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ABSTRACT 

Additive manufacturing such as 3D concrete printing (3DCP), has recently gained significant 
attention due to its numerous benefits.  However, 3DCP still has significant challenges to overcome 
before it can be fully adopted as a feasible alternative to conventional construction methods. The 
reinforcement of 3D printed concrete elements has proven to be challenging and needs to be 
addressed. Moreover, there are multiple aspects to this challenge that need to be taken into account, 
such as the lack of clear space above the filament layer being printed, difficulty in installing the 
reinforcement in different directions as well as integrating the reinforcement into the printing process. 
Various strategies have been studied in order to address these challenges, with different materials used 
as reinforcement before, during or after printing. However, before reinforcement can be applied, the 
behaviour of the consequent composite materials must first be studied.  

This study, therefore, investigates the flexural performance and behaviour of two different alkali-
resistant (AR) glass textile materials as reinforcement to determine whether it is a feasible solution. 
During this study, two different methods of printing and applications of the textiles are considered, 
one where the elements are printed vertically and the textiles are pre-installed, and one where the 
elements are printed horizontally and the textiles are installed during the printing process. The textiles 
are applied in two different locations, one at the middle of the depth of the sample and one lower 
down. Samples are extracted from these printed elements and tested in flexure by conducting four-
point bending tests 28 days after printing. After conducting these tests, the crack sequence and failure 
mechanisms of the variations are investigated. Furthermore, an optical microscope is used to gather 
more information regarding the performance and failure of the various samples.  

The results show that there is a significant increase in the flexural performance of the samples 
reinforced with an AR glass Textile A. Textile A is fully impregnated with epoxy resin, with high 
tensile strength, stiffness, and large cross-section area. Additionally, the application of this textile 
promotes deflection hardening structural behaviour. However, in contrast, there is a significant 
increase in ductility with no increase in flexural strength for the samples reinforced with an AR glass 
Textile B. Textile B is coated with styrene butadiene, with high tensile strength but a small section 
area. The results further indicate that the samples reinforced lower in the sample experience higher 
flexural strength with lower ductility and more variability in behaviour. During testing, it is also 
discovered that voids form underneath Textile A when applied to horizontally printed samples 
(between the interlayers), and that these voids influence the performance of the samples. The voids 
further influence the failure mode as well as the cracking sequence. Investigation of the failure of the 
samples reinforced with Textile A show two failure mechanisms occurring, namely, delamination and 
shear. Delamination always occurs when the textile is applied in the middle of the depth of the 
samples, but shear only occasionally occurs for the variation where the textile is applied lower in the 
sample. Additionally, telescopic failure is detected for Textile B.  

It is concluded that for both the textiles, the best performance, behaviour and repeatability are 
observed when the elements are vertically printed, and the textiles are placed in the middle of the 
depth of the sample. Among others, it is recommended to apply different variations of textiles, use 
different application techniques (such as retrofitting) and to explore the micro mechanical behaviour 
of 3DPC elements reinforced with textiles in future studies. 
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OPSOMMING 

3D-gedrukte beton (3DGB), het onlangs aansienlike aandag gekry vanweë sy talle voordele. Dit het 
egter steeds aansienlike uitdagings om te oorkom voordat dit ten volle aangeneem kan word as 'n 
haalbare alternatief vir konvensionele konstruksie metodes. Die bewapening van 3D-gedrukte beton 
elemente is egter ‘n reuse  uitdaging en moet dus aangespreek word. Daar is verskeie aspekte van 
hierdie uitdaging wat in ag geneem moet word, soos die gebrek aan spasie bokant die filamentlaag 
wat gedruk word, uitdagins om die bewapening in verskillende rigtings te installeer, asook die 
integrasie van die bewapening met die drukproses. Verskeie strategieë is bestudeer om hierdie 
uitdagings aan te spreek, met verskillende materiale wat as bewapening voor, tydens of na drukwerk 
installeer word. Voordat bewapening egter toegepas kan word, moet die gedrag van die gevolglike 
saamgestelde materiale eers bestudeer word. 

Hierdie studie ondersoek dus die buigsterkte en gedrag van twee verskillende AR glasvesel tekstiel 
materiale as bewapening, om te bepaal of dit 'n haalbare oplossing is. Tydens hierdie studie word twee 
verskillende metodes van gedrukte beton en aanwending van die tekstiele oorweeg, een waar die 
elemente vertikaal gedruk word en die tekstiele vooraf geïnstalleer is, en een waar die elemente 
horisontaal gedruk word en die tekstiele geïnstalleer word tydens die drukproses. Die tekstiele word 
op twee verskillende plekke aangewend, een in die middel van die diepte van die monster, en een laer 
af in die monster. Monsters word uit die gedrukte elemente onttrek om in buiging getoets te word, 
deur vierpuntbuigtoetse op 28 dae ouderdom. Nadat hierdie toetse uitgevoer is, word die 
kraakvolgorde en falings meganismes van die variasies ondersoek. Verder word 'n optiese 
mikroskoop gebruik om meer inligting oor die werkverrigting en faling van die verskillende monsters 
in te samel. 

Die resultate toon dat daar 'n beduidende toename is in die buigsterkte van die monsters wat versterk 
is met 'n AR-glasvesel Tekstiel A. Textiel A is volledig geïmpregneer met epoksiehars, met 'n hoë 
treksterkte, styfheid en groot deursnee area. Boonop bevorder die aanwending van hierdie tekstiel die 
defleksie verharding gedrag. Daarteenoor is daar egter 'n beduidende toename in taaiheid met geen 
toename in buigsterkte vir die monsters wat versterk is met 'n AR glasvesel Tekstiel B. Tektiel B is 
bedek met stirienbutadieen, met 'n hoë treksterkte maar 'n klein deursnee area. Die resultate dui verder 
aan dat die monsters wat laer in die monster versterk is, hoër buigsterkte ervaar met laer taaiheid en 
meer variasie in gedrag. Tydens toetsing word dit ook ontdek dat leemtes onder Tekstiel A vorm 
wanneer dit vir horisontaal gedrukte monsters (tussen die tussenlae) toegepas word, en dat hierdie 
leemtes die werkverrigting van die monsters beïnvloed. Die leemtes beïnvloed verder ook die 
falingsmeganisme sowel as die kraakvolgorde. Ondersoek na die mislukking van die monsters wat 
met Tekstiel A versterk is, toon twee falingsmeganismes wat voorkom, naamlik delaminering en 
skuif. Delaminering vind altyd plaas wanneer die tekstiel in die middel van die diepte van die 
monsters toegedien word, maar skuif vind slegs af en toe plaas vir die variasie waar die tekstiel laer in 
the monster aangewend word. Daarbenewens word teleskopiese faling vir Tekstiel B gemerk. 

Daar word tot die gevolgtrekking gekom dat vir beide tekstiele, die beste werksverrigting, gedrag en 
herhaalbaarheid waargeneem word wanneer die elemente vertikaal gedruk word en die tekstiele in die 
middel van die diepte van die monster geplaas word. Dit word onder andere aanbeveel om 
verskillende variasies van tekstiele toe te pas, verskillende toepassingstegnieke te gebruik en om die 
mikromeganiese gedrag van 3DGB-elemente wat met tekstiele versterk word in toekomstige studies 
te ondersoek. 
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1. CHAPTER 1: INTRODUCTION 

1.1. Background 

The construction industry is one of the biggest industries in the world and in the past century it has 
been dominated by the use of concrete as a building material (Domone & Illston, 2010). This 
dominance owes itself to the advantageous characteristics of concrete such as its high compressive 
strength, versatility, durability as well as its low cost. Concrete however, is a brittle material, has a 
low tensile strength and can thus experience sudden global failure without warning. Therefore in the 
construction industry it has been reinforced with steel to form a composite material known as 
reinforced concrete. This reinforcement increases the tensile and flexural performance of the 
composite element, increasing its ductility, which ultimately leads to deflection hardening properties. 
Reinforced concrete elements are typically cast in-place using moulds and/or formwork. Although it 
is a labor intensive process, it is fairly straightforward and does not require highly skilled labor. 

However, this method of construction has its drawbacks. Among them is the negative impact that 
reinforced concrete has on the environment. This includes anthropogenic CO   emissions, the waste 
produced by the formwork, the large volume of water and aggregates that are used for structural 
elements and the clinker production associated with the production of cement. In addition to having a 
negative impact on the environment, the construction industry also has a higher rate of fatality, injury 
and illness than any other industry (Ministry of Manpower, 2016). Considering that there is a global 
demand for more efficient, sustainable and safer construction methods along with a global trend of 
automation, new construction methods are consistently being studied to improve the industry.  

The Additive Manufacturing (AM), or 3D printing, of concrete is one such a method. Although, the 
development of this method is still in its infancy, it has gained significant attention in the construction 
industry due to its numerous benefits. AM, can reduce the high rate of fatalities and injuries in the 
construction industry by creating a safe working environment that improves the safety during 
construction. And though it still has a negative impact on the environment, the impact is much less 
than that of conventionally cast concrete, because no moulds or formwork are required, reducing the 
amount of waste and extra materials that are used during construction. Additionally, less material is 
required for structural elements. Furthermore, additive manufacturing is an efficient method that 
proceeds to reduce the duration, labor and cost of construction and can also be used for the 
prefabrication of structural and non-structural elements, which can rapidly be mass produced and 
customized. Finally, engineers and architects also have more geometrical freedom as the printing of 
complex geometrical shapes for structural components is possible (Kristombu et al., 2021). 

On the other hand, 3D printed concrete (3DPC) still has significant challenges to overcome of which 
the main challenge is inferior material properties to that of cast concrete. Additionally, there is also 
weak interlayer bonding between consecutively deposited layers (Kruger & van Zijl, 2021). Both of 
these challenges contribute to the poorer mechanical performances of printed concrete when 
compared to cast concrete. One option to mitigate or overcome these challenges is to apply 
reinforcement. However, it is proving difficult to effectively reinforce in and across layers as well as 
to integrate the reinforcement into the printing process (Asprone et al., 2018). Further challenges, 
include, the need to better understand the durability of printed elements and how to control the 
shrinkage (Moelich, 2021).  
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It is thus important to find an effective reinforcement material and method for 3D printed concrete 
elements as it can deal with more than one challenge and help improve the mechanical performance of 
printed elements. One such a material is the textile mesh that is currently being implemented in textile 
reinforced concrete. This textile mesh consists of continuous warp and weft yarns that are connected 
perpendicular to each other via weaving, knitting or bonding to form a mesh. These textiles are 
extremely strong in tension, light weight, flexible and resistant against corrosion and fire (Koutas et 
al., 2019). There is a wide variety of textiles available which can differ in terms of fiber type, yarn 
type and fabric geometry. Different fiber types such as glass, carbon and basalt fiber can be used in 
bundles to form different yarn types. Different fabric geometries can then be used to connect the yarn 
to form fabrics such as textiles.  

Additionally, there are different methods that can be used to apply the textile. It can be applied during 
the printing process by lapping smaller meshes over one another or it can be applied by retrofitting it 
onto the elements where it is needed after printing. The method that is used during printing needs to 
take into account the nozzle head and a split nozzle could be required so that the mesh can be placed 
on the inside of the printed concrete elements. In contrast, if retrofitted, the mesh can be applied on 
the outside of the elements. Marchment & Sanjayan (2020) studied the in-process application of a 
mesh-like reinforcement. However, this mesh only consisted of steel wires that were welded together. 
Furthermore, it was not one continuous mesh but rather a mesh consisting of smaller overlapping 
meshes.  

Textile reinforced concrete has been excessively studied in the last couple of decades. Taking into 
account the positive results obtained from these studies along with the study conducted by Marchment 
& Sanjayan (2020), it can be assumed that textile is a viable option for the reinforcement of 3DPC and 
therefore needs to be studied. 

1.2. Problem statement 

There is an increase in the demand for innovative construction methods such as 3DPC as well as the 
application thereof. Despite having numerous benefits, it is essential to first overcome the challenges 
of 3D printed concrete mentioned in Section 1.1. In order to overcome these challenges, various 
appropriate reinforcements can be considered. One of these reinforcement materials is a textile mesh 
typically used in TRC.  

Although there is an abundance of studies on the various textiles that can be used for the 
reinforcement of conventional concrete, these studies can only be used as a guideline of what to 
expect in 3DPC. There is thus a lack of knowledge of the micro and macro mechanical behaviour of 
3DPC when it is reinforced with a textile mesh. The micro mechanical behaviour includes the 
performance of the bond between textile and printed concrete and the macro mechanical behaviour 
includes the tensile, compressive and flexural performance of printed elements reinforced with a 
textile mesh. It is important to investigate the element behaviour and performance in order to 
determine the optimal textile for reinforcement. Moreover, this knowledge can be used to predict the 
performance of elements before testing as well as create models and develop codes of practice for 
design and manufacture. 

Additionally, there is a lack of knowledge on the most effective method to incorporate the textile 
mesh into the printed concrete. The mesh can be applied before, during or after the printing process. It 
can also be placed in between layers horizontally, or vertically using a split nozzle or it be retrofitted 
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on the exterior of elements. There are also limited to no studies on the applicability of this textile 
mesh to structural components such as columns and beams. 

1.3. Objectives 

The main goal of this study is to investigate the performance and behaviour of AR glass textile, as 
reinforcement for 3DPC and to determine a suitable application method. Additionally, it is the aim to 
determine whether the application of the textile can mitigate or overcome the challenges that are faced 
by 3DPC. These challenges include poor mechanical performance compared to conventional concrete, 
weak interlayer bonding and difficulties faced by reinforcement. In order to achieve this goal, the 
following objectives first need to be accomplished to gain the necessary knowledge: 

i. Print and apply textile reinforcement: Identify different methods to apply the textile 
reinforcement to the printed elements. Design 3DPC mixture, suitable to be printed and 
reinforced with textile. Design printing paths for the different methods.  

ii. Investigate the macro mechanical behaviour of 3DPC reinforced with textiles: Study the 
use of different textiles, orientations, strategies, and techniques and the influence it has on the 
performance of the composite material in flexural strength. This is done by conducting four-
point bending tests and comparing the results of the different method with each other as well 
as to that of conventionally cast TRC.  

iii. Investigate the behaviour of 3DPC reinforced with textiles with microscope: Investigate 
the influence of different textiles and printing methods on the bond between the textile and 
the printed concrete. Analyse failed samples with optical microscope images. Determine the 
failure modes as well as the cracking pattern and sequence of failed samples. 

1.4. Research significance 

Almost no literature could be found regarding the application of an AR-glass textile mesh as 
reinforcement for 3D printed concrete. Additionally, no literature could be found on the micro and 
macro mechanical behaviour of 3D printed concrete when reinforced with textiles. Therefore, this 
research creates the necessary platform and opportunity to test the behaviour of 3D printed elements 
reinforced with textiles in order to better understand this composite material on a micro and macro 
level. This study thus addresses the lack of knowledge on the performance of 3DPC reinforced with 
textiles and lays a foundation for further studies to be conducted on this topic. The information and 
knowledge gained from the study can contribute to finding better materials and methods to reinforce 
3DPC. In addition to this, it can help mitigate or overcome the challenges faced by 3DPC. 

1.5. Thesis outline 

This document consists out of five chapters, each one with its own purpose. Chapter 1 starts off by 
giving a thorough introduction and background for the study, the reason it is conducted as well as the 
origin of the study. Following this, the problem is stated along with the main goal and objectives. 
Chapter 1 then ends, by stating the significance of the study and giving an outline for the document. 
Chapter 2 provides a comprehensive literature study on (i) 3D printed concrete, (ii) textiles and (iii) 
textile reinforced concrete. This chapter takes an in-depth look at available literature to better 
understand the topic along with its different fields. Chapter 3 describes the materials, mix design and 
methods used for creating the samples. Furthermore, this chapter describes the pre-experimental 
procedures as well as the experimental procedures followed throughout the study. The results 
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obtained from the tests described in Chapter 3 are then analysed, compared and discussed in Chapter 
4, which is then followed by the conclusion and recommendations of the study in Chapter 5.    

 

(Liu et al., 2022) (Moelich et al., 2021) (Gerrit M Moelich et al., 2020) (van den Heever et al., 2021) 
(Suiker et al., 2020)  (Brückner et al., 2006) (Paul et al., 2018)(Nerella et al., 2016)
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2. CHAPTER 2: LITERATURE REVIEW 

In this chapter, a thorough literature review of 3D printed concrete (3DPC) and textiles are provided. 
The aim of this review is to delve into the literature available in these fields of study, in order to lay a 
foundation for the knowledge needed to understand these study fields. The review on 3DPC starts by 
introducing the concept, including a description of its background, different methods that are used as 
well as its advantages and disadvantages. Thereafter the rheological requirements are identified and 
explained, which is followed by the constituents that are used to design 3DPC. Finally, the challenges 
involved with 3DPC are discussed, including an in depth look at the reinforcement of 3DPC. The 
second part of the review gives a thorough overview of textiles as a reinforcement material. In the 
overview, the different parameters of textiles are discussed and explained, in order to get a better 
understanding of the material and its construction. Furthermore, the performance and behaviour of 
elements reinforced or strengthened with textiles are discussed along with the failure modes that have 
been recorded. 

2.1. 3D printed concrete 

The automated procedure, in which structures or elements are fabricated in a layered manner 
following a predefined path from a digital model, is known as 3D concrete printing or additive 
manufacturing (AM) (Kristombu et al., 2021). The concept of 3D printing was first introduced back in 
1987 to be used for rapid manufacturing (Chua & Leong, 2014). However, it has only recently been 
introduced in the building and construction industry as a means to print concrete and has subsequently 
gained a significant amount of attention.  

The additive manufacturing of structural elements can be subdivided into many categories with the 
two main categories being powder bed printing (selective binding) methods and extrusion-based 
printing methods (Mechtcherine et al., 2018). Selective binding, is the process where a dry material is 
placed on a base after which an activator or binder is placed according to predefined coordinates 
(Nerella et al., 2016). This process is then repeated to fabricate elements. Although this category 
ensures geometrical freedom of design, it consists of an elaborate and cost intensive process. 
Extrusion-based printing on the other hand, is the pumping and extrusion of a material, that is 
premixed, through a nozzle that follows a predefined coordinate path, extruding concrete layer-by-
layer as the nozzle increases its height (Nerella et al., 2016).  

Extrusion-based concrete methods have been widely used due to its numerous advantages. These 
advantages have been recorded by different researchers and are listed by Bester et al. (2021) as the 
following: less waste material, more efficient use of material, no formwork required, reduced 
construction cost and time, increased construction safety, increased freedom of design and a reduced 
impact on the environment. Additionally, 3DPC has the potential to be used for on-site and off-site 
manufacturing where the automated process, geometric freedom and possibility of pre-fabrication can 
lead to mass customization and production (Kristombu et al., 2021).  

There are different printer systems that can be used for 3DPC, of which there are three main 
categories. These categories include gantry, robotic and crane printers which are displayed in Figure 
2.1 (Paul et al., 2018). Although the robotic printer can print at high speeds and increase the design 
freedom of elements, it is expensive and has a fixed size. In contrast, the gantry and crane printers are 
easily adjustable to be used for larger scale prints and it is less expensive than the robotic printer. 
Gantry printers can be characterised as a square or rectangular frame of beams suspended by columns, 
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with a nozzle mounted onto a gantry beam running horizontally across the frame. The columns and 
the frame can be adjusted to the size of the print and are located on the boundary of the base that the 
structure will be printed on. It is therefore a good option for the use of mass production off-site or 
fabrication of structures on-site. 

 

Figure 2.1. Printer categories, where: a) gantry printer, b) robotic printer and c) crane printer (Paul 
et al., 2018). 

Even though 3DPC has a significant amount of advantages and potential, the use of this method of 
construction has been limited in the construction industry. This is due to the challenges that 3DPC 
face, such as poor and variable mechanical properties, weak interlayer bond strength, difficulties in 
adding the right reinforcement and integrating it into the printing process as well as durability issues 
(Kristombu et al., 2021). 

2.1.1. Process of extrusion-based printing 

For this method a computer aided drawing (CAD) is modeled in either CAD software or excel 
software. The model is then sliced and the information is transformed into a g-code, which essentially 
consists of the coordinates of the model to be printed, along with the printing speed. The concrete 
mixture is then extracted from a hopper to be pumped through a hose and nozzle, after which it is 
extruded in a layer-by-layer fashion, using a printer, according to the predefined coordinate path (Paul 
et al., 2018).    

a) b) 

c) 
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2.1.2. Rheology 

Rheology can be described as being the study of matter flow and is an important aspect to understand 
in 3DCP, as it indicates the behaviour of the mixture during, and directly after the printing process 
(Moelich, 2021). This behaviour can be used to determine the workability of the mix in its fresh state, 
where workability refers to the ease/difficulty associated with mixing, pumping and placing the 
concrete without segregation. Additionally, it can also be used to determine the rate at which the mix  
stiffens during its plastic state (Kolawole, 2020). 

Designing a concrete mixture that is suitable for AM or 3D printing is complex as the rheological 
requirements of the mix is more complex than that of conventional concrete. The three main 
requirements of 3DPC are pumpability, extrudability and buildability (Paul et al., 2018). Ideally, the 
mix must be of such a nature that no excessive pressure is required for pumping in order to maintain 
its homogeneity and prevent segregation. Furthermore, the mix must have the ability to retain the 
shape of the layer after extrusion, whilst experiencing the forces of its own weight as well as that of 
the layers that follow. To achieve these requirements, an optimal mix must have the following 
characteristics according to Kruger (2019): 

 A high static yield stress 

 A low dynamic yield stress 

Where the static yield stress of a material refers to the stress that is required for the material to start 
flowing and the dynamic yield stress refers to the minimum stress that is required for the flow of the 
material to be maintained (Moelich, 2021). If the dynamic yield stress is low, it requires less energy 
from the pump, which decreases the strain on the motor and also improves the probability of a 
homogeneous mix after extrusion. Furthermore, if the static yield stress is high it results in a mix that 
is stiff, which requires more energy to initiate flow resulting in improved buildability for the mix 
(Panda et al., 2018). The rheology of a material can be determined with a rheometer, which is an 
instrument that measures the torque that is required for a vane to rotate in fresh concrete. Whilst using 
this instrument, there are two different tests that can be conducted, namely the flow test and the stress 
growth test. 

It is important to know and to understand the rheology of a mix, in order to optimize its performance. 
Knowledge in this regard can be obtained by processing data from the rheometer tests. As a result, 
this data can be used to predict how the mix will behave and flow during and after extrusion. The 
importance of this data increases when reinforcement of printed elements is considered, especially 
since one of the crucial factors that influence the effectiveness of reinforcement is the bond between 
the matrix and the reinforcement. This bond can be affected by the flow of the material between and 
around the reinforcing elements. A mix that is too stiff will not be able to move between and around 
reinforcing elements resulting in a poor bond and thus poor performance.  

2.1.2.1. Thixotropic behaviour 

In order for the mix to perform adequately according to the requirements mentioned in Section 2.1.2, 
it is essential that it has thixotropic material behaviour. This behaviour is displayed when a material 
has a high viscosity, when it is at rest, but starts to flow when it is disturbed due to agitation or the 
application of external energy. This correlates with the high static yield stress and the low dynamic 
yield stress discussed in Section 2.1.2 and is presented in Figure 2.2. It is ideal for AM or 3DPC, as 
the material must be flowable so that less energy is required for extrusion, but also set fast enough so 
that the printed filament can hold its shape.  
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Figure 2.2. Description of thixotropic behaviour using the static and dynamic yield stresses ( Kruger 
et al., 2019). 

Thixotropic behaviour therefore includes two processes, namely flocculation and de-flocculation. 
Flocculation is when a system of forces between molecules is constructed when the material is at rest, 
thereby increasing the viscosity. In contrast, de-flocculation is when these forces are broken by an 
external energy, thereby decreasing the viscosity (Kruger, 2019). As seen in Figure 2.2, the shear 
stress of the concrete decreases over time when a constant shear rate is applied due to the bonds being 
broken. The concrete therefore starts to flow when the initial static yield stress is exceeded, and  
continues to flow easily when a constant force is applied. It is therefore possible for concrete to be 
extruded as a flowable material whilst it is buildable due to the high static yield stress. 

2.1.2.2. Buildability 

As mentioned in Section 2.1.2, buildability is one of the most important requirements of a 3DPC 
mixture. According to Moelich (2021), the concept of buildability can be understood as the mixture’s 
ability to support its own weight as well as that of the filaments extruded above it, after extrusion and 
prior to the occurrence of structural failure. Suiker et al. (2020) state that there are two modes of 
failure that can occur for 3DPC elements namely elastic buckling and plastic failure as shown in 
Figure 2.3. It is important to note that elastic buckling is a mechanism of stability, whereas plastic 
failure is a mechanism of strength.  

a) b) 

Figure 2.3. Failure modes of 3DPC elements, where: a) elastic buckling and b) plastic failure. 
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Buckling failure can therefore be caused by a number of factors related to stability, whereas plastic 
failure is caused by the yielding of the bottom layers due to the stress induced by the self-weight of 
the layers on top. The buildability of a mix can thus be characterised by the amount of layers that have 
been printed prior to the plastic failure of the elements. Typically, a circular hollow column element is 
printed at a predefined speed and building rate, such as that recorded by Kruger (2019), shown in 
Figure 2.4. 

 

Figure 2.4. CAD model of the circular hollow column used for buildability tests (Kruger, 2019). 

The buildability of a 3DPC mix is influenced by its rheological and thixotropy properties. Kruger 
(2019) therefore proposes the use of a thixotropy model that uses the results of the rheometer tests as 
input parameters to predict the buildability performance of the mix. This model assumes the 
occurrence of rapid-reflocculation (Rthix), which refers to the rate at which the mix recovers its initial 
static stress and structuration (Athix), which refers to the rate of increase in yield stress of the mix 
beyond the initial static yield stress. In addition to the Rthix and Athix parameters, the initial static yield 
stress and the initial dynamic yield stress are also used as input parameters. The model is presented in 
Figure 2.5, and is a representation of the yield stress development over time. 

 

Figure 2.5. Thixotropy model of Kruger (2019). 
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Finally, the building rate of the actual column is plotted on the model. The intersection point between 
the line representing the building rate and the line representing the thixotropy behaviour of the 
material can then be used to predict the buildability of the material.   

2.1.3. Mix design of 3DPC 

The rheological and thixotropy requirements, of 3DPC, result in mix proportions that are different to 
that of conventional concrete. Finding the perfect mixture is therefore an iterative process and 
researchers use trail mixes to obtain it. Mix designs of different researchers are presented in Table 2.1, 
which indicates that the general mix design of 3DPC does not contain coarse aggregates, but rather 
consists of constituents with fine particles. According to Paul et al. (2018), these mix designs 
normally have a low water to binder ratio. Furthermore, an aggregate to binder ratio in the range of 
1.3-1.6 is generally used (Moelich, 2020). 

Table 2.1: Variations of mix designs used for 3DPC. 

Constituents Le et al. 
(2012) 

Nerella et al., 
(2016) 

Kruger  
(2019) 

Moelich  
(2020) 

van den Heever 
et al. (2022) 

Cement 579 430 579 579 562 
Fly-ash 165 170 165 169 162 
Silica fume 83 180 83 83 81.4 
Sand 1241 1240 1167 1167 1144 
Water 232 180 261 261 256 
Superplasticiser 16.5 10 1.48% mass 

of binder 
1.2 % mass of 
binder 

0.6% mass of 
binder 

Fiber 1.2 (PP) - - - 9.1 
VMA - - - - 0.3% mass of 

binder 

The mix design of Kruger (2019) in Table 2.1, is considered the standard Stellenbosch 3DPC mix. 
However, over time the batches of the constituents change, resulting in the need to amend or change 
the mix to be suitable for the current batch of constituents as well as the weather and environment that 
it is printed in. The mixes of Moelich (2020) and van den Heever et al. (2022) are therefore examples 
of different versions of the standard Stellenbosch 3DPC mix.  

2.1.4. Mechanical properties of 3DPC 

The hardened state mechanical properties of a material are important as they serve as input to the 
structural design of elements. It is therefore important that these properties are reliable, safe, 
repeatable and meet quality standards. It is extensively recorded in literature that the structural 
performance and mechanical properties of printed concrete are different than that of conventional cast 
concrete and that it is anisotropic and dependent on the direction and orientation of its interlayers 
(Wolfs et al., 2019). Printed concrete samples have therefore been tested in three different 
orientations, as illustrated in Figure 2.6. Orientation I (O-I), is when the interlayers are orientated 
horizontally, orientation II (O-II) is when the interlayers are orientated vertically and orientation III 
(O-III) is when the interlayers are orientated transversely. Additionally, Van den Heever et al. (2022) 
state that it is important to test mechanical properties of samples extracted from printed elements, as 
these samples differ from cast samples.  
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Figure 2.6. Orientations of samples to be tested for flexure, tensile splitting and compression (Wolfs 
et al., 2019). 

Several studies have been conducted on the compressive and flexural strength of 3DPC compared to 
cast concrete, of which contradictory results were recorded. On the one hand, Nerella et al., (2016) 
recorded an improved compressive and flexural strength for the printed concrete, and on the other 
hand Le et al. (2012) recorded an improved performance for the cast concrete. More recent studies 
from Van den Heever et al. (2022) and Kruger & van Zjil (2021) however, suggest that the cast 
concrete performs better than the printed concrete. Additionally, it is concluded by Malan (2022) that 
if the concrete has a high viscosity and shear strength, it is not suitable for casting and as such cannot 
directly be compared to the printed concrete.  

The three-point bending test or four point bending test have been used for the testing of flexural 
strength, whereas the compression tests have been used for testing compressive strength. It is 
important to note that the studies mentioned in this section did not use the same sample sizes and that 
this could have had an impact on the results. Although there is a difference in findings for the 
different studies, it is consistently reported that the critical orientation for the printed samples are the 
O-III orientation. This is attributed to the interlayer bond strength as well as the correlating porosity 
that is discussed in Sections 2.1.5 and 2.1.6, respectively. 

2.1.5. Interlayer bond strength 

One of the greatest challenges for 3DPC is the fusion of the individual filament layers, particularly the 
lack thereof. This lack of fusion (LOF) refers to the weak interlayer bonding between the deposited 
layers leading to the reduction of mechanical performance of the printed element (Kruger & van Zijl, 
2021). According to Keita (2019), LOF occurs due to a weak hygro-chemo interaction between the 
subsequent printed layers whereas Van der Putten (2018) states that it is due to poor mechanical 
bonding forming at the same regions. However both can occur as well, depending on the time that 
passes between the placements of the filament layers (Diggs-McGee et al., 2019). The most prominent 
mechanism however responsible for these occurrences is the loss of surface moisture of which the 
concept is illustrated in Figure 2.7. The pass time during printing therefore has a significant impact on 
the fusion between layers. 
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Figure 2.7. The loss of surface moisture leading to a lack of fusion between printed layers (Kruger & 
Zijl, 2021). 

The weak interlayer bond results in interlayer regions (IR) where cracks can originate and proceed to 
grow along the interlayer region and widen, leading to global failure due to the separation of layers. 
The interlayer regions are thus weaker than the intralayer regions, resulting in premature failures and 
causing high variability in the results recorded (Nerella et al, 2016).  According to Kruger & van Zijl 
(2021), there are several factors that can potentially cause or influence the LOF between the layers, 
including: material type, fiber content, rheological and thixotropic characteristics, print parameters 
such as speed and geometry, setting time, printing environment and filament layer height, among 
other. As there is a significant amount of factors that can influence the interlayer bond strength 
between two printed filaments it is extremely difficult to design structural elements and therefore this 
problem needs to be addressed.  

In literature, different methods have been studied in order to address the LOF in printed concrete. 
These methods include the addition of additive mortars, topological interlocking of printed filaments, 
orthogonal reinforcement via steel bars inserted post printing, as well as the addition of entrained 
fibers (Kruger & van Zijl, 2021). The addition of fibers however, proved to either not have an impact 
on the IBS or to reduce it as recorded by Sanjayan et al. (2018). In contrast, the other methods such as 
the topological interlocking of printed filaments and additive mortars proved to increase the 
performance and show promise for future endeavours. Orthogonal reinforcement, does not necessarily 
improve the IBS, but it does improve the flexural performance of 3DPC elements.  

It is stated by Kruger & van Zijl (2021) that on their own, none of the aforementioned methods 
applied have proved to be the solution and that it could be an option to use a combination of 
mechanical, chemical and physical methods in order to strengthen the IR and thus improve the 
performance of 3DPC elements. 
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2.1.6. Durability  

Durability can be defined as the ability of an element to withstand the environment that it is designed 
for, without losing serviceability or needing to be repaired (Malan et al., 2022). The durability 
performance of concrete alone is good in general. However, problems arise when it is reinforced, 
especially with steel as it is susceptible to corrosion.  

There are two main mechanisms responsible for this corrosion, namely chloride-induced and 
carbonation-induced. Typically, chloride or carbon dioxide ions ingress through the cracks that form 
in concrete or highly permeable regions, causing deterioration processes such as concrete cracking 
and spalling when carbonation-induced, and pitting and a decrease in the reinforcement area when 
chloride-induced (Zhou et al., 2015). Both of these mechanisms result in the weakening of structures 
over time therefore decreasing the structure’s durability.    

As 3DPC elements are printed layer-by-layer, it is inevitable that IRs form across the whole element 
and as mentioned in Section 2.1.5, these regions are highly susceptible to cracking. Additionally, 
Kruger & van Zijl (2021) state that interlayers show higher permeability than the intralayers. The 
ingress of the carbon and chloride ions is therefore more easily allowed in the IRs, according to 
Schröfl (2018), resulting in earlier corrosion of the reinforcement material embedded in the concrete. 
Malan et al. (2022) further explains that the interconnected pores in the IRs, cause the formation of 
torn layers which results in premature corrosion and thus low durability. This concept is proven by the 
penetration profile and depth of chlorides in printed samples reinforced with steel.   

Therefore, if 3DPC elements are reinforced and the reinforcement material is steel which is aligned in 
the longitudinal direction, carbonation-induced corrosion will result in delamination between the 
printed layers. Additionally, if this reinforcement is placed in the orthogonal direction, chloride-
induced corrosion will lead to a reduction in the reinforcement area of the steel resulting in weakened 
performance of the reinforcement. Long term behaviour and durability of elements are equally 
important to that of short term performance.  

The adverse effects of corrosion must therefore be taken into consideration when selecting a 
reinforcement material for structural elements. Although there are methods to prevent or mitigate 
corrosion of steel reinforcement such as design methods, coatings and cathodic protection (Domone & 
Illston, 2010), considering reinforcement materials that are corrosion resistant may be the best form of 
mitigation and prevention.  

2.1.7. Porosity 
 

The porosity of concrete refers to the pores and voids that form inside the concrete during the casting 
or printing process, due to the entrapment of air bubbles. Porosity is a big challenge for 3DPC as it is 
higher than that of mould-cast concrete, resulting in poor and variable mechanical performance 
(Kristombu et al., 2021). Additionally, this high porosity influences other properties of 3DPC such as 
rheological and durability properties (van den Heever et al., 2022). It is therefore important to 
understand the concept of porosity in concrete. The formation of pores or voids are affected by factors 
such as the water to cement ratio, inclusion of additives and admixtures, viscosity of the concrete, 
curing of the concrete as well as the vibration intensity and duration during extrusion (Kumar & 
Bhattacharjee, 2003).  
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Van den Heever et al. (2022) conducted a thorough investigation on the effects that porosity has on 
the mechanical properties of 3DPC and subsequently concluded the following: 

 That higher porosity occurred at the IR with interconnected voids forming that negatively 
influences strength and durability and that in contrast, the pores and voids for cast concrete 
are distributed evenly throughout samples. 

 That the shape and size of the pores and voids are different for printed concrete compared to 
cast concrete, with cast concrete having spherical shapes and printed concrete having 
elongated shapes forming in the printing direction. 

The porosity of 3DPC is therefore linked to the LOF between printed layers, which together result in 
adverse effects in performance that needs to be taken into account when testing samples in different 
directions containing different interlayer and weak plane orientations.  

2.1.8. Reinforcement of 3DPC 

Concrete is known as a quasi-brittle material, strong in compression whilst having a low tensile and 
flexural strength (Kristombu et al., 2021). Consequently, conventional concrete has been reinforced 
with steel and/or other materials, in order to ensure the integrity of structures by increasing these 
capacities. Additionally, reinforcing brittle materials increases the ductility of elements, which is 
important as it can forewarn the occurrence of complete failure. Further advantages of the use of 
reinforcement includes the distribution of stress throughout elements, mitigation of brittle failure as 
well as the ability to limit deformation and the width of subsequent cracks (Asprone, Menna, et al., 
2018b). In contrast to conventionally casted concrete, reinforcing 3D printed elements has proven to 
be a major challenge.  

Bester et al. (2021) state that reinforcement is one of the main challenges that is hindering the wide-
spread use of 3DPC in the industry and needs to be overcome before printing can be seen as a viable 
construction method. According to literature, it is clear that there are different aspects to this 
challenge that need to be taken into account before it is possible to overcome the challenge. 
Kristombu et al. (2021) mention, that one of the first aspects of this challenge is the lack of clear 
space above the filament layer that is being printed, which makes it difficult to install reinforcement. 
This space is taken up by the nozzle of the printer and can prevent reinforcement from being placed in 
the vertical direction during the printing process. Applying reinforcement before or after the printing 
process however, can serve as a solution for this aspect.   

Another aspect to consider is the difficulty of adding reinforcement in different directions. According 
to Kristombu et al., (2021) this includes the longitudinal direction, where the reinforcement is placed 
inside the filament along the printing path. This is difficult as the reinforcement will have to be placed 
within the concrete as it is placed along the printing path. Another direction mentioned by Marchment 
& Sanjayan (2020) is the orthogonal direction, which refers to the reinforcement between the layers.  

Figure 2.8, displays a schematic presentation of how these different directions of reinforcement would 
look like during the printing of a layer. In literature, mesh reinforcement has been used to try and 
overcome this problem as different directions can be reinforced.  
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Figure 2.8. Schematic depiction of the various reinforcement directions (Bester et al., 2021). 

Adding reinforcement to printed concrete elements is further limited by its fresh state strength and 
stability leading to the problem of effectively integrating reinforcement into the printing process 
(Asprone et al., 2018). This is a major challenge for 3DPC, as it would not be effective to use 
reinforcement methods. Along with the problem of integration is the fact that the reinforcement must 
align with the universal advantages of 3DPC as construction method, for it to be seen as an effective 
reinforcement (Bester et al., 2021).  

In general, the reinforcement material is selected based on the mechanical properties of the material, 
the cost of the material, location of fabrication and application of the material, the durability of the 
material and most importantly the availability of the material (Domone & Illston, 2010). Therefore, 
due to its availability and mechanical properties, steel has been chosen as the preferred reinforcement 
material for concrete in the construction industry. However, as mentioned in Section 2.1.6 steel 
corrodes over time, leading to durability issues.  

Various strategies and techniques have therefore been recorded in literature to overcome or mitigate 
this challenge with its different aspects, each one having its own advantages and disadvantages. These 
strategies and techniques have been applied in different stages of the printing process. The three major 
stages that have been used are: before, during and after printing and is mentioned and discussed in the 
following sections.  

2.1.8.1. Pre-installed reinforcement 

In this strategy reinforcement is incorporated before the commencement of the printing process. This 
is the least popular stage of reinforcement in literature and has not been used regularly. Bester et al. 
(2021) states that applying reinforcement before printing does not integrate well with the printing 
process as it increases its duration. One example of reinforcement in this stage is the manual erection 
of a steel cage before printing by the Chinese construction company HuaShang Tengda Ltd, which is 
displayed in Figure 2.9. 
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Figure 2.9. Steel cage erected before printing where: a) Illustration of the concept, and b) Nozzle 
printing over pre-installed cage (Marchment & Sanjayan, 2020). 

This process involves the pre-installment of a steel cage which is then entrained by the continuous 
layer-by-layer deposition of concrete with either a split nozzle, or two separate nozzles. This method 
increases the strength of elements compared to unreinforced elements. Additionally, vertical elements, 
such as walls and columns, can effectively be reinforced using this method. However, in contrast, it is 
impossible to use it for printing horizontal elements and as multi-layered reinforcement. Marchment 
& Sanjayan (2020) further state that disadvantages include:  

 Lack of geometrical freedom 

 Expensive method 

 Time consuming method 

 Labor extensive 

2.1.8.2. Reinforcement during printing 

This process can include the application of reinforcement during the mixing of the concrete as well as 
the extrusion of the concrete during printing. There are different methods of reinforcement that have 
been used for this strategy of reinforcement, which include the following (Bester et al., 2021): 
entrained fibers, entrained cables, mesh, steel fiber links, nail reinforcement, needle, steel rebar and 
additively manufactured reinforcement. As the reinforcement is applied during the printing process, it 
does not require additional time for the application of reinforcement. 

Fiber reinforcement has been used extensively in the construction industry for applications such as 
facades, bridges and tunnels (Kristombu et al., 2021). It has also been used for high performance and 
strain hardening concrete. The addition of fibers increases the ductility and fracture energy of the 
material, leading to improved structural performance. As it is possible to extrude concrete containing 
short fibers, as seen in Figure 2.10, it has been easily integrated into the 3DCP process. Bester et al. 
(2021) states that the method of reinforcing 3DPC by adding fibers into the mix is not labour intensive 
or time consuming and that it can form part of an automated printing process. However, the addition 

Concrete Concrete 

a) b) 

Pre-installed 
vertical 

reinforcement 

Concrete 
deposited layer 

by layer 
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of a high volume of fibers can increase the LOF between printed layers (Mechtcherine et al., 2018). 
Furthermore, high volumes of fibers result in low workability of 3DPC mixtures as well as low 
compressive strengths (Le et al., 2012). The low workability of a mix entrained with fibers can thus 
result in difficulties enveloping other reinforcement, leading to poor bonding between the 3DPC 
matrix and the reinforcement. 

 

Figure 2.10. Example of fiber entrained 3DPC sample (van den Heever et al. 2020). 

Another good example of reinforcement applied during the printing process is mesh reinforcement. 
Marchment & Sanjayan (2020) used this method by adding a galvanised steel mesh with 6mm × 6mm 
apertures to reinforce 3DPC elements as shown in Figure 2.11. A split nozzle was then used to print 
on either side of the mesh, thereby enveloping the mesh. The study concluded that the addition of the 
mesh improved the flexural strength of the elements and recommended that the use of carbon, glass or 
aramid textiles is studied. The concept of adding a mesh as reinforcement, proved to be well suited for 
reinforcing elements in the longitudinal and/or orthogonal directions, however the task of applying it 
seems labour intensive and complicated. This is due to the nozzle head requiring space above the 
printed layer to operate and the labour required to continuously apply the mesh, as Marchment & 
Sanjayan (2020) use a lapping technique in order to apply the mesh during the printing process. This 
technique requires the overlapping of the mesh reinforcement to ensure sufficient anchorage for the 
mesh to act as one Additionally, a printed material with high workability is required for this method, 
in order to completely envelope the embedded reinforcement to ensure a good bond between the mesh 
reinforcement and the 3DPC matrix (Kristombu et al., 2021).    

 

Figure 2.11. Illustration of the process of adding a mesh as reinforcement, as done by Marchment & 
Sanjayan (2020). 
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Figure 2.12 displays the orthogonal application of steel fiber links and nail reinforcement to reinforce 
3DPC elements between layers. Studies of the steel fiber links show strain softening behaviour of the 
samples, resulting in more ductile behaviour compared to control samples (Bester et al., 2020). It is 
therefore an effective orthogonal reinforcement method as brittle failure is prevented. However, it 
does not improve the flexural strength of the samples. Similar to the steel fiber links, Perrot et al. 
(2020), added nail reinforcement in different orientations resulting in improved ductility and flexural 
performance. Both of these methods have the potential to be applied automatically and do not take 
extra time for application. It is therefore in line with the benefits of 3DPC as stated earlier in Section 
2.1. These methods however, do not reinforce the elements in the longitudinal direction, which can be 
seen as a drawback. 

a)                b)   

Figure 2.12. Orthogonal reinforcement via: a) Steel fiber links (Bester et al., 2020) and b) Nail 
reinforcement (Perrot et al., 2020).   

Mechtcherine et al. (2018) further proposed a method of reinforcement, where steel bars are 
additively manufactured during the printing process as shown in Figure 2.13. The steel bars are 
produced via gas-metal arc welding to create orthogonal reinforcement between the printed layers. 
This method encourages geometrical freedom of design, however it is time consuming and it is 
expensive to create steel bar reinforcement for structures via gas-metal arc welding.  

 

Figure 2.13. Additively manufactured steel bars for 3DPC reinforcement (Mechtcherine et al., 2018). 

https://scholar.sun.ac.za



Page | 19 

2.1.8.3. Post-installed reinforcement 

This strategy entails the application of reinforcement after the printing process has been completed.  
The first example of this strategy is using the printed object as permanent formwork as shown in 
Figure 2.14. A shell element is printed after which rebar is fixed into place and the shell is filled up 
with concrete to complete the reinforcement process (Asprone et al., 2018). This approach however, 
uses a lot of material and takes away and/or limits the design freedom that is provided by the printing 
method. Furthermore, it is time consuming as the concrete first needs to harden after which the rebar 
and casting can commence.  

a)     b)    

Figure 2.14. Permanent formwork as reinforcement where: a) example from Asprone et al. (2020) 
and b) example from Bester et al. (2021). 

Another example of post-installed reinforcement is the post-tensioning of separately printed objects as 
shown in Figure 2.15 (a-c). There are a few examples recorded in literature, such as the pedestrian 
bridge assembled by TU Eindhoven, a reinforced bench and a topologically optimised girder (Bester 
et al., 2020). For all these examples, several elements were printed separately after which the elements 
were connected via post-tensioning afterward. This method of reinforcement enables geometrical 
freedom of design however, it is complex, expensive, time consuming and labour intensive. 
Furthermore, a high compressive resistance is required from the printed material to withstand the 
forces induced by the post-tensioned reinforcement. 
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a)  

b)  

c)  

Figure 2.15. Post tensioning as reinforcement method where: a) reinforced beam, b) topologically 
optimised girder and c) pedestrian and bicycle bridge (Vantyghem et al., 2020) (Asprone et al., 
2018). 

2.1.9. Summary of literature of 3DPC 

In summary, the literature review of 3DPC shows that there are still significant strides to be made to 
overcome the challenges 3DPC faces. Furthermore, it is clear that the challenge of reinforcement 
needs to be addressed and that overcoming this challenge may help to overcome or mitigate other 
challenges such as poor mechanical performance and weak interlayer bond strength. Several examples 
of reinforcement being applied in 3DPC elements are listed and discussed in this review. However, 
the majority of studies are only proof of concepts and have not been subjected to extensive 
mechanical testing in order to better understand the behaviour and performance. Due to durability 
issues it is not recommended to apply steel reinforcement in 3DPC elements. Finally, one of the 
methods of reinforcement that show promise and potential is mesh reinforcement and it is 
recommended by Marchment & Sanjayan (2020) to investigate the possible use of textiles for this 
method of reinforcement.     

2.2. Textiles 

Textiles have been used by humanity since ancient times and have been an important part of everyday 
life ever since. This is due to the fact that it is used to manufacture clothes, ropes, flags, lightweight 
materials etc. (Peled et al., 2017). However, in the last couple of decades textiles have been 
researched extensively for use in the construction industry (Koutas et al., 2019). This can be attributed 
to the beneficial qualities and performance of the material such as its strength in tension, flexibility in 
bending and low weight (Peled et al., 2017). A textile, in the construction industry, is the use of 
natural or man-made fibers to produce yarns, which is combined using different geometric 
orientations to form a fabric or mesh (Brameshuber, 2006). 
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2.2.1. Fiber type 

According to Brameshuber (2006), fiber is natural or manufactured matter that forms the basis of 
fabrics or textile structures and is characterized as a long, fine filament with a length to diameter ratio 
of 100. There are various types of fiber that can be used for the production of textiles, and can be 
categorized according to its origin as seen in Figure 2.16. 
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Figure 2.16. Diagram showing the different fiber type, adapted from Peled (2017). 

The two main categories are man-made and natural, where the former includes glass, carbon and 
aramid amongst others and the latter includes those that are produced by animals, vegetables and 
geological processes. The characteristics of the textiles produced depend on the properties of the fiber 
used, the amount of fiber used as well as the arrangement of the fiber (Peled et al., 2017). The fiber 
type used for the production of the textiles is thus determined by the requirements of the textile. 
Brameshuber (2006) states that for effective reinforcement, textiles have the following requirements: 

 High fiber tenacity 

 High fiber break elongation 

 A higher modulus of elasticity than the concrete 

Additionally, to ensure that the textile has a life-long , the fiber must be able to withstand the alkaline 
medium of the cement matrix, without losing its properties or a decline in performance (Brameshuber, 
2006). Furthermore, according to Peled et al. (2017), the textiles also have the following 
requirements: 

 Uniform bond between the reinforcement and the matrix 

 Low cost and easy production processes 

The properties of the different fibers are shown in Table 2.2. By taking the tensile strength, Modulus 
of Elasticity, Ultimate strain and density of the fibers into account, it is clear that glass, carbon and 
Aramid fibers have the best performance. 
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Table 2.2: Properties of fiber types (Peled et al., 2017). 

Fiber type Tensile  
Strength (MPa) 

Modulus of  
Elasticity (GPa) 

Ultimate 
Strain (%) 

Density 
(g/cm3) 

Glass (AR) 2500 70 3.6 2.78 
Carbon 3500-6000 230-600 1.5-2.0 1.60-1.95 
Aramid 3000 60-130 2.1-4.0 1.4 
Polyethylene 250 1.4-2.2 10-15 0.95 
Polypropylene 140-690 3-5 25 0.9-0.95 
Dyneema (HDPE) 2000-3500 50-125 3-6 0.97 
PVA 880-1900 25-41 6-10 1.3 
Basalt 3000-4840 79.3-93.1 3.1 2.7 
Asbestos 620 160  2.55 
Sisal 600-700 38 2-3 1.33 
Steel 1200 200 3-4 7.85 
Ceramic(boron/silicon) 800-3600 360-480 0.79 2.4-2.6 

Furthermore, Brameshuber (2006) also concludes that AR-glass, carbon and aramid used as the fiber 
for the fabrication of textile reinforcement complies with all the requirements listed previously. 
Therefore, in this literature review, only the glass, carbon and aramid are considered. 

2.2.1.1. Glass fiber 

The manufacturing process of glass fibers consists of the melting of glass in an electric furnace, which 
is then drawn at high speed through platinum brushings (Domone & Illston, 2010). These filaments 
are then rapidly cooled from 1200-1400°C to room temperature. The filaments are then lubricated and 
bundled together to form strands. Strands are used to form rovings or yarn without twisting and 
typically consist out of 400-6600 such filaments (Brameshuber, 2006). The density, chemical 
durability and Modulus of Elasticity of the glass fiber are determined by the temperature and the 
stress experienced by the fiber during the manufacturing process (Peled et al., 2017). Glass fiber has 
advantageous properties such as a high specific strength, which refers to the ratio of tensile strength to 
density, and a high specific modulus per unit cost. Table 2.3 shows the types of glass fiber that can be 
manufactured as well as the difference between them in terms of their composition. These glass fibers 
are E-glass, S-glass, C-glass and AR-glass, respectively. 

Table 2.3: Compositions of various glass fibers in percentage of weight (Peled et al., 2017). 

 E S C AR (CEMFILL) AR (ARG) 

SiO2 52-56 64.3-65 60-65 71 60.7 
AI2O3 12-16 24.8-25 2-6 1  
B2O3 18-13  2-7   
CaO 16-25 0.01 13-16   
MgO 0-6 10-10.3 3-4   
Li2O    1 1.3 
K2O   0-2  2 
Na2O 0-1 0-0.27 7.5-12 11 14.5 
TiO2 0-0.4   2.2  
ZrO2    16 21.5 
Fe2O3 0.05-0.4 0-0.2    
F2 0-0.5     
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Additionally, Table 2.4 shows that all the variations of glass have a high tensile strength as well as a 
high modulus of elasticity. Each of the glass variations is used for different properties. S-glass and C-
glass are produced for their extra high strength and chemical resistance properties respectively. 
Furthermore, E-glass is produced for its high electrical resistivity properties and is the most widely 
used and most economical glass fiber (Domone & Illston, 2010). 

Table 2.4: Mechanical properties of the different glass fibers (Peled et al., 2017). 

 E S C AR 
Density (g/cm3) 2.54-2.55 2.48-2.49 2.49 2.78 
Tensile Strength (MPa) 3500 4600 2758-3103 2500 
Modulus of elasticity (GPa) 72.4-76 84-88 70 70 
Elongation at break (%) 4.8   3.6 

E-glass is not a good option for reinforcing concrete elements, as it is sensitive to the alkaline medium 
that is created by the hydration process of the cement matrix (Peled et al., 2017). This results to 
unstable glass fiber which can cause the disintegration of the fiber when it is embedded in concrete for 
a long period of time. Moreover, this could then possibly result in a decrease of the durability of 
structural elements. Alkali-resistant glass was thus designed to be used within the alkaline 
environments. The resistance to alkaline environments of AR-glass is achieved by adding zirconia to 
the composition. An amount of 15% of the total mass of the glass fiber is added. Overall, Peled et al. 
(2017), lists the following advantages of using glass fiber as reinforcement material for concrete: 

 Good bond with cement matrices 

 Good cost-performance ratio 

 Low cost compared to other fibers 

2.2.1.2. Carbon 

Carbon fiber was first used by Thomas Edison in the electrical light bulb. However, the carbon fiber 
used was produced by the carbonization of bamboo fibers and after that regeneration of cellulose was 
used to produce the fibers. Today however, high performance carbon fiber is used in the industry, 
which originates from the 1960’s. This form of the fiber is produced by replacing the cellulose with 
polyacryonitrile, PAN, fibers (Fitzer, 1989). Moreover, according to Edie (1998), two basic materials 
are used for the manufacturing of the majority of carbon fiber today: PAN fibers and mesophase pitch. 
PAN is a polymer-based material, whereas the pitch is a by-product of the refining process of 
petroleum and can be characterised as a liquid crystalline material (Peled et al., 2017). Both of these 
materials however, can be used as precursors for the manufacturing of carbon fiber. It is important to 
note that the contribution of these materials determines the final properties of the carbon fiber. 

In Figure 2.17, a schematization is given of how carbon fibers are manufactured. In addition to the 
contribution of the precursors, the heat throughout the production of carbon fiber also influences the 
final properties of the fiber. Therefore, historically the production of carbon fiber resulted in fiber 
with a wide range of properties. According to Hull (1981) the quality of the carbon fiber is higher 
when PAN is used as the precursor and is thus the more expensive option.  
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Figure 2.17. Schematic representation of the production of carbon fiber adapted from Fitzer & Heine 
(1988). 

Modern carbon fiber however, is economically produced with properties that are more consistent and 
predictable. The typical properties of carbon fiber are presented in Table 2.5, which shows that it is a 
material that has a high strength, high modulus, low density, low expansion due to heat and little 
creep. Additionally, the carbon fiber has a high resistance to acid and alkaline mediums 
(Brameshuber, 2006). A factor to take into account though when considering the use of carbon fiber 
as reinforcement material, is that its adhesion to concrete is not comparable to that of AR-glass fiber 
(Peled et al., 2017). 

Table 2.5: Typical properties of carbon fiber (Peled et al., 2017). 

 PAN  Pitch 
 Type 1 Type 2  
Diameter (μm) 7.0-9.7 7.6-8.6 18 
Density (kg/m3) 1950 1750 1600 
Modulus of elasticity 
(GPa) 

390 250 30-32 

Tensile Strength (MPa) 2200 2700 600-750 
Elangation at break (%) 0.5 1.0 2.0-2.4 
Coefficient of thermal 
Expansion 

-0.5 to -1.2 
(parallel) 

-0.1 to -0.5 
(parallel) 

 

x 10-6 ֯ C-1 7-12 (radial) 7-12 radial)  

Two types of precursors 

Polycrylonitrile (PAN) Pitch (isotropic) 

Pitch filament 

Heat treatment at 300̊C-500̊C 

Mesophase pitch 
(anisotropic) 

Melt spinning and drawing followed 
by heat stabilization at 200C̊-300C̊ 

PAN filament 

Wet spinning and stretching 
followed by heat stabilization in air 

at 200C̊-300̊C for 2h 

Relatively low-modulus (between 200 and 300 GPa) high-
strength carbon fibers 

Heat and stretching at 1000̊C-2000C̊ in 
an inert atmosphere for 30min 

Carbonization 

Without stretching: relatively high-modulus (between 200 and 300 GPa) carbon fibers 
With stretching: carbon fibers with improved strength  

Graphitization Heat above 2000̊C with or without 
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2.2.1.3. Aramid 

Peled et al (2017) characterises these fibers as “highly crystalline aromatic polyamide fibers”. These 
fibers are produced by a polycondensation process of dichloranhydrides of aromatic dicarbon acids 
with aromatic diamines. The molecular structure of aramid fibers include an aromatic ring, which 
results in a high modulus and thus a rigid fiber. In 1972, the aramid fiber was trademarked as Kevlar 
by the DuPont Company (Yang, 1988). 

Aramid fibers are classified as high performance fibers and it has advantages such as a high tensile 
strength and modulus of elasticity. Furthermore, these fibers have a lower density and brittleness than 
glass and carbon respectively (Brameshuber, 2006). Additionally, it also has a higher resistance to 
impacts as it fractures in a ductile manner. According to Mallick (2007), this is beneficial for 
conditions where dynamic loads are applied. 

However, aramid fibers have negative heat expansion properties. This means that the fibers will 
expand or contract according to the temperature, which can lead to high tensile stresses in the bonding 
area between the aramid fibers and the concrete. Aramid fibers also has a low resistance against 
alkaline environments which does not make it suitable for use in concrete (Brameshuber, 2006). 
Furthermore, it absorbs moisture from its surrounding environments and in mediums with high 
moisture content the fibers tend to crack internally as well as split longitudinally (Morgan & Allred, 
1989). 

2.2.2. Yarn 

Yarn comprises of continuous strands of fibers or filament and is used in different geometries to 
produce fabrics and textiles (Brameshuber, 2006). The different types of yarn that can be 
manufactured are: staple (spun yarns), monofilament and multifilament.  

Figure 2.18 gives an illustration of the different yarn types. Staple yarns are formed when short fibers 
are used. This is in contrast to the other types as they are formed by using long, continuous fibers. 
Furthermore, staple yarns are also known as spun yarns and can be spun using either only one type of 
fiber, or can be a blend of various types of fibers. Monofilament yarns can be characterized as a long, 
continuous, single, thick filament. This filament generally has a large diameter, which is at least 100 
μm. Multifilament yarn is formed when more than one filament is used to form the yarn. These 
filaments can be assembled in parallel to form a bundle, grouped together or twisted. Additionally, the 
filaments used for multifilament yarns are long, fine and continuous fibers (Peled et al., 2017). 

 

Figure 2.18. Illustration of the different yarn types (Peled et al., 2017). 
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The geometry, shape and type of yarn that is used in the textile reinforcement of concrete can 
influence the properties of the composite element that is formed. It is therefore more common to use 
filament yarns, such as monofilament and multifilament, for reinforcing purposes as they are more 
efficient in reinforcing and experience less structural elongation than staple yarn (Peled et al., 2017). 
Moreover, parallel assembled filaments are more efficient than those that are twisted, because the 
twisted filaments can be misaligned, reducing the reinforcing ability. However, the anchorage with 
the cement and the penetration of the cement in between the spaces of the filaments also needs to be 
considered. 

2.2.3. Fabric Structures 

According to Brameshuber (2006), fabrics are textile structures that are produced by assembling yarns 
or fibers in different geometries and orientations. Typically warp and weft yarns are combined 
perpendicular to one another to form a grid/mesh. Warp yarns are placed perpendicular to where the 
load will be applied, runs lengthwise through the element and essentially carries the load, where in 
contrast the weft yarns runs through the width of the element and are used as a filling yarn to keep the 
warp yarns in place and thus ensure the structural integrity of the textile mesh. 

The method used to combine the weft and warp yarns determines the properties of the fabric, such as 
fabric geometry, yarn geometry as well as the openings in the grid. There are various types of 
production methods used to form the grid/mesh, however Peled et al. (2017) states that the main 
categories are:  

 Woven fabric 

 Knitted fabric 

 Bonded fabric 

 Nonwoven fabric 

Textile fabrics can be used to reinforce composite elements in all directions required, depending on 
type of fabric that is used as well as the placements of the yarns. Fabrics are therefore a good 
reinforcement option for curved and/or complex composite elements. Furthermore, it must be noted 
that the fabric and yarn type significantly influences the performance and properties of the composite 
element (Peled et al., 2017). 

2.2.3.1. Woven fabric 

A woven fabric is produced when two sets of yarn, warp and weft, are interlaced at a 90 degree angle. 
They are interlaced in an alternating fashion each yarn crossing over and under the other 
(Brameshuber, 2006). The weave of a fabric is determined by the pattern of how it is interlaced. 
Various combinations of weaves are possible however, as shown in Figure 2.19, there are three basic 
weaves: plain, twill and satin (Zeweben et al., 1989).  
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Figure 2.19. Different types of basic woven fabric (Brameshuber, 2006). 

Plain weave is when each weft and warp yarn interlaces with one another throughout the fabric 
structure without skipping a connection (Brameshuber, 2006). This woven pattern is the most densely 
woven fabric. This dense woven pattern leads to high stability regarding slippage and distortion, as 
well as high shear resistance in the fabric plane (Peled et al., 2017). However, the geometry causes the 
material to have a low reinforcing efficiency and the high stability makes the fabric difficult to bend. 

Twill weave is when warp yarns interlace over and under, two or more weft yarns, creating a diagonal 
pattern in the process. The crimping of yarns is less than in plain weave. Additionally, the twill weave 
fabrics are easy to bend due to its high structural stability and high draping capacity (Peled et al., 
2017). 

Satin weave is when warp yarns interlace over or under a weft yarn, then passes over three or more 
weft yarns before again interlacing over/under another one. This process is repeated throughout the 
fabric structure. The more weft yarns that are passed over before interlacing, the straighter the warp 
yarns will be which in turn leads to better reinforcing efficiency. Satin weave is therefore a good 
option for complex or curved elements. However, it must be noted that this pattern has low structural 
and dimensional stability (Peled et al., 2017). 

The basic weave patterns however, connect the two sets of yarn via friction at the joints. Therefore, to 
get a good connection the fabric needs to be dense and thus makes it impossible to form a mesh. The 
density of the fabric, crimping (angle) of the yarns and the looseness of the filament bundle can have 
adverse effects on the properties of the composite element (Peled et al., 2017).  

The leno weave, in contrast, is a complex weave pattern where two warp yarns are twisted around the 
weft yarns to form connections between the two elements with friction, whilst still allowing for 
openings in between the connections (Brameshuber, 2006). It is therefore the most suitable weaving 
pattern for reinforcing concrete elements, as the cement matrix can more easily penetrate the fabric 
structure, creating a better bond. Figure 2.20 illustrates the fabric geometry of the leno weave pattern. 

 

Figure 2.20. Leno weave pattern. 
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2.2.3.2. Knitted fabric 

A knitted fabric is manufactured by a process where one or more yarns are interlocked by a series of 
loops. Knitted fabrics can be categorized into two main categories: Weft knitted fabric and warp 
knitted fabric (Brameshuber, 2006). Weft knitted fabric is constructed by inter-looping a single 
continuous yarn in a series of loops in the weft direction. This method produces a fabric with a high 
curvature which causes the fabric to possess a low dimensional stability. It is therefore not frequently 
used in the construction industry as means of reinforcement (Peled et al., 2017). Warp knitted fabric is 
produced by inter-looping multiple yarns in a series of loops in the warp direction. This method 
produces a fabric that has a high structural stability relative to that of weft knitted fabrics. Moreover, 
it is possible to manufacture mesh structures with openings inn between the yarns making it more 
suitable for use in cement matrices (Peled et al., 2017). Figure 2.21 (a & b), presents a schematisation 
of the structure of weft and warp knitted fabrics. 

 

Figure 2.21.  Structure of : a) Weft knitted fabric and b) Warp knitted fabric adapted from Peled et a. 
(2017). 

Warp knitted fabrics can then further be divided into sub-categories such as short weft, weft insertion, 
chain-knitted and tricot knitted fabrics. According to Peled et al (2006), the weft insertion method is 
the best for using as reinforcement as it has the highest reinforcing efficiency, low resistance to 
deformation and it is highly amendable. This means that a wide variety of densities and openings are 
possible when producing the fabric, which makes it easier for the fabric to be designed to be 
penetrable by the cement matrix. The method of weft insertion uses straight weft yarns to connect a 
series of warp knitted loops that are parallel to each other (Raz, 1987). The structure of weft insertion 
warp knitted fabric is illustrated in Figure 2.22. 

 

Figure 2.22. The structure of weft insertion warp-knitted fabric (Peled et al., 2017). 
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2.2.3.3. Bonded fabric 

Fabric structures can be produced by bonding weft and warp yarns perpendicular to each other by 
using glue and/or heat at the connections (Peled et al., 2017). Bonded fabrics are highly versatile as 
the openings in the mesh can be any size. Furthermore, this fabric is highly suitable for use as 
reinforcement in cement matrices as the connections are strong and the weft and warp yarns are 
straight. AR-glass fiber is typically used to produce the yarns for this method. Figure 2.23, shows how 
the warp and weft yarns are kept straight as well as how they are bonded together on top of each other 
to form the fabric. 

 

Figure 2.23. Bonded fabric (Peled et al., 2017). 

2.2.4. Coatings 

The mechanical properties of the composite elements, reinforced with the textile, significantly depend 
on the properties and the performance of the yarn and fiber used to produce the textile. It is thus 
important to use high quality textiles and to optimize their tensile strength and durability. The fiber 
used in the production of the textiles can thus be sized and coated to improve such performance (Peled 
et al., 2017). There are several reported advantages for the sizing and coating of textiles. According to 
Peled et al. (2017), when fully impregnated the coating of fibers preserves the performance in terms 
of strength within the fabric. Additionally, it also strengthens the bond of the filaments and fiber 
within the bundle of yarn, resulting in higher friction between them and thus an increase in reinforcing 
performance as the bundle carries the applied load as a single unit. Figure 2.24, shows how this full 
impregnation improves the stress distribution across the cross-section of a yarn. Gao et al. (2007) also 
states that it improves the bond between the textile surface and the cement matrix. Furthermore, it 
improves the durability of the textile by protecting it against chemical attack of the high alkaline 
environment. 

 

Figure 2.24. Improved stress distribution due to impregnation (Gries et al., 2016). 
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Typically, sizing is applied during the spinning process of the fiber, whereas the coating is only 
applied later onto the filament, fiber and yarn. The effects that the coating has on the performance of 
the textiles depend on the weight of the coating (Mäder et al., 2004) as well as the type of coating that 
is applied. Different types of coating can be applied to the textiles. Among those are various epoxy 
resins and aqueous dispersion polymers. Figure 2.25, shows how the same roving is tested, with 
different variations of coatings which include: uncoated, acrylic dispersion with film, acrylic 
dispersion without film and epoxy resin (Peled et al., 2017). Moreover, the figure shows how the 
epoxy resin performs better as a coating in terms of tensile strength vs. strains.  

 

Figure 2.25. Yarn tensile strength vs. Strain (Peled et al., 2017). 

2.2.5. Textile reinforced concrete 

Textile reinforced concrete (TRC) is a composite material that typically consists of a textile mesh 
which is embedded into a cementitious matrix. This composite material has been studied extensively 
in the last couple of decades. The prefabrication of structural elements or the strengthening of such 
elements via retrofitting has been recorded by Triantafillou (2016). Additionally, it has also been 
studied as strengthening of masonry structures for seismicity as reported by Bournas (2016).  

TRC is a relatively low cost material that is easy to cast, apply and retrofit. Additionally, it has a fire-
resistant nature and can be applied to wet surfaces (Koutas et al., 2019). Chandrathilaka et al. (2020), 
further also states that TRC performs well, due to its high load-bearing capacity, durability and 
resistance against corrosion. TRC elements exhibit good in-plane characteristics whilst experiencing 
poor interlaminar characteristics when it is applied in a unidirectional manner (Mobasher, 2018). 
Textile reinforcement significantly improves the flexural strength, tensile strength, ductility and 
energy absorption of concrete elements (Halvaei et al., 2020).    

Coatings are generally applied to increase stability and mechanical interlocking between the textile 
and the concrete matrix that it is embedded in. The textiles consist of weft and warp yarns as 
explained in Section 2.2.3, that is connected in such a manner, that apertures form creating a mesh 
structure. Koutas et al. (2019), state that the size of these apertures are usually between 8-30 mm and 
that it is coated to improve the bond. Furthermore, it is stated that an ideal mix for TRC can be 
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characterized by: a fine mix with good workability, plastic consistency, low viscosity and high shear 
strength.  

2.2.6. Bond between textiles and concrete 

It is important to understand the bond between the textiles and the concrete matrix, as the bond 
determines the effectiveness of the textile as reinforcement. Parameters such as the quality of the 
concrete, coating and impregnation of the fibers as well as the fabric geometry of the textile can affect 
the bond between the textile and the concrete. According to Koutas et al. (2019), there is not enough 
literature on the performance of the bond between the textiles and concrete. The literature that does 
exist though, use different methods to test the bond strength such as pullout tests as well as single and 
double lap shear tests. The resulting failure modes from these tests include (Koutas et al., 2019): 

 Slippage 

 Complete debonding between textile and concrete 

 Debonding between concrete and concrete 

 Yarn rupture 

The most common failures that occur are slippage and complete debonding. The failure mode  can 
however be changed due to the bond between the textile surface and the concrete matrix. Raoof et al. 
(2016) found that decreasing the strength of the concrete increases the bond capacity between the two 
composite materials. Furthermore, the use of coatings such as epoxy resin also increases the bond 
which results in failure due to debonding rather than slippage.  

2.2.7. Flexural performance and behaviour of conventional TRC 

The flexural performance and behaviour of conventional cast concrete reinforced with textiles have 
been studied and recorded in literature such as that of Halvaei et al. (2020), Volkova (2016), Williams 
et al. (2017) and Du et al. (2018). Basalt, AR-glass and carbon textiles have been used as 
reinforcement material, resulting in strain/deflection hardening or strain/deflection softening flexural 
behaviour of elements.  

2.2.7.1. Basalt textiles 

Du et al. (2018) investigated the flexural behaviour of basalt textile reinforced concrete. In their study, 
basalt textile, coated with styrene-acrylic latex was used with mesh openings of 5 mm × 5 mm. The 
samples varied in terms of the number of textile layers applied and were tested in flexure using a four-
point bending test. The results of the tests conducted are displayed in Figure 2.26, showing deflection 
hardening and deflection softening behaviour depending on the amount of layers applied. The failure 
of the samples either occurred due to the rupture of the textiles or due to debonding. The study shows 
that an increase in textile layers applied, increases the amount of fine cracks forming, decreases the 
spacing between the cracks and results in an increase in flexural performance and deflection 
hardening behaviour. 
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Figure 2.26. Flexural stress vs. deflection of basalt textile reinforced samples (Du et al., 2018). 

2.2.7.2. Carbon textiles 

Halvaei et al. (2020) investigated the performance of carbon textiles and similar to Du et al. (2018) 
concluded that the amount of carbon textile layers applied influences the flexural performance and 
cracking pattern of the composite elements. Additionally, the size of the mesh openings (apertures) 
does not significantly influence the performance provided that the volume fraction is constant. In the 
study, carbon fiber yarn were connected via plain weave with different mesh openings and applied as 
the reinforcement. The composite beams containing textile with different mesh openings at a constant 
volume fraction were tested in flexure via the four point bending test and the results are displayed in 
Figure 2.27, showing deflection hardening behaviour. 

 

Figure 2.27. Flexural load vs. deflection of carbon textile reinforced samples (Halvaei et al., 2020). 
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2.2.7.3. AR-glass textiles 

Limited literature is available on the flexural performance and behaviour of AR-glass textile 
reinforced concrete elements. However, Volkova (2016) conducted a study to compare the 
performance of AR-glass textile reinforcement to carbon textile reinforcement. In the study, warp 
knitted AR-glass textile and carbon textile with a mesh size of 8 mm × 8 mm were applied as the 
reinforcement. The composite elements were tested via three point bending of which the results are 
displayed in Figure 2.28. The results show that the glass and carbon reinforcement prevents brittle 
failure and increases the ductility of the elements. After first crack the carbon reinforced variation 
proceeds to experience deflection hardening behaviour and the AR-glass reinforced variation proceeds 
to experience deflection softening behaviour. It is important to note that the glass variation shows 
deflection softening due to the increase in the flexural stress of the first crack. 

 

Figure 2.28. Flexural stress vs. deflection of the different textile reinforced concrete variations 
(Volkova, 2016).  

2.2.8. Flexural performance and behaviour of TRC strengthening 

Numerous studies such as that of Raoof et al. (2017), Pino et al. (2017a), Koutas & Bournas (2017), 
Cristine et al. (2021) and Bruckner et al. (2006) have been conducted on flexural performance of 
concrete elements strengthened with textiles. The results of these studies suggests that there are three 
distinct branches of behaviour that occur during flexural testing: the uncracked stage that occurs until 
concrete failure, the cracking phase until ultimate load as well as the cracking phase after ultimate 
load (Koutas et al., 2019). These three stages, along with the general behaviour of the samples are 
illustrated in Figure 2.29. It is apparent from the results of the previous studies that the effectiveness 
of the textile as strengthening material increases when the initial stiffness of the concrete element is 
lower (Bournas, 2017) (Raoof et al., 2017) (Pino et al., 2017a).  

Furthermore, it is clear that the textile only activates after concrete failure and thus mainly influences 
the behaviour of elements after the first stage of cracking occurs. However, it has also been reported 
that the strengthening of the textiles increased the initial cracking strength of the element. D’Ambrisi 
& Focacci (2011), show that the elements fail due to a loss in strengthening action resulting in 
elements that fail either abruptly, or over time. 
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Figure 2.29. Load vs. displacement graph of elements strengthened with textiles adapted and adjusted 
from Koutas et al. (2019). 

2.2.9. Failure modes 

Different failure modes have been observed in literature for TRC and elements strengthened with 
TRC and are illustrated in Figure 2.30. The first mode of failure can be described as slippage of the 
textile yarn in the matrix. This failure has been recorded by Raoof et al. (2017) among others, and 
relates to a low impregnation of the yarn by the concrete, resulting in a weak chemical bond that 
forms between the textile and the concrete. The textile subsequently slips at the location of the 
maximum moment. Debonding of the textile and the concrete has been found by Pino et al. (2017a), 
where the bond between the textile and the concrete weakened and the textile debonded at the location 
of the maximum moment, resulting in flexural cracks propagating towards the supports and 
subsequently leads to failure.  

 

Figure 2.30. Illustrations of the different failure modes (Koutas et al., 2019). 
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It is noted and displayed in Figure 2.27 that different versions of debonding have occurred. 
Furthermore, fiber rupture has been recorded by Raoof et al. (2017), where the yarn subjected to 
loading experienced rupture causing the element to fail in a brittle manner. These failure modes are 
related to the performance of the textile inside the concrete, however it has also been recorded that 
concrete failure such as concrete crushing and shear failure has occurred. Koutas et al. (2017), states 
that the flexural performance of elements strengthened with textiles are determined by the failure 
mode that it experiences. Premature failure modes, such as slippage and early debonding, result in the 
poor performance of the elements. In contrast, the failure modes where the textile are fully activated, 
such as fiber rupture and debonding due to the high load, results in good performance. 

It is therefore beneficial to determine the effect that the parameters have on the failure modes 
experienced by the composite elements as this can result in increased performance. The amount of 
textile layers that are applied are one such a parameter. An increase in the amount of textile layers 
results in increased flexural capacity (D’Ambrisi & Focacci, 2011). Additionally, it is recorded that 
the increase of layers influences the failure mode, and changes it from slippage of the yarn to 
debonding and/or interlaminar shear. Another parameter is the coating of the textiles. Raoof et al. 
(2017) discovered that by adding a coating, the effectiveness of the textile as reinforcement increased.  

2.2.10. Summary of literature on textiles 

In summary, taking into account the literature reviewed in this section, it is clear that glass fiber and 
carbon fiber textiles are superior in performance to other fibers. Furthermore, the fabric geometry of a 
textile influences the performance as well as the requirements of the concrete matrix that it is 
embedded in. Additionally, textiles containing coatings perform better than others that are not coated. 
Due to the benefits discussed on the application of textile as reinforcement, it is suitable to be applied 
on 3DPC elements. There are studies available on the performance of textile reinforced concrete. 
However, it is important to note that there is a significant difference between conventional cast 
concrete and 3DPC. Moreover, there is a difference in their composition and rheology which can lead 
to a difference in micro and macro mechanical behaviour. 

2.3. Textile reinforced 3D printed concrete 

Wang et al. (2020), is the only study in recorded literature that could be found on the flexural 
behaviour of textile reinforced 3D printed concrete. This study proposes the application of the AR-
glass textile between the printed concrete layers (horizontally printed elements). Samples were printed 
and cast after which they were tested in flexure via the three-point bending test. Comparison of the 
results show that the flexural behaviour of the printed samples are comparable to that of the cast 
samples, with the printed samples being more repeatable than the cast samples.  

However, no literature could be found on the textile reinforcement of vertical 3D printed concrete 
elements. Marchment & Sanjayan (2020) used a steel mesh to reinforce vertical 3D printed concrete 
elements as discussed in Section 2.1.8. However, in that study a split nozzle was used for the 
extrusion of the concrete and it was recommended to investigate the use of textiles for future studies. 
It is therefore apparent that there is a lack of knowledge on this topic and that there is room for 
exploration in order to better understand the performance and behaviour of the composite elements 
and to study different variations in order to find the optimal solution for reinforcement of 3D printed 
concrete elements. 
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3. CHAPTER 3: METHODOLOGY 

In this chapter, the methodology followed to achieve the goals and objectives set out in Chapter 1 is 
discussed. This includes a description of the various materials and mixture design used, the pre-
experimental procedures followed to create the samples tested, as well as all the experimental 
procedures used to quantify the performance and behaviour of the 3D printed concrete mixture and 
samples.  

3.1. Materials 

3.1.1. Binder  

The binder content for the mix consists of three constituents, namely cement, fly ash and silica fume. 
The primary binder or cement is CEM II 52.5N, an ordinary Portland cement supplied by Pretoria 
Portland Cement, containing a 7 to 10% limestone extender, with a relative density of 3.14 and 
conforms to SANS 50197-1. Cement is the primary binder, as it chemically reacts with water to bind 
the aggregates in the mix, causing the concrete to harden in a process called hydration. Additionally, 
the cement is supplemented with two cement extenders to obtain the required rheological properties 
for the printed concrete. Durapozz Class F fly ash (RD of 2.2) and SiliconSmelters Microfume silica 
fume (RD of 2.1) were used, respectively.    

3.1.2. Aggregates 

For the fine aggregates, a 50/50% mixture of two locally sourced, natural quarry sands, Malmesbury 
and Phillipi were supplied. This mixture was graded according to SANS 1083 (2017). The same batch 
of sand with a relative density (RD) of 2.55 and fineness modulus (FM) of 2.18 was used throughout 
the study to ensure consistency. Figure 3.1 shows the grading results of the blended sand after 
completing a sieve analysis test according to SANS 829 (2002). No coarse aggregates are used in the 
mix to ensure ease of extrusion. 

 

Figure 3.1. Grading of blended fine aggregate. 
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3.1.3. Water 

Potable tap water available at Stellenbosch University’s concrete laboratory was used. The supplied 
water is assumed to be free of harmful chemicals and salts and has a unit weight of approximately 
1000 kg/m3. 

3.1.4. Admixtures 

Chryso Fluid Premia 310 is a superplasticiser or high-range water reducer based on a modified 
polycarboxylate polymer. It was added to the mix to accommodate for the low water usage and to 
improve the workability of the concrete by dispersing the cement grains. 

3.1.5. Textile mesh reinforcement 

Two different Alkali-resistant (AR) glass textiles were selected as reinforcement for this study and are 
denoted as Textile A and Textile B. Glass fiber was specifically selected as it bonds well with cement 
matrices, has a good cost-performance ratio and costs less than other fibers (Peled et al., 2017). 
Furthermore, it is important to use an AR version of glass fiber as concrete is a high alkaline medium 
in which normal glass fiber can disintegrate over time.  As shown in Figure 3.2, both textiles consist 
of grid apertures with an axial distance of 25 mm from the centre of one yarn to the next to encourage 
the flow of concrete in between the yarns and to ensure that they are fully enveloped with the concrete 
mixture.  

 

Figure 3.2. Textile mesh reinforcements with an indication of the yarn direction, where: a) Textile A 
= Grid Q145/145-AAE-25 by Solidian and b) Textile B = SITgrit027 by Wilhelm Kneitz Solutions in 
Textile. 

Textile A in this study refers to the Grid Q145/145-AAE-25 textile manufactured by Solidian, which 
is thick and stiff. The cross section of the warp yarn is in the form of an ellipse and consists of an area 
of 3.69 mm2. The yarn of this textile is also fully impregnated with epoxy resin and bonded together 
with heat and glue to form the textile mesh. The material is impregnated with epoxy resin to 
strengthen the bond of the filaments and the fiber within the bundle of yarn, resulting in higher 
friction and an increase in reinforcing performance. A bonded fabric is selected as this fabric 
geometry keeps the warp yarns as straight as possible, thus improving its reinforcing effectiveness. 
The characteristic tensile strength of Textile A is 1200 MPa.  

Weft 
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Textile B refers to the SITgrit027 textile manufactured by Wilhelm Kneitz Solutions in Textile. In 
contrast to Textile A, this textile is thin and flexible. The cross section of the warp yarn is circular in 
form and consists of an area of 0.159 mm2. The yarn of this textile is coated with styrene butadiene 
and is formed into a mesh via leno weave. As stated in Section 2.2.3 the fabric geometry of this textile 
connects two yarns by using friction whilst still enabling large apertures for the concrete to fill. The 
characteristic tensile strength of Textile B is 1200 MPa. 

3.2. Mix proportions 

Only one concrete mix design was used constantly throughout the study for all the variations of 
samples that were cast and printed. The standard Stellenbosch University 3DPC mix proportions of 
Kruger (2019) were adjusted to suit the current batch of materials present at the lab. Table 3.1 shows 
the proportions of the constituents for a 1000 L mix. 

Table 3.1: Mix proportions 

Constituents kg/m3 

Cement 567 

Fly Ash 161 

Silica Fume 81 

Sand 1169 

Water 256 

Superplasticizer 5.9 

The mix has an aggregate to binder ratio of 1.44, which falls in the typical range of 3DPC mixtures 
that have been used by other researchers, typically 1.3-1.7 (Moelich et al., 2020). Due to the high 
porosity of the 3DPC mix, discussed in Section 2.1.7, an air volume content of 5-10% is assumed. 
Additionally a water to cement ratio of 0.45 was selected, whilst superplasticizer was added until the 
desired flowability was achieved, resulting in a flow diameter of 170 mm and 0.725% of the total 
mass of the binder material. The flowability of the mix is important as the mix requires to be extruded 
easily as well as to flow between the yarns of the textile mesh reinforcement to completely envelop 
them, reducing the risk of void formation. 

3.3. Pre-experimental procedures 

The pre-experimental procedures consisted of four phases, which included the mixing of the concrete 
followed by the sample preparation, curing process and cutting process. During the study, only one 
mixing, curing and cutting process was followed for all the sample variations to ensure repeatability 
of results. However, for each variation, a different process was followed in creating the samples. A 
schematisation of the overview of the pre-experimental process, illustrating the key differences 
between the various preparation procedures, including the difference in method and strategy is 
presented in Figure 3.3.  The differences in sample preparation ultimately resulted in the different 
variations of samples to be compared with one another in flexural performance. 
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Phase 1 Phase 2: Different sample 
preparations 

Phase 3 Phase 4 

 Method Strategy   
     
 Casting    
Mixing 
process 

  Curing 
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 3D 
printing 

Vertical   

     
  Horizontal   

 
Figure 3.3. Overview of pre-experimental phases and procedures. 

3.3.1. Mixing procedure 

The materials were prepared and weighed off for a 40 L mix using dry containers. The same volume 
of the mixture was prepared every time to provide consistency throughout the study. During the 
weighing process, care was taken to ensure that no lumps were present in the materials prior to 
mixing. The cement and fly ash were therefore only weighed off after it was sieved. After weighing 
all the constituents off to the nearest 1 g, the dry constituents were added into a 50 L  two-bladed pan 
mixer in a set sequential order, where the sand was added first, followed by the cement, fly ash and 
then the silica fume. These materials were mixed for 1 min, after which water was added in a slow 
and controlled manner over a period of 1 min. Finally, the superplasticizer was added, after which the 
mixing of the materials continued for a final 3 min, resulting in a total mixing time of 5 min. During 
the mixing process, it was ensured that the dry constituents did not adhere to the inner side of the pan 
or on the face of the blades to ensure that all the constituents were thoroughly mixed. After the mixing 
of the constituents, a flow diameter test was conducted (discussed in Section 3.4.1). It should be noted 
that the materials were mixed in different batches throughout the study, which means that the 
materials were mixed in set batches of 40 L and were not continuously mixed throughout the printing 
or casting process. After the mixing procedure, the concrete was transported to either be printed or 
cast. 

3.3.2. Printing 

Extrusion-based concrete printing (explained in Section 2.1), was used to additively manufacture 
(AM) concrete elements and samples. For this method of AM, a 1 m3 gantry 3D concrete printer was 
used to move a hose with a circular nozzle (diameter of 25 mm) to conform to a predefined path 
whilst extruding the concrete mix. The printing setup consisted of a hopper in which the material was 
placed after mixing, a pumping system using a rotary screw to extract the material from the hopper 
before being extruded, and a control unit for the printer. The printing setup and component layout are 
displayed in Figure 3.4. 
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Figure 3.4. 3D concrete printer setup and layout used for the AM in the Stellenbosch University 
Structures Lab adjusted from Kruger (2019). 

The predefined printing paths were designed using a coordinate system on Excel, which was then 
turned into a code for the printing software to read. The paths designed for vertical and horizontal 
printing was different (see Appendix A). Before printing, dry runs were conducted, where the 
designed paths were followed without extruding any concrete to ensure that no problems occurred.  
Thereafter and prior to the commencement of the printing process, the pump, hose and nozzle were 
primed until the extrusion of the material was satisfactory. 

After the dry run and priming were completed, the printing process was started by extracting the 
concrete material from the hopper, with the rotary screw, into the hose to be extruded in a layer-by-
layer fashion following the predefined coordinate path. The printing speed was set to 60 mm/s, and 
the extrusion rate of the pump was altered throughout the printing process to achieve the desired 
filament dimensions. Different filament widths were required for the different printing files. However, 
a constant filament height of around 10 mm was maintained throughout the study. Figure 3.5 
illustrates the cross-section and side view of 4 filaments printed on top of each other with dimensions 
of 30 mm × 10 mm (W × H). Printing occurred in a climate-controlled environment with an ambient 
temperature of 25±1 ̊ C and relative humidity of 60±5% with no airflow in the room. 

 

Figure 3.5. Illustration of the cross-section and side view of 4 printed filaments on top of each other. 

Cross-section View Side View 

40 mm 

30 mm 

10 mm 
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As discussed in Chapter 2, different strategies and approaches can be followed to print a desired 
element and to reinforce it. For this study, mesh reinforcement was selected as the only strategy to 
reinforce the printed elements. However, it was identified that the mesh could be applied before, 
during or after the printing process. Additionally, it was identified that applying the textile mesh at 
different stages of the printing process required different approaches that could affect the performance 
and behaviour of the elements. Therefore, two different approaches were investigated; one where the 
textile was applied before printing and the other where the textile was applied during printing. 
Although the same printing process was followed for both these approaches, the methodology used to 
create the samples was different and is discussed in Sections 3.3.3 and 3.3.4, respectively. 

3.3.3. Method 1: Vertical printing 

This approach consisted of vertically printing and reinforcing elements, which simulated the printing 
of wall elements in-situ. This approach could also be used to print other vertical structural elements 
such as columns. However, it is not feasible to print horizontal elements such as slabs, foundations 
and beams. 

The printing path designed for this approach contained two adjacent filaments printed to create wall 
elements, with either three or four such wall elements included in a single printing file. A plan view of 
the printing file for this approach is included in Figure 3.6, showing the wall elements, as well as the 
filament printed to get the nozzle back to the starting point of the printing path for the next layer to be 
printed. 

 

Figure 3.6. Plan view of the printing path indicating the different zones, the starting point, and the 
direction in which the filaments were printed. 

For vertical printing, the textile was applied before the printing process started. The concept behind 
this approach was to design a wooden base that could correlate to the printing file that contained the 
predefined path for the filaments to be printed on. Slots were cut into these wooden bases, where the 
textile mesh, with the desired dimensions, was inserted and erected vertically. Figure 3.7 shows the 
inserted textiles with the warp yarn orientated in the vertical direction. Textile A is stiff, and no 
support was required to keep it erected. Textile B, however, is flexible and required stiffening at the 
ends to support the textile and keep it erected. The slots containing the textile mesh were then aligned 
with the centre of each of the wall elements by placing the wooden base on the bed of the printer and 

Zone 1: Area 
containing the 
wall elements 

Starting point of the printing 
path for each layer 

Zone 2: Filament 
printed to take 

nozzle back to the 
starting point for 

the next layer 
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doing dry prints in an iterative process until the nozzle moved freely around the textile sheets. It was, 
therefore, a time-consuming process to add the textiles before the printing process.   

 

Figure 3.7. Textiles inserted into slots of wooden base prior to printing. 

After completing the wooden base, erecting and inserting the textile mesh and aligning it with the 
printing path, the filaments were printed on each side of the textiles, completely enveloping them. 
After completing the printing of the first layer, the nozzle moved back to the starting point of the 
previous layer, as shown in Zone 2 of Figure 3.6, whilst increasing its height by 10 mm. The printing 
path was then repeated and completed for another 16 layers until a height of approximately 170 mm 
was attained. Figure 3.8 (a-c) shows the progression of this printing process as well as how the textile 
is enveloped by the printed filaments on both sides.   

 

Figure 3.8. Progression of vertically printed element where: a) Wooden Base placed prior to 
printing, b) Layer-by-layer printing of element (after 6 layers), c) Finished vertical element (after 17 
layers). 

Whilst the filaments were printed around the textile, it was important to ensure that no voids formed 
between the filaments printed adjacent to one another as well as between the concrete and the textiles. 
Any formation of voids in these areas could lead to samples that are weaker than the rest, and 
therefore, for consistency and performance, this was an important factor to take into account. The 
filaments were therefore designed to have a width of 30 mm but were printed with an extrusion rate 
that extruded filaments with an actual width of 40 mm, thus causing over extrusion and the adjacent 
filaments printed around the textile to overlap and flow in between the yarns to completely envelope 
them as shown in Figure 3.9. 

b) a) c) 

Slots cut in wooden base 

Textile erected by being inserted into slots 

Wooden base 
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Figure 3.9.  Printed filaments protruding through the apertures of the textile mesh enveloping the 
yarns to avoid the formation of voids. 

It is important to note that printing two adjacent filaments produced a weak/shear plane at the 
boundary between them, as shown in Figure 3.10. The printing of the two adjacent filaments was 
required as this was where the textile was placed inside the printed elements. Therefore, the textile 
was located in the weak plane for this method. 

 

Figure 3.10. Two wall elements printed next to each other, the one reinforced with Textile B and the 
other one unreinforced serving as the control. 

Three variations of wall elements were created for this approach. The same wall elements were 
printed for all of the variations. However one was unreinforced, one was reinforced with Textile A in 
the middle of the element, and the last was reinforced with Textile B, also in the middle of the 
element. As mentioned previously, the wall elements consisted of two adjacent filaments printed with 

Weak plane at 
the boundary 
between two 

adjacent 
filaments 

Textile 
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a width of 40 mm each. The width of the wall elements was, therefore, 80 mm. Additionally, the wall 
elements were designed to contain at least 5 samples of each variation with dimensions of 40 mm × 
40 mm × 160 mm (W × H × L). These samples were extracted via saw cutting. Figure 3.11(a & b) 
illustrates the isometric and plan views of the printed elements, showing where the samples were 
extracted from the wall elements as well as the orientation. Figure 3.11(c) further also displays the 
cross-sections of the extracted samples where the location of the weak plane is indicated with the 
dotted line. 

The unreinforced samples were extracted in such a manner that the plane forming between the 
adjacent filaments was in the middle of the cross sections. Two variations of reinforced samples were 
extracted, one where the plane was at the middle of the cross-section and one where it was 10 mm 
from the bottom. This resulted in 5 variations of samples created for this approach.   

 

 

 

 

Figure 3.11. Illustration of the extraction of samples from the 3DCP elements, where: a) 
Isoparametric view of the element showing the orientation of the extracted samples, b) Plan view of 
the element showing where the samples were extracted, c) Cross-sections of the sample variations for 
this method, colour coded to correlate with the extraction locations in b. 
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3.3.4. Method 2: Horizontal printing 

This approach consisted of printing elements flat on the surface bed, which simulated the printing of 
pre-fabricated panels in a factory or warehouse to be later installed on sight as structural or façade 
elements. Although the panels were printed flat on the surface bed and can easily be used as 
horizontal structural elements, in practice, they can also be flipped by 90°to be used as vertical 
elements such as wall panels. 

Printing the panels flat on the surface bed consisted of printing filaments adjacent to one another in a 
sequence of a zigzag pattern, with them overlapping to prevent the formation of voids. The concept of 
overlapping was made possible by designing a path where the filaments have a width of 27.5 mm, but 
then adjusting the extrusion rate of the printer to print filaments with a width of 30 mm. By printing 
filaments adjacent to one another in a zigzag pattern, weak/shear planes form in the boundary regions 
between the printed filaments. Figure 3.12 shows the plan view of the printing path for these 
elements, locating and describing the different zones of the printed panels and indicating where the 
filaments overlapped. 

 

 

 

 

Figure 3.12. Plan view:  a) The designed printing path for this method and b) The actual printed 
element. 

After completing the predefined coordinate path for the first layer of the panel, the nozzle moved back 
to the starting point of the previous layer, outside of the area of the panel, whilst increasing its height 
by 10 mm.  The same coordinate path was repeated and completed by printing the filaments on top of 
the previous layer. This process was repeated until a height of approximately 40 mm was achieved, 
consisting of 4 layers printed on top of each other. 
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For this approach, the textile mesh was manually applied during the printing process. Therefore, the 
application of the textile did not consume any additional time and was easy to apply. Prior to the 
printing process, the textile was cut out to the desired dimensions of the panel. The principle for this 
approach was to place the textile on top of a completed layer of the panel whilst the nozzle was 
moving back to the starting point to print the next layer. After applying the textile, it was subsequently 
covered by the following layer of printed filaments. In Figure 3.13, the progress of the printing of 
these elements is shown as well as how the textile was manually placed and then printed over by the 
following layer of concrete filaments. 

 

Figure 3.13. Progress of printing and reinforcing the horizontal elements.  
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It is important to note that for these panels, the textile was applied with the warp yarn orientated 
perpendicular to the orientation of the printed filaments. Therefore, by orientating the textile 
perpendicular to the printed filaments, the warp yarn runs across these weak/shear planes serving as 
efficient reinforcement. 

Five variations of samples were printed for this approach. The same printing file was used for all of 
the panels, with the variation being influenced by the presence of the textile as well as the type of 
textile and location where it was placed. The first variation was printed without the inclusion of a 
textile mesh and was thus unreinforced and served as the control for this approach. Following this 
variation, two panels were reinforced with Textile A. The textile, however, was placed at different 
locations, with one being applied after the first layer (10 mm from the bottom) and the other after the 
second layer (20 mm from the bottom). Finally, two panels were reinforced with Textile B at the same 
respective locations as Textile A. Each panel was designed to be 200 mm in length, 450 mm in width 
and 40 mm high. These dimensions resulted in each of the panels containing 5 potential samples with 
dimensions of 40 mm × 40 mm × 160 mm (W × H × L) that was extracted via saw cutting. Figure 
14(a & b) illustrates where and in which orientation the samples were extracted. Furthermore, Figure 
14(c) also shows the locations of the applied textiles and interlayers in the cross-section of the 
variation of samples. Only one 40 L batch of mixed concrete was used to print all of these panels to 
keep the samples as consistent as possible. 

 

 

 

Figure 3.14.  Illustration of the extraction of samples from the horizontal 3DCP elements, where: a) 
Isoparametric view of the element showing the orientation of the extracted samples, b) Side view of 
the element showing where the samples were extracted, c) Cross-sections of the sample variations for 
this method. 
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Finally, it should be noted that although the samples have the same dimensions as the vertically 
printed samples, they still differ due to the difference in the orientation of the interlayer as well as the 
locations of the weak/shear planes. 

3.3.5. Casting 

Samples were conventionally cast in moulds to compare the performance and behaviour with the 
printed samples. This was necessary in order to observe the effect that the method of printing has on 
concrete samples reinforced with textiles. Three custom-built, wooden moulds with sample 
dimensions of 40 mm × 40 mm × 160 mm were used for this investigation and are shown in Figure 
3.15. The side walls of these moulds were cut in precise locations to create slots for the textiles to 
slide into. These slots ensured that the textiles were applied at the correct locations according to the 
variations, and kept them in place during the casting process. 

 

Figure 3.15. Wooden moulds with textile inserted into the slots. 

Prior to being used, the moulds were thoroughly cleaned and lightly oiled to ensure an easy 
demoulding process. After the moulds were prepared and the mixing procedure was completed, the 
concrete was poured into the moulds in two consecutive pours. For the first pour, the concrete was 
poured up to an initial height of 20 mm. Care was taken to ensure that the concrete was placed on both 
sides of the textile mesh. The moulds were then vibrated using a vibrating table for approximately 30 
seconds, after which the second pour was completed to cover the entire depth of the moulds. Finally, 
the moulds were vibrated for a second time for another 30 seconds to ensure that all the voids were 
filled and to allow air pockets entrapped throughout the samples to escape. 

The mould and textile setup resulted in the samples being orientated so that the concrete was poured 
from one side and not from top to bottom, as shown in Figure 3.6. As a result, the air voids and 
consistency of the concrete poured did not vary across the depth of the samples to be tested but rather 
from across the width leading to more consistent samples. 

A total of 25 samples were cast, five samples of five variations, with the first variation being the 
control, which was unreinforced. The other variations were reinforced by two different textiles, 
Textile A and Textile Bat two different locations, the middle of the sample and 10 mm from the 
bottom. The cross-sections of the 5 variations of cast samples are illustrated in Figure 3.16, where all 
annotated dimensions refer to mm in length. 
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Figure 3.16. Cross-sections of the variations of cast samples. 

The cast variations were decided upon in order to achieve samples as identical to the printed samples 
as possible to allow comparison. However, it must be noted that the cast samples, as displayed in 
Figure 3.16, did not contain any weak planes due to shear planes or interlayers caused by printing 
paths like that of the printed samples and, therefore, could have an impact on the testing results 
discussed in Chapter 4. 

3.3.6. Curing  

Immediately after the various samples were prepared with their respective unique procedures, the 
curing process started. In order to achieve repeatable results that could be compared with one another, 
the curing process of all the printed and cast samples was kept the same. All the 3D printed specimens 
were left for 24±2 hours on the board that it was printed on so that they could gain enough strength 
and harden to be moved. These boards were left in the climate-controlled environment with an 
ambient temperature of 25±1 ̊ C and relative humidity of 60±5% with no airflow in the room. After 
hardening, the specimens were removed from the wooden boards and placed into plastic containers in 
which it was stored for 28 days, only to be removed for saw cutting and testing. These containers 
were stationed in the same temperature-controlled environment. After casting, the moulds of the cast 
samples were kept in the same climate-controlled environment for 24±2 hours. The samples were then 
demoulded and placed in the same plastic containers as the printed elements until testing. 

3.3.7. Cutting 

The cast samples did not require any form of cutting as the custom-built moulds used complied with 
the codes. However, all variations of the printed specimens required cutting to extract samples with 
the desired dimensions of 40 mm × 40 mm × 160 mm. For the horizontally printed specimen, the 
samples were only extracted in their hardened state. The vertically printed specimens, however, 
required cutting in both fresh and hardened states, where the fresh state cutting was conducted with a 
steel plate between 1 and 2 hours after printing was completed. The fresh state cutting was only used 
to cut the vertically printed specimen into panels, which were then cut into the desired samples in its 
hardened state. The same hardened state cutting process was used for both the vertically and the 
horizontally printed specimens  via saw-cutting with a diamond tipped blade 21 days after printing 
was completed. Stoppers and jigs were manually built to ensure that the cutting of the samples was 
consistent. The cutting process for the vertically printed and the horizontally printed elements is 
shown in Figure 3.17 (a & b). 

 

Control Textile A Textile B 
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Figure 3.17. Cutting process for a) vertically printed elements and b) horizontally printed element. 

Extracting samples with identical dimensions was impossible due to the nature of the saw-cutting 
process. Therefore a tolerance of ± 2 mm was used for all the samples to be accepted for testing. 
Furthermore, it is important to note that the vertically printed extracted samples were cut on all four 
sides, as seen in Figure 3.17. The horizontally printed extracted samples, in contrast, were only cut on 
2 sides resulting in the vertical samples being more precise than the horizontal samples. 

3.4. Fresh properties experimental procedures 

The concrete matrix used in composite elements has a significant impact on the performance of those 
elements, and it is thus important to know the characteristics of the concrete. Fresh properties tests 
were therefore conducted throughout the study to help characterise the 3D concrete mix that was 
designed and used. These tests included the flow table test, rheology test and buildability test. 

3.4.1. Flow table test 

Immediately after the mixing process was completed, the flow table test was conducted to determine 
whether the material was acceptable for printing in terms of its workability and flowability. Due to the 
materials being batch mixed on separate occasions, the flow table test was also used as one of the 
measurement tools to determine whether the concrete of different batches was consistent or not. As 
shown in Figure 3.18, the flow table test consisted of three separate components, of which the main 
component is a steel table top with a circular surface with a diameter of 250 mm, situated on top of a 
jolting mechanism. The second component is a circular metal cone with a bottom diameter of 90 mm, 
a height of 50 mm and a top diameter of 60 mm. The third component is a tamping rod to compact the 
concrete in the metal cone. 
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Figure 3.18. Flow table test components. 

Prior to commencing with the test, the surface of the table and the inside of the circular metal cone 
was cleaned with a paper towel, after which it was lightly oiled. The circular metal cone was then 
placed at the centre of the surface of the table, and concrete from the mixed batch was poured into the 
cone up until halfway. At this point, the concrete inside the cone was tampered 10 times with the 
tampering rod to compact it. The cone was then filled to the top with concrete and tampered another 
10 times. After the compaction of the concrete was completed, the excess concrete was scraped off so 
that it was even with the top of the cone. The metal cone was subsequently removed in a slow and 
controlled manner so as not to disturb the concrete placed within, and the jolting mechanism was 
activated by turning it 15 times at a rate of 1 turn per second. One turn of the mechanism caused the 
table to be lifted to a height of 12.7 mm before it was then suddenly dropped by the same height. This 
jolting action caused the sample of concrete to be spread out across the surface of the table. Finally, a 
vernier calliper was utilized to measure the diameter of the concrete sample in two directions 
perpendicular to one another. The average was calculated and used as the flow diameter. 

According to Cho et al. (2020), it is suggested that mixes suitable for printing must have flow 
diameters of 150 mm to 180 mm. These suggestions were used as a guideline for what was acceptable 
for printing. 

3.4.2. Rheology 

The German Instruments ICAR Rheometer was used to test the rheological properties of the mix. In 
particular, stress growth rheological tests were conducted to determine the static and dynamic yield 
shear stress of the printing material. Furthermore, the results of these tests give insight into the 
thixotropic behaviour and structuration rate of the material. The importance of these tests and 
parameters are discussed in Section 2.1.2. 
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As displayed in Figure 3.19(a), the rheometer setup consists of four main components: a container, a 
frame, a driver and a rotating vane. The container is a cylindrical bucket with a radius of 143 mm and 
a depth of 127 mm. Furthermore, this bucket contains 15 plastic ribs, with dimensions of 10 mm × 10 
mm, along the side wall to prevent shearing at the perimeter. The rotating vane consists of four blades 
with a radius of 63.5 mm and is connected to the driving motor, which is suspended with the frame on 
top of the container to complete the rheometer setup.    

 

Figure 3.19. ICAR Rheometer where: a) Components of the Rheometer; b) Completed setup of the 
rheometer. 

Prior to conducting the rheometer test, the setup was completed (Figure 3.19b) and the device was 
calibrated to 0.52%. The concrete material was then mixed and transported to the rheometer, of which 
approximately 18L were placed into the container to completely envelop the plastic ribs. The vane 
was then carefully inserted into the container, after which the tests were conducted. A total of 8 tests 
were completed at a rate of 0.2 revolutions per second (1 s-1 shear rate) for a period of 60 s each. 
These tests were conducted at different time intervals to obtain different parameters. The framework 
and objectives of the rheology tests are displayed in Table 3.2. The rheology testing took place in the 
same climate-controlled environment as that of the printing and curing processes.   

Table 3.2: Determination of static yield shear stress evolution curve parameters 

Concrete age 
(min) 

Test number Resting time Test conducted Objective  

0:00-1:00 - - Transport concrete - 
1:00-2:00 1 0 s (Initial) Stress growth a. 
2:30-3:30 2 30 s Stress growth b. 
4:30-5:30 3 60 s Stress growth b. 
7:00-8:00 4 90 s Stress growth b. 
10:00-11:00 5 120 s Stress growth b. 
26:00-27:00 6 15 min Stress growth c. 
57:00-58:00 7 30 min Stress growth c. 
103:00-104:00 8 45 min Stress growth c. 
a. Get initial static and dynamic yield shear stress for shear stress evolution curve 
b. Determine Rthix, by using Static yield stress and plotting it against time interval 
c. Determine Athix, by using Static yield stress and plotting it against time interval 

 

 

a) b) 
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After completing all the tests, the raw data was used to plot the static and dynamic yield shear stress 
versus resting time graphs for each test, respectively. Then, the following equations, proposed by 
Kruger (2019), were used to plot the static yield shear stress evolution curve (discussed in Section 
2.1.2.2): 

𝜏 (𝑡)  =  𝜏 , + 𝑅  . 𝑡    (3.1) 

where: τs(t) = Static yield stress, time t after agitating the material (Pa) 
 τD,I = Initial dynamic yield stress (Pa)  
 Rthix = Rapid re-flocculation rate (Pa/s) 
 t = Time after end of agitation (s) 

𝑡  =  , ,      (3.2) 

where: trf = Period of time for the occurrence of re-flocculation (s) 
 τS,i = Initial Static yield stress (Pa) 

𝜏 (𝑡)  =  𝜏 , + 𝐴  . (𝑡 − 𝑡 )   (3.3) 

where: Athix = Structuration rate (Pa/s) 

The static and dynamic yield shear stress vs. time graphs, along with the static yield shear stress 
evolution curve, were then used to characterise the rheological properties of the material. 

3.4.3. Buildability test 

After mixing the concrete and prior to starting the printing process for all the test samples, a circular 
hollow column with a diameter of 250 mm was printed to test the buildability of the 3DPC mix. The 
concrete filaments extruded to produce the column had a layer thickness of 30 mm, a layer height of 
10 mm and were printed in a spiral at a print speed of 60 mm/s (building rate of 45.86 mm/min). The 
columns were designed to be printed to a height of 900 mm, and the test stopped either when this 
height was reached or when the column failed. During the test, a video recording was taken to 
determine the height and the number of layers that were reached before failure as well as the failure 
that occurred. A total of 5 columns were printed, one for every batch of concrete that was mixed. 
Figure 3.20 shows one of the printed columns. 

 

Figure 3.20. Buildability test in progress. 
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3.5. Mechanical properties experimental procedures 

As mentioned in Chapter 1, the main objective of this study was to investigate the macro mechanical 
performance and behaviour of 3DPC samples reinforced with textiles. Flexure tests were, therefore, 
the main focus of this study. Additionally, compression tests were used to help characterise the 
printed concrete mix. 

3.5.1. Flexure 

After 28 days of curing, the cast and saw-cut printed samples were removed from the climate-
controlled environment to be tested in flexure with the four-point bending test. A Zwick Z250 test 
machine with a load cell of 250 kN and a displacement-controlled loading rate of 0.25 mm/min were 
used for testing. Figure 3.21 shows the test setup that was used, where samples with dimensions of 40 
mm × 40 mm × 160 mm (W × H × L) were tested for 150 mm, with two point loads applied 50 mm 
from each support and a spacing of 50 mm between them. The test setup and sample size were done 
as stipulated by European Standards (EN 196-1, 2016). 

 

Figure 3.21. 4-point bending setup. 

For these tests, it is important to note that the samples were tested in different orientations. The cast 
samples were simply placed over the span with the warp yarn (load-carrying yarn) running lengthwise 
over the span. The samples printed horizontally, however, were tested in orientation I (O-I), where the 
filament layers were aligned horizontally and the samples printed vertically were tested in orientation 
III (O-III), where the filament layers were aligned transversely. The different sample orientations for 
the methods of casting and printing vertically and horizontally, respectively, are illustrated in Figure 
3.22 (a-c), where all the important dimensions are annotated in mm. 
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Figure 3.22. Illustrations of sample setup for the four-point bending tests, where: a) Cast samples. b) 
Horizontally printed samples in O-I. c) Vertically printed samples in O-III. 

During testing, the load applied as well as the crosshead displacement of the machine were recorded. 
The tests were completed if the specimen either experienced failure of 95% of the maximum load 
carried or a mid-span deflection of more than 10 mm. However, with samples that have deflection 
hardeningand deflection softening effects, the researcher’s discretion was used to stop tests that did 
not satisfy the completion criteria. 

Following the completion of the tests, the data was extracted to set up the load vs. displacement 
graphs and used to calculate the cracked, dropped and textile flexural strength of the tested samples 
using the following equations: 

𝜎 = (𝑃 𝐿)/(𝑏ℎ )           (3.4) 

where:   σcr  = Cracked flexural strength of sample in MPa 
Pcr  = Load at concrete failure in N 

  L  = Distance between the supports in mm 
  b  = Width of the cross-section of sample in mm  
  h  = Height of the cross-section of sample in mm  

= (𝑃 𝐿)/(𝑏ℎ )     (3.5) 

where:   σdr  = Dropped flexural strength of sample MPa 
Pdr  = Dropped load after cracking of sample in N  

𝜎 = (𝑃 𝐿)/(𝑏ℎ )          (3.6) 

where:   σtex  = Ultimate flexural strength 𝜎  of sample due to textile in MPa 
Ptex  = Ultimate load carried by textile in N 

The biggest value between Equations 3.4, 3.5 and 3.6 was then used as the ultimate flexural strength 
(σult) of the tested samples. The results of these equations were important as they determined the 
efficiency of the textile reinforcement used and the location at which it was applied as well as how 
good the textile performed per method of application. The percentage of increase in flexural strength 
due to the addition of reinforcement was then finally calculated. All three of these equations are 
displayed on the individual load vs. displacement graphs of the various samples that experienced 
deflection hardening or deflection softening behaviour and are illustrated in Figure 3.23.     
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Figure 3.23. Illustration of the three flexural strengths located on the load vs. displacement graph. 

The flexural tests were conducted to determine the performance and behaviour of the samples 
reinforced with textile. The results of these tests were then used to compare the various samples with 
one another in order to determine the best textile to use, the location to apply it as well as the method 
of application. Furthermore, the data obtained from these tests were used to determine the efficacy of 
the textile, location and method. 

3.5.2. Compression 

After 28 days of curing and completing the flexure tests, the compressive strength of the cast samples, 
vertically printed samples, and horizontally printed samples were also tested with the Zwick Z250 
uniaxial testing machine with a displacement-controlled loading rate of 1 mm/min. The ends of the 
control samples of each method that were tested in flexure that failed in a brittle manner were reused 
and fitted into the testing machine with steel plates, with dimensions of 40 mm × 40 mm, as shown in 
Figure 3.24. The steel plates were fitted above and below the sample to restrict the area at which the 
load was applied and to ensure that the load was uniformly distributed. 

 

Figure 3.24. Compression test setup. 
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The load was applied and recorded by the testing machine until the sample experienced failure. The 
maximum load applied was then used to determine the ultimate compressive stress of the sample 
using the following equation: 

𝑓 = 𝑃/𝐴     (3.7) 

where:   fcu  = Compressive stress at failure in MPa 
P  = Load applied to the specimen in N  

  A  = Area of the plate through which load is applied in mm2  

Like the flexure tests, the samples tested in compression were loaded in different orientations. 
Furthermore, the samples were tested with the same orientations as for the flexure tests, where the 
cast samples were loaded perpendicular to the casting direction and the printed samples were tested in 
O-I and O-III, as shown in Figure 3.25 (a-c). 

 

 

Figure 3.25.  Orientation of samples tested in compression where: a) Cast samples, b) Printed 
samples with interlayers orientated perpendicular to loading direction (O-I) and c) Printed samples 
with interlayers orientated parallel to loading direction (O-III). 

3.6. Optical microscopic images 

After conducting the flexural and compressive tests, the samples were examined using an optical 
microscope with a still image capture resolution of 2592 × 1944, a manual focus range of 10 mm to 
500 mm and a magnification ratio of up to 300x. The microscope was used to capture images of the 
cross-sectional interface of the samples of the different methods to be compared with each other. 
Additionally, the bond between the yarn and the matrix was examined, along with the failure 
mechanisms of the respective textiles and samples.  

3.7. Experimental programme 

Presented in Table 3.3 is the experimental programme followed to characterise the 3DPC mix. The 
tests conducted for the characterisation of the mix were done in the fresh state and therefore depended 
on the time. To ensure that all the mixtures were consistent and suitable for printing, the flow table 
test was conducted on each occasion that the concrete was mixed. The rheology tests, however, were 
only conducted once. All the testing procedures conducted to characterise the mix were completed 
prior to creating and testing samples. 
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Table 3.3: Experimental programme followed to characterise the 3DPC mix. 

Step Time after mixing commenced 
Measure constituents - 
Mixing process 0 
Flow table test 5 min 
Rheology test 6 min 
Buildability test 6 min 
Compressive strength test 28 days 

After the concrete was characterised, the vertical and horizontal printing methods were used to create, 
extract and test samples. Samples were then also cast and tested. Finally, all the variations of samples 
were investigated after testing to identify the failure modes and cracking patterns. The programmes 
followed for each of these methods are presented in Table 3.4. 

Table 3.4: Experimental programme for the different methods. 

Method Step Curing age 

Vertical 
printing 

Flow table test 0 min 
Fresh cutting 1-2 hrs 
Saw-cutting 21 days 
Flexural test 28 days 
Compressive test 28 days 
Investigating failure 28 days + 

Horizontal 
printing 

Flow table test 0 min 
Saw-cutting 21 days 
Flexural test 28 days 
Compressive test 28 days 
Investigating failure 28 days + 

Cast 

Flow table test 0 min 
Flexural test 28 days 
Compressive test 28 days 
Investigating failure 28 days + 

 

3.8. Concluding summary 

In this chapter, the methodology followed for this study was discussed, which included the description 
of the materials that were used, the pre-experimental processes and the experimental test methods. 
The chapter started with defining the materials and mix design that were selected for the 3DPC mix, 
as well as the materials selected for reinforcement. The pre-experimental processes were then 
discussed, and the different methods used for creating the desired samples were explained. Thereafter, 
the various experimental processes were explained to give more insight into the procedures that were 
followed as well as the difference between the orientations of the samples. Finally, the experimental 
program for this study was presented, showcasing the different timelines that were followed to 
achieve the desired results. These results will consequently be presented and discussed in Chapter 4. 
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4. CHAPTER 4: RESULTS AND DISCUSSION 

In this chapter, the results from the concrete characterisation tests such as the flow table, rheology  
and buildability tests, as well as mechanical tests, such as the flexural and compressive tests are 
analysed and discussed. Additionally, the failure mode, crack sequence and pattern of the samples are 
investigated and presented and finally, the results of the different methods are compared and 
discussed.  

4.1. Characterisation of concrete 

When concrete is used in a study, it is important to know and understand its characteristics. These 
characteristics are used to determine the suitability of a concrete mix for its desired use. In this study, 
the concrete was designed to be suitable for printing and reinforced with the respective textiles.  

4.1.1. Flow table test 

The flow table test was conducted on all the batches of concrete after the completion of the mixing 
process. Figure 4.1 shows the two perpendicular measurements of one such test. This test was used 
throughout the study as a quality control check to ensure all batches have the same flowability and 
that all batches are suitable for printing. In Section 3.4.1, it was stated that if the resulting flow 
diameter is between 150 mm and 180 mm, then it is suitable for printing.  

 

Figure 4.1. Flow table test results. 

However, to ensure that the textile reinforcement used in the study was fully enveloped with concrete 
to minimise the risk of voids forming and to optimise the bond between the matrix and the 
reinforcement, a high flow diameter was desired. Subsequently, all the batches that were mixed, 5, 
achieved a flow diameter of near 170 mm, which is close to the upper limit of what is acceptable for 
printing. This result suggests that the flowability of the mix is suitable for printing as well as 
enveloping the yarns of the textile reinforcement. 

4.1.2. Rheology test 

After the flowability of the mix was deemed satisfactory, the rheology of the mix was tested to 
quantify its workability, printability and structuration. For this, the main rheological parameters were 
determined with the ICAR rheometer. Figure 4.2 (a-c) shows the static and dynamic yield stresses for 
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the mix at different resting times. The slope of the linear trend line of each of the static yield stress 
graphs is used to determine the Rthix and Athix properties of the mix, respectively. The graphs show that 
the static yield stress of the mix increases rapidly over short resting periods (a), and steadily over 
longer resting periods (b). Furthermore, the dynamic yield stress decreases linearly over short resting 
periods as well as longer resting periods. These results agree with literature such as that of Kruger et 
al. (2019). 

  

 

Figure 4.2. Results obtained from rheology test a) Static yield stress over short resting periods, b) 
Static yield stress over long resting periods, and c) Dynamic yield stress over all the resting periods. 

Table 4.1 summarises the analysed results from the test and the graphs displayed in Figure 4.2 (a-c), 
which shows that the mix has a high initial static yield stress and re-flocculation rate as well as a low 
initial dynamic yield stress and structuration rate resulting in a mix with high thixotropy. The re-
flocculation and structuration rate obtained is similar to the 6.88 Pa/s and 1.08 Pa/s, recorded by 
Kruger et al. (2019), whereas the initial static and dynamic yield stresses are in the range of the 1891 
Pa and 969 Pa, recorded by Moelich et al. (2020).  

The low dynamic yield stress obtained characterises the mix as well suited for extrusion as less stress 
is required to maintain the flow of concrete, resulting in less strain on the pump and a lower 
probability of segregation occurring. Furthermore, the high static yield stress characterises the mix as 
being buildable, as this constitutes that the mix is stiff at rest and requires a lot of energy to start 
flowing.  
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Table 4.1: Main rheological parameters of 3DPC mix 

Parameter Mix characteristic Unit 
τS,i 2030  Pa 
τD,i 1028 Pa 
Rthix 7.19 Pa/s 
Athix 0.57 Pa/s 

In Figure 4.3, the static yield stress evolution curve presents the thixotropic characteristics of the mix. 
Additionally, the curve illustrates the high re-flocculation and low structuration rate of the material. 
This curve can further be utilised in the buildability model of Kruger et al. (2019) to predict the 
buildability of the mix by plotting the building rate on the graph, which then predicts the failure of the 
column at the point where the building rate intersects with the material strength. The resulting 
predicted amount of layers are 34 layers.      

 

Figure 4.3. Static yield shear stress evolution curve. 

4.1.3. Buildability test 

Although the high static yield stress and rapid-reflocculation rate obtained in the rheology tests 
suggest that the 3DPC material has a high buildability, the buildability was still practically tested 
following the procedure explained in Section 3.4.3. Figure 4.4 shows the printing and failure of the 
circular column used for the buildability test. The column experiences plastic collapse as a failure 
mechanism, which means that the pressure induced by the layers on top onto those at the bottom is 
more than it can withstand. The layers at the bottom thus give way, resulting in the collapse of the 
entire column. The circular column were printed 5 times and on average reached 49 layers prior to 
failing. 
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Figure 4.4. Printing and failure of the circular hollow column during the buildability test. 

The buildability test therefore results in 15 more layers being printed on average prior to failure, 
compared to the amount predicted by the buildability model of Kruger et al. (2019). The difference 
can partly be attributed to the conservative nature of the model. However, it can further be explained 
by the Athix of the mix, as it is one of the parameters used to calculate the predicted layers prior to 
failure. According to Kruger et al. (2019), the Athix is determined over a large time scale which results 
in several factors influencing it. It is therefore suggested to conduct more rheometer tests and use the 
average of the Athix parameter in the buildability model as it would lead to a more accurate prediction.   

4.1.4. Compressive strength  

The mean compressive strengths of the cast samples and the O-I and O-III printed samples, are 
presented in Figure 4.5. Atleast 5 samples of each of the variations were tested in compression. The 
results show that the printed samples have anisotropic compression characteristics with the O-I 
samples 34% stronger in compression than the O-III samples. Additionally, the compressive strength 
of the printed samples are higher than the cast samples, with an increase of 43% and 6.5% for the O-I 
and O-III samples, respectively.  

 

Figure 4.5. Compressive strength of the 3DPC mix after 28 days. 
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The results of the printed variations, O-I and O-III, are similar to the mean compressive strength of 
45.1 ± 2.6 MPa and 38.2 ± 3.6 MPa recorded by van den Heever et al. (2021). Additionally, this 
anisotropic compressive characteristics of the printed samples agree with literature such as Wolfs et 
al. (2019) and Liu et al. (2022). It is important to note the variability in these results, as it shows the 
significance of the method used for creating the samples. It is postulated that the void topology, 
porosity and orientation of the interlayers and weak/shear plane regions influence the results as 
explained by Kruger et al. (2021). Additionally, according to Moelich et al. (2021), the loss of surface 
moisture, when printing, causes a decrease in performance. 

In contrast to the results of this study, cast samples conventionally shows higher compressive strength 
than the printed samples . However, Nerella et al., (2016) also displays increased performance for the 
printed samples compared to the cast samples and ascribed it to a reduced air content caused by the 
extrusion process. Optical microscope images were therefore captured of the cross sections of the 
different variations, the results of which to be discussed in Section 4.6.2.  

Summary of the characteristics of the 3DPC mix 

In summary, the results in this section characterise the mix as sufficient for printing due to its 
workability, printability and buildability properties compared to literature. Furthermore, the mix is 
suitable for being used in tandem with textile mesh reinforcement, as the mix is sufficiently flowable 
to protrude through the apertures of the textile and to completely envelope the yarns. A mix with 
characteristics that is suitable for both printing as well as being reinforced by textiles is desired as it 
contributes to the performance and behaviour of the composite elements. Finally, it is noteworthy to 
mention that in terms of compression, the printed variations performed better than the cast variation 
leading to the presumption that the mix is more suitable to be printed than to be cast. 

4.2. Flexural performance and behaviour of vertically printed samples 

As discussed in Section 3.1.3, five variations of samples were created for this method, which are 
labelled as follows: control samples (VC), samples reinforced with Textile A at the neutral axis 
(VAM), samples reinforced with Textile A, 10 mm below the neutral axis (VAL), samples reinforced 
with Textile B at the neutral axis (VBM), and samples reinforced with Textile B, 10 mm below the 
neutral axis (VBL). The four-point bending results of all the variations are discussed individually in 
this section, after which it is summarised and compared.  

4.2.1. Control samples 

Figure 4.6 presents the load vs. displacement graph of the vertically printed control samples, which 
shows that the unreinforced samples experienced linear elastic behaviour, after which brittle failure 
occurred. As explained in Chapter 2, the interlayer of printed concrete samples is weak in tension, 
causing weak locations along the bottom surface area of samples tested in flexure due to a tension 
zone forming. The samples were orientated transversely (O-III), which resulted in these weak 
locations, thus influencing the consistency of the flexural performance of the samples as well as the 
maximum load carried. The samples tested therefore experienced slightly different gradients before 
failing as well as a wide range in maximum load.   
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Figure 4.6 : Load vs. displacement graph of VC samples. 

The failure of the samples is depicted in Figure 4.7. All of the vertically printed control samples failed 
with a crack forming at a location between the two applied point loads. Furthermore, in all instances, 
the crack originated at the interlayer between the printed filaments similar to the findings of Moelich 
et al. (2021). The crack did not form at the same interlayer but rather varied across the interlayers 
between the two applied loads for the different samples.  

 

 
Figure 4.7. Samples after flexural strength tests: a) Failure in test setup, b) Failure of all the control 
samples. 

Additionally, the shear plane created by the printing technique explained in Section 3.1.3, is visible in 
the cross-section of the failed samples displayed in Figure 4.8. Moreover, all the failed samples 
display white lines on either side of the weak plane, which indicates that the concrete filaments 
printed adjacent to one another were over extruded sufficiently, resulting in an overlap of the 
filaments avoiding the formation of voids. Further investigations of these cross-sections show concave 
shapes forming at the sides, like the layers printed on top of each other, indicating that failure 
occurred at the interlayer.  
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Figure 4.8. Cross sections (cracked planes) of the control samples post-testing. 

4.2.2. VAM samples 

The results of the VAM samples are displayed in the load vs. displacement graph in Figure 4.9. These 
samples are identical to that of the control samples with the exception that they are reinforced and 
thus initially experience linearly elastic behaviour identical to the control samples. However, at the 
point of concrete failure, the samples do not fail in a brittle manner but rather crack at a location 
between the applied loads which then start to propagate. The samples then experience deflection 
hardening characteristics, such as that displayed by the TRC elements of Halvaei et al. (2020), the 
TRC strengthened elements mentioned by Koutas et al. (2019) and mesh reinforced 3DPC elements of 
Marchment & Sanjayan (2020), where the load carried by the sample surpasses the point of concrete 
failure until it reaches the ultimate load before failing completely. Three different stages of cracking 
characterise the behaviour of the samples and are represented on the load vs. displacement graph as 
significant drops in the load carried. These three stages of cracking also agree with the recorded 
literature on TRC and TRC strengthened elements discussed in Sections 2.2.7 and 2.2.8. 

 

Figure 4.9. Load vs. displacement of VAM samples 
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The first stage of cracking occurs at the point of concrete failure, which is the first crack, where there 
is a significant drop in the load carried by the samples, and the warp yarns are activated as 
reinforcement and start to carry the load. This drop in load for the VAM samples is specifically 
significant as the warp yarn is only located on the neutral axis of the samples and not the tension zone. 
As the load increases at a steady rate, the first crack grows vertically along the depth of the beam at 
the location of an interlayer and widens until it reaches the textile layer. All of the VAM samples 
experienced an identical load transfer from the concrete to the warp yarn. Figure 4.10 shows how this 
initial crack spread to the textile layer for the different samples.  

 

 

Figure 4.10. Stage 1 cracking for VAM samples. 

The second stage of cracking occurs when the first crack reaches the textile layer and splits, forming a 
cross shape at the point of intersection with the textile, with one end of the crack growing further 
along the depth of the beam towards the top (secondary vertical crack) and the other extending 
horizontally along the length of the textile layer (delamination crack). The latter of these two cracks is 
more prominent and is the more dominant crack. The cracking behaviour and sequence of Stage 1 and 
Stage 2 of the VAM samples are identical to that recorded by Marchment & Sanjayan (2020), where a 
primary vertical crack form which is followed by a horizontal (delamination) crack and a secondary 
vertical crack. 

The drop in load at the start of this stage is not as significant as that of the concrete failure, and 
directly after the drop. The load increases as the two cracks grow and widen. Whilst these cracks 
expand and grow, the load carried by the sample increases up until the ultimate load. During this 
increase in load, there are other minor drops in the load caused by micro cracks that form along the 
path of the two main cracks at this stage. Figure 4.11 shows the cracking pattern and its progress.  
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Figure 4.11. Typical Stage 2 crack progression of VAM samples. 

The third stage of cracking for the VAM samples occurs when the ultimate load is reached until the 
samples completely fail. The load vs. displacement graph of these samples show that after the ultimate 
load is reached, the load slightly drops. At this stage, the cracks that form in the sample grow and 
propagate. The samples could still support more loading until the cracking leads to the complete 
failure due to delamination of the concrete material either above or below the textile layer. The 
sudden failure of the samples shown in Figure 4.9 correlates with the failure of the samples due to 
delamination shown in Figure 4.12. This behaviour and failure mode agrees with that recorded by 
Koutas et al. (2019) on the TRC strengthening of RC elements, and is discussed in Sections 2.2.8 and 
2.2.9.  

 

Figure 4.12. Typical failure of VAM samples: a) Delamination above and below textile, b) 
Delamination below textile, and c) Delamination above textile. 
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Investigation of the load vs. displacement graph, as well as the cracking stages of the VAM samples, 
suggest that the flexural performance of these samples is repeatable and predictable as all of the VAM 
samples failed in a consistent manner. The sequence of cracking for the VAM samples is indicated 
and summarised in Figure 4.13 a), where it is numbered from one to four according to the sequence of 
the crack, with three and four denoting the cracks that formed prior to the ultimate failure of the 
samples. This figure shows the consistency of the failure of the VAM samples. 

As mentioned before, a weak plane is present at a location along the middle of the depth of the VAM 
where the textile is situated. Figure 4.13 b) shows that the horizontal cracks for these samples form 
predominantly along this weak plane, growing towards the end of the sample whilst thickening, 
therefore, effecting the failure mechanism of the samples. It is postulated that this weak plane 
promotes delamination where the textile is applied. All the VAM samples failed due to delamination. 
Therefore, the composite sample failed prior to the failure of the textile. Furthermore, for all the failed 
VAM samples, the grooves in which the textile was situated prior to delamination are visible, as 
shown in Figure 4.13 c). The residue of the epoxy resin was found in these grooves, indicating an 
effective bound between matrix and textile which is further discussed in Section 4.7.2.  

 

Figure 4.13. Failure of samples: a) Top view, b) Side view and c) Showing grooves and residue. 

In summary, the typical cracking sequence of the VAM samples originates with a primary vertical 
crack forming in between the supports which grows along the depth of the beam until it reaches the 
reinforcement layer. This is then followed by a split in the crack with one end propagating vertically 
as the secondary vertical crack, and the other horizontally as the delamination crack, creating a cross 
shape. The horizontal crack then propagates to one end of the beam splitting along the way forming 
more micro vertical cracks. It also experiences propagation until complete failure occurs in the form 
of delamination.  

a) c) 

b) 
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4.2.3. VAL samples 

The results of the VAL samples are displayed in the load vs. displacement graph in Figure 4.14. In 
contrast to the VC samples and the VAM samples, the shear plane formed due to the printing method 
used for vertical printing for these samples are not in the middle of the cross-section, but rather 10 
mm from the bottom. It is, therefore, closer to the bottom of the samples, resulting in a smaller cover 
depth influencing the sample behaviour. This influence is reflected in the graph, where the samples 
experience concrete failure much quicker than the VAM samples. After concrete failure, deflection 
hardening characteristics are again evident, resulting in a significant increase in load-carrying 
capacity. Similar to the VAM samples discussed in Section 4.2.2, three stages of cracking can be used 
to characterise the performance and behaviour of the samples. These three stages, however, differ 
from that of the VAM samples.  

 

Figure 4.14.  Load vs. displacement of VAL samples. 

The first stage of cracking for these samples occurs at the point of concrete failure, which results in a 
drop in load on the graph. In comparison to the VAM samples, this drop is small and shows that when 
applying displacement-controlled loading, the location of the reinforcement layer influences the drop 
in load at concrete failure. The cracks that form at this point cause a transfer of the load to the 
reinforcement, and the closer the reinforcement is to the bottom of the layer, the quicker the load is 
transferred. At this stage, the samples experienced either a single vertical crack at mid-span between 
the two point loads or two cracks simultaneously at each of the locations of each of the point loads, 
respectively. The latter of these two can predominantly be used to characterise the first stage as it 
happens more frequently. Figure 4.15 (a & b) shows that similar to the VAM samples, these cracks 
initially only form up until the reinforcement layer, which then propagates along the depth of the 
beam. 
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Figure 4.15. Stage 1 cracking for VAL samples at: a) Middle and b) Supports. 

After the first drop in load, the VAL samples experience consistent cracking patterns during Stage 2, 
and the results in this stage of testing are, therefore, consistent. For the samples that experienced the 
two cracks at each point load during Stage 1, these cracks split in two at the textile layer, forming two 
cross shapes similar to that of the VAM samples. The two cracks of each cross then propagate 
horizontally along the textile layer as well as vertical along the depth of the sample towards the top, 
which is shown in Figure 4.16. The horizontal crack proves to govern in terms of its width and length 
and ultimately determines the location at which complete failure occurs. 

 

Figure 4.16. Typical Stage 2 crack progression for VAL samples. 

The third and final stage of cracking is shown in Figure 4.17, where a diagonal crack develops, 
forming a triangle-like shape with the vertical and horizontal cracks of one of the cross shapes 
mentioned and shown in Figure 4.16. This diagonal crack propagates in length and width until it 
reaches the nearest support at the bottom and the middle of the sample at the top.  

a) 

b) 
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Figure 4.17. Typical Stage 3 crack progression of VAL samples. 

At this point, the crack causes local displacement between the support and applied load resulting in 
failure due to delamination. This failure mode and mechanism determines the failure results in the 
load vs. displacement graph, and as discussed in Section 4.2.2, this agrees with the literature of 
conventional TRC and TRC strengthened elements. Figure 4.18 present the failed samples, showing 
that, identical to the VAM samples, these samples experienced horizontal cracking along the textile 
layer.  

 

Figure 4.18. Typical failure of VAL samples. 

Figure 4.19 shows that the VAL samples failed, with delamination occurring closer to the supports 
compared to the VAM samples. However, similar to the failure of the VAM samples, these samples 
failed due to horizontal cracking resulting in delamination occurring at the textile layer. It is further 
postulated that this crack is promoted by the occurrence of the weak plane in the same area. The 
delamination can be seen in Figure 4.19, where the ends of the samples split at the location of the 
textile. The textile layer, along with the weak plane, therefore, significantly impacts the failure of the 
composite elements. 
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Figure 4.19. Failure of VAL samples illustrating the split ends. 

In summary, the typical cracking sequence of the VAL samples originates with two vertical cracks 
forming at the location of the supports, which grows along the depth of the beam until it reaches the 
reinforcement layer. It is then followed by a split in the cracks, with one end propagating vertically 
and one end growing horizontally, creating a cross shape at each of the two originating cracks. The 
horizontal crack propagtes to one end of the beam splitting along the way forming more vertical 
cracks whilst it also propagates until the complete failure occurs in the form of delamination between 
the support and the closest location at which a load is applied.  

4.2.4. VBM samples 

Figure 4.20 present the results of the VBM samples. Following the same behaviour as the VC and 
VAM samples prior to the first crack and concrete failure, the reinforcement of the samples does not 
influence its performance in the first stage of cracking for this method. After the point of concrete 
failure, these samples do not fail in a brittle manner, nor do they experience deflection hardening 
behaviour. When the concrete fails, the load drops and starts to increase steadily, similar to that of the 
VAM samples. However, the load applied to these samples does not exceed the load that caused the 
concrete failure, and therefore these samples experienced deflection softening behaviour.  

Similar to the deflection hardening behaviour, literature is recorded on the deflection softening 
behaviour of TRC elements in studies conducted by Du et al. (2018) and Volkova (2016). These 
studies suggest that the deflection softening behaviour can be improved to deflection hardening 
behaviour by increasing the amount of layers applied in the elements, thereby increasing the 
reinforcement area. It is therefore postulated that deflection hardening behaviour is possible with 
Textile B if more layers are used. 
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Figure 4.20. Load vs. displacement of VBM samples. 

In contrast to the VAM samples, these samples did not experience different cracking stages. At the 
point of concrete failure, a localised crack formed between the two point loads. Similar to the VC and 
VAM samples, this crack formed at an interlayer. As the crack intiates in the sample, it already 
surpassed the textile layer. As the test progressed, the crack propagates and widens along the depth of 
the sample towards the top, as seen in Figure 4.21.  

 

Figure 4.21. Typical crack propagation of VBM samples. 

The load applied increases until the maximum capacity of the textile is reached, after which three 
different modes of failure occurred for the samples. The first mode of failure is shown in Figure 4.22 
(c) referring to Sample 5, where both the warp yarn ruptured, and the load dropped significantly 
without a large mid-span displacement of the sample. The second mode of failure is shown in Figure 
4.22 (b) referring to Samples 2 and 4, where the load was still carried for some time after reaching the 
yarn’s capacity before only one of the warp yarns ruptured, and the samples subsequently failed. The 
failure of samples due to fibers rupturing is one of the failure modes mentioned by Koutas et al. 
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(2019), Du et al. (2018) and Halvaei et al. (2020). The final mode of failure occurs when both yarns 
do not rupture, and the sample fails due to displacement as shown in Figure 4.22 (a). This mode of 
failure correlates to the slippage failure mode mentioned by Cristine et al. (2021). For the final mode 
of failure, the load is carried for a long time after it reached the capacity of the yarn and is, therefore, 
stopped at the point of 5 mm displacement as this would have gone on until one or both yarns 
ruptured. There is a distinction between these three failure modes in terms of the displacement that is 
experienced by the samples as well as the rate at which the loading increases and decreases. The 
failed VBM samples are shown Figure 4.23.  

 

Figure 4.22. Three failure mechanisms: a) No yarn rupture, b) One yarn ruptures, c) Both yarn 
ruptures.  

 

Figure 4.23. Failed VBM samples. 

4.2.5. VBL samples 

The results of the VBL samples are displayed in the load vs. displacement graph in Figure 4.24. The 
behaviour of these samples during testing is similar to those of the VAL samples, where the first drop 
in load represents the point of concrete failure and occurs around the 1 kN load rather than the 2 kN of 
the VC, VAM and VBM samples. This proves that the shear/weak plane influences the first crack of 
the samples as the shear plane for these samples is again located 10 mm below the neutral axis rather 
than at the middle. After the point of concrete failure, the load drops, but not as significant as that of 
the VBM samples. The load carried by the samples then exceed the load at concrete failure, which 
causes these samples to experience deflection hardening characteristics in contrast to the VBM 
samples. 

a) b) c) 
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Figure 4.24. Load vs. displacement graph of VBL samples. 

Similar to the VBM samples, the failure mode of the textiles determines the behaviour of the samples 
post-concrete failure. A vertical crack forms between the two applied loads, propagating along the 
depth of the beam, as shown in Figure 4.25. Again, it is clear that three different modes of failure are 
present, including failure of both yarns, failure of one yarn and failure of no yarn during testing. Only 
one sample did not experience failure of any of the two yarns (Sample 3), which did not fail prior to 
reaching 5 mm of displacement. For Samples 4 and 5, on the other hand, only one of the yarns fails 
and therefore, after reaching the ultimate load capacity of the yarn, the samples still sustain a load up 
to around 4 mm of displacement. Finally, Samples 1 and 2 showcase the results of the failure mode 
where both of the yarns failed. This is evident as the samples completely failed directly after reaching 
the ultimate load capacity.   

 

Figure 4.25. Typical crack propagation of VBL samples. 

In comparison with the VBM samples, more samples experienced failure in both yarns and less 
samples experienced no failure of the yarns prior to reaching 5 mm. The textile for the VBL samples 
was placed in the tension zone of the sample and therefore was activated earlier than the textile placed 
in the VBM samples.  
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4.2.6. Flexural strength overview of vertically printed samples 

The flexural strength of the different variations at the location of σcr, σdr and σtex (Figure 3.23), are 
graphically presented in Figure 4.26. Additionally, the ultimate flexural strength of each of the 
variations is included in Table 4.2. These results, together with the load vs. displacement graphs, 
indicate the difference in flexural performance and behaviour of the different variations for this 
method compared to each other.  

The comparison of the flexural results in Figure 4.26 shows that the location of the weak/shear plane 
predictably influences the cracking flexural strength (σcr) of the samples. The results show a 47% 
reduction from the VAM to the VAL samples and a 37% reduction from the VBM to the VBL 
samples. Additionally, the presence of the textile layer also decreases the σcr of the VAM and VBM 
samples compared to the VC samples. This behaviour has been recorded by Marchment & Sanjayan 
(2020) and is due to the area in the cross-section that the textile yarn occupies, of which the cross-
section area of the yarn of Textile A is significantly greater than that of Textile B therefore leading to 
a greater decrease. The reduction of the σcr of the VAM samples is greater, at 13% than the VBM 
samples with 6%. Additionally, the drop in flexural strength from σcr to σdr of the VAM and VAL 
variations is significantly less than that of the VBM and VBL samples. This difference is attributed to 
the difference in stiffness and coating of the two textiles, resulting in a quicker load transfer for the 
variations reinforced with Textile A compared to Textile B. 

For the VAM and VAB samples, there is a significant increase from the cracking flexural strength 
(σcr) to the ultimate flexural strength caused by the textile (σtex), which indicates the effectiveness of 
the textile as reinforcement. The increase in the flexural strength for the VAM and VAB samples is 
207% and 607%, respectively which is comparable to literature such as that of Marchment & 
Sanjayan (2020), who recorded a 170%-290% increase in flexural performance for vertically printed 
elements reinforced with a steel mesh. This increase in flexural strength further also agrees with other 
TRC and TRC strengthening studies as discussed in Sections 2.2.7 and 2.2.8. 

As expected, the results show that the VAB samples experienced a larger increase in flexural strength. 
This is due to the stress distribution across the depth of the sample, where the highest stress is 
experienced at the bottom of the sample under bending due to the applied load. However, the VAB 
samples varied significantly, which is indicated by the high standard deviation. The VAM samples, in 
contrast, performed consistently, which means that it has good repeatability and the performance is 
easier to predict. This is indicated by the low standard deviation. For the VBM samples, there is a 
decrease in the flexural strength from σcr to σtex of 33% due to the deflection softening behaviour of 
the material. However, in contrast, for the VBL samples, there is an increase of 19% due to the low σcr 
of these samples. Furthermore, the VBL samples experienced a σtex that is higher than the VBM 
samples, similar to that of the VAM and VAB samples. 
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Figure 4.26. Flexural strength of variations of vertical printing. 

The ultimate flexural strength of all the variations is presented in Table 4.2. From these results, it is 
clear that the addition of Textile A significantly increases the strength of the samples compared to the 
control samples. The σUlt of the VAM and VAB samples are 167% and 228% higher than that of the 
VC samples. Interestingly, the addition of Textile B decreases the strength of the samples compared to 
the control samples. This is due to the deflection softening behaviour of the VBM samples and the 
cracking flexural strength being reduced from that of the VC samples. Subsequently, the strength 
decreased. Additionally, for the VBL sample, the shear/weak plane is lower, decreasing the cracking 
flexural strength with the textile unable to sufficiently reinforce the element to surpass the σUlt of the 
VC samples.  

Table 4.2: Mean ultimate flexural strength of vertically printed variations. 

Variation σUlt (MPa) 
VC 4.55 
VAM 12.17 
VAL 14.91 
VBM 4.29 
VBL 3.22 

In summary, the results show that the variations with the textile located in the middle of the depth of 
the beam performed more consistently than those reinforced at the bottom, resulting in more 
repeatable and predictable variations. Furthermore, Textile A proved to be more sufficient in 
increasing the flexural strength of the samples, and Textile B proved to be more sufficient in 
increasing the ductility of the samples. Finally, the cracking sequence of the VAM samples are 
consistent, further indicating the good performance of the samples reinforced at the middle of the 
beam with Textile A. Therefore, taking into account the flexural strength performance, the ductility 
behaviour and the consistency of the results, cracking sequence and failure, the variation of the VAM 
samples show the best performance. 
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4.3. Flexural performance and behaviour of horizontally printed 
samples 

In this section, the flexural performance and behaviour of the different horizontally printed variations 
are discussed. As mentioned in Section 3.1.3, five variations of samples were created for this method, 
including control samples (HC), samples reinforced with Textile A in the middle/neutral axis (HAM), 
samples reinforced with Textile A, 10 mm below the neutral axis (HAL), samples reinforced with 
Textile B at the neutral axis (HBM) and finally samples reinforced with Textile B 10 mm below the 
neutral axis (HBL). The four-point bending results of all the variations are discussed individually in 
this section, after which results are summarised and compared.  

4.3.1. Control samples 

Similar to the VC samples, the horizontally printed control samples also experienced linear elastic 
behaviour followed by brittle failure, as shown in Figure 4.27. The figure also illustrates the 
orientation in which these samples were tested (O-I). The orientation results in the interlayers being 
orientated horizontally, resulting in no weak locations at the bottom of the beam due to the interlayers. 
However, other weak locations form due to the presence of the shear/weak planes that form due to the 
zigzag printing path followed to print these samples. The amount of weak/shear planes that form due 
to the zigzag pattern is significantly less than the amount of interlayers present for the vertically 
printed samples. The performance of the HC samples is, therefore, consistent.  

 

Figure 4.27. Load vs. displacement graph of HC samples. 

All of these samples experienced a crack that originated between the two applied loads, as shown in 
Figure 4.28. These cracks exclusively form at the locations of the vertical weak planes, caused by the 
zigzag printing path pattern. This occurrence is identical in principle to the failure of the VC samples 
at interlayer regions, which as discussed in Section 4.2.1. One or two such weak planes could be 
present between the two applied point loads due to the geometry of the samples, the printing path and 
the testing setup.  
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Figure 4.28. Failed samples: a) Failure in test setup, b) Failure of all the control samples. 

4.3.2. HAM samples 

Figure 4.29 displays the load vs. displacement graph for the HAM samples along with an illustration 
of the cross-section of the samples. The samples initially experienced linear elastic behaviour prior to 
concrete failure. Similar to the VAM samples, these samples do not experience brittle failure at 
concrete failure. Instead, the addition of the textile ensures deflection hardening properties. After the 
first crack, the samples show a deflection hardening behaviour before ultimately failing. The concrete 
crack and failure patterns are not consistent, as seen in the graph. Similar to the VAM and VBM 
samples reinforced with Textile A, these samples experience three stages of behaviour when subjected 
to flexural loading. Similar to the VAM samples, the behaviour of these samples also agrees with 
literature available on TRC, TRC strengthening and mesh reinforced 3DPC elements (Koutas et al., 
2019) (Halvaei et al., 2020) (Marchment & Sanjayan, 2020). 

 

Figure 4.29. Load vs. displacement graph of the HAM samples. 

At the point of concrete failure, a crack forms between the two applied point loads. This point 
correlates to the end of Stage 1 and the beginning of Stage 2, as seen in Figure 4.29. Similar to the HC 
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samples, these cracks exclusively form at the weak planes formed by the zigzag printing path. The 
location of the first crack is therefore governed by the location of the weak plane. In the case where 
two weak planes are present between the two applied point loads, the formation is governed by the 
presence of the weft yarn. The crack, therefore, forms at the weak plane with the weft yarn. 
Observation of the samples further shows the presence of voids underneath some of the yarns of the 
samples. When present, these voids seem to govern the formation of the first crack. The first crack of 
these samples thus varies significantly. Figure 4.30 shows the formation of the first crack where the 
weak plane is aligned with the weft yarn and a void is present. 

 

Figure 4.30. Typical 1st crack formation for HAM samples forming at a weft yarn with a void. 

The second stage of cracking occurs when the vertical crack reaches the textile layer. Here, the crack 
splits into a vertical crack and a horizontal crack, as shown in Figure 4.31. Additionally, this figure 
shows how the weak planes influence the formation of first and secondstage cracks. During this stage, 
the  first crack proceeds to propagate and grow in width whilst the newly formed cracks grow in their 
direction. Similar to the VAM samples, the horizontal crack governs the progression of this stage 
towards failure. The horizontal crack encounters weft yarns and voids as it grows, which are not 
consistent. Therefore, as seen in Figure 4.29, the behaviour of the samples during this stage is 
variable.  

 

Figure 4.31. Typical 2nd crack formation for HAM samples. 

The third stage of cracking and behaviour consists of the vertical and horizontal crack of Stage 2 
growing and splitting. This process continues until the ultimate failure of the composite element 
occurs. As the horizontal crack propagates along the length of the sample, vertical cracks originate 
from the locations of the weft yarns and grow to the top and bottom of the beam. The samples 
ultimately experience delamination above and below the textile layer, until ultimate failure occurs, as 
shown in Figure 4.32. Observation of the failed samples indicates that severe delamination occurs, 
which can be attributed to the fact that the textile layers in these samples are orientated with 
interlayers.  

Weak 
planes 

between 
applied 

point loads 

Voids 

https://scholar.sun.ac.za



Page | 81 

    

Figure 4.32. Failure of HAM samples where: a) Delamination above and below textile layer and b) 
Failed samples indicating cracking sequence. 

In summary, the HAM samples experience a consistent cracking sequence and fail due to 
delamination similar to that of the VAM samples. This cracking sequence and failure mode have been 
recorded in studies on TRC strengthening of elements such as that of Koutas et el. (2020) and Cristine 
et al. (2021). However, the results and performance of the samples vary, which can be attributed to the 
presence of voids, weak planes and interlayers in the samples. 

4.3.3. HAL samples 

The results of the HAL samples are displayed in the load vs. displacement graph in Figure 4.33. The 
graph shows that these samples experience deflection hardening behaviour and that there is a 
significant increase in strength after the failure of the concrete occurs. Additionally, the results show 
that there are two distinctly different behaviours that are experienced by the samples post concrete 
failure. It is postulated that these two behaviours are determined by the failure mechanisms of the 
samples. Furthermore, the occurrence of these different failing mechanisms reduces the repeatability 
and consistency of the performance and behaviour of the samples. Although there are two different 
behaviours present, both of these behaviours promote an increase in strength and ductility of the 
samples such as that recorded for the HAM, VAM and VAL variations.  

The first mechanism is identified as failure due to delamination. This mechanism promotes behaviour 
such as that experienced by the HAM and VAM samples, where the ductility of the samples are 
greatly increased, whilst there is a steady increase in strength over time. In contrast, the second 
mechanism is identified as a shear failure, where the rate at which the strength increase is significantly 
higher than for the first mechanism. This result in the samples reaching a higher peak strength earlier, 
subsequently reducing the ductility compared to the first mechanism. According to Koutas et al. 
(2020), both of these failure modes have been recorded in literature when applying TRC as 
strengthening.  
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Figure 4.33. Load vs. displacement graph of the HAL samples. 

Prior to the first crack or concrete failure, however, all the samples experience linear elastic 
behaviour. The samples, therefore, behave the same up until concrete failure. At the point of concrete 
failure, a crack originates at a location between the two applied point loads. This behaviour occurs 
consistently for all the samples, as shown in Figure 4.34, and correlates with the first drop in load on 
the load vs. displacement graph. Similar to the HBM samples, the location of the first crack is 
governed by the presence of weak planes, weft yarns and voids.  

 

Figure 4.34. 1st crack originating at a location of a weak plane, between the two applied point loads. 

After the first crack occurs, the behaviour and crack sequences of the samples start to differ. For the 
samples that experience failure due to delamination, the 1st crack split in two, with one crack 
proceeding to grow vertically along the depth of the beam, whilst the other propagates horizontally, 
similar to the HAM samples. This sequence of cracking is shown in Figure 4.35. Again, similar to the 
HAM samples, the horizontal crack governs failure as it grows in length and width along the textile 
layer. Again, this cracking pattern is identical to that found by Cristine et al. (2021). 
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Figure 4.35. Crack propagation for samples that fail due to delamination. 

Whilst the horizontal and vertical cracks grow, a third crack forms diagonally from the one support at 
the bottom of the sample, towards a location either at the nearest point load at the top or the middle of 
the sample. This diagonal crack creates a triangular shape beneath which delamination of the sample 
occurs. The samples that experience this failure fail consistently, as shown in Figure 4.36 (a & b). 

 

Figure 4.36. Failure of HAL samples due to delamination: a) Failed samples in setup and b) All 
samples experiencing delamination. 

For the samples that fail in shear, a split also occurs after the first crack when it reaches the textile 
layer. However, this split is not as severe as for the delamination samples. Investigation of the 
samples further shows that the shear mechanism occurs due to the diagonal crack governing rather 
than the horizontal crack. The samples, therefore, proceed to fail in shear prior to experiencing 
delamination. The failure of the samples in shear is shown in Figure 4.37, showing the prominence of 
the diagonal crack. 

 

a) b) 
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Figure 4.37. HAL samples failing in shear. 

4.3.4. HBM samples 

As shown in Figure 4.38, the application of Textile B at the middle of the horizontally printed samples 
prevents brittle failure and provides the samples with ductile behaviour. After the point of concrete 
failure, these samples experience deflection softening behaviour similar to the VBM samples. As 
discussed in Section 4.2.4, this agrees with the behaviour recorded in other studies. However, the load 
transfer from the concrete matrix to the textile is extremely slow and therefore the test stopped for 
Sample 4 before the textile started carrying the load. The samples do experience an increase in the 
load carried after the failure of the concrete; however, it is significantly small. The load vs. 
displacement graph further shows that there is no sudden drop in the load carried by the textile, 
indicating that no sample failed due to the rupture of one or both of the warp yarns. 

 

Figure 4.38. Load vs. displacement graph of the HBM samples. 

Similar to the other variations of this method, concrete failure occurs at a location between the two 
applied point loads and is governed by the location of the weak planes. A single crack forms along the 
depth of the weak plane and then proceeds to grow along the depth of the beam as well as in width, 
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whilst the load is carried by the yarn, as shown in Figure 4.39. The crack then proceeds to widen as 
the bond between the textile and the concrete weakens, and the textile subsequently slips. As 
discussed in Section 4.2.4, this is one of the known failure modes when applying textile as 
reinforcement or strengthening material. In contrast to the VBM samples, only one failure mode 
occurs for the HBM samples, which is failure due to displacement. Therefore, no rupture of the yarns 
is observed for this variation. For the HBM samples, little to no voids form underneath the warp and 
weft yarns, resulting in reliable and consistent results. 

 

Figure 4.39. Typical crack propagation of HBM samples. 

4.3.5. HBL samples 

The load vs. displacement results of the four-point bending tests conducted on the HBL samples are 
shown in Figure 4.40. The results show that the samples experience consistent linear elastic behaviour 
until concrete failure, after which deflection softening behaviour is observed. After concrete failure, 
the load drops, which activates the textile reinforcement. Two mechanisms of failure are experienced 
by these samples. The first mechanism occurs due to the rupture of one yarn, whereas the second 
occurs due to displacement with no yarn rupturing. The first mechanism is indicated by the sudden 
drop of load in the graph, which occurs for three of the five samples. However, two samples can be 
seen failing without any rupture of yarn. 

 

Figure 4.40. Load vs. displacement graph of the HBL samples. 
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At concrete failure, a crack occurs at a location between the two applied point loads. Similar to the 
other samples tested for this method, the crack forms at a weak plane. The crack initially forms three-
quarters to the top of the beam and then proceeds to widen as it grows, and the load is increased. The 
crack widens until failure of the samples occur with the yarn either slipping or rupturing. Figure 4.41 
(a&b) shows the failed samples for this method, with Figure 4.42 showing the first failure mechanism 
where one yarn ruptured during the test. 

 

Figure 4.41. Failed HBL samples where: a) In setup, b) All the samples. 

 

Figure 4.42. Single yarn failure mechanism. 

4.3.6. Flexural strength overview of horizontally printed samples 

The flexural strength at three different stages of the different horizontal variations is displayed in 
Figure 4.43. These three stages include the σcr, σdr and σtex,  As all the variations for this method of 
printing had a cross-section containing the same amount of horizontally orientated interlayers, it was 
expected that the σcr of the variations must be similar. However, the results show that the addition of 
the textiles influenced the concrete failure of the different variations. The addition of Textile A 
decreased the cracking strength, as the cross-sectional area of the yarn took up space in the cross-
section of the composite sample and therefore decreased the area of the concrete. The σcr subsequently 
reduced by 2.8% for the HAM samples and 27% for the HAL samples compared to the HC samples. 
Interestingly, in contrast, the addition of Textile B increased the σcr by 29% for the HBM samples and 
28% for the HBL samples compared to the HC samples.  

a) b) 
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It is therefore clear that the addition of the textile and the location where it is added influences the 
behaviour of the samples at concrete failure. Both of these occurrences have been recorded in 
literature. Volkova (2016) recorded the increase in cracking flexural strength when applying glass 
textile as reinforcement to conventional cast concrete, where Marchment & Sanjayan (2020) recorded 
a decrease by adding steel mesh in 3D printed concrete elements. The results further show that the 
load is transferred to the textile quicker when the textile is stiffer. This is proven by the HAM and 
HAL samples experiencing a smaller drop in flexural strength from σcr to σdr compared to the HBM 
and HBL samples. 

For this method of printing, Textile A is efficient as there is an increase in the flexural strength from 
concrete failure to ultimate failure. Applying Textile A increases the flexural strength from σcr to σtex 
of the HAM samples by 51% and the HAL samples by 265%, respectively. Even though some of the 
HAL samples are strong, the results of all the samples for this variation have extreme variability due 
to the occurrence of two different failure mechanisms, shear and delamination, and cannot be seen as 
repeatable or consistent. It is, therefore, difficult to predict the performance of samples for this 
variation. In contrast, the addition of Textile B decreases the strength from concrete failure to ultimate 
failure. The addition of this textile, however, does increase the ductility of the samples.  For HBM 
there is a decrease of 81% and for HBL there is a decrease of 57%, respectively. Applying the textiles 
closer to the bottom of the beam and, in effect, the tension zone during flexural testing, therefore, 
proved to increase the strength significantly more. 

 

Figure 4.43. Flexural strength of variations of horizontal printing. 

Finally, the ultimate flexural strength of the three mentioned in Figure 4.43 for each of the variations 
are listed in Table 4.3. This table shows that the σUlt strength for the HAM and HAL samples are 47% 
and 166% higher compared to the HC samples. Additionally, the HAL samples are 81% stronger than 
the HAM samples. The σUlt of the HBM and HBL samples are similar and relate to an increase of 
approximately 28% compared to the control samples.  
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Table 4.3: Mean ultimate flexural strength of horizontally printed variations. 

Variation σUlt (MPa) 
HC 5.01 
HAM 7.36 
HAL 13.35 
HBM 6.48 
HBL 6.41 

After investigating the performance of all the samples and variations for the horizontally printed 
method, it is deduced that the addition of both textiles at both locations strengthens the samples and 
improves the ductility. The results further suggest that the addition of Textile A at the bottom of the 
samples performs the best in terms of ultimate flexural strength. However, when taking into 
consideration the ductility of the samples along with the repeatability and consistency of behaviour 
and failure, the results suggest that applying Textile A at the middle of the sample is a good option. 
Furthermore, considering only the serviceability and cracking of the samples, adding Textile B proves 
to be adequate.  

4.4. Flexural performance and behaviour of cast samples 

The cast samples are not the main focus of this study. Therefore, only the overview of the results 
obtained from the four-point bending tests is discussed in this section. Additionally, an overview of 
the behaviour and failure of the samples is discussed. The load vs. displacement graphs for all the 
variations are included in Appendix B to be used for more clarity on the performance of these 
variations and samples individually. It is important to note that for all the variations of cast samples, 
no weak plane or interlayer is present in the cross-section of the samples, neither vertically orientated 
nor horizontally orientated. The average of the results of the four-point bending test for all the cast 
variations are shown in the load vs. displacement graphs in Figure 4.44. 

 

Figure 4.44. Load vs. displacement graph of all the cast samples. 
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The results show that overall the variations behaved similar to both the printing methods, where the 
variations reinforced with Textile A, show deflection hardening behaviour and the variations 
reinforced with Textile B, show deflection softening behaviour. The behaviour of the reinforced 
samples therefore again agrees with literature available on flexural behaviour and performance of 
TRC and TRC strengthening as well as mesh reinforcement of 3DPC. Furthermore, the variations 
where the textiles are applied lower down have higher strength but less ductility compared to the 
variations where the textiles are applied in the middle of the depth of the beam. The variations of 
Textile B show repeatable and consistent behaviour and failure in contrast to the variations reinforced 
with Textile A, where the behaviour varies considerably. All the variations tested for this method 
behaved the same prior to concrete failure.   

The flexural strength of the variations is displayed in Figure 4.45. The result show that the inclusion 
of Textile A decreases the cracking flexural strength by 33% and 36% for the samples reinforced in 
the middle and lower down respectively. In contrast, the inclusion of Textile B improves the cracking 
flexural strength by 0.2% and 1.3% for the samples reinforced in the middle and lower down. 
Furthermore, the results show that the load transfer from the concrete to the textile is much better and 
quicker for the variations of Textile A compared to those of Textile B. After cracking, the addition of 
Textile A improves the flexural strength of the samples by 80% and 276% for the CAM and the CAL 
variations. However, the variations of Textile B decrease the strength of the samples by 60% and 54% 
for the CBM and CBL variations. These results show that adding the Textile lower down improves the 
reinforcing efficiency. Furthermore, the standard deviations, indicated in Figure 4.45 by the error 
bars, show that Textile B promotes repeatability and consistency, compared to Textile A, where both 
variations experience variability. 

 

Figure 4.45. Flexural strength of variations of cast samples. 

Following the results in Figure 4.45, the mean ultimate flexural strength of the cast variation are 
obtained and presented in Table 4.4. All the variations show an increase in ultimate flexural strength 
compared to the control samples. Textile A displays an increase of 20% and 142% when applied in 
the middle and lower down, respectively. 
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Table 4.4: Mean ultimate flexural strength of cast variations. 

Variation σUlt (MPa) 
CC 4.62 
CAM 5.52 
CAL 11.18 
CBM 4.63 
CBL 4.68 

 

4.5. Influence of method on flexural performance  

The comparison of the mean ultimate flexural strength of all the variations tested in this study is 
represented in Table 4.5. The control samples, as well as both variations of Textile B, exhibit the 
highest flexural strength when horizontally printed, followed by the cast samples, with the vertically 
printed samples the weakest. In contrast, for both variations of Textile A, the vertically printed 
samples showcase the best results, followed by the horizontally printed samples and then the cast 
samples. It is thus apparent that both the method, as well as the textile applied, has a significant 
impact on the performance and behaviour of the samples. 

Table 4.5: Comparison of the mean ultimate flexural strength. 

 Variation σult  Variation σult  Variation σult 

Cast 

CC 4.62 

Vertical 
Printing 

VC 4.55 

Horizontal 
Printing 

HC 5.01 
CAM 5.52 VAM 12.17 HAM 7.36 
CAB 11.18 VAL 14.91 HAL 13.35 
CBM 4.63 VBM 4.29 HBM 6.48 
CBL 4.68 VBL 3.22 HBL 6.41 

The better performance of the horizontally printed samples for the control and Textile B variations 
compared to the vertically printed samples can be ascribed to the presence and orientation of the 
weak/shear planes or interlayer regions. As mentioned in Section 2.1.5, these regions create weak 
areas inducing failure in the concrete. The better performance of the vertically printed samples for 
both variations of Textile A, however, can be ascribed to the presence and formation of voids 
underneath the yarns of the textile in the horizontally printed samples reinforced with Textile A. 
Furthermore, the poor performance of the cast variations is due to the mix being designed for 
extrusion with thixotropic behaviour and is thus not suitable for casting. 

4.5.1. Interlayers and weak/shear planes orientation 

For the horizontally printed samples, the interlayers are orientated perpendicular to the loading 
direction (O-I), with the weak/shear planes orientated transversely. Due to the dimensions of the 
printed filaments as well as the printing path used for these samples, 1 or 2 weak/shear planes were 
located between the two applied point loads. In contrast, for the vertically printed samples, the 
interlayers are orientated transversely to the loading direction (O-III), with the weak/shear planes 
orientated perpendicularly. Therefore, for these samples, 4 to 5 interlayers were located between the 
two applied point loads, resulting in more weak areas that form and a weaker sample. The vertically 
printed samples were therefore the critical layer orientation which agrees with literature such as that 
of Wolfs et al. (2019). Furthermore, it is well documented in the literature that there is a lack of fusion 
between layers which negatively influences the performance of samples. Therefore, the horizontally 
printed control samples are stronger. The same reasoning can be applied to the variations of Textile B, 
as the concrete failure governs the failure of the samples.  
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Figure 4.46 illustrates how the orientation of the weak/shear planes and interlayers affected the 
concrete failure and cracking. This behaviour of the different orientations agrees with the behaviour 
recorded in the literature ( Kruger & van Zijl, 2021). 

 

Figure 4.46. Crack propagation at the locations of weak regions. 

4.5.2. Voids 

After the samples were extracted from the printed specimen, voids were observed to have formed 
underneath the yarn of Textile A for the horizontally printed variations exclusively. A closer 
inspection of the samples shows that voids formed underneath the warp and weft yarn due to the 
filaments printed on top of the yarn. The presence of these voids is visible to the naked eye and is 
shown in Figure 4.47 (a).  In contrast to the horizontally printed variations of Textile A, the vertical 
counterparts contain no voids visible with the naked eye or microscope as shown in Figure 4.47 (b). 
This is attributed to the printed filament being printed around the textile yarn, fully enveloping it 
during this method of printing.  

a)   

b)   

Figure 4.47. a) Horizontally printed samples with voids underneath weft yarn visible with the naked 
eye compared to b) vertically printed samples with not voids visible with the naked eye. 

Additionally, as seen in Figure 4.48, larger voids form under the yarns when the textile is placed at the 
middle of the depth of the sample compared to when the textile is placed lower down and closer to the 
bottom. Therefore, it appears that the weight of the concrete printed on top of the yarn influences the 
formation of the voids and that more pressure reduces the size and frequency of the occurrence of 
voids.  
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Furthermore, it is postulated that the lenticular form of the cross-section area of the yarn of Textile A 
causes the formation of the voids as the width of the cross-section of the yarn is large compared to the 
height.  

             

Figure 4.48. Larger voids present in a) HAM samples, compared to b) HAL samples. 

The voids influence the results by decreasing the bond strength between the matrix and the textile. 
Additionally, the voids influence the cracking sequence and failure of the samples where the voids 
were present underneath the textile, the initial crack formed into the voids. Moreover, where multiple 
voids were present in the samples, the cracks formed from void to void, which compromised the 
regular cracking behaviour of the samples, resulting in the varied and weaker performance. As the 
voids are aligned with the textile layer as well as the interlayer, the propagation of the horizontal 
cracking is significantly promoted, resulting in severe delamination in the horizontal variations of 
Textile A, compared to the vertical counterparts. The cast variations of Textile A also showcase voids 
forming around the yarn. However, these voids are not visible with the naked eye but rather with the 
microscope, as seen in Figure 4.49.  

 

Figure 4.49. Optical microscope image of the voids present in the cast variations of Textile A. 

The cast samples have less voids than the horizontally printed samples, as the concrete was poured 
from the side of the samples and therefore not on top of the width of the yarn. These voids 
compromise the bond between the textile and the matrix leading to weak and varied flexural 
performance. Malan et al. (2022) states that 3DPC mixtures with high viscosity and shear strength is 
not suitable for casting. Therefore according to the results discussed in Section 4.1.2, the 3DPC mix 
designed in in this study is not suitable for casting.  
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The 3DPC mix has thixotropic properties, meaning that the mix only flows well when agitated by 
applying an external force. During printing, this force is applied by the pressure and friction of the 
extrusion process leading to a good flow of the concrete which completely envelopes the yarn in the 
case of the vertical printed elements. The external force of vibrating the moulds during casting is 
therefore not adequate to activate the thixotropic properties of the mix leading to the concrete being 
too stiff to completely envelop the yarn and thus compromising the bond between the two. 

Investigation with the optical microscope further shows a significant difference between the interface 
of the cross sections of the failed cast samples and the two printing methods samples. This difference 
is shown in Figure 4.50, where the cast samples showcase larger and more frequent voids present in 
the cross-section interface compared to the printed samples. Additionally, the distribution and size of 
the voids are more consistent for the printed methods.  

 

       

                                       

Figure 4.50. The difference between the interfaces of the cross sections of the different methods, 
where a) Cast, b) Horizontal printing and c) Vertical printing. 

According to Paul et al. (2018), this reduced air content could have resulted in the improved 
performance of the printed variations compared to the cast variation. Additionally Nerella et al, states 
that this reduced air content is caused by the quasi-compaction that takes place during the extrusion 
process where the material is pumped and extruded under high pressure. Finally, it is postulated that 
the friction of the extrusion process causes heat in the hose pipe resulting in a loss of water (decrease 
in water to cement ratio) which then increases the strength of the samples compared to the cast 
samples. 
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4.6. Influence of textile on flexural performance and behaviour 

Figures 4.51 and 4.52 show a substantial difference between the behaviour of samples reinforced by 
Textile A compared to those reinforced with Textile B. Both variations of Textile A for all three 
methods experience deflection hardening behaviour. In contrast, the variations of Textile B, 
experience predominantly deflection softening behaviour. However, there are also differences in the 
behaviour of the two variations of Textile A, and the two variations of Textile B.  

 

Figure 4.51. Load vs. displacement graph of the Textile A variations. 

 

Figure 4.52. Load vs. displacement graph of the Textile B variations. 
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4.6.1. Location 

The rate at which the load increases after the occurrence of the first crack is significantly higher for 
the VAL, HAL and CAL samples than for the VAM, HAM and CAM samples. Similarly, this rate is 
higher for the VBL, HBL and CBL samples than for the VBM, HBM and CBM samples. The samples 
reinforced closer to the bottom reached their peak performance and failure earlier than those 
reinforced in the middle. Therefore, for all the variations of both Textile A and Textile B, the 
variation where the textile was located lower down in the depth of the sample is stronger in terms of 
the peak load reached but experienced less ductility. Additionally, the variations reinforced with 
Textile B are significantly weaker but more ductile than those of Textile A when rupture of both yarns 
does not occur.  

This difference in behaviour is due to the stress distribution across the depth of the sample, with the 
highest stress at the bottom and the neutral axis in the middle of the depth. The textile lower down is 
therefore activated earlier and carries more stress than those applied in the middle. This explains why 
more yarns of Textile B ruptured when applied lower down than for those in the middle.  

4.6.2. Failure of Textile A variations 

Investigation of the failed samples shows that no warp yarns of Textile A experienced failure. The 
variations reinforced with Textile A failed due to delamination of the composite element. On the other 
hand, the textile did not fail due to the high cross-sectional area and high tensile strength of the warp 
yarns. As explained in Section 2.2.4, the epoxy resin improved the reinforcement efficiency of the 
textile by increasing the bond strength between the inner and outer filaments of the yarn as well as 
between the textile and the matrix. The bond between the textile and the concrete was therefore of 
utmost importance for anchorage, and microscope images of this region for the different printing 
methods are displayed in Figure 4.53 and Figure 4.54 to be compared to Figure 4.49. 

 

Figure 4.53. The bond region between the textile and concrete for horizontal printing. 
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Figure 4.54. The bond region between the textile and concrete for vertical printing. 

The microscope observations further show that there was residue of the epoxy resin left behind in the 
grooves of the concrete where the textile was situated for the different methods. Figures 4.55, 4.56 
and 4.57, show the epoxy resin residue at the intersection of two grooves for a piece of concrete that 
delaminated from the textile for all three methods. This residue proves that the impregnation of the 
yarn with epoxy resin promotes a better bond between the surface of the textile and the concrete. The 
amount of residue of the resin present in the grooves of the concrete correlates with the performance 
of the samples as more residue was found in the vertically printed samples compared to the 
horizontally printed samples, with the cast samples showing the least amount.  

 

Figure 4.55. Optical microscope images of epoxy resin residue left in the grooves of the concrete for 
cast samples. 
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Figure 4.56. Optical microscope images of epoxy resin residue left in the grooves of the concrete for 
horizontal printed samples. 

 

Figure 4.57. Optical microscope images of epoxy resin residue left in the grooves of the concrete for 
vertical printed samples. 

Further observation shows that large voids were present at the boundary between the textiles and the 
concrete matrix for the cast samples compared to the small voids that were present for the printed 
samples. This correlates with the results discussed in Section 4.5.2 and can be ascribed to the 
increased air entrapped in the cast samples. Textile A displayed better behaviour and performance for 
vertically printed samples due to the better bond between the textile and the concrete. Figure 4.55, 
therefore, provides evidence to help understand that the cast variations performed so badly. 

4.6.3. Failure of Textile B variations 

The samples reinforced with Textile B either failed due to displacement caused by the slippage of the 
yarn in the concrete or the rupturing of one or both warp yarns. Microscope observations of the failed 
textile show that the ruptured yarns experienced telescopic failure, as shown in Figure 4.58. A 
telescopic failure occurred due to the fact that Textile B was not impregnated by epoxy resin but 
rather coated with styrene butadiene. The butadiene coating increased the bond between the matrix 
and the textile whilst the bond between th inner and outer filaments of the yarn was not affected. 
Slippage therefore occurred between the inner and outer filaments as the crack of the sample widened, 
resulting in telescopic failure of the yarn.   
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Figure 4.58. Telescopic failure of Textile B. 

4.7. Concluding summary 

In this chapter, the results of the concrete characterisation were presented, analysed and discussed. 
Following this, the flexural performance and behaviour of the vertically printed samples, horizontally 
printed samples and cast samples were investigated individually. The results of all three methods were 
then compared to one another to find the best performing variation and method. Finally, optical 
microscope images were investigated to help understand the performance and behaviour of the 
variations of the different methods.  

The results indicate that the textile reinforced 3DPC elements performed similar to TRC elements and 
TRC strengthened elements as found in literature. Additionally, it is observed that the method of 
creating the sample, location of application of the textile reinforcement as well as the type of textile 
reinforcement influence the performance and behaviour of the samples. After analysing the results 
and discussions presented in this chapter, it is apparent that the vertical method of printing is superior 
to the horizontal method of printing as the the samples performed better, experienced a higher degree 
of repeatability and contain less voids between the textile and the cement matrix. Additionally, the 
application of the textile in the middle serves adequately as reinforcement and provides more 
repeatability compared to the textile reinforced lower down from the neutral axis.  
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5. CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

5.1. Conclusions 

The main aim of this study was to investigate the performance and behaviour of textiles as 
reinforcement for 3DPC and to determine a suitable application method. Additionally, it was aimed to 
determine whether the application of the textile can mitigate or overcome the challenges that are faced 
by 3DPC. Therefore, 2 different methods of printing were used to create samples that were reinforced 
by two different textiles, at two different locations. The flexural strength and behaviour of these 
samples were tested after which the results of the performance and behaviour were compared and 
discussed in Chapter 4. Additionally, optical microscope images were captured and used to observe 
and investigate the failed samples. The results and discussions of Chapter 4 were then used to draw 
conclusions. 

 The performance and behaviour of 3DPC elements reinforced with textiles are influenced by 
the method used for printing, method used for applying the textiles, the type of textile being 
used as well as the location of application of the textiles. 

The following conclusions are drawn, on the application of Textile A, AR glass fiber (Grid Q145/145-
AAE-25), as reinforcement: 

 It significantly increases the flexural strength and ductility of 3DPC elements resulting in 
deflection hardening structural behaviour, regardless of the method used for printing or 
application as well as the location at which the reinforcement is applied. This increase in 
flexural performance is attributed to the high tensile strength, stiffness and thickness of the 
warp yarn of the textile, as well as the good bond strength between the textile and the 
concrete. 

 The vertically printed samples reinforced by this textile showcased the best performance in 
terms of strength, ductility and repeatability compared to the horizontal printed and casting 
variations. The enhanced performance of the vertically printed samples can be attributed to a 
superior bond that formed between the textiles and the concrete matrix resulting in increased 
reinforcement efficiency. 

 The textile is fully impregnated by epoxy resin and therefore did not experience telescopic 
failure. Additionally, the epoxy resin resulted in the good bond between the textiles and the 
concrete. This is proven by the investigation of the failed samples where epoxy resin residue 
is present in the grooves of the concrete that delaminated.  

 The application of this textile can lead to voids forming on a macro and micro level, as seen 
with the horizontally printed samples and the cast samples respectively. The presence of voids 
results in a decrease in the bond strength between the textiles and the concrete. This is proven 
by the fact that, less epoxy resin residue were left behind in the grooves of the horizontal 
printed and cast samples compared to the vertically printed samples.  

 Applying the textile at a location lower down in the cross section of the samples increases the 
flexural strength of the samples, but decreases the ductility compared to applying it at the 
middle of the depth of the cross section. The difference in the location further also influences 
the crack formation and propagation, along with the mode of failure. 
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 The delamination of the concrete above or below the textile layer, exclusively occur as failure 
mechanism when the textile is applied in the middle of the element. However, when applying 
the textile lower down, shear failure can occur as seen with the horizontally printed samples. 

 The failure mechanism is determined by the cracking sequence and propagation. When the 
horizontal crack governs, delamination occurs and when the diagonal crack governs, shear 
failure occurs. 

 Therefore, taking into account the conclusions for applying Textile A, the best variation is to 
applying it in the middle of vertically printed elements. 

The following conclusions are drawn on the application of Textile B, AR glass fiber (SITgrit027) 
as reinforcement: 

 In contrast to the performance of Textile A, Textile B only increases the ductility of the 3DPC 
elements, resulting in deflection softening structural behaviour. Although, this textile also has 
a high tensile strength, the cross section of the warp yarn is significantly smaller than that of 
Textile A, resulting in less reinforcement area. 

 Interestingly, the cracking flexural strength of both the horizontal printed samples and cast 
samples increase due to the addition of the textile, however, when solely considering the 
performance of the textile, the vertically printed samples performed the best. It is postulated 
that this is due to the fact that these samples have the best bond between the textile and the 
concrete. 

 The textile is coated with styrene butadiene, which promotes the good bond strength between 
the textile yarn and the concrete. The textile, however, is only coated and not fully 
impregnated resulting in the occurrence of telescopic failure.   

 The samples reinforced with this textile experienced failure either caused by the rupturing of 
one or both yarns (telescopic failure), or it failed due to displacement. Failure due to 
displacement occurred when the crack formed and propagated without any rupture of the 
yarn. The yarn therefore slipped in the matrix, indicating a poor bond strength compared to 
the samples experiencing telescopic failure, which did not slip but rather ruptured. Taking this 
into account, the vertical variations performed better due to a better bond between the textile 
and the concrete. 

 Again, the application of the textile at a lower location increases the strength of the samples 
due to the textile whilst decreasing the ductility.  

 Taking into consideration the conclusions for the application of Textile B, proves that the 
textile performs the best when applied in the middle of vertically printed samples. 

The following conclusions are drawn on the method of printing and application of textile used: 

 The printing method influences the orientation of the interlayers as well as the weak/shear 
planes.  Furthermore, it is apparent that applying the textile in and orientating the textile with 
the interlayer or weak/shear plane influences the results. It is better to place the textile in a 
weak/shear plane, rather than in an interlayer region. This is proved by the enhanced bond of 
the vertical variations, where the textile is placed in a weak/shear plane, compared to the 
horizontal variations, where the textile is placed in the interlayer.  

 The orientation of the interlayers and weak/shear planes additionally influences the crack 
formation and propagation, with the initial cracking of samples originating at the location of 
the transversely orientated layers and planes. Therefore, the horizontally printed control 
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samples with the interlayers orientated in the O-I direction performs the best compared to the 
vertically printed samples with the interlayers orientated in the O-III direction. 

 For the vertically printed method, the textile is pre-installed and therefore extra time and 
labour is required to create and reinforce the elements. In contrast, for the horizontally printed 
method, the textile is installed during the printing process, resulting in extra labour but no 
extra time is required for the creation and reinforcement of elements. 

 The weak interlayer bond in addition with the placement of the textile in that area results in 
severe delamination of samples. 

The following conclusions are drawn on the concrete mix used: 

 It is important to characterise the concrete mixture prior to being used. Furthermore, it is 
important to design a mix for a specific use as proven by the performance of the mix in this 
study. 

 The mix shows high thixotropy behaviour and thus does not suite being used for the casting 
of samples. The results clearly show that not enough external force in generated during the 
vibrating process of when casting, to promote good flow in the concrete to fully envelope the 
textile reinforcement and get rid of the air voids inside the mix. 

 Additionally, the mix shows good flowability and buildability along with the thixotropy 
behaviour and is thus suitable for being printed and to fully envelope the textile 
reinforcement. 

 The mix shows anisotropic behaviour when subjected to compressive strength, with the O-I 
direction achieving a higher strength than the O-III direction, as was expected. Furthermore, 
the compressive strength of both the printing orientations are higher than that of the cast 
samples, showing that the method of creation makes a difference in the performance.  

 The results of the printed variations can therefore not truly be compared to the results of the 
cast samples. 

5.2. Recommendations 

Completion of this study brought to light the incompleteness of this topic and field of study. 
Therefore, based on the observations made and lessons learned in this thesis, the following 
recommendations are presented for further research to be conducted: 

1. There is a significant amount of research that has been done in the field of textile reinforced 
concrete. However, not much literature exists for the application of textile reinforcement to 
3DPC. It is therefore recommended that investigation be done for the use of different textiles 
as reinforcement for 3DPC elements. The variations of textile can include different fiber 
types, different fabric geometries, different coatings and impregnations, different densities, 
cross sectional area sizes as well as strengths and stiffness. 

2. It is apparent that the application method of the textile, along with the printing method 
influences the performance and behaviour of the samples. It is recommended to explore the 
possibility of using a split nozzle for the application of the textile using a vertical printing 
method. Furthermore, retrofitting techniques can be utilized to apply the textiles to both 
horizontal and vertical printed elements. The natural undulations present on the surface of 
printed elements should enhance the bond between a retrofitted textile and the printed 
element, resulting in possible good performance. Retrofitting can be used on prefabricated 
elements, as well as for strengthening of existing structures and is therefore a valuable 
technique to explore. 
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3. The bond between the textile and the concrete matrix influences the overall performance and 
behaviour of the composite element. It is therefore important to study the micro mechanical 
characteristics of 3DPC elements reinforced with textiles. This can be done by conducting a 
single yarn pullout test along with single or double lap shear tests and multiple yarn pullout 
tests. Furthermore, the bond between the textile and the concrete matrix is influenced by the 
printing method, and therefore different methods of printing and application can be tested in 
this regards. 

4. The use of micro fibers in combination with the textile must be investigated to determine the 
behaviour and performance of such elements. Micro and macro mechanical tests can be 
conducted in these elements. 

5. Macro mechanical characteristics include the performance of samples in tension as well as 
shear, along with compression and flexure. It is therefore recommended to study the tension 
behaviour and performance of 3DPC elements reinforced with textile using the uniaxial 
tensile test.  

6. The horizontal method of printing is versatile, and therefore different sizes and shapes of 
panels can be printed to be reinforced by textiles for structural use. Furthermore, the warp 
yarns can be applied using different orientations relative to the direction of the printing 
direction of the concrete filaments. These samples can be tested on a macro and micro 
mechanical scale to determine the influence of the size and shape of the panel as well as the 
orientation of the warp yarn relative to the printing direction on the results of the samples. 

7. The vertical method can be used for applying textile reinforcement to wall structures. 
However, these structures sometimes must have the ability to carry load parallel to the floor 
instead of transversely. It is therefore important to investigate the performance of samples 
reinforced with the warp yarn orientated in that direction instead of transversely. 

8. The performance of 3DPC structural elements reinforced with textiles must ultimately be 
investigated. For this, different elements can be printed such as columns, beams and walls to 
be reinforced and tested to determine the suitability and efficiency of the reinforcement 
material. 

9. Although the 3DPC matrix in this study performed extremely well, it is suggested that 
different mixes be tested and used for the printing of the concrete to be reinforced by textiles. 
Additionally, mixes containing fibers can be used to determine the influence of the presence 
of the fibers in the matrix on the bond between the textiles and the matrix as well as the 
performance of the overall element. 

10. Cost and sustainability studies are important and must be done on 3DPC elements reinforced 
with textiles compared to conventionally elements reinforced with textiles. 

11. It is suggested, advised and recommended for future studies not to compare printed samples 
with conventionally cast samples. This is because a printed mix is designed to have high 
thixotropy characteristics, which leads to poor performance when cast and not printed. During 
the extrusion process, pressure and friction exerts force onto the mix which changes the 
properties of the concrete. If the printed samples must be compared to cast samples, it is 
recommended to print the concrete into the moulds rather than placing and vibrating it. This 
would help with consistency in the results and would make for a better comparison. 
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A. Appendix A: Printing files 

1. Method: Vertical printing 

 

Figure A.1. Plan view of printing path for vertical printing. 

 

Figure A.2. Elevation view of the XZ axis, where V refers to the Z axis in the graph. 

 

Figure A.3. Elevation view of the YZ axis, where V refers to the Z axis and C refers to the Y axis. 
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2. Method: Horizontal printing 

 

Figure A.4. Plan view of printing path for horizontal printing. 

 

Figure A.5. Elevation view of the XZ axis, where V refers to the Z axis in the graph. 

 

Figure A.6. Elevation view of the YZ axis, where V refers to the Z axis and C refers to the Y axis. 
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B. Appendix B: Individual graphs of the cast variations 

 

Figure B.1. Load vs. displacement graph of CC samples. 

 

Figure B.2. Load vs. displacement graph of CAM samples. 

 

Figure B.3. Load vs. displacement graph of CAL samples. 
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Figure B.4. Load vs. displacement graph of CBM samples. 

 

Figure B.5. Load vs. displacement graph of CBL samples. 
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