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ABSTRACT 

This study is a follow-up on the research of (Jutinov, 2017) in which a Reinforcement Entrainment 

Device (RED) was developed. With this device cables can be implemented automatically into a 3D 

printed concrete filament. However, their performance in terms of shear resistance were not established, 

as elements being printed with cables as sole reinforcement have not been possible. Though, cable 

reinforcement was proven to serve a confinement, wherefore it is used as stirrups in the bicycle bridge 

located in Gemert. A study is carried out on bond capacity in order to be able to make cable reinforced 

3D printed concrete stronger, more ductile and its failure more predictable.  

In advance, a literature study based on conventional reinforcement showed that quite a number of 

parameters could influence the bond strength between concrete and cables. However, these parameters 

mainly assume concrete being loaded in compression by dilatancy. For that reason, simplified formulas 

are mainly based on concrete tensile strength. This bond mechanism could play a role if the woven 

structure of the cable is well-embedded in the concrete, as the separate wires might act as bearing ribs.  

In the beginning of this research two new mortars Weber 3D 145-1 and 145-2 have been introduced as 

their strength and printability are higher than the old mortar Weber 3D 115-1. However, a significantly 

lower bond strength was measured in pull-out tests. After several possible bond parameters are 

investigated in an experimental research, hydrogen evolution seems to deteriorate the bond interface and 

cause worse bond strength. This occurs in a chemical reaction between the zinc cable coating and a high 

pH value of concrete for the three mortars. It is proven to increase by segregation. Segregation is proven 

to occur in 145-1 and 145-2, which is likely to be caused by presence of more additives in order to obtain 

a higher concrete strength. This theory agrees with the occurrence of cracks, which are observed in 

concrete specimens cast perpendicular to the cable. Since the cables are restrained, rise of water during 

segregation is obstructed, wherefore water accumulates around and under the cable. The cracks arise as 

a separation between humid and drier concrete, as their densities are different. Despite that, these cracks 

do not have a direct relationship with bond strength, it is more an additional effect. Casting parallel to 

the cable only seems to decrease the bond strength since settlement of concrete influences the bond 

interface as well. Since hydrogen formation deteriorates the bond strength that much, no clear 

conclusions can be made for the other researched parameters. Hydrogen evolution in 3D printed concrete 

occurs to a larger extent as more air bubbles are observed in the filament. The porosity around the cable 

(as a result of oxygen and hydrogen formation) increases. A bad interface can be observed in all printed 

specimens. 

Compaction is the most important factor to determine the bond strength in 3D concrete printed 

specimens. In the nozzle the concrete moves vertically and the cable is implemented horizontally 

because an optimum had to be found in the past between bond strength with the cable and bond between 

the printed layers. Concrete still seems to flow around the cable with the specially designed hybrid 

nozzle. As a result, a void under the cable is created in which the cable is hardly or not even bonded. 

Therefore, the cable implementation height is chosen to be in the bottom of the nozzle, as the void is the 

smallest. However, a new way should be found in order to satisfy both a proper layer interface and a 

well-compacted cable. 

In addition, new methods of testing and preparation of specimens are developed since the old method 

of splitting concrete in the hardened phase is not suitable for mortars 145-1 and 145-2. Removing 

concrete in the wet phase seems to be a suitable method for the concrete being used, as it gives 

representative values of bond strength. The pull-out test samples are compared with notched beams in a 

three-point bending test. Despite that the cable slip cannot be measured, the indirect calculated pull-out 

forces are very accurate and it is less labour intensive to create the specimens.  
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These two test methods are used in a study on the bond stress distribution in order to find the anchorage 

length. Two prints are carried out in which two series of notched beams and one serie of pull-out test 

samples are obtained. From these tests the concrete tensile strength and maximum pull-out force are 

obtained by derivation from the cracking moment and ultimate moment. Differences between the two 

series are observed, which are most likely to be caused by the printed height. The test dates, respectively 

six and ten days do not seem to influence the bond strength as the concrete tensile strength is equal for 

both series.  

From both series it may be concluded that the cables are bonded by friction, as the maximum bond 

strength is obtained when the entire cable is slipped. At the ultimate moment, the beam has already been 

deflected to a large extent and slip is clearly visible at one of the beam ends. This theory agrees with the 

analytical model, which could be made by the obtained load-slip diagrams from the pull-out tests. A 

descending bond stress over the embedded length can be observed, as a rough surface becomes smoother 

after slippage. For bond mechanisms adhesion and dilatancy (which are expected to occur in mortar 

115-1) the average bond strength for different embedded lengths is more likely to be a constant value.  

Regarding previous research, the anchorage length was calculated with a constant bond strength, but the 

exact perimeter was used. As the compaction is proven not to be perfect, the contact surface is smaller 

than the exact perimeter. Thereby, when the cable slips the concrete between in the cable cavities will 

be crushed, as the cable slips over the global perimeter shear plane. 

From the entire study it may be concluded that cable reinforcement cannot be used as sole reinforcement. 

Hydrogen evolution and the compaction problem in the 3D concrete printed filament should be solved 

in advance. Bond strength should be attained by adhesion and dilatancy, wherefore the bond strength 

increases and cables breakage becomes achievable. 
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SYMBOLS 

Greek symbols: 

α  cross-sectional surface factor of concrete stress-strain relationship - 

αK  slip at maximum pull-out load in a bi-linear load-slip diagram  mm 

β  factor for gravity line of concrete stress-strain relationship  - 

βK  coefficient for a bi-linear load-slip diagram    mm 

βr  angle between transverse ribs and longitudinal axis of the bar  rad 

κcr  curvature at cracking moment      rad 

κy  curvature at yield moment      rad 

𝜇  friction coefficient       - 

ρ  reinforcement ratio       % 

ρ’  weighted reinforcement ratio      % 

σsd  design value of steel stress      N/mm² 

τ  bond stress        N/mm² 

τfr  frictional shear strength       N/mm² 

Ø  diameter        mm 

 

Roman symbols: 

Ac  concrete area        mm² 

Ar  total area of ribs around the perimeter     mm² 

As  steel area        mm² 

b  width         mm 

c  concrete cover        mm 

d   effective height        mm 

da  axial displacement       mm 

dr  radial displacement       mm 

Ec  modulus of elasticity of concrete     N/mm² 

Es  modulus of elasticity of steel      N/mm² 

𝐹  pull-out force        N 

Fcrack  external applied force at which the concrete cracks   N 

Fexternal  external applied force in a bending test     N 

Fpull-out;max maximum pull-out force      N 

G  weight         kg 

𝑓𝑏𝑑  bond strength        N/mm² 

fcd  concrete design value of compressive strength    N/mm² 

fctd  concrete design value of tensile strength    N/mm² 

fctm  mean axial concrete tensile strength     N/mm² 

fyd  design value of steel yield strength     N/mm² 

fu  ultimate steel tensile strength      N/mm² 

h  height         mm 

hc  height of the cable       mm 

hnotch  height of the notch       mm 

K  initial slope in a bi-linear load-slip diagram    N/mm 

Icr  moment of inertia at cracking moment     mm4  

lbd  reduced anchorage length      mm 

lbd,req  required embedded length      mm 

lemb  embedded length       mm 

lcantilever  length of the cantilever       mm 

lspan  span length        mm 



 

xv 

Mcr  concrete cracking moment      Nmm 

Mexternal  moment as a result of external forces     Nmm 

Mu  ultimate moment       Nmm 

My  yield moment of cable       Nmm 

𝑃  perimeter        mm 

p  normal stress        N/mm²  

q  line load        N/mm 

Rr  relative rib are        %  

sr  average spacing of bar deformations     mm 

x0  coefficient for a bi-linear load-slip diagram    mm 

W  section modulus       mm³ 

yc  concrete material factor       - 

z  internal lever arm       mm 

zcr  internal lever arm at cracking moment     mm 
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1 INTRODUCTION 

Before steel was introduced as a construction material, stone and concrete buildings could only take 

internal compressive forces because of its low tensile strength. Therefore, arch structures were designed 

or timber was used as an alternative construction material. From the 18th century, Portland cement and 

reinforced concrete were discovered. Lambot reinforced a boat in 1848 and Joseph Monier reinforced 

flowerpots with a wire mesh to a mortar shell and applied for a “beton armé”-patent in 1868. Combining 

an iron material with concrete was proven to increase concrete ductility. This made the building industry 

grow significantly (Richard, 1995).  

Nowadays, the same issue repeats in the development of additive manufacturing methods. Growth of 

promising methods has not been expanded to a larger scale because of its workability, lack of ductility 

and post-peak capacity (Bos, Ahmed, Wolfs & Salet, 2017). For additive manufacturing methods, as 

have been researched since sustainability has become more desired recent years, ways must be found to 

reinforce concrete to increase ductility. An additive manufacturing method is 3D concrete printing, 

being researched and developed at Eindhoven University of Technology (TU/e). Elements with only 

compressive forces had been printed at TU/e until reinforcing systems were developed. 

1.1 State of art 

A method to make 3D concrete printing more applicable in the building industry is the implementation 

of cables with a reinforcement entrainment device, as being developed by TU/e. This device 

automatically implements high strength steel cables in the concrete filament. This technique was applied 

in a bicycle bridge located in Gemert, which is the first structural application of 3D printed concrete 

(with automatically implemented reinforcement) in the building industry to put into service.  

This bridge consists of six 3D concrete printed elements pressed together by post-tensioned prestressing 

tendons in longitudinal (span) direction. Cable reinforcement is implemented in specific sections of the 

elements, whose path is printed in the transverse direction. Therefore, cables might act as stirrups, but 

their presence is not considered in the shear strength yet, as their performance in terms of shear resistance 

has not been established (Salet, Ahmed, Bos & Laagland, 2018). Though, cables continuously embedded 

in the concrete filament of the print path serve a confinement, as proved by (Jutinov, 2017). 

   

Figure 1.1: a. One of the 3D concrete printed bridge elements, printed with cable reinforcement at TU/e (photo: TU/e). b. All 
elements assembled in Gemert (photo: de Bruijn, NOS) 

 

a. b. 
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1.2 Research goal and methodology 

In order to become able to use cable reinforcement in 3D concrete printed elements without the need of 

other reinforcement types, elements should become stronger, more ductile and its failure should be more 

predictable. This can be achieved by meeting the requirements of the idealized moment-curvature 

relationship, as reinforced elements should crack and yield before failure. This order is determined by 

the bond capacity to a large extent. However, little has known about it yet, as significant differences 

between calculated and measured anchorage lengths are observed in done research.  

An extensive study on bond strength is needed in order to determine the parameters on local scale and 

over the entire embedment. Existing codes regarding bond strength and anchorage lengths for 

conventional reinforcement can possibly not be applied for cable reinforcement since the conditions of 

3D concrete printing and cables are different. However, a literature study could give more insight into 

possible bond parameters. 

With this outcome an experimental research will be carried out to determine the impact of these 

parameters. This research contains bond at one place of the embedment, whereas the bond stress 

distribution will be researched experimentally and analytically afterwards. Therefore, the needed 

anchorage length will be researched in order to ensure yielding and breakage of the cable.  

After this study, sufficient is hopefully known to predict failure of cable reinforcement. Otherwise, in 

combination with the literature and experimental studies, recommendations can be given in order to 

increase the ductility and strength and contribute to the development of automatically reinforced 3D 

printed concrete. 

1.3 Thesis outline 

This thesis presents the graduation research on bond capacity of 3D printed concrete with cable 

reinforcement. From the introduction it is known that 3D concrete printing has not been expanded to a 

large scale because of its lack of ductility, which is the same problem that occurred during the 

development of concrete as a structural material. Nevertheless, a bridge was constructed last year as 

being described in the state of art. This bridge could be constructed based on the results of done research 

(Jutinov 2017) (Bos, Ahmed, Jutinov & Salet, 2017). This research will be explained in chapter 2, 

containing an elaborated description of the cable reinforcement method and 3D concrete printing itself. 

Chapter 3 contains a literature study on the principle of bond strength, possible parameters and stress 

distribution for 3D printed concrete. This study is based on existing knowledge of conventional 

reinforcement and experiences with 3D concrete printing at TU/e. In chapter 4 the results of an 

experimental research are discussed to investigate the possible bond parameters on local scale, known 

from the literature study. The effects on the entire embedment are discussed afterwards in Chapter 5, 

containing an experimental and analytical bond stress distribution study.  

Different specimen preparation methods, lists of test specimens, graphs, additional information and 

material properties can be found in the annex. 
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2 3D CONCRETE PRINTING WITH CABLE REINFORCEMENT 

This chapter contains a description of 3D concrete printing with cable reinforcement which is the 

additive manufacturing method being researched and developed at University of Technology 

Eindhoven. The printing system itself is explained first, whereafter the development and properties of 

the reinforcement entrainment device (RED) and results of previous researches are discussed.  

2.1 3D Concrete Printing 

This additive manufacturing technique uses a layer-based method to build concrete elements. Every 

desired form can be printed since the concrete layers follow a pre-programmed path, which contains 

every four-dimensional movement of the printer head of the gantry robot. From the printer head no-

slump concrete leaves the printer through the nozzle as a relatively stiff continuous filament. Concrete 

leaving the robot from the nozzle can be printed in a range of 9.0 x 4.5 m² inside the printing cage. Its 

maximum height is 2.8 m. The printer head is fed with concrete through a 25 mm thick hose by a 

computer-controlled M-Tec Duomix 2000 mixer-pump. This pump mixes water with cement and 

transfers the concrete linearly through the hose. The principle of 3D concrete printing and its properties 

are described extensively by (Bos, Wolfs, Ahmed & Salet, 2016). The mixer-pump and the gantry robot 

located at TU/e are shown in Figure 2.1. 

  

Figure 2.1: Mixer-pump (a.) and gantry robot (b.) of the 3D concrete printing system at TU/e 

2.2 Reinforcement Entrainment Device 

TU/e has been researching several systems to reinforce printed concrete like manual implementation of 

rebar and reinforcement entrainment devices. The possibility to print a certain type of reinforcement 

into the concrete was researched (Jutinov, 2017) (Bos, Ahmed, Wolfs & Salet, 2017) (Bos et al., 2017)  

to make 3D printed concrete elements more ductile. 

 Development of RED 

The idea came up to implement reinforcement automatically at the printhead into the concrete. This 

reinforcement material should have a significantly higher tensile strength compared to concrete and a 

a. b. 
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certain bonding to obtain ductility. Since fresh concrete leaving the nozzle can be shaped in every form 

of the printing path, it should be flexible in transverse direction and strong in longitudinal direction. 

As a concept, a rotating spool feeding the reinforcement into the printing head was designed. In fact, 

reinforced concrete leaves the nozzle. To determine the reinforcement material, a trial-and-error process 

was carried out. At first, steel wires were used, however its transverse flexibility did not satisfy 

wherefore it was not suitable as reinforcement since turns cannot be made. Afterwards, a fishing wire 

was used. Fishing wire is very flexible, but its bond strength with fresh concrete seemed to be 

significantly low because of is smoothness. As a third step, a steel chain was used. 

   

Figure 2.2: Use of steel wires (a.), fishing wires (b.) and chains (c.) during a trial-and-error process 

A Reinforcement Entrainment Device (RED) was developed at TU/e in which steel chains were able to 

be implemented into 3D printed concrete, see Figure 2.2c. Although, steel chains consist of multiple 

connected links which have hardly predictable failure mechanisms. Besides that, more links will 

increase the possibility of a present weak link because of the so-called scale effect. Nevertheless, RED 

seemed to be a promising step towards automatic implementation of reinforcement into 3D printed 

concrete. An elaborated description of the development of RED can be found in (Jutinov, 2017), a 

summary is given below.  

Reinforcement is pulled-out of a chamber with a wheel. This wheel is fed by a stepper motor, which can 

be turned on and off by a switch. The speed can be adjusted by a potentiometer. The reinforcement is 

clamped to the wheel by a spring, which prevents the reinforcement from slippage along the wheel. By 

starting the system, the wheel starts to rotate with a certain speed; the clamped reinforcement will be 

pushed through a plastic tube connected to the nozzle. At this point, reinforcement will be implemented 

into the concrete flow. This system is programmed with Arduino and connected to a Big Easy Driver 

(BED). BED is driven by batteries with a total electrical voltage of 18V and a power bank. 

  

Figure 2.3: a. RED protective case open. b. Schematic overview of the connections on BED  

a. b. c. 

a. b. 
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 RED with cable reinforcement 

Taking all failings and requirements into account, using wire ropes (high strength steel cables) seemed 

to be the most suitable type of reinforcement and a promising technique for 3D concrete printing. NV 

Bekaert SA provided TU/e with cables with a great flexibility and a significantly high tensile strength. 

Since these cables are coiled on spools, a significantly long printed path can be reinforced. Figure 2.4 

shows the printer head with all elements of the cable reinforcement system attached. 

 

Figure 2.4: Reinforcement Entrainment Device with cable reinforcement, connected to the printer head 

The rod is mounted to the printer head of the gantry robot. RED and all other elements of the cable 

reinforcement system are clamped to this rod so no mutual rotation can occur. Since the print head 

follows every 4-DOF movement of the print path, the rod with all attached elements will rotate. In this 

way, from the free rotating spools to the nozzle, all elements are kept in a straight line above each other. 

Due to the clamped connection between cable and feeding wheel, the cable is fed from the free rotating 

wheel to the nozzle, where it is implemented into the nozzle. The feeding wheel is connected to the 

stepper motor. 

   

Figure 2.5: Stepper motor (a.), its connection with the feeding wheel and the clamped connection with the cable (b.). 
Implementation of the cable inside the nozzle (c.) 

Free rotating spool with cable 

RED protective case 

Tube with cable inside

Nozzle 

Cable implementation 

Power bank 

Hose with concrete inside 

Feeding wheel 

Free rotating wheel 

Potentiometer and power switch 

Hollow rod with all elements attached to 

it. Concrete flows through the rod. 

Free rotating pipe attached to the hose 

to feed the hollow rod with concrete 

a. b. c. 
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2.3 Mechanical properties 

Cable reinforcement seemed to be the most promising type of reinforcement and RED has worked 

properly. However, the provided cables are not especially developed for this structural application. 

Therefore, the structural bond behaviour in 3D printed concrete had to be researched. This paragraph 

contains the mechanical properties of cables itself and cables embedded in 3D printed concrete as being 

researched by NV Bekaert SA and TU/e.  

 Cable properties 

Commonly used applications of cables embedded in concrete like mining and tunnelling constructions 

contain a cable thicknesses of several centimetres and tensile strengths in the order of magnitude of 

hundreds kN (Bos et al., 2017). In this study, the cables provided are significantly thinner and less strong.  

Three different high-strength galvanized steel cables have been tested for printability. In this report the 

cable properties, as well as Annex A.1, are not published. 

 Mortar properties 

Studies on 3D concrete printing with cable reinforcement (Bos et al., 2017) (Jutinov, 2017) (Bos et al., 

2017) were carried with print mortar Weber 3D 115-1, as provided by Saint-Gobain Weber Beamix. 

This mortar is specially developed for 3D concrete printing to make relatively stiff, no-slump concrete 

possible to be printed (Bos et al., 2016). Because of printability and desired strength, mortars Weber 3D 

145-1 and Weber 3D 145-2 has been used afterwards. Properties of the mortars are given in Annex A.2. 

The concrete compositions consist of limestone fillers and specific additives for ease of pumping and 

increase of strength. Modifiers are added to obtain a thixotropic behaviour of fresh concrete, which is 

desired for 3D concrete printing. A small amount of fibres is added to reduce deformation and crack 

formation in the plastic state, due to early drying (Bos et al., 2016). 

The density of 3D printed concrete is lower compared to usual cast concrete since vibration (resulting 

in an increase of density) is not possible to release air bubbles. In addition, shrinkage strain is based on 

creep and shrinkage tests carried out by TU/e.   

 First bond strength test results 

To research the bond strength of cables in cast and 3D printed concrete tests were carried out (Jutinov, 

2017) (Bos et al., 2017). A summary is given in this section.  

Based on assumptions, bar diameter, maximum aggregate size and practicability embedded lengths were 

chosen to be 15, 25 and 35 mm. A displacement controlled pull-out test was used in which the force can 

be increased until cable slippage. The displacement at the free end was measured by the average of two 

LVDTs attached to the cable. The displacement at the loaded end was assumed to be equal to the bank 

displacement. The results of this displacement-controlled pull-out test are presented in a load-slip 

diagram. From this diagram the maximum force and bond behaviour can be read. Cast and 3D concrete 

printed specimens with cables A-1, B-1 and C-1 were used, as prepared by the methods being described 

in respectively Annex B.1 and B.2 
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Figure 2.6: a. Centric pull-out test set-up and b. its schematic overview with the 1.cable clamp, 2. top steel plate, 3. bottom 
steel plate 4. LVDTs to measure slip at the free end and 5. the embedded length of the concrete specimen 

Table 2.1 shows the average value of maximum pull-out forces for eighteen series, divided in cast and 

3D printed concrete, different cables and embedded lengths. The pull-out test results showed lowest 

pull-out forces for thinner cables and smaller embedded lengths. Thereby, higher values were measured 

for casted concrete samples compared to the 3D concrete printed samples which is likely to be caused 

by improved compaction by vibration.  

Table 2.1: Results from pull-out tests: maximum pull out forces, average value per serie (Jutinov, 2017) (Bos et al., 2017) 

 Embedded lengths 

15 mm 25 mm 35 mm 

Cable 3DCP CC 3CDP CC 3DCP CC 

A-1 80 N 239 N 173 N 211 N 242 N 348 N 

B-1 102 N 418 N 178 N 386 N 254 N 826 N 

C-1 114 N 397 N 322 N 395 N 410 N 996 N 

From these pull-out forces, the bond strength could be calculated since the perimeter and embedded 

length are known. The concrete is assumed to flow in the cavities of the cable. Therefore, the exact 

perimeter was used. The exact perimeter is (mainly for cable B-1 and C-1 because of the large amount 

of wires) larger than the global diameter.  

𝑓𝑏𝑑 =
𝐹

𝑃∗𝑙𝑒𝑚𝑏
          (Equation 1) 

To translate the calculated bond strength (derived from pull-out tests) into anchorage lengths, four-point 

bending tests were carried out. Therefore, the average value of bond strength of the three embedded 

lengths was taken. From Equation 1 the needed anchorage length can be derived by taking the ultimate 

tensile strength as pull-out force. Based on calculated anchorage lengths, beam dimensions were chosen. 

In the four-point bending test (as extensively described by Bos et al., 2017) the distance between the 

point load and beam end should exceed the anchorage length to ensure cable breakage. 

a. b. 
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Figure 2.7: a. Four-point bending test scheme b. cross-sectional scheme 

Since specimen dimensions are known and the flexural strength could be approximated from tensile 

tests carried out by TU/e, the crack moment and failure moment were analytically calculated, as given 

in Table 2.2.  

Table 2.2: Four-point bending test results, calculated and measured (Bos et al., 2017) 

 Cable Mcr  [10³ Nmm] Mu [10³ Nmm] Mu/Mcr Failure mode 

Calculated 
A-1 

17.1 13.6 80 % Cable break 

Measured (average) 19.2 15.8 82 % Cable break 

Calculated 
B-1 

17.1 38.6 304 % Cable break 

Measured (average) 18.4 18.4 101 % Cable slip 

Calculated 
C-1 

17.1 62.4 491 % Cable break 

Measured (average) 15.2 22.8 149 % Cable slip 

Predictions for beams with cable A-1 seemed to be practically equal to the measured values. This means 

that the embedded length exceeds the needed anchorage length to guarantee cable breakage. Though, 

cable breakage occurs before the concrete cracks.  

In contrary, a significant difference can be observed between measured and calculated values for 

specimens with cable B-1 and C-1, which unexpectedly failed by cable slippage. This means that the 

embedded lengths are too short. Calculated bond strengths from pull-out tests for cable B-1 and C-1 did 

not seem to agree with this four-point bending test. Despite the failure moment exceeds the cracking 

moment, failure is unpredictable.  

 Continuously reinforced elements 

Another study was carried out to research the possible confining effect of continuously embedded cables 

in 3D printed concrete. Since the printing path is followed, reinforcement in entire elements can be 

linked. In fact, the reinforcement consists of one cable with an embedded length equal to the length of 

the printing path. Therefore, cylinders were tested in which cable reinforcement is spiralling. To 

compare its effect, cylinders without reinforcement were tested, as well.  

Whereas the maximum normal force did not seem to change, the maximum radial extension was doubled 

by application of continuous reinforcement. Spiralling cable serve a confinement, as can be observed by 

concrete spalling of around the cable, see Figure 2.8c. 

 

b. a. 
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Figure 2.8: a. Test scheme b. Cylinder during loading c. Tested cylinder with concrete spalled off 

2.4 Comments 

RED was developed as a device to automatically entrain reinforcement into 3D printed concrete. From 

a trial-and-error process Syncrocord cables seemed to be the most promising reinforcing type because 

of its small diameter, flexibility and high tensile strength. Bond strength tests showed the potential of 

cable reinforcement, but significant differences were observed between calculated and measured 

anchorage lengths. Despite that, its confining effect was proven by continuous embedded cables 

wherefore it could be applied in the first 3D concrete printed bridge, in which cables embedded in (parts 

of) the printing path serve as stirrups. However, insufficient was known yet regarding its bond strength 

wherefore other types of reinforcement had to be added to the design.  

Failure of cable reinforced elements has been unpredictable since the yield strength of the cable was not 

reached, wherefore failure did not agree with the idealized moment-curvature relationship, as shown in 

Figure 2.9. In order to obtain the idealized moment curvature relationship, additional research must be 

carried out. Therefore, assumptions and findings of done research (Jutinov, 2017) (Bos et al., 2017) will 

be questioned in the first place.  

 

Figure 2.9: Different states on a desired moment-curvature curve (Baji & Ronagh, 2011) 

 

a. b. c. 
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The bond strength in 3D printed concrete was measured to be significantly lower compared to cast 

concrete. Compaction could be its most probable reason, wherefore the contact area increases by 

vibration. However, the actual perimeter was applied for all calculations, assuming that the entire 

embedded cable is compacted perfectly. Other reasons like test specimen preparation might also 

influence the bond strength. 

In addition, a constant stress distribution was assumed. Since cables are pulled, strain must be taken into 

account. From mechanical point of view, in an embedded cable more strain occurs at the loaded cable 

end compared to the free end. This means that bond stresses are possibly not equal over the embedded 

length. An extended research is needed in order to determine the bond stress development. 

  



 
12 

3 LITERATURE STUDY ON BOND CAPACITY  

In this chapter the principle of bond strength will be elaborated in advance. In addition, its measuring 

methods, representative graphs and relevant parameters will be discussed. Since little has been known 

yet regarding 3D concrete printing with cable reinforcement, this study on bond strength includes 

knowledge of conventional reinforcement and experiences with 3D concrete printing at TU/e. The study 

in this chapter is based on the bond strength on local scale. The last paragraph discusses the stress 

distribution over the total embedment. 

3.1 Bond transfer mechanisms 

Bond strength can be defined as the distribution of tensions from steel to concrete which make steel and 

concrete collaborate. Tensile forces are taken by steel while compression is taken by concrete. It is the 

result of three mechanisms between steel and concrete: (molecular) chemical adhesion, friction and 

dilatancy (or mechanical anchorage). 

 

Figure 3.1: Bond stress transfer mechanisms (Islam, Afefy, Sennah & Azimi, 2015) 

 Chemical adhesion 

Chemical adhesion is a type of bond strength which takes place in the first phase of loading. It can be 

defined as the tendency of particles of two different materials to adhere to each other. It should not be 

confused with cohesion, which is the coherence between particles of the same material. Chemical 

adhesion occurs when a molecular network on the surface of one material bonds with a molecular 

network on the surface of another material. During this phase, no slippage of reinforcing bars has 

occurred yet (ACI Committee 408, 2003). For ribbed bars in concrete, adhesive bond is the smallest part 

of the total bond strength. Generally, about 10% of the total bond strength is taken by chemical adhesion. 

In smooth rebar, less frictional forces and dilatancy occur. This means that the maximum pull-out load 

is lower, adhesion takes the largest part of the total load (Barbosa & Filho, 2013).  

The resulting adhesive forces only hold for distances on Nanoscale, which means that displacements are 

very small during this stage. In load-slip diagrams, the relation between force and extension of rebar 

during adhesive bonding is linear (Kendall, 1994) since: 

▪ The connection between the bonded materials occurs on a molecular scale. Strains in molecular 

connections are assumed to be linear until the connection is broken. Adhesion only holds for non-

slipped situations. 

▪ In a pull-out test, the relative displacement is determined by measuring the difference between bar 

slip and the elastic deformation of all materials. Even without bar slip, slip can be observed in the 

load-slip diagram because of the elasticity and possible deformations in the test set-up (Dagher & 

Kulendran, 1992). 
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Since chemical adhesion is a physical interlock between microscopic surfaces before the slip starts, it 

does not vary much for a wide range of ages and conditions of storage. Concrete mix or coatings might 

have influence on adhesive bond since it could change the molecular network on the surface. Although, 

the more contact surface the more adhesive bond is able to take place. Therefore, to achieve better 

adhesion better compaction of surface molecules is needed (Melo, Rossetto & Varum, 2015).  

 Friction   

After the bar slipped, no adhesive bond is present anymore. For smooth bars, friction is the only type of 

bond during this phase. No ribs are present to bear in concrete against pull-out. Concrete and steel will 

start sliding past each other. Since these material surfaces have a different roughness, a mechanical 

interlock arises between them. Pull-out forces are transferred perpendicularly to the bar surface. At a 

certain load the interlock fails, the bar debonds locally (Rabbat & Russell, 1985).  

Friction was researched in a scientific approach by Leonardo Da Vinci in the late 15th century. Together 

with the research of Coulomb, Amonton, Moore and Euler his classic laws of friction became the 

following (Coulomb, 1875): 

▪ Frictional resistance to sliding is proportional to the normal contact force 

▪ The friction coefficient is independent of the area of the sliding interfaces 

▪ The static coefficient is larger than the kinematic coefficient 

▪ Sliding velocity does not influence the coefficient of kinetic friction 

▪ In tangential situations, friction acts in the opposite direction as the relative velocity 

Additionally, Coulomb was able to describe frictional behaviour by the following formula: 

𝜏𝑓𝑟 = 𝜇 ∗ 𝑝          (Equation 2) 

According to this formula, frictional forces only occur during present normal stresses, caused by self-

weight or external forces. The friction coefficient is determined by the contact surface roughness of both 

materials. 

 Dilatancy 

In contrary to smooth bars, dilatancy, or mechanical anchorage, takes the major part of the total bond 

strength in ribbed bars. Dilatancy only holds for ribbed (deformed) bars since the steel ribs will function 

like a bearing rib. Caused by a pull-out force, radial reaction forces (perpendicular to the bar) are 

transferred to the concrete by ribs. By increasing the pull-out force, the radial components generate 

internal stresses. The radial forces, as can be seen in Figure 3.2, cause cracks since tensile stresses arise 

perpendicular to these radial components. Rib height and geometry determine the amount, direction and 

place of these cracks (Barbosa & Filho, 2013). 

 

Figure 3.2: Dilatancy: deformation zones and cracking (Sulaiman, Ma, Apandi, Chin, Awang, Mansur & Omar, 2017) 

Dilatancy bond failure can occur locally or by several micro cracks by the following modes: 
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▪ Crush of the surrounding concrete 

▪ Shear of the concrete between the ribs 

▪ Longitudinal spalling of concrete cover 

After one (or more) failure modes occurred  (Magnusson, 1987), the only type of bond is friction since 

the interface slide past each other with a different surface roughness. 

3.2 Test methods 

To determine the bond strength between reinforcement and concrete, a pull-out test should be carried 

out. Several test set-ups can be used, as shown in Figure 3.3. Test set-ups which are possibly applicable 

for cable reinforcement are discussed in this paragraph.  

 

Figure 3.3: Test set-ups for the determination of bond strength 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 (Alvarez, 1998). 

 Pull-out tests 

The easiest and most-used set-up is the pull-out test (a). In this test the displacement can be controlled 

by measuring the force required to extract the reinforcement from the concrete specimen. The exact 

bond strength can be determined from this test method since an exact pull-out force is applied (Toniolo 

& di Prisco, 2017). Its easy manufacturing, low costs and exact pull-out force make this test method the 

easiest and most convenient method. The exact shear behaviour between reinforcement and concrete is 

described without being influenced by other parameters like transverse pressure or bending effects in 

beams. Additionally, the exact slippage can be measured at the free end.  
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Though, this test method is not exactly representative for every structural application. In addition, the 

concrete specimen dimensions can be questioned. The concrete cover is reasonably large, as pull-out 

failure is desired. A smaller concrete cover might introduce other failure modes. 

 Beam tests 

Beam tests are eccentric pull-out tests, its pull-out force on the reinforcement can only be determined 

indirectly by calculating the pull-out force from the bending moment. Since the exact applied force 

cannot be measured, this method is an approximation. Additionally, two equal embedded lengths will 

be loaded wherein the weakest side will slip.  

Nevertheless, the bending effect is taken into account which makes this test method more representative 

for the bond strength in bending elements. Since beam tests are more expensive than pull-out tests, beam 

end tests could be an alternative. In this test set-up half of the beam is loaded and a shear force is applied 

on the beam end. To receive a centric pull-out force in both beam test, a hinge must be created. The 

compressive force will be taken by the centre line of the hinge. The tensile force will be taken by the 

reinforcement. From moment equilibrium, these forces are equal. Dividing the external moment by the 

internal lever arm z gives the compressive and tensile force.  

 Notched beam test 

To include the bending effect and make preparing beam test samples less labour intensive, an 

alternative test set-up can be used. Instead of connecting two concrete elements with reinforcement 

and a hinge, a notch is located at mid-span, see Figure 3.4. A preformed crack is created. Since the 

notch decreases the moment of inertia, cracks will be guaranteed to initiate at mid span. 

 

Figure 3.4: a. Notched beam scheme and b. its stress distribution at mid-span (ACI Committee 318, 1995) 

External force F will create tension in the reinforcement. Concrete above the notch will crack until the 

compressive zone. This zone takes compressive stresses equal to the tensile force in the reinforcement 

because of internal moment equilibrium. The centre point of the compressive stress can be estimated.  

 Bending beam test 

A bending beam test can be carried out to study anchoring effects. The anchorage length can be defined 

as the embedded length needed to transfer the maximum pull-out force to the concrete (Olde Hanter, 

2016). In other words, loaded elements should fail by breakage of the reinforcement when the needed 

anchorage length is exceeded. 

Bending tests will create cracks in the beams, from the distance between these cracks the anchorage 

length can be derived. From these anchorage lengths, the bond strength can be calculated, which means 

that this test set-up is an indirect test, as well. 

a. b. 
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3.3 Load-slip diagram 

Load-slip diagrams are the most usual way to describe the bond behaviour between steel bars and 

concrete. This diagram shows the relation between the load and the displacement of the bar and provides 

information about the amount of adhesive bond, frictional resistance and dilatancy. The results are 

deduced from a displacement controlled pull-out test. The distinction between smooth and ribbed bars, 

as discussed before, can be observed from a load-slip diagram. Figure 3.5 shows the phases of different 

failure modes for steel bars. Therefore, pull-out forces smaller than the yield stress are assumed.  

 

Figure 3.5: Local load-slip diagram of ribbed and smooth bars (FIB, 2010) 

Phase I can be defined as the uncracked phase in which adhesive bond takes place at low stresses. The 

reinforcement does not slip yet. The adhesive bond can be recognized by its linearity. Smooth bars will 

immediately slip after phase I. No ribs are present to transfer the external pull-out force. A small amount 

of friction will be left. In Figure 3.5 this is shown as phase IVa, pull-out failure. In this failure mode the 

bar slips out of the concrete over a shear plane. This shear plane arises at the steel-concrete interface in 

smooth bars. Figure 3.6 shows the pull-out failure over a shear plane. Pull-out failure can also occur at 

bars with low little bar deformations in which the frictional resistance and dilatancy are low.  

  

Figure 3.6: Pull-out failure of a smooth bar (a.) and a bar with little deformations (b.) (Vink, 2015) 

a. b. 
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More ribbed bars will follow phase II. In this phase first cracks grow because of high bond stresses. 

Chemical adhesion decreases and high stresses near the rib edges occur. Subsequently, high bond 

stresses make the longitudinal cracks spread radially in the concrete during phase III, see Figure 3.2. 

Depending on the amount of confinement the failure mode is determined. In reinforced concrete, 

confinement can be defined as stirrups which are provided to resist shear and diagonal tensile forces. 

Stirrups are placed perpendicular to the longitudinal reinforcement.  

  

Figure 3.7:a. Splitting failure, phase IVb b. Pull-out failure by confinement, phase IVc (Huang, Engström & Magnusson, 1996) 

Concrete with ribbed longitudinal bars without confinement will fail by splitting failure, phase IVb. This 

occurs on the sudden when the bond is lost. Ribbed bars in concrete with good confinement will fail by 

pull-out, phase IVc. First, transfer of forces is realized by dilatancy since the ribs will resist the pull-out 

force. Confinement prevents the concrete from splitting by taking the tensile stresses. In this situation, 

the concrete between the ribs of the bar will be crushed and a shear plane arises. The type of bond 

changes from dilatancy to friction over the shear plane and its strength will decrease gradually since the 

roughness of the interface decreases after slipping. 

3.4 Parameters: conventional reinforcement 

For reinforced concrete, required anchoring lengths can be calculated since the bond strength is 

described by formulas with certain coefficients. However, these formulas are just simplified reflections 

which do not describe the total bond behaviour. The following formulas are given (NEN-EN 1992-1-1): 

𝑓𝑏𝑑 = 2.25 ∗ 𝑛1 ∗ 𝑛2 ∗ 𝑓𝑐𝑡𝑑         (Equation 3) 

𝑛1 quality of bond and bar position: for good conditions: 1.0, for bad conditions: 0.7 

𝑛2 bar diameter: for Ø ≤ 32mm: 1.0, for Ø > 32mm: 
132−Ø

100
 

From the bond strength the needed design value of anchorage length can be calculated, which is the 

reduced value of the basic anchorage length. All α-coefficients can vary between 0.7 and 1.0. 

𝑙𝑏𝑑 = 𝛼1𝛼2𝛼3𝛼4𝛼5𝑙𝑏𝑑,𝑟𝑞𝑑        (Equation 4) 

𝛼1 effect of bar form, assuming enough concrete cover 

𝛼2 effect of concrete cover 

𝛼3 effect of confinement 

𝛼4 effect of welded cross bars 

𝛼5 effect of transverse pressure 

𝑙𝑏,𝑟𝑒𝑑 =
Ø

4
∗

𝜎𝑠𝑑

𝑓𝑏𝑑
  

 

a. b. 
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FIB model code for concrete structures 2010 contains a formula of bond strength in which the positive 

effect of confinement and a larger concrete cover has been taken into account.  

𝑓𝑏𝑑 = (𝑎2 + 𝑎3) ∗ 1.75 ∗ √
𝑓𝑐

25
∗

25
Ø

0.3

𝑦𝑐
− 2𝑝      (Equation 5) 

𝑎2 = (
𝑐𝑚𝑖𝑛

Ø
)𝛼1 ∗ (

𝑐𝑚𝑎𝑥

𝑐𝑚𝑖𝑛
)0.15 

Since these formulas are based on concrete with steel bars, these formulas cannot be applied on 3D 

concrete printing with cable reinforcement. Cables are more flexible; its tensile strength is higher, and 

the diameter is significantly smaller. Therefore, also concrete cover dimensions cannot be compared. In 

many ways, cables are comparable to straight fibres regarding the small diameter, smooth surface and 

relation between adhesion, friction and dilatancy. Though, parameters which effect the value of bond 

strength on cable reinforcement might be comparable to smooth conventional rebar (Bos et al., 2017) 

(Jutinov, 2017). These parameters are discussed in the following sections.  

 Concrete strength 

In codes bond strength is directly related to concrete compressive strength, as concrete between ribs will 

be loaded. Thereby, crush (pull-out failure over a shear plane, see Figure 3.6b) or radial cracks will 

appear depending on the concrete strength and cover. In other words, failure mode is determined by 

concrete strength, as well.   

Regarding the adhesive part of bond strength, the development of chemical adhesion is comparable to 

the tensile strength of concrete (O’Dea, 2007). This would mean that a higher concrete class should 

enlarge the adhesive bond. A study on the non-linear stress distribution of fibre reinforced plastic sheets 

bonded with concrete by adhesion showed a linearly proportional relation between concrete strength 

and adhesive bond (Dai, Ueda & Sato, 2003). In this research, the bond strength is obtained by adhesion 

only. In this case, the concrete and FRP are bonded by an adhesive layer. Therefore, the comparison 

with adhesive bond between reinforcement and concrete itself (without adhesive layer) can be different. 

The composition of concrete and steel coating on both surfaces could be the most influencing factor for 

the magnitude of adhesive bond strength. 

 Bar geometry 

Bar diameter is directly related to the bond strength since steel is pulled-out over a certain bonded area. 

Enlarging the bar diameter or number of bars means a higher bonded area and a higher force needed to 

pull-out (Alvarez, 1998). The size of ribs and bar deformation determine the contact area. 

In addition, the amount and size of ribs determine whether dilatancy occurs. These properties can be 

described by the relative rib area. A rib area of 0.17 – 0.20 is desired for deformed bars.  

𝑅𝑟 =
𝐴𝑟∗𝑠𝑖𝑛 𝛽

𝑠𝑟∗𝜋∗Ø
          (Equation 6) 

Together with concrete class, cover, concrete mix and confinement the failure mode is determined. Bar 

geometry also influences frictional resistance since the roughness of the steel surface depends on the 

relative rib area and its spacing (ACI Committee 408, 2003). Besides that, the relation between concrete 

aggregate size, rib height and rib spacing could influence the failure mode. If ribs are placed close to 

each other, the resistance of concrete between the will decrease. As a result, pull-out failure might occur, 

see Figure 3.8b. 
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Figure 3.8: Occurring cracks for different deformation spacings. (ACI Committee 408, 2003) 

 Confinement 

In structural applications in which splitting failure can occur, the presence of confinement can increase 

the pull-out resistance. If the concrete cover cannot take the resulting tensions (dilatancy) from the pull-

out force, it will split. Addition of confinement, in the form of transverse reinforcement or fibres, delays 

and controls cracking of surrounding concrete (ACI Committee 408, 2003). Therefore, the pull-out 

resistance increases. Besides that, adding transverse reinforcement has a beneficial effect on frictional 

resistance during higher pull-out forces as proved by Coulomb.  

 Transverse pressure 

The magnitude of transverse pressure on reinforced concrete can be compared to the principle of 

confinement. With a large transverse pressure, compaction around the reinforcement remains during 

pull-out loads. As described by Coulomb, the frictional resistance increases with higher normal forces 

on the concrete. This transverse pressure can be caused by variable loads or self-weight. This means that 

a bigger reinforced concrete element could have a larger frictional resistance because of its self-weight. 

For 3D concrete printing, it might also contribute to the compaction of concrete around reinforcement 

during the wet phase of concrete. 

 Concrete mix: segregation and shrinkage 

As commonly known, concrete consists of cement, water, aggregates and additives. The composition of 

concrete changes depending on the desired concrete strength, environmental class and consistency class 

(Toniolo & di Prisco, 2017). Changing the composition of concrete could go along with undesired 

effects which could result in worse adhesion and/or compaction. Regarding compaction around 

reinforcement, several problems can occur.  

The division of aggregate sizes should be well-graded by combining large and smaller aggregates to 

release voids inside the concrete. In good concrete mixes all constituents form a homogenous mix. 

Gradation of aggregates could be a reason for segregation, which can be defined as separation of 

aggregates from the fresh concrete mix.  

▪ Coarse segregation occurs for insufficient fine aggregate and is characterized by a rough surface 

texture, accelerated rutting, fatigue failure, air voids and low density.  

▪ Fine segregation occurs for insufficient large aggregates and is characterized by low density, smooth 

surface texture, accelerated rutting and better fatigue performance.  

▪ Water segregation separates water from the concrete mix and can also be defined as bleeding of 

concrete (Williams, Duncan & White, 1996). 
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Figure 3.9: a. Principle of segregation in concrete b. Uniform (good) distribution of aggregates and non-uniform (bad) 
distribution of aggregates in which segregation could occur (Benaicha, Jalbaud, Roguiez, Hafidi Alaoui & Burtschell, 2015) 

 Segregation makes concrete less durable and weaker. Adhesive bond related, air voids could affect the 

strength significantly since the contact area becomes smaller. Segregation can be caused by several 

reasons, as described by (The constructor, 2018): 

▪ Water-cement ratio 

▪ Large amount of additives 

▪ Vibration and mixing 

▪ Concrete is placed too late 

▪ Bad gradation 

▪ Long transportation of fresh concrete 

▪ Casting concrete from a greater height 

These aspects are related to division of aggregates in the concrete. The concrete density related to the 

water density (defined as the specific gravity) determines the amount of settlement and occurrence of 

segregation. The specific gravity depends on the amount of air bubbles in the concrete, which could be 

affected by the reasons as mentioned above. One of the characteristics of water segregation is bleeding. 

As a result of settlement of aggregates, water will rise since it is repressed by aggregates. Related to 

restraint reinforcement in formwork, bars cannot move along with the settlement of aggregates.  

Concrete aggregates find a way around the reinforcement, as it results into vertical cracks above the bars 

and voids underneath, see Figure 3.10b. 

 

 

Figure 3.10: Concrete settlement with restraint reinforcement (a.) and its hardened cracked state (b.) (The Constructor, 2018) 

Depending on the concrete mix shrinkage can occur, as well. Concrete shrinkage, defined as a 

volumetric deformation, can be caused by physical and chemical aspects of hydration and drying. 

Deformation by shrinkage does not necessarily go along with cracking. However, tensile stresses could 

be introduced by restraints. When the tensile stress exceeds the concrete tensile strength, cracks can 

a. b. 

a. b. 
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occur with its related durability problems. In contrary to cracking caused by settlement, shrinkage cracks 

can occur throughout the entire in different directions.  Several types of shrinkage can be distinguished 

(ACI Committee 209, 2008): 

▪ Plastic shrinkage is caused by the evaporation of water at the concrete surface. When evaporating 

happens faster than concrete bleeding, a net loss of water occurs at the surface leading to a net 

reduction of volume at the top. The surface layer of concrete tries to shrink, but it is restrained by 

underlying layers which are not subjected to the same reduction in volume. Tensile stresses develop 

in the surface layer, causing cracks throughout the concrete (The Concrete Society, 2018) 

▪ Drying or hydraulic shrinkage occurs when non-aligned water evaporates from the concrete. Loss 

of water from pores make them shrink. 

▪ Temperature shrinkage, by cooling down concrete after hydration. This could also be caused by 

environmental changes, called thermal shrinkage. 

▪ Chemical shrinkage is directly related to the hydration of cement, when the concrete volume is 

smaller than the sum of cement volume and water volume. (Permentier, Pollet & Zarmati, 2009). 

Shrinkage by hydration can be solved by application of curing compound and curing in water. 

 Anti-corrosion measures 

Since the most common concrete damage is caused by steel corrosion, steel bars are mostly protected 

by applying sufficient concrete cover. Steel starts to rust when it gets in contact with hydrogen and 

oxygen in an electrochemical process. Rust volume is larger compared to steel, which results into 

concrete crush for reinforcement compacted in concrete. When mixing cement and water, calcium oxide 

from cement reacts with water: Calcium hydroxide arises. Ions from hydroxide cause a PH value of 

about 13 in concrete. In this alkaline environment a passivation layer is formed which prevents the steel 

from rusting. In cracked concrete (or even through concrete pores) a chemical reaction between calcium 

hydroxide and penetrating carbon dioxide might occur. As a result, limestone will be created around the 

reinforcement. This process called carbonation drops the PH value below 9.5, which means that steel is 

not protected anymore. (De Anda, Courtier & Moehle, 2004)  

Alternatively, reinforcement can be coated as an anti-corrosion measure (Pernicova, Dobias & Pokorny, 

2017). Coatings consist of binders, pigment, fillers and excipients and work as a separation between 

aggressive environment and the steel surface. Reasons for application of coatings can be: 

▪ Unaffected mechanical steel properties 

▪ Fast and easy application 

▪ A thin concrete cover is needed 

However, doubts have been arisen regarding the use of coatings (Pollet & Jacobs, 2006), as hydrogen 

could be formed. Others (Arliguie, Chaussadent, Grimaldi, Pollet, Raharinaivo & Taché, 1998) suppose 

this risk can be excluded by choosing the right concrete mix and steel class. Thereby, inhibitors could 

be applied to prevent chemical reactions in concrete. In the past, chromium (6+) [CrO3] was used, which 

is recently forbidden as it seems to be carcinogenic. 

Zinc coated reinforcement has been researched in several experiments, as summarized in (Pernicova et 

al., 2017). Some conclusions could be drawn. Between pH values of 12.2 and 13.3, zinc corrodes in a 

passive state. Higher pH values will make the steel corrode actively since the surface is no longer 

covered. For smaller pH values no hydrogen gas evolution occurs, whereas some localized corrosion 

can be observed.  

Hydrogen formation can occur when it is in contact with cement pastes. The following mechanism of 

reaction was proposed: 

zinc [Zn] + water [2H2O] ↔ zinc hydroxide [Zn(OH)2] + hydrogen gas [H2]  (Equation 7)  
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zinc hydroxide [2Zn(OH)2] + water [2H2O] + calcium hydroxide [Ca(OH)2]   (Equation 8) 

→ calcium hydroxizincate [Ca(Zn(OH)3)2.2H2O] 

Depending on the height of the pH value of the cement paste, the magnitude of hydrogen evolution 

might change as summarized in Figure 3.11 (Wilson, Nicholson & Prosser, 1988). 

 

Figure 3.11: Summary of the behaviour of galvanized reinforcement immersed in solution with pH values from 11 to 14.(a.) 

and the aspects of zinc oxide[ZnO] crystals (b.) and zinc hydroxide [Zn(OH)2] crystals (c.) (Wilson et al., 1988) 

Based on this study it is known that more present water in concrete increases hydrogen evolution. A 

higher pH value decreases the compaction around the reinforcement and might even corrode the 

reinforcement coating itself. This phenomenon negatively effects the porosity of concrete. However, 

(Yeomans, 2004) stated that a negative effect on bond strength was hardly measured in pull-out tests 

with coated and non-coated steel bars. 

 Vibration 

Compaction around reinforcement is a critical parameter since it determines the concrete density, 

strength and contact area. In general, vibration releases air bubbles from the concrete. However, this 

should be carried out with a certain time and magnitude. As mentioned in previous sections, incorrectly 

vibrating could go along with undesired effects. 

3.5 Parameters: 3D concrete printing with cable reinforcement 

Most parameters of conventional reinforcement hold for 3D concrete printing since both distribute 

tensions from steel to concrete when subjected to a pull-out load. For instance, more transverse pressure 

in the form of higher printed elements is most likely to increase compaction and bond strength. 

Additional parameters should be considered for 3D concrete printing since its manufacturing method is 

completely different. Despite little is researched by (Jutinov, 2017) and (Bos et al., 2017) on bond 

parameters, recommendations could be made based on experience. This paragraph contains known 

parameters harming the compaction around the cable. 

 Cable implementation 

Different nozzles have been considered during the development of RED. The nozzle design determines 

the direction of cable implementation and concrete interface properties. Elements printed without cable 

reinforcement are usually printed with a down-flow printing nozzle, as shown in Figure 3.12a. This 

nozzle compresses the fresh printed concrete on the underlying layer to improve the mutual bonding. 

However, implementation of a cable in this nozzle will split the concrete flow. A bad compaction around 

a. 

c. 

b. 
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the cable (mainly at the underside of the cable) is created. With this nozzle the cable will be printed in 

the bottom of the layer. Therefore, a back-flow printing nozzle, see Figure 3.12b, was developed in 

which the concrete filament is prevented from splitting by the cable. Though, the better compaction 

around the cable, Figure 3.12c, does not outweigh the deteriorated layer interface bond, since layers are 

not compressed in this nozzle design. Alternatively, a down/back-flow nozzle was designed in which 

the bottom plate of the back-flow nozzle was removed. Layers could be compressed and concrete split 

should be prevented by using this nozzle design (Salet et al., 2018). 

    

Figure 3.12: Nozzle designs: down-flow nozzle (a.), back-flow nozzle (b.) the down/back-flow nozzle (c.) (Salet et al, 2018) 

 Entrainment speed 

RED implements cables with a certain speed. This speed has to be adjusted manually to match with the 

speed of the printed path by the gantry robot. If the speed is too low, the cable will be pulled which 

damages the concrete. A higher speed could bulb the cable which damages the printed concrete. A 

perfect speed must be found before printing as the compaction around the cable is easily harmed. 

 RED: areas of concern 

Attention during printing is always needed. The system is driven by batteries, whose fullness should be 

checked before printing. Charged batteries can be printed with for about two hours. It is important to 

coil the spool properly. Knots or other inaccuracies will lock the spool, as the cable will be pull-out of 

the 3D printed concrete. Thereby, RED, the free-rotating wheel and the cable spool must be placed in a 

straight line. If the cable spool feeds RED at an angle, the cable might slip from the rotating wheel.  

In the nozzle the cable will be implemented in the concrete. From this point the cable reinforced concrete 

releases the robot and will be printed on the print bed. It is important to mount the nozzle correct and to 

glue the tube to the iron plate of the (down/back-flow) nozzle, as shown in Figure 3.13. In this tube the 

cable will be transferred to the nozzle. The tube-end should be in straight line with the iron nozzle plate. 

When it does not, holes will be created in the entire printed concrete path. As a result, concrete 

compaction is bad in which cables will not bond  

 

Figure 3.13: a. Nozzle with a properly placed tube and b. voids created by a slipped tube in 3D printed concrete 

voids 

a. b. 

a. b. c. 
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 Sample preparation 

Centric pull-out tests were carried out to determine the bond strength, wherefore test specimens had to 

be prepared with a free cable end. Specific moulds were easily made to obtain these samples with cast 

concrete. On the contrary, to obtain 3D concrete printed samples more research was needed. Since cables 

are directly entrained into the concrete a free cable end and a flat surface are hardly feasible. A flat 

surface is needed to prevent undesired concrete deformations or eccentric forces during a pull-out test. 

A method was developed by (Jutinov, 2017) in which the flat surface can be made with a specially 

designed knife. This knife cuts the fresh concrete without touching the cable. After a few days, concrete 

on both sides of the specimen can be removed from the cable by hammer and chisel. This method is 

extensively described in Annex B.2.1. In this method the samples are exposed to a certain force to split 

the concrete around the cable, wherefore this method might not be the most suitable preparation method. 

3.6 Bond stress development 

On local scale three bond mechanisms can occur during pulling out reinforcement from concrete. This 

can occur simultaneously or in succession, depending on the bond stress development over the 

embedment. As commonly known, every material has a certain strain as it is subjected to a normal load. 

In a pull-out test on reinforced concrete, the concrete restraints the reinforcement from deformation for 

small loads. Therefore, the loaded end wants to deform more compared to the free end of the 

reinforcement. This means that concrete at the loaded end is subjected to higher loads compared to the 

free end, as bond stresses will not be equal over the embedment at that time. In this paragraph this 

principle will be discussed for several types of bonds, as different phases of loads will be distinguished. 

 Relatively smooth interface 

In the first phase of loading, bond consists of adhesion only. As mentioned, the loaded end wants to 

deform more, as the bond stress is higher compared to the free end. Therefore, adhesive bond can be 

described as an exponential function over the bonded length. At the loaded end, the reinforcement has 

the highest tensile- and bond stress. For small forces the chemical adhesive strength will not be 

exceeded, as the reinforcement does not slip yet, see Figure 3.14a.  

   

Figure 3.14: Bond stress distribution of a relatively smooth bar loaded by a small pull-out force (a.) and a larger pull-out force 
(b.) (Bamonte, Coronelli & Gambarova, 2013)  

a. b. 
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This figure describes the bond behaviour of a relatively smooth bar, which is bonded by only adhesion 

for small forces.  After increasing the pull-out force, the reinforcement starts to debond at the loaded 

end. Once the reinforcement starts to debond, its bond mechanisms shifts from adhesion to friction. An 

abrupt transition between adhesion and friction is assumed. Further increasing the force will make the 

reinforcement debond further, the adhesive stress curve shifts from the loaded end.  

 Smooth interface 

Smooth reinforcement mainly consists of adhesion, although friction could occur in a more limited 

extent. (Bamonte et al., 2013) assumed the adhesive bond to end abruptly, whereas other researches like 

(Wu, Xu, Sun & Jiang, 2012) assume a certain adhesive bond stress curve for adhered plates. 

Figure 3.15 describes the stress distribution of a fibre reinforced plate bonded by an adhesive layer. 

Increasing the pull-out force debonds the plate from the adhesive layer at the loaded end. In this figure, 

the force is increased to a point in which a about 25 % of the plate (at the loaded end) is entirely 

debonded.  At the unloaded end the plate does not slip at this load yet. In the middle of the plate the 

interface is subjected to bond stresses over a certain length. This length can be described as the effective 

embedded length or transfer length. Further increasing the load will shift the curve over the embedded 

length. The maximum bond stress and transfer length follow from the strength and stiffness of the 

adhesive layer and can be calculated for known adhesion properties or can be derived from load-slip 

diagrams of experimental research. 

 

Figure 3.15: Stress distribution of a plate, bonded by an adhesive layer only (Wu et al., 2012). 

 Ribbed bars: cracking 

Ribbed bars contain the same stress distribution principle. However, adhesion takes a small part of the 

total bond strength, whereas bond strength is mainly obtained by dilatancy. The adhesive stress curve 

only holds for small forces. With ribbed bars cracks will be created by increasing the pull-out force. 

These cracks will act like a new loaded end. Figure 3.16 shows a reinforced bar with a certain embedded 
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length and three phases of loading. Phase a) is the uncracked phase in which the bar is effectively bonded 

at the loaded ends over the transfer length. The streel stress at the loaded ends is higher compared to the 

middle part. In phase b) The pull-out force is increased, approaching the rupture value of concrete. The 

crack will act like a new loaded end. Further increasing the load (c) will cause more cracks and more 

loaded ends. So, the total bond strength and the tensile stresses in the reinforcement further increases. 

At a certain load the tensile steel strength is exceeded, which will make the reinforcement break and the 

structural element fail. However, this order of loading, cracking and breakage is the desired order since 

it is the most predictable (and safest) order (Toniolo & di Prisco, 2017). 

 

 

Figure 3.16: Bond stress distribution for ribbed bars in concrete with phases of loading (Toniolo & di Prisco, 2017) 
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 Simplified bond strength calculations 

According to EN 10080 2005, pull-out tests for reinforced concrete can be carried out in a certain way 

as it gives the representative average bond strength over the embedment. The bar should be embedded 

in the concrete over a length of five times the bar diameter. At the loaded end-side the steel bar will load 

the concrete in compression with radial forces during pull-out. At this part the bar does not bond with 

concrete as a plastic sleeve is mounted around it. This test is based on experiences which show that the 

bond strength may be assumed to be constant in relation to the embedded length. The exact bond stress 

distribution as shown in Figure 3.14 therefore seems to take a constant average bond stress independent 

on the applied embedded length of the steel bar. 

  

Figure 3.17: Prescribed pull-out test set-up (NEN-EN 10080, 2005) 

3.7 Discussion 

The research done in this graduation project is based on a steel reinforcing type (cables) embedded in 

concrete. Though, it does not mean that all parameters from this literature study on conventional 

reinforcement hold for 3D concrete printing with cable reinforcement as well. The exact bond 

mechanisms on the local scale of the cables are hardly known yet. Previous research stated that the about 

60% of the bond strength is taken by adhesion. This would mean that the woven structure of the cable 

would hardly act as bearing ribs. For that reason, confinement and concrete compressive strength might 

be neglected. Therefore, concrete mix and steel coatings could be major parameters. However, this 

research was carried out with one mortar and large observed deviations. Therefore, more research should 

be carried out in order to set conclusions. 

With respect to the bond stress distribution, a constant bond strength can be used to calculate the 

anchorage length. A standard pull-out test can be carried out to determine this bond strength. However, 

other bond stress distribution models are discussed in which plates are bonded by pure adhesion. This 

model refutes the assumed constant bond strength in the standardized test. Additional research should 

be carried out to determine the bond stress distribution. 

3.8 Conclusion 

Previous research was mainly based on the development of a reinforcement entrainment device. First 

results showed the potential of this application. However, little has been known yet regarding the bond 

1. Free bar-end in order to measure the slip 

 

2. Embedded length, equal to five times the bar 

diameter 

 

3. Concrete which will be loaded by the radial 

compressive stresses during pull-out 

 

4. Loaded bar-end, which should be 300 mm 

 

5. Reinforcing bar 

 

6. Concrete specimen 

 

7. Sealing of the embedded bar 

 

8. Plastic sleeve 

 

9. Clamp to pull-out the reinforcement 



 
28 

capacity of cable reinforced concrete. For that reason, the literature study on bond strength based on 

conventional reinforcement is carried out.  

The local bond strength between reinforcement and concrete is determined by three mechanisms: 

dilatancy, chemical adhesion and friction. Ribbed bars are mainly bonded by dilatancy, whereas smooth 

bars are bonded by adhesion. After slippage, frictional resistance occurs. The bond behaviour can be 

researched in different tests and are mainly shown in a load-slip diagram. Quite a number of parameters 

determine the magnitude of bond strength and its stress distribution. Some of the parameters do probably 

not hold for cable reinforced concrete, as the cable diameter is significantly smaller than steel bars and 

its woven structure differs from conventional reinforcement. Additional research should be carried out 

to determine which bond mechanisms hold for cable reinforced concrete and which of the parameters 

could influence the bond strength. Thereby, 3D concrete printing with cable reinforcement involves 

additional parameters which has hardly been researched yet.  
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4 BOND STRENGTH PARAMETERS 

Based on the cable properties, mortar properties and the literature study on bond parameters an 

experimental bond parameter research is carried out. Mortars Weber 3D 145-1 and 145-2 are used during 

this research. Since previous research (Jutinov, 2017) (Bos et al., 2017) is carried out with another 

mortar, Weber 3D 115-1, a comparison between these mortars and its effects on bond strength are 

researched in advance. For this research cable C-1 is mostly used since it has the highest tensile strength 

wherefore it is the most suitable cable to meet the idealized moment curvature relationship. 

4.1 Mortar comparison 

Simplified formulas to determine the bond strength of conventional reinforcement are mainly based on 

concrete strength. On this basis higher bond strengths are most likely to be obtained by using mortars 

145-1 and 145-2 compared to 115-1. However, from the literature study we know that  a lot more 

phenomena could harm the bond strength.  

 Test set-up 

Different test methods, as discussed in the literature study, have been considered. In this bond parameter 

study specimens must be subjected to an exact pull-out force to exclude undesired persistent stresses. 

Comparisons between tens of specimens must be made, wherefore easily manufacturing of specimen is 

preferred. For both reasons, the centric pull-out test is the most suitable test set-up. In addition, previous 

research was carried out with this test set-up. 

For pull-out tests an Instron bank, as shown in Figure 4.1, is used. The concrete specimen with a bonded 

cable is restrained between two steel plates, which are mounted by bolts and nuts. Each steel plate 

consists of a gap where the cable can go through. The cable is clamped by the Instron bank. Under the 

concrete specimen two LVDTs are attached to the cable, which make the cable hang straight and whose 

averagely measured value is used. A pre-set pull-out speed makes the clamped cable move upwards in 

a displacement-controlled way. The Instron bank is connected to a computer which converts the 

displacement of the bank, the displacement of the LVDTs and the force needed to a data sheet.  

 

Figure 4.1: Pull-out test set-up 

Cable clamp of Instron bank 

Cable 

Concrete specimen 

Restrained steel plate 

Restrained steel plate 

LVDTs 

Cable and LVDT clamp 

Instron bank 
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 Test specimens 

For the mortar comparison specimens with an embedded length of 35 mm and cable B-1 and C-1 were 

used. Each serie contains five specimens. These properties are based on done research, in which this 

combination was used as well. 

Embedded lengths of 15, 25 and 35 mm were used in done research (Jutinov, 2017) (Bos et al., 2017) . 

In prescribed pull-out tests for reinforced concrete, the embedded length is equal to five times the bar 

diameter. This would mean an embedded length of 6.0 mm for cable C-1 and 3.2 mm for cable A-1. For 

practical reasons 15 mm was taken as a lower bound for the three cables. At upper bound 35mm, cable 

A-1 was estimated to break. 25 mm was chosen as an average length.  

In order to make a proper comparison between the mortars, specimens should be made similarly. This 

means that same dimensions, vibration time, formwork, curing method and test date must be applied. 

The way of specimen preparation is described in Annex B.1.1. 

Table 4.1: Properties of test specimens 

Constants 

Concrete type Cast concrete 

Formwork Cast perpendicular to the cable 

Dimensions 100 x 100 mm² 

Embedded length 35 mm 

Vibration time 10 seconds 

Days in mould 2 days 

Curing method Covered 

Test date 28 days 

To validate the test results of previous research, one serie of five test specimens with mortar 115-1 in 

combination with cable C-1 is repeated. If the results of this new research do not show significant 

differences, the comparison may be assumed to be carried out properly. 

 Results 

This section contains the results of pull-out tests carried out with two different cables and three different 

mortars. Results are shown in the form of load slip diagrams in which the pull-out force is plotted against 

the cable slip at the unloaded end. A list of the tested specimens is presented in Annex C.4. 

 

Figure 4.2: Load-slip diagrams of specimens with cable B-1 

Variables 

Mortar 

Weber 3D 115-1 

Weber 3D 145-1 

Weber 3D 145-2 

Cables 
B-1 

C-1 
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Figure 4.3: Load-slip diagrams of specimens with cable C-1 

 

Figure 4.4: Pull-out failure with concrete split at the loaded end 

All specimens slip by pull-out failure, whereas the concrete split at loaded end splits in some of the 

specimens. No significant difference can be observed between series tested with cable C-1 embedded in 

mortar 115-1. Even a smaller scatter can be observed in the new serie. Therefore, the mortar comparison 

is assumed to be carried out properly. The average pull-out forces per serie are given below.  

Table 4.2: Average values of the maximum pull-out forces and its average deviation per serie 

 Weber 3D 115-1 Weber 3D 145-1 Weber 3D 145-2 

Cable B-1 827 N; 11 % 363 N; 19 % - 

Cable C-1 959 N; 12 % 393 N; 9 % 397 N; 22 % 

In general, specimens with mortar 115-1 seem to have a bond strength which is about two to three times 

higher compared to mortar 145-1 and 145-2. The maximum pull-out force of samples with cable B-1 is 

lower than samples with cable C-1 as a result of its smaller contact area. Thereby, the bond behaviour 

for cast specimens with mortars 145-1 and 145-2 seem to be more or less similar. 
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Regarding the bond behaviour, differences between cable B-1 and C-1 can be observed. Specimens with 

cable B-1 seem to take bond strength mainly by chemical adhesion, characterized by a maximum pull-

out force at a small slip at the free end of the cable. In contrary, peak loads are measured at a larger 

slippage for specimens with cable C-1, whereas a smaller percentage is taken by chemical adhesion. 

Mainly for specimens with cable C-1 embedded in 115-1, dilatancy occurs. This should mean that 

concrete penetrates the woven structure of the cable.  

In addition, the specimens itself are researched. Over all, some air bubbles can be observed throughout 

the specimens. However, cracks seem to occur around the cable for about half of the specimens with 

mortars 145-1 and 145-2, as shown in Annex C.4. These cracks are oriented always in the same direction: 

horizontal, perpendicular to the casting direction, at a variable small distance below the cable. These 

cracks did not occur in the five samples made with mortar 115-1, neither in all samples of previous 

research with this mortar. 

 

Figure 4.5: Typical bond in samples of Weber 3D 115-1 (a.), Weber 3D 145-1 (b.) and Weber 3D 145-2 (c.) 

Despite the occurrence of cracks, no relation can be found with the maximum pull-out force. In the list 

of all tested specimens, information on cracks and  the maximum pull-out force are given. 

These cracks can be observed from the moment of demoulding, meaning these cracks arise during 

hardening in the moulds. To analyse the cracks more extensively, the specimens are sawn through the 

concrete next to the cable. Figure 4.6 shows that, apart from the cracks around the cable, the overall 

compaction does not seem to be bad. About half of the samples showed cracks at the surface. Some of 

them cracked throughout the entire embedment.  

   

Figure 4.6: Top view (a., b.) and cross section (c.) of a specimen with mortar Weber 3D 145-1 after sawing next to the cable.  

Despite whether cracks occur or not, the compaction around the cable could be influenced anyway. It is 

uncertain whether the worse bond strength is caused by this phenomenon, however the occurrence 

should be researched since the reason for cracking in this mortar is unknown yet.  

Additionally, in order to investigate whether the pull-out results correspond with the visual interface 

properties, specimens with cable C-1 in combination with mortars 115-1 and 145-1 are split to research 

the bond interface.  

a. b. c. 

a. b. c. 
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Figure 4.7: Split concrete specimens to research the bond interface of mortars Weber 3D 115-1 (a.) and 145-1 (b.) 

From Figure 4.7 it may be concluded that specimens with mortar 115-1 have a better compaction around 

the cable as its profile can be seen in the interface. Therefore, the bond strength in this mortar is taken 

by dilatancy in a larger extent compared to 145-1 and 145-2. This assumption corresponds with the 

results of obtained load-slip diagrams.  

4.2 Parameters of cable reinforced cast concrete 

Several parameters, as being discussed in the literature study, can influence bond strength of cable 

reinforced concrete. For conventional reinforcement concrete strength seems to be the major parameter, 

however the experimental mortar comparison on cable reinforcement proved the opposite. For that 

reason, the effects of the concrete mix to be most likely to cause the lower bond strength for mortars 

145-1 and 145-2 are researched in advance. The parameters vibration time, test date, curing method and 

the type of formwork are discussed. These parameters are proven not to be directly related to the 

unexpected lower bond strength of mortar 115-1. 

For this parameter research the same test set-up, cable C-1, mortars and sample preparation method are 

used, as all results can be compared to each other. This paragraph contains a bond parameter study on 

cable reinforced concrete in general, not including the parameters particularly for 3D concrete printing. 

 Concrete mix: shrinkage 

The occurrence of cracks and worse compaction might be caused by concrete shrinkage. NV Bekaert 

SA remarked a comparable problem in which cracks occurred in cast concrete elements with steel bars. 

The concrete below the reinforcement seemed to be hanging on the restraint bar. However, this 

phenomenon does not agree with the mortars used in this research. Shrinkage tests at TU/e showed a 

higher level of shrinkage of mortar 115-1 compared to 145-1. The bond strengths of mortars 145-1 and 

145-2 are comparable, whereas 145-2 shows more shrinkage because of the removal of aggregates larger 

than 1 mm from the exact same mix. 

a. Weber 3D 115-1 

b. Weber 3D 145-1 
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 Concrete mix and coating: corrosion analysis 

As described in section 3.4.6, divergent thoughts regarding influence of steel coating on concrete are 

published. Coatings should protect reinforcement from corroding by forming an alkaline environment 

in a passivation concrete layer around the reinforcement. However, bond could be harmed because of 

release of hydrogen and solving zinc surface. This phenomenon can occur since cable are zinc-coated.  

This research of possible chemical reactions between the zinc coating of cables and concrete is 

researched in collaboration with NV Bekaert SA.  

In order to research hydrogen evolution, optical microscopical research is a suitable test method since 

its characteristics can be observed by eye.  Specimens of mortars 115-1 and 145-1 are researched. 

Therefore, the specimens are split around the bond interface by hammer and chisel. 

 

 

Figure 4.8: Specimens with cable C-1, researched by optical microscopy at TU/e 

From Figure 4.8 it may be concluded that a better interface can be observed for specimens with mortar 

115-1, whereas the cable profile is visible in a larger extent. Hydrogen evolution, as being characterized 

by colour variations in a spongy interface, are mainly visible in the interface of mortar 145-1. A more 

extensive research is carried out by NV Bekaert SA. 

 

Figure 4.9: Spongy like interface, being indicated with arrows, observed in a specimen of mortar Weber 3D 145-1 

From research (NV Bekaert SA, 2018) and the literature study we know evolution of hydrogen can occur 

when concrete contains a high PH value. The PH values of concrete with mortars 115-1 and 145-1 were 

measured in a carbonatation test. Carbonatation is a chemical reaction in which calcium hydroxide-

based mortars reacts with carbon dioxide and forms insoluble calcium carbonate. In conventional 

reinforced concrete steel bars are protected from this corrosion-phenomenon by application of sufficient 

concrete cover.   

1,2mm 

a. Weber 3D 115-1 

b. Weber 3D 145-1 

1,2mm 
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Figure 4.10: Process of carbonatation test and pH analysis in which a solution of phenolphthalein (1%), ethanol (50%) and 
water (49%) is sprayed on split concrete specimens 

 

Figure 4.11: Reaction of  the tested specimen (Weber 3D 145-1) 

From Figure 4.11 it is known that carbonatation does not occur on cast concrete samples of mortar 145-

1, as no carbonated zone at the sides of the specimen can be observed. A pH value of about 13.0 – 13.5 

can be observed, which corresponds with the observations of hydrogen evolution from optical 

microscopy. This means that hydrogen accumulates around the cable, introducing a spongy like interface 

with a lower concrete strength. The bond interface is harmed by hydrogen evolution, wherefore dilatancy 

acts in a lesser extent. Therefore, pull-out resistance seems to be obtained mainly by friction and some 

adhesion. 

More hydrogen evolution occurs in mortar 145-1, wherefore it is likely to assume that the same 

phenomenon will occur in mortar 145-2 since same bond strengths has been measured. Therefore, 

different maximum aggregate sizes (1 mm and 3 mm) do not seem to influence the hydrogen evolution. 

Another constituent of the mortars 145-1 and 145-2 creates hydrogen evolution instead. Given that 

hydrogen evolution occurs in specimens with mortar 115-1 to a lesser extent, it is most likely to assume 

that hydrogen is created directly or indirectly by a constituent which is less evident in this mortar. 

 Concrete mix: segregation 

The constituents of the three used mortars are compared. A difference in the percentage of additives in 

the concrete mix can be observed. Additives (or plasticizers) are added to the concrete to obtain more 

strength. However, as mentioned in section 3.4.5 (literature study on segregation), this could be 

accompanied by undesired effects. More segregation can occur for concrete mixes with more additives, 

wherefore adding too many additives is not recommended (Mullin, 2004).  

Carbonated 
zone 

   pH     10   11  12  13  14 
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Segregation occurs during vibration and settlement of concrete. During vibrating cast concrete in 

formwork, aggregates settle in the concrete wherefore water is repressed upwards in the specimen. Since 

the specimens are cast in formwork with a restraint cable, the rise of water might be obstructed. Instead, 

water can accumulate around the cable. Therefore, the concrete will be separated in pieces with a higher 

(around and below the cable) and lower (above the cable) amount of water, resulting in different 

densities. From the literature study it is known  that a higher water-cement ratio contributes to hydrogen 

evolution. The water-cement ratio around the cable is higher since water accumulates around the cable. 

For that reason, a strong suspicion arises that mortars with more additives increase segregation, this 

contributes to hydrogen evolution and worse bond strength. 

The theory of different water-cement ratios throughout the specimen corresponds with crack occurrence 

in cast concrete specimens. Different densities arise from different water-cement ratios. The cracks are 

researched by optical microscopy, as shown in Figure 4.12. 

 

Figure 4.12: Crack occurrence in a cast specimen with mortar Weber 3D 145-1 

This figure shows that there is a certain distance between the cable cavity and the crack, wherefore the 

crack is not directly related to the occurrence of hydrogen evolution around the cable. However, both 

crack occurrence and amplified hydrogen evolution are likely to be a result of segregation.  

In order to verify the suspicions, a higher specimen was cast to make segregation occur in a higher 

extent. A 400 mm high formwork was made with ten restrained cables in it. The sample preparation 

method had not been changed. The specimen, after demoulding, is shown in Figure 4.13. 

Segregation occurs in a larger extent with the typical characteristics. The rising water accumulates 

around the cable, as can be seen in the colour variation around the cable. The restriction of the cable 

causes different densities in the concrete, which is clearly visible at the sides of the specimen. Darker, 

more humid concrete can be observed below the crack, whereas dried concrete is located above the 

crack. The direction of the crack is determined by the place of the restrained cables, which are placed at 

the sides of the specimen. Less restriction is present in the middle of the specimen, wherefore 

segregation is not obstructed. 

 

Cable cavity 

1,2mm 
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Figure 4.13: Cast concrete specimen with cables on different heights to research crack occurrence 

 

Figure 4.14: Scheme which shows the occurrence of cracks, caused by restrained cables and segregation 

Based on all results as shown this paragraph, the cracks seem to be a result of the casting method. In 

addition, research can be done whether another casting method might influence the bond interface and 

strength positively. For mortars 145-1 and 145-2 with more segregation, another casting method might 

be necessary.   

 Casting method 

One casting method has been used for making cast concrete specimens in done research with cable 

reinforcement at the TU/e. No cracks around the cable have ever been observed specimens of mortar 

115-1. Segregation is proven to be caused by restrained cables in the used formwork. Therefore, 

formwork in a new casting method is designed in which the cable is embedded in the concrete, parallel 

to the casting direction. This method is described in Annex B.1.2. 
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Figure 4.15: a. Original casting method with the cable perpendicular to the casting direction. b. Alternative casting method 
with the cable parallel to the casting direction. 

In the alternative casting method, as shown in Figure 4.15b, no cracks should occur since the cable do 

not obstruct segregation. Thereby, water accumulation around the cable is expected to decrease 

compared to the original method. In order to compare the influence of the casting method, both methods 

are tested in a centric pull-out test, as used in the mortar comparison research and bond parameter 

research. For this study specimens with cable C-1 and mortar 145-1 are cast. 

   

Figure 4.16. Formwork of the alternative casting method (a. and b.) and its typical compaction around the cable (c.) 

Figure 4.16 shows the preparation of specimens and its compaction around the cable. None of the five 

specimens did, as predicted, show any crack. Three out of five specimens with the original casting 

method  showed cracks.  

The test results are shown in Table 4.3 and  Figure 4.17. Two differences can be observed for both 

series. The maximum pull-out forces for specimens with the alternative casting method does not seem 

to increase the bond strength. In contrary, three out of five samples showed significantly lower pull-out 

forces. For that reason, the average maximum pull-out force for this serie is worse than specimens with 

the original casting methods. Secondly, the bond behaviour between both series differs a lot. Specimens 

with concrete cast perpendicular to the cable reach a maximum pull-out capacity at small slippages. At 

a slippage of about 0.5 mm, the cables are bonded by friction only. Specimens with concrete cast parallel 

to the cable reach the maximum bond strength at a significant larger slippage instead.   

Table 4.3: Average values of the maximum pull-out forces and the average deviation per serie for different casting methods 

Perpendicular (original) Parallel (alternative) 

329 N; 25 % 209 N; 55 % 

Casting direction 

Casting direction 

a. 
b. 

a. c. b. 
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Figure 4.17: Pull-out test results for different casting methods 

From paragraph 3.6 (bond stress development) it is known that the loaded end slips first, the unloaded 

end is loaded at last. It is most likely to assume that the unloaded end has a better bond strength for 

specimens with the cable parallel to the casting direction. For all pull-out tests the cable was pulled-out 

at the top of the specimen. Specimens are split to do an optical research on the bond interface.  

 

Figure 4.18: Typical interface of a specimen with concrete cast parallel to the cable 

Different interfaces can be observed for the cable embedment at the bottom of the specimen, the cable 

penetrates better into concrete at the bottom. The top has a significantly worse bond interface. 

Therefore, the development of the bond interface over the embedment is seems to be related to the 

settlement of concrete. In the original casting method, the cable spans horizontally wherefore the 

settlement is almost equal for the total embedded cable. In the alternative method,  the cable spans 

parallel to the casting direction. The settlement of concrete around will change depending on the height. 

An exponential or constant distribution of bond strength is assumed over the embedded length. This 

assumption agrees with the interface picture and measured pull-out behaviour. 

Bottom 
Top 
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Figure 4.19: The bond strength distribution and the direction of the pull-out force in relation to the casting direction 

During application of a pull-out force the top of the cable starts debonding. A small force is needed to 

debond the cable with concrete parallelly cast. The maximum force is needed at a larger slip compared 

to the cables with concrete perpendicularly cast. 

Optical microscopy was carried out on one of these specimens to research the effect on the interface, 

compaction and hydrogen evolution around the cable. Compared to the original casting method, more 

spongy-like spots can be observed. The cable cavity reveals a poor penetration of concrete inside the 

cable profile, resulting in bad bond strength by dilatancy.  

 

Figure 4.20: Spongy like interface, being indicated with arrows, observed in a specimen with the alternative casting method 

 Pull-out speed 

During pull-out tests in this bond parameter research, the pull-out speed has been adjusted during the 

test for some of the specimens. This does not seem to influence the measured bond behaviour. 

 Vibration 

To release air bubbles in cast concrete, it should be vibrated. Since formwork is filled by hand to create 

specimens, bad compaction cannot be avoided without vibration. However, from literature study it is 

known that vibrating too long increases segregation, as aggregates will settle in a larger extent. To 

release air bubbles in the formwork, a vibration time of a couple of seconds is needed. The specimens 

as tested in the research of (Jutinov, 2017) had been vibrated for 10 seconds. In order to make a proper 

comparison this vibration time has been applied in this research as well. However, a shorter vibration 

time might be necessary to decrease the magnitude of segregation. Pull-out tests on specimens with 

mortar 145-1 and cables B-1 and C-1 were carried out both for 5 and 10 seconds vibration time. 

a. b. 
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Figure 4.21: Surface and section of specimens with vibration times of 5 sec. (a. & b.) and 10 sec. (c. & d.) 

A clear difference in compaction of the concrete surface can be observed. More air bubbles on the 

concrete surface appear in the shorter vibrated samples. The inner concrete compaction seems to vary 

slightly. Pull-out tests are carried out to describe the influence of vibration time on pull-out behaviour.  

Table 4.4: Average values of the maximum pull-out forces per serie for different casting methods. 

 5 seconds vibrated 10 seconds vibrated 

Cable B-1 351 N; 16 % 363 N; 19 % 

Cable C-1 363 N; 11 % 393 N; 9 % 

From twenty pull-out tests (shown in Annex C.1.1), it may be concluded that reasonable vibration times 

of 5 and 10 seconds do hardly influence bond strength, as segregation does not play a role for this mortar. 

In contrary, a better overall compaction can be seen, which is most likely to increase the bond strength 

as well. 

 Test date 

Chemical adhesion is proven to take a large part of the total bond strength for specimens of mortars  

145-1 and 145-2. As mentioned before, chemical adhesion is a physical interlock between microscopic 

surfaces which does not vary for a wide range of ages. Besides that, bond strength is comparable to 

concrete tensile strength, which develops faster than concrete compressive strength (Toniolo & di 

Prisco, 2017). However, since dilatancy occurs as well, the influence of test date is tested.  

To research the influence of age of chemical adhesion on bond strength, pull-out tests are carried out on 

specimens with cable C-1 and mortar eber 3D 145-1 on different dates. The vibration time is ten seconds. 

The tested specimens, as shown in Table 4.5, are cast all at the same time. The separate load-slip 

diagrams are shown in Annex C.1.2.  

Table 4.5: Pull-out test results for different test dates. Specimens C10-1 – C10-5 are casted in the same way compared to 
specimens C10-15 – C10-18, however being cast on a different date. 

Test date Specimens Average maximum pull-out force 

10 days C10-21 – C10-25 329 N; 25 % 

15 days C10-11 – C10-14 305 N; 31 % 

28 days C10-15 – C10-18 142 N; 28 % 

( 28 days ) ( C10-1 – C10-5 ) ( 393 N; 9 % ) 

From these results, the bond strength unexpectedly seems to decrease over time. However, specimens 

C10-15 – C10-18 are significantly worse compared to previous tested specimens. For instance, 

specimens C10-1 – C10-5 (as tested to compare the vibration time) have significantly higher maximum 

pull-out forces. Therefore, large deviating bond strengths do not seem to be a result of time. The 

deviating magnitude of segregation on specimens is assumed to be a more likely reason.  

a. b. c. d. 
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4.3 Parameters of cable reinforced 3D printed concrete 

Related to 3D concrete printing, additional specific bond parameters should be considered since concrete 

cannot be vibrated and the cable is implemented automatically by RED. In previous research (Salet et 

al., 2018) (Bos et al., 2017) (Jutinov, 2017), as summarized in paragraph 3.5, some parameters have 

already been mentioned. From this study it is known that the tube should be connected to the nozzle 

properly, the entrainment speed should be equal to the printing speed and that other system inaccuracies 

might lock the cable. Thereby, a nozzle design has been developed which seemed to maintain both a 

good layer interface quality and concrete which is not split by the cable. This paragraph contains an 

extensive experimental research of bond parameters, especially for 3D concrete printing.  

 Layer- and cable height 

In advance, the compaction around the cable is researched for printed specimens of (Jutinov, 2017). 

Specimens of two different prints, in which different layer height are used, are investigated. A 

down/back-flow nozzle with layers of 10 x 40 mm² had been used for both prints. Depending on the 

programmed layer height in the g-code, the magnitude of compression between layers changes. In fact, 

for a small layer height the fresh concrete layers will be printed in the top of the underlying layer.  

A sample of mortar 115-1 and a layer height of 10 mm is shown in Figure 4.22.A bad layer interface 

with air bubbles can be observed, which is caused by little transverse pressure during printing. As a 

result of the programmed layer height of 10 mm, the fresh printed concrete layer does hardly compress 

the underlying layer. For that reason, rectangular layers are stacked. In addition, a void under the cable 

is created. A clear difference can be observed compared to the specimen with a layer height of 8 mm, 

as the compaction around the cable and the layer interface are better, shown in Figure 4.23. As a result 

of this smaller layer height, fresh concrete layers are printed in the top of the underlying layer, where 

these layers are compressed to the sides. In addition, optical microscopic research is carried out. 

   

Figure 4.22: Cross-section of a specimen printed with Weber 3D 115-1: programmed layer height of 10 mm 

 

Figure 4.23: Cross-section of a sample printed with Weber 3D 115-1: programmed layer height of 8 mm 
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Figure 4.24: Optical microscopic analysis on specimen with a layer height of 10 mm (a.) and 8 mm (b.): flow traces (1), air 
bubbles in the interface (2), air bulbs in the underlying concrete (3) the cable not being bonded (4) and aggregates (5). 

A significantly worse compaction around the cable  for the specimen with a larger programmed layer 

height is visible. Flow traces and air bulbs under the cable and in the concrete are the consequences. 

Whereas aggregates are only located above the cable. After removal of the cable, the underside of the 

cable does not even seem to bond with the concrete, as no concrete traces of concrete are being observed. 

Secondly, the same research is carried out on new printed samples with mortar 145-1 and 145-2. 

However, the relationship between compressing layer and the compaction around the cables in previous 

research does not seem to hold for new specimens. A bad compressed sample is shown below. 

  

Figure 4.25: Specimen (Mortar 3D 145-1) with a good compaction around the cable and a bad layer interface 

This specimen, printed with the same down/back-flow nozzle, shows a bad layer interface quality. 

However, the cable seems to be well-embedded in the concrete. Since the bad layer interface will have 

devastating effects on the strength of the concrete, the programmed layer height should become smaller.  

Because of printability, mortar 145-2 has been introduced, wherefore all printing tests has been done 

with this mortar. A test with a smaller programmed layer height was carried out. The printed beam is 

sawn and shown in Figure 4.26. 
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Figure 4.26: Sawn specimen (mortar 3D 145-2) with a good overall compaction, but worse bond under the cable 

This 3D printed concrete specimen has a perfect, well-graded compaction. However, the same concrete 

flows around the cable can be observed, despite being compressed by layers on top of it. Compared to 

the previous shown specimens, the implementation of the cables does not vary.  

It may be concluded that the phenomenon of concrete splitting in the nozzle seems to occur for the 

specially designed down/back-flow nozzle as well. From optical microscopy we know that aggregates 

of the concrete cannot flow around the cable, as only flow traces around the cable can be seen. The 

concrete flow around the cable at the end of the nozzle analysed in Figure 4.27. 

  

Figure 4.27: Analysis of concrete flow during implementation. Side view (a.) and front view (b.) of the down/back-flow nozzle. 

Mortar 145-2 has currently been printed with at the TU/e wherefore the best way of cable should be 

found for this mortar. The height of the cable could influence the compaction around the cable as well, 

wherefore different implementation heights are considered.  

Based on several tests carried with different cable height, implementation of the cable in the bottom of 

the layer seems to be the most suitable way. In addition, the tube should be connected to the nozzle 

exactly horizontal. If not, the cable will be implemented under an angle, wherefore it is placed in the 

middle yet. 
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Figure 4.28: Cables implemented at different heights in the nozzle  (a, bottom , b. middle, c. top) of the printed layer. Layers 
are indicated with dashed lines. Analysis are visualized in the sketched cross section of a printed layer (d-f). 

 Hydrogen evolution 

As being discussed in the bond parameter study on cast concrete, hydrogen evolution occurs for all used 

mortars, as the high pH values react with the zinc coating of the cables. The effects related to 3D concrete 

printing (compared to cast specimens) are researched by optical microscopy. In order to investigate the 

bond interface, the cable had been removed from the concrete. The specimens, as shown in Figure 4.22 

and Figure 4.23, (printed with mortar 115-1) are researched in advance. 

  

Figure 4.29: Specimen, printed with mortar Weber 3D 115-1 and layer heights of 10 mm (a.) and 8 mm (b.): air bubble 
formation (1) and a spongy interface is visible in both specimens.  

Spongy spots caused by hydrogen evolution are visible. However, compared to cast concrete a lot more 

air bubbles are formed in the concrete, which are caused since air is undesirably implemented with the 

cable and printed concrete cannot be vibrated.   
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From the cast concrete study, it is known that hydrogen evolution in 145-1 and 145-2 occurs in a larger 

extent because of segregation. The impact on 3D printed concrete is researched by splitting a printed 

and sawn specimen. 

 

Figure 4.30: Specimen printed with mortar Weber 3D 145-2.  

The specimen is well-compacted, caused by a small layer height compressing the layers. However, a 

very spongy interface and a bad cable imprint are visible in the concrete. Taking into account the 

knowledge from the literature study, hydrogen evolution occurs in a larger extent compared to cast 

concrete and mortar 115-1 for the following reasons: 

▪ Higher pH value 

▪ More additives (+ more segregation) 

▪ Presence of air bubbles which could possibly lead to formation of water since:   

hydrogen gas [2H2] + oxygen [O2] → water [2H2O]     (Equation 9) 

Related to the mechanism of the chemical reaction between cement pastes and zinc coatings, hydrogen 

formation increases for presence of water. The formation of more humid concrete around the cable was 

observed by splitting a fresh printed concrete specimen. 

 

Figure 4.31: Water formation around the cable in fresh printed concrete being indicated with arrows 

 Preparation of pull-out test specimens 

Automatic implementation of cable reinforcement is a promising technique with a lot of possible 

advantages, however specimens must be made to determine the bond behaviour. In the literature study 

several pull-out tests are considered, centric pull-out tests seem to be the most suitable method. In done 

research (Jutinov, 2017) (Bos et al., 2017) specimens were cut from a fresh printed path, whereafter free 
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cable ends were obtained by splitting the surrounding concrete in the hardened phase, see Annex B.2.1. 

Large forces are needed to split the concrete around the cable, which might damage the bond in the 

specimen. However, this method seems to be suitable for preparation of 115-1-specimens. 

   

Figure 4.32: Old sample preparation method: use of special knife in the wet phase (a.) and hammer and chisel in the hardened 
phase (b.) to create a centric pull-out test specimen (c.). 

The same method had been applied to prepare samples with mortars 145-1 and 145-2. However, the 

bond strength is significantly lower and the concrete strength is higher. For both reasons this method 

seemed to be unsuitable as the cable slipped during splitting the concrete. A new preparation method is 

developed (described extensively in Annex B.2.2) in which concrete is removed from the cable in the 

wet phase. 

   

Figure 4.33: New sample preparation method: use of special knife, scoop and hand in the wet phase. 

Based on pull-out tests and experience, concrete should be removed between one and two hours after 

printing because of concrete hardening and bond strength development over time: 

▪ 0 – 1 hours: The fresh printed concrete is hardly bonded to the cable. Concrete can be removed 

relatively easy from the cable as it is not hardened yet. The cable easily slips during the removal of 

concrete or during cutting the cable.  Despite being slipped in this early stage,  the cable will bond 

with the concrete after that, as the concrete is still wet. However, this bond is not representative for 

automatic implemented cables. 

▪ 1 – 2 hours: Sufficient bond between the cables and concrete is present, wherefore concrete can be 

removed from the cable without making it slip. 

▪ 2 > hours: The concrete is hardened, wherefore it could hardly be removed from the cable. 

Small specimens logically slip earlier than specimens with larger embedded lengths. Annex B.2.3 gives 

additional information on this preparation method and pull-out test results for specimens made at 

different times after printing.  

  Pull-out test method 

A new way of making centric pull-out test specimens has been found, but this method requires precisely 

and long-lasting work. Besides that,  the cable is clamped wherefore it could be damaged and its tensile 

strength might decrease. Therefore, other test methods have been considered. As discussed in the 

literature study, the notched beam test could be a proper alternative for the centric pull-out test. However, 

pull-out forces are calculated from the external moment and cable slip cannot be measured. In contrary, 

concrete does not have to be removed accurately wherefore notched beam tests could give the most 

representative bond strength. 

a. b. c. 

a. b. c. 
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In order to compare the pull-out test methods, specimens are made on both ways. Pull-out tests are 

carried out on a seven-layer high specimen with the cable embedded in the middle layer. The new 

preparation method (in the wet phase) is used, specimens with an embedded length of 80 mm and free 

cable ends are cut.  

Notched beams are made from a printed path, of which the cable is cut between one and two hours after 

printing. The printed elements are sawn afterwards. The preparation method is described more extensive 

in Annex B.2.4. For this part of the research, the printed elements are sawn to beams with a cross-

sectional dimension of 40 x 40 mm² and a length of 160 mm. In addition, a 2 mm high and 1 mm wide 

notch exactly in the middle of the beam is sawn. Two equal embedded lengths (80 mm) are created after 

the concrete cracks. A span length of 100 mm has been used. 

  

Figure 4.34: Test method comparison: a. three-point bending test with a notched beam and b. centric pull-out test 

 

Figure 4.35: Analysis of a three-point bending test for a notched beam 

A specimen without cable has been tested as well. Additional graphs can be found in Annex C.2. From 

Figure 4.35 a higher peak load can be observed, which is the applied force at which the concrete cracks. 

Lower peak loads are measured for specimens with cables implemented since the cross-sectional surface 

at mid span becomes smaller when a cable (and the void) is implemented. When the load increases to 

the cracking moment, the load needed for a certain displacement falls back. From that point unreinforced 

specimens do not have any capacity left, whereas the cable in reinforced specimens is loaded.  

a. b. 
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After the lowest external force is measured, strength and ductility are obtained by cables only. However, 

this strength should be higher than the force needed to crack. For sufficient embedded length, only a 

small drop can be observed, whereafter the load increases until the reinforcement breaks. In these 

notched beams the embedded length does not exceed the anchorage length, so the cable is pulled-out of 

the concrete after cracking. The maximum pull-out force can be observed from Figure 4.35. 

Since this external force, dimensions of the beam, span length and weight of the beam  are known the 

external moment can be calculated. The concrete compressive zone is calculated to be 1 mm and the 

cables is placed 8 mm above the notch: which means that the internal lever arm is about 29 mm. The 

concrete weight is assumed to be 22 kN/m³, which is translated into a line load of q = 0,035 N/mm. 

However, compared to the external force the self-weight is practically neglectable. The following 

equation describes the external moment: 

 

Figure 4.36: Structural scheme and the moment line of the test set-up of the notched beam 

Mexternal = 1/4 Fexternallspan + 1/8qlspan² - 1/2qlcantilever²      (Equation 10) 

Fpull-out = Mexternal / z         (Equation 11) 

Table 4.6: Test results of pull-out tests and 3-point bending test, average maximum values and deviations 

Type of test Specimens Fexternal,max;avg Mexternal,max;avg Fpull-out.max;avg 

Notched beam C-160B-1 – C-160B-4 339 N 8513 Nmm 293 N; 26 % 

Pull-out test C80-1 – C80-5 - - 286 N; 33 % 

Based on the average value of the maximum pull-out force of both tested series, results in the same order 

of magnitude can be regarded. This would presume that the new preparation method of pull-out test 

specimens produces representative pull-out forces. Based on this researched part, it is likely to assume 

that both test set-ups may be used. 

4.4 Discussion 

From this paragraph it is known that the bond strength between cables and mortars 145-1 and 145-2 is 

strongly deteriorated by hydrogen evolution. The bond interface shows spongy spots in which the cable 

profile is less visible compared to specimens with 115-1, in which this phenomenon occurs to a lesser 
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extent. The better bond interface leads to a better bond strength as the cable profile imprint in the 

concrete makes dilatancy play a major role. For worse bond interfaces in the other mortars, bond strength 

is mainly obtained by chemical adhesion and friction since concrete does not penetrate into the cavities 

of the cable profile.  

The researched parameters hardly influenced the bond strength, apart from the way of preparing test 

specimen. Since hydrogen evolution disrupts bond, it can be doubted what the real influence of 

parameters like vibration time, curing method, test date and preparation method might be. The problem 

of hydrogen evolution should be solved first.  

Related to 3D concrete printing, implementation of the cable seems to be a very accurate process. If the 

tube is not placed correctly to the nozzle the layer height could change, which is proven to influence the 

contact area of the cable as concrete flows around the cable can be observed. The large observed 

deviations in results of 3D concrete printed specimens might be caused by human errors. 

4.5 Conclusion 

Mortars 145-1 and 145-2 are currently used for 3D concrete printing at TU/e, which is another mortar 

compared to previous studies on cable reinforcement. Therefore, its consequences are researched in 

advance. Based on simplified formulas for conventional reinforcement, the bond strength increases if 

bars are embedded in concrete with a higher strength. Since mortars 145-1 and 145-2 have a higher 

strength compared to 115-1, the bond strength was expected to increase as well. However, from pull-

out tests significantly lower bond strengths were measured. For that reason, a more extensive bond 

parameter study needed to be carried out. 

Since the cables are zinc-coated and the concrete contains a high pH value, hydrogen evolution occurs 

around the cable. Therefore, a spongy-like interface is created with low strength. Strong suspicions have 

been arisen that hydrogen evolution is aggravated by occurrence of segregation in concrete. Segregation 

is proven to occur to a larger extent in mortars 145-1 and 145-2, in which water accumulates around the 

cable and deteriorates the bond interface. This phenomenon has been observed in 3D printed concrete 

to a larger extent. It is assumed that porosity increases because of a larger amount of air bubbles in 

combination with hydrogen evolution in the concrete. 

The theory of segregation agrees with the occurrence of cracks, which are observed in concrete 

specimens cast perpendicular to the cable for mortars 145-1 and 145-2. Since the cables are restrained, 

rise of water during segregation is obstructed, wherefore water accumulated around and under the cable. 

In contrary, above the cable segregation is not obstructed. A crack is caused which forms a separation 

between humid concrete and drier concrete. Two parts of concrete with different densities are created. 

The orientation of the crack is determined by the location of the cables. Another casting method was 

tried in order to decrease the amount of segregation and to increase the bond strength. However, casting 

parallel to the cable direction seems to harm the bond strength in general. Thereby, a worse bond 

interface is observed and measured at the top of the specimen compared to the bottom as a result of 

settlement of concrete. 

Regarding 3D concrete printing some specific parameters are involved which do not hold for cast 

concrete. These parameters are mainly based on the fact that cables are implemented automatically in 

concrete, as compaction cannot be improved by vibration. For that reason, the implementation of cables 

into the layers should be perfect. Some studies were carried out in the past regarding nozzle designs, as 

the most suitable down/back-flow nozzle was designed. This nozzle should prevent the concrete to be 

split around the cable in the nozzle without harming the layer interface. 

A more extensive research showed that this nozzle still seems to split the concrete around the cable. 

Since the concrete moves vertically and the cable is implemented horizontally, a concrete flow occurs 
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for this nozzle as well. These concrete flows have also been observed in optical microscopic research. 

Well-compacted concrete with aggregates is located above the cable, but concrete flows without 

aggregates are observed around the cable. The bottom of the cable does not even seem to bond with 

concrete, as a void under the cable is created. This problem was tried to solve by changing the height of 

the cable implementation. Placing the tube at the bottom of the nozzle makes the concrete split to a 

lesser extent.  

Additionally, new methods of testing and preparation of specimens are developed. The originally used 

method of preparing pull-out is not suitable for mortars 145-1 and 145-2 as they have a higher concrete 

strength and lower bond strength. Small specimens for centric pull-out tests cannot be made with this 

method as the cable slips during hammering. Removing concrete in the wet phase was developed 

instead, as it was proven to give a representative bond strength. The pull-out test samples are compared 

with notched beams in a three-point bending test. Despite that the cable slip cannot be measured, the 

indirect calculated pull-out forces are very accurate and it is less labour intensive to create the specimens. 
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5 BOND STRESS DISTRIBUTION 

Previous researches assumed a constant bond stress distribution over the total embedded length, as it is 

customary done in anchorage length calculations for conventional reinforced concrete. However, in the 

carried out experimental research (Jutinov, 2017) (Bos et al., 2017) significant different anchorage 

lengths were observed compared to the calculated values. The calculated anchorage length was based 

on the average bond strength measured in pull-out tests on small-scale specimens. Whether the 

simplified constant bond stress distribution can be applied for bond between cable reinforcement and 

3D printed concrete is doubted. Other models based on adhesion only should possibly be used.  

This chapter contains the study on the bond stress distribution in 3D printed concrete with cable 

reinforcement, which is needed to calculate the anchorage length. An experimental research is carried 

out in advance, whereafter these results are discussed in an analytical study. Both studies should 

contribute to deploy conditions in order to satisfy the idealized moment-curvature relationship, as failure 

should become more predictable. All the research in this chapter is carried out with mortar 145-2 and 

cable C-1.  

5.1 Test methods 

From the experimental bond parameter research, it is known that two test methods can be used in order 

to obtain representative values of bond strength. Both the notched beam test and pull-out test include 

pros and cons. In order to measure cable slip, the pull-out test is used. As the slip at loaded end should 

be measured to use in the analytical model, its set-up is slightly different compared to previous pull-out 

tests. For larger specimens in which cable breakage is desired, notched beam tests should be used since 

the cable is not clamped, wherefore it will have its maximum tensile strength. In addition, it is 

appropriate to use two test methods as the measurements will be validated if no differences can be 

observed. Notched beams are used to find the needed anchorage length.  

This paragraph starts with the determination of the cross-sectional area of notched beams, as it should 

agree with the minimum and maximum reinforcement percentage in order to satisfy the idealized 

moment-curvature relationship. The test method will be explained shortly. Secondly, the slightly 

adjusted pull-out test set-up is explained. The results regarding pull-out force and cracking moment are 

discussed afterwards in the next paragraph. 

 Notched beams 

Two series of notched beams were used during this bond stress distribution study. The first serie is made 

from a 7-layer high printed path with the cable embedded in the seconds layer. The second serie is made 

from a 5-layer high printed path, the cable is also embedded in the seconds layer. The same method of 

preparing specimens is used, as explained in section 4.3.4. The notched beams are sawn to certain 

dimensions, as the cross-sectional dimensions should satisfy the reinforcement percentage. The ratio is 

determined in an extensive way since the standardized formulas possibly do not hold for this application. 

The following formulas are derived: 

Minimum reinforcement percentage: 

 𝜌𝑚𝑖𝑛 =
1/6 𝑏 ℎ

2
 ∗ 𝑓𝑐𝑡𝑚

𝑓𝑦𝑑 ∗ 𝑑 ∗ 𝑧  ∗ 100%        (Equation 12) 

Applied reinforcement percentage:       (Equation 13) 

𝜌𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =
𝐴𝑠

𝑏 ∗ 𝑑
∗ 100% 
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Maximum reinforcement percentage: (with α = 0,75)     (Equation 14) 

𝜌𝑚𝑎𝑥 =

𝛼 ∗ 
𝑓𝑢

𝑓𝑢 + 𝑓𝑦𝑑
 ∗ 𝑓𝑐𝑑

𝑓𝑦𝑑
∗ 100%  

 

Figure 5.1: Notched beam specimen (a.) and the scheme at mid-span with its dimensions (b.) 

Table 5.1: Average dimensions of the notched beam specimens and its reinforcement ratio 

Serie Test date 
Printed 

height [mm] 
b 

[mm] 
h 

[mm] 
hnotch 
[mm] 

d 
[mm] 

lemb 

[mm] 
ρmin 

[%] 
ρapplied 

[%] 
ρmax 

[%] 

1 10 days 75 40 40 2 33 60 - 300 0.038 0.042 0.590 

2 6 days 54 32 54 8 39 100 - 800 0.039 0.044 0.674 

The properties of all separate beams are noted in order to determine the pull-out force, the cracking 

moment and its resulting bond strength and concrete tensile strength. The external moment follows from 

the external load and self-weight line load, wherefore the beams should be weighted. The dimensions 

of the beams must be measured very accurately, as the pull-out force can only be determined indirectly. 

The dimensions in the cross-section (cable height, notch height, width, height) are on millimetre-scale 

wherefore the beams should be cut after testing in order to measure the exact dimensions.   

 

Figure 5.2:  Notched beam during a three-point bending test (a.) and measuring the dimensions with a caliper (b. and c.) 

 

h 
d 

hnotch 

cable 

a. b. 

a. 

b. 

c. 
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  Pull-out test specimens 

Pull-out test specimens were made from the same print path as the first notched beam serie. Since the 

pull-out test method was proven to give representative values of bond strength, this method is used in 

order to measure the slip at the loaded end and to validate the notch beam results. The cable slip at the 

loaded end can be measured inaccurately by taking the bank displacement. However, because of cable 

strain and deformations in the test set-up, LVDTs are placed at the restrained top steel plate. The cable 

strain is calculated from known cable properties. In this paragraph the maximum pull-out forces of these 

test specimens are used, wherefore the analysis on cable slip will be discussed in paragraph 5.3. 

 

Figure 5.3: Pull-out test set-up to measure the cable slip at loaded end 

Table 5.2: Properties of used pull-out test specimens 

Serie Test date b [mm] h [mm] lemb [mm] 

1 10 days 65 70 80 

5.2 Results 

This paragraph discusses the test-results of three series. Additional data (dimensions, weight and internal 

forces) and the results of all tested notched beams can be found in Annex C.3. Summarizing diagrams 

are given including the cracking moment, ultimate moment, maximum pull-out force, average bond 

strength and concrete flexural tensile strength of all tested specimens. The values of concrete tensile 

strength, bond strength, internal lever arm and concrete compressive zone are indirectly determined by 

combining measurements with calculations. The perimeter of the cable is assumed to be 3.77 mm as the 

cable is proven to be bad-compacted in 3D concrete printed specimens. Factors α and β,  factors 

regarding the stress-strain relationship, are respectively 0.75 and 0.39.  

As an example, the moment-deflection diagrams of specimens with embedded lengths of 180, 200 and 

220 mm are given in Figure 5.4. The external load increases up to the cracking moment. After the 

concrete cracks, the cable is loaded. For these specimens the cable slips from the concrete. After the first 

peak load (concrete cracking), a second peak load can be observed for a larger deflection, which is the 

maximum external load needed to pull-out the cable. This paragraph shows the results of the research 

done to find the needed embedded length. Therefore, pull-out failure should be prevented and the yield 

strength and cable breakage might be reached.  

Cable clamp 

Top steel plate 

Pull-out test specimen 

LVDTs to measure the set-up deformation 

Bottom plate 

Cable 
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Figure 5.4: Moment-deflection diagrams of specimen with embedded lengths of 180 mm, 200 mm and 220 mm. 

 Cracking moment 

In advance, the cracking moment of the notched beams are presented. The cracking moment can be 

calculated with Equation 10, as it is a result of the applied load at mid-span and self-weight. Therefore, 

the beams are weighted before testing. The maximum load at which the concrete cracked is measured 

from the load-displacement diagram from the Instron bank. By inserting the self-weight, load at 

cracking, span length and beam length into this formula, the external moment can be found.  

Figure 5.5 shows the cracking moment of all tested samples. Every point represents a cracking moment 

value of a certain specimen. The cracking moments are plotted against the embedded lengths of the 

specimens. 

 

Figure 5.5: Cracking moment measured for every specimen of the notched beam series 
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For notched beam serie 1 a descending trend line can be observed for specimens with an embedded 

length up to about 200 mm. The descending line is most likely to be caused by the deep beam effect, as 

a part of the external load is transferred directly to the supports. Therefore, a larger external force is 

needed to load the concrete in tension at mid span. The specimens with embedded lengths in the 

descending part should therefore be neglected. The ratio between span length and height is 2.5 (100 / 

40), as a higher ratio should therefore be used to prevent this problem.  

   

Figure 5.6: Deep beam effect, shown in a strut and tie model (ACI 318M-14, 2015) (a.) and its corresponding beams (b.) 

For specimens with an embedded length of 120 mm or more, a span length of 200 mm is used. The ratio 

between span length and height is 5.0 (200 / 40). At this ratio the deep beam effect should not occur in 

a three-point bending test (ACI 318M-14, 2015). The specimens with embedded lengths equal or larger 

than 120 mm have an average cracking moment of 36,822 Nmm with a standard deviation of 9.1%. 

In the second serie of notched beams larger span lengths are used, as an average cracking moment of 

40,654 Nmm with a standard deviation of 13.3% can be observed. This value is higher than the first 

serie because of different cross-sectional dimensions. However, this cracking moment can be translated 

into the concrete flexural tensile strength, which is independent on the size of the cross-section. 

 

Figure 5.7: Three-point bending test set-up for the second notched beam serie (a.) with an initial crack (b.) 

a. b. 

a. 

b. 
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 Concrete flexural tensile strength 

From the cracking moment the concrete tensile strength can be calculated. The derivation of the formula 

is given below: 

𝑀𝑐𝑟 = 𝑓𝑐𝑡𝑚 ∗ 𝐼𝑐𝑟/𝑧𝑐𝑟 

𝑀𝑐𝑟 = 𝑓𝑐𝑡𝑚 ∗
𝑏ℎ³(𝐸𝑠𝐴𝑠 + 𝐸𝑐𝑏ℎ)

6𝐸𝑐𝑏ℎ² + 12𝐸𝑠𝐴𝑠(ℎ − 𝑑)
 

𝑓𝑐𝑡𝑚 =
6𝑀𝑐𝑟𝐸𝑐𝑏ℎ²+12𝐸𝑠𝐴𝑠(ℎ−𝑑)

𝑏ℎ
3

(𝐸𝑐𝑏ℎ+𝐸𝑠𝐴𝑠)
       (Equation 15) 

The calculated concrete flexural tensile strengths are presented in Figure 5.8. The same deep beam effect 

is visible for specimens with a span length/height-ratio of 2.5. The flexural tensile strengths of both 

series are in the same order of magnitude. As the average value of both series is 3.72 N/mm² with a 

standard deviation of 12%. Mainly the second serie of notched beams showed large deviations. 

In contrary to concrete compressive strength (28 days), the concrete tensile strength is known to develop 

quickly. The series are tested six and ten days after casting. No differences can be observed, which 

agrees with the theory.  

 

Figure 5.8: Concrete tensile strengths measured for every specimen of the notched beam series 

 Ultimate moment 

After the concrete cracks, a drop is visible in all moment-extension diagrams. Because of strains in the 

flexible cable it will not be loaded immediately after cracking. A lower force is needed to ensure a 

certain displacement at that point. After that, the cable will be loaded in tension. For insufficient 

embedded length the bond capacity is too low to ensure cable yielding or breakage, wherefore it slips 

instead. If the embedded length exceeds the anchorage length, the cable will yield whereafter it possibly 
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breaks. This means that at a certain embedded length the ultimate moment reaches its maximum. Figure 

5.9 presents the ultimate moments of all tested specimens for the notched beam series. 

 

Figure 5.9: Ultimate moment measured for every specimen. 

For the first notched beam serie a linear trend is visible with a larger scatter at larger embedded lengths. 

Though, the second notch beam serie shows a large scatter and no clear trend line. However, deviations 

in the cross-sectional dimensions can determine this value. These deviations can be caused by 

inaccuracies during sawing (width of the beam and notch height) and printing (height of the beam and 

height of the cable). However, the internal lever arm can be measured accurately, wherefore pull-out 

forces can be translated from this diagram.  

From the moment-extension diagrams in Annex C.3 it is known that the ultimate moments occur for 

large extensions in the order of magnitude of several millimetres for the small beams and several 

centimetres for larger beams. At these stages the cable already seemed to be slipped to a large extent. 

The photo in Figure 5.10 was taken at the ultimate moment, as the Instron bank extended 60 mm. More 

important, simultaneously the cable is observed to slip at one of the beam ends. This would mean that 

the highest load is obtained when the cable slipped in the entire embedment. The ultimate moment (with 

the highest pull-out force and bond strength) is therefore obtained at the moment that the entire 

embedded length is loaded by friction.      

  

Figure 5.10: A notched beam at its ultimate load (a.) in which cable slip occurs for a large deflection (b.) 

a. b. 
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This theory agrees with the failure mode of three of the notched beams in the second serie. Three beams 

immediately cracked and made the cable slip suddenly and entirely slip.  

         

Figure 5.11: One of the three specimens that slipped entirely and immediately after cracking. The notched beam cracked in the 
notch and at about 1/4 and 3/4 of the beam length. 

 Pull-out capacity 

The external moment equals the internal moment, wherefore the pull-out capacity can be calculated by 

dividing the ultimate moment by the internal lever arm. As a result, the compression force in the concrete 

compression zone is equal to tension in the cable. However, a very accurate determination of the internal 

lever arm should be carried out as small measurement errors might introduce deviations of tens or 

hundreds of newtons. The internal lever arm of all beams is measured with a caliper. 

Measured values of maximum pull-out forces from the centric pull-out test serie are added to this 

diagram. These values are derived from the load-slip diagrams of pull-out test, as will be shown in 

section 5.3.1.  Since the methods were both proven (in previous chapter) to give representative values, 

no differences should be observed between the three tested series.  

 

Figure 5.12: Maximum pull-out force calculated from the ultimate moment in notched beam tests and measured maximum pull-
out forces from the centric pull-out test serie. 
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The pull-out serie and the first notched beam serie are both printed at the same time and seem to have 

pull-out forces in the same order of magnitude. However, the second serie of notched beams has a worse 

bond strength, as lower pull-out forces are measured. No clear trend line for the three series combined 

can be made, as the scatter is large. The yield strength (about 1,925 N) of the cable is not reached in all 

tested specimen, as all the specimen failed by cable slippage. Regarding the pull-out capacity of all 

tested specimens, two trends are possible: 

▪ Notch beam serie 1 and the pull-out serie follow a linear trend line at which the cable is estimated 

to break from an embedded length of about 500 mm. Notched beam serie 2 has, for an unknown 

reason, a clearly worse bond strength. Assuming a linear trend line, the cable would break for 

embedded lengths larger than about 1,100 mm. 

▪ The three series can be combined to one exponential trend line at which the initial linear part for 

holds for 300 mm, whereafter the pull-out capacity flattens and does not exceed about 1,200 N. 

Possible causes for the lower pull-out capacity are: 

▪ More transverse pressure during printing could improve the compaction around the concrete, as 7 

layers has been printed for serie 1 and 5 layers for serie 2. 

▪ The cable might be implemented different, as this has been shown to be a very accurate process. 

 Average bond strength 

The bond interface was proven to have a bad compaction, as air bubbles are observed. Besides that, 

hydrogen evolution creates a spongy and porous interface with a low strength. For those reasons the 

perimeter is assumed to be 3.77 mm, which is the global diameter. Thereby, the cables are most likely 

to be bonded by friction only in both series. However, different pull-out capacities were measured for 

both series. Therefore, the notched beams are split in order to investigate the bond interface.  

  

Figure 5.13: Bond interface of a notched beam of serie 1, investigated after splitting 

  

Figure 5.14: Bond interface of a notched beam of serie 2, investigated after splitting 

a. b. 

a. b. 
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No clear differences can be seen between both specimens. Both specimens contain a very spongy 

interface as the cable imprint is entirely white, caused by the hydrogen evolution. A void under the cable 

can be observed for both specimen, which means that the underside of the cable is not bonded. These 

findings strengthen the suspicion that the cable is bonded by friction only. Translating the maximum 

pull-out forces into bond strengths, gives the following diagram. 

 

Figure 5.15: Average bond strengths calculated from the maximum pull-out force in notched beam tests and measured 
maximum pull-out forces from the centric pull-out test serie. 

The larger the embedded length, the lower the average bond strength. For the largest tested beams, the 

average bond strength is calculated to be about 0.35 N/mm². This low value could be caused by a 

phenomenon that occurs for friction. Frictional resistance decreases as reinforcement slips more and 

more over the interface. When the entire cable is loaded by friction over a rough surface, the bond 

strength is the highest. Hereafter, the surface becomes smoother, as the frictional coefficient descreases.  

 

 

Figure 5.16: Transition of a rough (a.) to a smooth surface (b.). 

  

a. b. 
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5.3 Analytical study 

Pull-out tests showed results in the same order of magnitude as the first serie of notched beams. 

Therefore, obtained load-slip diagrams from pull-out tests can be used as representative measurements 

of slip for notched beams of the first serie. This data is needed to use in an analytical model, which is 

discussed in this paragraph. 

 Cable slip 

In customary pull-out tests the cable slip at the free end is measured. However, to determine the bond 

stress distribution over the embedded length, the cable slip at the loaded end needs to be measured as 

well. The bank displacement can be used as it clamps the cable and moves upwards with a certain speed, 

but some aspects should be taken considered.  

At first, the bank displacement does not take into account the strain in the cable. Increasing the pull-out 

load on the cable, the cable starts to extend. The extension of the cable depends on the applied force, 

length of the free cable and strength and stiffness of the cable. The following formula describes the 

strain of the cable: 

∆𝑙𝑐𝑎𝑏𝑙𝑒 =
𝐹𝑝𝑢𝑙𝑙𝑜𝑢𝑡∗𝐿

𝐸𝑐𝑎𝑏𝑙𝑒∗𝐴𝑐𝑎𝑏𝑙𝑒
           (Equation 16) 

The length L is equal to the distance between the cable clamp of the Instron bank and the test specimen. 

For specimens with an embedded length of 80, 160 and 200 mm the cables are clamped 30 mm  above 

the specimen. The specimens with 160 mm embedment are clamped 60 mm above the specimen. 

Therefore, other cable strains are introduced. 

Secondly the deformation of the test set-up is measured with LVDTs placed on the steel top plate. The 

magnitude of tightening the plates to the specimen could influence the measured slip. The results are 

presented below. 

 

Figure 5.17: Measured test set-up deformations 

The cable slip can be calculated by subtracting the cable strain and bank deformations from the measured 

bank displacement. The following graphs can be made. 
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Figure 5.18: Calculated cable slip at loaded end for specimens with embedded lengths of 80, 120, 160 and 200 mm. 

A clear trend can be observed in the initial part before the peak load, which does not vary for the range 

of embedded length. This behaviour is therefore expected to hold for larger embedded lengths as well.  

 Bond stress distribution model 

Several models were made in the past, assuming different bond stress distributions. In the literature 

study different bond stress distributions are discussed which vary in bond mechanisms and assumptions. 

Assuming adhesion only, the bond stress should be distributed over a certain transfer length at which 

the bond strength cannot be assumed to be constant. Regarding reinforced concrete, experiences showed 

that the bond strength can be regarded as a constant distribution. For that reason, pull-out tests on steel 

bars are customary carried out with an embedded length of five times the bar diameter. This bond 

strength value represents the average bond strength of the entire embedment. 

From the experimental research, no clear trend line can be observed. In addition, strong suspicions arose 

that the cable is bonded by friction only. However, since the pull-out tests are representative for the first 

beam test serie, this serie is used in an analytical model.  

Based on a model of (Zhou, Wu & Yun, 2010), the load-slip relation is investigated in order to confirm 

the bond stress distribution as measured in the experimental research. This model is based on a bi-linear 

load-slip relationship, as can be obtained from the pull-out test diagrams. Therefore, the slope of the 

initial part is a very important factor. The initial slope is determined by zooming in on the load slip-

diagrams of all specimens. The mean load-slip relationship is taken, see Figure 5.19. Combined with 

the maximum pull-out forces from the notched beams and pull-out tests, the resulting bi-linear load-slip 

diagrams can be set, which is presented in Figure 5.20. 
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Figure 5.19: Analysis of initial part of the load-slip relationship for 3D printed concrete with cable C-1 

 

Figure 5.20: Bi-linear load-slip diagrams for different embedded lengths 

As an example, a specimen with an embedded length of 300 mm is taken. The initial slope K is about 

600 N/mm, which follows from the experimental research.  For this specimen the maximum pull-out 

force, at which the cable slips, is about 1000 N. Since the model of (Zhou et al., 2010) is based on 

adhered rectangular plate, the formulas had to be translated into a circular bonded element being pulled-

out.  

lemb = 100 mm 

lemb = 200 mm

lemb = 300 mm 

lemb = 400 mm 

lemb = 500 mm 

lemb = 600 mm 
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The bond stress over the embedded length: 

𝜏(𝑥) =
𝐸𝑐𝑎𝑏𝑙𝑒

1+𝜌′
∗

4

𝜋2Ø
∗

𝑎𝐾

𝛽𝐾
∗

𝑥+𝛽𝐾

𝑙𝑒𝑚𝑏
∗

𝑒
−

𝑥−𝑥0
𝛽𝐾

(
𝑥

𝑙𝑒𝑚𝑏
+𝑒

−
𝑥−𝑥0

𝛽𝐾 )

2     (Equation 17) 

in which αK and βK follow from material properties, initial slope K and the maximum pull-out force: 

𝑎𝐾 = 𝐹𝑝𝑢𝑙𝑙𝑜𝑢𝑡,𝑚𝑎𝑥/𝐾         (Equation 18) 

𝛽𝐾 =
𝐸𝑐𝑎𝑏𝑙𝑒∗𝐴𝑐𝑎𝑏𝑙𝑒

𝐾
         (Equation 19) 

Coefficient x0 follows from: 

𝑥0 = 𝑙𝑒𝑚𝑏 + 𝛽𝐾 ∗ ln (
1

1+𝜌′
∗

𝑎𝐾

𝛽𝐾
∗

𝐸𝑐𝑎𝑏𝑙𝑒∗𝐴𝑐𝑎𝑏𝑙𝑒

𝐹𝑝𝑢𝑙𝑙𝑜𝑢𝑡,𝑚𝑎𝑥
− 1)     (Equation 20) 

In these formulas concrete deformation is neglected, wherefore ρ' = 0 

 

Figure 5.21: Bond stress distribution over the embedded length (300 mm) for stages of loads, maximum load = 1000 N 
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Figure 5.21 presents the bond stress distribution of cable with a 300 mm embedment. The eleven 

functions τ(x) being visible in the diagram represent ten phases of loading (10 – 100% of 1000 N) and 

the maximum occurring bond stress at every place of the embedment.  

Despite the reliability and authenticity of the obtained functions, it can be concluded that the entire 

embedment is approximately simultaneously loaded. This agrees with results from the experimental 

research, as bond consists of friction only. At the first phase of loading, bond stresses arise in the loaded 

end. By increasing the load, the loaded end starts slipping and its bond stress decreases, as a rough 

surface transits to a smooth surface.  

The curves of the functions have a certain transfer length, which is about 1500 mm. This length mainly 

follows from the slope K, as it is independent on the applied force and embedded length. The transfer 

length remains the same. 

 Comparison with better-compacted concrete 

In contrary, the slope in cast concrete samples with mortar 115-1 is much higher: 2,000 N/mm. Thereby, 

its maximum bond strength is significantly higher because of better compaction. The better compaction 

is caused by occurrence of hydrogen evolution to a very small extent and the specimens could be 

vibrated. Assuming a maximum pull-out force of 1,000 N for an embedded length of 35 mm, the bond 

strength is between 5.0 and 7.5 N/mm² depending on the assumed perimeter.  

As a result, the transfer length is much smaller and its height is larger. Other bond mechanisms adhesion 

and dilatancy occur in these specimens as well. For these better-compacted concrete specimens, cable 

breakage seems to be achievable as the bond strength is significantly larger. Therefore, a smaller 

anchorage length would be needed. 

5.4 Discussion 

It is likely to assume a constant bond stress distribution over the embedded length for well-compacted 

specimens. However, frictional resistance decreases as the surface becomes smoother. This is proven by 

the analytical model and the trendlines being visible in the obtained diagrams.  

The notched beam series showed significant differences. Whether printing height or unforeseen printing 

errors or inaccuracies cause this effect is unknown. Thereby, another bond stress distribution can occur 

when the compaction is improved. Large amounts of hydrogen evolution and a very spongy interface 

are visible for all specimen. If the compaction around the cable is improved, dilatancy and adhesion 

might play a more important role. Additional research should be carried out with in which the problem 

of hydrogen formation is solved. Thereby, the concrete should be better-compacted. Printing more layers 

seems to be the only possible way yet.  

5.5 Conclusions 

A study on bond stress distribution of cables embedded in 3D printed concrete is carried out. In advance, 

several assumptions have been made based on existing models for adhered plates and simplified 

functions for conventional reinforcement. However, its distribution was unknown yet. This study is 

carried out since calculated values of the anchorage length (Jutinov, 2017) did not agree with the 

measured bond strength. When the anchorage length is known, the idealized moment-curvature 

relationship can be attained as the right reinforcement ratio will be applied.  

For that reason, three-point bending tests and pull-out tests were carried out in order to find the 

anchorage length and to determine the bond stress development. The results of the pull-out specimens 

were analysed in the model of (Zhou et al., 2010). 
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The first print contained a seven-layer high path from which notched beams are sawn to a cross-sectional 

dimension of 38 x 40 mm² (h x b) at mid-span. Thereby, pull-out test specimens were made with the 

new-developed way. A second print, five layers high, is carried out in which longer beams are made. 

The cross-sectional dimension is 46 x 32 mm². The reinforcement ratios are almost equal. 

The first serie is tested after ten days, the second serie after six days. Despite that, the concrete tensile 

strength seems to be fully developed, as no differences are visible in the calculated concrete flexural 

tensile strength from the cracking moment. After the concrete cracks, the cable starts to be loaded in 

tension. For both series all the specimens slipped, the yield strength was not reached. Though, a large 

scatter is observed, mainly for the second serie. No clear trend line is visible. However, the first serie 

seems to have a better bond strength than the second serie, which could be caused by the printed height 

(seven instead of five). Other reasons are hardly imaginable, as the concrete interface is investigated and 

both found to be bad. A very spongy interface is observed and a void under the cable still seems to be 

created despite moved cable implementation height.  

Regarding the ultimate moment, the cable has its the maximum pull-out force when the beam is already 

deflected a lot (order magnitude of several centimetres). Thereby, the cable is observed to be slipped 

from one of the beam ends. In combination with the analytical model, it may be concluded that the cable 

embedded in 3D concrete printed concrete is bonded by friction. A descending linear average bond 

strength is visible by increasing the embedded length. The cable is loaded entirely by friction, in which 

the surface roughness decreases as the cable slips to a larger extent. 

For those reasons, the compaction should be improved and the hydrogen formation problem should be 

solved in advance in order to research the bond stress development again. Therefore, the bond strength 

should be attained by the bond mechanisms dilatancy and adhesion to a larger extend. When these bond 

mechanisms are ensured, a constant bond stress distribution is likely to occur. 

5.6 Comments on previous researches 

The anchorage length was determined based on the average bond strength, which had been measured in 

pull-out tests. The same tests are carried out during this research. After all the research done in this 

graduation project, its reasons are most certainly found. Previous research was carried out with mortar 

115-1, in which the bond interface is proven to be better than in the currently used mortars. The bond 

strength is mainly ensured by dilatancy in cast concrete. In combination with the research done in this 

chapter, the bond stress distribution can be assumed as a constant value. A more probable reason for the 

differences between measured and calculated anchorage lengths is related to the perimeter. The used 

value for the perimeter is strongly questioned. Its reasons are discussed in the next sections. 

  Bad bond interface 

In this research the compaction is investigated on microscopical scale. It may be concluded that mortars 

145-1 and 145-2 have a bad bond interface with the cables, as problems with cable implementation and 

hydrogen evolution occur. The cable imprint is hardly visible in the concrete and after removing the 

cable from the concrete, concrete seems to be penetrated in only a few cavities of the cable. For those 

reasons, the contact area is smaller compared to the exact perimeter. 

For mortar 115-1, the cable imprint in cast concrete seems to be good. However, 3D concrete printed 

specimens showed a worse interface. 
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Figure 5.22: No cable imprint visible in 3D concrete printed concrete with mortar Weber 3D 115-1 

 Cable slip 

Mainly for mortar 115-1 dilatancy seems to occur as concrete penetrates into the cable cavities. The 

cable contains a woven structure, which means that the cables are spiralling around wires in the middle. 

Therefore, the spiralling wires will act like a bearing rib with a low rib height. However, when a part of 

the cable is loaded and slips, the concrete between the wires will be crushed. The shear plane of the 

cable is around the cable, equal to the global cable perimeter. 

  

Figure 5.23: Shear plane of the cable 

 Anchorage length calculation 

Aforementioned reasons determined the miscalculated anchorage length. If the global cable perimeters 

were used, the calculated anchorage length should be more in the order of magnitude of the measured 

anchorage length. Calculations for specimens with cable A-1 seemed to be pretty accurate. Since the 

difference between the contact perimeter and global is not as large as for cables B-1 and C-1, this could 

be its reason.  

Thereby, the average bond strength of 3D printed and cast concrete was taken. Both this research and 

previous research showed worse bond strengths for 3D printed concrete, as the compaction is worse. In 

order to make a proper anchorage length calculation the global perimeter and average (constant) bond 

strength for 3D printed concrete should be used. 
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6 CONCLUSION 

During this research, quite a number of conclusions could be made regarding the local bond strength, 

interface and bond stress distribution. Despite the fact that new mortars 145-1 and 145-2 being printed 

with at TU/e contain a higher tensile strength, the bond strength seemed to be significantly lower 

compared to old mortar 115-1. This lower bond strength is caused by hydrogen evolution around the 

cable, which occurs in a chemical reaction between the zinc cable coating and a high pH value of 

concrete. A spongy interface with lower strength is created. Hydrogen is formed around the cable for 

both mortars, but it is significantly increased by segregation in mortars 145-1 and 145-2. In contrary to 

mortar 115-1, this is probably caused by addition of additives in order to obtain higher strength. This 

theory agrees with the occurrence of cracks, which are observed in concrete specimens cast 

perpendicular to the cable. Since the cables are restrained, rise of water during segregation is obstructed, 

wherefore water accumulates around and under the cable. Despite that, these cracks do not have a direct 

relationship with bond strength, as it more an additional effect. Changing the casting direction decreases 

the bond strength, as settlement of concrete influences the bond interface as well. Since hydrogen 

formation deteriorates the bond strength that much, no clear conclusions can be made for the other 

researched parameters. 

Regarding 3D concrete printing, some specific parameters are involved which do not hold for cast 

concrete. These parameters are mainly based on the fact that cables are implemented automatically in 

concrete, as compaction cannot be improved by vibration. For that reason, the implementation of cables 

into the layers should be perfect. Since the concrete moves vertically and the cable is implemented 

horizontally in the nozzle, concrete flows around the cable. As a result, a void under the cable is created 

in which the cable is hardly or not even bonded. Therefore, the cable implementation height is chosen 

to be in the bottom of the nozzle, as the void is the smallest.  

Additionally, new methods of testing and preparation of specimens are developed. Removing concrete 

in the wet phase seems to be a suitable method for the concrete being used, as it gives representative 

values of bond strength. This should be done between one and two hours after printing, as sufficient 

bond is present and the concrete has not been hardened yet. The pull-out test samples are compared with 

notched beams in a three-point bending test. Despite that the cable slip cannot be measured, the indirect 

calculated pull-out forces are very accurate and it is less labour intensive to create the specimens. 

Since 3D printed concrete cannot be vibrated, air bubbles are observed in the filament. Changing the 

layer height compresses the layers, as the bond interface becomes better. Despite that, the porosity 

around the cable (as a result of oxygen and hydrogen formation) increases. A bad interface can be 

observed in all printed specimens. Therefore, low bond strengths are measured which are comparable to 

friction. In large beams, the maximum pull-out force is obtained for large deflections. Besides that, cable 

slip has been visible by eye. The maximum bond strength is obtained when the entire cable is slipped, 

this theory agrees with the analytical model. It may be concluded that the current bond strength between 

3D printed concrete and cables is ensured by friction only.  

Therefore, a descending average bond strength for different embedded lengths can be observed, as a 

rough surface becomes smoother after slippage. For bond mechanisms adhesion and dilatancy (which 

play are expected to occur in mortar 115-1) the bond strength can be assumed to be constant.  

Regarding previous research, the anchorage length was calculated with a constant bond strength, but the 

exact perimeter was used. As the compaction is proven not to be perfect, the contact surface is smaller 

than the exact perimeter. Thereby, when the cable slips the concrete in the cable cavities will be crushed, 

as the cable slips over the global perimeter shear plane. 
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7 RECOMMENDATIONS 

After this study on bond capacity of cable reinforcement in 3D printed concrete, several 

recommendations can be given for possible next research. At first, the main conclusion is that hydrogen 

evolution should be dealt with. The bond parameters and its stress development are deteriorated by the 

formation of a spongy porous interface with low strength. Therefore, a way should be found to stop the 

chemical reaction. NV Bekaert SA currently tries to make add a certain inhibitor to the cable. This will 

keep the corrosion protection of the zinc coating, but it will stop the chemical reaction. However, 

whether this influence the cable profile is unknown. Depending on its thickness, the cable cavities might 

be filled, whereas bond strength should be obtained by dilatancy in order to reach the yield strength of 

the cables in loaded elements. 

Secondly, the implementation of the cables seems to be a problem. The back-flow nozzle would be the 

perfect nozzle regarding cable compaction as both the cable entrainment and concrete flow are oriented 

horizontally. However, a bad layer interface is observed with this nozzle. An optimal nozzle should be 

found in which concrete can be compressed on the underlying layer, as the concrete still leaves the 

nozzle horizontally. Currently, the only way to ensure better compaction is by printing higher elements. 

The prototype of RED, being developed at TU/e, has been used in this research. A lot of inaccuracies 

can occur with this device. The batteries should be charged each time before printing and tubes of 

electronic wires should be made regularly. More important, the entrainment speed of the stepper-motor 

must be set equal to the printing speed manually, which is a very inaccurate process. 

At last, the new developed way of making test specimens should be used in order to obtain representative 

values of bond strength. Splitting concrete by hammer and chisel harms the bond strength. 
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ANNEX A   MATERIAL PROPERTIES 

This chapter contains additional information belonging to the research on 3D printed concrete with cable 

reinforcement. Properties of the used cables and mortars are given in advance, whereafter preparation 

methods and additional graphs and data are shown. 

A.1  Cable properties 

Not published 

A.2 Mortar properties 

Three different mortars have been researched during research at the TU/e related to cable reinforcement. 

Up to the summer of 2017 all research had been carried out with mortar 115-1. After that, at the 

beginning of the research presented in this graduation thesis, TU/e started to used mortar 145-1. This 

mortar was introduced because of desired properties like strength and printability. Because of some 

printability problems, the switch to usage of mortar 145-2 was made, which is in fact the same mortar 

without aggregates larger than 1 mm. 

Table A.1: Mortar properties (Bos et al., 2016) (Bos, 2017) 

 Weber 3D 115-1 Weber 3D 145-1 Weber 3D 145-2 

Aggregates Siliceous max. 1 mm Siliceous max.3 mm Siliceous max.1 mm 

Composition 

▪ Limestone filler 

▪ Additives 

▪ Rheology 

modifier 

▪ Polypropylene 

fibres 

▪ Limestone filler 

▪ Additives 

▪ Rheology 

modifier 

▪ Polypropylene 

fibres 

▪ Limestone filler 

▪ Additives 

▪ Rheology 

modifier 

▪ Polypropylene 

fibres 

Water-cement ratio 1.0 L / 5 kg (20%) 4.0 L / 25 kg (16%) 4.0 L / 25 kg (16%) 

Modulus of elasticity +/- 19,000 N/mm² +/- 20,000 N/mm² +/- 20,000 N/mm² 

Concrete class C12/15 C35/45 C35/45 

Shrinkage 
7 days 

% 
0.6 0.5 Unknown 

28 days 1.2 0.9 Unknown 
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ANNEX B   PREPARATION OF TEST SPECIMENS 

The way of preparing specimens is a very important parameter since all specimens should be made 

similarly to obtain representative values. Different test methods for cast and 3D printed concrete were 

used, researched and developed during this research. 

B.1  Cast concrete pull-out test specimens 

Cast concrete samples has been made in formwork with a horizontally spanned cable first. After this 

method was questioned because of cracks around the cable in specimens, another type of formwork was 

researched.  

B.1.1 Cable perpendicular to casting direction 

The bond strength of cables with used concrete was researched with cast concrete first. A method, as 

introduced in (Jutinov, 2017), was copied for this research. A cable is spanned horizontally, 

perpendicular to the cast direction in formwork consisting of u-shaped planking with partitions to create 

the desired embedded length. Two different compartments are created.  

▪ Compartments with a coiled cable, which is needed to have sufficient free cable length.  

▪ Compartments with the needed embedded length and a straight horizontal cable. These 

compartments are filled with concrete. 

  

Figure B.1: Preparation of formwork with horizontally spanned cable. The coiled cables in (a.) are protected by tape (b.) 

The cable is spanned in the formwork through a hole of 2 mm in the partitions. The compartments with 

the straight cable in the formwork will be filled with concrete and vibrated at the vibration table for a 

couple of seconds in order to remove air bubbles inside. When the concrete is hardened, the formwork 

can be demounted. 

 

Figure B.2: Formwork after filling (a.) and during demounting (b.) 

B.1.2 Cable parallel to casting direction 

To research whether the cracks in cast concrete are caused by the way of preparing test samples, another 

direction of cable span is tried. All cracks seemed to be oriented in the same direction. Since Bekaert 

had the same problem with cracking in the past, they found out that concrete might hang on the 

reinforcement in an early stage. They solved this problem by changing the direction of reinforcement. 

Related to this research, the cable span direction could be changed by making other moulds. 

a. 

 

b. 

 

a. 

 

b. 
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Samples with the same dimensions could be cast in these moulds, however the cable direction is parallel 

to the direction of casting. The more important, this direction is equal to the direction of gravity. This 

means that the concrete will, in contrary to the other moulds, settle parallel to the cable. By drilling a 

1.5 mm hole in the moulds, the 1.2 mm cable is free to move downwards. Though, enough resistance is 

present to prevent the cable to from slipping by its self-weight. 

   

Figure B.3: Preparation of formwork with vertically spanned cable 

  

Figure B.4: Demoulding specimens with vertically spanned cables 

B.2  3D concrete printed pull-out test specimens 

Related to 3D concrete printed, other aspects must be taken into account. Automatic implementation of 

the cable is a promising technique, but bond strength must be measured. Several specimen preparation 

methods are discussed in this paragraph. 

B.2.1 Old method: special knife, hammer and chisel 

In order obtain a free cable end in a 3D concrete printed path, concrete should be removed from the 

cable. A method was introduced in (Jutinov, 2017), in which samples are prepared in wet and hardened 

phase. This method seems to be a suitable way to prepare samples printed with mortar 115-1. Samples 

with certain dimensions are cut from a printed path with a special knife. These knifes consists of two 

blades with a certain distance between each other equal to the desired embedded length of the specimen. 

It is specially designed for this application and can cut through the concrete without touching the cable. 

The middle of these blades will not touch the cable because of the gaps. The 35 mm knife was used in 

the orientation tests of this research. 

  

Figure B.5: Cutting samples in the wet phase (a.) and its sketched situation (Jutinov, 2017) (b.)  

a. 

 

b. 

 

a. 

 

b. 

 

a. 

 

b. 
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After one day of hardening on the print bed, the concrete around the cable can be removed by hammer 

and chisel. Since the concrete has not reached its entire compressive strength it can easily be cut. By 

hammering the chisel in the middle of the top surface, the concrete splits around the cable. The cable is 

still bonded with the concrete in the test sample since a separation with the test sample had been made 

with the special knife in the wet phase. Pull-out tests showed about the same strength for all samples, 

no large deviations were noted which might point out slipped cables during preparing. 

   

Figure B.6: Process of removing concrete around the cable in the hardened phase 

B.2.2 Development of a new method 

Since mortars 145-1 and 145-2 has been used afterwards, a new way of samples preparation had to be 

developed. During splitting 3D concrete printed samples with hammer and chisel, a high force is needed 

to split the concrete as the compressive strength of these mortars are higher. Thereby, the bond strength 

with the cable seemed to be significantly lower than specimens with mortar 115-1. The cable already 

slipped from the concrete during hammering. 

For mortars 145-1 and 145-2 a new method had to be developed to obtain samples with free cable ends. 

Several methods have been proposed and considered: 

▪ While running the print path with the gantry robot, turning off the mixer pump in order to receive a 

free cable. RED runs with the same speed as the robot, wherefore the cable will be printed without 

being implemented in the concrete. This method was rejected quick, as the mixer pump is preferred 

not to be interrupted regularly. Thereby, during turning on/off the mixer pump, concrete does not 

immediately start and stop leaving the nozzle as concrete cannot be stopped quickly from flowing 

through the hose and nozzle. 

▪ Spraying dismantling oil on the cable at places where concrete should be removed. At these places 

the cable does not bond with the concrete, wherefore it can easily be removed from the concrete. 

However, this method needs very accurate spraying at certain places of the cable and concrete 

should still be split in order to cut the cable. Thereby, a possible chemical reaction with the steel 

cable should not be excluded/  

▪ Removal of concrete during the wet phase. By cutting concrete around the cable in the wet phase, 

the cable can be made released from the concrete. However, this method requires a lot of work and 

there is a risk of touching the cable, wherefore the bond might be lost.  

B.2.3   New method: wet concrete removal 

The last option was researched since it seems to be the most feasible method. A five-layer high printed 

path, with cable reinforcement in the middle layer, was cut with the 35 mm special knife just after 

printing. At the end of the print, concrete was removed from the cable accurately.   

a. 

 

b. 

 

c. 
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Figure B.7: Removing concrete from the cable by scoop and hand 

The time of preparing was noted for each sample. In the beginning (about the first hour after printing) 

the cable seemed to have no bond with the concrete yet. The cable already slipped during removing the 

concrete or cutting the cable. There might still be some bond, as the concrete was not hardened yet, but 

its bond is not representative anymore for automatic implemented cables. 

All succeeded samples (which did not slip) were tested in a pull-out test. The maximum pull-out force 

was measured for all samples. 

  

Figure B.8: Pull-out test (a.) and its test samples (b.) 

a. b. 

a. 

 

b. 

 

c. 

 

d. 

 

e. 

 

f. 
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Figure B.9: Orientation test: maximum pull-out forces of samples with cable B-1, cut at different times after printing 

It may be concluded that specimens should be made between one and two hours after printing, as its 

bond strength is higher (despite the large scatter) compared to other times. Concrete of specimens 

prepared after two hours was already hardened wherefore a large force was needed to remove the 

concrete from the cable. Despite no clear movement was observed during preparation, the bond strength 

turned out to be significantly lower. Most of the specimens showed cable slippage during clamping the 

cable in the intron bank. 

B.3  3D concrete printed notched beams 

Notched beams are made with the same method as for pull-out test specimens, but less accurate work is 

needed. A random path needs to be printed to obtain sufficient length. A path with little curves is 

preferred ant the most material efficient. The cable is cut at a certain distance from the desired beam end 

(for instance 100 mm from each side). The concrete should be removed in order to free the cable from 

the concrete.  From previous section it is known that for small concrete samples the concrete can be 

removed from the cable between about one and two hours after printing. For specimens with a larger 

embedded length, this margin is probably larger. When both sides are cut, the element can be covered 

by a plastic sheet to protect it from shrinkage. After one or two days, when the concrete is hardened, the 

elements can be stored or sawn to the right dimensions. 
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Figure B.10: Printing of a path with long straight lines in order to make notched beams 

  

Figure B.11: Removal of concrete, whereafter the cable can be cut 

  

Cut cable 

Removed 

concrete 

Cable reinforced 

printed element, 

which will be sawn 

to a notched beam 

a. 

 

b. 
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ANNEX C   ADDITIONAL DATA 

This chapter contains the additional data belonging to the research done in this graduation project. As a 

lot of test were carried out, most of the diagrams and data are presented in the annex. Diagrams and data 

of all tests are shown in advance, whereafter the properties of all tested specimens are given.  

C.1  Bond parameter study 

In the bond parameter study, discussed in Chapter 4, tables with average forces and deviations are given 

for some of the researched parameters. This paragraph contains the load-slip diagrams of the pull-out 

tests carried out. The maximum pull-out forces can be read in Annex C.4. 

C.1.1 Vibration time 

Specimens were tested with different vibration times of five and ten seconds. These values are chosen 

as air bubbles should be released from the concrete. Though, vibrating too long could lead to more 

segregation in the cast concrete which is proven to occur for mortars 145-1 and 145-2. 

 

Figure C.1: Load-slip diagram of pull-out tests for specimens with cable B-1 

 

Figure C.2: Load-slip diagram of pull-out tests for specimens with cable C-1 
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C.1.2 Test date 

 

Figure C.3: Pull-out tests done on specimens 10 days after casting 

 

Figure C.4: Pull-out tests done on specimens 15 days after casting 
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Figure C.5: Pull-out tests done on specimens 28 days after casting 

C.2  Test method comparison 

This paragraph contains additional graphs belonging to the comparison of pull-out tests and notched 

beam tests. This test methods comparison is discussed and summarized in section 4.3.4. Pull-out test 

specimens are made with the new developed method: removal of concrete in the wet phase. 

C.2.1 Pull-out tests 

 

Figure C.6: Pull-out tests on 3D concrete specimens with an embedded length of 80 mm 
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C.2.2 Notched beams 

 

Figure C.7: Notched beams with two embedded lengths of 80 mm. 

C.2.3 Beams without notch 

 

Figure C.8: Beams without notch to research the orientation of cracks and the magnitude of the cracking moment 
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C.3  Bond stress distribution study 

Two series of notched beams and one serie of pull-out tests are carried out in chapter 5, in which the 

bond stress distribution is researched. The pull-out diagrams are presented in the analytical study and 

summarized graphs of the cracking moment, tensile strength, ultimate moment and pull-out are given. 

In this paragraph the measured and calculated data for all specimens are presented. 

C.3.1 Notched beam serie 1 

Table C.1: Measured values 

Sample L  

[mm] 

Lemb  

[mm] 

Lspan  

[mm] 

b  

[mm] 

h  

[mm] 

hnotch  

[mm] 

Fcr 

[N] 

hcable  

[mm] 

Fu  

[N] 

C-120B-1 120 60 100 42.3 40.5 2.0 2,234* 7.5 563 

C-120B-2 120 60 100 41.8 41.0 2.0 2,300* 7.5 392 

C-160B-14 160 80 100 41.8 41.5 2.0 1,998* 6.5 332 

C-160B-15 160 80 100 41.0 40.0 2.0 2,000* 6.5 419 

C-160B-16 160 80 100 40.8 40.0 2.0 2,100* 6.5 405 

C-160B-17 160 80 100 41.3 40.5 2.0 1,750* 6.5 339 

C-200B-1 200 100 100 41.8 40.0 2.0 1,675* 7.0 460 

C-200B-2 200 100 100 42.3 40.0 2.0 2,000* 5.5 511 

C-240B-1 240 120 200 41.3 39.5 2.0 775 6.5 321 

C-240B-2 240 120 200 41.0 40.0 2.0 900 6.0 285 

C-280B-1 280 140 200 40.8 40.5 2.0 850 6.0 274 

C-280B-2 280 140 200 41.3 40.0 2.0 825 7.5 242 

C-320B-1 320 160 200 40.5 39.0 2.0 825 6.5 145 

C-320B-2 320 160 200 40.0 40.0 2.0 675 8.5 277 

C-360B-1 360 180 200 40.5 40.0 2.0 675 6.5 459 

C-360B-2 360 180 200 39.8 38.5 2.0 690 5.0 348 

C-400B-1 400 200 200 40.5 40.0 2.0 760 6.0 483 

C-400B-2 400 200 200 42.0 40.0 2.0 760 8.0 392 

C-440B-1 440 220 200 40.3 40.0 2.0 580 8.0 427 

C-440B-2 440 220 200 40.5 40.0 2.0 725 7.5 481 

C-480B-1 480 240 200 41.5 38.5 2.0 650 8.0 489 

C-480B-2 480 240 200 40.5 39.0 2.0 740 6.0 758 

C-520B-1 520 260 200 40.0 40.0 2.0 775 7.5 670 

C-520B-2 520 260 200 39.3 40.0 2.0 775 8.5 847 

C-560B-1 560 280 200 40.5 40.5 2.0 760 8.0 709 

C-600B-1 600 300 200 40.8 38.5 2.0 725 8.0 653 

C-600B-2 600 300 200 40.5 40.0 2.0 560 9.0 617 

Average - - - 40.9 39.9 2.0 - 7.1 - 

Average deviation - - - 1.5% 1.2% 0% - 12.4% - 

 

- irrelevant data 

* occurrence of deep beam effect, this value is not taken into account for the calculation of the average 

value 
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Table C.2: Calculated values 

Sample qc 

[N/mm] 
Mcr 

[Nmm] 
d 

[mm] 
Mu 

[Nmm] 
xu 

[mm] 
z 

[mm] 
Fu 
[N] 

fctm 

[MPa] 
fbd 

[MPa] 

C-120B-1 0.041 55,899* 33.0 14,124 0.3 32.9 430 5.3* 1.9 

C-120B-2 0.041 57,549* 33.5 9,849 0.2 33.4 295 5.4* 1.3 

C-160B-14 0.042 49,983* 35.0 8,333 0.2 34.9 239 4.6* 0.8 

C-160B-15 0.039 50,031* 33.5 10,506 0.3 33.4 315 5.1* 1.0 

C-160B-16 0.039 52,531* 33.5 10,156 0.2 33.4 304 5.3* 1.0 

C-160B-17 0.040 43,782* 34.0 8,507 0.2 33.9 251 4.3* 0.8 

C-200B-1 0.040 41,875* 33.0 11,500 0.3 32.9 350 4.2* 0.9 

C-200B-2 0.041 50,000* 34.5 12,775 0.3 34.4 372 4.9* 1.0 

C-240B-1 0.039 38,938 33.0 16,238 0.4 32.8 494 4.0 1.1 

C-240B-2 0.039 45,189 34.0 14,439 0.3 33.9 426 4.6 0.9 

C-280B-1 0.040 42,666 34.5 13,866 0.3 34.4 403 4.2 0.8 

C-280B-2 0.040 41,416 32.5 12,266 0.3 32.4 379 4.2 0.7 

C-320B-1 0.038 41,371 32.5 7,371 0.2 32.4 227 4.5 0.4 

C-320B-2 0.038 33,873 31.5 13,973 0.4 31.4 446 3.5 0.7 

C-360B-1 0.039 33,820 33.5 23,020 0.6 33.3 692 3.5 1.0 

C-360B-2 0.037 34,566 33.5 17,466 0.4 33.3 524 3.9 0.8 

C-400B-1 0.039 38,000 34.0 24,150 0.6 33.8 715 3.9 0.9 

C-400B-2 0.040 38,000 32.0 19,600 0.5 31.8 616 3.7 0.8 

C-440B-1 0.039 28,915 32.0 21,265 0.6 31.8 669 3.0 0.8 

C-440B-2 0.039 36,164 32.5 23,964 0.6 32.3 743 3.7 0.9 

C-480B-1 0.038 32,316 30.5 24,266 0.6 30.2 802 3.5 0.9 

C-480B-2 0.038 36,818 33.0 37,718 1.0 32.6 1,156 4.0 1.3 

C-520B-1 0.038 38,450 32.5 33,200 0.9 32.2 1,032 4.0 1.1 

C-520B-2 0.038 38,456 31.5 42,056 1.2 31.1 1,354 4.1 1.4 

C-560B-1 0.039 37,559 32.5 35,009 0.9 32.2 1,089 3.7 1.0 

C-600B-1 0.038 35,685 30.5 32,085 0.9 30.2 1,064 3.9 0.9 

C-600B-2 0.039 27,417 31.0 30,267 0.8 30.7 986 2.8 0.9 

Average 0.039 36,822 32.9 - - 32.7 - 3.9 0.97 

Average deviation 2.3% 9.1% 2.9% - - 3.1% - 8.4% 18.8% 
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Figure C.9: Moment-deflection diagrams of specimen with embedded lengths of 60 mm, 80 mm and 100 mm. 

  

 

Figure C.10: Moment-deflection diagrams of specimen with embedded lengths of 120 mm, 140 mm and 160 mm. 
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Figure C.11: Moment-deflection diagrams of specimen with embedded lengths of 180 mm, 200 mm and 220 mm. 

 

 

Figure C.12: Moment-deflection diagrams of specimen with embedded lengths of 240 mm, 260 mm, 280 mm and 300 mm. 
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C.3.2 Notched beam serie 2 

 

Tabel C.3: Measured values. 

Sample 
L 

[mm] 

Lemb 

[mm] 

Lspan 

[mm] 

b 

[mm] 

h 

[mm] 

hnotch 

[mm] 

G 

[kg] 

Fcr 

[N] 

hcable 

[mm] 

Fu 

[N] 

C2-400B-1 400 200 200 33.0 53.6 10.0 1.484 779 14.9 398 

C2-400B-2 400 200 200 32.6 54.5 8.6 1.514 1018 15.3 176 

C2-500B-1 500 250 200 32.8 53.6 9.3 1.814 939 15.1 443 

C2-500B-2 500 250 200 33.2 54.6 6.4 1.822 985 16.3 510 

C2-600B-1 600 300 500 32.6 54.6 8.3 2.196 381 16.1 168 

C2-600B-2 600 300 500 32.3 56.3 8.7 2.152 294 15.3 192 

C2-700B-1 700 350 500 31.9 54.5 7.5 2.534 379 15.3 149 

C2-700B-2 700 350 500 32.9 53.7 5.2 2.602 323 15.1 247 

C2-800B-1 800 400 500 30.9 53.3 12.8 2.654 312 16.5 195 

C2-800B-2 800 400 500 32.6 54.2 6.8 2.885 295 15.2 163 

C2-900B-1 900 450 500 32.1 53.9 7.8 3.202 260 15.2 376 

C2-900B-2 900 450 500 32.4 54.1 10.6 3.282 344 15.5 150 

C2-1000B-1 1,000 500 500 32.2 54.1 8.2 3.583 309 14.2 374 

C2-1000B-2 1,000 500 500 32.1 53.6 7.6 3.605 265 13.8 260 

C2-1100B-1 1,080 540 1,000 32.0 54.1 10.8 3.917 160 16.1 115 

C2-1100B-2 1,100 550 1,000 31.1 55.6 6.9 3.904 140 15.2 - 

C2-1200B-1 1,200 600 1,000 31.5 53.4 9.9 4.377 112 14.7 139 

C2-1200B-2 1,200 600 1,000 36.5 53.9 7.1 5.040 212 15.3 - 

C2-1300B-1 1,300 650 1,000 27.8 53.9 8.3 4.223 108 13.7 130 

C2-1300B-2 1,300 650 1,000 36.4 53.3 8.2 5.378 125 12.8 - 

C2-1400B-1 1,400 700 1,000 30.2 53.8 8.1 5.072 135 15.0 124 

C2-1500B-1 1,500 750 1,000 35.5 56.0 10.8 5.822 117 17.1 140 

C2-1500B-2 1,500 750 1,000 27.0 55.5 9.7 4.473 140 16.8 146 

C2-1600B-1 1,600 800 1,000 29.7 55.7 9.8 5.449 150 16.3 148 

Average - - - 32.1 54.3 8.6 - - 15.3 - 

Avg. deviation - - - 4.5% 1.3% 15.4% - - 4.6% - 

 

 

 

 

 

 

 

 

- irrelevant data 



 
99 

 

 

Tabel C.4: Calculated values 

Sample 
qc 

[N/mm] 

Mcr 

[Nmm] 

d 

[mm] 

Mu 

[Nmm] 

xu 

[mm] 

z 

[mm] 

Fu 

[N] 

fctm 

 [MPa] 

fbd 

[MPa] 

C2-400B-1 0.036 38,950 38.7 19,900 0.52 38.5 517 3.71 0.69 

C2-400B-2 0.037 50,900 39.2 8,800 0.23 39.1 225 4.43 0.30 

C2-500B-1 0.036 46,728 38.5 21,928 0.58 38.3 573 4.34 0.61 

C2-500B-2 0.036 49,027 38.3 25,277 0.67 38.0 664 3.80 0.71 

C2-600B-1 0.036 48,702 38.5 22,077 0.59 38.3 577 4.17 0.51 

C2-600B-2 0.035 37,806 41 25,056 0.63 40.8 615 3.09 0.54 

C2-700B-1 0.036 48,307 39.2 19,557 0.52 39.0 502 4.10 0.38 

C2-700B-2 0.036 41,332 38.6 31,832 0.84 38.3 832 3.19 0.63 

C2-800B-1 0.033 39,651 36.8 25,026 0.74 36.5 685 4.68 0.45 

C2-800B-2 0.035 37,583 39 21,083 0.56 38.8 544 3.07 0.36 

C2-900B-1 0.035 32,893 38.7 47,393 1.29 38.2 1,241 2.88 0.73 

C2-900B-2 0.036 43,402 38.6 19,152 0.51 38.4 499 4.23 0.29 

C2-1000B-1 0.035 38,625 39.9 46,750 1.23 39.4 1,186 3.40 0.63 

C2-1000B-2 0.035 33,125 39.8 32,500 0.86 39.5 823 2.92 0.44 

C2-1100B-1 0.036 44,419 38 33,169 0.92 37.6 881 4.43 0.43 

C2-1100B-2 0.035 39,309 40.4 - - - - 3.19 - 

C2-1200B-1 0.036 32,294 38.7 39,044 1.08 38.3 1,020 3.24 0.45 

C2-1200B-2 0.041 57,944 38.6 - - - - 4.34 - 

C2-1300B-1 0.032 30,625 40.2 36,125 1.09 39.8 908 3.17 0.37 

C2-1300B-2 0.041 35,866 40.5 - - - - 2.90 - 

C2-1400B-1 0.036 37,482 38.8 34,732 1.00 38.4 904 3.55 0.34 

C2-1500B-1 0.038 32,820 38.9 38,570 0.94 38.5 1,001 2.71 0.35 

C2-1500B-2 0.029 37,743 38.7 39,243 1.27 38.2 1,027 3.98 0.36 

C2-1600B-1 0.033 40,173 39.4 39,673 1.14 39.0 1,018 3.84 0.34 

Average 0.036 40,654 39.0 - - - - 3.6 0.47 

Avg. deviation 4.1% 13.3% 1.8% - - - - 14.6% 25.5% 
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Figure C.13: Moment-deflection diagrams of specimen with embedded lengths of 200 mm, 250 mm and 300 mm. 

 

Figure C.14: Moment-deflection diagrams of specimen with embedded lengths of 350, 400 and 450 mm. 
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Figure C.15: Moment-deflection diagrams of specimen with embedded lengths of 500, 550, and 600 mm. 

 

Figure C.16: Moment-deflection diagrams of specimen with embedded lengths of 650, 700, 750 and 800 mm. 
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C.4   List of tested pull-out specimens 

C.4.1 Specimens with mortar Weber 3D 115-1 

 

Table C.5: Cast, cable B-1 

Name Lembedded Vibration De-mould Curing Test date Fmax [N] Crack information 

B1-01 35mm 10 sec Day 2 Covered Day 28 787 - (Jutinov, 2017) 
B1-02 35mm 10 sec Day 2 Covered Day 28 733 - (Jutinov, 2017) 
B1-03 35mm 10 sec Day 2 Covered Day 28 921 - (Jutinov, 2017) 
B1-04 35mm 10 sec Day 2 Covered Day 28 738 - (Jutinov, 2017) 
B1-05 35mm 10 sec Day 2 Covered Day 28 954 - (Jutinov, 2017) 

 

Table C.6: Cast, cable C-1 

Name Lembedded Vibration De-mould Curing Test date Fmax [N] Crack information 

C1-01 35mm 10 sec Day 2 Covered Day 28 1011 - (Jutinov, 2017) 

C1-02 35mm 10 sec Day 2 Covered Day 28 1275 - (Jutinov, 2017) 
C1-03 35mm 10 sec Day 2 Covered Day 28 1083 - (Jutinov, 2017) 
C1-04 35mm 10 sec Day 2 Covered Day 28 734 - (Jutinov, 2017) 
C1-05 35mm 10 sec Day 2 Covered Day 28 876 - (Jutinov, 2017) 

C6 35mm 10 sec Day 2 Covered Day 28 992 - 

C7 35mm 10 sec Day 2 Covered Day 28 877 - 
C8 35mm 10 sec Day 2 Covered Day 28 951 - 
C9 35mm 10 sec Day 2 Covered Day 28 995 - 
C10 35mm 10 sec Day 2 Covered Day 28 801 - 

 

C.4.2 Specimens with mortar Weber 3D 145-1 

 

Table C.7: Cast, cable B-1 

Name Lembedded Vibration De-mould Curing Test date Fmax [N] Crack information 

B5-1 35mm 5 sec Day 2 Covered Day 28 493 - 
B5-2 36mm 5 sec Day 2 Covered Day 28 343 - 
B5-3 36mm 5 sec Day 2 Covered Day 28 343 - 
B5-4 35mm 5 sec Day 2 Covered Day 28 291 - 
B5-5 36mm 5 sec Day 2 Covered Day 28 287 Crack 

B10-1 35mm 10 sec Day 2 Covered Day 28 336 Crack 

B10-2 35mm 10 sec Day 2 Covered Day 28 373 Crack 

B10-3 35mm 10 sec Day 2 Covered Day 28 444 - 

B10-4 37mm 10 sec Day 2 Covered Day 28 219 Crack 

B10-5 35mm 10 sec Day 2 Covered Day 28 442 Crack 

 

Table C.8: 3D printed concrete, cable B-1 

Name Lembedded Sample cut Curing Test date Fmax [N] Info 

B100-1 100mm Day 2 Water Day 28 856 Old prep. method.  

B100-2 100mm Day 2 Water Day 28 341 Old prep. m. - cable slip during cutting 

B100-3 100mm Day 2 Water Day 28 319 Old prep. m. - cable slip during cutting 

B200-2 200mm Day 2 Water Day 28 668 Old prep. m. - cable broke 

B300-1 300mm Day 2 Water Day 28 884 Old prep. m. - cable broke 

B300-3 300mm Day 2 Water Day 28 913 Old prep. m. - cable broke 

B1-1517 35mm 1h 2min Water Day 8 118 New prep. m. 

B1-1526 35mm 1h 11min Water Day 8 242 New prep. m. 
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B1-1530 35mm 1h 15min Water Day 8 294 New prep. m. 

B1-1532 35mm 1h 17min Water Day 8 190 New prep. m. 

B1-1537 35mm 1h 22min Water Day 8 486 New prep. m. 

B1-1541 35mm 1h 26min Water Day 8 669 New prep. m. 

B1-1543 35mm 1h 28min Water Day 8 340 New prep. m. 

B1-1546 35mm 1h 31min Water Day 8 370 New prep. m. 

B1-1555 35mm 1h 40min Water Day 8 205 New prep. m. 

B1-1558 35mm 1h 43min Water Day 8 248 New prep. m. 

B1-1609 35mm 1h 54min Water Day 8 255 New prep. m. 

B1-1611 35mm 1h 56min Water Day 8 280 New prep. m. 

B1-1614 35mm 1h 59min Water Day 8 - New prep. m. - cable slip clamping 

B1-1616 35mm 2h 1min Water Day 8 150 New prep. m. 

B1-1628 35mm 2h 13min Water - - New prep. m. – concrete crush in set-up 

B1-1631 35mm 2h 16min Water Day 8 - New prep. m. - cable slip clamping 

B1-1637 35mm 2h 22min Water Day 8 - New prep. m. - cable slip clamping 

B1-1645 35mm 2h 30min Water Day 8 - New prep. m. - cable slip clamping 

B1-1649 35mm 2h 34min Water Day 8 - New prep. m. - cable slip clamping 

B1-1707 35mm 2h 52min Water Day 8 - New prep. m. - cable slip clamping 

B1-1710 35mm 2h 55min Water Day 8 - New prep. m. - cable slip clamping 

B1-1711 35mm 2h 56min Water Day 8 105 New prep. m. 

B1-1718 35mm 3h 3min Water Day 8 - New prep. m. - cable slip clamping 

 

Table C.9: Cast, cable C-1 

Name Lembedded Vibration De-mould Curing Test date Fmax [N] Crack information 

C5-1 36mm 5 sec Day 2 Covered Day 28 370 - 

C5-2 36mm 5 sec Day 2 Covered Day 28 331 - 

C5-3 35mm 5 sec Day 2 Covered Day 28 451 - 

C5-4 36mm 5 sec Day 2 Covered Day 28 364 Crack 
C5-5 35mm 5 sec Day 2 Covered Day 28 299 Crack 

C10-1 36mm 10 sec Day 2 Covered Day 28 406 - 
C10-2 35mm 10 sec Day 2 Covered Day 28 398 Crack 
C10-3 35mm 10 sec Day 2 Covered Day 28 317 Crack 
C10-4 36mm 10 sec Day 2 Covered Day 28 385 - 

C10-5 36mm 10 sec Day 5 Covered Day 28 458 Crack 
C10-11 35mm 10 sec Day 2 Covered Day 15 248 Crack 
C10-12 35mm 10 sec Day 2 Covered Day 15 458 - 

C10-13 35mm 10 sec Day 2 Covered Day 15 343 Crack 
C10-14 35mm 10 sec Day 2 Covered Day 15 170 Crack 
C10-15 35mm 10 sec Day 2 Covered Day 28 168 Crack + large air bubble 
C10-16 35mm 10 sec Day 2 Covered Day 28 196 Crack 
C10-17 36mm 10 sec Day 2 Covered Day 28 124 - 

C10-18 38mm 10 sec Day 2 Covered Day 28 80 Crack 
C10-21 35mm 10 sec Day 3 Water Day 10 434 Crack 
C10-22 35mm 10 sec Day 3 Water Day 10 364 Crack 
C10-23 35mm 10 sec Day 3 Water Day 10 206 Crack 
C10-24 35mm 10 sec Day 3 Water Day 10 392 Large air bubble 
C10-25 35mm 10 sec Day 3 Water Day 10 248 Crack 

C10-V1 35mm 10 sec Day 3 Water Day 10 116 - 

C10-V2 35mm 10 sec Day 3 Water Day 10 97 - 
C10-V3 35mm 10 sec Day 3 Water Day 10 125 - 
C10-V4 35mm 10 sec Day 3 Water Day 10 281 - 
C10-V5 35mm 10 sec Day 3 Water Day 10 428 - 

 

 



 
104 

C.4.3 Specimens with mortar Weber 3D 145-2 

Table C.10: Cast, cable C-1 

Name Lembedded Vibration De-mould Curing Test date Fmax [N] Crack information 

C2-1 35mm 10 sec Day 2 Covered Day 28 245 Crack 
C2-2 35mm 10 sec Day 2 Covered Day 28 451 Crack 
C2-3 35mm 10 sec Day 2 Covered Day 28 331 - 
C2-4 35mm 10 sec Day 2 Covered Day 28 458 Crack 
C2-5 35mm 10 sec Day 2 Covered Day 28 502 Crack 

 

Table C.11: 3D printed concrete, cable C-1 

Name Lembedded Sample cut Curing Test date Fmax [N] Info 

C35-1557 35mm 6min Water Day 13 - New prep. m. – cable slip during cutting 

C35-1605 35mm 14min Water Day 13 - New prep. m. – cable slip during cutting 

C35-1615 35mm 24min Water Day 13 303 New prep. m. 

C35-1637 35mm 46min Water Day 13 151 New prep. m. 

C35-1645 35mm 54min Water Day 13 98 New prep. m. 

C35-1725 35mm 1h 34min Water Day 13 - New prep. m. – cable slip during cutting 

C35-1730 35mm 1h 39min Water Day 13 369 New prep. m. 

C35-1750 35mm 1h 59min Water Day 13 - New prep. m. 

C80-1 80mm 1-2h Water Day 7 118 New prep. m. 

C80-2 80mm 1-2h Water Day 7 285 New prep. m. 

C80-3 80mm 1-2h Water Day 7 421 New prep. m. 

C80-4 80mm 1-2h Water Day 7 221 New prep. m. 

C80-5 80mm 1-2h Water Day 7 386 New prep. m. 

C80-7 80 mm 1-2h Covered Day 10 332 New prep. m. 

C80-8 80 mm 1-2h Covered Day 10 254 New prep. m. 

C80-9 80 mm 1-2h Covered Day 10 571 New prep. m. 

C120-1 120 mm 1-2h Covered Day 10 242 New prep. m. 

C120-2 120 mm 1-2h Covered Day 10 322 New prep. m. 

C120-3 120 mm 1-2h Covered Day 10 233 New prep. m. 

C160-1 160 mm 1-2h Covered Day 10 433 New prep. m. 

C160-2 160 mm 1-2h Covered Day 10 765 New prep. m. 

C160-3 160 mm 1-2h Covered Day 10 410 New prep. m. 

C200-2 200 mm 1-2h Covered Day 10 455 New prep. m. 

C200-3 200 mm 1-2h Covered Day 10 496 New prep. m. 

C200-4 200 mm 1-2h Covered Day 10 514 New prep. m. 
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