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Prof. Nilufer Özyurt Zihnioğlu who had faith in me and gave me a chance to pursue

master’s studies after many years. I truly appreciate her consistent guidance on many

occasions throughout my studies and thesis work.

I would like to acknowledge Assoc. Prof. Zeynep Başaran Bundur for being an

incredible advisor who allowed me to join her research group in a TÜBİTAK project
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ABSTRACT

EFFECTS OF NANOCLAYS AND FIBER ON

RHEOLOGICAL AND MECHANICAL PROPERTIES OF

3D PRINTABLE CEMENT-BASED MORTARS

Despite the many advantages of 3D printing (3DP), it is less adapted to con-

struction. Finding the right materials and evaluating their properties are still the main

barriers to implementing this novelty in construction. In this study, Sepiolite (SEP)

and Nano-Montmorillonite (NM) Nano-clays are investigated as rheological modifiers

in pre-designed cement-based mortar tailored for 3D concrete printing (3DCP) modi-

fied with fly ash (FA) to fulfill sustainability. Moreover, Polyamide (PA) fiber addition

is evaluated as reinforcement. Experiments were carried out to assess effect of the

addition of NM and SEP at rates of 0.5% and 1% (by weight of binder amount), and

PA fiber at rates of 0%, 0.05%, 0.125%, and 0.150% (by weight of binder amount),

on the properties of printable concrete. In total, five different mix designs were either

extruded manually using a caulk gun or printed using a robot, depending on the type

of the experiment. Additionally, concrete samples were cast for some of the experi-

ments to evaluate the effect of printing on the properties of the mortar. Based on the

obtained results, PA fiber with a content ratio of 0.15% improved interlayer bonding

and reduced slump flow loss progress as well. Moreover, the addition of 1% NM/SEP

decreased workability as expected, but improved buildability, appearance, and inter-

layer bonding. Replacing 20% of cement by FA enhanced rheological characteristics,

but weakened buildability and accelerated the slump flow loss trend.
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ÖZET

3 BOYUTLU YAZDIRILABILIR ÇİMENTO BAZLI

HARÇLARDA NANO KİLLERİN VE LİFLERİN

REOLOJİKK VE MEKANİK ÖZELLİKLER ÜZERİNE

ETKİLERİ

3D baskının (3DP) birçok avantajına rağmen, inşaat sektörüne daha az adapte

olmuştur. Doğru malzemeleri bulmak ve özelliklerini değerlendirmek, bu yeniliğin

inşaatta uygulanmasının önündeki ana engeller olmaya devam etmektedir. Bu çalışma-

da, Sepiolit (SEP) ve Nano-Montmorillonit (NM) Nano-killer, sürdürülebilirliği sağla-

mak için uçucu kül (FA) ile modifiye edilmiş 3D beton baskı (3DCP) için uyarlanmış

önceden tasarlanmış çimento bazlı harçta reolojik değiştiriciler olarak araştırılmıştır.

Ayrıca, Poliamid (PA) fiber ilavesi takviye olarak değerlendirilmiştir. Bağlayıcı mik-

tarının ağırlığına göre %0,5 ve %1 oranlarında NM ve SEP ile bağlayıcı miktarının

ağırlığına göre %0, %0,05, %0,125 ve %0,150 oranlarında PA fiber ilavesinin basılabilir

betonun özellikleri üzerindeki etkisini değerlendirmek için deneyler gerçekleştirilmiştir.

Toplamda beş farklı karışım tasarımı, deneyin türüne bağlı olarak ya bir kalafat taban-

cası kullanılarak manuel olarak ekstrüde edilmiş ya da bir robot kullanılarak basılmıştır.

Ayrıca, baskının harcın özellikleri üzerindeki etkisini değerlendirmek amacıyla bazı

deneyler için beton numuneleri dökülmüştür. Elde edilen sonuçlara göre, %0,15 içerik

oranına sahip PA fiber, katmanlar arası bağlanmayı iyileştirmiş ve çökme akış kaybı

ilerlemesini de azaltmıştır. Ayrıca, %1 NM/SEP ilavesi beklendiği gibi işlenebilirliği

azaltmış, ancak inşa edilebilirliği, görünümü ve tabakalar arası bağlanmayı iyileştirmiştir.

Çimentonun %20’sinin FA ile değiştirilmesi reolojik özellikleri geliştirmiş, ancak inşa

edilebilirliği zayıflatmış ve çökme akış kaybı eğilimini hızlandırmıştır.
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1. INTRODUCTION

The construction sector as one of the largest industries in the world with 6% of the

global Gross domestic product (GDP), has a significant impact on the world economy.

Despite this large share and influence, this sector is still suffering from a lack of modern

technologies and novelty compared to other large industries. Generally, construction

gets lower investment for novelty and new technologies. For instance, in the U.S. only

1.5% of the value added of construction is invested in technology, while this number

is 3.3% for the manufacturing industry and 3.6% for the economic sector. There have

been several advances and progress in the construction industry in recent decades,

but still companies and researchers are trying to increase their efficiency and improve

their building methods. Industry 4.0 has introduced digitalization to the construction

sector to improve sustainability and efficiency. Based on the literature review, the

construction field is slowly adapting automated systems and robotic science, and most

modern technologies like 3DP have been used for a very specific purpose. Especially

due to the exclusive nature of projects in the construction industry, duplication of these

novel technologies in multiple projects are not possible yet, unlike other industries [1,

2].

3DP as an additive manufacturing and rapid prototyping technique is one of the

innovative technologies of industry 4.0 which is utilized to generate complex 3D geome-

tries from a designed model by computer. It enables project managers to bring flexi-

bility by producing complex geometries and various objects and changing the methods

of doing projects. This automated process utilizes a computer-aided design (3D-CAD)

to generate a structure, with limited human contribution, so unlike traditional con-

struction, which is labor intensive, 3DP requires low manual work which results in

a reduction in waste of material and labor needs. The 3DP process is a design-free

technique for joining materials layer upon layer through extrusion using a print head

or nozzle to create an object from a 3D model [2-4].
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There are many other benefits to using 3DP as a modern building technique.

First, 3DP eliminates the need for formwork which included about 10% of the cost of

concrete work, so it can save time and money without the need for installing formwork.

Second, as a safe method, it can be used in dangerous projects, where the labor force’s

health might be in danger. In addition to a lower rate of injuries, labor costs will be

minimized. Then, projects can be completed in a shorter time, since the printing action

by a robot is much faster than traditional building techniques by using human force.

Moreover, it increases sustainability as an environmentally friendly technique due to its

precise work and generating less waste compared to human work. Finally, thanks to its

architectural freedom, it enables engineers to get benefitted from sophisticated designs.

It was introduced to construction by Pegna from Rensselaer Polytechnic Institute in

1997. Then, Loughborough University defined “Concrete Printing” concept for the

first time at 2003 [5].

1.1. 3DP Methods in Construction

3DP in the construction industry can be classified into two styles based on the

utilized methods, called binder jetting (BJ) and material deposition method (MDM).

Both methods are executed based on a layer-over-layer printing concept and get bene-

fited from a 3D model designed by a computer that divides the model into several 2D

layers before printing with assigned material as ink. MDM method is more popular

than BJ in construction since it has more correspondence in this industry [6].

1.1.1. Binder Jetting

In this process, the printer extrudes the binder layer by layer to print a 3D

element on a powder bed. The binder is dropped on a thin layer of powder material

based on 2D coordinates to create one layer of the object. This process continues by

bonding sections on top of each other according to the designed program. Unbounded

powder material on each layer remains till the end of the printing process to support the

structure of the printed object but is removed at the end of the process to be recycled
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and used for the subsequent object. The printing thickness is critical in this method,

since increasing the printing thickness of the layers, may hinder full penetration of the

binder to underneath layers and result in weak interlayer bonding. This method is

suitable to print complicated elaborate objects especially those with hollow structures

[6].

1.1.2. Material Deposition Method (MDM)

As a 3DP process and similar to the BJ method, the printing is proceeded by

layer-by-layer extrusion according to the designed model by the software, but there

is no powder material around printed sections to support the structure. Therefore,

the freshly printed material should have enough buildability characteristics to resist

deformation under its own weight and the pressure of subsequent layers. This is the

most regular method for 3DP in construction industry which is followed by three differ-

ent automated systems including contour crafting (CC), concrete printing, Flow-based

fabrication and etc [6].

Although there is high interest in the 3DP research field, there are still many

barriers to bringing and utilizing it in a wide range of construction projects such as

lack of support from the governmental sector and lack of building codes. But, one of the

main challenges is to find and optimize the right materials for 3DP in the construction

sector. Normally, plastic, metal, wax, and ceramic are used for printing in different

industries. A wide range of organic and non-organic materials was investigated as

printing ink for construction, but cement-based ones and Portland cement concrete are

the most commonly used materials that have been studied [5].
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1.2. Required Properties for Printable Concrete

1.2.1. Rheological Characteristics

The pumpability and buildability properties of the material is a critical key for

3DCP. Cementitious materials and concrete should have specific characteristics to be

used for 3DP. The properties of the material such as viscosity, workability, and green

strength are determining features in the fresh state [2]. The most important one is a

balanced relationship between pumpability and buildability. Pumpability is required

for easy extrusion from the nozzle without any clog or discontinuity. It means the

cementitious mortar needs to have relatively low plastic viscosity and yield stress to

obtain enough flowability to be pumped from the mixer to the hose and extruded

via the nozzle head smoothly. On the other hand, to control the deformation, it

should show higher plastic viscosity to be stiff enough for generating enough buildability

characteristics to endure its own weight and the further layers’ pressure with minimum

change in its shape [2, 5].

To minimize the deformation zero-slump yet pumpable concrete is needed. To

fulfill these requirements, the mix design needs to possess thixotropic characteristics

to facilitate smooth extrusion and provide shape stability for the printed filaments. It

means the material should have low viscosity during pumping, but show high yield

stress immediately after extrusion [7]. During pumping the yield stress is generated

by the pump to exceed the yield stress of the material to initiate the flow and extrude

material through the nozzle. But after extrusion material needs to show a high recovery

rate of viscosity and gain high yield stress larger than its weight to resist deformation

and enable further layers’ deposition over time. The yield stress is developed over time

due to reversible physical changes in the structure as a result of the thixotropic behavior

of the mortar and irreversible structural change as a result of the hydration process.

Therefore, an optimum level of yield stress is required, since higher yield stress makes

pumping and extrusion difficult, and a lower level of yield stress and plastic viscosity

weakens buildability characteristics [8, 9].
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1.2.2. Mechanical Characteristics

As well as rheological properties, printed concrete is supposed to show acceptable

mechanical properties in a hardened state. One of the critical issues is the anisotropic

behavior of printed concrete which significantly impacts flexural properties. Anisotropy

of the printed concrete mostly is attributed to the heterogenetic nature of printed

structures which is caused by the interface between filaments. The interlayers are

the weaknesses of the printed structure with considerable microporosity. The flexural

strength property significantly depends on the section which is faced with the peak

bending stress. If the maximum bending stress is induced at the interlayer, the flexural

strength will decrease considerably, but if the peak stress is applied at the matrix of

the filaments, the flexural strength can be increased even to a higher level than the

flexural strength of the cast conventional concrete. That is why the interlayer bonding

strength tests are one of the important experiments in the hardened state of printed

concrete [4].

Based on the literature, bonding strength properties are influenced by different

factors such as the thixotropic level of the mortar, accelerators, printing speed, noz-

zle distance, printing time gap, moisture content of the filaments, temperature, and

other ambient conditions [4]. Different techniques are employed to improve structural

integrity by enhancing cement-based filaments’ bonding in the interlayer zone. Hos-

seini and Zakertabrizi [10] utilized a new polymer containing black carbon and sulfur

as paste in the interlayer, Marchment [11] used cement paste as interlayer adhesive,

and Guowei Ma and Muhammad Salman [12] used special mortar based on calcium

sulphoaluminate cement, combined by cellulose fiber and limestone filler between the

layers. Some other researchers used curing agents inside the fresh concrete to prevent

moisture loss from the interlayer zone [13]. Some other researchers like Zareiyan [14]

changed the geometry of the layers to improve the interlayer bonding by interlocking

the layers.
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1.3. Required Materials for 3DCP

Contrary to the invention of various printing methods, there are still serious

obstacles and challenges to the full implementation of 3DP in concrete structures.

Suitable design mix for 3D concrete, durability of materials, and fiber reinforcements

are just some of the challenges in the materials field which are still hot research subjects

at the academic and industrial levels [15].

Necessary characteristics for additive manufacturing such as printability, extrud-

ability, and buildability determine the required characteristics for materials. For in-

stance, extrudability restricts fiber application and defines aggregate size and shape.

Binder composition is another example that influences on characteristics of printable

concrete. Particles with more spherical shape and supplementary pozzolans such as

FA improves workability and attributes in extrudability [15].

The required materials for 3DCP are almost the same as conventional materials

with some changes in the size of the aggregates, proportion of binders, and introduction

of new materials to improve the properties of concrete in both fresh and hardened

states. Moreover, high-performance materials and additives are required, since the

preparation of concrete, pumping, and extrusion of the cementitious ink are critical

and each step needs its own requirement. Wide range of cement based materials are

used such as geopolymer mortar, conventional mortar mix and nanoparticles mixed

mortar with high content of binder [2].

Generally, Ordinary Portland cement (OPC) is used for 3DCP, due to its inher-

ent thixotropic characteristics and flocculation behavior during hydration. Recently,

researchers have focused on using supplementary cement-based materials such as FA,

ground blast furnace slag, and silica fume to fulfill sustainability requirements by re-

ducing carbon emissions from both the production and hydration process [7].
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Supplementary additives contain mineral ingredients that create a secondary re-

action which is known as a pozzolanic reaction. FA is one of the practical pozzolanic

materials which is used in 3D-printed concrete. It impacts the rheological behavior of

concrete with a significant decrease in plastic viscosity by reducing the resistance of

concrete to flow. Substituting a part of cement with FA particles minimizes friction

between cement particles, thanks to their spherical shape, which is known as the “ball

bearing effect”, so the workability of concrete is improved. On the other hand, the

addition of FA, results in increased yield stress. This is caused by its fine particle size

which fills the gap between cement grains and increases surface area. As a result of

increased surface area, particles contact in the matrix is increased and more friction

force is generated which leads to the generation of high yield stress and viscosity [16,

17].

The concrete which is used for printing is high-performance concrete which is

normally fiber-reinforced and contains fine aggregates limited to the maximum size

of 1-2 mm for easy extrudability, although coarse aggregate has been used in a few

projects. Sand is the regular aggregate that is used for 3DCP. Moreover, the aggregate

size is in direct relation with the nozzle size of the extruder to prevent clogging during

printing [2, 18, 19]. The addition of fibers to 3DCP has a side-effect on workability

by resulting in higher viscosity and yield stress, but based on the literature review

some mechanical properties and rheological behavior of the cementitious mortar can

be improved depending on the type of fiber. For instance, the flexural strength can be

improved by using steel fibers. Due to the increase of yield stress as the result of fiber

addition, the buildability can be improved. The effect of various fibers on concrete

properties needs to be studied carefully from different points of view to ensure it does

not have a significant impact on concrete properties, especially on interlayer bonding.

Because it has been seen that some fibers like steel ones reduce interlayer bonding

properties [19]. Moreover, most of the fibers contribute to gaining flexural strength,

since it has been seen in many studies that short fibers align in the direction of flow in

extrusion-based printing [20].
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Much research has been done to develop fiber-reinforced concrete for 3DCP with

different types of fibers to substitute conventional steel reinforcement. Polypropylene

fiber has shown great performance to minimize the plastic shrinkage effect [21]. Glass

fibers showed potential for improvement of mechanical strength of printed geopoly-

mer concrete [22] and straight steel fibers enhanced the ductility [23]. Although dif-

ferent kinds of fibers showed considerable performance in imitating the behavior of

conventional steel reinforcement, still it is not possible to eliminate entire steel bars in

structural 3D printed elements. For this purpose, more research needs to be done to

increase the flexural and tensile properties of 3D-printed fiber-reinforced concrete to

higher levels [24].

PA fibers are chosen for this study to investigate their performance in 3DCP. PA

as synthetic fiber is utilized in a wide range of industries due to its cheap price, being

light, and possessing anti-corrosion characteristics. Due to these beneficial characteris-

tics, its application in the construction industry is increasing rapidly. PA fibers improve

concrete properties from different aspects. The ductility and toughness of concrete are

increased by using PA fibers, but its effect on compressive strength development is not

notable. The flexural and splitting tensile strength of concrete is also improved by the

addition of PA fibers [25]. Despite several studies about the advantages of adding PA

fibers in concrete, no remarkable and comprehensive research was found about PA fiber

application in 3DCP.

To obtain lower yield stress and viscosity and to increase flowability, a wide range

of superplasticizers (SP) such as lignosulfonate (LS), polynaphthalene sulfonate (PNS),

and polycarboxylate ether (PCE) are used in 3DCP as a beneficial agent for rheology

improvement. Since lower w/c ratios are employed for printing filaments with low

porosity and high density to obtain durable concrete, it is essential to utilize SP to

improve workability [26]. The efficiency of the SP and its impact on rheology largely

depends on its type. For instance, Polycarboxylate based SP is more effective for

minimizing plastic viscosity but less practical for decreasing yield stress in comparison

with naphthalene sulphonate-based SP [16].
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Clays are recognized as rheological modifiers which increase the shear rate of

the mixture. They enable the structure to form a shape at rest but to break down

when shear is applied, so widely used in different industries like paint production.

Some types of clays such as bentonite (montmorillonite-based), kaolinite, and SEP are

introduced to the construction industry as rheological modifiers and their application

in concrete has been studied in different literature [26]. In one study, the beneficial

impact of clays on reducing formwork pressure is discussed, due to their thixotropic

behavior in the fresh state of concrete [27]. In another study, 0.5-1% is introduced as

the optimum dosage of nano clay for increasing the rate of structural rebuilding and

thixotropic behavior of the concrete, while higher dosages larger than 1.5% decrease

the rate. Moreover, the particle size effect on water absorption and as result, its impact

on the thixotropy of cement paste is investigated [28]. The negative effect of clay on

the hydration of cement paste due to its water absorption potential is concluded [29].

All of these studies emphasize clay application in 3DCP to ease extrusion and help

buildability characteristics as well, but rarely they focused on specific types of clays

to evaluate their influence on some areas such as interlayer bonding which is studied

carefully in the scope of this research.

In the previous phase of this study, a comparative study was conducted to evaluate

the SP and NM impact on the rheology of unreinforced 3DCP. The results revealed

that both of them contribute to enhancing dynamic yield stress and time-dependent

evaluation of static yield stress, improving thixotropy and green strength of cement

paste. This study showed clay addition improves buildability as well as other rheological

characteristics [30], but no experiment was conducted by printing samples to evaluate

the printed filaments characteristics in the fresh and specially hardened state, and no

study was conducted in the scope of this project about fiber application in designed

cementitious mortar by clays.
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1.4. Pumping and Printing Systems

Different types of printing systems and extrusion methods are utilized for concrete

printing. Rahul and Santhanam [31] devised a long slow moving piston and a cylinder

with an open cap at both the bottom and top, connected to a pressure line of Argon gas

to generate the required power for the extrusion of the mortar. Paper of 2.6 µm pore

size as filtration was placed on two sides to hinder the separation of the liquid phase

from the matrix and prevent leaving behind a dewatered and unextrudable mass. In

another study conducted by Guowei Ma [32], awl-shaped screw was utilized to transfer

materials to the nozzle for extrusion.

Based on the literature review, various printers are used on a lab scale to conduct

the printing in 3D coordinates. The gantry structure as a widely adopted system is

used to position the nozzle in XYZ Cartesian coordinates. As examples of gantry

systems, Counter Crafting, Concrete Printing and D-shape can be listed. Robotic

arm is the next printing system which is more modern than gantry, since they enable

printing system to provide additional roll, pitch and yaw controls to the printing head.

Moreover, by means of a robotic arm, tangential continuity method is applicable to

generate layers of varying thickness, enable smoother transition between layers and

improve the appearance of the printed element. Digital Construction Platform (DCP)

is another printing system which moves robotic arm on a track driven mobile platform.

Some of DCP system carry solar panels to provide power for its electrical engine [33]. In

many studies simple cylindrical caulk gun or adhesives’ sealant gun connected to plastic

nozzles with different shapes were utilized for manual extrusion of singular filament or

maximum 2 layered beam to conduct basic studies on behavior of 3DCP [34-36].

Extrudability largely depends on nozzle type and defines the required geometry

for the nozzle. Moreover, nozzle shape determines the structural appearance and shape

of the printed filaments. The most popular nozzle shapes are square, rectangular,

circular, and elliptical. Circular nozzle performs better at corners, but lower contact

area between extruded beads influences stability characteristics negatively. Moreover,
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a circular nozzle improves the penetration rate slightly, due to constructing fewer flat

layers. A square shape nozzle hole results in obtaining a smooth surface in printed

filaments. The applied load is distributed equally in a square nozzle due to the large

radius of the distribution area [8, 37].

The results indicate that incorporating 0.15% PA fiber had a positive effect on

extrudability, interlayer bonding, and reduced slump flow loss, without significant side

effects. Additionally, the addition of 1% NM/SEP decreased workability as expected,

but improved buildability, appearance, and interlayer bonding. On the other hand, re-

placing 20% of cement with FA enhanced rheological characteristics, but had a negative

impact on buildability and accelerated the slump flow loss trend.
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Cement

CEM I 42.5R type Portland Cement from Akçansa was used for preparing ce-

mentitious mortars as the main part of the binder. Physical, mechanical, and chemical

properties of the consumed cement were given according to EN 197-1 [38] standard in

Table 2.1, Table 2.2 and Table 2.3, respectively.

Table 2.1. Physical properties of cement.

Physical Properties Results

Density (g/cm3) 3.13

Initial Setting Time (min) 131

Final Setting Time (min) 184

Soundness (Le Chatelier) (mm) 1

Fineness - Blaine Specific Surface (cm2/g) 3900

Fineness - Residue on 45µm sieve (%) 3.4

Fineness - Residue on 90µm sieve (%) 0.2

Table 2.2. Mechanical properties of cement.

Mechanical

Days

Standard Test Result

Properties (MPa) (MPa)

Early Strength

2 ⩾ 20.0 30.7

7 - 47.9

Standard Strength 28 42.5 ⩽ strength ⩽ 62.5 58.3
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Table 2.3. Chemical properties of cement.

Chemical Characteristics Result

SiO2 Soluble (%) 18.05

Insoluble Residue (%) 0.35

Al2O3 (%) 4.85

Fe2O3 (%) 3.4

CaO (%) 62.6

MgO (%) 1.35

SO3 (%) 3.35

Loss on Ignition (%) 3.7

Cl- (%) 0.0106

Na2O / K2O (%) 0.24/0.84

S.CaO - Free lime (%) 0.8

Mineralogical C3S 67.77

Composition C2S 0.73

C3A 7.08

C4AF 10.35

LSF 1.03

2.1.2. Fly Ash

Class F type FA was used in this study as a binder obtained from Çatalhöyük

thermal power plant. FA is beneficial for the workability of the 3DCP by minimizing

yield stress and viscosity at the early stage [39] and is vital for designing sustainable 3D

printable mixes [40]. Table 2.4 and Table 2.5 summarize physical and chemical proper-

ties of FA, respectively. Cement (OPC CEM 42.5R) and FA particle size distribution

were given in Figure 2.1.
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Table 2.4. Physical properties of FA.

Physical properties Result

Density (g/cm3) 2.1

Residue on 45µm sieve (%) 28.8

Pozzolanic Activity Index (%)

28 Days 87.8

90 Days 97.0

Table 2.5. Chemical properties of FA.

Chemical Characteristics Result

SiO2 Soluble (%) 55.38

Al2O3 (%) 25.50

Fe2O3 (%) 6.14

CaO (%) 2.02

MgO (%) 2

SO3 (%) 0.14

Na2O (%) 0.62

K2O (%) 3.8

Others 6.41
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Figure 2.1. Cement (OPC-CEM 42.5R), FA-SEP particle size distribution.

2.1.3. Aggregates

Mortar samples were prepared by combining two different sizes of the silica sand

AFS 10-15 (0.5-1 mm) and AFS 60-70 (0.075- 0.5mm) at a weight ratio of 2:1. AFS is

a standard parameter to express the Average Fineness Size of the sands. The binder-

sand ratio was kept at 1:1.5. Two different sizes of aggregates were used in this study.

Due to the nozzle size of the printing robot and caulking gun, the maximum size of

the sand is limited to 2 mm in diameter. Figure 2.2 displays the cumulative percent

passing of the aggregate.
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Figure 2.2. Cumulative percent passing of the aggregate.

2.1.4. Clay

Two types of nano-scale natural clay pozzolans in powder form were used as

viscosity modifying agents (VMA) which contribute to shape stability by improving

the thixotropic behavior of the mortar [41]. Moreover, it has been found that inserting

nano clay is necessary for a successful extrusion [9]. As the first clay, NM supplied

by Sigma-Aldrich with a maximum particle size of 20 µm and specific surface area of

about 220 ∼ 270 m2/g, and as the second nano clay, SEP supplied by a local distributor

ground in 150 µm were used. NM and SEP dosages were kept at 0.5% to 1% by weight

of the binder.

NM as a surface-modified mineral improves the rheology of the fresh mortar by

increasing the yield stress and viscosity of the material and enhances the flocculation

of the material and packing density by holding some part of the mixing water [30].

Moreover, it interacts with water and improves thixotropic properties [42].



17

SEP is a magnesium-containing fibrous clay that not only interacts with water but

also provides microstructural locking thanks to the clays it contains [43]. SEP particle

size distribution was given in Figure 2.1, compared to the particle size distributions of

cement and FA. Measurements were made with the Malvern laser diffraction particle

size analyzer at Özyeğin University [30].

2.1.5. Plasticizer Admixture

A PCE-based SP from Sika was used at 1%-1.5% by weight of the binder to

extend slump retention. It was necessary for the optimization of mix designs with

considerable water reduction power [44].

2.1.6. Fiber

6 and 12 mm PA microfibers obtained from KORDSA Co. were used to provide

flexural strength and stability. Fiber was added at different dosages (by weight of

binder amount) to investigate the effects of the fibers on flowability and obtain the

optimum amount. Table 2.6 summarizes the physical and mechanical properties of

fibers.

Table 2.6. Properties of PA microfibers.

Characteristics Result

Fiber Class EN 14889-2 Class I

Density (gr/cm3) 1.38

Length (mm) 6 & 12

Filament Diameter (micron) 17-21

Tensile Stress (MPa) 800 -1100

Resistance to Corrosion High

Melting Point [oC] 255-265

Number of Fibers / Kg 200 Million

Fiber Type Monofilament
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2.2. Mixture Design

2.2.1. Preparation of the Mixes

5 different mix designs were prepared with a 0.36 water-to-binder (w/b) ratio and

20% of cement was replaced by FA as it is summarized in Table 2.7.

Table 2.7. Mix Designs (%).

Name of the mixture

Binder

SPCement FA NM SEP

CONTROL 100 - - - 1.05

CONTROL FA 80 20 - - 1.05

NM 1 FA 79 20 1 - 1.05

SEP 0.5 FA 79.5 20 - 0.5 1.5

SEP 1 FA 79 20 - 1 1.5

Mix designs were prepared according to ASTM C305-20 [45] by means of an elec-

trically driven mechanical mixer connected to a paddle, able to provide two controlled

speeds.

Before starting the mixing, nano clay was mixed with SP and water for 30 seconds

at 800 rpm using a magnetic stirrer until a homogenized mixture is obtained. Fiber

is added by two different methods. For mixtures containing low dosages of fiber, fiber

was added to the liquid part, and mixed with water and SP together. But for the

mix designs containing a higher dosage of fiber, fiber was added directly to the binder

and mixed with dry ingredients for 1 min separately before adding the liquid part.

The reason for presuming two different mixing methodologies is that higher dosages of

fibers are prone to clogging during mixing by the magnetic stirrer. Scraping time is

extended from 15 s to 45 s to ensure cement particles are well scraped from the bottom

of the bowl. The final mixing step also is increased from 1 min to 2 min to obtain a

homogenized mixture.
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2.3. Experimental Methods

2.3.1. Printing Equipment

Depending on the type of the test, two different printing setups were used in this

study. The first one was a ram extruder connected to a robotic arm with an injector-

type print head, available at Ozyegin University, illustrated in Figure 2.3(a). The

printing process was operated at a constant speed of 13 mm/sec by the KR 6 r900 robot

from KUKA, connected to a ram extruder with the 24x24 mm square nozzle shape. The

second printing equipment was a special caulking gun and two rectangular nozzles with

different sizes, shown in Figure 2.3(b) utilized for manual printing [34], purchased from

GIVBRO. Choosing and deciding on the printing equipment for conducting each of the

experiments mainly depended on the sensitivity of the test, required section shape, and

test requirements. Sometimes based on the requirements and desired properties, the

caulking gun showed better performance and correspondence with the requirements of

the study. A variety of nozzle types are normally used in the industry including square,

round, and rectangular shapes, but the rectangular shape utilized is based on the type

of the experiments in the scope of this study.

Figure 2.3. Printing setup, (a) the robotic arm and ram extruder, (b) caulking gun.
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2.3.2. Preliminary Tests

2.3.2.1. Fiber Distribution. One of the critical issues and main goals of this study

was to distribute PA microfibers evenly in designed mixtures. Since normally PA fiber

exhibits a regular and even distribution in concrete [46], its dispersion is not critical.

Considering this issue the simple visual control method [47] was employed to evaluate

the distribution of the fiber in the matrix in both dry mix and hardened state. For

this purpose, PA fibers were mixed with cement and FA combination in a dry mix

state for 1 min and then the obtained powder mix was spread on the flat surface and

divided into small parts to check the fiber content visually, shown in Figure 2.4(a).

Then, another dry mixed prepared, and the fiber dispersed as it is explained for the

dry mix state, and water was added to prepare fiber-reinforced mortar according to

ASTM C305-20 for conducting the hardened state method. The wet mortar spread

on the even smooth surface in a very thin thickness and let it dry. Finally, dried thin

cement-based sheets were crushed into small pieces by using a hummer, displayed in

Figure 2.4(b). Broken parts were evaluated visually after taking macro pictures to

investigate the distribution of the fibers. If the fibers were present in all around the

broken pieces and their distribution rate appeared to be consistent throughout the

matrix, the distribution technique was deemed acceptable for the subsequent of the

experiments.

Figure 2.4. Sample preparation for fiber distribution test in, (a) dry mix, (b)

hardened state.
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2.3.2.2. Extrudability. This test was performed using robotic printing facilities to

ensure design mortars will not clog the and will be printed smoothly. Moreover, both

6 and 12 mm fibers dispersed inside the mortar separately to evaluate their impact

on extrusion to determine the fiber length for the rest of the experiments. The ex-

trudability was evaluated by a qualitative extrusion test which focuses on defects of

printed filaments. The test shape was designed as it is shown in Figure 2.5 to represent

the typical way of building freeform construction components. Results were evaluated

based on YES or NO. If the mortar is extruded without any blockage and fracture is

not observed in the entire length of the printed filament, the mix design together with

the associated fiber in that mix design is considered extrudable [24, 48].

Figure 2.5. The schematic view of the process flow used for extrudability.

2.3.3. Fresh State Tests

2.3.3.1. Flowability Test. The workability characteristic of the fiber-reinforced and

non-reinforced mortars was evaluated by conducting a flow table test according to the

ASTM C230/230M-21 standard [49] to obtain the workable range of the mix designs.

All mix designs were repeated for various dosages of fibers at the rate of 0%, 0.05%,

0.125%, and 0.150% (by weight of binder amount) to investigate the impact of fiber

content on flowability, determine the optimum fiber content for the rest of the exper-

iments and study slump loss trend. Higher fiber contents larger than 0.15% were not

studied, since susceptibility for clogging and discontinuity of filaments during printing

is increasing in higher contents [22].
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The flowability of the mortars was evaluated by measuring the spread diameters

and calculating the average diameter after conducting the flow table test over 0, 30,

60, 90, and 120 min time intervals. The test was repeated three times for each batch.

The final flow diameter for each time interval was recorded as an average value from

these three samples. Figure 2.6 represents the flow table test for the control mix before

(a) and after (b) conducting the test.

Figure 2.6. Control mix, (a) Before, (b) after the flow table test.

2.3.3.2. Buildability/Stability Test. Buildability (shape retention characteristics) as

a degree of deformation attributes to the ability of printed cementitious mortar to keep

its shape after extrusion against its own weight and pressure of subsequent layers [50].

For this purpose, hollow square-shaped structure printed [51] layer by layer in 5 layers

in 100x100 mm dimension, displayed in Figure 2.7(a). The thickness of the layer was

adjusted to 15mm by defining the printing height which is the height of the nozzle from

the printing platform. The process flow of the printed geometry is schematically shown

in Figure 2.7(b). Samples were printed by robotic arm using a 10x10 mm square shape

nozzle at a constant printing speed of 13 mm/s.
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Figure 2.7. Buildability test setup, (a) geometry and dimension of the printed hollow

cube for buildability test, (b) printing path.

To evaluate the buildability, all 5 mix designs were printed accordingly. The

buildability is evaluated by measuring the height of the layers on 4 sides of the printed

cube (Figure 2.8) and calculating the height drop of the layers immediately after fin-

ishing the printing [52]. The measurements are repeated in different time intervals to

record the changes until the moment height changes are stopped. Geometric stability

is expressed as a % change in height.

Figure 2.8. Measuring the height of the printed specimen for stability test.
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2.3.4. Hardened State Tests

2.3.4.1. Compressive Strength Test. To evaluate the compressive strength of the mix

designs, 4-layer beams with 200 mm length were printed with a layer height of 10 mm

using the caulking gun equipped with the rectangular-shaped nozzle [34], displayed in

Figure 2.9(a). Nozzle output was 35 mm wide and 12 mm high, but after extrusion and

as a result of the pressure of the subsequent layers, the fresh layer height dropped to 10

mm and section width increased to 40 mm. The printing process was conducted in two

different manners separately with 5 and 30-minute time intervals between the layers

to investigate the time gap effect on the compressive strength of the printed samples.

Then, cube samples with dimensions equal to 40±2 mm were obtained by cutting the

beams during the fresh state, shown in Figure 2.9(b). All samples were cured at room

temperature, 22oC, and 95% relative humidity until the test day. The compressive

strength test of the specimens was made with a 3000 KN Automatic Compression

Tester according to ASTM C 109/C109M-21 [53] and the loading rate was kept at

1±0.1 KN/s. Compressive strength was determined at 7 and 28 days after printing

by loading the samples perpendicular to the printing direction. Before conducting

the compression test, the upper surface of the samples was leveled by grinding using

the automatic grinding machine to obtain a smooth leveled surface (Figure 2.9(c)).

The compressive strength of each different mortar was determined from three samples.

Finally, the results were compared to traditionally cast samples to investigate the

printing effect on the compressive strength of the cementitious mortar.
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Figure 2.9. Sample preparation steps for compression test, (a) printing, (b) cutting,

(c) grinding.

2.3.4.2. Interlayer Bonding Strength Test. To study the interlayer bond strength dif-

ferent approaches were examined and finally, two practical methods were chosen to im-

plement. As a preliminary solution, dog-bone-shaped specimens were used and tested

under uniaxial direct tensile loading [54]. For this purpose, samples were cast into a

dog-bone-shaped mold at a time interval of 30 minutes. The dog-bone-shaped sample’s

dimension is illustrated at Figure 2.10(a). To form an interface between two parts (for

imitating the interface between the printed layers), before the casting, half of the mold

was separated from the middle by using a thin sheet of acetate paper as a divider to

simulate interlayer formation, shown at Figure 2.10(b). Then the second half was cast

after 30 min and the thin spacer was immediately removed to connect the two parts

of the cast sample. The samples were removed from the mold after 24 hours and kept

in the curing chamber for another 6 days at a constant temperature of 22oC and 95%

relative humidity until the test day. 7 days after casting, direct tensile test was per-

formed on the samples with a servo-hydraulic closed-loop MTS test system at a loading
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speed of 0.005 mm/s (Figure 2.10(c)). Alignment of the specimen in the machine was

carefully done to avoid any eccentricity. The final recorded tensile load was divided by

the cross-sectional area to calculate the interlayer bond strength. Three samples were

prepared for each mix design.

Figure 2.10. Preparing samples for direct tensile test, (a) dog-bone-shaped sample

geometry, (b) forming interface using a separator, (c) conducting direct tensile test.

As the second method [55], 2-layer beams with a 30 min time interval were

printed in the horizontal direction using the caulking gun equipped with the smaller

rectangular-shaped nozzle. Nozzle output was 56 mm wide and 10 mm high. For

each mix design, two beams (Set A and Set B) were printed. To improve interlayer

bonding, cement paste was applied smoothly on the surface of the first layer of Set B

(Figure 2.11) just 15 min after printing utilizing a simple brush [56, 57]. The fresh

cement paste was prepared by mixing cement and water with a w/c ratio of 0.36. Af-

ter another 15 min, the second layer was applied on both beams A and B to complete

printing, as shown in Figure 2.11(a) and Figure 2.11(b). The schematic view of the

printing steps and the whole procedure is illustrated in Figure 2.11(c).
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Figure 2.11. Preparing samples for interlayer bonding test, (a) printing the 1st layer,

(b) printing the 2nd layer, (c) a schematic view of the total procedure.

One hour later, both beams were cut vertically in the fresh state using a thin steel

plate [55] to obtain samples with dimensions equal to 30x30 mm and 20mm height,

as displayed in Figure 2.13. All samples were cured at room temperature, 22oC, and

95% relative humidity until the test day. Based on the preliminary trials, the samples

obtained by this method consisting of 2 layers with a 30 min time interval showed a

low bonding in a way that the 2 layers were separated during preparation (while gluing

and handling) even before conducting the direct tensile test.

The weak bonding between the layers occurs due to the existence of large voids

in interlayers with different intensities [34] which leads to an increased heterogeneity

and systematic error in the results [58]. In the real case, the pressure of further layers

improves the bonding between the layers by 10-30% [57], but in this case, just two

layers exist which does not guarantee perfect bonding in the interlayer section. To

tackle this problem, small pieces of steel in 40x40 mm dimension were provided and a

steel nut was welded on top of it. The size of the nut was chosen in a way to provide
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46g of weight (the nut and steel sheet) that is equal to the weight of 2 layers of printed

specimen in size of 30x30 mm to simulate the pressure of two more layers on the

printed specimen. The plate and nut structure was put on the samples immediately

after cutting them to act as a uniform weight equal to the pressure of two more layers

on top of the specimens, as shown in Figure 2.12.

Figure 2.12. Loading additional weight on top of the samples of interlayer bonding

test.

To study the failure pattern and distinguish the failure section after conducting

the tensile test and before the application of the second layer, 6g of universal acrylic

pigment was added to the mixture to change the second layer color (Figure 2.13) [55].

This modification was intended to facilitate the differentiation of layers during the

debonding process. However, it was decided to abandon this approach after conducting

preliminary trial tests, as all the samples consistently separated from the interlayer.

Consequently, there was no longer a need to utilize color as the separation section could

be reliably predicted.
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Figure 2.13. Utilizing pigment in one layer.

Then, 3 hours after printing, samples were put inside the chamber and kept at

room temperature, 22oC, and 95% relative humidity until the 6th day. Samples were

taken out 1 day earlier to lose humidity and become dry. Since there were many speci-

mens to test in this step, a simple test setup was designed to easily test the specimens.

Two-layer cubic specimens were glued to cement-based dog-bone-shaped parts to easily

remove the sample from MTS after conducting the test. A two-component epoxy-based

adhesive (Figure 2.14(a)) was utilized to glue dog-bone-shaped samples to the two sides

of the samples [55, 56], shown in Figure 2.14(b). The schematic view of the prepared

sample setup is displayed in Figure 2.14(c).

Figure 2.14. Preparing samples for the MTS test, (a) preparing adhesive, (b) gluing,

(c) a schematic view of the specimen.
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Finally, uniaxial tension (Figure 2.15(a)) was applied to the samples by using an

MTS machine at the rate of 0.005 mm/sec [59] as it is shown in Figure 2.15(b). Totally

6 specimens were produced for each mix design including 3 specimens for set A and 3

more specimens for set B whose interlayer bonding was improved by applying a cement

paste layer (Figure 2.15(c)). Moreover, the control mix design was repeated once again

with a 0 min time delay to investigate the delay effect on interlayer bonding strength.

Figure 2.15. Direct tensile test setup, (a) uniaxial tensile loading direction, (b) tensile

bond strength setup, (c) A and B series ready for the test.

After the test, photos were taken from the separated sections of all specimens one

by one to determine the failure pattern and calculate the effective area. The effective

area was obtained after analyzing the failure section and calculating the area in ImageJ

software, as shown in Figure 2.16. The bonding strength was calculated based on the

maximum failure load obtained from MTS and the effective bonding area derived from

image analysis [60].

Figure 2.16. Section analysis after failure by Image J software.
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2.3.4.3. Flexural Strength Test. To investigate the flexural strength characteristic,

samples were prepared by both casting and printing methods separately. Casting

method aimed to check the fiber content effect on flexural properties. For this purpose,

40x40x160 mm prisms were cast manually and a 3-point bending test was conducted

with a servo-hydraulic displacement-controlled device according to the ASTM C348

standard [61] for the three-point bending test of mortar prisms. The free span length

was adjusted at 100 mm and the loading rate was set to 50 N/s.

Then, samples were printed for equal content of fiber (0.15%) to compare the

flexural properties of different mix designs. 2-layer beams were printed continuously in

the horizontal direction [34] in 160 mm length using the robotic arm and ram extruder

at a constant printing speed of 13 mm/s. The flow path is shown in Figure 2.17(a)

and the specimen geometry and loading configuration is shown in Figure 2.17(b). 3

specimens were printed for each mix design on the oiled wooden platform as it is

displayed in Figure 2.17(c). The square shape nozzle was utilized for the experiment

with 24x24 mm output and the thickness of the layers was adjusted to 15mm by

defining the nozzle distance from the printing surface. 3 hours after printing, samples

were transferred to a climatic chamber and kept at room temperature, 22oC, and 95%

relative humidity until the test day. Finally, a 3-point bending test was conducted

with a servo-hydraulic displacement-controlled device on the 28th day (Figure 2.18).

Maximum stress was recorded and divided by the section area to calculate the flexural

strength of the prisms.

Figure 2.17. 3-Point bending specimens, (a) the flow path, (b) loading configuration

(c) printed prisms.
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Figure 2.18. 3-Point bending test setup.
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3. RESULTS AND DISCUSSION

3.1. Preliminary Test Results

3.1.1. Fiber Distribution

Fibers were supposed to be dispersed at the rate of 0%, 0.05%, 0.125%, and

0.150% (by weight of binder amount) inside the water of the mixtures using a magnetic

stirrer until obtaining a homogenized mixture. 0.05% and 0.125% fiber contents were

mixed properly by this technique, but when fiber content increased to 0.150%, the

magnetic stirring bar clogged between high-volume fiber content, and the mixing action

was interrupted. This problem intensified in mixed designs which contain clay inside,

since by the addition of clay, the density of the mixture increased and clay dispersion

action also was interrupted. Moreover, fibers agglomerated and clumped in one point

of the water as it is shown in Figure 3.1, which in this case, it becomes very difficult

to remix and disperse them.

Figure 3.1. Fiber clump problem in 0.15% volume.
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To disperse fibers in higher content (0.15%) for mix designs which include clay,

other methods were investigated. The best result was obtained when fibers were mixed

inside a dry mix of cement using a mechanical mixer at a lower speed for one minute.

Fiber dispersion analysis was done by processing 2D digital images and visual

analysis. In the first step, PA fibers were distributed in a dry mix of binder by mixing,

and the obtained mixture spread on the flat surface as it was explained before. After

evaluating all parts of the dry mix with the naked eye, it was proven that distributing

PA fibers by a 1-min dry mix with binder was an efficient method for high contents

(0,15%) and 1 min is enough time to ensure all fiber content is distributed uniformly.

As a result, 60 seconds was recorded as a preliminary mixing time for distributing PA

fibers in the dry mix, before adding water and other ingredients in the mix. A photo

taken from one part of the spread dry mix is shown in Figure 3.2.

Figure 3.2. Distribution of PA fibers in dry mix.

Then, fiber distribution was evaluated for prepared mortar. A thin layer of fiber-

reinforced mortar was prepared according to ASTM C305-20 and investigated after

drying and crushing into small pieces. After taking pictures from all around the crushed

matrix and cracks, it was seen that fibers were well distributed in the entire mortar
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matrix. Figure 3.3 illustrates fiber distribution by three photos taken from 3 distinct

sections of the crushed reinforced mortar with PA fibers.

Figure 3.3. Distribution of PA fiber in crushed mortar.

3.1.2. Extrudability

To ensure design mixes are extrudable, control mixes containing 6 and 12mm

fiber were printed by using the printer connected to a ram extruder using a 24x24 mm

square shape nozzle at a constant printing speed of 13 mm/s. Both 6 and 12 mm

fiber-containing mix designs were extruded continuously without any significant sign

of fracture. Obtained results are evaluated based on YES or No for tested mix designs

as it is shown in Table 3.1.

Table 3.1. Extrudability results for different fiber lengths.

Mix Design Fiber length (mm) Extrudable

Control 6 YES

Control 12 YES

Control-FA 6 YES

Control-FA 12 YES

Since both 6 and 12mm fiber-reinforced mortars showed the same performance

in terms of distribution and extrudability, 12 mm PA fiber was chosen as the desired

length for conducting the rest of the experiments.
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3.2. Fresh State Test Results

3.2.1. Flowability Test Results

3.2.1.1. Determining SP Amount. The first aim of this part was to find the optimum

amount of SP for mix designs. For this purpose, the CONTROL and CONTROL-

FA mixes were examined separately with different amounts of SP to obtain desired

flowability for each one. Based on the experience and observations from previous phases

of this project, the ideal flowability as a target value for printing with the KUKA printer

and associated ram extruder and the square nozzle shape with a 24x24 mm opening

was expected to be 19-21cm, approximately. CONTROL mix with SP=0.35%, 0.70%,

and 1.05% by weight of binder was prepared accordingly and flow table tests were

conducted at t=0, 30, 60, 90, and 120 min. Obtained results are shown in Figure 3.4. It

can be observed from this figure that the SP amount of 1.05%, had the most desirable

flowability with the required range. The test was repeated for SEP 0.5 FA which

contains SEP with SP=1.0%, 1.3%, and 1.5% by weight of binder, since SEP has high

water absorption potential. Based on the obtained results shown in Figure 3.5, an SP

amount of 1.5% was chosen as the optimum amount of SP for SEP-containing samples.

Figure 3.4. Results of flow table test for control mix with various SP amount.
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Figure 3.5. Results of flow table test for SEP 0.5 FA with various SP amount.

3.2.1.2. Evaluating flowability of non-reinforced mixtures. After determining the op-

timum SP amount, the flow table test was conducted for all mix designs to compare

their flowability before adding fibers, as shown in Figure 3.6. As expected, the addi-

tion of FA to the samples improved the initial workability (t=0). The flowability of

CONTROL-FA was improved by up to 10%, but flow loss increased considerably in

the first 60 minutes after mixing the mortar by 20% replacement of cement by FA, as

it is given in Table 3.2. The addition of 1% of clay (NM and SEP) in the NM 1 FA

and SEP 1 FA samples significantly reduced the workability compared to their coun-

terpart CONTROL FA sample. However, the NM-containing sample maintained the

flow better than the SEP-containing one in 2 hours based on the results in Table 3.2.

Due to this potential of NM in keeping the flow, the flowability of the NM 1 FA after 2

hours exceeds the flow of its counterpart CONTROL FA as can be seen in Figure 3.6.
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Figure 3.6. Result of flow table test for mix designs without fiber.

Table 3.2. Flow table test results for mix designs without fiber.

Mix Designs

Flow diameter (cm) Flow Flow

at t (min) intervals Loss Loss

(%) in (%) in

t=0 t=30 t=60 t=90 t=120 60 min 120 min

CONTROL 19.9 18.2 17.1 16.5 15.7 13.7 21.2

CONTROL FA 22.0 19.2 18.2 17.7 17.1 17.1 22.2

NM 1 FA 19.7 18.3 17.9 17.5 17.4 9.0 11.7

SEP 1 FA 17.4 15.5 14.8 14.5 13.8 14.9 20.5

Another individual comparison was done to study and compare the effect of

increasing clay content from 0.5% to 1.0% on the workability of the mortar. Based

on the obtained results, increasing SEP content resulted in flow loss, ranging from

23.2% to 26.8% for different time intervals in a 2-hour period. On the other hand,

increasing NM content resulted in a slight flow loss ranging from 4% to 10.8% in the
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same period. Evaluating the results given in Table 3.3 and comparing the flowability

diagram of clay-containing samples (Figure 3.7 and Figure 3.8) revealed that increasing

SEP content significantly decreased workability while increasing NM content by the

same amount resulted in a slight decrease in the workability of the samples. These

results demonstrate NM’s influence on flow loss is considerably less than SEP. Although

both NM and SEP as nanomaterials have high specific surface areas to interact with

water, due to the hydrophilic properties of SEP, it absorbs higher water content, and

that is why SEP-containing samples lost workability more than NM containing samples

over time [62].

Table 3.3. Flow table test results for NM and SEP containing Mixtures.

Sample Flow diameter (cm) at t (min) intervals

t=0 t=30 t=60 t=90 t=120

NM 0.5 FA 20.5 20.5 20.0 19.7 19.2

NM 0.5 FA 20.5 20.5 20.0 19.7 19.2

NM 1 FA 19.7 18.3 17.9 17.5 17.4

Loss % 4.0 10.7 10.4 10.8 9.7

SEP 0.5 FA 22.6 21.2 20.0 19.3 18.5

SEP 1 FA 17.4 15.5 14.8 14.5 13.8

Loss % 23.2 26.8 25.9 25.2 25.1
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Figure 3.7. Effect of NM content on flowability.

Figure 3.8. Effect of SEP content on flowability.
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3.2.1.3. Evaluating flowability of fiber-reinforced mixtures. Then PA fibers were in-

troduced to the mixtures to investigate the workable range of fiber-reinforced mortars

and study workability change behavior in all mix designs for various dosages of PA

fibers (0%, 0.05%, 0.125%, and 0.150%) by weight of binder amount. For beginning

CONTROL and CONTROL FA mixtures were studied by conducting flow table tests

for mentioned contents of fibers accordingly. Based on the results obtained in the fiber

distribution section, all fiber contents directly were mixed inside water for both CON-

TROL and CONTROL FA samples as it was explained before. For both CONTROL

and CONTROL-FA, workability decreased slightly with an increased PA fiber volume

as it was expected, shown in Figure 3.9 and Figure 3.10, respectively.

The flowability loss in percentage is calculated for CONTROL mix after 60 and

120 min for all fiber volumes, shown in Table 3.4. Based on the obtained results for

the CONTROL mix, the maximum flowability loss occurred for 0.05% and 0% fiber-

reinforced samples by 14% and 13.7% (after 60 min), respectively. In the same way,

maximum flow loss was recorded for 0% and 0.05% fiber content samples by 21.2% and

18.7% (after 120 min), respectively. On the other hand, minimum flowability loss was

observed for 0.125% and 0.150% fiber contents by 12.2% and 17.6% after 60 and 120

min, respectively. When the values given above are considered it can be said that the

effect of fiber reinforcement on the flow loss was limited.
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Figure 3.9. Flow table test results for CONTROL mixes containing different dosages

of PA fibers.

Table 3.4. Flow table test results for CONTROL mixes containing different dosages

of PA fibers.

Fiber Flow diameter (cm) at t Flow Flow Flow

content (min) intervals Loss Loss Loss

T= T= T= T= T= (%) in (%) in (%) in

0 30 60 90 120 30 min 60 min 120 min

0% 19.9 18.2 17.1 16.5 15.7 8.5 13.7 21.2

0.05% 19.9 18.1 17.1 16.9 16.2 9 14.0 18.7

0.125% 19.0 17.3 16.7 16.5 15.6 8.9 12.2 17.5

0.15% 18.8 17.3 16.5 16.2 15.5 7.9 12.2 17.6

The flowability loss in percentage is calculated for CONTROL FA mix after 60

and 120 min for all fiber volumes, shown in Table 3.5. Based on the obtained results

for the CONTROL FA mix, the maximum flowability loss occurred for 0% fiber (plain)

sample by 17.9%, after 60 min. In the same way, maximum flowability loss was recorded
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for 0% fiber content samples by 22.5%, after 120 min. On the other hand, minimum

flowability loss was observed for 0.15% fiber content by 10.3% and 16.5% after 60 and

120 min, respectively.

Figure 3.10. Flow table test results for CONTROL FA mixes containing different

dosages of PA fibers.

Table 3.5. Flow table test results for CONTROL FA mix containing different dos-

age PA fibers.

Fiber Flow diameter (cm) Loss Loss Loss

content at t (min) intervals % % %

T= T= T= T= T= in 30 in 60 in 120

0 30 60 90 120 min min min

0% 22.6 19.6 18.6 18.0 17.5 13.3 17.9 22.5

0.05% 21.7 19.3 18.4 17.9 17.5 11.05 15.0 19.4

0.125% 20.4 18.2 17.7 17.5 17.0 10.8 13.4 16.9

0.15% 19.4 17.8 17.4 17.2 16.2 8.24 10.3 16.5



44

Evaluating Table 3.4 and Table 3.5 results and comparing the flowability of the

CONTROL and CONTROL FA mixtures with and without fiber revealed that the

increasing PA fiber content from 0 to 0.15%, hinders the flow loss and maintains the

workability of the mortar during the whole time intervals of a 2-hours period. It might

be due to the hydrophilic nature of PA fibers [63], which restore water and restricts

water loss from the matrix of cement paste. But it is obvious that by increasing fiber

content, the workability of the sample decreases due to the water absorption behavior

of PA fiber. Moreover, the workability loss of the reinforced mortar at an initial 30

min was more intense since mixtures lost almost half of their flowability at an initial

30 min while considering the 2-hour period.

The flow diameter changes of clay-containing mixtures is shown in Figure 3.11,

and their flow loss behavior is compared with their co-respondent control mix (CON-

TROL FA) in Table 3.6 when 0.125% of PA fibers are added. Similar to the non-

reinforced situation, the NM-containing sample maintained the flow better than SEP

containing one and their co-respondent control mix, in a 2-hour period. It means the

addition of 0.125% of fibers did not change the mixtures‘ flow behavior compared to

the non-reinforced state. Figure 3.12 illustrates the flow table test result immediately

after mixing (t=0) and 2 hours for CONTROL FA and NM 1 FA samples.

Figure 3.11. Results of flow table tests for mix designs containing 0.125% PA fiber.
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Figure 3.12. Flow Table tests conducted for CONTROL FA at, (a) t=0, (b) t=120

min and NM 1 FA at, (c) t=0 (d) t=120 min.

Table 3.6. Flow Table test results for mix designs with 0.125% PA fiber.

Mix Flow diameter (cm) Loss Loss Loss

Designs at t (min) intervals % % %

T= T= T= T= T= in 30 in 60 in 120

0 30 60 90 120 min min min

CONTROL FA 20.4 18.2 17.7 17.5 17.0 11.1 13.4 16.9

NM 1 FA 18.7 17.6 17.1 16.8 16.5 6.1 8.6 11.9

SEP 1 FA 16.6 15.2 14.5 14.0 13.5 8.4 12.6 18.5

To study and observe the flow behavior of clay-containing samples against increas-

ing fiber volume, Figure 3.13 was provided and flow loss line diagrams were prepared

for a 2-hour time period. It is obvious from this figure that the addition of SEP to

the mixture resulted in higher flow loss compared to NM as it was mentioned before.
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Moreover, the narrow distance between line diagrams in NM 1 FA (Figure 3.13(b)),

illustrates NM resistance against flow loss at all fiber volumes over a 2-hour period.

But NM 1 FA considerably lost its workability in all time intervals when fiber content

increased from 0.05% to 0.125% compared to SEP 1 FA which did not show significant

change in its workability (except t=0) with an increase in fiber content. This issue can

be seen by comparing the slope of the lines in Figure 3.13 and it is proved by presented

analysis in Table 3.7. When fiber content was increased, NM-containing samples lost

their workability significantly in all time intervals more than SEP-containing samples.

Based on this table, immediately after mixing (t=0), both NM 1 FA and SEP-1 FA

showed almost same flow loss (4.5%-5%) when 0.125% of fibers were added, but by the

time, SEP containing samples could maintain the flow better with only 2% flow loss,

while NM 1 FA workability reduced by 3.8%, 4.5% and 5.2% after 30, 60 and 120 min,

respectively. The highest flow loss was recorded for CONTROL FA at t=0 by 7.1%

loss when fiber content was increased to 0.125%.

Figure 3.13. Flow loss of clay containing samples in different dosages of PA fibers in a

2-hour period, (a) CONTROL FA, (b) NM 1 FA (c) SEP 1 FA.
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Table 3.7. Flow loss of clay containing samples in different dosages of PA fibers in a

2-hour period.

Mix Fiber Flow diameter (cm)

Designs Volume at t (min) intervals

(%) T=0 T=30 T=60 T=120

CONTROL FA

0 22.0 19.2 18.2 17.1

0.05 22.0 19.2 18.2 17.1

0.125 20.4 18.2 17.7 17.0

Loss % for

7.1 5.3 3.1 0.80.125%

NM 1 FA

0 19.7 18.3 17.9 17.4

0.05 19.7 18.4 17.8 17.1

0.125 18.7 17.6 17.1 16.5

Loss % for

5.0 3.8 4.5 5.20.125%

SEP 1 FA

0 17.4 15.5 14.8 13.8

0.05 17.3 15.6 14.8 13.7

0.125 16.6 15.2 14.5 13.5

Loss % for

4.5 2.0 2.0 2.00.125%

To conclude, the influence of NM on the workability of the cementitious mor-

tar is much less than SEP. This can be attributed to the hydrophilic nature of SEP

which induces a higher water retention and absorbs the excess water of the mortar

[64]. Therefore, when PA fiber as a hydrophilic fiber is added to the SEP-containing

mortar, it is hypothesized that there is less excessive water to be absorbed by fibers,

so workability changes slightly, but NM containing sample has more excessive water

in its matrix compared to SEP containing sample and that is why when PA fibers are

added, some part of the available excess water is absorbed by PA fibers and workability

of NM 1 FA decreases more than SEP 1 FA in 2 hours.
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3.2.2. Buildability Test Results

To evaluate the buildability, all the mix designs were printed with 0.15% fiber

content using an extruder connected to a robotic arm to evaluate the shape retention

potential of NM and SEP and compare the results with the CONTROL FA mixture.

Moreover, the CONTROL sample also was printed to check the effect of FA on the

buildability of the mixes. The initial plan was to print a hollow square-shaped structure

in 6 layers, but due to the small size of the cylinder of the extruder, there was not

enough mortar to complete the 6th layer properly. As result, air entrapped in the

mortar during the extrusion of the 6th layer, which caused irregularity in the shape of

the section and resulted in instability and failure of the whole structure, as it is shown

in Figure 3.14. That is why the experiment was conducted by printing the hollow

structure in 5 layers.

Figure 3.14. Failure of the structure during printing of the 6th layer.

Immediately after printing, photos were taken from all 4 sides of the structure

while a ruler was placed in front of each side to measure the height of each layer and

analyze the height loss in a time period. The measurement was repeated in 5, 15,

30, and 60 min time intervals, accordingly. Figure 3.15 depicts the images taken from
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all samples during the buildability test 60 min after printing. It is clear from this

figure that, NM 1 FA and SEP 0.5 FA inherited uniform structure and showed better

cohesion which is attributed to the existence of clay in their mixtures. Moreover, the 1st

layer of CONTROL FA deformed considerably as a result of the pressure of the other

deposited layers which shows the low buildability characteristics in CONTROL FA,

based on the measurements at the beginning (t=0 min), illustrated in Table 3.8.

Figure 3.15. Printed samples for buildability test 2 hours after printing.

Table 3.8. The layer height of the samples immediately after printing.

Samples

Layer Height (mm) at t=0

1st 2nd 3rd 4th 5th

CONTROL (0.15%) 17 16 17 18 19

CONTROL FA (0.15%) 8 17 18 19 18

NM 1 FA (0.15%) 17 18 19 16 21

SEP 0.5 FA (0.15%) 15 16 19 18 20
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After 60 minutes, no change was detected in the height of the samples, so the

experiment stopped and results were analyzed in order to compare the buildability

behavior of all samples. Table 3.9 summarizes the results based on the total height

as an average of the final height obtained from all sides in a 2-hour period, and Table

3.10 presents the geometric stability as a percentage change of the height in each

time interval. It is obvious from Table 3.9, that NM 1 FA demonstrated the highest

buildability potential among other samples by obtaining 93 mm height. The result

of the buildability test also is shown in Figure 3.16, displaying the initial and final

height of the structures. By comparing the results of NM 1 FA and SEP 0.5 FA with

CONTROL FA, it can be concluded that the addition of SEP and NM improved the

buildability behavior of the mixtures by 3.6% and 12%, respectively. The high standard

deviation for CONTROL-FA originates from unequal height of 4 sides which explains

its poor behavior in maintaining its shape. When Table 3.10 was evaluated, it was seen

that height loss in all of the samples stopped 15 minutes after printing. It means all

samples could maintain their shape 15 minutes after printing.

Table 3.9. Total final height obtained for mix designs after buildability test.

Samples

Total height (mm) at t(min) time intervals

T=0 T=5 T=15 T=30 T=60 T=120

CONTROL (0.15%) 87.0 86.8 86.8 86.8 86.8 86.8

CONTROL FA (0.15%) 83.5 83.3 83.3 83.3 83.3 83.3

NM 1 FA (0.15%) 92.8 92.8 92.8 92.8 92.8 92.8

SEP 0.5 FA (0.15%) 86.5 86.0 86.0 86.0 86.0 86.5



51

Table 3.10. Percent change of height occurred for different samples at the buildability

test.

Samples

Height loss (%) at t(min) time intervals

T=0 T=5 T=15 T=30 T=60 T=120

CONTROL (0.15%) 100 0.29 0.57 0.57 0.57 0.57

CONTROL FA (0.15%) 100 0.89 1.19 1.19 1.19 1.19

NM 1 FA (0.15%) 100 0.27 0.27 0.27 0.27 0.27

SEP 0.5 FA (0.15%) 100 0.29 0.86 0.86 0.86 0.86

Figure 3.16. Total height of the samples at the beginning and end of the buildability

test.

3.3. Hardened State Test Results

3.3.1. Compressive Strength Test Results

A controlled compressive strength test was performed on 4-layer printed speci-

mens, prepared at 5 and 30 min time intervals at 7 and 28 days. The results were
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compared with the compressive strength test results of cast specimens which were pre-

viously obtained for the same mixes [65]. The average compressive strength test results

for 5 and 30 min time intervals with associated standard deviation derived from three

samples are shown in Figure 3.17 and Figure 3.18, respectively. It is clear from these

figures that the compressive strength of 28-day samples printed with 5 min time in-

tervals decreased by about 26% and 11%, and similarly, the compressive strength of

28-day samples printed with 30 min time intervals decreased by about 25% and 20%

when 1% of NM and SEP are added, respectively.

Figure 3.17. Compressive strength of printed samples with 5 min time intervals at 28

days.



53

Figure 3.18. Compressive strength of printed samples with 30 min time intervals at

28 days.

By a simple comparison between the compressive strength of printed samples at

5 and 30 min time intervals in Figure 3.19, it can be seen that increasing the time

gap in extruding layers from 5 to 30 min did not have any meaningful effect on the

compressive strength of the samples.
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Figure 3.19. Compressive strength comparison between 5/30 min time interval.

Then compressive strength of cast and printed specimens was compared in Fig-

ure 3.20. As it was expected, the compressive strength of the printed specimens was

considerably lower than the cast ones. The compressive strength of printed samples

containing 1% of NM and SEP was reduced by 34% and 28% compared to their corre-

sponding cast samples, respectively.



55

Figure 3.20. Compressive strength comparison between cast/printed samples.

As a final step of the compressive strength test, the specimens’ failure pattern

was analyzed carefully by ImageJ Software to highlight the cracks in order to recognize

crack development and failure patterns in all samples [66]. Photos were taken from

both the x-z and y-z planes according to the schematic side view shown in Figure 3.21.

It should be noted that the load was applied in the z-direction.

Figure 3.21. Schematic view of prepared samples.
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Based on the results obtained from processed images shown in Figure 3.22, almost

all of the compression failure cracks developed and propagated in a vertical direction

over the height of the samples. Moreover, in the y-z plane of the samples, the ma-

jority of failure cracks propagated close to the side of the samples, while in the x-z

plane, cracks developed almost all around the section in a random manner without a

concentration in a specific zone. Finally, it can be seen from the failure pattern in

the y-z plane that cracks propagated continuously, but failure cracks developed in a

discrete manner in the x-z plane of the majority of the samples while passing through

the interlayer zone. This might be due to the existence of the interlayer and cold joint

resulting from an imposed 30 min time interval during the printing of the layers.

Figure 3.22. Section view of the crushed specimens under compression test and crack

development pattern in y-z and x-z planes.

3.3.2. Interlayer Bonding Test Results

3.3.2.1. Interlayer bond strength dog bone shaped specimens. In the beginning, dog-

bone-shaped specimens were evaluated by dividing the maximum tensile strength by
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the cross-section area of the specimen. Based on the obtained results shown in Fig-

ure 3.23, it implies that the use of PA fiber and FA improved the interlayer bonding

considerably, and the addition of 1% NM improved the interlayer bonding slightly.

Figure 3.23. Interlayer bonding test results for dog-bone-shaped samples.

3.3.2.2. Interlayer bond strength of the printed specimens. Then samples were prin-

ted in order to investigate the bond strength of printed specimens and cement paste was

applied on interlayer to improve bonding. Results of the experiments before improve-

ment (application of cement paste layer) for series A samples are shown in Figure 3.24.

Similar to the casting method, the addition of 0.15% fiber improved interlayer bonding

strength by 22%. This implies the contribution of PA fibers to interlayer bonding. No

significant contribution from FA addition was observed. The addition of clay enhanced

the bonding in the interlayer section. The addition of 0.5% SEP and 1% NM improved

the interlayer bonding by 13% and 23%, respectively. It was not possible to print

SEP 1 FA by using the caulking gun, therefore results for the interlayer bond strength
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of this mix could not be obtained. To conclude, it can be said that with the use of nano

clays, the voids were filled and a denser mortar was obtained. As a result, interlayer

bond strength was increased, since the effective surface area in the interlayer section

was improved. In addition, the surface moisture of the printed layers decreased rapidly

due to the high evaporation rate, which reduced the interlayer bond strength of the

filaments considerably. But NM as nano-clay is reported that can reduce the loss of

surface moisture [67]. As a result, water evaporation from the surface of the printed

filament decreased and the interlayer bonding strength of the NM-containing samples

improved.

Figure 3.24. Interlayer bonding result for the printed samples-the time gap between

the 2 layers was 30 min.

Cement paste was applied on the interlayer of series B samples as it was explained

before to improve the binding between the layers. Based on the results illustrated in

Figure 3.25, the bonding strength in all samples was improved as it was expected.

Compared to the results obtained in Figure 3.24, the interlayer bonding strength of
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the CONTROL sample was enhanced by 50% as the highest increase. In the same

manner, fiber-containing samples including CONTROL, CONTROL FA, SEP 0.5 FA,

and NM 1 FA also got benefitted from paste application and showed an increase in

their interlayer bonding strength by 39%, 39%, 32%, and 24%, respectively, shown in

Figure 3.26. It can be observed that the fiber-containing samples’ interlayer bonding

strength was almost the same (approx- 1.3 MPa) after improving the interlayer by

cement paste application.

Figure 3.25. Interlayer bonding results for the printed samples after improvement of

interlayer by application of cement paste (15 minutes after the printing of the 1st

layer) time gap between the 2 layers was 30 min.
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Figure 3.26. Interlayer bonding results for the printed samples before and after

improvement of interlayer by application of cement paste (15 minutes after the

printing of the 1st layer) time gap between the 2 layers was 30 min.

In order to understand the influence of time interval on interlayer bonding strength,

the time gap decreased to 0 min. It means that the second layer was printed immedi-

ately on the first layer to generate samples without any time gap between the layers.

CONTROL sample was investigated in this experiment, and obtained results were

shown in Figure 3.27. As it was expected, the interlayer bonding strength of the CON-

TROL sample without the printing time gap was improved by 130% and reached 2.16

MPa which was more than twice the bond strength of the sample with 30 min time

interval.
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Figure 3.27. The effect of printing time gap on interlayer bonding strength-control

specimen.

Figure 3.28(a) shows the specimen under uniaxial tensile loading, Figure 3.28(b)

displays the printed sample after tensile failure. It is obvious from Figure 3.28(c) that

the sample separated from the interlayer section. By analyzing the failure sections, it

was observed that, almost all of the improved specimens separated from the interlayer.

This means that spite the improvement of the interlayer bond strength of the series B

specimens by application of the cement paste, still interlayer bond strength is weaker

than the tensile strength of the printed cement-based mortar.
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Figure 3.28. Uniaxial tensile test result, (a) under uniaxial tensile loading, (b) tensile

failure, (c) interlayer section after tensile failure.

To conclude the results of these experiments imply that the time gap in 3DCP

plays a significant role in bonding characteristics, which as it increases, interlayer bond-

ing strength decreases considerably. But by application of cement paste between the

layers about 24% to 39% of bonding strength can be compensated.

3.3.3. Flexural Strength Test Results

3.3.3.1. Flexural strength of the cast specimens. In the beginning, cast specimens

wit-h different dosages of PA fibers were evaluated. CONTROL mix was cast with

0.10%, 0.15%, 0.20%, and 0.25% of PA fiber by weight of the binder, accordingly and

3-point bending tests were performed on 7-day specimens. Based on the obtained

results shown in Figure 3.29, increasing fiber content from 0.10% to 0.25%, did not

have a significant impact on the flexural properties of the sample. However, a slight

decrease in flexural strength was recognized with a higher amount of fiber content. This

might be due to considerable flowability reduction in high fiber contents, which may

increase entrapped air void volume inside the fresh mortar, and as a result, mechanical

properties are negatively affected due to more porosity [68]. Therefore, the PA fiber

content increase did not have a notable effect on the flexural strength of the cast

specimens.
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Figure 3.29. Fiber content effect on the flexural strength of cast sample.

3.3.3.2. Flexural Strength of the Printed Specimens. Printed beams with 0.15% fi-

ber content were tested under a three-point bending test. Figure 3.30 depicts the images

taken from all 2-layer beams 28 days after printing prior to conducting the flexural test.

Fracture failure of the beam specimens after the three-point bending test is shown in

Figure 3.31. Based on the obtained results shown in Figure 3.32, FA addition caused

a slight decrease in the flexural strength of the CONTROL FA sample at 28-day age.

Based on the results shown in Table 3.11, replacing cement with 20% FA does not have

any contribution to the flexural properties of 3D-printed mortar for the first 28 days

[69, 70]. On the other hand, the addition of 1% NM and 0.5 SEP improved the flexural

properties of printed beams by 9.6% and 19.6%, respectively. Nanoclays improve the

hydration process of cement and support pozzolanic reaction by consuming calcium

hydroxide and provide better microstructure by filling micro pores of the matrix which

all leads to improving flexural strength of SEP and NM-containing samples [71, 72].
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Figure 3.30. Printed beams ready for the 3-point bending test.

Figure 3.31. Fracture failure of the printed beams after conducting three-point

bending test.
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Figure 3.32. Flexural strength of the printed samples.

Table 3.11. Flexural strength test results of samples at 28-day age.

Samples Fly ash (%) Flexural strength

at 28 d (MPa)

CONTROL (0.15%) 0 3.44

CONTROL FA (0.15%) 20% 3.32

NM 1 FA (0.15%) 20% 3.64

SEP 0.5 FA (0.15%) 20% 3.97
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4. CONCLUSION

This study was conducted to investigate the effect of nano clays and PA fiber

on the rheological and mechanical properties of cementitious mortar tailored for 3DP.

Two different types of clay were used in this study to evaluate their influence on the

behavior of the concrete in the fresh and hardened state of designed mortars. Moreover,

the partial replacement of cement by FA was investigated to explore the sustainability

in 3DCP and study the effect of FA on different characteristics of printed concrete.

Some experiments were done with both casting and printing techniques in order to

do a comparative study and evaluate printing influence on properties of the designed

mortar. Based on the obtained results:

• PA fibers are evenly distributed inside the cement-based mortar whether by con-

ducting a dry mechanical mix inside the cement or introducing it gradually to

the water during performing a continuous mix utilizing a magnetic stirrer. Dis-

tributing fiber in water is more suitable for lower contents of PA fiber, but at

higher rates larger than 0.125% (by weight of binder amount), PA fiber clumps

during mechanical mixing with water. On the other hand, the dry mix method

showed excellent distribution for higher contents of PA fibers.

• Through investigation and based on the observation, uniform distribution of PA

fibers inside cement-based mortar is not a serious challenge in lower dosages, how-

ever suitable dispersion methods should be implemented for higher than 0.15%

dosages.

• Introducing 12 mm length PA fibers at a rate of 0.150% inside the designed

cement-based mortar did not cause any change in the mortar’s extrudability

properties, so all designed mixtures were extruded without clogging inside the

nozzle during printing by the robot as well as printing manually by caulking gun.

• Substituting 20% of cement by FA increased the flow as it was expected, but it

accelerated the flow loss considerably in the initial 60 minutes after completing

the mixing.
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• The addition of 1% NM/SEP caused a decrease in flowability. However, NM

addition controls the flow loss and maintains the flow better than SEP containing

sample over a 2-hour period. Moreover, SEP content increase from 0.5% to 1%

accelerated the flow loss considerably compared to NM increase in the same range.

• Although increasing PA fiber content decreased workability and hindered the flow

due to its hydrophilic nature and special geometry, the flow loss was decelerated

in higher contents of fiber.

• The flowability of NM containing sample showed high sensitivity to fiber content

increase from 0.05% to 0.125% and lost its workability considerably in all time

intervals compared to SEP containing mixture which did not show a significant

change in its workability against fiber content growth in the same range.

• Based on the results of the buildability test, NM and SEP addition improves co-

hesion and appearance, and results in uniform shape of the structure. Moreover,

it was observed that buildability characteristics were decreased after a 20% sub-

stitution of cement by FA. The height change trend stopped 15 min after printing

which means the designed cement-based mortar obtained its final shape 15 min

after printing.

• The 28-day compressive strength of printed samples decreased with the addition

of NM and SEP. Increasing the time gap between printing the layers did not

impact the compressive strength of the mixtures. As it was expected, printed

specimens showed lower compressive strength compared to conventionally cast

ones.

• Evaluating the failure patterns of the compression test demonstrated that the

failure cracks developed and propagated vertically. Moreover, in the cross-section

(perpendicular to the printing direction) of printed cubic specimens, failure cracks

propagated vertically close to the sides of the specimens in a continuous way,

while in side section (parallel to the printing direction) of the specimens, cracks

propagated in all around the section randomly in a discrete manner while passing

through the interlayer zone.

• Interlayer bonding strength did not change considerably after substituting cement

with 20% of FA, but fiber addition enhanced bonding in the interlayer zone. In



68

the same way, the addition of SEP and NM improved the interlayer bonding.

Moreover, cement paste application on the layers enhanced the bonding proper-

ties of all mix designs in the interlayer zone by about 25 to 40%. Then, it is

concluded that by reducing the printing time gap to 0 min, interlayer bonding

can be improved by 130% compared to the specimen with a 30 min time interval,

which proves time gap has a significant effect on interlayer bonding properties of

the printed specimens.

• The fiber ratio increase does not have a special effect on the flexural strength of

the printed samples, but the addition of NM and SEP improved flexural properties

by about 10 and 20%, respectively.

To conclude, PA fiber proved to be a convenient choice for 3DCP since they were

distributed easily and did not cause any problem during extrusion. However, it was

observed that higher dosages of PA fiber adversely affected workability but decreased

flow loss rate. On the other hand, FA demonstrated efficiency in enhancing rheological

characteristics, but its potential side-effects on buildability and flow loss acceleration

must be taken into consideration. Although the addition of NM and SEP as clays

resulted in a slight decrease in compressive strength, their positive impact on 3DCP was

evident through improved buildability, cohesion, layer appearance, interlayer bonding,

and flexural strength. The hydrophilic nature of NM and especially SEP, as Nano

clays, led to reduced workability, but NM exhibited a deceleration in the flow loss rate

over time. On the other hand, the workability of the NM-containing sample due to

containing excessive water, proved to be more sensitive to increases in fiber content.

Notably, while the printing time gap between layers did not affect compressive strength,

it played a crucial role in the strength of interlayer bonding. To address this, a practical

solution was devised in this research, involving the application of cement paste in the

interlayer zone to enhance interlayer bonding properties.
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4.1. Future Work

Cement replacement by FA did not exceed 20% in this research. Due to its

benefits for 3DCP, higher content of FA usage can be investigated in order to make the

printed concrete industry greener.

Other materials’ application in the interlayer zone may be investigated to im-

prove interlayer bonding properties. Cement paste was applied in the middle of the

time interval according to the scope of this study. It is suggested to investigate its

application in different time intervals especially just before applying the subsequent

layer. Moistening the interlayer may also improve the bonding since it was observed

that after 30 min the surface of the printed layer loses its moisture considerably, so a

lower w/c ratio cement paste might also show a similar effect to the higher ratios.

Although supplementary materials like Nano clays improve the properties of

printed concrete from various perspectives, their availability and price should be taken

into account. Moreover, the specific size of clay was utilized in this study, but due

to their hydrophilic characteristics, the different particle sizes of NM and SEP may

change the rheological behavior of the designed mortar, as a recommendation for fu-

ture research.
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