen to measure the bond strength over different embedded lengths, which 
are established by multiple aspects. 

Consequently, for the maximum embedded length can be set, if the pull-out force (Ppull-out) 
exceeds the maximum force (Pcrit), which the wire rope can bear, the wire will break and undesirable 
behavior will occur for pull-out investigation. To ensure that the wire rope will not break an upper 
boundary can be set to Pcrit > Ppull-out. Furthermore, considering the fact that aggregate size in 
concrete are playing more significant role increasingly when the dimensions of specimens getting 
smaller the first assumption for the smallest embedded length can be set to 15 mm this is explained 
in the following paragraph. 

Bond stress is not linear throughout the embedded length in the interface between the wire 
rope and the concrete during the pull-out tests. The assumption that the bond stress is linear can be 
made if the embedded length is around 5 x diameter and the diameter is larger than 4 mm (NEN-EN 
10080:2005 [12]). But for the thin wire ropes of 1 mm, this means that the embedded length will be 
5 mm. This entails several problems with it, one of those issues is the practicality. From this point of 
view the manufacturing of specimens to test the pull-out strength becoming unrealistic because the 
embedded length in the specimens is getting too small. The other problem is the grain size of 
aggregate in concrete plays a more prominent role. Because the maximal aggregate size of concrete 
which is used during this research project is 1 mm, which means the chance that the embedded 
length will be entirely covered by relative big aggregates and not with cementitious matrix is quite 
high. For the matters of practicality the dimensions of specimens can be limited by establishing the 
lower limit for the embedded length of 15 mm. Subsequently, for the upper limit, the embedded 
length is set to 35 mm. To sum this up, the lower limit is set by the practicability, and aggregate size 
and the upper limit is set by the maximum bearing strength of the wire ropes. 
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The pull-out bond stress is tested on specimens of cast concrete with dimensions of 100 x 100 
x 15 and 35  mm and with different wire ropes in the center of it. Various thicknesses of specimens 
are to ensure the desired embedded lengths. The specimens were for more than 14 days and tested 
in the tensile testing machine with displacement speed of 0.5 mm/min. The number of specimens is 
being held to be 5 of each sort. The design and realization of the tests are displayed in Figure 0-7 and 
Figure 0-8. 
 
 

  
 

Figure 0-7: Test and setup principle for experiments 
 
 

      
Figure 0-8: Test setup in the tensile testing machine 

  

1 Engagement of the testing machine 4 Device for measuring the slip Δ0 
2 Steel plate, 10 mm thick 5 Concrete, lcs 
3 Steel plate, 10 mm thick   
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3.2.2.3 Results 
Tests are performed in an Instron testing machine with the displacement speed of 0.5 

mm/min, and after those tests the collected data was analyzed. The results of the tests with CC are 
displayed in Table 0-4. In this table an overview is given of the average adhesive bond forces, 
average bond stresses, and corresponding standard deviations. By adhesive bond force Fa is meant 
the force which representing the point on the graph where the first part, which is almost linear, ends 
and de-bonding starts. The linear lines in the graphs are assumed to be the measured values during 
bonded phase (adhesive bond). The curves of those lines can be seen in the load-slip diagrams. For a 
comprehensive report see Appendix 6. 

The values of adhesive bond stress (τcs) in the Table 0-4 are calculated with formula (3-2). In 
here the values for Fa are the values displayed in Table 0-4, P is the perimeter and not the diameter 
of the wire rope, and lcs is the embedded length per wire rope. 

          (0-2) 
In the load-slip diagrams, displayed in Figure 0-9 and Figure 0-10, can be seen that the shape 

of the curves corresponds to the orientation test. First is the linear line which represents bonded 
phase until the adhesive bond strength is exceeded and de-bonding phase starts. Subsequently is 
the final phase which considers the pull-out of the fully de-bonded wire rope. This part occurs under 
frictional slip. For further calculations, the pull-out strength is calculated with equation 3-3. Wherein 
Fmax is the maximum force which was measured during the pull-out tests, and τmax is the shear stress 
during the pull-out tests. 

          (0-3) 
 
Table 0-4: Pull-out forces and stresses through adhesive bond out of  Pull-out tests with CC 

lcs 15 35 
 Fa,15 

[N] 
τcs,15 
[N/mm2] 

St. Dev. 
[%] 

Fa,35 
[N] 

τcs,35 
[N/mm2] 

St. Dev. 
[%] 

A1 139.03 4.15 17 245.30 3.13 6 
B1 330.92 4.31 10 688.66 3.85 10 
C1 327.12 3.72 17 505.08 2.46 28 

 
Table 0-5: Maximum Pull-out forces and stresses out of  Pull-out tests with CC 

lcs 15 35 
 Fmax,15 

[N] 
τmax,15 
[N/mm2] 

St. Dev.  
[%] 

Fmax,35 
[N] 

τmax,35 
[N/mm2] 

St. Dev.  
[%] 

A1 238.83 7.12 27 347.76 4.44 9 
B1 417.50 5.44 10 826.44 4.62 11 
C1 396.95 4.51 14 995.87 4.85 18 
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Figure 0-9: Load-slip diagrams of representative specimens in Pull-out test, lcs=15mm, CC 
 

 
Figure 0-10: Load-slip diagrams of representative specimens in Pull-out test, lcs=35mm, CC 
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Figure 0-11: Differences between measurements of the Bank and the LVDT, lcs=15mm, CC 
 

 
Figure 0-12: Differences between measurements of the Bank and the LVDT, lcs=35mm, CC 
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3.2.3 3D printed concrete 
To test the pull-out strength of wire ropes in  3D printed concrete, a comparable test set-up is 

designed. The benchmark for the test in the upcoming chapter is set in the previous chapter. In this 
chapter an investigation is carried out to see the influences of the 3D printing process on the pull-
out strength and behavior of the same wire ropes in  3D printed concrete. Wire ropes are entrained 
during the 3D concrete printing with RED. In Appendix 1, the design and manufacturing of RED are 
described in details. 

3.2.3.1 Sequel test on different embedded lengths of wire ropes in 3D printed 
concrete. 

Stress using the adhesive bond is not linear throughout the embedded length in concrete. 
With this in mind, the most critical parameter to define the dimensions of the specimens is the 
embedded length of wire ropes. Furthermore, to be able to compare the result of cast concrete with 
3D printed concrete those embedded lengths have to be the same as in the cast concrete, so 
accordingly the embedded lengths are 15, 25 and 35 mm. Test set-up is the same as for the cast 
concrete, see Figure 0-13. The number of specimens is being held to be 5 of each sort. 
 

 
 
 

   

Figure 0-13: Test setup principle for experiments and test setup in the tensile testing machine 
  

1 Engagement of the testing machine 4 Device for measuring the slip Δ0 
2 Steel plate, 10 mm thick 5 Concrete, lcs 
3 Steel plate, 10 mm thick   
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3.2.3.2 Manufacturing 
The specimens are 3D printed with a wire rope entrained in the first layer, the print path for it 

is displayed in Figure 0-14. To ensure that the reinforcing wire rope has enough effective area in the 
cross-section of specimens additional layers are printed on top of the reinforced layer, see Figure 
0-15. This is also being done for practical reasons, to be able to lock the specimens in the testing 
machine without influencing the stress distribution in the specimens. As mentioned before the 
specimens are of different dimensions because the embedded lengths are 15, 25 and 35 mm. To 
guarantee the embedded lengths a special method was developed. Immediately after printing the 
objects, when the concrete is still wet, must be cut with special tool. This tool cuts through the 
printed object and secures the desirable length, see Figure 0-15. 

This method is based on several observations done during this research project. Due to the 
fact that the specimens are printed and the wire rope is inside the layer, it needs to be cleared from 
concrete on the outsides of the tool/knife. This is because the wire rope in specimens must be 
mounted in the testing machine to be able to apply a tensile force on it. There are two approaches 
to achieve this. The first approach is as follows: direct after printing slicing 3D printed object with the 
knife to ensure the desired length and then removing the redundant material to strip the wire rope. 
The second approach is to let 3D printed concrete cure before removing it. A choice has been made 
to first letting the concrete cure before striping the wire ropes. This is to prevent movement of wire 
rope inside the specimens and ensure the integrity of pull-out testing. The principle to strip the wire 
rope is displayed in Figure 0-15. 

 
 
 

          
Figure 0-14: Print path and visualisation of 3D printed specimens 

 

    
Figure 0-15: Cross-section of 3D printed specimens and cutting and striping of the specimens 
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3.2.3.3 Results 
Collected data from the tests which are performed is analyzed and summed up in results 

report. Tests are performed in an Instron testing machine with the displacement speed of 0.5 
mm/min, and after those tests, the collected data was analyzed. The results of the tests with 3D 
printed concrete are displayed in Table 0-6. In this table, an overview is given of the average 
adhesive bond forces (Fa), average bond stresses (τcs) and corresponding standard deviations. By 
adhesive bond force Fa is meant the force which represents the point on the graph where the first 
part, which is almost linear, ends and de-bonding starts. The linear lines in the graphs are assumed 
to be the measured values during bonded phase (adhesive bond). The curves of those lines can be 
seen in the load-slip diagrams. For a comprehensive report see Appendix 7. 

The values of adhesive bond stress (τcs) in the Table 0-6  are calculated with formula (3-2). In 
here the values for Fa are the values displayed in Table 0-6, P is the perimeter and not the diameter 
of the wire rope, and lcs is the embedded length per wire rope. 

In the load-slip diagrams, displayed in Figure 0-16, Figure 0-17 and Figure 0-18, can be seen 
that the shape of the curves corresponds with the shapes of load-slip diagrams measured in CC 
described in previews chapter. First is the linear line which represents bonded phase until the 
adhesive bond strength is exceeded and de-bonding phase starts. To be mentioned is that the 
shapes of load-slip diagrams in 3D printed concrete are similar to those in CC, but the values are 
different. For further calculations, the pull-out strength is calculated with equation 3-3. Wherein Fmax 
is the maximum force of the first peak in the diagrams which was measured during the pull-out 
tests, and τmax is the shear stress during the pull-out tests. 

With this generated data a variety of different calculations can be carried out. Among others 
the anchorage length and transfer length for this particular reinforcement system. Examples of using 
application can be found in chapter 3.2.3.1. 

 
 

Table 0-6: Pull-out forces and stresses through adhesive bond out of  pull-out tests with 3DCP 
lcs   15     25     35   
 Fa,15 

[N] 
τcs,15 
[N/mm2] 

St. Dev. 
[%] 

Fa,25 
[N] 

τcs,25 
[N/mm2] 

St. Dev. 
[%] 

Fa,35 
[N] 

τcs,35 
[N/mm2] 

St. Dev. 
[%] 

A1 48.61 1.45 17 83.41 1.49 19 143.20 1.83 18 
B1 80.80 1.05 30 142.67 1.12 34 163.40 0.91 11 
C1 100.54 1.14 24 188.45 1.28 13 354.74 1.73 4 
 
 
 
Table 0-7: Maximum Pull-out forces and stresses out of  pull-out tests with 3D printed concrete 
lcs   15     25     35   
 Fmax,15 

[N] 
τmax,15 
[N/mm2] 

St. Dev. 
[%] 

Fmax,25 
[N] 

τmax,25 
[N/mm2] 

St. Dev. 
[%] 

Fmax,35 
[N] 

τmax,35 
[N/mm2] 

St. Dev. 
[%] 

A1 79.57 2.37 22 173.24 3.10 31 242.40 3.10 27 
B1 102.02 1.33 29 177.49 1.39 38 253.88 1.42 8 
C1 113.62 1.29 39 321.70 2.19 36 409.63 1.99 6 
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Figure 0-16: Load-slip diagrams of representative specimens in pull-out test, lcs=15mm, 3D printed concrete 
 

 
Figure 0-17: Load-slip diagrams of representative specimens in pull-out test, lcs=25mm, 3D printed concrete 
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Figure 0-18: Load-slip diagrams of representative specimens in pull-out test, lcs=35mm, 3D printed concrete 
 

 
Figure 0-19: Differences between measurements of the Bank and the LVDT, lcs=15mm, 3DCP 
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Figure 0-20: Differences between measurements of the Bank and the LVDT, lcs=25mm, 3DCP 
 

 
Figure 0-21: Differences between measurements of the Bank and the LVDT, lcs=35mm, 3DCP 
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3.2.3.4 Discussion 
From the orientation test, a conclusion is drawn that the design of set-up for testing the pull-

out strength of wire ropes in concrete satisfies the requirements, for requirements see chapter 
3.2.2.1. From the results of orientation test evidence has been found that the embedded length of 
25 mm was a fair first assumption as starting position because the stress in wire ropes has not 
exceeded the bearing strength of it and the manufacturing of test specimens and assembly of tests 
are acceptable. With the results from the orientation test, a prediction is made for the adhesive 
forces in the pull-out tests with the lengths of 15 and 35 mm. Those predictions were not accurate 
because the adhesive bond strength of the wire ropes in 25 mm of concrete are average values with 
a large standard deviations, which leads to not reliable calculations for predicted forces for sequel 
tests. 
By considering the sequel tests of the pull-out capacity of wire ropes in CC series 05, it is clear to see 
that the pull-out behavior after the maximum shear stress was reached in the specimens with the 
embedded length of 35 mm is different of that with 15 mm, this applies to each wire rope. For 
specimens where breaking of the wire ropes not occurs, the wire ropes are sliding inside the 
concrete specimen and cause a particular curve in the load-slip diagrams, to be mentioned this is 
just an interpretation. Those curves of wire ropes B1 and C1 having a sinus-like appearance after the 
first part which is linear. The results of specimens with wire ropes A1 and embedded length of 35 
mm are different. The curves are more abrupt in the load-slip diagrams see Appendix 6, this is 
caused by the breaking of wires inside the strands of wire ropes, see Figure 0-22.  
 

 
Figure 0-22: Breakage of wire rope A1 and embedded length of 35 mm 

As mentioned, this study aims to find structural proof for using thin wire ropes as the 
reinforcement system for 3DCP. This has been achieved through measuring the pull-out capacity of 
the wire ropes. With a particular focus on the adhesive bond, so the first and most importantly the 
almost linear parts of the load-slip diagrams. 

Considering the shear stresses caused by pull-out forces for the whole series of pull-out tests 
the bond strength is relatively low, as expected, compared to the traditional reinforcing bar 
embedded in traditional concrete, see Table 0-8 and Figure 0-23. The data for pull-out stresses of 
reinforcement bar with the diameter of 8 mm with concrete strength class of C20/25 and C30/35 is 
provided by P. Marinus 2016 [17]. That the shear stresses are so low is partly because the traditional 
reinforcing bar is designed for the best possible bond with concrete and the wire ropes are not and 
partly on the fact that the shear stresses are dependent on the strength class of concrete and the 
conditions of the contact surface of reinforcement bar. The traditional reinforcement bar is provided 
by the ribs, for the better pull-out capacity of the reinforcement, and they often have a rusted 
surface for better contact with concrete. Furthermore, those wire ropes which are used in this 
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research are coated with zinc which has a certain impacts on the adhesive behaviour of the wire 
rope with concrete and also has a positive influence on the corrosion resistance of the wire rope. 
Table 0-8: Maximum shear stresses between reinforcement and concrete, comparison with P.Marinus 
Concrete  C20/25 C30/35 CC 3DCP 
Reinforcement.  Ø 8mm Ø 8mm A1 B1 C1 A1 B1 C1 
τmax [MPa] 15.79 9.12 4.44 4.62 4.85 3.10 1.42 1.99 
St. Dev. [%] 7 8 9 11 18 27 8 6 

 

 
Figure 0-23: Graph of maximum shear stresses between reinforcement and concrete, comparison with P.Marinus 

 
By considering the shear stress development caused by pull-out force in 3D printed concrete 

for wire rope C1, it is slightly different from the other two A1 and B1. In Figure 7-28 and Figure 7-22 
and Figure 7-25 in Appendix 7 can be noticed that the linear part of the line in the graphs which 
represents the LVDTs measurements is less inclined, so this means that the LVDTs starts to measure 
the displacement almost immediately after the start of the test. This can be related to the fact that 
the C1 wire rope constriction is different from that of A1 and B1 wire ropes. C1 has a core of 19 wires 
which means that the core has no contact with concrete subsequently has no attribution to adhesive 
bond. In C1 wire rope, the ratio between the area of core cross-section and the area of whole wire 
rope is relatively high compere to other tested wire ropes. Considering this a stiffer core can move 
more freely inside the wire rope and influence the measurements. 

As mentioned, in this chapter, for calculations with structural purposes it is of high importance 
to know the adhesive bond stress values. Therefore, in experimental research adhesive bond 
stresses are recommended to have a linear relation or as linear as possible and thereby be as 
constant as possible over the whole embedded length. In this research average, adhesive bond 
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stresses per embedded length can be seen in Figure 0-24. It can be noticed that the lines for cast 
concrete (CC) are not constant and the lines for 3D printed concrete (3DCP) are more constant. 

 
Figure 0-24: Relations between the results of adhesive bond stresses in CC  and 3DCP 
 

By visual inspection of the specimen with CC, several observations were made. Namely, the 
presence of air bubbles in specimens, see Figure 0-26. During the manufacturing of specimens for 
this pull-out test in CC specimens were compacted on a vibrating table for 10 seconds, but probably 
it wasn’t done properly. This bubbles can potentially influence the bond strength. The manufacturing 
procedure of specimens was the same through the whole series of pull-out experimentation with CC. 
Thereby the measured values of forces and displacements are effective and may be used to compare 
with each other because the made error is maintained over the whole test series. 

The bond stresses from the pull-out tests in 3DCP are lower compared to the bond stresses in 
CC. This is due to several facts. The main aspect to that is the entrainment process characteristics. A 
visual observation can be made by slicing the specimens which were made with RED, see Figure 
0-27. Entrained wire rope has a less interacting contact area with extruded concrete. By slicing the 
specimens can be seen a bubble socket underneath the wire rope. Which is the effect of 
entrainment process. This phenomena is observed throughout the whole series for pull-out behavior 
and it has a negative influence on bond strength. 

     
Figure 0-25: Standard deviations for measured Adhesive bond stress in CC and 3DCP  



37 
 

 
Figure 0-26: Bubbles formation  inside the specimens with CC 
 

 
Figure 0-27: Bubble socket underneath the entrained wire ropes: Right: in grey the sliced concrete specimen, in black the 
wire rope and in red the bubble socket. 
 

1.2.1.1 Conclusion 
 

From the values of standard deviation for adhesive bond stresses in CC and in 3DCP for all 
wire ropes can be stated that there is not enough evidence for any conclusion, see Figure 0-25. 
Those values are not influenced by the wire rope or the concrete. Therefore, this issue must be 
addressed in future research. 
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Case studies, experimental 
To test the potential of the reinforcement systems, several experimental case studies are 

carried out with the gathered data from pull-out experimentation. First of all, chain was used in the 
first stage of research as a potential reinforcement system. Subsequently, the wire ropes were used 
to make the object for testing, and they were tested. Tests which were used are the flexural tests 
and for case study 4 (CS-4) compression test. 

 
4.1 CS-1, 4 points flexural test, beam reinforced with chain 

4.1.1 Design 
With chain as a reinforcement system first case study was performed. This was done to find 

the evidence for the potential of this system. To be able to determine the potential of this system a 
series of 4 points flexural test was executed. 4 points flexural test is chosen because between 2 load 
points a constant moment is maintained, the length b. Specimens were 3D printed with the chain 
entrained in each layer and to compare it without chain. The focus for this test is the overall 
structural behavior of the reinforced 3D printed objects. 

 
 

  
Figure 0-1: Cross section and the overall dimensions of the specimens 
 
 
Table 0-1: Length of specimens for CS-1 

 Chain  
a [mm] 100 
b [mm] 100 
c [mm] 50 
lo [mm] 300 
lp [mm] 400 

 
 

    
Figure 0-2: Fracture plane and the set-up with the specimen in testing machine 
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4.1.2 Results 
4 point flexural test was performed in a testing machine with the displacement speed of 0.5 

mm/min. For reinforced and unreinforced objects were 3 of each specimen tested. The results are 
displayed in Figure 0-3. In which is clear to see that the chain does not influence the results of the 
test. This is due to the manufacturing process characteristics. The entrained chain has not enough 
contact with concrete to be able to transfer the tensile forces after the crack. The process of 
entrainment of the chain is not designed towards optimizing the best possible collaboration 
between the chain and the extruded concrete filament. Instead, the design was focused on realizing 
another goal. Which is 3D printing with reinforced concrete and the use of the reinforcement is the 
chain. In Figure 0-4 is displayed the holes where the chain is positioned in the layers. And in the top 
layer the chain is removed because there was no bond between the chain and the concrete. 
 
 
 

 
Figure 0-3: Measured data during the test for reinforced as well as unreinforced specimens 

      
Figure 0-4: Cross section and the visible chain in the top layer  
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4.2 CS-2, 4 points flexural test, beam reinforced with wire rope 

4.2.1 Design 
This second case study is conceived and designed as a model for the overall structural 

behavior of 3D printed concrete beams elements. A series of specimens were designed with the 
cross-section of 7 layers were 1 or 2 are reinforced layers, see Figure 0-5. The basics dimensions for 
the specimens are l0 is the distance b plus two times distance a. Length b is the distance between 2 
load points were the bending moment is constant, and lp is the length of the specimen. Those 
dimensions are presented in Table 0-2.  

     
Figure 0-5: Cross section and the overall dimensions of the specimens 

Table 0-2: Length of specimens for CS-2 

A1 B1 C1 
a [mm] 160 
b [mm] 300 
c [mm] 35 
lo [mm] 620 
lp [mm] 690 

4.2.2 Results 
For the comprehensive report of this case study, it is recommended to see the publication of it 

done by F. Bos 2017 [18].  
4.2.3 Conclusion 
Four-point bending tests on beams with a 620 mm span and different cable types and 

configurations show significant post-crack moment capacity and deformations are obtained. Two 
failure modes occur, depending on the cable type. For the stronger C1 cables, bond loss between 
cable and concrete occurs. In the weaker A1 and B1 cables, cable breakage occurred. This failure 
mode corresponds with smaller failure deformations, but highly consistent failure loads predictable 
by simple analytical methods, commonly used for reinforced concrete. Failure by bond loss is much 
less predictable, and should, therefore, be avoided. Future research will aim at characterizing the 
cable behavior, optimizing the reinforcement configuration and expanding the concept to other 
types of structural elements [18].  
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4.3 CS-3, 4 points flexural test, beam reinforced with wire ropes 

4.3.1 Design 
This third case study is conceived and designed as a model for estimating the crack pattern, 

transfer length and anchorage length. From the results of the main pull-out tests values were 
gathered for the adhesive bond strength and pull-out strength. And with this values, a series of 
specimens were designed with the cross-section of 3 reinforced layers, see Figure 0-6. The cross-
section of the layers has an influence on the overall dimensions of the specimens and the test set-
up. The basics dimensions for the specimens are l0 is the distance b plus two times distance a. Length 
b is the distance between 2 load points were the bending moment is constant, and lp is the length of 
the specimen. Those length are depending on following: 

 
 

 
 
 

 
Herein lv is anchorage length, lt is transferred length and sr,max is the maximum distance 

between two cracks. For the mechanical scheme see Figure 0-6. 
 

   
Figure 0-6: Cross section and the overall dimensions of the specimens 
 
 
Table 0-3: Calculated length of specimens for CS-3 
   A1    B1    C1   
  CC 3DCP Ave. CC 3DCP Ave. CC 3DCP Ave. 
lv [mm] 52 36 44 149 46 97 132 54 93 
lt [mm] 155 108 131 135 42 88 80 33 56 
sr,max [mm] 310 216 263 270 83 177 159 66 113 
a [mm] 150 150 150 150 150 150 150 150 150 
b [mm] 620 432 526 541 166 353 319 131 225 
c [mm] 100 100 100 100 100 100 100 100 100 
a + c [mm] 250 250 250 250 250 250 250 250 250 
lo [mm] 920 732 826 841 466 653 619 431 525 
lp [mm] 1120 932 1026 1041 666 853 819 631 725 
 

In Table 0-3 the length is calculated with the values from cast concrete, 3D printed concrete 
and average of those. The true values of transfer lengths and anchorage lengths are somewhere in 
between. So the final specimens are 1000 mm with the l0 of 900 mm and b of 450 mm. Length b is 
being chosen 450 mm because of the restrictions of the testing machine.  
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4.3.2 Manufacturing 
The specimens are 3D printed with reinforced concrete, and the layout of the print path is 

displayed in Figure 0-7. After printing the specimens were cured for 28 days and after that sawn in 
designed lengths. Sawing was done with a diamond blade saw. 

 

 
Figure 0-7: Print path for the specimens for CS-3 
 

4.3.3 Results 
4 point flexural test was performed in a testing machine with the displacement speed of 0.5 

mm/min. For each of the wire rope, there was 3 to 6 specimens. For A1 was three specimens for B1 
was six specimens and for C1 was five specimens. The results are displayed in Table 0-4. Herein lsr,max 
and lt are measured values after the test competed and W.R. is wire rope. 
Table 0-4: Results from 4 point flexural test, CS-3  
 Fcr Ffail Mcr Mfail Mfail/

Mcr 
lsr,max lt lv,fail ncracks Failure 

mode 

Spec. [N] [N] [kNm
m] 

[kNm
m] 

[%] [mm] [mm] [mm]   

A1-01 253.3 187.5 19.0 14.1 74   490 1 W.R. break 
A1-02 280.5 240.2 21.0 18.0 86   315 1 W.R. break 
A1-03 235.3 204.5 17.6 15.3 87   440 1 W.R. break 
Ave.        415   
St.Dev.       18%   
B1-01 251.2 234.4 18.8 17.6 93 360 180 265 2 W.R. slip 
B1-02 318.1 281.1 23.9 21.1 88   405 1 W.R. slip 
B1-03 241.9 200.3 18.1 15.0 83 385 193 330 2 Max. 

Deflection 
B1-04 224.5 397.5 16.8 29.8 177 255 128 310 3 W.R. slip 
B1-05 202.9 201.6 15.2 15.1 99 415 208 310 2 Max. 

Deflection 
B1-06 231.9 154.0 17.4 11.5 66 420 210 305 2 Max. 

Deflection 
Ave.       184 321   
St.Dev.      16% 13%   
C1-01 204.2 366.2 15.3 27.5 179   290 1 W.R. slip 
C1-02 198.5 285.3 14.9 21.4 144 285 143 310 2 W.R. slip 
C1-03 213.5 366.2 16.0 27.5 172 210 105 445 2 W.R. slip 
C1-04 224.9 301.1 16.9 22.6 134 350 175 225 2 W.R. slip 
C1-05 170.6 201.7 12.8 15.1 118 140 70 435 2 W.R. slip 
Ave.       123 341   
St.Dev.      32% 25%   
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Figure 0-8: Specimens with B1 wire ropes after tests 

 
Figure 0-9: Calculated and measured transfer lengths 

 
Figure 0-10: Calculated and measured anchorage lengths 
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4.3.4 Transfer length and anchorage length 
From pull-out experimental research, several adhesive bond stresses were calculated and with this 
stresses transfer length (lt) and anchorage length (lv) can be calculated. lt is defined based on a state 
of equilibrium between shear stresses in the interface between steel bar and concrete and the steel 
stresses. The bond stress is assumed to be independent of the slip and is calculated with following 
formulation. 

 

 

 

 

 

Herein is: 
lt transfer length 
As cross-sectional area of reinforcement 
P perimeter of the reinforcement 
τbk bond stress 
b width of the concrete cross section 
h height of the concrete cross section 
fct average concrete strength 
 

And anchorage length is calculated with the following formulation. 
 

Herein is: 
lt anchorage length 
Fmax maximal tensile force per wire rope 
τbk bond stress 
P perimeter of the reinforcement 
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4.3.5 Discussion 
The length of the distortion zone lt or transfer length is the length which is needed to transfer 

tensile forces from concrete during the flexural test after the crack to the steel wire rope by means 
of a shear bond. And the anchorage length (lv) is the length which is needed to prevent the sliding of 
the wire ropes in the concrete during the flexural test. Both of that length is calculated with the data 
provided by pull-out tests. 

 
Firstly, lt is underestimated by calculated values, the actual value of it is 1.36 and 4.38 higher 

than that of the calculated values for wire rope B1 in CC and 3DCP, respectively. And for C1 it is 1.54 
and 3.73 higher. 

 
Subsequently, the values for lv are underestimated as well. A necessary explanation is that the 

values for lv are measured after the test was executed and it means that those values cannot be 
exact of lv because the propagation of the crack in the contact interface between wire rope and the 
concrete cannot be measured with this test setup, the actual values for lv are smaller. 

4.3.6 Conclusion 
The values generated during the pull-out test series are relatively accurate. But in the 

specimens for flexural tests, those values are not representative enough to use in calculations for 
the transfer length and the anchorage length. This is due to the manufacturing process of the 
specimens, the bond capacity of the reinforcement in the specimens for the 4 points flexural tests 
series is less than the actual band strength it is probably between the measured values in pull-out 
research and the values from flexural tests. The calculated values for lt and lv in pull-out series are 
too short, and lt and lv in the flexural test are too long. Future research will aim at the better setup 
for printing the reinforcement to ensure better bond strength between the wire ropes and concrete. 
The testing of the pull-out strength has to be addressed as well. Further, the crack pattern behavior 
and crack propagation of reinforcement system need to be studied. 
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4.4 CS-4, compression test, cylinders reinforced with wire ropes 

1.2.1 Design 
In this case, study a step in made in the direction of different setup to test the reinforcement 

system. By taking the cylindrical shape for specimens and apply a compression load on it in 1 
direction, see Figure 0-11, it will expand in the radial direction, and this will generate tensile stress in 
the orthogonal direction. This cylindrical object is 3D printed with the reinforcement and without 
reinforcement to establish the differences. The cylinders are 300 mm in diameter and 400 mm high. 
For the amount is taken twee of unreinforced and three reinforced, so in total five cylinders are 
tested. The test is a uniaxial compression test. 

  
Figure 0-11: Uniaxial compression test setup for cylinders and 3D printed specimen R-01 

4.4.1 Results 
The results are presented in Figure 0-12 and Figure 0-13 and Table 0-5. The tests are 

performed in a 2500kN compression testing machine with displacement speed of 0.5mm/min. In the 
tables and the figures R-01, R-02, and R-03 are the names for reinforced specimens and UNR-01 and 
UNR-02 are unreinforced. 

 
Table 0-5: Results of case study 04 tests 
 Fmax Fδr δa δr 

[kN] [kN] [mm] [mm] 
R-01 700.61 266.65 2.12 2.09 
R-02 733.18 248.79 2.16 2.49 
R-03 707.55 142.82 2.26 3.80 
UNR-01 707.47 165.79 1.98 1.68 
UNR-02 739.82 293.20 2.04 1.05 
 
Table 0-6: Term indication in Table 0-5 
Fmax - Maximal compression force 
Fδr - Compression force maximum radian extension 
δa - Normal displacement at maximal compression force 
δr - Maximum radial extension 
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Figure 0-12: Measured data during the CS-04 tests, reinforced and unreinforced specimens 
 

 
Figure 0-13: Measured data during the CS-04 tests, reinforced and unreinforced specimens 
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Figure 0-14: Crack pattern in specimen UNR-01. From left to right: front side, right side, back side and left side 

 

 
Figure 0-15: Crack pattern in specimen R-03. From left to right: front side, right side, back side and left side 

4.4.2 Discussion 
From the results, it is obvious to see that the compression strength is not increased, which is 

expected. But the ductility of the specimens is increased as it can be seen in Figure 0-12 and Figure 
0-13 as well on the photos in Figure 0-14 and Figure 0-15. On the photos the crack patterns are 
clearly visible in unreinforced and in reinforced specimens, hence the ductility. In the next Figure 
0-16 can be seen that the reinforcement is held the inner part of the cylinder almost intact, no 
orthogonal cracks. The outer part of the cylinder has fallen off clearly.  

    

Figure 0-16: Reinforced specimen R-03 
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Figure 0-17: Outer part of the cylinder, specimen R-03 
 

  
Figure 0-18: Inner part of the cylinder, specimen R-03 

4.4.3 Conclusion 
The ductility of the specimens is increased due to the reinforcement. There is some evidence 

for the improvement of stability of the object during printing phase because the wire ropes prevens 
the walls of the cylindrical shaped objects from falling out of the plane. This can be seen in Figure 
0-14 and Figure 0-15. Unreinforced specimens are bulging more than the reinforced specimens. But 
these phenomena have to be investigated more into the details. 
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Conclusion 
Throughout the whole research, a lot of conclusions were drawn. Those conclusions were 

continuously tested and applied after that. By using this procedure, those conclusions are being 
confirmed or rejected. Those conclusions led to the choice of reinforcement wire rope, the testing 
procedure of it, printing strategies and future steps. 

Initially, the chain was used as reinforcement system for several 3D printed objects, but was 
realized that this system was firstly very problematic to work with because the chain cannot be 
twisted along its normal line and got stuck every time during printing. And secondly, it is not suitable 
for structural application mainly because of a difficult failure mechanism which is occurring by 
applying a tensile force on it. From the chain, the step was made towards the wire ropes. This 
reinforcement system is easy to work with and is not difficult to manufacture, used wire ropes A1, 
B1, and C1 are manufactured and provided by Bekaert. The entrainment device RED was deigned in 
such a way that different systems for reinforcing could be used in the 3D printing process. So there 
were no difficulties on that part. The wire rope itself is a very suitable system for 3D printing because 
of its flexibility in the transverse direction. The sub-question was which wire rope is most suitable. 
This question is answered through pull-out experimental research. 

From the pull-out research, several conclusions were drawn. One of them is that the wire rope 
A1 is too thin because it keeps breaking during the tests without achieving considerable pull-out 
strength. Although it was in the tests performed in cast concrete, where the bond was made as good 
as possible by compacting the specimens. In future research and development of devices for 3D 
printing, a attention has to be made to the fact that the bond capacity has to be the main 
requirement by designing those devices to guarantee the bond between wire rope and extruded 
concrete. So, if the wire rope is too weak for transferring the required tensile load through shear 
stress that it is rejected. The wire rope B1 seems to be the best candidate from the three. This is due 
to its thinness, flexibility in the transverse direction, wire rope construction, tensile strength, 
elasticity modulus and adhesive bond strength with concrete. Wire rope C1 is much thicker due to its 
wire rope construction; it has a core of 19 wires which have no contact with concrete and due to 
that can slide inside the wire rope. The tensile strength of C1 is much higher than that of A1 or B1, 
but it will not reach it instead it will de-bond until the pull-out failure of reinforcement system 
occurs. 

By performing the case studies and analyzing them multiple observation was made. The main 
observation is that the wire ropes are suitable for using it as structural reinforcement system. The 
other important observation is that the calculated transfer lengths and anchorage lengths are not 
confirmed during the case studies. Those lengths are based on the results of pull-out tests and were 
not manufactured from the same batch; they were printed during several weeks later. This probably 
has the influences on the collaboration between wire ropes and concrete. The whole 3D printing 
process is not standardized, in the manner that its properties can be kept as constant as possible. 
The properties like concrete pump speed, printing speed, entrainment speed of the wire rope, the 
temperature of concrete, the viscosity of concrete and the print path itself. Furthermore, the 
manufacturing of the specimens influences the pull-out capacity and behavior of the wire ropes in 
concrete as well as in 3D printed concrete as in cast concrete. This issue must be addressed in future 
research and development. 

During printing of the specimens for the case study 4 (CS-4) observation was made that the 
cylinders with the reinforcement wire rope were more stable and were almost not buckling during 
the print, but the specimens without the reinforcement wire rope were indeed buckling. Buckling of 
the object usually happens during the print by slender elements, for example, long and high walls or 
a thin cylindrical object which is getting higher. So, the wire rope shows promising potential 
influence on the stability during the print, namely when the concrete is in wet stage. 
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Recommendations 
During the research different observations were made and was reacted upon it. For the future 

research and investigation, several proposals are composed. Throughout the whole report many 
recommendations were made, and in here they are summarized. 

 
First of all the adhesive bond stress values and pull-out stress values are different for 

reinforcement which was embedded in cast concrete, and 3D printed concrete. To be able to 
confirm the adhesive bond strength of the wire ropes in 3D printed object an investigation must be 
carried out on the improvement of the contact surface between the wire rope and the 3D printed 
concrete. 

 
With this reinforcement system and set up a different sort of investigation can be carried out. 

Namely, the design and improvement of the entrainment device. This needs a multidisciplinary 
approach. In a collaboration between structural engineering, mechanical engineering, electronic 
engineering, and software engineering. 

 
During 3D printing with reinforced concrete, an observation was made that the reinforcement 

can help to overcome the instability problem of the slender objects during printing. This happens 
because the wire rope contributes to the stability of the wet concrete. 

 
Furthermore, in this research, three different reinforcement wire ropes are investigated, and 

in the future, it might be the case that for different 3D print strategies a different wire rope is 
needed and therefore an experimental research is required. 
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1. Reinforcement Entrainment Device (RED) 

1.1 Design 
The idea is to introduce reinforcement system within or in between the extruded filaments of 

concrete. Due to the freedom of movement of the nozzle it is required to design an device that will 
not counteract that freedom of movement. Therefore, the reinforcement must be introduced at the 
same location and time as the nozzle and with the same speed as the nozzle is moving. From the 
freedom of movement of the nozzle which is required for the print path, that can consist out of strait 
lines but also out of sharp angles and corners, derives a next constraint. Namely, the reinforcement 
entrainment device (RED) must be mobile. This has an influence on the choice for the reinforcement 
system. The main purpose of the RED is to manufacture the specimens for the testing of the 
reinforcement system. 

 
By considering all of the abovementioned a device must be designed, developed and realized 

to be able to reinforce the 3D Concrete Printed structure. This device will entrain the reinforcement 
system within extruded concrete filament. 

 
Basically, entrainment means the entrapment of one substance by another substance, with 

other words, to pull or draw along after itself. It derives from twee French words, en- which means 
in and trainer which means to drag. 

1.2 Development 
The first attempt of reinforcing the extruded concrete filament was performed by hand in a 

straight line, see figure 1. At first it was thought that the reinforcement consisting of a thin steel 
wire, can be pulled along through a tube, located within the nozzle, see figure 2a and 2b, only by the 
resistance of the freshly extruded concrete. But it is proved to be wrong. The resistance of thin steel 
wire with fresh concrete is almost zero. And in the sharp angled the wire slices through concrete 
almost without any resistance. Knowing this, the logic modification to the system is to enlarge the 
diameter or to improve the surface roughness of the wire. 

 
Subsequently, the next system which was tried out was the braided fishing line. Because of 

the practical considerations, such as a larger diameter, rougher surface, than the surface of thin 
steel wire, and because braided fishing line is very flexible. 
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Figure 1: Extruding concrete filament by hand with thin steel wire within 

 
Figure 2a: Nozzle with thin steel wire, back      Figure 2b: Nozzle with thin steel wire, side 

The testing of reinforcing system with braided fishing line was performed with gantry robot. 
The results are promising. The object that was printed was a rectangle with sharp corners, see figure 
3. The problem that emerged was that the device which contained the fishing line was clogged and 
stopped supply of the wire. The wire subsequently cut through the concrete. 
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Figure 3: 3D printed rectangle with braided fishing line 

From this experiment several conclusions can be established. Firstly, the flexible braided 
fishing line works good in the corners and bends. Secondly, the device which contained fishing line 
was jammed and needs more development. Thirdly, braided fishing line is not appropriate 
reinforcing system that can be used as reinforcement for the 3D printed concrete structures, 
because Kevlar, the material where it is made of, possesses a very high modulus of elasticity and 
tensile strength. Which is undesirable in concrete structures considering normal concrete. 
Next step will be the multi-criteria analysis to find a proper reinforcement system for the 3D 
Concrete Printed structures. This analysis is shown in the table 1.  
Table 1: Multi-criteria analysis for the reinforcement system 
Reinforcement 
System 

Longitudinal 
Stiffness 

Crosswise 
Stiffness 

Tensile 
Strength 

Application 
with 
Concrete 

Application 
with 3DCP 

Outcome 

Thin Wire ++ - ++ ++ - 4 
Spring Coil - + - + + 1 
Chain ++ ++ + + ++ 8 
Wire rope ++ + ++ ++ ++ 9 

From this analysis can be established that the wire rope and chain possesses the most 
potential for this project. For practical reasons the development of the RED was started with the 
chain as reinforcement system, because of the accessibility of it at the time and the crosswise 
stiffness of the chain. 

The RED must ensure that the chain or wire rope can be pulled out of the chain locker or from 
the wire rope drum and pushed into the tube which is connected to the nozzle. This system is similar 
to the push pull system for welding equipment, see figure 4. The difference for the chain or the wire 
rope is the engagement rollers and those must be adjustable. 
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Figure 4: Push pull device in welding equipment 
As mentioned, the development of RED was started with the chain as the reinforcing system. 

Procedure of RED works as follows, chain is pulled out of the chamber with a chain wheel and is fed 
in the polytetrafluoroethylene tube (Teflon tube) which is connected to the nozzle. This system is 
similar to the system which is used by anchoring the ships, see figure 5a. The system is adjusted and 
engineered for desirable application and as the result of it is RED within the specific reinforcement 
system, for instance chain, see figure 5b. 

  
Figure 5a: Anchor windlass room on a ship       Figure 5b: RED with chain 

To entrain wire rope in to the extruded filament of concrete with this device some 
adjustments were made. First of all, wire rope is a different reinforcement system with different 
features, like smaller diameter and is stiffer in crosswise direction. The adjustments are done for the 
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feeding mechanism which is attached to the motor. For the solution to this issue were looked to the 
system of feeding and extrusion of the filament in 3D plastic printers, see figure 6a. The wire rope is 
rolled up on the drum and pulled from it with adjusted feeding mechanism and pushed through a 
thin plastic tube which on the other end connected to the nozzle in such a way that the wire rope 
will come out of the nozzle horizontally. This device is displayed in figure 6b. 

To be able to synchronize the speed of the extrusion of reinforcement system with the 
printing speed of the gantry robot, RED has a potentiometer and on & off switch. 

        
Figure 6a: Plastic filament feeder for 3D printer             Figure 6b: RED with wire rope 

To practically apply the above mentioned theories and systems a list of several hardware 
components is needed. This list is as follows: 

− Potentiometer and on & off switch; 
− Stepper motor; 
− Big Easy Driver; 
− Arduino; 
− Power supply; 
− Jumper cables; 
− Case to protect hardware. 

Potentiometer is a rotary switch to regulate the entrainment speed of reinforcement 
system, see figure 7a. On & off switch is to turn the system on or off, see figure 7b. 
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Figure 7a: Potentiometer from Sparkfun            Figure 7b: On & Off switch from Sparkfun 

The process of entrainment have to go as smooth as possible, with other words the supply of 
chain or wire rope have to be constant. In order to meet this requirement, a stable and powerful 
motor is required. Such motor which is accessible and small enough is a stepper motor. There are a 
lot of different stepper motors but in this project size matters so the choice was made for NEMA 17, 
see figure 8a. NEMA 17 is not the smallest but powerful enough to keep the supply of reinforcement 
system steady. A NEMA 17 stepper motor is a brushless DC electric motor that divides a full rotation 
into a number of equal steps and has a faceplate of 1.7 x 1.7 inch (43.2 x 43.2 mm), see figure 8b. 

                      
Figure 8a: NEMA 17 stepper motor    Figure 8b: Dimensions of NEMA 17 

NEMA 17 stepper motor, which is used, is bi-polar and this means that it needs a driver in 
order to bring it into motion. A recommended driver for this size of stepper motors is Big Easy Driver 
(BED). It is based on the Allegro A4988 stepper driver chip. BED can drive up to a max of 2A per 
phase of a bi-polar stepper motor. It is a chopper microstepping driver which defaults to 16 step 
microstepping mode. It can take a maximum motor drive voltage of around 30V, and includes on-
board 5V/3.3V regulation, so only one supply is necessary. Although this board should be able to run 
most systems without active cooling while operating at 1.4-1.7A/phase, a heatsink is required for 
loads approaching 2A/phase. For how to connect a stepper motor through BED to the Arduino board 
can be seen in figure 9a. Dimensions of BED are 3.8 x 3.0 mm, so it is very compact board, see figure 
9b. 
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Figure 9a: Connections to BED       Figure 9b: Scale of BED 

To be able to control the entrainment and the speed of entrainment for the reinforcement 
system there has to be an electronics platform. Arduino is one of those open-source electronics 
platforms and is based on easy-to-use hardware and software. Communication with the board is 
done by sending a set of instructions to the microcontroller on the board which executes the pre-
programmed commands. The board communicates with Arduino programming language (based on 
Wiring) and uses the Arduino software (IDE), based on Processing. Wiring is an open-source 
programming framework for microcontrollers and IDE stands for Integrated Development 
Environment and it is a software application that provides comprehensive facilities to computer 
programmers for software development. There are several different Arduino boards that are 
available. In the first stages of the development use was made of Arduino Uno (figure 10a) for better 
understanding the programming with the code which Arduino supports. Afterwards the choice was 
made for a smaller board, it is because in this project, as mentioned before, size does matter. The 
board that eventually is used is Adafruit Pro Trinket – 5V 16MHz (figure 10b). This board possesses 
almost  the same characteristics as Arduino Uno but is a lot smaller. 

   
Figure 10a: Arduino Uno vs Adafruit Pro Trinket              Figure 10b: Adafruit Pro Trinket – 5V 16MHz scale 

To communicate with the board a code must be written for several commands. The language, 
Wiring is an open-source language which means that everyone has an access to it. The IDE is 
supplied by Arduino itself, see figure 11. The code which operating in de RED is displayed below. The 
code is not explained in details. 
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#include <AccelStepper.h> 
 
// Define the stepper and the pins it will use 
AccelStepper stepper1(1, 6, 8); 
 
// Define our three input button pins 
#define  LEFT_PIN  4 
#define  STOP_PIN  3 
#define  RIGHT_PIN 5 
 
// Define our analog pot input pin 
#define  SPEED_PIN 0 
 
// Define our maximum and minimum speed in steps per second (scale pot to these) 
#define  MAX_SPEED 15626 
#define  MIN_SPEED 0.1 
 
void setup() { 
// The only AccelStepper value we have to set here is the max speeed, which is higher than we'll ever 
go  
  stepper1.setMaxSpeed(15626.0); 
   
// Set up the three button inputs, with pullups 
  pinMode(LEFT_PIN, INPUT_PULLUP); 
  pinMode(STOP_PIN, INPUT_PULLUP); 
  pinMode(RIGHT_PIN, INPUT_PULLUP); 
} 
 
void loop() { 
  static float current_speed = 0.0;          // Holds current motor speed in steps/second 
  static int analog_read_counter = 1000;    // Counts down to 0 to fire analog read 
  static int analog_value = 0;               // Holds raw analog value. 
 
  if (analog_read_counter > 0) { 
    analog_read_counter--; 
  } 
  else { 
    analog_read_counter = 1000; 
    analog_value = analogRead(SPEED_PIN); 
    stepper1.runSpeed(); 
    current_speed = -((analog_value/1023.0) * (MAX_SPEED - MIN_SPEED)) + MIN_SPEED; 
    stepper1.setSpeed(current_speed); 
   } 
  stepper1.runSpeed(); 
}   
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Figure 11: IDE interface with applied working code for RED 
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The nozzle where the reinforcement system is extruded from is located at the end of the 
printer head of the gantry robot and due to that has a total freedom of rotational movement round 
the Z axis. RED is mounted just above the nozzle and consequently possesses the same total 
freedom of rotational movement as the nozzle itself. Considering this, the power supply for RED 
have to be mobile, with other words the power should come from the batteries. Arduino or Adafruit 
need 5V supply and 50mA current to operate and BED needs much more, between 7V and 30V 
supply and 2.0A current. And those power supplies must be separated. The power for the Arduino or 
Adafruit comes from power bank with 5V and 1Ah current (figure 12a). Power for BED is much 
higher, namely 12V and current of 2.3Ah (figure 12b) and takes the most of the space inside the 
protective case for hardware. 

   
Figure 12a: Power bank for Arduino Uno and Adafruit Figure 12b: Batteries for BED, NiMH. 

In the first stage of the project a choice was made to use a different kind of batteries. Namely 
a lithium-ion polymer battery and it is a rechargeable battery (figure 13a). But it was revealed during 
the time that this batteries are too unstable for this project. Due to that, another battery type was 
chosen, a nickel-metal hydride battery. NiMH is also rechargeable battery and reliable and widely 
used in different industries. 

As previously mentioned the reinforcement comes together with extruded concrete filament 
out of the nozzle. To proper ensure this process the tube, where reinforcement comes out, must be 
firmly attached to the nozzle at a specific angel with het horizontal plane, see figure 13b. 

   
Figure 13a: LiPo battery       Figure 13b: Nozzle with thin tube for the 

reinforcement 
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1.3 Realization 
RED is conceived and manufactured completely by the students and PhD researchers within 

the 3DCP project. All the work is done in the Structures Laboratory Eindhoven. This facility offers all 
kinds of equipment, among which a 3D printer Ultimaker 2 Extended+, which is extensive used 
during the realization of RED. 

The electronics were connected and tested by students through try and error without any 
professional assistants. Also the code is made by combining different open-source codes together 
and test them till everything works as it should. 

The electronic wiring diagram which is used in RED comes from one of the tutorials for 
stepper motors. The only adjustment are the buttons S1, S2 and S3. Those buttons are for the 
direction of rotation and for stop of the movement. The wiring diagram displayed in figure 14a. 
While testing the codes together with the hardware use was made of Arduine Uno. The diagram is 
fabricated and tested what can be seen in figure 14b.   

 
Figure 14a: Wiring diagram for RED       Figure 14b: Assembled electronics for RED with Adafruit Pro 

Trinket (above) and Arduino Uno (below) 
The protective case were all the electronical components are secured is design to hold 2 

NEMA 17 stepper motors, but for the matters of simplicity was chosen for one. The case was 3D 
printed. 

As mentioned the project was started by development of entrainment of chain. For chain the 
system which is used comes from the anchoring system that used a wildcat chainwheel (figure 15a). 
Wildcat chainwheel is used in multiple systems that using chain. For different chains a different 
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wildcat chainwheel must be used, see figure 15b. Chain must be located under the chainwheel, so 
that the chain will hang on it, otherwise the principle will not work. Chain is stored in the chamber or 
chain locker which is attached to the RED. 

 
Figure 15a: Basics of wildcat chainwheel Figure 15b: Different 3D printed wildcat chainwheels with 

corresponding chains 
For wire rope a different system was used, based on the feeder in 3D printer. All the parts are 

3D printed with plastic. 3D printing with plastics is a successful technology and being wildly used by 
all sorts of disciplines. Because of that a lot of parts can be found online on site like 
www.thingiverse.com. Those parts in a form of a .stl file can be customised and 3D printed by 
everyone. Printing of the feeder which is used for feeding wire rope is displayed in figure 16. 

The principle of the feeder is to pull and push plastic wire with gripping rollers which applying 
the compressive pressure to the plastic wire. For the steel wire ropes used in this project one of 
those rollers is replaced by the roller which is 3D printed with rubber. The needed pressure is 
applied with a spring. 

 
Figure 16: Wire rope feeder being printed 

  



68 
 

After all the parts were manufactured and purchased the assembly of the device started. Final 
assembly of RED consists out of a Adafruit Pro Trinket – 5V 16MHz, BED, stepper motor, 
potentiometer and on & off switch. The assembly of the RED is displayed in figure 17a and 17b. 

   
Figure 17a: RED, protective case closed  Figure 17b: RED, protective case open 

Ass mentioned RED can entrain different reinforcement systems such as chain and wire rope. 
For the chain RED needs a different setup, a wildcat, Teflon tube and the chain locker attached to it. 
For the matters of simplicity only the wildcat is mounted on to RED, see figure 18a and 18b.

      
Figure 18a: RED with wildcat for the chain, isometry Figure 18b: RED with wildcat for the chain, front 
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Subsequently, for the wire ropes the setup is different. Therefore, RED is assembled with a 3D 
printed extruder, which can be seen in figure 19a and 19b. 

   
Figure 19a: RED with extruder for wire rope, isometry  Figure 19b: RED with extruder for wire rope, front 
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2. Pull-out behaviour of chain in cast concrete 
In this chapter a description of carried out test series 2 is given. In this series the tests were 

executed to study the pull-out capacity and behaviour of a thin steel chain in concrete. The chain 
which is used is off the shelf product and this means that it is a relative cheap product. Chain itself is 
open link chain made from normal steel and not structural steel B500. To prevent the corrosion 
chain is galvanized with zinc. 

 
During testing the tensile strength and the pull-out behaviour of the chain a lot of difficulties 

were emerged. Namely, the chain behaves in difficult manner. Because it is an open link chain it 
does not break but slips out and due to this behaviour the tensile strength is significantly low. And 
due to which lower pull-out forces were measured during testing. This slip behaviour of the internal 
chain links is not desirable in pull-out research. It is obvious to see in the tests results from the case 
study 1 (CS-1) that the influence of the chain is nothing. 

 
The choice for the open link chain was made due to the manufacturing characteristics of the 

3D printing. Chain is required to be thin, around 1 mm in cross section and the used chain is 1,3 mm. 
This was the main reason to choose it. The choice for the close link chain was not made because this 
chain will be relative expensive to manufacture. And off the shelf close link chains are too big to take 
part in 3D printing with current setup. 

 
To conclude the results from this series it is not necessary to investigate the chain as an 

potential reinforcement system. The focus must be concentrated on pull-out capacity and behaviour 
of a different reinforcement system. 

 

 
Figure 2-1: Pulled out bar with a piece of the chain which is broken inside the concrete 
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3. From the τcs – δ relationship to the transfer length, ir. C. 

van der Veen [2] 
Based on the relationship between τcs and δ, the transfer length lst can be calculated using the 

differentiation method. With test results and by using formula (7-1) the bond stress over the contact 
area of steel with concrete (τcs) can be calculated. And then a graph can be made of the measured 
displacement δ against τcs. 

         (3-1) 
In the Figure 3-1 the relationship between the displacement δ and the bond stress τcs are 

displayed in principle. And for this test setup the length lcs is set to be 3 Ø. 
 

 

 
Figure 3-1: Relationship between the displacement δ and the bond stress τcs 

In the Figure 3-1 is considered a small piece of bar with length dx starting in 0. For that piece 
of bar, δx is still 0, so the bond stress is equal to a according to the formula 7-2. 

 
         (3-2) 

At the end of this first piece dx can be said: 
 

       (3-3) 
 
The displacement of the bar at the end of that piece of dx due to  is thus: 

         (3-4) 
By neglecting the concrete deformation, relation δx = us applies. With this value for δx one can 

now determine the shear stress and the steel stress in the next piece of the bar, namely: 
 

         (3-5) 
 
Continuing this steps for so long until can be found an equilibrium: 
 

        (3-6) 
The transfer length lst can then be calculated using the following formula: 
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          (3-7) 

 

 
Figure 3-2: Development of relative displacement dx, adhesive bond stress τcs,x, steel stress σsx and concrete stress σcx for 
the tensile bar 
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4. Report tensile test wire ropes 
To be able to perform proper calculations upon reinforced 3D printed concrete a certain 

information of reinforcement system have to be collected. Reinforcement system which is used in 
this research is wire rope made by Bekaert and they are being provided for this project. Tested 
specimens are three wire ropes named A1, B1 and C1. To reproduce desired results series of tensile 
tests were carried out conform the norms. The norms are ASTM A931-08 [19] and ISO 3108-1974 
[20].  
4.1 Test set-up 

Test was executed in a Instron testing machine, Figure 4-1, with claws to wedge the wire 
ropes, Figure 4-1. The length of the specimens depends on the diameter of the wire rope. The length 
is calculated to be 300 mm. The tensile force and the machine displacement were measured by the 
testing machine itself. 
4.2 Calculation of E-modulus 

To calculate the elasticity modulus of tested wire ropes the following formula was used: 
          (4-1) 

Herein: 
       (4-2) 

        (4-3) 

By using this formulation the possible slip of wedges is excluded from the results. This is 
because Δσ and Δε are effective stress and effective strain, respectively. The values Fi and Δli are 
measured values and are taken over a relatively linear branch of the graph. For A1 between 150N 
and 250N, for B1 between 400N and 500N and for C1 between 600N and 800N. 
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Figure 4-1: Instron testing machine setup  Figure 4-2: Bottom claw wedge 

4.3 Results 
In the Table 4-1 test results and information of the tested wire ropes are displayed. 

Herein: 
φwire  - diameter of the single wire; 
φglobal  - diameter of the whole wire rope; 
P  - outer perimeter of wire rope; 
Awire rope  - sum of areas of the cross-sections of the wires; 
Aglobal  - area over the global diameter; 
f  - filing factor; 
Fmax  - maximum bearing force which was provided by Bekeart; 
σmax  - stress of the steel based on Fmax; 
σs0.2  - stress of the steel with 0.2% of the strain; 
Es; Bekaert  - E-modulus provided by Beraert; 
Es; series07  - E-modulus tested in this research. 
 

The cross-section layouts of the wire ropes are gained by reverse engineering, 
measurements such as the thickness of the wires and area of the cross-section were made. 

 
Table 4-1: Test results and background information of wire ropes 

    

  

  

  

  

  Name  A1  B1  C1 
Constriction  1x9  5x7 + 1x3  9x7 + 1x19 
Coating  zinc  zinc  zinc 
Øwire [mm]  0.15  0.12  0.1 
Øglobal [mm]  0.63  0.97  1.20 
P [mm]  2.24  5.11  5.87 
Awire rope [mm2]  0.16  0.43  0.64 
Aglobal [mm2]  0.31  0.74  1.13 
f    0.51  0.58  0.57 
Fmax [N]  420  1190  1925 
σmax [N/mm2]  2641  2769  2989 
σs0.2 [N/mm2]  2113  2215  2391 
Es; Bekeart [N/mm2]  181621  178345  156808 
Es; series07 [N/mm2]  145258  123661  140887 
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4.4 Conclusion and recommendation 
From the Table 4-1 can be seen that there is a differences in elasticity moduli. Between the 

calculated one with measured values and provided one by Bekaert, see Figure 4-3. Those differences 
may have several reasons, one of those is the test setup. The tensile machine which was used didn’t 
had a proper equipment for testing thin wire ropes. This equipment can be purchased by Instron 
itself, see Figure 4-3. 

From this can be observed that the measured data is not correct and cannot be used for 
calculations. For future calculations a new test series should be carried out with proper equipment. 
Furthermore, in this research the values for elasticity moduli which were used are provided by 
Bekaert.  
 

 
Figure 4-3: Elasticity moduli of tests and Bekaert     

 
Figure 4-4: Wire snubbing grips   
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5 Report of orientation pull-out test series 04 on thin  steel 

wire ropes A1 B1 C1 in CC. 
The results of the pull-out tests are now presented. The Table 5-1 provide an overview of the 

average forces and average bond stresses with standard deviations. 
Table 5-1: Results of orientation tests with wire ropes A1 B1 C1 for embedded length of 25 mm in CC 
lcs = 25 Fa x̅ σ σ τcs x̅ σ σ Fmax x̅ σ σ τmax x̅ σ σ 

[N] [N] [N] [%] [MPa] [MPa] [MPa] [%] [N] [N] [N] [%] [MPa] [MPa] [MPa] [%] 
A1-01 101     1.81      281     5.02      
A1-02 103     1.85      242     4.32      
A1-03** 83     1.49      195     3.48      
A1-04 82     1.46      187     3.34      
A1-05 61 86 15 18 1.09 1.54 0.28 18 152 211 45 21 2.73 3.78 0.80 21 
B1-01 256    2.00     338    2.00     
B1-02 345    2.70     432    2.70     
B1-03 305    2.38     383    2.38     
B1-04* 0    0.00     0    0.00     
B1-05** 315 305 32 10 2.46 2.39 0.25 10 392 386 33 9 2.46 2.39 0.25 10 
C1-01 383    2.61     493    2.61     
C1-02 297    2.03     370    2.03     
C1-03** 332    2.26     385    2.26     
C1-04 287 325 37 11 1.96 2.22 0.25 11 331 395 60 15 1.96 2.22 0.25 11 
* - rejected specimen; ** - representative specimen. 
Table 5-2: Term indication in the tables 
Fa - Pull-out force at maximum adhesive bond stress 
Fmax - Maximum pull-out force at first measured peak in the load-slip diagrams 
τcs - Adhesive bond stress 
τmax - Shear stress at Fmax 
x̅ - Mean value 
σ - Standard deviation in measured units and in percentage 
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Figure 5-1: Load-slip diagram of wire rope A1 in 25 mm of CC 

 
Figure 5-2: Load-slip diagram of wire rope B1 in 25 mm of CC 
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Figure 5-3: Load-slip diagram of wire rope C1 in 25 mm of CC   
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6 Report of pull-out test series 05 on thin  steel wire ropes 

A1 B1 C1 in CC. 

6.1 Results per wire rope per embedded length in CC. 
This report presents an overview of all measured data during the pull-out tests of series 05. 

Firstly, the set-up and the emplacement of one specimen in the testing machine. Subsequently, the 
load-slip diagrams per wire rope and per embedded length, A1 – B1 – C1 for lcs = 15, 35 mm. 
Thereafter, the measured data is presented in the tables. 

 

   
Figure 6-1: Test set-up for the pull-out tests and the realisation of it in the testing machine 

 
Table 6-1: Term indication in the tables 

Fa - Pull-out force at maximum adhesive bond stress 
Fmax - Maximum pull-out force at first measured peak in the load-slip diagrams 
τcs - Adhesive bond stress 
τmax - Shear stress at Fmax 
x̅ - Mean value 
σ - Standard deviation in measured units and in percentage 
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Figure 6-2: Load-slip diagram of wire rope A1 in 15 mm of CC 

 

 
Figure 6-3: Load-slip diagram of wire rope A1 in 35 mm of CC 
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Figure 6-4: Load-slip diagram of wire rope B1 in 15 mm of CC 

 

 
Figure 6-5: Load-slip diagram of wire rope B1 in 35 mm of CC 
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Figure 6-6: Load-slip diagram of wire rope C1 in 15 mm of CC 

 

 
Figure 6-7: Load-slip diagram of wire rope C1 in 35 mm of CC 
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Table 6-2: Results of wire ropes A1 B1 C1 for embedded length of 15 mm in CC 
lcs = 15 Fa x̅ σ σ τcs x̅ σ σ Fmax x̅ σ σ τmax x̅ σ σ 

[N] [N] [N] [%] [MPa] [MPa] [MPa] [%] [N] [N] [N] [%] [MPa] [MPa] [MPa] [%] 
A1-01 120       3.58       204       6.09       
A1-02* 0       0.00       0       0.00       
A1-03 125       3.73       170       5.06       
A1-04** 130       3.89       237       7.06       
A1-05 180 139 24 17 5.38 4.15 0.72 17 345 239 66 27 10.28 7.12 1.96 27 
B1-01 360       4.69       470       6.13       
B1-02** 340       4.43       415       5.41       
B1-03 273       3.56       355       4.63       
B1-04 351       4.57       429       5.60       
B1-05* 0 331 34 10 0.00 4.31 0.45 10 0 418 41 10 0.00 5.44 0.54 10 
C1-01 424       4.81       491       5.58       
C1-02 310       3.52       363       4.12       
C1-03 341       3.88       427       4.85       
C1-04** 309       3.52       376       4.28       
C1-05 251 327 56 17 2.86 3.72 0.64 17 327 397 57 14 3.72 4.51 0.65 14 
 
 
Table 6-3: Results of wire ropes A1 B1 C1 for embedded length of 35 mm in CC 
lcs = 35 Fa x̅ σ σ τcs x̅ σ σ Fmax x̅ σ σ τmax x̅ σ σ 

[N] [N] [N] [%] [MPa] [MPa] [MPa] [%] [N] [N] [N] [%] [MPa] [MPa] [MPa] [%] 
A1-01 259    3.31    369    4.72    
A1-02 242    3.10    312    3.99    
A1-03** 220    2.81    360    4.60    
A1-04 243    3.11    312    3.98    
A1-05 262 245 15 6 3.34 3.13 0.19 6 386 348 31 9 4.93 4.44 0.39 9 
B1-01** 657    3.67    787    4.40    
B1-02 619    3.46    733    4.09    
B1-03 779    4.35    921    5.14    
B1-04 618    3.45    738    4.12    
B1-05 771 689 72 10 4.31 3.85 0.40 10 954 826 93 11 5.33 4.62 0.52 11 
C1-01 383    1.86    1011    4.92    
C1-02 574    2.80    1275    6.21    
C1-03 713    3.47    1083    5.27    
C1-04 321    1.56    734    3.57    
C1-05** 535 505 140 28 2.61 2.46 0.68 28 876 996 184 18 4.27 4.85 0.89 18 
* - rejected specimen; ** - representative specimen. 
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6.2 Results of representative wire ropes per embedded length in CC 
In this chapter the measured data is presented for each wire rope per embedded length in CC. 

this is done to see the influences of different wire ropes in the same embedded length. 
In the load-slip diagrams can only be seen the measurements done with LVDT and not with 

the testing machine.  

 
Figure 6-8: Load-slip diagram of wire ropes A1 B1 C1 in 15 mm of CC 

 
Figure 6-9: Load-slip diagram of wire ropes A1 B1 C1 in 35 mm of CC 
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6.3 Results of specific representative wire rope per embedded length in 
CC 

 
In this chapter the measured data in presented for each embedded length in CC per wire rope. 

This is done to see the influences of different embedded lengths on the behaviour of the same wire 
rope. 

In the load-slip diagrams can only be seen the measurements done with LVDT and not with 
the testing machine.  
 
 
 
 
 
 
 
 
 
 

 
Figure 6-10: Load-slip diagram of wire rope A1 in 15 35 mm of CC 
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Figure 6-11: Load-slip diagram of wire rope B1 in 15 35 mm of CC 

 

 
Figure 6-12: Load-slip diagram of wire rope C1 in 15 35 mm of CC 
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6.4 Adhesive bond part of pull-out stress. 

 
Figure 6-13: Adhesive bond part for wire rope A1 in CC 

 

 
Figure 6-14: Adhesive bond part for wire rope B1 in CC 

  



88 
 

 
Figure 6-15: Adhesive bond part for wire rope C1 in CC 
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6.5 Choosing the representatives of specimens per wire rope. 

 
Figure 6-16: Representative of wire rope A1 in 15 mm of CC 

 

 
Figure 6-17: Representative of wire rope A1 in 35 mm of CC 
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Figure 6-18: Representative of wire rope B1 in 15 mm of CC 

 

 
Figure 6-19: Representative of wire rope B1 in 35 mm of CC 
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Figure 6-20: Representative of wire rope C1 in 15 mm of CC 

 

 
Figure 6-21: Representative of wire rope C1 in 35 mm of CC 
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7 Report of pull-out test series 06 on thin  steel wire ropes 

A1 B1 C1 in 3DCP. 

7.1 Results per wire rope per embedded length in 3DCP. 
This report presents an overview of all measured data during the pull-out tests of series 06. 

Firstly, the set-up and the emplacement of one specimen in the testing machine. Subsequently, the 
load-slip diagrams per wire rope and per embedded length, A1 – B1 – C1 for lcs = 15, 25, 35 mm. 
Thereafter, the measured data is presented in the tables. 

 

  
Figure 7-1: Test set-up for the pull-out tests and the realisation of it in the testing machine 

 
Table 7-1: Term indication in the tables 

Fa - Pull-out force at maximum adhesive bond stress 
Fmax - Maximum pull-out force at first measured peak in the load-slip diagrams 
τcs - Adhesive bond stress 
τmax - Shear stress at Fmax 
x̅ - Mean value 
σ - Standard deviation in measured units and in percentage 
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Figure 7-2: Load-slip diagram of wire rope A1 in 15 mm of 3D printed concrete 

 

 
Figure 7-3: Load-slip diagram of wire rope A1 in 25 mm of 3D printed concrete 
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Figure 7-4: Load-slip diagram of wire rope A1 in 35 mm of 3D printed concrete 

 

 
Figure 7-5: Load-slip diagram of wire rope B1 in 15 mm of 3D printed concrete 
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Figure 7-6: Load-slip diagram of wire rope B1 in 25 mm of 3D printed concrete 

 

 
Figure 7-7: Load-slip diagram of wire rope B1 in 35 mm of 3D printed concrete 
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Figure 7-8: Load-slip diagram of wire rope C1 in 15 mm of 3D printed concrete 

 

 
Figure 7-9: Load-slip diagram of wire rope C1 in 25 mm of 3D printed concrete 
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Figure 7-10: Load-slip diagram of wire rope C1 in 35 mm of 3D printed concrete 
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Table 7-2: Results of wire ropes A1 B1 C1 for embedded length of 15 mm in 3DCP 
lcs = 15 Fa x̅ σ σ τcs x̅ σ σ Fmax x̅ σ σ τmax x̅ σ σ 

[N] [N] [N] [%] [MPa] [MPa] [MPa] [%] [N] [N] [N] [%] [MPa] [MPa] [MPa] [%] 
A1-01 42       1.27       58       1.74       
A1-02* 0       0.00       0       0.00       
A1-03** 43       1.29       102       3.04       
A1-04 60       1.79       78       2.34       
A1-05* 0 49 8 17 0.00 1.45 0.24 17 0 80 18 22 0.00 2.37 0.53 22 
B1-01* 0       0.00       0       0.00       
B1-02 124       1.62       151       1.97       
B1-03 62       0.81       63       0.82       
B1-04** 86       1.13       111       1.45       
B1-05 56       0.73       88       1.15       
B1-06 75 81 24 30 0.98 1.05 0.32 30 97 102 29 29 1.26 1.33 0.38 29 
C1-01 82       0.94       83       0.94       
C1-02 74       0.84       74       0.84       
C1-03 135       1.54       186       2.11       
C1-04** 111       1.26       112       1.28       
C1-05* 0 101 24 24 0.00 1.14 0.28 24 0 114 44 39 0.00 1.29 0.50 39 
 
Table 7-3: Results of wire ropes A1 B1 C1 for embedded length of 25 mm in 3DCP 
lcs = 25 Fa x̅ σ σ τcs x̅ σ σ Fmax x̅ σ σ τmax x̅ σ σ 

[N] [N] [N] [%] [MPa] [MPa] [MPa] [%] [N] [N] [N] [%] [MPa] [MPa] [MPa] [%] 
A1-01 56       1.00       91       1.62       
A1-02** 75       1.35       146       2.62       
A1-03 100       1.79       233       4.16       
A1-04 93       1.67       166       2.98       
A1-05 92 83 16 19 1.65 1.49 0.29 19 230 173 54 31 4.11 3.10 0.96 31 
B1-01** 118       0.92       148       1.15       
B1-02 102       0.80       103       0.81       
B1-03* 0       0.00       0       0.0       
B1-04 226       1.77       286       2.24       
B1-05 125 143 49 34 0.97 1.12 0.38 34 173 177 68 38 1.36 1.39 0.53 38 
C1-01 206       1.40       258       1.76       
C1-02* 0       0.00       0       0.0       
C1-03** 155       1.06       225       1.54       
C1-04 204       1.39       482       3.29       
C1-05* 0 188 24 13 0.00 1.28 0.16 13 0 322 114 36 0.00 2.19 0.78 36 
 
Table 7-4: Results of wire ropes A1 B1 C1 for embedded length of 35 mm in 3DCP 
lcs = 35 Fa x̅ σ σ τcs x̅ σ σ Fmax x̅ σ σ τmax x̅ σ σ 

[N] [N] [N] [%] [MPa] [MPa] [MPa] [%] [N] [N] [N] [%] [MPa] [MPa] [MPa] [%] 
A1-01 111       1.42       151       1.93       
A1-02* 0       0.00       0       0.00       
A1-03** 143       1.83       274       3.51       
A1-04* 0       0.00       0       0.00       
A1-05 175       2.24       302       3.86       
A1-06* 0 143 26 18 0.00 1.83 0.34 18 0 242 66 27 0.00 3.10 0.84 27 
B1-01* 0       0.00       0       0.00       
B1-02 174       0.97       280       1.57       
B1-03* 0       0.00       0       0.00       
B1-04** 178       0.99       252       1.41       
B1-05* 0       0.00       0       0.00       
B1-06 139 163 18 11 0.77 0.91 0.10 11 229 254 21 8 1.28 1.42 0.12 8 
C1-01* 0       0.00       0       0.00       
C1-02** 332       1.62       377       1.84       
C1-03 365       1.78       434       2.11       
C1-04 366       1.78       418       2.04       
C1-05* 0 355 16 4 0.00 1.73 0.08 4 0 410 24 6 0.00 1.99 0.12 6 
* - rejected specimen; ** - representative specimen.  
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7.2 Results of representative wire ropes per embedded length in 3DCP 
 
In this chapter the measured data is presented for each wire rope per embedded length in 3D 

printed concrete. this is done to see the influences of different wire ropes in the same embedded 
length. 

In the load-slip diagrams can only be seen the measurements done with LVDT and not with 
the testing machine.  
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7-11: Load-slip diagram of wire ropes A1 B1 C1 in 15 mm of 3D printed concrete 
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Figure 7-12: Load-slip diagram of wire ropes A1 B1 C1 in 25 mm of 3D printed concrete 

 

 
Figure 7-13: Load-slip diagram of wire ropes A1 B1 C1 in 35 mm of 3D printed concrete 
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7.3 Results of specific representative wire rope per embedded length in 
3DCP 

 
In this chapter the measured data in presented for each embedded length in 3D printed 

concrete per wire rope. This is done to see the influences of different embedded lengths on the 
behaviour of the same wire rope. 

In the load-slip diagrams can only be seen the measurements done with LVDT and not with 
the testing machine.  
 
 
 
 
 
 
 
 
 
 

 
Figure 7-14: Load-slip diagram of wire rope A1 in 15 25 35 mm of 3D printed concrete 
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Figure 7-15: Load-slip diagram of wire rope B1 in 15 25 35 mm of 3D printed concrete 

 

 
Figure 7-16: Load-slip diagram of wire rope C1 in 15 25 35 mm of 3D printed concrete 
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7.4 Adhesive bond part of pull-out stress. 
 

 
Figure 7-17: Adhesive bond part for wire rope A1 

 

 
Figure 7-18: Adhesive bond part for wire rope B1 
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Figure 7-19: Adhesive bond part for wire rope C1 
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7.5 Choosing the representatives of specimens per wire rope. 

 
Figure 7-20: Representative of wire rope A1 in 15 mm of 3DCP 

 

 
Figure 7-21: Representative of wire rope A1 in 25 mm of 3DCP 
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Figure 7-22: Representative of wire rope A1 in 35 mm of 3DCP 

 

 
Figure 7-23: Representative of wire rope B1 in 15 mm of 3DCP 
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Figure 7-24: Representative of wire rope B1 in 25 mm of 3DCP 

 

 
Figure 7-25: Representative of wire rope B1 in 35 mm of 3DCP 
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Figure 7-26: Representative of wire rope C1 in 15 mm of 3DCP 

 

 
Figure 7-27: Representative of wire rope C1 in 25 mm of 3DCP 
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Figure 7-28: Representative of wire rope C1 in 35 mm of 3DCP 

 


