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Abstract 
 

 
Understanding Effects of Nano and Micro Scale Additives on Rheological, Buildability, and 

Mechanical Characteristics of 3D Printed Concrete 
 
 

Ugur Kilic 
B.Sc. Middle East Technical University 

M.S. University of Virginia 
 

Advisor: Osman E. Ozbulut 
Associate Professor, Department of Engineering Systems and Environment 

University of Virginia 
 
 
 
 

3D Concrete Printing (3DCP) is an emerging construction technology where the design, 

fabrication, and assembly process is digitally controlled. The cementitious mixtures used in 3DCP 

need to satisfy various rheological properties at different stages of 3DCP process such as pumping, 

extruding, and building. A workable mixture with low plastic viscosity and dynamic yield stress 

is needed during pumping and extrusion processes, while a mixture with high static yield stress 

and high thixotropy is needed to ensure shape retention and buildability. Due to these contradicting 

requirements, the research on the rheological properties of 3D printable cementitious mixtures is 

important for the development of novel mixtures for 3DCP. While contemporary mix design for 

3DCP relies on a trial-and-error procedure, a scientific understanding on the effects of different 

additives on rheological properties of fresh cementitious mixtures can guide the mix design for 

3DCP. As fresh state properties of printable mixtures are important to ensure smooth fabrication 

of 3D printed concrete structures, achieving good hardened-state properties of printed mixtures is 

essential to truly leverage the benefits offered by this technology. Incorporating nano and micro-

scale fibers into printable mixtures can improve performance of 3D printed concrete structures.  

 

This research aims to develop an understanding on the role of different additives on rheological 

characteristics and printability of cementitious mixtures as well as mechanical performance of 3D 

printed samples. First, the influence of a starch-based viscosity modifying agent (VMA) and 

attapulgite nanoclay (ANC) on rheo-viscoelastic and printability characteristics of cementitious 



 iii 

mixtures is evaluated. Then, the effect of cellulose nanofibers (CNF) on rheological and 

printability characteristics of the cementitious mixtures is evaluated. Next, the development of 

high-performance 3D printable mixtures using graphene nanoplatelets (GNPs) or polyethylene 

(PE) fibers is explored. The rheology of the GNP-reinforced and PE fiber reinforced cementitious 

mixtures is thoroughly evaluated using a shear rheometer.  Tensile, flexural and compressive test 

specimens are fabricated using a 3D concrete printer with a screw type pumping mechanism. The 

mechanical tests are conducted in two directions, parallel and perpendicular to the printing 

direction, to evaluate the effect of anisotropy in 3D printed specimens. The findings of these 

investigations indicates that ANC can effectively alter rheo-viscoelastic properties of mortar 

composites for 3DCP, while the GNPs and PE fibers significantly enhance mechanical properties 

of 3D printed samples. In addition, tensile and flexural behavior of 3D printed samples shows 

considerable anisotropy.  
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1. Introduction  
 
1.1. Research Motivation 

 
3D Concrete Printing (3DCP), which is also known as additive manufacturing of concrete or 

additive construction, is an emerging construction technology where the design, fabrication, and 

assembly process is digitally controlled. Compared with conventional concrete construction, 

3DCP offers several advantages including architectural design freedom, lower labor costs, faster 

and more accurate construction, reduced waste, and higher degree of customization [1, 2]. 

Extrusion-based 3DCP, where a gantry system or robotic arm is used to deposit printable 

cementitious mixture through a nozzle layer-by-layer, is the most common technique for 

commercial applications.  

 

The cementitious mixtures used in extrusion-based 3DCP need to satisfy various rheological 

properties at different stages of 3DCP process such as pumping, extruding, and building [3, 4]. 

Extrudability refers to the smooth and uninterrupted extrusion of the cementitious mixture through 

the nozzle with good surface quality [5], while buildability can be described as the ability of the 

printed structure to resist deformation due to the gravity induced stresses generated by the 

subsequent layers [6]. A workable mixture with low plastic viscosity and dynamic yield stress is 

needed during pumping and extrusion processes, while a mixture with high static yield stress and 

high thixotropy is needed to ensure shape retention and buildability. Due to these contradicting 

requirements, the research on the rheological properties of 3D printable cementitious mixtures is 

important for the development of novel mixtures for 3DCP. 

 

While contemporary mix design for 3DCP relies on a trial-and-error procedure, a scientific 

understanding on the effects of different additives on rheological properties of fresh cementitious 

mixtures can guide the mix design for 3DCP. The use of chemical admixtures such as viscosity 

modifying admixtures (VMA), superplasticizers (SP), and accelerators is a common approach to 

alter the rheological properties of concrete and to set the required fluidity and consistency before 

printing [7-12]. Among these different admixtures, VMA is the most widely used admixture in 

cement matrix to keep the viscosity of the cementitious mix at the desired level. Another approach 
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to modify the fresh properties of printable concrete is the use of nanomaterials. Due to their high 

aspect ratio, electro-mechanical interaction, and material filling mechanism at the microstructure 

level, nanoclay (NC) can serve as an excellent additive for altering the fresh properties of 

cementitious mixtures [8–10]. Although previous studies have explored the effects of NC on fresh 

properties of cementitious composites, there is limited understanding on the link between the fresh 

properties and printability characteristics of cementitious composites and their use in combination 

with the VMA.  

 

Another nanomaterial that can be used to modify rheological characteristics of printable mixtures 

is cellulose nanofilaments (CNFs). CNFs offer unique features such as high aspect ratio, abundant 

availability, renewability, biodegradability, good mechanical properties and low cost [11, 12]. In 

addition, cellulose-based nanomaterials have been shown to enhance the mechanical properties of 

cementitious mixtures [13, 14]. As a result, there is a great potential for CNF to be used in 3DCP 

instead of the chemical admixtures for rheology modification. However, to the author’s 

knowledge, there is no study on the use of CNF in the development of printable mixtures.    

 

While fresh state properties of printable mixtures are important to ensure smooth fabrication of 3D 

printed concrete structures, achieving good hardened-state properties of printed mixtures is 

essential to truly leverage the benefits offered by this technology. Incorporating nano and micro-

scale fibers into printable mixtures can improve performance of 3D printed concrete structures. 

Graphene nanoplatelets (GNPs) are two-dimensional carbon-based nanomaterials and have been 

used as a nanofiller to improve the mechanical and durability performance of cementitious 

materials. GNPs are known for their unique properties, such as high strength, high electrical 

conductivity, and high thermal conductivity [15]. These properties has made them attractive in 

development of high performance cementitious composites [16–19]. While the hardened 

properties of cast GNP-reinforced cementitious composites have been widely researched, there has 

been limited studies on the rheological and mechanical characteristics of GNP-reinforced printed 

cementitious composites.  

 

Due to limited tensile strength and ductility of cementitious materials, current 3D concrete printing 

technologies require integration of reinforcement into structural members, which limits the 
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efficiency of automatic construction and hampers fabrication of optimized complex structures. 

One potential approach to improve tensile properties of 3D printable mixtures is the addition of 

micro-scale polymer fibers such as polyvinyl alcohol (PVA), polyethylene (PE), and 

polypropylene (PP). Among them, PE fibers that possess a high strength-to-weight ratio can 

significantly improve the ductility and tensile strength of cementitious composites [20]. These 

fibers, comprised of long-chain hydrocarbon polymers, serve as a reinforcing material in 

cementitious composites, fostering a more ductile and resilient matrix [21]. The incorporation of 

PE fibers in the cementitious mixtures results in a synergetic effect, augmenting the interfacial 

bonding between the cementitious matrix and the fibers while simultaneously mitigating the 

formation and propagation of micro-cracks [22]. This enhanced bond strength and crack resistance 

consequently improve the overall durability and load-bearing capacity of the structure. As such, 

the integration of PE fibers into 3D printable cementitious mixtures represents a promising avenue, 

however, inclusion of high ratio of fibers into printable mixtures is not straightforward and requires 

further understanding on the effects of PE fibers on rheological properties of cementitious 

mixtures.   

 

1.2. Research Goals and Objectives 

 

This research aims to develop an understanding on the role of different additives on rheological 

characteristics and printability of cementitious mixtures as well as and mechanical performance of 

3D printed samples. First, the influence of a starch-based viscosity modifying agent (VMA) and 

attapulgite nanoclay (ANC) on rheo-viscoelastic and printability characteristics of cementitious 

mixtures is evaluated. Then, the effect of cellulose nanofibers (CNF) on rheological, printability 

and mechanical characteristics of the cementitious mixtures is evaluated. Next, the development 

of high-performance 3D printable mixtures using graphene nanoplatelets (GNPs) or polyethylene 

(PE) fibers is explored. In these investigations, rheological properties are evaluated from shear 

rheology measurements include static yield stress, plastic viscosity, and dynamic yield stress. 

Viscoelastic properties including storage modulus, loss modulus and linear viscoelastic range are 

determined from oscillatory tests. A direct printing test using a screw type 3D concrete printing is 

conducted to assess the relationship between the evaluated rheo-viscoelastic properties of cement 

mixtures with the printability and buildability of the developed mixtures. Mechanical properties 
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of 3D printed specimens are evaluated through direct tensile, flexural and compression testing. 

Along with cast specimens, printed specimens are prepared and tested considering different 

directions to account for process-induced anisotropy. The findings from these studies provide a 

better understanding on how nano and micro scale reinforcements modify rheo-viscoelastic, 

buildability and mechanical characteristics of 3D printable cementitious composites.  

 

1.3. Organization of this Dissertation  

 

This dissertation comprises eight sections that are structured as follows: 

 

Section 1 introduces the concept of 3D printing of cementitious materials and methods for 

improving the fresh and hardened properties by incorporating nano and micro scale 

additives. The driving factors behind this research and its objectives are explained. 

Section 2 provides a concise overview of the process of additive manufacturing of cementitious 

mixtures. Additionally, a comprehensive review of rheological and printability 

characterization of cementitious mixtures are presented. Furthermore, the potential 

improvements in fresh, buildability and mechanical properties of cementitious mixtures 

with nano and micro scale reinforcements is discussed.  

Section 3 explains the experimental methods used in this research, encompassing the rheo-

viscoelastic characterization of cementitious composites, printability and buildability 

assessments of cementitious mixtures, and mechanical characterization tests. Various 

rheological and mechanical tests, including stress growth, ramp, amplitude sweep, 

tensile, flexural, and compressive tests, are conducted to examine the rheological 

properties of the composites. Also, details about the mechanical test setup and various 

tests, including direct tensile, flexural and compressive tests, conducted to determine the 

mechanical properties of the cementitious composites.  

Section 4 investigates the effects of VMA and ANC on the rheo-viscoelastic properties including 

static and dynamic yield stress and viscoelastic properties as well as printability 

characteristics of cementitious composites. ANOVA analysis, thermogravimetric 

analysis (TGA), and buildability assessments are conducted to evaluate the composites' 
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performance. At the end of this section, the link between the rheological and buildability 

properties of 3D printable cementitious mixtures is established.  

Section 5 examines the effects of CNF on the rheo-viscoelastic, printability, and mechanical 

characteristics of cementitious composites. Similar to section 4, this section also 

includes rheo-viscoelastic properties and printability characteristics of cementitious 

composites with various CNF concentrations. A rigorous mechanical characterization is 

done by testing the printed specimens in three orthogonal directions. 

Section 6 explores the influence of GNP on the rheo-viscoelastic and mechanical characteristics 

of cementitious composites. This section focuses on the mechanical characterization, 

and microstructural analysis to evaluate the performance of composites containing GNP. 

Section 7 assesses the effects of PE fibers on the rheo-viscoelastic and mechanical characteristics 

of cementitious composites. The section investigates the rheo-viscoelastic and 

mechanical characteristics and microstructural analysis to determine the impact of PE 

fibers on the composites. 

Section 8 provides a summary of the research, conclusions, and recommendations. This final 

section highlights the key findings and suggests potential avenues for future research 

and practical applications in the field of cementitious composites. 
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2. Literature Review and Background 
 

2.1. Additive Manufacturing of Cementitious Mixtures  

 

Additive Manufacturing (AM), an innovative and rapidly advancing manufacturing technology, 

leverages metal, ceramic, and polymer materials to build three-dimensional structures layer by 

layer from a computer-aided design (CAD) model [23–26]. Over the last few years, this 

breakthrough technology has found widespread applications across a multitude of industries, such 

as aerospace, automotive, healthcare, consumer products, energy, and many others, 

revolutionizing the way products are manufactured and designed [27–29]. According to Wohler's 

2022 State of 3D Printing Report, the additive manufacturing industry experienced a growth of 

19.5% in 2021, a significant increase from the 7.5% growth in 2020. This rapid expansion across 

multiple sectors, including aerospace, healthcare, automotive, consumer products, and energy, has 

been a key driver for the development of various manufacturing methods like Fused Deposition 

Modeling (FDM), Stereolithography (SLA), Micro-stereolithography, Direct Metal Laser 

Sintering, Electron Beam Melting, PolyJet, Selective Laser Sintering (SLS), Laminated Object 

Manufacturing, Powder bed fusion, Inkjet printing, and contour crafting, among others [30, 31]. 

These methods share a common process of printing successive material layers on top of each other 

from a computer-aided design (CAD) model [1]. 

 

In the past decade, 3D printing of cementitious materials has gained significant interest in 

academic research and the construction industry due to its numerous advantages over traditional 

construction methods [32, 33]. Using this technology, fresh concrete is extruded through a nozzle 

on a 3D printer to build structural components layer by layer [34]. 3D concrete printing (3DCP) 

offers considerable flexibility in architectural design, as it eliminates the need for formworks 

during construction, potentially reducing labor requirements [35, 36]. Furthermore, it enables the 

construction of complex geometries and designs that would be difficult or impossible to achieve 

using conventional techniques, opening up new possibilities for architectural creativity and 

innovation [37, 38]. 
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The 3DCP process can be broadly divided into several steps: design, material preparation, printer 

setup, layer-by-layer printing, curing, post-processing, and inspection and testing [39, 40]. The 

first step in 3D concrete printing is creating a digital model of the structure using computer-aided 

design (CAD) software. This model includes all necessary details, such as dimensions and shape, 

and is then converted (slicing) into a series of instructions that the 3D printer will follow, which is 

known as G-Code [41]. A specialized concrete mix is prepared for the printing process. This mix 

has specific properties to ensure it can be extruded through the printer nozzle while maintaining 

structural integrity. It usually contains a blend of cement, sand, aggregates, water, and additives, 

such as accelerators or retarders, to control the viscosity and setting time [42]. The printing process 

is performed using a specialized 3D concrete printer by extruding the concrete mix through the 

nozzle in a controlled manner, following the instructions from the G-Code. The printer moves 

along the X, Y, and Z axes to create the structure layer by layer. The concrete is deposited in a 

continuous bead, with each new layer adhering to the one below it [5, 43]. This process is shown 

in Figure 2-1 and repeated until the entire structure is completed. After printing, the structure is 

left to cure, and post-processing may be performed to improve aesthetics or structural properties.  

 

 

 
Figure 2-1: 3D printing process 
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The combination of additive manufacturing with other advanced technologies, such as robotics, 

digital fabrication, and the Internet of Things (IoT), is expected to drive the development of fully 

automated, smart construction systems that can improve efficiency, safety, and productivity on 

construction sites [44]. This convergence of technologies will not only revolutionize the 

construction process but also provide new opportunities for more integrated and holistic approach 

to building design and construction [45]. With the current technological advancements, there are 

three main types of 3D concrete printers that are widely used: gantry systems, robotic arm systems, 

and crane systems [46]. Gantry systems, as shown in Figure 2-2a, have a relatively simple and 

stable structure, providing high precision in the concrete extrusion process. These systems are 

generally more affordable and easier to maintain compared to other printer types. However, their 

limitations include a restricted printing area constrained by the frame size, making them less 

suitable for large-scale projects or complex geometries. Robotic arm systems, depicted in Figure 

2-2b, offer greater flexibility and maneuverability, allowing them to print intricate and 

unconventional designs. These systems can also be integrated with advanced sensing and control 

technologies for improved performance. However, their limitations include a higher cost of 

implementation, increased maintenance requirements, and a smaller printing volume compared to 

gantry and crane systems. Lastly, crane systems, illustrated in Figure 2-2c, provide an extended 

reach, making them suitable for constructing large-scale structures. They can cover a vast printing 

area and are capable of being easily relocated, which is beneficial for projects with multiple 

construction sites. However, the primary limitations of crane systems include lower precision 

compared to gantry and robotic arm systems and potential difficulties in maintaining consistent 

material deposition due to the long reach of the crane. Choosing the most suitable system depends 

on factors such as structure size, complexity, and available resources. 
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(a) (b) 

 
(c) 

Figure 2-2: (a) Four-axis gantry printer, (b) six-axis robotic printer, (c) crane printer [46] 

 
In recent years, 3D concrete printing has seen an increase in adoption across a variety of 

applications, demonstrating its versatility and potential in the construction industry. Notable 

examples (illustrated in Figure 2-3) include the construction of Europe's first 3D printed house in 

2021, which marked a significant milestone in the field [47]. Moreover, the successful completion 

of a 3D printed castle showcased the 3DCP technology's capability to handle intricate architectural 

designs [48]. A multistory 3D-printed home in Houston, USA, exemplified the technology's 

potential for scalability and efficiency in residential construction [49]. The utilization of 3D 

printing with ultra-high-performance concrete (UHPC) for manufacturing military and security 

elements in 2022 further expanded its application range, highlighting its relevance in defense and 

security sectors [49]. Additionally, NASA's 3D-Printed Habitats Challenge underscored the 

technology's potential in addressing the unique opportunities of extraterrestrial construction and 



 
 

10 

habitation [50]. These diverse applications emphasize the growing significance of 3D concrete 

printing in revolutionizing the construction industry. 

 

 
Figure 2-3: (a) Europe's first 3D printed house in 2021, (b) 3D printed castle, (c) a multistory 3D-
printed home in Houston, USA, (d) military and security elements manufactured by 3D printing 
using UHPC, and (e) NASA's 3D-printed habitats challenge 

 

As the adoption of 3D printing technology in the construction sector grows, researchers and 

practitioners are increasingly focused on understanding and optimizing the rheological and 

mechanical properties of cementitious mixtures for additive manufacturing [51–53]. This has led 

to the development of novel cementitious composites that are specifically tailored for 3D printing 

applications, offering improved performance characteristics such as enhanced strength, durability, 

and sustainability [54–56]. Moreover, environmental concerns and sustainability have become 

important considerations in the construction industry. The potential for additive manufacturing to 

reduce material waste, minimize energy consumption, and lower greenhouse gas emissions has 

made it an attractive option for sustainable construction [57, 58]. As a result, research in the field 

of 3DCP is increasingly focused on developing environmentally friendly materials and methods 

that can contribute to a more sustainable built environment. 
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2.2. Rheological and Printability Characterization of Cementitious Mixtures  

 

In 3D concrete printing (3DCP), the rheological and printability characteristics of cementitious 

mixtures play a crucial role in determining the success of the construction process. Conventional 

construction methods involve casting cementitious mixtures in predefined formworks, where the 

concrete hardens and assumes the shape of the molds. In contrast, 3DCP demands the cementitious 

material to be extruded seamlessly from the printer nozzle, retaining its shape upon deposition. 

This process necessitates a delicate balance between flowability and rigidity, creating a unique set 

of requirements for 3D printable cementitious mixtures [5, 6]. 

 

3D printable cementitious mixtures typically exhibit Bingham visco-plastic behavior, wherein the 

material acts as a rigid body at low shear stresses but flows as a viscous fluid when subjected to 

shear stresses exceeding the yield stress [59]. Researchers have identified two distinct yield 

stresses for 3D printable cementitious mixtures: dynamic yield stress (DYS) and static yield stress 

(SYS) [3, 60]. These yield stresses are measured using rotational rheological tests and reflect the 

material's ability to resist deformation before flow and maintain flow, respectively [61]. It is 

essential for 3D printable cementitious mixtures to possess low dynamic yield stress and plastic 

viscosity to ensure smooth extrusion, while high static yield stress is required to resist deformation 

after extrusion [62]. Lu et al. [63] reported that suitable materials for 3DCP should exhibit low 

plastic viscosity and dynamic yield stress for optimal delivery performance, as well as high static 

yield stress for enhanced deposition performance. In a separate study, Le et al. [43] found that a 

relatively low dynamic yield stress, ranging between 0.3 and 0.9 kPa, was ideal for achieving 

proper extrudability. Furthermore, Panda et al. [64] demonstrated that improved buildability (up 

to 15 layers) without significant deformation of the bottom layer could be achieved due to an 

increased static yield stress. 

 

The most common method for determining SYS involves measuring the peak stress when a 

constant shear rate is applied typically for 60 seconds. de Matos et al. [65] investigated the SYS 

measurements of cementitious mixtures by different methods. Figure 2-4 illustrates the SYS 

measurement method in their study. The study revealed that, shear stress initially linearly increases 

until it reaches a limit value, which is considered the static yield stress. Upon maintaining the shear 
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and breaking the sample structure, the shear stress maintains constant or declines, resulting in a 

stress overshoot phenomenon [66, 67]. In some cases, a well-defined peak stress may not be 

observed, however, the maximum shear stress measured is taken as the SYS.  

 

 
Figure 2-4: Determination of static yield stress [65] 

 

On the other hand, the dynamic properties of the cementitious mixtures are characterized by the 

Bingham and Herschel-Bulkley models, the most widely used rheological models for 

characterizing the flow behavior of non-Newtonian fluids. Both models provide valuable insights 

into the relationship between shear stress and shear rate, allowing for a better understanding of 

cementitious material's flow properties, workability, and performance in various applications [68, 

69]. For example, Chen et al. [70] investigated the yielding behaviors of cement composites using 

Bingham and Herschel-Bulkley models. The calculation methods of these models are illustrated 

in Figure 2-5. In particular, the models are fitted on the down curves of a shear rate ascending and 

descending protocol, where the Bingham model is a linear fit whereas the Hershel-Bulkley model, 

a modified version of Bingham model, can capture non-linear behavior in the flow curve. The 

Bingham model describes a linear relationship between shear stress (𝜏) and shear rate (�̇�) beyond 

the DYS. The equation for the Bingham model is as follows: 

 

𝜏 = 𝜏! + 𝜂�̇�																																																																							(1) 

 

where 𝜏 is the shear stress and �̇� is the shear rate. In equation (1), 𝜏! indicates the intersection point 
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of the Bingham fit line with the y-axis (DYS), and 𝜂 is the slope of the Bingham fit line (plastic 

viscosity). This model assumes that the fluid behaves as a rigid body below the yield stress and 

exhibits linear viscous behavior above the yield stress. On the other hand, the Herschel-Bulkley 

model is a more general form that encompasses a broader range of flow behaviors, including shear-

thinning and shear-thickening. The equation for the Herschel-Bulkley model is: 

 

𝜏 = 𝜏! + 𝜂�̇�*																																																																						(2) 

 

In this equation (2), 𝑛 is the extra term which is defined as the flow behavior index. The Herschel-

Bulkley model accounts for the non-linear relationship between shear stress and shear rate, with n 

determining the degree of shear thinning (n < 1) or shear thickening (n > 1). When n equals 1, the 

Herschel-Bulkley model reduces to the Bingham model, highlighting the fact that the Bingham 

model is a special case of the more general Herschel-Bulkley model. While both the Bingham and 

Herschel-Bulkley models have been used to describe the flow properties of cementitious mixtures, 

the Bingham model is more widely employed due to its simplicity and linear relationship between 

shear stress and shear rate beyond the dynamic yield stress [11, 71–73]. 

 

 

 
Figure 2-5: Determination of dynamic yield stress and plastic viscosity [70] 

 

Besides rotational test methods, which focus on the yielding behavior of fresh cementitious 

mixtures, oscillatory test methods provide valuable insights into the visco-elastic behavior of the 

mixture [64, 74]. Fresh cement, as a concentrated suspension, comprises both elastic and viscous 

components [75]. Examining the visco-elastic behavior of 3D printable cementitious mixtures is 

crucial for assessing buildability and stability performance in 3DCP. Recent research has 
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highlighted the importance of Storage Modulus (G'), Loss Modulus (G''), and Linear Viscoelastic 

Range (LVER) as key parameters for evaluating the buildability and stability performance of 

3DCP [76, 77]. Ivanova et al. [78] conducted a study on the prediction of stability failure based on 

the values of elastic modulus and observed that a higher elastic modulus was required for a 40-

layer hollow cylinder to remain stable. In another study, Moeni et al. [79] investigated the temporal 

variation of the elastic modulus of 3D printable mortar, noting that a high rate of increase in elastic 

modulus contributed to increased rigidity and elastic properties. They also emphasized the 

relevance of specific moduli properties, such as shear modulus (G), complex shear modulus (G*), 

and elastic modulus (G'), in examining the failure mechanism of 3DCP. In their study, they defined 

a linear visco-elastic domain (LVED), within the critical strain, where the storage modulus (Gʹ) 

was constant. When the applied strain surpassed the critical strain (LVED), the storage modulus 

started to decrease which indicated the end of the LVED. Figure 2-6 illustrates results from their 

study that show the range of LVED. 

 

 
Figure 2-6: Storage modulus results with linear visco-elastic domain (LVED) 

 

Fresh properties of cementitious mixtures play important role in the printability and buildability 

and can be altered through the use of different additives [80, 81]. Several researchers have explored 

the effects of various admixtures on the printability characteristics of cementitious composites. 

Chen et al. [82] explored optimal dosage of viscosity modifying admixture (VMA) to improve 

printability of limestone and calcined clay based cementitious mixtures. They found the inclusion 

of VMA at 0.24% of the binder mass results in better shape stability, buildability and green 
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strength. Moeni et al. [79] studied the printability of mixtures with different dosages of high- 

range-water reducer and nanoclay using various rheological tests. They concluded that the addition 

of nanoclay improves the thixotropy of cement suspensions. Sikora et al. [83] revealed that the use 

of nanosilica in printable mortars considerably increases the hydration of the binder phase and 

yield stress of printable mixtures. Long et al. [11] evaluated the use of microcrystalline cellulose 

(MCC) for the development of printable mortar mixtures and found that the addition of 1% MCC 

results in 20% increase in plastic viscosity and 190% increase in yield stress. Wang et al. [84] 

examined the synergistic effects of a thixotropic superplasticizer and nanoclay on yield stress and 

green strength of printable mixtures. 

 
2.3. Printability and Buildability Assessment  

 
Shape stability is a crucial factor in determining the buildability and success of 3D printable 

cementitious composites. It refers to the material's ability to maintain its shape and structural 

integrity after being extruded from the printer's nozzle and deposited layer by layer during the 3D 

printing process. More specifically, the printed filament can either fail to retain its shape after 

extrusion as depicted in Figure 2-7a, or can successively hold its shape after extrusion and maintain 

its shape while the subsequent layers are being printed as shown in Figure 2-7b. Achieving and 

maintaining shape stability is essential to avoid deformation, slump, or collapse of the printed 

structure, which could compromise the final product's performance and aesthetics [85].  

 

  
(a) (b) 

Figure 2-7: Printed filaments that (a) fail to retain their shape, and (b) retain their shape after being 
extruded 
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Several factors influence the shape stability of 3D printable cementitious composites, including 

rheological properties, material composition and printing parameters [41, 43]. Rheological 

properties, such as, static yield stress, dynamic yield stress, and plastic viscosity are key 

rheological properties that significantly impact the shape stability of cementitious composites. 

High static yield stress helps the material resist deformation and maintain its shape after extrusion, 

while low dynamic yield stress and plastic viscosity ensure smooth extrusion without clogging or 

inconsistent material deposition [86]. The choice of cementitious binder, aggregates, and 

admixtures can also affect the rheological properties, setting time, and strength development of the 

material, thereby influencing its shape stability. For instance, the use of supplementary 

cementitious materials, such as fly ash or silica fume, and chemical admixtures like 

superplasticizers can modify the material's rheology and enhance shape stability [42, 87]. In 

addition, printing parameters such as print speed, layer height, and nozzle diameter can also impact 

the shape stability of 3D printable cementitious composites. Optimizing these parameters helps to 

achieve the desired material deposition and layer adhesion while maintaining the structural 

stability of the printed object [41]. Researchers continuously explore innovative material 

formulations and printing techniques to improve the shape stability of 3D printable cementitious 

composites, thereby enabling the construction of more intricate and complex geometries with 

enhanced structural performance [43]. 

 

Buildability, another crucial aspect of 3D printed cementitious structures, is specifically defined 

as the maximum height of successfully printed elements before it encounters failure due to yielding 

or buckling [88–90]. The capacity to extrude and maintain shape stability in layer-wise additively 

manufactured cement-based components is contingent upon the early-age rheological properties 

(shear moduli, yield stress, viscosity) of the deposited materials. Specifically, there are three 

printability phenomena, as illustrated in Figure 2-8, that could occur during the fabrication process: 

(i) Figure 2-8a demonstrates a successfully printed element prior to experiencing failure due to 

yielding or buckling, (ii) Figure 2-8b exhibits a plastic yielding (plastic collapse) failure, and (iii) 

Figure 2-8c presents an elastic buckling failure. 
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(a) (b) (c) 

Figure 2-8: (a) Successfully printed element before it encounters failure due to yielding or 
buckling, (b) plastic yielding (plastic collapse) failure, and (c) elastic buckling failure 

 

The buildability of 3D printed cementitious composites is significantly influenced by the material's 

rheological properties, such as static and dynamic yield stress, as well as its viscoelastic properties 

[46]. For instance, Panda et al. [91] conducted a study on the 3D printability of high-volume fly 

ash cementitious material and demonstrated the significant impact of yield stress on buildability. 

As shown in Figure 2-9, the nano-clay modified (NM) mix exhibited considerably greater 

buildability compared to the control mix (CM), which can be attributed to the high static yield 

stress and thixotropy of the NM mix. The yield strength of the NM mix was found to be 

approximately twice as high as that of the CM mix. It is suggested that the yield strength, a crucial 

fresh property of printable cementitious materials, plays a vital role in determining shape stability 

and buildability. Similarly, another research has determined that the storage modulus evolution 

rates, obtained from non-destructive time sweep tests, are more appropriate for describing the 

structuration of suspensions at rest [79]. In the context of the 3D printing process, this is 

particularly relevant to the properties of existing bed layers. Moreover, the study found a strong 

correlation between the storage modulus evolution of the mixtures and the results of printability 

tests, in terms of both extrudability and shape stability. 
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Figure 2-9: Demonstration of 3D printability of (a) control mix (CM), and (b) 0.5% nano-clay 
modified (NM) mixture 

 
Another study [92], examining the failure of 3D printed cementitious mixtures, found that failure 

occurred at the 21st and 160th layers for the mixes with 0% (M0) and 0.1% (M0.1) nano-clay  

percentages, respectively. The mix with 0.3% nano-clay (M0.3), however, did not experience 

failure and reached the maximum print height limit of 320 layers, approximately 1.6 meters high, 

achievable by the gantry 3D printer used in the study. As shown in Figure 2-10, the failure mode 

for the M0 and M0.1 mixes was strength-based, occurring at the bottom-most layers without any 

significant radial deformations before failure. This observation supports that plastic yielding 

occurs in the bottom layers which leads to structural collapse.  

 
Figure 2-10: Buildability of 3D printed columns 
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Achieving optimal buildability demands a delicate balance between extrudability and structural 

stability, ensuring that the material can be smoothly extruded while maintaining its shape under 

the weight of successive layers [93]. Print parameters such as layer thickness, print speed, and 

curing conditions can also impact buildability, necessitating careful control and monitoring of the 

printing process to achieve the desired structural performance [86, 94]. For example, Wolfs et al. 

[39] reported that optimizing layer thickness and print speed could minimize the risk of structural 

failure during the printing process. It is worth mentioning that the focus of this dissertation does 

not include an in-depth examination of these print parameters. 

 
2.4. Nano and Micro-scale Reinforcement for 3D Concrete Printing 

 

Understanding the fresh behavior of cementitious materials for 3DCP has been a major subject of 

investigation in recent years. Researchers have experimented with various additives and 

admixtures to modify the fresh properties of cementitious materials, aiming to achieve the desired 

balance of flowability and rigidity for 3DCP applications. For instance, the incorporation of 

superplasticizers, retarders, or viscosity-modifying agents can significantly influence the 

thixotropic properties of cementitious mixtures, optimizing their performance in 3DCP. On the 

other hand, in recent years, the development of new materials and formulations has expanded the 

range of 3D printable cementitious mixtures, offering new possibilities for various construction 

applications. For example, researchers have experimented with incorporating nano and micro scale 

additives into 3DCP mixtures to enhance their performance in specific contexts, such as increased 

setting times, reduced environmental impact, or improved durability.  

 

Numerous studies have explored the application of nano-scale and micro-scale reinforcements to 

enhance the microstructural, rheological, and hardened properties of 3D printed concrete. One such 

study investigated the use of calcium carbonate nanoparticles (CaCO3) to improve the mechanical 

performance of 3D printed composites [95]. The researchers found that the flexural and 

compressive strengths of the geopolymer composites were significantly better compared to those 

of pure geopolymer. Introducing nanoparticles up to 2.0 wt.% resulted in an improved bonding 

interface and enhanced cohesion between the binder and various particles. 
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Another study focused on the impact of nano clay (NC) powder and nano silica (NS) particles on 

the microstructural characteristics of 3D printed concrete, revealing improved stability as a result 

of these additives [96]. Additionally, the effects of incorporating carbon nanotubes (CNT) on the 

fresh and hardened properties of 3D printed mortar ink were studied [97]. The findings 

demonstrated that the inclusion of 0.1 wt.% CNT led to a 33.6% increase in compressive strength 

and a 46% increase in flexural strength. However, it was also noted that CNT did not significantly 

affect buildability, stacking stability, or integrity. 

 

Micro-scale reinforcements have also been the subject of extensive research. For instance, studies 

have investigated the influence of different types of micro-scaled fibers, such as steel, glass, basalt, 

and polymeric fibers, on the hardened properties of printable cementitious composites. In one 

study, the addition of 1 vol.% of steel fibers was found to increase the compressive strength and 

flexural strength of concrete by 10% and 80%, respectively [98]. Similarly, glass fibers were 

reported to enhance compressive strength and flexural strength by 3-7% and 25-28%, respectively 

[99]. Polypropylene (PP) fibers were found to effectively increase the tensile strength of the 

composite by more than 20% [100].   

 

In summary, the incorporation of nano-scale and micro-scale reinforcements in 3D printed 

cementitious materials has been demonstrated to improve various properties, including 

microstructural, rheological, and hardened properties. By optimizing the type and amount of 

reinforcement, it is possible to achieve superior performance in 3D printed concrete applications. 
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3. Experimental Methods 
 
3.1. Overview 
 

This chapter explains all the experimental tests and assessments regarding rheological, printability 

and mechanical characterization in this dissertation. It first presents the rheological test setup and 

test methods conducted to evaluate fresh properties of cementitious mixtures, accompanied by 

relevant details regarding the analysis and characterization of the rheological data. Then, it 

explains the printability and buildability characterization of cementitious mixtures, including the 

printing process parameters. The chapter then delves into the techniques used to assess hardened 

properties of cementitious mixtures. In particular, the test setup and methods for compression, 

tensile, and flexural strength characterization are described. It also includes details about Scanning 

Electron Microscope (SEM) and Digital Image Correlation (DIC) system that have been used to 

analyze the mechanical performance of the cementitious mixtures.    

 
3.2. Rheo-viscoelastic Characterization of Cementitious Composites  
 
3.2.1. Rheological Test Setup  
 
Anton Paar MCR 301 rheometer, capable of reading torque values from 1 nNm to 200 mNm, is 

used for rheological measurements. The rheometer is equipped with a 400 ml capacity building 

cell (BMC 90) which is a cup with inner serrations to prevent wall slippage and a T-bar stirrer with 

four blades connected to the coupling of the rheometer. Once the mixture is ready, it is placed in 

the building cell and the torque measurements are performed with counterclockwise rotation of the 

stirrer for rotational measurements and oscillated with a constant frequency for oscillatory 

measurements. Note that the building cell has an inset cage on the inner wall of the cell to prevent 

slippage of the material while the shear force is being applied. The shearing is established between 

the blades of the stirrer and the inner wall of the building cell which corresponds to 20 mm. Due 

to the hydration of the cement in the mixes, the timing of the tests is regarded as the crucial factor 

for the accuracy and reproducibility of the measurements. Thus, a great care is taken to place the 

mortar samples into the building cell and start the rheological measurements immediately after the 

mixer is stopped. For all the mortar samples, the time passed between the end of the mixing and 
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the start of the rheological measurement is adjusted as 1 min to ensure consistency. The rheometer 

and rheological test setup are shown in Figure 3-1a along with schematic representation and the 

geometry of the T-bar stirrer vane and building cell in Figure 3-1b. 

 

 
Figure 3-1: (a) Rheometer and the test setup with freshly poured mortar in the building cell, and 
(b) schematic representations of T-bar stirrer vane and building cell (all dimensions are in mm)  

 
 

3.2.2. Stress Growth Test  
 
To examine the rheo-viscoelastic behavior of 3D printable mortar mixtures, three consecutive 

rheological tests are conducted; stress growth test, ramp test, and amplitude sweep test. The stress 

growth test is performed by applying a constant shear rate of 0.1 s-1 for 60 s, and the rheometer 

records the shear stress response of the mortar mix. The stress growth test protocol and a typical 

result of this test from one of the mixes are shown in Figure 3-2a and b, respectively. During the 

stress growth test, the shear stress of the mix increases progressively to a maximum level, and the 

peak shear stress value is recorded as the static yield stress (SYS) of the mix [65, 70], as shown in 

red lines in Figure 3-2b. The SYS is an important material property that affects the structural build-

up and stability of 3D printable concrete. SYS is the critical shear stress level that maintains the 

well-connected undisturbed microstructure of the mortar mix such that the material behaves 

elastically [60]. Conversely, if the applied shear stress is greater than the SYS, the microstructure 
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of the mixture is broken, and the material behaves like a viscous liquid, which starts to flow and 

leads to failure in the stability of the structure. SYS plays a vital role in the stability of the structure 

after printing. 

 
 
 

  
       (a)           (b) 

Figure 3-2: (a) Stress growth test protocol, (b) typical example from stress growth test 

 
 

3.2.3. Ramp Test  
 
The ramp test is performed to determine the dynamic yield stress (DYS) and plastic viscosity (η) 

using the flow curves from the ramp test. During the ramp test, the shear rate is progressively 

increased from 0 s-1 to 100 s-1 in 30 s (ramp-up), and subsequently decreased from 100 s-1 to 0 s-1 

in 30 s (ramp-down). The test protocol for ramp test is shown in Figure 3-3a. The Bingham visco- 

plastic material model is used to calculate DYS and plastic viscosity. In particular, the Bingham 

model fits a linear regression model on the higher shear rate region of the ramp-down curve (from 

100 s-1 to 40 s-1) as illustrated in Figure 3-3b, and DYS and plastic viscosity are calculated using 

the Bingham model equation: 

 

𝜏 = 𝜏! + 𝜂�̇�																																																																							(1) 

 

where 𝜏 is the shear stress, and 𝛾 ̇ is the shear rate. In this equation, DYS corresponds to the 

intersection point of the Bingham fit with the y-axis (shear stress), and plastic viscosity is the slope 

of the Bingham fit line. DYS and plastic viscosity are critical material properties studied to 
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understand the pumpability and extrudability of the 3DCP [72]. DYS is defined as the minimum 

amount of stress required to maintain the flow of material after initiation, while plastic viscosity 

is considered as the resistance to flow [63, 101]. Therefore, a relatively low DYS and viscosity are 

necessary for a smooth, continuous, and uninterrupted extrusion of the mortar. 

 
 

  
         (a)       (b) 

Figure 3-3: (a) Ramp test protocol, and (b) typical example from ramp test 

 
3.2.4. Amplitude Sweep Test 
 
Another test conducted to investigate the effect of additives on the rheo-viscoelastic behavior of 

mortar mixtures for 3DCP is the amplitude sweep test. During this oscillatory test, the shear strain 

is gradually increased from 0.01% to 100% over a period of 400 s, while the angular frequency 

(𝜔) is held constant at 10 s-1 (as shown in Figure 3-4e). The material behaves as elastic up to a 

critical strain, which is referred to as the linear viscoelastic range (LVER) [102]. Within this range, 

the elastic energy is stored in the material, reflecting the strength of the microstructural bonds 

between the particles, as represented by the storage modulus [103, 104]. Beyond the LVER, energy 

dissipation occurs due to the applied shear, reflecting the viscous component of the mixture [105]. 

The storage modulus remains constant within the LVER, providing a quantitative measurement of 

the elastic component of the material. The LVER is defined as the shear strain corresponding to a 

5% downward convergence from the initial constant storage modulus value, and storage modulus 

values are calculated at this point [106]. 

 

It is worth noting that a pre-shearing cycle was applied between the stress growth test, ramp test, 

and amplitude sweep test to eliminate any residual strains and create a consistent environment for 
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all the mixtures. The pre-shearing cycle involved increasing the shear rate from 0 s-1 to 100 s-1 in 

10 s, holding it at 100 s-1 for 10 s, and subsequently decreasing it from 100 s-1 to 0 s-1 in 10 s. After 

each pre-shearing cycle, the material is rested for 5 s before the subsequent test starts. 

 

  
      (a)     (b) 

Figure 3-4: (a) Amplitude sweep test protocol, (b) typical example from amplitude sweep test 

 
3.3. Printability and Buildability Characterization of Cementitious Mixtures  

 

A 3D printer with a screw pumping mechanism (Figure 3-5) is used for printability and buildability 

measurements of the most promising mortar mixtures. Two different extrusion types are 

performed: vertical extrusion and horizontal extrusion. Vertical extrusion is performed for 

buildability assessment and extrusion is done through a 15 mm diameter circular nozzle where the 

height of each layer is set to be one half of the nozzle diameter (i.e., 7.5 mm). Buildability of the 

structure is quantified as the maximum number of printable layers before failure by printing a 

single-line wall of a target structure. The target structure is selected to be a single wall of a common 

residential building which is described in the “Guide to Residential Concrete Construction” [107]. 

The dimensions of the target structure are provided from the description of the geometry of walls 

in the ACI guide. A wall height of 2.5 m (8 feet) has been the most common wall height that 

coincides with the manufacturing module of most building products. The wall thickness is 

recommended to be in the range of 200 and 250 mm (8 and 10 in) with little or no reinforcement. 

For this study, the wall thickness is set as 250 mm and with 2500 mm of the total wall height. The 

aspect ratio of the target wall (𝐴) is calculated as the ratio of the total height and breadth of the 

wall and given as 2500/250 = 10. The selected mixes are printed until failure and the maximum 
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number of experimentally printed layers before failure is reported in the results section. Also, the 

failure modes of the structures are analyzed through recorded videos while printing. For horizontal 

extrusion, a rectangular nozzle with a breadth of 20 mm and height of 10 mm is used for 

mechanical test specimen preparation. 

 

Figure 3-5: 3D printer with the schematic representation of screw pumping mechanism and 
nozzles 
 
 
3.4. Mechanical Characterization of Cementitious Composites 
 

 
3.4.1. Direct Tensile Tests 
 
Following the guidelines set by the Japan Society of Civil Engineers (JSCE), uniaxial tensile tests 

were performed on dog-bone shaped samples to evaluate the tensile properties of ECC materials 

[106]. Three dog-bone shaped samples for each mix design were subjected to uniaxial tension after 

a 28-day curing period. The tensile test setup and the specific dimensions of the dog-bone shaped 

specimens can be found in Figure 3-6. A 100-kN capacity servo-hydraulic MTS machine was 

employed for the tensile tests, which were conducted under displacement control at a steady 

loading rate of 0.5 mm/min. As depicted in Figure 3-6, a laser extensometer was employed to 

accurately monitor the displacements during tensile tests. To facilitate these measurements, two 

silver tapes were applied to the gauge length of the test coupons, ensuring precise tracking of the 

displacements throughout the testing process. Additionally, a Digital Image Correlation (DIC) 

system was employed, only for the cementitious composites with micro scale fibers, to monitor 

the strain behavior during the tests. To facilitate DIC measurements, the surfaces of the test 
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specimens were first painted in white color and then adorned with a random speckle pattern, as 

demonstrated in Figure 3-6. DIC is a non-contact, real-time optical system that captures sequential 

images for full-field deformation analysis, effectively tracking and correlating strain patterns to 

discern deformation behavior. 

 

 
Figure 3-6: Tensile test setup and dog-bone shaped tensile coupon dimensions (dimensions are in 
mm) 

 
3.4.2. Flexural Strength Tests  
 
Four-point bending tests were conducted on prismatic specimens, with two distinct types of 

prismatic samples fabricated. For the nanoscale-reinforced composites, the prism dimensions were 

40 x 40 x 160 mm, adhering to the ASTM C348 standard. In contrast, the microscale-reinforced 

composites followed ASTM C 1609, with dimensions of 40 x 80 x 300 mm. The span lengths for 

both types of specimens are illustrated in Figure 3-7. A loading rate of 0.075 mm/min was utilized 

during the tests. Throughout the four-point bending test, the load frame recorded the applied load, 

while the laser extensometer measured the mid-span beam net deflections. The same DIC system 

was employed to monitor the full field deformation as illustrated in Figure 3-8. For each mix 

design, three specimens were fabricated and tested after a 28-day curing period. 
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(a) (b) 

Figure 3-7: Span lengths of the (a) nanoscale, and (b) microscale reinforced specimens 

 
 

 
Figure 3-8: Flexural test setup 

 
 
3.4.3. Compressive Strength Tests 
 
Upon completion of a 28-day curing period, the compressive strength of the mortar samples was 

determined in accordance with ASTM C 109 standard. Three cubic samples, each measuring 50 × 

50 × 50 mm, were assessed for each mixture. A hydraulic pressure-based compressive strength 

test was performed at a loading rate of 0.25 MPa/s. 
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4. Effects of VMA and ANC on Rheo-viscoelastic Properties and 

Printability Characteristics of Cementitious Composites  
 
4.1. Overview 
 
This section explores the effects of a viscosity modifying admixture (VMA) and attapulgite 

nanoclay (ANC) on rheological and viscoelastic properties as well as printability characteristics of 

mortar mixtures used for 3D printing. A total of sixteen mortar mixtures with varying dosages of 

VMA and ANC are prepared using a factorial design of experiments. Rheological properties of 

each mixture including static yield stress, plastic viscosity, and dynamic yield stress are evaluated 

through rotational rheological tests such as ramp test and stress growth test. Then, the viscoelastic 

properties such as storage modulus, loss modulus and linear viscoelastic range are determined 

using oscillatory rheology tests. A thermogravimetric analysis (TGA) is conducted to assess the 

effects of VMA and ANC on hydration characteristics of mortar mixtures. A statistical analysis is 

performed to further evaluate the individual and joint effects of VMA and ANC on key 

performance parameters. An unsupervised clustering algorithm is used to group the mixtures into 

three clusters based on the obtained rheological and viscoelastic properties. A direct printing test 

using a screw type 3D concrete printing is conducted to assess the printability and buildability of 

the mortar mixtures selected from each cluster.  

 

4.2. Materials and Mixture Preparation  
 
Ordinary Portland cement type I/II, calcium sulfoaluminate (CSA) cement, non-crystalline silica 

fume (SF) and class F fly ash (FA) are used as the binder of the mortar mixes. CSA cement offers 

rapid setting and high early strength, which helps shape retention and buildability of printable 

mixtures. Fly ash and silica fume are used as supplementary cementitious materials. To reduce the 

potential cracking and drying shrinkage, a shrinkage reducing expansive agent (EA) is added to 

the mixes. Industrial quartzite sand with a particle size distribution ranging from 0.15 mm to 0.60 

mm is used as fine aggregate. Water to binder ratio (w/b) is kept at 0.37 and a high efficiency 

polycarboxylate based superplasticizer (SP) is used to increase the workability of the mortar mixes 

without any segregation. Proportions of these materials are shown in Table 4-1 as weight 
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percentages of binder and kept constant for all mortar mixes. A viscosity modifying admixture 

(VMA), which is carbohydrate complex chemical-based admixture, and attapulgite nano-clay 

(ANC), are added in the mixes at varying ratios. Table 4-2 shows chemical composition and 

physical properties of all binder as well as ANC used in this study.    

 

Table 4-1: Mix proportions (by weight of binder) 

Binder Silica 
Sand Water EA SP 

OPC CSA SF FA 
0.68 0.05 0.05 0.22 0.52 0.37 0.03 0.012 

 
 
Table 4-2: Chemical composition and physical properties of OPC, CSA, SF, FA, and ANC 

[%] OPC CSA  SF FA ANC 
SiO2 22.9 6 – 10 88 – 90 50.8 55.20 
Al2O3 4.9 20–24 0.6 26.9 12.20 
Fe2O3 2.6 1–4 0.5 12.1 4.05 
CaO 64.8 41 – 45 2 – 5 2.0 1.98 
MgO 3.52 0.5 – 1.0 - 0.9 8.56 
SO3 - 18 – 25 - 0.33 - 
TiO2 0.2 - 0.05 - 0.49 
K2O 0.8 0.1 – 0.3 - 2.3 0.68 
Na2O 0.2 0.1 – 0.3 - 2.35 0.53 
ZrO2 - - 5 – 7 - - 
LOI 2.5 - - 2.32 - 
Physical Properties:      
Specific Gravity (g/cm3) 3.15-3.25 2.9 0.8 2.35 2.287 
Fineness (mm) 0.045 0.025 0.045 0.035 0.03 
      

 

To study the effects of the VMA and ANC on the rheological properties of the mortar mixtures, 

experiments are designed with factorial design (𝑛+) approach, where n represents the number of 

levels and k represents the number of factors. The VMA and ANC are considered to be the two 

factors (𝑘 = 2) and four levels for each factor (𝑛 = 4) are selected as shown in Table 4-3 to analyze 

the main effects and the interaction effects of the factors on the response variables.  
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Table 4-3: Factors and levels of experimental design 

 Factors 

Levels VMA/b ANC/b 

1 0.0% 0.0% 
2 0.1% 0.2% 

3 0.2% 0.4% 

4 0.3% 0.6% 
 

A total of sixteen mixes are prepared in the full design using the factors and the levels listed in 

Table 4-3. Table 4-4 shows the full factorial design of experiments for sixteen mixtures. Three 

samples for each mixture are prepared for the rheological measurements. To mix the mortar 

samples, a 20-quart capacity Hobart planetary floor mixer is used. First, the binders, expansive 

agent and sand are dry mixed for 5 min at 100 rpm until a homogenous mix is obtained. Then, 80 

wt.% of the mixing water with dissolved SP is added to the mixture and initially mixed for 1 min. 

The mixer is stopped for 30 s after 1 min of initial mix to scrap down the bowl to re-mix the 

unmixed parts that may stuck on the sides or the bottom of the mixing bowl. Next, another 2 min 

of mixing is applied at 200 rpm. Then, 10 wt.% of the mixing water with dissolved VMA is added 

to the system and mixed for 2 min at 200 rpm. Finally, 10 wt.% of the remaining mixing water 

with dissolved ANC is added into the mixture and mixed for another 2 min at 200 rpm. Note that 

the ANC is first mixed in the water using a high shear mixer for 3 min at 5000 rpm prior to its 

addition to the mortar mixture. This step is a critical step in the process of creating a colloidal form 

of the material, where the ANC particles do not settle or separate over time. With the intense shear 

forces from high shear mixer, ANC agglomerates are broken down and uniformly dispersed in the 

liquid medium. 
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Table 4-4: Full factorial design for 16 mixes with the two factors and four levels 

 ANC/b 

VMA/b 0 % 0.2 % 0.4 % 0.6 % 
0 % Mix 1 Mix 2 Mix 3 Mix 4 

0.1 % Mix 5 Mix 6 Mix 7 Mix 8 
0.2 % Mix 9 Mix 10 Mix 11 Mix 12 
0.3 % Mix 13 Mix 14 Mix 15 Mix 16 

 
4.3. Rheo-viscoelastic Properties 
 
4.3.1. Static Yield Stress (SYS)  
 

Figure 4-1 a and b illustrate the stress-growth test results for the mixtures with increasing amount 

of VMA (0% ANC) and increasing amount of ANC (0% VMA), respectively. In these plots, the 

evolution of shear stress with time is plotted as the mean value of the results of three specimens. 

With the addition of VMA or ANC, shear stress increases rapidly during each test and then remains 

almost constant. Using the mean shear stress–time curve, the static yield stress (SYS) for each 

mixture was calculated as described earlier. The SYS of mix 1 is calculated as 86 Pa. Similar to 

the DYS results, ANC is observed to be more effective on improving the SYS than VMA. Keeping 

the ANC content at 0% and increasing the VMA content to 0.3% increased the SYS to 641 Pa. On 

the other hand, the SYS of the mix with 0.6% ANC and 0% VMA was measured as 2175 Pa.  

 
(a) (b) 

Figure 4-1: Stress-growth curves for specimens with varying amounts of (a) VMA and (b) ANC 
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To better visualize the effects of VMA and ANC, the variation of the SYS with respect to VMA 

and ANC is shown in Figure 4-2. The linear regression model fits with corresponding R2 are also 

provided on the plots. It is shown in Figure 4-2a that the SYS generally increases with increasing 

VMA content for every level of ANC ratio. The most consistent increase is observed for the mixes 

with 0% ANC and increasing content of VMA, for which an R2 of 0.91 is calculated. The slopes 

of the dashed lines in Figure 4-2a indicates that similar improvements are observed for other levels 

of ANC/b. However, greater variations in static yield stress with VMA ratio are observed when 

the ANC is also added to the mixtures. In particular, increasing the ANC content from 0% to 0.6% 

decreased the R2 from 0.91 to 0.41. This suggests that the increased content of ANC in the mixes 

decreases the significance of VMA on the static yield stress. This phenomenon can be attributed 

to the higher heats of hydrations due to ANC’s role as additional nucleation sites in the matrix 

[108]. As a result, the hydration process is dominated by the ANC which in return decreases the 

significance of VMA in the mixtures. The variation of SYS with ANC content is shown in Figure 

4-2b. The steeper slopes indicate that the ANC addition increases the SYS more effectively than 

the VMA addition. In addition, the R2’s in Figure 4-2b suggests that the correlation between the 

SYS and ANC ratios is considerably high for all levels of VMA content. The smallest R2 is 

calculated as 0.97, which suggests a strong correlation between the SYS and ANC ratio.  

 

  
(a) (b) 

Figure 4-2: Variation of static yield stress with (a) VMA and (b) ANC ratios 
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4.3.2. Dynamic Yield Stress (DYS) and Plastic Viscosity  
 
The flow curves and Bingham fits obtained from the ramp test are shown in Figure 4-3 for the 

specimens with 0% ANC and varying percentages of VMA. It is clear from Figure 4-3 that the 

increasing VMA content increases the DYS since the initial stress readings increase. It also 

increases the plastic viscosity as the slopes of the Bingham fits increase. The increase in the DYS 

and viscosity can be attributed to (i) increasing the viscosity of the interstitial fluid, (ii) forming a 

bridging effect between the cement particles, and (iii) creating a polymer-polymer interaction via 

entanglement and association [109]. Figure 4-4a shows the flow curves obtained from Bingham 

model for the specimens with varying amounts of ANC where no VMA is added to the mixtures. 

Dynamic yield stress considerably increases with increasing amounts of ANC. It increases from 

10 MPa to 485 MPa when 0.6% ANC is added to the base mixture.  

 

 
     (a)         (b) 

Figure 4-3: (a) Flow curves and (b) Bingham model fits on flow curves for specimens with no 
ANC and varying percentages of VMA 

 
It has been shown that ANC is effective to produce a denser microstructure in cement pastes and 

mortars by the electrical attraction forces generated from the oppositely charged edges of the 

particles [110, 111]. Particularly, ANC particles carry positive charges on the edges and negative 

charges on the faces [112], and the oppositely charged points of the particles tend to associate with 

each other, thereby improves the viscosity of the mortar mix. Also, incorporation of ANC forms 

Vander Waals bonding within the mixture by filling the gaps between binder components. On the 

other hand, there is no significant change in the slopes of the fitting curves, indicating minimal 



 
 

35 

effect of the ANC on the plastic viscosity of mixtures when no VMA is present. When Figure 4-3a 

and Figure 4-4a are compared, it can be seen that the addition of VMA both widens and shifts the 

curves upward, while the ANC mainly causes a strong upward shift in the hysteresis curves due to 

increase in the flocculation strength with the ANC addition.     

 

 
   (a)        (b) 

Figure 4-4: (a) Flow curves and (b) Bingham model fits on the flow curves for specimens with 
no VMA and varying percentages of ANC 

 
Figure 4-5a shows the variation of DYS with respect to the VMA ratio for the specimens for a 

constant amount of ANC. Similarly, Figure 4-5b shows the same variation with respect to the ANC 

ratio for specimens with a constant VMA ratio. The coefficient of determination (R2) is shown in 

each plot. Although both the VMA and ANC increase the DYS, a higher correlation between DYS 

and ANC is observed. The addition of ANC to the mixtures with different VMA ratios consistently 

and almost linearly increases the DYS. It can be also seen from Figure 4-5b that the correlation 

and rate of this increase are higher when the VMA also exists in the mixtures compared to the 

mixtures with only ANC.    
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         (a)           (b) 

Figure 4-5: Variation of dynamic yield stress with (a) VMA and (b) ANC ratios 

 
Figure 4-6a and b show the variation of plastic viscosity with respect to the VMA and ANC ratios, 

respectively. Unlike the DYS, no clear pattern is observed for the effect of the VMA and ANC on 

plastic viscosity. Therefore, no regression lines are shown in these plots for clarity purposes. 

Nevertheless, plastic viscosity tends to increase with the addition of VMA, especially when there 

is no ANC in the mixture. On the other hand, the addition of ANC to the mixtures with relatively 

high VMA ratios (0.2% and 0.3%) gradually decreases plastic viscosity. The minimum plastic 

viscosity is measured as 351 kPa.s with 0.6% ANC/b and 0.1% VMA/b, whereas, the maximum 

plastic viscosity is measured as 2361 kPa.s with 0% ANC/b and 0.2% VMA/b. 

 

  
        (a)         (b) 

Figure 4-6: Variation of plastic viscosity with (a) VMA and (b) ANC ratios 
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4.3.3. Viscoelastic Properties 
 
Figure 4-7 shows the storage modulus (𝐺") and loss modulus (𝐺′′) responses of the mixes to the 

strain amplitude sweep. Amplitude sweep test starts with a very low shear strain rate (0.01%), at 

which the material is not disturbed and thus the slopes of  𝐺" and 𝐺′′ are expected to be flat. Figure 

4-7a illustrates the 𝐺" and 𝐺′′ measurements of the mixes with no ANC but varying VMA 

concentrations. It can be observed from Figure 4-7a that mix 1 has a concave down curve at the 

low shear strain amplitudes, which means the modulus increases first, reaches an equilibrium level 

(approximately 2 mins after start) and then decreases. This behavior can be attributed to the lack 

of network formation in the first couple of seconds [113]. Roussel et al. [113] studied the storage 

modulus responses of cement pastes in time. They observed that the storage modulus increases 

during the first 10 s of the test and then reaches a plateau. This means that, after 10 s, the network 

is formed and does not evolve anymore. The colloidal percolation characteristic time can therefore 

be of the order of a few seconds or minutes based on the mix design. This suggests that the mixes 

represented in Figure 4-7a, where there is no ANC and varying amounts VMA in the mixes, do 

not form a colloidal percolation in the system in the first couple of minutes. No clear pattern in the 

variation of 𝐺" and 𝐺′′ is observed when the VMA concentration increases in the mixtures. Both 

elastic and viscous components of the viscoelastic properties decreases when the VMA ratio is 

0.1% or 0.2%; however, both components increases when the VMA ratio is 0.3%.   

 

On the other hand, increasing content of ANC consistently increases the elastic and viscous 

components of viscoelastic characteristics of the mixes as illustrated in Figure 4-7b. The addition 

of ANC results in a flat plateau in both 𝐺" and 𝐺′′ response starting from very low shear strain 

amplitudes. As discussed in section 4.3.2., the bridging effect of ANC improves the modulus 

characteristics of the mortar mixtures. The amplitude sweep curves for the 𝐺" shifts upward with 

increasing amount of ANC. A similar trend is also observed for the amplitude sweep curves for 

the 𝐺′′ but the rate of this shift decreases with increasing amount of ANC. 
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   (a)           (b) 

Figure 4-7: Storage modulus and loss modulus as a function of strain for mortar specimens with 
(a) no ANC and varying amounts of VMA and (b) no VMA and varying amounts of ANC 

 
The variation of storage modulus (𝐺′) measured at the upper limit of LVER with the VMA and 

ANC content are shown in Figure 4-8a and b. It can be seen from Figure 4-8a that increasing VMA 

content has almost no effect on 𝐺′ for all mixtures except the ones with 0.6% ANC. For the mixes 

with 0.6% ANC, increasing VMA content increases the 𝐺′ with a strong correlation (R2 = 0.90). 

For all mixtures with various VMA concentrations, increasing the ANC content increases the 𝐺′ 

as shown in Figure 4-8b. However, it is noted that the rate of this increase is higher when VMA is 

present in the mixtures. Figure 4-8c and d show the variation of the LVER, or critical strain with 

varying VMA and ANC concentrations, respectively. The particles in the matrix are closely 

interacted with each other and the material shows a linear elastic behavior within the LVER  [114, 

115]. It can be seen that the LVER is not impacted considerably by the addition of VMA or ANC 

and varies in the range of 0.19% and 0.22% for all sixteen mixtures tested in this study. The lowest 

value is observed for the control mixture (no VMA or ANC). This could be attributed to the lower 

amount of hydration products developed in the control mixture compared to the other mixtures as 

discussed in Section 4.3.2. Figure 4-8e and f show the variation of loss factor with respect to VMA 

content and ANC content. The loss factor provides information about the stability of the structure, 

where a lower value indicates that the mixture tends to hold its shape. As can be seen in Figure 

4-8e and f the loss factor decreases with the VMA and ANC addition. The loss factor for the 

control mix is calculated as 0.18. Keeping the ANC content at 0% and increasing the VMA content 

to 0.3% decreases the loss factor to 0.15. On the other hand, there is a larger decrease in the loss 
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factor with the addition of ANC content. For example, the mixture with no VMA and 0.6% ANC 

has a loss factor to 0.11.  

 

  
        (a)         (b) 

  
        (c)         (d) 

  
        (e)         (f) 

Figure 4-8: Variation of storage modulus with (a) VMA and (b) ANC ratios; variation of critical 
strain (LVER) with (c) VMA and (d) ANC ratios; and variation of loss modulus with (e) VMA 
and (f) ANC ratios 
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4.4. ANOVA Analysis 
 
To statistically assess the effects of ANC and VMA on the response variables, such as DYS, SYS, 

storage modulus, Analysis of Variance (ANOVA) test is performed. In particular, a two-factor 

ANOVA test is conducted to quantify the effect of two independent variables, i.e., ANC and VMA, 

and their interaction effect, i.e., ANC*VMA on the dependent variables, i.e., rheological 

properties. The significance level of the ANOVA test is set to 0.05 (5%) and the corresponding p-

values are summarized in Table 4-5. 

 

There is no significant interaction effect between ANC and VMA since the p-values for all 

rheological properties are higher than 0.05 for the ANC*VMA. This indicates that the joint effect 

of ANC and VMA is not statistically higher than the sum of both effects individually. Regarding 

the individual effect of VMA, the p-values suggest that VMA is not statistically significant for the 

rheological properties except for plastic viscosity, LVER and loss factor. On the other hand, the 

effect of ANC is statistically significant for all the rheological properties but for plastic viscosity. 

Similar observations was reported in previous studies  [110, 116, 117]. The oppositely charged 

edges of ANC particles tent to interact with each other to produce a denser microstructure, which 

leads to higher SYS and storage modulus. However, once the flow initiated, the particles tend to 

separate from each other and align in the direction of the flow. At this moment, the system loses 

the interaction between the ANC particles and to this end, possible electrical repulsion can cause 

further imbalance in the microstructure. Thus, ANC loses its significance on the plastic viscosity.    

 
Table 4-5: Summary of the p-values from the two-factor ANOVA test to assess the statistical 
significance of ANC, VMA and ANC*VMA on the rheological properties 

Rheological Property ANC VMA ANC * VMA 
  DYS 0.001 0.31 0.06 
  Plastic viscosity 0.87 0.02 0.14 
  SYS 0.001 0.30 0.28 
  Storage modulus 0.01 0.65 0.06 
  LVER 0.001 0.01 0.25 
  Loss factor 0.001 0.01 0.16 
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4.5. Thermogravimetric Analysis (TGA)  
 
Thermogravimetric analysis is used to analyze the thermal and hydration behavior of the mortar 

samples. The samples to be tested are collected from the core of the cubic specimens after the 

curing periods (7 days and 28 days), and then dried in the oven at 105 °C to stop hydration. 

Powdered samples are prepared by grounding the sample surfaces and then sieving through a 53 

𝜇𝑚 sieve. The powdered samples are then heated to 1000 °C at 10 °C /min under nitrogen flow. 

In order to quantify the total degree of hydration, the mass loss of the mortar samples is measured 

by TGA as a consequence of decomposition of cement hydrates [118]. The measurements are 

performed according to the following thresholds [119]: 

 

• Water loss due to C-S-H decomposition that occurs between 25 °C and 350 °C 

• Water loss due to the dihydroxylation of calcium hydroxide (Ca(OH)2 or CH) that occurs 

approximately between 400 °C and 500 °C 

• Carbon dioxide loss due to the decarbonization of CaCO3 that occurs at temperatures from 

500°C to 800°C 

 

First, the residual weights are calculated at the temperatures where the dihydroxylation of calcium 

hydroxide (CH) peaked. Then, the CH content (%) is calculated by equation (3); 

 

𝐶𝐻	𝐶𝑜𝑛𝑡𝑒𝑛𝑡 = 𝑊 × 74.1																																																											(3) 

 

where 𝑊 is the mass loss during dehydration of calcium hydroxide (CH), that occurs $% 

approximately between 400 °C and 500 °C. 𝑊 is calculated as the percentage of the ratio of $% 

mass loss during dehydration of CH and the initial mass (%), where 74.1/18.0 is the molar weight 

ratio of CH to H2O. 

 

The thermogravimetric (TG) curves and the first derivative of TG (DTG) curves for the control 

mixture (mix 1), mixture with 0.6% ANC and no VMA (mix 4), mixture with 0.3% VMA and no 

ANC (mix 13), and mixture with 0.6% ANC and 0.3% VMA (mix 16) at 1 day and 7 days after 

casting are illustrated in Figure 4-9. The peaks in the DTG curves represent the decomposition of 

C-S-H and ettringites, calcium hydroxide (CH), and calcium carbonate (CaCO3) as indicated in 
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the plots. In addition, the residual weights at the CH decomposition and CH content in the 

temperature range between 400 °C and 500 °C for these mixtures at 1 day and 7 days are provided 

in Figure 4-10.   

 

 
                                (a)                                 (b) 

Figure 4-9: Thermogravimetric (TG) and first derivative of TG (DTG) curves of mixes 1, 4, 13, 
16 at (a) 1 day and (b) 7 days after casting 

 

 
                                         (a)                                          (b) 

Figure 4-10: (a) Residual weights and (b) CH content of mixes 1, 4, 13, 16 

 
The residual weight at 1-day decreased from 93.00% to 90.96% when 0.6% ANC is added (mix 

4) in the base mix (mix 1). This indicates that more hydration products formed in the mix with the 

addition of ANC, 55.2% of which consists of SiO2. This result can be attributed to the enhanced 
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pozzolanic activity, and thus, enhanced hydration process due to the increased amount of SiO2 in 

the mix [120]. On the other hand, the VMA affects the course of hydration less significantly 

compared with the addition of ANC. Compared to the base mix, addition of 0.3% VMA decreased 

the residual weight at 1-day to 92.04% from 93.00%. In addition, less effect on the hydration is 

observed when both ANC and VMA are present in the mix, where the residual weight is measured 

as 92.46%. It is also observed that the CH content at 1-day is increased from 5.24% to 7.29% when 

0.6% ANC is incorporated in the mix. Adding 0.3% VMA increased the CH content at 1-day to 

7.14%, whereas the CH content is measured to be 6.92% when ANC is also added in the mix. 

These results indicate that both ANC and VMA accelerates the hydration reaction of cement at 

early ages, while the ANC has the greater effect. This might be attributed to the increased speed 

of hydration due to the increased amount of SiO2 that comes from ANC incorporation [121]. The 

effect of ANC on hydration is more pronounced in 1-day compared to the 7-day. It is also worth 

mentioning that the CH content is increased from 1-day to 7-day only for mix 1 where no ANC 

and no VMA is incorporated in the mixes. For all other mixes, the CH content decreases at 7-day 

compared to 1-day. This could be attributed to the consumption of CH and extra formation of C-

S-H in the presence of SiO2 when ANC is incorporated in the mixes. 

 
4.6. Selection of Mixtures for Printability Characterization  
 
The storage modulus and SYS are important material properties in quantifying the buildability and 

shape stability of the 3D printed concrete structures [79, 122]. The higher the storage modulus the 

more rigid the structure, as well as the higher the SYS the stronger the structure. In this study, the 

storage modulus and SYS are used to quantify the buildability and shape stability of the printable 

mixtures. Figure 4-11a shows the scatter plot of the storage modulus versus static yield stress for 

all the tested mixes. It can be seen from the scatter plot that storage modulus and static yield stress 

are considerably related to each other (𝑅$ = 0.7), i.e, higher the storage modulus higher the SYS. 

In order to study the buildability of the mixes experimentally, an unsupervised machine learning 

algorithm is used to select mixtures for the experiments. In particular, K-means clustering 

algorithm is used to cluster the mixes in subgroups where the mixes in each subgroup behave 

similar to each other according to the similarity measure, Euclidean-distance. To find the optimal 

number of clusters, the elbow method is used which suggests that 3 clusters (Figure 4-11b) for 

these 16 mixes gives the best model fitting of K-means algorithm.  
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Based on the K-means clustering algorithm, 16 mixes are clustered in 3 subgroups and these 

subgroups are named as cluster 1, cluster 2, and cluster 3, as shown in Figure 4-11a. The sign “×” 

in each cluster represent the centroids of that cluster. The variation of the data points in cluster 1 

is observed to be relatively low. Considering the low storage modulus and static yield stress values 

of the mixtures in this cluster, one typical mix is considered to be adequate to assess the buildability 

mixtures in cluster 1. Mix 13 is selected from cluster 1 since it is the closest to the centroid of this 

cluster. Similarly, from cluster 2, mix 4 is selected since it is very close to the centroid of the 

cluster. Also, considering the large variation in the storage modulus, mix 14 and mix 15 are 

selected which have the lowest and highest storage modulus values, respectively, in cluster 2. From 

cluster 3, all the mixes (mix 8, mix 12 and mix 16) are selected for buildability assessment. Table 

4-6 shows the summary of the rheological results of the selected mixes. 

 

  
        (a)          (b) 

Figure 4-11: (a) Storage modulus and static yield stress of all the mixes, and (b) elbow method 
to determine the optimal value of clusters in K-Means algorithm.   

 
 
 
 
 
 
 
 
 

Cluster 1 

Cluster 2 

Cluster 3 
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Table 4-6: Summary of the rheological results of the selected mixes 

Mix VMA/b 
[%] 

ANC/b 
[%] 

DYS 
[Pa] 

Viscosity 
[kPa.s] 

SYS 
[Pa] 

𝐺′ 
[kPa] 

LVER 
[%] 

Loss 
Factor 

4 0 0.6 448 1455 2175 19.65 0.217 0.125 
8 0.1 0.6 805 730 3816 34.01 0.221 0.108 
12 0.2 0.6 718 1789 2546 34.29 0.221 0.109 
13 0.3 0 73 2256 641 7.30 0.206 0.149 
14 0.3 0.2 317 2260 1853 10.54 0.210 0.138 
15 0.3 0.4 601 1877 2735 21.10 0.216 0.124 
16 0.3 0.6 935 1415 4240 44.93 0.224 0.099 

 
 

4.7. Buildability Assessment 
 
A direct printing test is performed to assess the buildability of the select mixtures. The results for 

mixture 13 from cluster 1 is shown in Figure 4-12. Due to the low DYS value (73 Pa), the extrusion 

of mix 13 is observed to be smooth and continues. However, no layer formation is observed 

including the first layer. The SYS of mix 13 is measured as 641 Pa and this level of yield stress is 

not enough to withstand the gravitational induced strength of the mix. The breadth of the first layer 

is approximated about 55 mm while the nozzle size is 15 mm. After five layers of the mix 13 is 

extruded, the breadth of the initial layer is measured as 108 mm as shown in Figure 4-12. From 

these results, it is suggested that mix 13 is not printable. Assuming the other mixes in this cluster 

behave similarly, it can be concluded that cluster 1, where the static yield stress and the storage 

modulus of the mixes are; 𝑆𝑌𝑆 < 910	𝑃𝑎 and 𝐺" < 8.4	𝑘𝑃𝑎, is not printable. 

 
 

Mix 13 

    

Figure 4-12: Print result of mix 13 from cluster 1 

n	=	1 n	=	3 n	=	5 
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Figure 4-13 shows the print result of the mixes 14, 4 and 15 from cluster 2. The DYS values range 

from 317 Pa and 601 Pa for these mixtures. Initial printed layers of all the mixtures in cluster 2 

suggest that the DYS range is adequate for these mixes since smooth and continuous extrusion is 

performed. The mixes in Figure 4-13 are ordered in ascending number of maximum printable 

layers before failure (nmax). In particular, the maximum number of printable layers for the mixes 

14, 4 and 15 are 8, 10 and 14, respectively. It can be seen from Figure 4-11a that the mixes 14, 4 

and 15 are also in ascending order in terms of storage modulus and SYS. This suggests that nmax 

increases with the increase in the storage modulus and the SYS. Pearson correlation coefficient, 

which is a measure of linear correlation between two sets of data, between nmax and storage 

modulus is calculated as 0.93, whereas the correlation coefficient between nmax and SYS is 

calculated as 0.88. Therefore, it can be said that nmax is more correlated with storage modulus.  

 

Mix 14 

     

Mix 4 

     

Mix 15 

      

Figure 4-13: Print results of mix 14, mix 4 and mix 15 from cluster 2 

Failure 

Failure nmax=	8 

nmax	=	10 

n	=	1 n	=	3 n	=	5 

n	=	1 n	=	5 

Failure n	=	1 n	=	5 nmax	=	14 n	=	10 
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Cluster 3 contains mix 12, mix 8 and mix 16 which have the largest values of storage modulus and 

SYS. Figure 4-14 shows the print results for the mixes in cluster 3. Mix 16 has the maximum DYS 

as 935 Pa among all the mixes and no voids or breaks are observed in the extrusion of this mix. 

From here, it can be concluded that all the mixes can be extruded smoothly and continuously 

without any observable failures in the filament during extrusion. It can be concluded that these 

three mixes have sufficient SYS to carry their own weight since no spread of the material initiated 

the plastic collapse. The maximum number of printable layers for mix 12, mix 8 and mix 16 are 

22, 24 layers and 50 layers, respectively.  

 

Mix 12 

      

Mix 8 

      

Mix 16 

       
  

Figure 4-14. Print results of mix 12, 8 and mix 16 from cluster 3. 

  

n	=	1 n	=	5 n	=	10 nmax	=	22 Failure 

n	=	1 n	=	10 n	=	30 n	=	40 nmax=	50 Failure 

n	=	1 n	=	5 n	=	10 nmax	=	24 Failure 
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The printed filament is expected to withstand its own weight caused by the gravitational force, and 

the weight of the subsequent layers. In Figure 4-14, the first 10 layers of each mix in cluster 2 

suggests that the static yield stress of each mix is enough to carry its own weight since no visible 

spread of the material is observed in the initial layers. Figure 4-15 shows the filament breadth and 

height of mix 12 from cluster 3. Due to the viscoelastic behavior of the mortar, the experimental 

breadth is measured as 30 mm for each layer (𝑏%&' = 30	𝑚𝑚) while the mortar was extruded from 

a 15 mm nozzle. Since 𝑏%&' is measured as 30 mm for the first layer of all the mixes in clusters 2 

and 3, and since no additional spread of the material is observed after printing the initial layer, it 

is suggested that the minimum SYS in both of these clusters (1318 Pa) is enough for a layer to 

carry its own weight. However, additional deposition of layers cause deformation in the initial 

layers as mix 14 exemplifies this. Mix 14 has the lowest storage modulus in cluster 2 and it is 

observed that further layer deposition after the first layer results in filament spread in the initial 

layers. The breadth of the first layer is measured as 50 mm when 8 layers are printed right before 

failure. No clear spread in the initial layers is observed for mixes in cluster 3, where the mixtures 

have the largest SYS values. Thus, it can be said that the initial layers can keep their shape and no 

spread occurs when the SYS is over 2546 Pa. Considering the breadth of the mixes (30 mm) and 

the aspect ratio of the target wall (10), a total print height of 300 mm is aimed for this study. Taking 

into account the height of each layer (7.5 mm), the expected number of printable layers (𝑛()%!) is 

calculated as 40 layers (300 mm / 7.5 mm). Only mix 16 is ensured this requirement with 50 layers 

that exceeds 𝑛()%! = 40. 

 

  
Figure 4-15. Layer breadth and layer height of mix 12 from cluster 3  
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In order to better understand the effects of VMA and ANC on the buildability and failure 

mechanisms of the printed sample, the SYS, storage modulus and maximum number of printed 

layers are shown in Figure 4-16 and Figure 4-17 together with the failure images of the samples. 

Figure 4-16 shows the results for mixes 13, 14, 15, and 16 where the VMA content is fixed at 0.3% 

and the ANC content is varied from 0% to 0.6%. Mix 13 is noted as not printable since the SYS 

of the mix is not enough to form the initial layer. This mix has the maximum level of VMA content 

(level 4) but no ANC (level 1), which suggests that VMA do not have significant effect on shape 

retention. Increasing the ANC content to 0.2% (mix 14) yields a successful initial layer formation, 

however, the increased stress due to the weight of subsequent layers lead to high deformations in 

the initial layers and hence plastic collapse is observed for mix 14 after printing 8 layers. Increasing 

the ANC content to 0.4% considerably improves the buildability and shape stability. Mix 15 is 

observed to keep the shape of the initial layers until 13th layer is printed. After printing the 14th 

layer, a slight spread on the initial layers is observed as indicated in a red circle in Figure 4-16 

which can be described as a local plastic deformation. Also, an inclination to the right is observed 

after printing the 14th layer. Therefore, it is suggested that the failure mechanism is a combination 

of elastic buckling and plastic deformation for mix 15. On the other hand, no visible spread and 

layer deformation is observed for mix 16. As it is clear from Figure 4-17 that the failure mechanism 

for mix 16 is purely elastic buckling. After printing the 50th layer, the buckling is observed in the 

middle of the structure following the failure.  

 

Similarly, Figure 4-17 shows the results for mixes 4, 8, 12 and 16 where the ANC content is 0.6% 

for all mixes and the VMA content of each mix is 0%, 0.1%, 0.2% and 0.3%, respectively. The 

plastic collapse of the structure is observed for mix 4 after successfully printing 10 layers. When 

compared to mix 14 from the same cluster, less spread of the initial filaments is observed for mix 

4 and a sudden plastic collapse is occurred. Mix 8 and mix 12 have similar storage modulus values 

(34.0 kPa and 34.3 kPa, respectively) and hence similar number maximum layers (24 and 22, 

respectively). They also demonstrate similar failure mechanism where slight deformations in the 

initial layers are observed for both of the mixes followed by elastic buckling. It can be said that 

mix 8 and mix 12 have elastic buckling failure where the failure is started at the bottom of the 

structure due to plastic deformation.  
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 Figure 4-16. Static yield stress, storage modulus, maximum number of layers and the failure 
mechanism of the mixes 13, 14, 15 and 16 

 
 Figure 4-17. Static yield stress, storage modulus, maximum number of layers and the failure 
mechanism of the mixes 4, 8, 12 and 16 
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To predict the failure criteria based on storage modulus and SYS, the support vector classifier 

(SVM), a supervised machine learning algorithm, is used to classify the mixes and find the decision 

boundaries. Figure 4-18 summarizes the printability regions and the failure mechanisms of the 

mixes based on the SVM algorithm. Mix 13 of cluster 1 is found to be not printable and considering 

the other mixes in cluster 1 behave similarly according to the SVM model, it can be concluded that 

the mixes in cluster 1 is not printable (shown as “NP” in Figure 4-18). The storage modulus and 

the SYS of the mixes in this region are less than 8.4 kPa and approximately 1000 Pa, respectively, 

which means that 8.4 kPa of storage modulus and 1000 Pa of SYS are not adequate for a mix to 

be printable. Other than this cluster 1, all the mixes are printable with different failure criteria. Mix 

4 and Mix 14 are located at the bottom-left part of cluster 2 and plastic collapse (PC) failure is 

observed for these mixes. Therefore, it is predicted with SVM that the mixes, having storage 

modulus values in the range of 10.5 kPa and 19.6 kPa, and SYS values in the range of 1853 Pa and 

2175 Pa, are printable but will experience a failure mechanism of plastic collapse. The upper-left 

portion of cluster 2 and lower region of cluster 3 showed slight plastic deformations on the initial 

layers, however, the main failure criteria is considered to be elastic buckling (EB). Mix 12, mix 15 

and mix 8 are observed to be located in this region with storage modulus values from 21.1 kPa to 

34.3 kPa, and SYS from 2546 Pa to 3816 Pa. Only mix 16 showed a pure elastic buckling (Pure 

EB) failure since no visible plastic deformation is observed on the initial layers. This suggests that 

a storage modulus value of >45 kPa and a SYS value of >4200 Pa are required for a print that no 

spread and plastic deformation occurs on the initial layers.  

  
Figure 4-18. Printability diagram of the mixes based on storage modulus and static yield stress 
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4.8. Summary 
 
In this section, the rheological and viscoelastic properties of cementitious mixtures that contain 

different levels of VMA and ANC are investigated. The rheological properties are obtained from 

ramp and stress growth tests and analyzed in terms of dynamic yield stress (DYS), plastic viscosity, 

and static yield stress (SYS). An amplitude sweep test is conducted to evaluate the viscoelastic 

properties such as storage modulus, loss modulus and linear viscoelastic range (LVER). Based on 

the results of the rheological testing, a K-means clustering algorithm is used to cluster the sixteen 

mixtures evaluated in this study into three clusters. The direct printing tests using mixtures from 

each cluster are conducted to evaluate the extrudability and buildability of the selected mixtures. 

The findings of this study can be summarized as follows: 

 

• There is almost a linear increase in the SYS and DYS values of mortar mixtures with the 

addition of ANC. The rate of this increase is slightly higher when VMA is also exists in 

the mixture. On the other hand, the SYS and DYS experience a more modest increase with 

the addition of VMA. Also, the correlation coefficient is smaller for the VMA.  

• No clear pattern is observed on the variation of plastic viscosity with the addition of VMA 

or ANC. Nevertheless, the addition of ANC generally decreases the plastic viscosity while 

the addition of VMA generally increases the plastic viscosity. 

• The addition of VMA has almost no effect on the storage modulus for the mixtures with or 

without ANC except the mixtures with the highest amount of ANC. It also has no 

significant influence on the loss factor, but it generally leads to a slight decrease in the loss 

factor.  

• On the other hand, the addition of ANC considerably increases storage modulus while 

results in a decrease in loss factor. The correlation between the ANC ratio and storage 

modulus is not as strong as the one between ANC ratio and SYS but the coefficient of 

determination is still above 0.76 for the mixtures with constant VMA ratio and varying 

ANC content.  

• The ANOVA results also indicates that the ANC has statistically significant effect on the 

SYS and viscoelastic properties of mortar mixtures, while the major influence of VMA is 

on the plastic viscosity of the mixtures.   
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• The mortar mixtures with a SYS less than 1000 Pa and a storage modulus less than 8.4 kPa 

cannot retain their shape after being extruded.  

• The mixtures with a SYS ranging from 1000 to 2200 Pa and a storage modulus ranging 

from than 8.4 kPa to 20 kPa experience plastic collapse. A mix of plastic collapse and 

elastic buckling failures are observed for the mixtures with a SYS between 2200 Pa and 

4200 Pa and storage modulus between 20 kPa and 45 kPa.  

• A mixture with a SYS over 4200 Pa with a storage modulus of over 45 kPa is found to be 

capable of retaining its shape and carry the deposited layers without any plastic 

deformation. For such a mixture, the failure mode is observed to be pure elastic buckling. 
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5. Effects of CNF on Rheo-viscoelastic, Printability and 

Mechanical Characteristics of Cementitious Composites  
 
5.1. Overview 
 

This study explores the effects of cellulose nanofibers (CNF), a relatively new type of 

nanocellulose material, on the printability characteristics such as extrudability and buildability of 

cementitious mixtures. First, mortar mixtures with varying ratios of CNF are prepared. The 

rheology of the mixtures containing CNF is thoroughly assessed using a shear rheometer. Two 

testing protocol are followed: ramp test and stress growth test. A ramp test is conducted to 

determine dynamic yield stress and plastic viscosity using Bingham visco-plastic material model. 

Stress growth tests are carried out at varying resting periods to quantify static yield stress and 

thixotropy of the cementitious mixtures. Amplitude sweep test is carried out to determine 

viscoelastic properties of the mortar mixes, including storage modulus that is found to be critical 

for buildability. Thermogravimetric analysis is conducted to assess the effects of CNF on hydration 

characteristics of the mixtures. Compressive strength and flexural strength tests are conducted to 

assess the mechanical properties. Finally, the printability of the mortar mixtures incorporating 

CNF is assessed using a 3D concrete printer equipped with a 15 mm diameter nozzle and screw 

pump.  

 
5.2. Materials and Mixture Preparation  
 
The CNFs used in this study are in the form of fibrous rods sourced from wood pulp and readily 

biodegradable according to the manufacturer. CNFs are manufactured by mechanical fibrillation 

followed by processing dilute slurries of cellulose fibers through grinding or high-pressure 

homogenizing action [123]. After manufacturing, an evenly dispersed CNF aqueous suspension 

occurs as a colloidal system as a 3% slurry which consists of 3% dry CNF and 97% water. CNFs 

have a noticeably high aspect ratio with dimensions of 20-50 nm in diameter and lengths of up to 

several hundred microns. CNFs have the ability to interact with matrix of a composite material 

both physically through its extreme surface area and chemically through hydrogen bonding. To 
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study the effect of CNF on the mortar mixtures, mortar mixtures with varying CNF ratios (0%, 

0.1%, 0.2%, 0.3%, 0.4%, 0.5%) are prepared. The binder for the mortar composite includes type 

I/II Portland cement, calcium sulfoaluminate (CSA) cement, non-crystalline silica fume (SF), and 

class F fly ash (FA). An industrial quartzite sand with a particle size distribution ranging from 0.15 

mm to 0.60 mm is used as fine aggregate. In order to mitigate the risk of cracking due to drying 

shrinkage, an expansive agent (EA) is incorporated in the mixes. A high efficiency polycarboxylate 

based superplasticizer (SP) is added to enhance the workability of the mortar mix without any 

segregation, and the water to binder ratio (w/b) is maintained at 0.37. The control mix proportions 

are presented in Table 5-1, and the mix design used in the present study is shown in Table 5-2. 

 

Table 5-1: Material proportions of the control mix (by weight percentage of binder) 

Binder 
EA Sand Water SP 

OPC CSA SF FA 

0.68 0.05 0.05 0.22 0.03 0.52 0.37 0.012 
 

Table 5-2: Mix design 

   Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 

Cellulose Filaments (CF)  
(wt.% of cement) 0 0.1 0.2 0.3 0.4 0.5 

 
 

To prepare each batch of mixtures, the required amount of CNF slurry is first mixed with the half 

of the total mixing water using a high shear mixing for 10 mins at 5000 rpm. All the dry materials 

are mixed for 5 mins at 50 rpm using a 20 qt Hobart mixer. After achieving a homogenous dry 

mixture, the CNF solution and rest of the water with dissolved SP are added to the dry system and 

mixed for 3 mins at 100 rpm. Then, the mixture is mixed for an additional 3 minutes at a speed of 

200 rpm to achieve a homogenous mixture. Once the final mixing is complete, samples are taken 

for rheological, printability and mechanical assessments.  
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5.3. Printing Specimens for Mechanical Tests  
 
The mortar mixtures with added CNF at different ratios were printed to prepare specimens for 

mechanical tests. A rectangular nozzle with a breadth of 20 mm and height of 10 mm was used for 

printing. All the mechanical tests were performed after 28 days of curing using a 100 kN capacity 

MTS machine.  

 

To characterize the tensile behavior of the printed mortars, uniaxial tensile tests were conducted 

on dog-bone shaped specimens based on the recommendations of the Japan Society of Civil 

Engineers [106]. Two loading directions were considered; one is perpendicular to the printing 

direction (T1), and the other is parallel to the printing direction (T2) as shown in Figure 5-1. For 

loading direction T1, a single-line wall was printed with dimensions of 270 × 20 × 330 mm, and 

three dog-bone shaped specimens were precisely cut using a water jet. For T2 loading direction, 

two layers of three side-by-side filaments were printed in 1000 mm long, and similarly three dog-

bone shaped specimens were cut.  

 

Four-point bending tests were performed using 40 × 40 × 160 mm test prisms according to ASTM 

C348. To prepare the tests specimens, first a long prism with dimensions of 40 × 40 × 1000 was 

printed and then samples with the desired dimensions were cut using a water jet. The samples were 

tested in F1 and F2 loading directions (Figure 5-1) to analyze the anisotropic behavior of the 

printed samples.    

 

The compressive strength of the specimens was evaluated using 50 × 50 × 50 cubic specimens 

according to ASTM C109. Two loading directions (C1 and C2) were considered as shown in 

Figure 5-1 to study the anisotropy in the printed samples. A 350 mm-long prism with five vertical 

layers and three lateral filaments was printed and six cubic specimens were cut using a water jet, 

where three of them were tested in C1 direction and the other three were tested in C2.  
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Figure 5-1: Schematic illustration of the loading directions and dimensions of the 3D printed 
samples for uniaxial tensile, flexural and compressive testing (all dimensions are in mm). 

 
 
5.4. Rheo-viscoelastic Properties 
 
5.4.1. Static Yield Stress (SYS)  
 
Figure 5-2a shows the flow curves of the mixes from each stress growth tests, and Figure 5-2b 

shows the average value of SYS for mixtures with different CNF concentration. The results of the 

stress growth tests showed that the addition of CNF led to a significant increase in the SYS of the 

cementitious composites. Specifically, the SYS increased from 86 Pa for the 0% CNF to 1220 Pa 

for the 0.1% CNF content. This suggests that the addition of CNF can significantly improve the 

resistance of the mixtures to deformation and failure under static loads. Further increase in the 

CNF concentration increased the SYS to a maximum level of 10313 Pa when 0.5% CNF is 

incorporated in the mixture. The results of SYS for different CNF concentration are also analyzed 

by fitting polynomial models to the data. The best fitting model was found to be quadratic, with a 

coefficient of determination (R2) of 0.996, indicating a strong correlation between the CNF 

concentration and the flow behavior of the mixtures.  
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                                          (a)                                           (b) 

Figure 5-2: (a) Flow curves, and (b) static yield stress of the mixes with increasing CNF content 

 
5.4.2. Dynamic Yield Stress (DYS) and Plastic Viscosity  
 
Increasing the CNF concentration constantly increased DYS as shown in Figure 5-3a. However, 

the rate of this increase initially remains small and becomes large when the CNF ratio is over 0.3%. 

The DYS of the base mix (0% CNF) was measured as 60 Pa and increasing the CNF concentration 

to 0.5% increased the DYS up to 4099 Pa. Similarly, the plastic viscosity of the mixtures also 

increases with the addition of CNF (Figure 5-3b) but with a decreasing rate. The plastic viscosity 

increased by a factor of 6.8 from 1237 kPa.s to 8064 kPa.s when the CNF content is increased 

from 0% to 0.4%. Note that further increasing the CNF concentration to 0.5% causes a slight 

decrease in the viscosity. High R2 values (> 0.98) for quadratic fits also supports the presence of 

strong correlations between CNF and DYS and viscosity. 

 

  
                                          (a)                                           (b) 

Figure 5-3: (a) Dynamic yield stress, and (b) viscosity values of the mixes with increasing CNF 
concentration 



 
 

59 

5.4.3. Viscoelastic Properties 
 
The storage modulus and critical strain of the mixtures were evaluated from the amplitude sweep 

tests. Similar to the other rheological properties, the storage modulus increased significantly with 

increasing CNF concentration as shown in Figure 5-4a. The mixture with the 0.5% CNF mixture 

exhibited the highest storage modulus of 117.6 kPa, while the storage modulus of the base mix 

was measured as 8.4 kPa. The critical strain also increased with increasing CNF concentration, 

especially for higher CNF ratios (Figure 5-4b). While the critical strain of the base mixture was 

measured as 0.19, the mixture with 0.5% CNF had a critical strain of 0.34%. These increases in 

storage modulus and critical strain suggest that the addition of CNF can effectively enhance the 

stiffness and elastic response of the mixtures. The mixtures with higher CNF contents will have 

greater resistance to deformation and failure under applied loads and can better withstand the 

applied stress or strain without going through plastic deformation. 

 

  
                                          (a)                                           (b) 

Figure 5-4: (a) Storage modulus, and (b) critical strain values of the mixes with increasing CNF 
concentration 

 
These significant increases in the rheological properties when the mortar mixes are reinforced with 

CNF could be attributed to several factors. Firstly, CNF has a high aspect ratio and high surface 

area, which can facilitate the formation of a strong interfacial bond between the CNF and the 

cement matrix [124]. This can result in a reinforcement effect that improves the internal coherency 

of the matrix. Also, the higher intrinsic strength and stiffness of the nanofibrils [125] are likely to 

result in the formation of strong bonds between the cellulose fibers and the cementitious matrix. 

This is due to the presence of free hydroxyl groups that can be chemically bound with hydration 
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products [126]. As a result, it is expected that the bonding between the cellulose fibers and the 

matrix will be strong. Secondly, the CNF not only act as a filler in the matrix to enhance the 

microstructure but also has the potential to act as an activator to stimulate the hydration reaction 

[127]. In particular, they serve as nucleation sites, which promote the precipitation and 

accumulation of hydrated products in the initially water-filled open pores. This process leads to 

the development of a more uniform, dense, and compact microstructure in the cementitious 

mixture containing CNF when compared to the mixture without CNF. Lastly, CNF can improve 

the microstructure of the matrix, reducing porosity and enhancing the interparticle packing density. 

As the dosage of CNFs increases, the peak also increases, suggesting a greater reduction in the 

volume of small pores in the pure cement paste compared to other materials [128]. This can 

improve the load transfer between the particles and increase the strength of the matrix. 

 
5.5. Thermogravimetric Analysis (TGA)  
 
The thermogravimetric (TG) curves and the first derivative of TG (DTG) curves are illustrated in 

Figure 5-5 where the CNF content was varied from 0% to 0.5% by weight. In addition, CH content 

in the temperature range between 400 °C and 500 °C and the hydration percentage for these 

mixtures at 1 day and 7 days are provided in Figure 5-6. The results indicate a notable effect of 

CNF addition on the CH content and hydration percentage of the cementitious mixtures at both 1 

day and 7 days. With a 0.1% addition of CNF, the CH content at 1 day increased from 4.5 to 5.1, 

while the hydration percentage slightly rose from 27.0 to 27.2. As the CNF content was further 

increased to 0.2%, a more significant increase was observed in both CH content (5.5) and hydration 

percentage (29.7) at 1 day. Notably, the 0.3% CNF addition led to a decrease in the CH content to 

4.3 at 1 day, but still showed an increase in hydration percentage to 28.4 as compared to control 

mix (27.0). A similar trend was observed for the mixtures with 0.4% and 0.5% CNF, where the 

CH content increased to 5.4 and 5.0, and the hydration percentages reached 28.3 and 29.9, 

respectively, at 1 day. After 7 days, the CH content and hydration percentage demonstrated a 

general upward trend with increasing CNF content, with the highest values observed for the 

mixture containing 0.5% CNF (CH content of 6.4 and hydration percentage of 35.6). These 

findings suggest that CNF addition has a significant impact on cement hydration, with higher CNF 

content generally leading to increased CH content and hydration percentage at both early and later 
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stages. The results are in line with previous studies that have reported the impact of cellulose fibers 

on cement hydration [129, 130]. 

 

One possible explanation for the observed trend in CH content and hydration percentage is the 

water retention capacity of cellulose nanofibrils, which ensures adequate moisture for the cement 

hydration process [131]. As the cellulose content increased, the water retention capacity of the 

mixtures might have increased, leading to a higher degree of cement hydration. Additionally, the 

presence of cellulose fibers could have provided nucleation sites for the formation of hydration 

products such as calcium silicate hydrate (C-S-H) and calcium hydroxide (CH) [132]. This may 

have contributed to the observed increase in CH content and hydration percentage with higher 

cellulose content. Nevertheless, the decrease in CH content at 1 day for the mixture with 0.3% 

cellulose could be due to the intricate interplay between cellulose fibers and cement particles, 

which might potentially postpone the cement hydration process [133]. Despite this observation, 

the hydration percentage exhibited an overall increase, implying that the net effect of cellulose on 

hydration was favorable. Further research is required to gain a deeper understanding of these 

interactions and optimize cellulose content for the desired properties in cementitious materials. 

impact of cellulose on hydration remained positive.  

 
 

 
Figure 5-5: Thermogravimetric (TG) and first derivative of TG (DTG) curves for varying CNF 
concentrations at (a) 1 day and (b) 7 days after casting 
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Figure 5-6: (a) CH content in the temperature range between 400 °C and 500 °C and (b) the 
hydration percentage for the mixtures with varying CNF concentrations at 1 day and 7 days 

 
5.6. Buildability Assessment 
 
To assess buildability, first, a single filament was printed for each mix to characterize the shape 

retention of the filaments. The printed filaments could not retain their shape for the mixes with no 

CNF and 0.1% CNF as shown in Figure 5-7a. The large spread of the mixtures suggests that the 

mixes are not buildable up to 0.1% CNF concentration. The layer breaths were measured as 58 

mm and 50 mm, and the layer thicknesses were measured as 3.8 mm and 4.4 mm for the mixes 

with 0% and 0.1% CNF, respectively (Figure 5-7b). Increasing the CNF concentration to 0.2% 

provides considerable improvement in shape retention. The layer breadth and thickness are 

measured as 32 mm 7 mm, respectively. Note that the layer height is set to 7.5 mm, which indicates 

that the printed filament shows 7% reduction in height compared to the set layer height. The layer 

thickness is measured as 7.4 mm for the mortar mixture with 0.3% CNF, providing 99% shape 

retention. Further increasing CNF concentration enables full shape retention in layer height, as the 

layer heights for 0.4% and 0.5% CNF concentrations are measured as 7.5 mm. Note that the SYS 

of the mix with 0.3% CNF is measured as 3942 Pa, which suggests that about 4000 Pa of SYS is 

necessary for a proper shape retention of printed filament. Since the mixes with 0% and 0.1% CNF 

are not buildable, they are not further considered in the buildability assessment. The mixture with 

0.2% CNF lost 7% of the set layer height but is still being further considered together with the 

mixes with 0.3%, 0.4%, and 0.5% CNF to fully reveal its buildability performance. These four 

mixes are used to print a single-line wall with multiple layers until failure.  
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                                       (a)                                        (b) 
Figure 5-7: (a) Images of single printed filaments of various CNF concentrations, and (b) layer 
breadth and layer thickness measurements of each filament 

 
Figure 5-8 shows the buildability results for the selected mixes, where the number of printed layers 

is noted at the bottom of each image. For the mixture with 0.2% CNF, printing the second filament 

causes considerable spread of the initial filament, which confirms that the SYS of this mixture is 

not sufficient to hold the weight of the second filament. The more the layers are printed, the more 

the initial filaments spread. The gradual plastic deformation is observed in the initial layers and 

complete plastic collapse is observed while printing the 10th layer.  

 

When the CNF concentration is increased to 0.3%, the filaments are observed to retain their shape 

up to 14th layer. No plastic deformation is observed in the initial layers up to 14th layer as can be 

visualized from Figure 5-8. However, printing additional layer leads to the failure of the structure. 

In particular, the printed wall collapses while printing the 15th layer due to buckling induced by 

the plastic deformation in the initial layer as illustrated in blue circle in Figure 5-8. The mixes with 

0.4% and 0.5% CNF show full shape retention where no plastic yielding occur in the initial layers 

until failure. The printed structures are failed due to pure buckling while printing 24th and 34th 

layers, for the mixes with 0.4% and 0.5% CNF, respectively. The absence of plastic yielding in 

the initial layers until failure suggests that with 6457 Pa of SYS (for mix with 0.4% CNF) the 

printed filaments can withstand the stress from the subsequent layers. It is also worth noting that 

the maximum number of printed layers are highly correlated with the storage modulus of the mixes. 

For mixes with 0.4% and 0.5% CNF concentrations, the maximum numbers of printable layers 

before failure are 23, and 33, and the storage modulus of the mixes are 87 kPa and 117 kPa, 
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respectively. The higher the storage modulus, the more layers can be printed before the structure 

fails as the failure mode transitions from plastic yielding to pure buckling. 

 
 

 
Figure 5-8: Buildability assessment of the mixes with 0.2%, 0.3%, 0.4% and 0.5% CNF 
concentration 
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5.7. Mechanical Properties 
 
Since the mixtures with CNF at a ratio of 0.2% or less were not printable, the mechanical 

assessments were performed on the printable mixtures, i.e., mixtures with CNF ratios of 0.3%, 

0.4% and 0.5%. Figure 5-9 shows the tensile strength variation of 3D printed mortar mixtures with 

CNF at varying concentrations (0.3%, 0.4%, and 0.5%) and under two different loading directions 

(T1 and T2). Note that T1 loading direction is perpendicular to the printing direction, while the T2 

loading direction is parallel to the printing direction. For both test direction, increasing CNF ratio 

from 0.3% to 0.4% leads to an increase tensile strength. These increases were 14% and 34% for 

the T1 and T2 loading directions, respectively. However, further increasing the CNF ratio to 0.5% 

causes a decrease in tensile strength for both directions. For the mixtures with 0.3% CNF and 0.4% 

CNF, the tensile strength was higher in the T2 loading direction compared to the T1 direction. 

Note that the specimens for the T1 direction test include multiple depositional interfaces, while 

the specimens used for the T2 direction testing includes both less interfaces. As the interfaces lead 

to porosity and defects in the printed specimens, they are more vulnerable to experience failure. 

The lower tensile strength along T1 direction can be attributed to higher number of interfaces in 

this specimen compared to those in the specimens for T2 direction.   

 

The initial enhancement in tensile strength with increasing CNF ratio can be attributed to a more 

compact microstructure and improved crack resistance at the nanoscale [134]. Furthermore, CNF 

contributes to the bridging of cracks, which helps inhibit the propagation of cracks at the nanoscale. 

Additionally, the nucleation effect promotes the formation of more C-S-H, resulting in a denser 

microstructure and overall improvement in mechanical properties for CNF-reinforced mortar. On 

the other hand, the decrease in tensile strength observed at 0.5% CNF concentration could be 

attributed to several factors, including fiber agglomeration, increased porosity, and reduced 

workability of the mortar mix. At higher CNF concentrations, agglomerated fibers, as illustrated 

in next sub-section with SEM images,  form bundles or clusters, which reduce the reinforcing 

effect of individual fibers in the composite [135]. This weakens the fiber-matrix bond, leading to 

a decrease in tensile strength. 
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Figure 5-9: Tensile strength of mortar mixtures with varying CNF content 

 
The flexural strength results of CNF reinforced mixtures are presented in Figure 5-10. A trend 

similar to the one observed in tensile test results is present for the variation of the tensile strength 

with the CNF ratio. In particular, the mixture with 0.4% CNF demonstrates the highest flexural 

strength in both loading directions. The flexural strength in the F1 direction increased from 5.92 

MPa at 0.3% CNF to 7.45 MPa at 0.4% CNF, indicating a 26% improvement. For the F2 direction, 

the flexural strength increased from 5.54 MPa at 0.3% CNF to 6.53 MPa at 0.4% CNF, reporting 

18% increase. The improvement in flexural strength could be attributed to the flexible cellulose's 

ability to prevent stress concentration by dispersing energy throughout the bulk material while still 

allowing micro-cracks to propagate. However, similar to the tensile behavior, the flexural strength 

decreases at 0.5% CNF concentration. This decrease after 0.4% CNF ratio could again be attributed 

to the CNF agglomerates present at the higher concentrations.  
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Figure 5-10: Flexural strength of mortar mixtures with varying CNF content 

 
Figure 5-11 shows the compressive strength results of 3D printed mortar mixtures reinforced with 

varying CNF concentrations. Unlike the tensile and flexural strengths, the 0.3% CNF mixture 

exhibits the highest compressive strength in both loading directions, with values of 28.9 MPa for 

C1 and 34.8 MPa for C2. The compressive strength decreases as the CNF concentration increases 

to 0.4%. In particular, the compressive strengths at 0.4% CNF loading were recorded as 25.7 MPa 

and 25 MPa, for C1 and C2 loading directions, respectively. Note that as opposed to their beneficial 

role in tensile and flexural behavior, bridging effects of the fibers is not crticical for compressive 

response. On the other hand, fiber agglomeration can lead to the formation of weak points in the 

composite, reducing the overall compressive strength [136].  

 
 

 
Figure 5-11: Compressive strength of mortar mixtures with varying CNF content 
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5.8. Microstructural Analysis 
 

The SEM images in Figure 5-12a, b, and c reveal the presence of CNF fibers bridging the cement 

matrix, contributing to improved mechanical properties by providing additional reinforcement and 

suppressing crack propagation. Notably, even thick and fractured (or cut) CNF fibers, as shown in 

Figure 5-12c and 5-12d, continue to play an important role in maintaining the integrity of the 

cementitious matrix. However, Figure 5-12f, an enlarged image of Figure 5-12e, displays clear 

CNF agglomerations or entanglements in 0.5% CNF reinforced samples, which may explain the 

decrease in strength observed at higher CNF concentrations. These agglomerations can lead to 

increased porosity and a less uniform distribution of fibers within the matrix, potentially hindering 

the mechanical performance. The more porous network created by CNF entanglements reduces 

the overall load-bearing capacity of the material, emphasizing the need for optimal fiber dispersion 

to maximize the benefits of CNF reinforcement. 

 

 
(a) (b) 
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(c) (d) 

 
(e) (f) 

Figure 5-12: SEM images of specimens with; (a) 0.3% CNF that tested on T2, (b) 0.4% CNF that 
tested on T2, (c) 0.4% CNF that tested on F1, (d) 0.4% CNF that tested on F2, (e) and (f) 0.5% 
CNF that tested on C1 

 
5.9. Summary 
 
 
This section investigates the effect of cellulose nanofibers (CNF) on the rheological, printability 

and mechanical characteristics of cementitious mixtures. The mortar mixtures are prepared with 

varying CNF ratios as 0%, 0.1%, 0.2%, 0.3%, 0.4% and 0.5%. Rheological properties are assessed 

using a shear rheometer, and conducting ramp tests, stress growth tests, and amplitude sweep tests. 

The mixtures were also subjected to thermogravimetric analysis to observe the effect of CNF on 

hydration characteristics. Mechanical assessment is performed on the printed samples with tensile, 

flexural and compressive tests. The results can be summarized as follows; 
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• The static yield stress (SYS) increases significantly with the addition of CNF in the 

cementitious composites. It increases from 86 Pa for 0% CNF to a maximum level of 10313 

Pa for 0.5% CNF. A strong correlation (R2 = 0.996) between CNF concentration and flow 

behavior is observed with a quadratic best-fitting model. 

• The dynamic yield stress (DYS) consistently increases with higher CNF concentrations, 

with a more rapid increase observed when the CNF ratio is over 0.3%. The plastic viscosity 

of the mixtures also increases with the addition of CNF, although the rate of increase 

decreases. The plastic viscosity increases by a factor of 6.8 when the CNF content is 

increased from 0% to 0.4%. However, further increasing the CNF concentration to 0.5% 

results in a slight decrease in viscosity. High R2 values (> 0.98) for quadratic fits indicate 

strong correlations between CNF concentration and both DYS and plastic viscosity.  

• CNF addition significantly impacts cement hydration, generally leading to increased CH 

content and hydration percentage at both early and later stages, likely due to water retention 

capacity and the provision of nucleation sites for hydration products. The buildability 

assessment of cementitious mixtures with varying CNF concentrations reveals that proper 

shape retention of printed filaments requires around 4000 Pa of static yield stress, with 

mixes containing 0.3% to 0.5% CNF demonstrating better buildability performance. The 

maximum number of printable layers before failure is highly correlated with the storage 

modulus of the mixtures, with a transition in failure mode from plastic yielding to pure 

buckling as CNF concentration and storage modulus increase.  

• Mechanical assessments on printable mixtures (0.3%, 0.4%, and 0.5% CNF) showed that 

tensile and flexural strengths increased with CNF concentration up to 0.4%, while 

compressive strength decreased as the CNF concentration increased. The decrease in 

tensile, flexural, and compressive strengths beyond 0.4% CNF could be attributed to fiber 

agglomeration, increased porosity, and reduced workability of the mortar mix. 
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6. Effects of GNP on Rheo-viscoelastic and Mechanical 

Characteristics of Cementitious Composites  
 
6.1. Overview 
 
This section investigates the effects of graphene nanoplatelets (GNPs) on the rheological and 

mechanical properties of 3D printable cement-based composites. A bio-based GNP is used to 

prepare GNP composites with GNP contents at 0%, 0.025%, 0.05%, 0.1%, 0.15%, and 0.2%, 

where an ultrasonic processor is utilized to disperse GNPs in water with help of superplasticizer 

(SP). The rheology of the GNP-reinforced mortar mixtures is thoroughly evaluated using a shear 

rheometer. A ramp test, consisting of a ramp-up and a ramp-down cycles, is conducted to 

determine the dynamic yield stress and plastic viscosity. A stress growth test is carried out to 

quantify the static yield stress of the cementitious mixtures. The viscoelastic properties of the 

mortar mixes, including storage modulus, are determined through amplitude sweep tests. Tensile, 

flexural and compressive test specimens are fabricated for cast and printed cementitious 

composites. The mechanical tests are conducted in two directions, which are parallel and 

perpendicular to the printing direction, to evaluate the effects of process-induced anisotropy in 3D 

printed specimens. Morphology of GNPs on the fractured surfaces of the composites are also 

investigated using SEM to help assess the effects of GNPs in the cement matrix.  

 
6.2. Materials and Mixture Preparation  
 
The binder used in this study consists of cement (42%) and supplementary cementitious materials 

(58%). Type IL Portland limestone cement and calcium sulfoaluminate (CSA) cement are used as 

cement in this study. Non-crystalline silica fume (SF) and class F fly ash (FA) are utilized as 

supplementary cementitious materials in the mortar mixes. As fine aggregate, an industrial 

quartzite sand with a particle size distribution ranging from 0.15 mm to 0.60 mm is used in the 

cementitious mixtures. A high efficiency polycarboxylate based superplasticizer (SP) is used to 

enhance workability of the mortar mixes without any segregation. The water to binder ratio (w/b) 

is kept at 0.25. Table 6-1 shows the proportions of the control mix by percentage of total binder 

(Portland cement, CSA cement, silica fume, and fly ash).   
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Table 6-1: Mix proportions of control mix 

Materials Proportions 
(wt. % of binder) 

Portland cement 37.0 
CSA cement 5.0 
Silica fume 5.0 
Fly ash 53.0 
Sand 35.0 
Water 25 
Superplasticizer 1.0 

 
 
The GNPs used in this study are produced from biomass waste and supplied from 

GrapheneCR. The GNPs consist of a multi-layer graphene sheet with an average thickness of 6–8 

nm and particle diameter ranging between 10 μm and 30 μm. The GNPs are used at ratios of 

0.025%, 0.05%, 0.10%, 0.15%, and 0.20% by weight of the binder. The dispersion of GNPs in the 

water media is usually rather poor, due to their hydrophobic nature that leads to a tendency to form 

large agglomerates [16, 137]. To improve the dispersion of GNPs, the surfactant-aided sonication 

method is used in this study. In particular, GNPs are dispersed using a probe sonicator in water 

where the polycarboxylate-based SP is used as surfactant to improve the stability and dispersion 

of GNPs. 

 

To prepare GNP-reinforced mortar mixtures, the GNP suspension were prepared first. Around 

40% of mixing water was used to sonicate GNPs where the GNP concentrations ranged between 

3 and 23 g/L for different mixes as shown in Table 6-2. For all mixes, the SP to GNP ratio was set 

to be 5. The solution was sonicated such that the total delivered energy was set to 1000 J/ml for 

all the mixes.  
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Table 6-2: GNP concentrations for sonication 

Mix GNP Concentration 
(g/L) 

Control - 
GNP-0.025 3 
GNP-0.05 6 
GNP-0.1 11 
GNP-0.15 17 
GNP-0.2 23 

 

Once GNP suspension was ready, all the dry mixes were placed into a 20 qt Hobart mixer and 

mixed for 5 mins at 50 rpm until a homogenous mixture was established. The sonicated GNP 

solution together with the rest of the mix water and SP was added and the mortar mixture was 

mixed for 2 mins at 100 rpm. A final mixing at 200 rpm was applied for 3 mins and then the mortar 

was used to prepare samples for the rheological and mechanical tests.  

 

6.3. Printing Samples for Mechanical Tests 
 
The prepared GNP-reinforced mortar mixtures were printed to prepare specimens for mechanical 

tests. A rectangular nozzle with a breadth of 20 mm and height of 10 mm was used for printing. 

The cast specimens were also fabricated to compare their mechanical behavior with the printed 

specimens. All the mechanical tests were performed after 28 days of curing using a 100 kN 

capacity MTS machine.  

 

To characterize the tensile behavior of the printed mortars, uniaxial tensile tests were conducted 

on dog-bone shaped specimens based on the recommendations of the Japan Society of Civil 

Engineers [106]. Two loading directions were considered; one is perpendicular to the printing 

direction (T1), and the other is parallel to the printing direction (T2) as shown in Figure 6-1. For 

loading direction T1, a single-line wall was printed with dimensions of 270 × 20 × 330 mm, and 

three dog-bone shaped specimens were precisely cut using a water jet. For T2 loading direction, 

two layers of three side-by-side filaments were printed in 1000 mm long, and similarly three dog-

bone shaped specimens were cut.  
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Four-point bending tests were performed, where 40 × 40 × 160 mm test prisms were utilized 

according to ASTM C348. To prepare the tests specimens, first a long prism with dimensions of 

40 × 40 × 1000 was printed and then samples with the desired dimensions were cut using a water 

jet. The samples were tested in F1 and F2 loading directions (Figure 6-1) to analyze the anisotropic 

behavior of the printed samples.    

 

The compressive strength of the specimens was evaluated using 50 × 50 × 50 cubic specimens 

according to ASTM C109. Two loading directions (C1 and C2) were considered as shown in 

Figure 6-1 to study the anisotropy in the printed samples. A 350 mm-long prism with five vertical 

layers and three lateral filaments was printed and six cubic specimens were cut using a water jet, 

where three of them were tested in C1 direction and the other three were tested in C2.  

 

 
Figure 6-1: Schematic illustration of the loading directions and dimensions of the 3D printed 
samples for uniaxial tensile, flexural and compressive testing (all dimensions are in mm). 

 

6.4. Rheo-viscoelastic Properties 
 
6.4.1. Static Yield Stress (SYS)  
 
The static yield stresses of mortar mixtures were obtained from the stress-growth tests. Figure 6-2 

shows the effects of incorporating GNPs at different ratios into mortar mixtures on the SYS. The 

results indicated that increasing the GNP concentration consistently increased the SYS. A 21% 
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and 54% increase in the SYS was observed in the mortar mixtures with 0.1% and 0.2% GNPs 

compared to the control mixture. A high correlation between the GNP concentration and SYS was 

found with an R2 value of 0.963, indicating a strong linear relationship between the two variables.  

 

 
Figure 6-2: Variation of static yield stress (SYS) with increasing GNP concentration 

 
 

6.4.2. Dynamic Yield Stress (DYS) and Plastic Viscosity  
 
The variation of dynamic yield stress (DYS) and viscosity of the mortar mixtures with GNP 

content are shown in Figure 6-3. The DYS generally increases with the increasing GNP content, 

where the measured values range from 682 Pa to 842 Pa. The highest DYS is observed for 0.15% 

GNP content, which is 24% higher compared to the control mix. Yet, the R2 for a linear regression 

fit for the DYS is only 0.59, indicating a moderate correlation between GNP content and dynamic 

yield stress. On the other hand, the viscosity shows a strong correlation with GNP content with an 

R2 value of 0.95 for a linear fit. The addition of GNPs increases the plastic viscosity at a very slow 

rate. A 10% increase in plastic viscosity is observed when 0.2% GNP content is added.  
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Figure 6-3: Variation of dynamic yield stress (DYS) and plastic viscosity with increasing GNP 
concentration 

 
6.4.3. Viscoelastic Properties 
 
The storage modulus is an important rheological property that determines the stiffness of a 

material, and it is an indicator of the material's ability to resist deformation under load. The results 

of the storage modulus for the 3D printable mortar mixtures incorporating different GNP ratios are 

shown in Figure 6-4. The storage modulus increases almost linearly with the GNP addition. 

However, the maximum increase in storage modulus, observed for the mixture with 0.2% GNP, is 

only 4%.  This slight increase in storage modulus can be attributed to the reinforcement provided 

by the GNP, which enhances the stiffness and rigidity of the matrix. On the other hand, the critical 

strain slightly decreases with increasing GNP ratios. This can be attributed to the stiffening effect 

of GNPs, which decreases the linear viscoelastic range of the mixtures.   

 

 
Figure 6-4: Variation of storage modulus, and critical strain with increasing GNP concentration 
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6.5. Mechanical Properties 
 
6.5.1. Tensile Strength 
 
Figure 6-5a shows the tensile strength of control cast specimen and 3D printed specimens for two 

different loading directions.  The control cast specimen possessed a tensile strength of 2.42 MPa. 

When the same mixture was printed and specimens were tested in two different directions, the 

tensile strength decreased considerably. In particular, the printed samples without GNPs showed 

tensile strength values of 1.03 and 1.67 MPa, respectively in T1 and T2 loading directions. Note 

that printed specimens consistently have lower tensile strength in the T1 direction compared to the 

T2 direction. This is because the loading in T1 direction create tensile stresses along the normal 

direction of bonded interface of the printed layers, which can easily cause interfacial failure. On 

the other hand, the loading in T2 direction leads shear stresses on the translation interface of printed 

layers. No significant effect of GNPs was observed in tensile behavior of the printed composites 

at low concentration levels. At 0.1% GNP concentration, tensile strength increases by 24% and 

23% for the loading directions T1 and T2, respectively, compared to the control printed specimen 

(i.e., printed specimens without GNPs) in the corresponding loading directions. Further increasing 

the GNP content to 0.15% and 0.2% increases the tensile strength for both T1 and T2 loading 

directions. The specimen with a GNP concentration of 0.2% attained the highest tensile strength 

value of 2.68 MPa when it is loaded in T2 direction. Notice that this value was 11% higher than 

the tensile strength of cast specimen. With the addition of 0.2% GNPs, the tensile strength 

increases by 55% and 60% for T1 and T2 loading directions, respectively, compared with control 

cast specimen tested in the same directions.  

 

Figure 6-5b shows the percent changes in the tensile strength when compared to cast and printed 

specimens without GNP. While there are some initial losses in tensile strength when comparing 

the printed specimens to the cast specimen, the addition of GNP appears to mitigate these losses 

and even improve the tensile strength beyond the cast specimen. In particular, as the GNP ratio 

increased from 0 to 0.2%, a general trend of improving tensile strength can be observed when 

compared to the cast specimen as seen in Figure 6-5b. It is also worth noting that, the 

improvements in tensile strength were more pronounced in the T2 loading direction compared to 

the T1. For instance, at 0.2% GNP content, the tensile strength in the T2 loading direction increased 
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by 60% compared to the control printed, while, the tensile strength in the T1 loading direction 

showed a smaller increase of 54% compared to the control printed.  

 

  
(a) (b) 

Figure 6-5: (a) Variation of tensile strength with GNP concentration and (b) percent change of 
tensile strength with increasing GNP content 

 
Results from the tensile tests indicated that the tensile strength of specimens tested in the T2 

loading direction was significantly higher compared to those tested in the T1 loading direction. 

One possible explanation for this observation could be the orientation of GNPs within the matrix 

[138]. When the GNPs are aligned parallel to the printing direction, they may provide more 

effective reinforcement in the T2 loading direction, as they could bridge the interfaces between 

printed layers and resist shear stresses more effectively [139]. As suggested by Dalla et al. [139] 

the orientation of GNPs parallel to the neutral plane along which stresses is applied provides the 

most significant reinforcement. Owing to their planer geometry and good chemical bonding with 

the cement matrix, GNPs have the ability to transfer the stress to the other positions and relieve 

the stress concentration in the matrix [16, 140]. In contrast, GNPs lying perpendicular to the neutral 

plane offer minimal reinforcement, taking up only part of the transverse load arising due to the 

Poisson effect. Therefore, GNPs’ reinforcing effect can be less pronounced in the T1 loading 

direction, where tensile stresses act normal to the bonded interfaces, leading to a higher propensity 

for interfacial failure. Additionally, the printing process itself could also contribute to the observed 

differences in tensile strength between the two loading directions. The layer-by-layer deposition 

of material during the printing process can lead to anisotropic mechanical properties due to the 

presence of voids or defects at the interfaces between printed layers [141]. These imperfections 
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can reduce the tensile strength of specimens tested in the T1 loading direction, where failure is 

more likely to occur along the weaker interfaces. 

 

6.5.2. Flexural Strength 
 

Flexural strength results of the GNP reinforced cementitious composites are shown in Figure 6-6a. 

The control cast samples showed a flexural strength of 5.15 MPa. The average flexural strength 

for two loading direction for the control printed samples without any GNPs was only 4% smaller 

than the flexural strength of the cast specimen. The tensile stresses in the midspan for both loading 

directions do not align with the normal direction of the bonded interface between printed filaments. 

Therefore, there was no significant difference between the flexural strength of cast and printed 

specimens on average. Nevertheless, the specimen loaded in the F1 direction included four 

deposition interface layers and shear failure of the specimen at these interface layers is more likely 

with this loading condition. Therefore, the flexural strength at the loading direction F1 is 

consistently lower than the that of loading direction of F2. This finding is consistent with the finite 

element (FE) simulations of 3D printed specimens under flexural loading [142].  

 

At low GNP concentrations (0.025% and 0.05%), there was no significant improvement in the 

flexural strength of the 3D printed samples. Increasing GNP concentration to 0.1% resulted in 7% 

increase in flexural strength on average for two loading directions compared with the cast 

specimen. The same increase was 13% compared to the printed specimens without any GNPs. 

Similar improvements in flexural strength were observed for the specimens with 0.15% and 0.2% 

GNPs as shown in Figure 6-6b. The highest flexural strength value of 7.3 MPa observed in the F2 

loading direction at 0.2% GNP concentration, which indicates 51% and 34% improvement over 

the control cast and printed specimens, respectively. However, there was higher standard deviation 

in the test results of these specimens. For the loading direction F1, the flexural strength increased 

by 14% and 46% for the specimen with 0.2% GNPs compared with the cast and printed specimen 

without any GNPs.   
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(a) (b) 

Figure 6-6: (a) Variation of flexural strength with GNP concentration, and (b) percent change of 
flexural strength with increasing GNP content 

 
6.5.3. Compressive Strength 
 
Figure 6-7a shows the compressive properties of the cast specimen and 3D printed specimens 

considering two loading directions. The average compressive strength of the cast specimen was 

38.3 MPa. When the compressive strength of the 3D printed specimen without GNP fillers is 

compared with that of the cast specimens, an average of 24% for two loading directions is noted. 

This decrease could be attributed to the imperfections such as porosity at the layer interfaces 

caused by the printing process. A decrease up to 48% in compressive strength in the printed 

specimens compared to the cast specimen was also reported in the literature [143–146]. The 

addition of GNPs to the printed specimens at a concentration of 0.025% and 0.05% improved the 

compressive strength by 8% and 16%, respectively on average for two loading directions. At 0.1% 

GNP concentration, the compressive strength of the printed specimens increased to 57.41 MPa and 

57.43 MPa in the C1 and C2 loading directions, respectively. This was a 50% increase in 

compressive strength compared with the cast specimen, while it indicates 98% increase compared 

with the printed specimen without any GNPs on average for two loading directions. Further 

increasing the GNP content to 0.15% and 0.2% results in a somewhat decrease in compressive 

strength (Figure 6-7b) compared to the specimens with 0.1% GNPs. However, a 28% and 9% 

increase in compressive strength was noted for the specimens with 0.15% and 0.2% GNPs 

compared to the cast specimen. The improvement in compressive strength with GNP addition can 

be attributed to the nanofiller effects and additional nucleation sites provided by GNPs within the 
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matrix, which improved the overall load transfer and hydration characteristics [147–149]. 

Nevertheless, increasing the GNP concentration over a certain concentration level makes the 

dispersion of the nanomaterials more difficult and reduce their effectiveness. Similar results were 

observed in the literature for the cast GNP-reinforced mortar composites with different GNP ratios 

[137, 150–152].  

 

For the printed specimen without any GNPs, there was no significant anisotropic effect for two 

test directions. Similar finding was reported in the detailed FE analysis of printed specimens under 

compression loading [142]. For the specimens with GNPs, some specimens exhibit higher 

differences (up to 27% for 0.05% GNP) for the measured value of compressive strength in C1 and 

C2 directions, while the others have minimal differences (almost 0%). However, relatively higher 

differences in some GNP-reinforced printed specimens could also be due to the nonuniformity in 

the effects of GNPs rather than anisotropic effects.     

 

  
(a) (b) 

Figure 6-7: (a) Variation of compressive strength with GNP concentration, and (b) percent change 
of compressive strength with increasing GNP content 

 
6.6. Microstructural Analysis 
 
The microstructural analysis of GNP-reinforced mortar mixtures was conducted to gain insights 

into the effects of GNPs in the cement matrix. Scanning electron microscopy (SEM) was employed 

to examine the fracture surfaces of the specimens after mechanical testing. 
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Figure 6-8a displays the SEM image of the control specimen (0% GNP). In the control sample, a 

large volume of porosity is evident, along with small needle-like and rod-shaped cement hydration 

products such as AFt and C-S-H gel. Additionally, wide and large microcracks up to 50 

micrometers are visible in the control sample. Previous research has shown that graphene 

nanoparticles can fill voids, enhance the growth of hydration products, and alter the size and shape 

of hydration crystals without changing their type by reacting with cement and graphene [153]. 

 

As seen in Figure 6-8b, compared to control specimen, the specimens with GNPs (0.1%) have 

denser hydration products and a more consistent microstructure. The intersecting microcrystals 

significantly improve the mechanical properties of the concrete. It is also worth noting that with 

the addition of GNPs, the needle-like crystals are hardly seen in the SEM images. In the specimens 

with 0.1% GNP content (Figure 6-8c), a good distribution of graphene nanoparticles is observed. 

This well-dispersed GNP distribution leads to a more homogeneous and compact microstructure. 

Additionally, in Figure 6-8d, C-S-H gels were observed on GNP flakes, suggesting that GNPs 

serve as nucleation sites for the growth of C-S-H on their surfaces. Also, a single GNP flake was 

visible in this SEM and its size was measured as 22 microns. To generalize this, the flake sizes 

were measured to be less than 25 micrometers up to 0.1% GNP concentration, indicating a good 

distribution and dispersion of GNPs within the mortar mixture.  

 

However, it should be noted that when the GNP content is further increased, GNPs and other 

concrete materials may not mix well, leading to uneven distribution and GNP aggregation. In 

Figure 6-8e, the SEM image of a 0.1% GNP-reinforced mortar tested under the C1 loading 

direction showed good dispersion and microstructural features. Conversely, Figure 6-8f revealed 

the presence of large GNP agglomerates, approximately 65 microns in size, for the mixture with 

0.2% GNPs. This could help explain the poor dispersion quality and subsequent decrease in 

compressive strength observed in this specimen. These findings suggest that the GNP dispersion 

quality and agglomerate size play crucial roles in determining the mechanical properties of GNP-

reinforced mortar mixtures, emphasizing the need for effective dispersion techniques and optimal 

GNP concentrations.  
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 6-8: SEM images of specimens with; (a) 0% GNP, (b) 0.1% GNP that tested on T2, (c) 
0.1% GNP that tested on F1, (d) 0.1% GNP that tested on F2, (e) 0.1% GNP that tested on C1, and 
(f) 0.2% GNP that tested on C1 
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6.7. Summary 
 
This section is focused on exploring the impact of graphene nanoplatelets (GNPs) on the 

rheological and mechanical properties of 3D printable cementitious composites. The mortar 

mixtures with varying GNP contents, ranging from 0% to 0.2%, was prepared. The GNPs were 

sonicated in a water-SP solution before being incorporated into the mortar mixtures. Fresh and 

hardened properties of GNP-reinforced cementitious composites were evaluated. The findings of 

this study can be summarized as follows: 

 

• As the GNP concentration increased, the SYS also increased, with the highest improvement 

observed at 0.2% GNP. For this mixture, there was 54% increase in SYS compared to the 

control mixture without any GNP. A strong linear relationship between GNP concentration 

and static yield stress was found, with an R2 value of 0.963, indicating that the 

incorporation of GNP can predictably improve the SYS of the 3D printable cementitious 

mixtures. 

• With increasing GNP content, DYS increased from 682 Pa to 842 Pa, with a moderate 

correlation (𝑅2 = 0.59). Viscosity showed a stronger correlation with GNP content (𝑅2 = 

0.95) and constantly increased with GNP content, with the largest increase of 10% 

observed at 0.2% GNP. The addition of GNPs increased the SYS in a more pronounced 

way compared with the DYS and plastic viscosity.  

• The storage modulus of the base mix (0% GNP) was 114.9 kPa and only slightly (4%) 

increased when 0.2% GNP was added. These slight improvements in viscoelastic 

properties of mortar mixtures can be attributed to the stiffening effect of GNP, which 

enhances the stiffness and rigidity of the matrix and resists plastic deformation under load.  

• The tensile strength of 3D printed mortar specimens was found to be significantly 

influenced by both the loading direction and GNP concentration. The tensile strength of 

the printed specimens was consistently higher in T2 loading direction compared to the T1 

loading direction, which can be attributed to the inherent anisotropic mechanical properties 

induced by the layer-by-layer printing process. The printed specimens without any GNPs 

exhibited considerably lower tensile strength compared to the cast specimen. The addition 

of GNPs effectively mitigated the tensile strength losses observed in printed specimens and 
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even increased the tensile strength by up to 11% compared to the control cast specimens 

when GNP concentration was 0.2%.  

• The flexural strength of printed composites without any GNPs was lower than cast 

specimen in the F1 direction and higher in the F2 direction. The same trend was mostly 

present for the GNP reinforced cementitious composites. However, the addition of GNPs 

improved the flexural strength of the printed specimens in both directions. For GNP 

concentration of 0.2%, the maximum improvement in flexural strength reached 51% 

compared to the control cast specimen.  

• The compressive strength of cast specimens was higher than the printed specimen with 0%, 

0.025%, and 0.05% GNPs. However, at a GNP concentration of 0.1%, the compressive 

strength increased by 50% compared to the cast specimen and 98% compared to the printed 

specimen without any GNPs. Further increases in GNP content to 0.15% and 0.2% resulted 

in slightly decreases in compressive strength compared to specimens with 0.1% GNPs, yet 

still showed improvement over the cast and printed specimen. For the printed specimens 

without any GNPs, there was no significant anisotropic effect for the two test directions. 

However, some GNP-reinforced printed specimens exhibited higher differences in 

compressive strength between the two loading directions, potentially due to nonuniformity 

in the effects of GNPs rather than anisotropic effects. 
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7. Effects of PE fibers on Rheo-viscoelastic and Mechanical 

Characteristics of Cementitious Composites  
 
7.1. Overview 
 
This section investigates the effects of polyethylene (PE) fibers on the rheological and mechanical 

properties of 3D printable cement-based composites. PE fibers are incorporated into cementitious 

composites with fiber contents of 0%, 1.0%, 1.2%, 1.4%, 1.6%, and 1.8%. The rheology of the PE 

fiber-reinforced mortar mixtures is thoroughly evaluated using a shear rheometer. A stress growth 

test is carried out to quantify the static yield stress (SYS) of the cementitious mixtures. A ramp 

test is conducted to determine the dynamic yield stress (DYS) and plastic viscosity. The 

viscoelastic properties of the mortar mixes, including storage modulus and critical strain, are 

determined through amplitude sweep tests. Mechanical tests, including tensile, flexural, and 

compressive tests, are conducted in two directions, parallel and perpendicular to the printing 

direction. Digital Image Correlation (DIC) is employed during the mechanical tests to provide 

additional insight into the material behavior and deformation characteristics. Morphology of PE 

fibers on the fractured surfaces of the composites is investigated using Scanning Electron 

Microscopy (SEM) to help assess the dispersion of fibers in the cement matrix and their influence 

on the composite performance. 

 

7.2. Materials and Mixture Preparation  
 
In this study, the binder comprises 42% cement and 58% supplementary cementitious materials. 

Type IL Portland limestone cement and calcium sulfoaluminate (CSA) cement serve as the 

cementitious components. Non-crystalline silica fume (SF) and class F fly ash (FA) are utilized as 

supplementary cementitious materials in the mortar mixtures. An industrial quartzite sand with a 

particle size distribution from 0.15 mm to 0.60 mm is employed as the fine aggregate. A high-

performance polycarboxylate-based superplasticizer (SP) is incorporated to improve the 

workability of the mortar mixes without causing segregation. The water-to-binder ratio (w/b) is 

maintained at 0.25. Table 7-1 shows the proportions of the control mix. 
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Table 7-1: Mix proportions of control mix 

Materials Proportions 
(wt. % of binder) 

Portland cement 37.0 
CSA cement 5.0 
Silica fume 5.0 
Fly ash 53.0 
Sand 35.0 
Water 25 
Superplasticizer 1.0 

 

PE fibers, provided by MiniFIBERS, Inc., with a standard filament size of 6.0 denier per filament 

(dpf) and a standard cut length of 6 mm, are incorporated as reinforcement in the cementitious 

composites. The PE fibers are used at ratios of 0%, 1%, 1.2%, 1.4%, 1.6% and 1.8% by volume of 

the mortar. For mixing procedure, all the dry constituents are first blended in a 20 qt Hobart mixer 

for 5 minutes at 50 rpm, resulting in a uniform mixture. Subsequently, the necessary quantity of 

water and SP is combined and introduced to the dry mixture. The mortar mix is stirred for 2 

minutes at 100 rpm. After this stage, the PE fibers are progressively added to the mix over a span 

of 3 minutes, ensuring their even dispersion. Following the addition of PE fibers, a final mixing at 

200 rpm for 3 minutes is performed to guarantee the comprehensive and uniform distribution of 

the PE fibers throughout the mortar mixture. After completing the mixing process, the mortar is 

utilized to create samples for rheological and mechanical testing.  

 

7.3. Mechanical tests 
 
The prepared PE fiber-reinforced mortar mixtures were printed to prepare specimens for 

mechanical tests. A rectangular nozzle with a breadth of 20 mm and height of 10 mm was used for 

printing. The cast specimens were also fabricated to compare their mechanical behavior with the 

printed specimens. All the mechanical tests were performed after 28 days of curing using a 100 

kN capacity MTS machine.  

 

To characterize the tensile behavior of the printed mortars, uniaxial tensile tests were conducted 

on dog-bone shaped specimens based on the recommendations of the Japan Society of Civil 
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Engineers [106]. Two loading directions were considered; one is perpendicular to the printing 

direction (T1), and the other is parallel to the printing direction (T2) as shown in Figure 7-1. For 

loading direction T1, a single-line wall was printed with dimensions of 270 × 20 × 330 mm, and 

three dog-bone shaped specimens were precisely cut using a water jet. For T2 loading direction, 

two layers of three side-by-side filaments were printed in 1000 mm long, and similarly three dog-

bone shaped specimens were cut.  

 

Four-point bending tests were performed, where 40 × 80 × 300 mm test prisms were utilized 

according to ASTM C1609. To prepare the tests specimens, first a long prism with dimensions of 

40 × 80 × 1000 was printed and then samples with the desired dimensions were cut using a water 

jet. The samples were tested in F1 and F2 loading directions (Figure 7-1) to analyze the anisotropic 

behavior of the printed samples.    

 

The compressive strength of the specimens was evaluated using 50 × 50 × 50 cubic specimens 

according to ASTM C109. Two loading directions (C1 and C2) were considered as shown in 

Figure 7-1 to study the anisotropy in the printed samples. A 350 mm-long prism with five vertical 

layers and three lateral filaments was printed and six cubic specimens were cut using a water jet, 

where three of them were tested in C1 direction and the other three were tested in C2.  

 

 
Figure 7-1: Schematic illustration of the loading directions and dimensions of the 3D printed 
samples for uniaxial tensile, flexural and compressive testing (all dimensions are in mm). 



 
 

89 

7.4. Rheo-viscoelastic Properties 
 
7.4.1. Static Yield Stress (SYS)  
 
 
The results from stress-growth tests indicate a rapid increase in SYS as the percentage of PE fibers 

increases as can be seen from the flow curves in Figure 7-2a. The SYS values were calculated 

from the flow curves and are presented in Figure 7-2b. A 27% increase in SYS was observed when 

1% PE fibers were added to the mortar mixture, compared to the control sample. When the PE 

fiber content was increased to 1.4% and 1.8%, the increase in the SYS compared to the control 

mixture was 116% and 224%, respectively. The observed increases in SYS can be attributed to the 

strong fiber-matrix bonding and the bridging effect provided by the PE fibers, which enhances the 

load-carrying capacity between the cement matrix and fibers and internal structure of the mortar 

mixtures [154]. Furthermore, the fibers help to distribute stresses more evenly throughout the 

material, thus increasing the overall resistance to deformation [155].  

 

  
                                         (a)                                          (b) 

Figure 7-2: (a) Flow curves, and (b) static yield stress of the mixes with increasing PE content 

 
 
7.4.2. Dynamic Yield Stress (DYS) and Plastic Viscosity  
 
The flow curve results from the ramp-up and ramp-down tests (Figure 7-3) provide valuable 

insights into the rheological behavior of cementitious mixtures with varying concentrations of PE 

fibers. For lower PE concentrations, the flow curves exhibit a relatively straight trend, indicating 

a stable and consistent rheological behavior. However, as the PE content is increased, the variation 

in the flow curves becomes more pronounced, especially at lower shear rates, resulting in increased 
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irregularity in the flow curves. This increased variation in the flow curves with higher PE content 

can be attributed to the interaction between the PE fibers and the cementitious matrix. At higher 

PE concentrations, the fibers are more likely to create physical networks and entanglements within 

the matrix, leading to increased resistance to flow and shear-thinning behavior at lower shear rates 

[156]. This phenomenon can result in the observed wiggly lines in the flow curves, reflecting the 

complex rheological behavior of the cementitious mixtures with higher PE fiber content. 

 

On the other hand, at higher shear rates, the applied forces can break up these aggregated 

structures, leading to a more dispersed and homogeneous distribution of PE fibers and cement 

particles. The underlying cause for this behavior can be that the structure of PE fibers is 

disorganized and exhibits high viscosity when subjected to low or static shear rates. Conversely, 

when exposed to high shear rates, the fibers become more ordered and align parallel to the direction 

of the shear force, resulting in easier movement and reduced viscosity [157]. 

 

 
                                         (a)                                          (b) 

Figure 7-3: (a) Flow curves and (b) Bingham model fits on the flow curves for mixes with various 
PE content 

 

DYS and plastic viscosity results are calculated using Bingham model and the results are 

represented in Figure 7-4. The results demonstrate a significant increase in both DYS and plastic 

viscosity as the percentage of PE fibers increases. When 1% PE fibers were added to the mortar 

mixture, the DYS increased by 60%, while the viscosity experienced a 48% increase compared to 

the control sample. Moreover, the addition of 1.8% PE fibers resulted in a 385% increase in DYS 
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and a 98% increase in viscosity compared to the control. These findings suggest that the 

incorporation of PE fibers at higher concentrations can lead to rapid increases and very high values 

for plastic viscocity and DYS, which is disadvantageous for the extrudability of the mixtures. The 

observed increases in DYS and viscosity can be attributed to the strong fiber-matrix bonding, the 

bridging effect provided by the PE fibers, and the more uniform distribution of stresses within the 

material [158]. These factors contribute to the overall resistance to deformation and flow, which 

are essential for the stability and workability of the cementitious mixtures during construction. 

 

 
Figure 7-4: Variation of dynamic yield stress (DYS) and plastic viscosity with increasing PE 
content 

 
7.4.3. Viscoelastic Properties 
 
The storage modulus is an indicator of the material's ability to store elastic energy under 

deformation and is a critical parameter for evaluating the stiffness and resistance to deformation 

of the mixtures. Figure 7-5 shows the variation in storage modulus and critical strain with 

increasing PE concentration. As the percentage of PE fibers increased, a notable increase in the 

storage modulus was observed. When 1% PE fibers were incorporated into the mortar mixture, the 

storage modulus increased by 17% compared to the control sample. Further increasing the PE fiber 

ratio to 1.8% led to a 170% increase in the storage modulus relative to the control. A higher storage 

modulus indicates that the cementitious mixture has a greater ability to store elastic energy and 

resist deformation under applied stress. This increased stiffness ensures that the printed layers 

maintain their shape and do not deform or collapse under the weight of the subsequent layers. This 
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characteristic is important for the buildability of 3D printed concrete structures, as it ensures the 

stability of the printed layers and prevents structural failures during the printing process.  

 

Similarly, critical strain is an essential parameter for assessing the material's capacity to undergo 

deformation before failure. The results (from Figure 7-5) indicate that as the percentage of PE 

fibers increased, the critical strain of the cementitious mixtures also increased. For instance, when 

1% PE fibers were added, the critical strain increased by 89% compared to the control sample. 

Similarly, the addition of 1.8% PE fibers resulted in a 122% increase in critical strain relative to 

the control. In 3D concrete printing, the buildability and structural integrity of the printed layers 

are dependent on the material's ability to withstand the stress and strain imposed by the weight of 

the subsequent layers. A higher critical strain implies that the material can accommodate more 

deformation before yielding or failing, which is essential for maintaining the stability and 

structural integrity of the printed structure during the printing process. 

 

 
Figure 7-5: Variation of storage modulus and critical strain with increasing PE content 

 
7.5. Mechanical Properties 
 
7.5.1. Tensile Strength 
 
The influence of PE fibers on the tensile properties of 3D printed cementitious mixtures was 

investigated and the results are represented in Figure 7-6. The tensile strength results, presented in 

Figure 7-6a, show a clear distinction between the cast control sample and the 3D printed samples. 

In particular, the cast control sample exhibited a tensile strength of 3.28 MPa, while the printed 

control samples had tensile strengths of 1.10 MPa and 2.09 MPa for the T1 and T2 directions, 
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respectively. This difference in tensile strength can be attributed to the layer-by-layer deposition 

process in 3D printing, which can result in weaker interlayer bonding compared to the cast sample. 

In addition, T1 loading direction generates tensile stresses perpendicular to the bonded interface 

of the printed layers, which can readily result in interfacial failure. Conversely, the T2 loading 

direction induces shear stresses on the translation interface of the printed layers. Therefore, the 

tensile strength in the T1 direction was lower than that of T2 direction for the printed specimen 

without any fibers. As the percentage of PE fibers increased, the tensile strength of the printed 

samples significantly improved in the T2 direction. The decrease in the tensile strength in the 

control printed specimens was recovered with 1% PE addition in T2 loading direction. Further 

increasing PE fiber amount positively affected the tensile strength in T2 loading direction. The 

tensile strength increased by 124% compared to the control printed sample and reached at 4.69 

MPa for the 1.6% PE fiber sample in the T2 direction. This improvement can be attributed to the 

enhanced fiber-matrix bonding, alignment of fibers in the printing direction (which is parallel to 

T2), bridging effect provided by the PE fibers, and more uniform distribution of stresses within 

the material, leading to improved tensile strength and overall structural performance of the 3D 

printed cementitious mixtures. However, the tensile strength in the T1 direction did not have 

considerable change or slightly decreased with increasing PE content, which could be due to fiber 

orientation and alignment between the subsequent layers. This fiber orientation may result in a 

reduced bridging effect and weaker stress transfer between the fibers and the matrix in the T1 

direction. 

  
                                         (a)                                          (b) 

Figure 7-6: (a) Tensile strength and (b) ultimate tensile strain variation with increasing PE 
content 
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Furthermore, the influence of the PE fibers on the ultimate tensile strain of the 3D printed 

cementitious mixtures was examined and results are shown in Figure 7-6b. The tensile strain 

results reveal that the cast control sample had a tensile strain of 0.05%, while the printed control 

samples showed tensile strains of 0.06% and 0.07% for the T1 and T2 directions, respectively. As 

the percentage of PE fibers increased, the tensile strain of the printed samples also improved, 

particularly in the T2 direction. For example, the tensile strain increased from 0.07% for the control 

printed sample to 3.90% for the 1.8% PE fiber sample in the T2 direction. This enhancement in 

tensile strain can be attributed to the strong fiber-matrix bonding, increased resistance to crack 

propagation provided by the PE fibers, and the more uniform distribution of stresses within the 

material. Consequently, the incorporation of PE fibers can significantly improve the tensile strain 

of 3D printed cementitious mixtures, providing enhanced ductility and resistance to failure, which 

are crucial for the performance of these materials in various applications. On the contrary, the 

tensile strain in the T1 direction decreased as the PE fiber content increased. The highest tensile 

strain in the T1 direction was observed for the 1.4% PE fiber sample, with a value of 1.09%. This 

variation in tensile strain for the T1 direction could be attributed to less effective stress transfer 

between the fibers and the matrix or the fiber orientation, leading to reduced ductility and 

resistance to failure in this direction. As the cementitious mixtures are extruded layer by layer, the 

fibers have a tendency to orient in the printing direction, which is parallel to the layers. 

Consequently, when the samples are tested in the T1 direction, the fibers are oriented perpendicular 

to the applied tensile force, which diminishes their ability to contribute to the bridging effect. In 

other words, when fibers are oriented perpendicular to the direction of the applied force, they are 

less effective at transferring stresses and providing reinforcement to the matrix. This leads to a 

reduction in tensile strength in the T1 direction, as the fibers are not optimally positioned to 

counteract the applied tensile forces. 

 
The tensile strain-stress behavior of the cementitious composites which are tested on T1 loading 

direction was presented in Figure 7-7. In T1 direction, which corresponds to the test perpendicular 

to the layer interface, generally a brittle failure without any microcracking was observed. This 

outcome is in line with previous research that has reported fibers oriented perpendicular to the 

direction of the applied force are less effective in transferring stresses and providing reinforcement 

to the matrix [159, 160]. It is worth noting that in 3D printed concrete structures, the layer 
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interfaces are considered to be the most vulnerable points [43]. This vulnerability arises from the 

fact that the breadth of the interface could be narrower than the breadth of the layer itself, leading 

to weaker bonding between the layers and consequently a higher inclination to failure [85]. 

Therefore, the absence of microcracks in the T1 direction suggests that the PE fibers are not 

significantly contributing to the reinforcement of the layer interface, highlighting the importance 

of the fiber orientation for the performance in 3D printed cementitious composites. 

 

 
Figure 7-7: Tensile stress-strain curves of the 3D printed specimens which are reinforced by PE 
fibers and tested on T1 
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In contrast, significant improvements in tensile behavior were observed in the T2 loading direction, 

where the specimens were tested along the printing direction (Figure 7-8). This finding is in 

agreement with other studies that have demonstrated the potential of aligned fibers in enhancing 

the mechanical properties of cementitious composites [161, 162]. As the percentage of PE fibers 

increased, the number of microcracks also increased. This observation suggests that the fiber 

reinforcement in the T2 direction effectively bridged and inhibited the formation and propagation 

of microcracks, leading to improved tensile properties. Similar results have been reported in the 

literature, where fibers have been shown to control crack propagation and reduce the crack width 

in cementitious composites [163]. Nevertheless, the standard deviation in the failure strain of 

specimens with 1.6% and 1.8% fiber content is higher, which could indicate that the increased 

fiber content may lead to agglomeration or an excess of stress concentrations, which could 

counteract the benefits of fiber reinforcement [164, 165]. 
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Figure 7-8: Tensile stress-strain curves of the 3D printed specimens which are reinforced by PE 
fibers and tested on T2 

 
The analysis of fractured specimens supports the findings on the microcracking behavior of 

cementitious composites with PE fibers under different loading directions. Figure 7-9 presents the 

photos of two specimens with 1.4% and 1.6% PE content tested under the T1 loading direction, 

showing that the failure occurred at the layer interface. No microcracks was observed. This 

observation is consistent for all other PE loadings (1%, 1.2%, and 1.8%), confirming that fibers 

oriented perpendicular to the direction of applied force are less effective in providing 

reinforcement and stress transfer in the matrix. 
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Figure 7-9: Failure of 1.4% and 1.6% PE specimens tested in T1 loading direction 

 
On the contrary, the specimens tested under the T2 loading direction exhibit multiple microcracks 

as shown in Figure 7-10. The number of microcracks is found to increase with the PE 

concentration, which suggests that fiber reinforcement in the T2 direction is more effective in 

bridging and arresting the microcracks. These observations suggest that the loading direction, fiber 

alignment, and fiber content significantly influence the formation and propagation of microcracks 

in 3D printed cementitious composites with PE fibers. The presence of microcracks in the T2 

loading direction, along with the increasing number of microcracks with higher PE concentrations, 

highlights the importance of optimizing fiber content and alignment to achieve the desired 

improvements in tensile behavior and microcrack mitigation.  
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Figure 7-10: Failures and micro cracking behavior of samples tested on T1 loading direction for 
various PE concentrations 

 
7.5.2. Flexural Strength 
 
The flexural performance of the 3D printed cementitious composites with varying PE fiber content 

was evaluated and the results are presented in Figure 7-11a. The flexural stress and mid-span 

displacement values were measured for both F1 and F2 loading directions, which correspond to 

the tests perpendicular and parallel to the layer interface, respectively. In the control cast sample, 

a flexural stress of 3.7 MPa and a mid-span displacement of 0.45 mm were observed. For the 

printed control samples, the flexural stress values were 2.9 MPa and 3.2 MPa for the F1 and F2 

directions, respectively, while the mid-span displacements were 0.73 mm and 0.68 mm, 

respectively. As the percentage of PE fibers increased, both the flexural stress and mid-span 

displacement values improved for both loading directions. For instance, the flexural stress 

increased by 272% to 10.8 MPa for the 1.8% PE fiber sample tested in F1 direction compared to 
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the control printed sample. Similarly, the flexural strength increased by 259% to 11.5 MPa for the 

1.8% PE fiber sample tested in F2 direction compared to the control printed sample. This 

improvement in flexural performance can be attributed to the bridging effects of fibers, which 

enhances the material's ability to resist bending and redistribute stresses more effectively [165]. 

 

Moreover, the mid-span displacement values (Figure 7-11b) also significantly increased with the 

addition of PE fibers, indicating that the material's ductility improved with increased fiber content 

[166]. For example, the mid-span displacement increased from 0.73 mm in the control printed 

sample (F1 direction) to 6.54 mm for the 1.8% PE fiber sample. Similarly, the mid-span 

displacement increased from 0.68 mm in the control printed sample (F2 direction) to 5.09 mm for 

the 1.8% PE fiber sample. These results suggest that the incorporation of PE fibers in 3D printed 

cementitious composites can significantly enhance their flexural performance, providing improved 

resistance to bending and increased ductility.  

 
 

  
                                         (a)                                          (b) 

Figure 7-11: (a) Flexural strength and (b) mid-span displacement variation with increasing PE 
content 

 

In the flexural performance analysis, flexural strength versus mid-span displacement plots shows 

a slight difference between the F1 and F2 loading directions. For both loading directions, 

significant improvements in mid-span displacement were observed, suggesting that the addition of 

PE fibers contributed to the enhanced flexibility of the cementitious composites. However, unlike 

tensile properties, no such significant difference was observed in F1 and F2 loading directions. 
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This phenomenon is represented in Figure 7-12. This observation indicates that the 3D printed 

cementitious composites experienced increased flexibility when the loading was applied parallel 

or perpendicular to the layer interface. Although both flexural stress and mid-span displacement 

increase with increased PE fiber content for both cases, the F2 loading direction, where the layer 

interface is parallel to the loading direction, demonstrates a marginally dominant performance at 

higher PE concentrations (1.6% and above) compared to the F1 direction. This could be attributed 

to that the increased number of fibers on the layer interface brings more effective stress transfer 

and improved crack bridging in the matrix [167]. Flexural stress vs. mid-span displacement curves 

of all 3D printed specimens is shown in Figure 7-13. Moreover, the failures and microcracking 

behavior of samples tested in both F1 and F2 loading directions for various PE concentrations are 

illustrated in Figure 7-14a and b, respectively. It can be seen that the number of microcracks 

increases with an increase in PE fiber percentage. These results indicate the ability of PE fibers to 

control crack propagation and improve flexural behavior in cementitious composites.  

 

 
Figure 7-12: Flexural stress vs. mid-span displacement curves of the 3D printed specimens which 
are reinforced by 1.6% PE fibers and tested on F1 and F2 loading directions 
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Figure 7-13: Flexural stress versus mid-span displacement curves of the mixtures reinforced by 
PE fibers 
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(a) (b) 

Figure 7-14: Failures and micro cracking behavior of samples tested on (a) F1 loading direction, 
and (b) F2 loading direction for various PE concentrations 

 
7.5.3. Compressive Strength 
 
The compressive strength results of the cementitious composites with varying PE fiber content are 

shown in Figure 7-15. It can be observed that the addition of PE fibers generally led to an increase 

in compressive strength. For instance, the compressive strength of the control cast sample was 30.5 

MPa, while the printed samples with 1% PE fibers showed an increase in strength, with values of 

44.8 MPa and 56.2 MPa for C1 and C2 directions, respectively. This indicates that the addition of 

1% PE fibers resulted in an increase of approximately 47% and 84% in the C1 and C2 directions, 

respectively, compared to the control cast sample. 
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The compressive strength continued to increase with the addition of 1.2% and 1.4% PE fibers, 

reaching maximum values of 51.7 MPa and 57.9 MPa for the C1 and C2 directions, respectively. 

However, at 1.6% PE fiber content, a slight decrease in compressive strength was observed, with 

values of 47.3 MPa and 49.0 MPa for C1 and C2 directions, respectively. A further increase in PE 

fiber content to 1.8% led to contrasting results: a significant increase in compressive strength for 

the C1 direction (58.2 MPa), while a notable decrease in strength was observed for the C2 direction 

(33.9 MPa). 

 

The observed enhancement in compressive strength with the addition of PE fibers can be attributed 

to their ability to bridge microcracks and improve the overall load-bearing capacity of the 

composite [168]. However, beyond a certain fiber content threshold, it is possible that fiber 

agglomeration or excessive stress concentrations could counteract the benefits of fiber 

reinforcement, leading to inconsistent or reduced compressive strength [164, 169]. 

 

 
Figure 7-15: Compressive strength variation with increasing PE content 
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7.6. DIC Analysis 
 
The evolution of horizontal strain fields for both F1 and F2 loading directions and varying fiber 

content (1%, 1.4%, and 1.8%) is illustrated in Figure 7-16. The Digital Image Correlation (DIC) 

strain contour images demonstrate that the number of microcracks in the specimens increases with 

the addition of PE fibers. For the specimen with 1% PE fiber, only a few cracks microcracks are 

visible for F1 and F2 loading directions as shown in Figure 7-16a and b, respectively. As the fiber 

content increases to 1.4%, the number of microcracks also increases, occurring in the strain 

concentration areas. Further increasing the PE fiber content to 1.8% leads to an increase in the 

concentrated strain areas (Figure 7-16e and f), indicating a higher number of microcracks. This 

observation suggests that the increased fiber content contributes to more extensive crack 

propagation and an enhanced ability to bridge and distribute stresses throughout the composite 

material [170]. The increased ductility and crack propagation in specimens with higher fiber 

content can be attributed to the fibers’ ability to redistribute stresses and prevent the formation of 

dominant cracks [171]. The layering process inherent to 3D printing might have improved the 

material’s performance in flexure. The inherent defects at the layer interfaces can avoid strain 

concentrations and crack propagation while improving deformability [172]. 

 

When the results obtained from F1 and F2 loading directions were compared, a relatively more 

widespread distribution of microcracks is observed when the specimens were tested in the F2 

loading direction (Figure 7-16d and f). Note that the specimens tested both in F1 and F2 directions 

were cut from a plate that include multiple layers both in width and height. However, the specimen 

tested in F2 loading direction has more layer interfaces along the width of the specimen. During 

flexural testing of the printed specimens, the propagation of transverse cracks across the whole 

width of the specimen are prevented by the layer interfaces. As more interface layer are present in 

the F2 loading direction, the testing in this direction leads to a more widespread and complex 

distribution of microcracks.   
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                                 (a)                                  (b) 

 
                                 (c)                                  (d) 

 
                                 (e)                                  (f) 

Figure 7-16: The evolution of the horizontal strain field of the specimens; (a) 1% PE tested on F1, 
(b) 1% PE tested on F2, (c) 1.4% PE tested on F1, (d) 1.4% PE tested on F2, (e) 1.8% PE tested 
on F1, and (f) 1.8% PE tested on F2 
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7.7. Microstructural Analysis 
 
Figure 7-17a and b depict the fractured surface of a 1.8% PE reinforced composite tested under 

tensile load in the T2 direction. It is clear that the fibers are oriented along the printing direction 

(Figure 7-17a), aligned perpendicular to the fractured surface. This alignment demonstrates the 

effectiveness of the 3D printing process in achieving the desired fiber orientation to enhance tensile 

properties. However, the SEM images also reveal that some fibers have detached from the 

fractured surface, leaving behind visible fiber holes. This could be attributed to the failure of the 

interfacial bond between the fibers and the matrix, which might impact the composite’s overall 

performance. In Figure 7-17c and d, the SEM images show a 1.8% PE reinforced specimen tested 

under flexural load in the F2 direction. Here, the fibers can be seen bridging the mortar matrix 

along cracking surface, effectively restraining the crack propagation and providing enhanced 

flexural behavior. This observation supports the previously discussed notion that adding PE fibers 

in 3D printed cementitious composites can significantly enhance their flexural performance. 

 

Figure 7-17e presents an SEM image of a compressive specimen containing 1.8% PE fibers, where 

large PE entanglements are visible. These entanglements could potentially explain the observed 

decrease in compressive strength at this fiber content, as they might lead to stress concentrations 

and hinder the effective transfer of stress between the fibers and the matrix. Figure 7-17f illustrates 

the SEM image of a 1.8% PE reinforced mixture tested under tensile load in the T2 direction. 

Similar to Figure 7-17a, the fibers are oriented along the printing direction and elongated along 

the fractured surface. The presence of fiber traces suggests that some fibers may have detached 

from the matrix during the tensile testing, highlighting the importance of optimizing the interfacial 

bond between the fibers and the matrix for improved mechanical performance. 

 

In conclusion, the SEM analysis provides a deeper understanding of the fiber distribution, 

orientation, and interaction with the cementitious matrix during various loading conditions. The 

observed fiber alignment and crack bridging behavior contribute to the enhanced mechanical 

properties of the 3D printed cementitious composites. However, the fiber detachment and 

entanglements observed in some instances emphasize the need for further research on optimizing 

fiber content, interfacial bonding, and fiber dispersion to achieve improved mechanical 

performance in 3D printed cementitious composites. 
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 7-17: SEM images of the fractured surfaces; (a) and (b) 1.8% PE reinforced composite 
tested on T2, (c) and (d) 1.8% PE reinforced composite tested on F2, (e) 1.8% PE reinforced 
composite tested on C2, and (f) 1.8% PE reinforced composite tested on T1 
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7.8. Summary 
 
In this study, the effect of PE fibers on the rheological and mechanical properties of cementitious 

mixtures was investigated. The PE fiber ratios used in this study are 0%, 1%, 1.2%, 1.4%, 1.6%, 

and 1.8% PE. The key findings of this research can be summarized as below: 

 

• Static Yield Stress (SYS) is significantly increased with increasing PE fiber content, with 

a 27% enhancement at 1% PE fibers and up to a 224% increase at 1.8% PE fibers. Dynamic 

Yield Stress (DYS) and plastic viscosity are also showed considerable increases with the 

addition of PE fibers. A 60% increase in DYS and a 48% increase in viscosity was observed 

for 1% PE fiber addition, and a 385% increase in DYS and a 98% increase in viscosity was 

present for 1.8% PE fiber inclusion. Similarly, notable increases were observed in the 

viscoelastic properties (storage modulus and critical strain) with a 170% increase in storage 

modulus and a 122% increase in critical strain at 1.8% PE fibers, contributing to the 

stiffness, resistance to deformation, and enhanced capacity to undergo deformation before 

failure.  

• The layer-by-layer deposition process in 3D printing resulted in weaker interlayer bonding 

and lower tensile strength compared to cast samples. The addition of PE fibers improved 

the tensile strength of printed samples, particularly in the T2 direction, due to enhanced 

fiber-matrix bonding, alignment of fibers parallel to the printing direction, bridging effect, 

and more uniform stress distribution. However, tensile strength in the T1 direction 

decreased with increasing PE content, possibly because of the fiber orientation and 

alignment between subsequent layers. 

• The incorporation of PE fibers led to significant improvements in tensile strain, especially 

in the T2 direction. However, the tensile strain in the T1 direction decreased as the PE 

content increased, likely due to less effective stress transfer or fiber orientation. 

• The loading in the T1 direction created tensile stresses along the normal direction of the 

bonded interface of printed layers, leading to interfacial failure, while loading in the T2 

direction caused shear stresses on the translation interface of printed layers. Microcrack 

formation and propagation in 3D printed cementitious composites with PE fibers were 

significantly influenced by loading direction, fiber alignment, and fiber content. The 

absence of microcracks in the T1 direction suggests that the PE fibers are not significantly 



 
 

110 

contributing to the reinforcement of the layer interface, while the presence of microcracks 

in the T2 loading direction highlights the importance of optimizing fiber content and 

alignment for improved tensile behavior and microcrack mitigation.  

• The flexural performance of the 3D printed cementitious composites experienced increased 

flexibility when the loading was applied parallel or perpendicular to the layer interface. 

The number of microcracks increased with an increase in PE fiber percentage, consistent 

with previous studies reporting the ability of PE fibers to control crack propagation and 

improve flexural behavior in cementitious composites.  

• The compressive strength increased with the addition of 1.2% and 1.4% PE fibers but 

began to decrease at 1.6% PE fiber content. A further increase in fiber content to 1.8% led 

to contrasting results, with a significant increase in compressive strength for the C1 

direction, while a notable decrease was observed for the C2 direction. 
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8. Summary, Conclusions and Recommendations  
 
8.1. Summary  
 
3D Concrete Printing (3DCP) is an emerging construction technology that enables digital control 

over design, fabrication, and assembly processes. It offers various benefits such as design freedom, 

lower labor costs, faster construction, reduced waste, and customization. The most common 

technique for commercial 3DCP is extrusion-based, which requires cementitious mixtures with 

specific rheological properties for pumping, extruding, and building. During pumping and 

extrusion processes, a workable mixture with low plastic viscosity and dynamic yield stress is 

required, whereas a mixture with high static yield stress and significant thixotropy is necessary for 

maintaining shape and buildability. The contradictory nature of these requirements highlights the 

need for research on the rheological properties of 3D printable cementitious mixtures to develop 

innovative mixtures for 3DCP applications. While prior research has investigated the impact of 

additives on the fresh properties of cementitious composites, there is still a limited understanding 

of the relationship between fresh properties, the printability characteristics of the cementitious 

composites. Furthermore, although the fresh state properties of printable mixtures are crucial for 

seamless fabrication of 3D printed concrete structures, it is vital to attain desirable hardened-state 

properties in the printed mixtures to fully capitalize on the advantages provided by this technology. 

 

This dissertation aims to develop an understanding on the role of different additives on rheological 

characteristics and printability of cementitious mixtures as well as mechanical performance of 3D 

printed samples. First, a comprehensive experimental investigation is conducted to study the 

influence of a starch-based viscosity modifying admixture (VMA) and attapulgite nanoclay (ANC) 

on the fresh and rheo-viscoelastic behavior of mortar mixtures for additive manufacturing. In order 

to examine the influence of VMA and ANC on the rheological characteristics of mortar mixtures, 

a factorial design approach is used to design the experiments. With VMA (0%, 0.1%, 0.2% and 

0.3%) and ANC (0%, 0.2%, 0.4% and 0.6%) as the two factors and four levels for each factor, the 

experimental design aims to analyze the primary effects and interaction effects of these factors on 

the response variables. The printability and buildability of select mixtures are characterized 

through direct printing tests using a 3D concrete printer with a screw pumping mechanism. 
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Furthermore, a thermogravimetric analysis (TGA) is performed to assess the effects of VMA and 

ANC on the hydration characteristics of mortar mixtures. The results obtained from the 

experiments are analyzed and presented to assess the role of VMA and ANC on key properties of 

printable mixtures, providing insights into their effects on the buildability performance for 3DCP. 

 

Next, a relatively new and bio-based nanomaterial, cellulose nanofilaments (CNF), is used to 

modify the rheological properties of cementitious mixtures for the 3DCP. The mortar mixtures 

varying CNF contents (0%, 0.1%, 0.2%, 0.3%, 0.4%, and 0.5%) is prepared. The CNFs are 

dispersed in water using a high shear mixer prior to being added to the cementitious mixture. The 

rheological and buildability of the developed mixtures are carried out. Additionally, the 

mechanical tests, including tensile, flexural, and compressive strength tests, are performed to 

explore the effect of CNF on the mechanical properties of the cementitious mixtures. The 

mechanical tests are performed in two directions to evaluate anisotropy in the printed specimens. 

Lastly, scanning electron microscopy (SEM) analysis is performed on the fractured surfaces to 

study the effects of CNF incorporation into the microstructure of the mortar mixes.  

 

The dissertation then focuses of improving mechanical properties of printed samples using nano 

and micro scale fibers. The effects of graphene nanoplatelets (GNPs) on 3D printable cementitious 

composites is investigated first. Mortar mixtures with varying GNP concentrations (0%, 0.025%, 

0.05%, 0.1%, 0.15%, and 0.2%) are prepared. The GNPs are sonicated in a solution of water and 

a superlasticizer to improve their dispersion. The rheological properties of GNP-reinforced mortar 

mixtures are assessed using rotational and oscillatory tests. The 3D printed specimens with 

different GNP concentrations and methods are prepared to examine GNPs’ impact on compressive, 

flexural, and tensile properties. The mechanical tests are performed in two directions to evaluate 

anisotropy in the printed specimens. In order to explore the effect of GNPs on microstructure of 

cement mortar, the SEM analysis is conducted. 

 

Finally, the addition of polyethylene (PE) fibers on 3D printable cementitious composites to 

enhance their tensile characteristics is investigated. The use of PE fibers is expected to provide 

better crack resistance and ductility, resulting in more resilient structures. PE fiber ratios used in 

this chapter are 0%, 1%, 1.2%, 1.4%, 1.6% and 1.8% by volume of mortar mixture. The rheological 
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and mechanical characterization of the developed composites are carried out. The SEM analysis is 

conducted to evaluate the microstructure, while Digital Image Correlation (DIC) is used to monitor 

full field deformations during flexural testing.  

 
 
8.2. Conclusions and Recommendations 
 
The key findings from this research can be summarized as follows:  

 

• The addition of ANC into cementitious mixtures leads to an almost linear increase in static 

yield stress (SYS) and dynamic yield stress (DYS). The rate of this increase was higher 

when the VMA is present. On the other hand, plastic viscosity generally decreases with the 

ANC addition and increases with VMA addition, with no clear pattern observed. When the 

visco-elastic properties is considered, the ANC significantly increases the storage modulus 

and leads to a decrease in loss factor. The VMA has a limited influence on the visco-elastic 

properties of cementitious mixtures. ANOVA results show that ANC significantly affects 

SYS and viscoelastic properties, while VMA primarily influences plastic viscosity. 

• The static yield stress and storage modulus is found to be most critical parameters for the 

buildability of the cementitious mixtures. The mixtures with SYS between 2200 Pa and 

4200 Pa and storage modulus between 20 kPa and 45 kPa exhibited both plastic collapse 

and elastic buckling failures. The mixtures with SYS over 4200 Pa and storage modulus 

over 45 kPa retained their shape and supported deposited layers without plastic 

deformation and the failure occurred due to pure elastic buckling.  

• The addition of CNF in cementitious composites led to a significant increase in SYS, from 

86 Pa for 0% CNF to a maximum of 10,313 Pa for 0.5% CNF. The dynamic yield stress 

(DYS) also increases with higher CNF concentrations, with a more rapid increase observed 

when the CNF ratio was over 0.3%. The plastic viscosity of the mixtures also increases 

with the addition of CNF, although the rate of increase decreases with increasing CNF 

ratio. The mixes containing 0.3% to 0.5% CNF were successfully printed, while the 

mixtures with lower CNF ratios found not printable. The tensile and flexural strengths of 

cementitious mixtures increased when the CNF concentration increases from 0.3% to 

0.4%. They decreased when the CNF ratio was further increase to 0.5%. The compressive 
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strength was highest for the specimens with 0.3% CNF. It was also observed that the 

hydration of the cement was affected by CNF addition, leading to increased CH content 

and hydration percentage at both early and later stages.  

• The addition of GNPs up to 0.2% by weight of cement has modest effects on the rheological 

properties. The results show that increasing GNP concentration increases the SYS. The 

highest increase was observed for the mixtures with 0.2% GNP, where the mixture 

exhibited a 54% increase in SYS compared to the control mixture without any GNP. The 

DYS and plastic viscosity also increase with increasing GNP content, with the largest 

increase observed at 0.2% GNP. The viscoelastic properties of the mortar mixtures were 

only slightly improved with the addition of GNPs.  

• The tensile strength of 3D printed mortar specimens was significantly improved by the 

GNP addition. The addition of GNPs effectively mitigated the tensile strength losses 

observed in printed specimens. There was even at least 55% increase in tensile strength for 

two test directions of printed specimens compared to the control cast specimens when the 

GNP concentration was 0.2%. The addition of 0.2% GNPs to the mortar mixtures also 

improved the flexural strength by 51% of the printed specimens compared to the cast 

specimen. The compressive strength of cast specimens was higher than the printed 

specimen for the mixtures with 0%, 0.025%, and 0.05% GNPs. However, when the GNP 

ratio was 0.1%, the compressive strength increased by 50% compared to the cast specimen 

and by 98% compared to the printed specimen without any GNPs. Further increases in 

GNP content resulted in slightly decreases in compressive strength compared to specimens 

with 0.1% GNPs, yet still showed improvement over the cast and printed specimens.  

• The addition of PE fibers to cementitious composites leads to significant increases in SYS, 

DYS, plastic viscosity, and viscoelastic properties, with the highest enhancements 

observed at 1.8% PE fibers. The improved properties can be attributed to the stiffening 

effect of the fibers, which enhances the resistance to deformation and stiffness of the 

matrix.  

• While the layer-by-layer deposition process in 3D printing typically results in weaker 

interlayer bonding and lower tensile strength compared to cast samples, the addition of 

1.6% PE fibers improved the tensile strength of printed samples by 124% in the T2 

direction compared to the printed sample without any PE fibers. However, the tensile 
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strength in the T1 direction was not affected considerably by the PE fiber content, possibly 

due to fiber orientation and alignment between subsequent layers. The loading direction 

also significantly influences the microcrack formation and propagation in 3D printed 

cementitious composites with PE fibers. There was no microcracks in the specimens tested 

in the T1 direction suggesting that the PE fibers are not significantly contributing to the 

bonding in the deposition layer interfaces. The presence of microcracks in the T2 direction 

highlights the importance of optimizing fiber content and alignment for improved tensile 

behavior and microcrack mitigation. The flexural performance of the 3D printed 

cementitious composites also significantly improved with an increase in PE fiber 

percentage. For the two test directions, there was at least 259% increase in the flexural 

strength for the printed mixtures with 1.8% PE fibers compared to those without any fibers.  

Compared to the printed samples without any PE fibers, the compressive strength mostly 

increased with the addition PE fibers up to 1.6% but began to slightly decrease at 1.6% PE 

fiber content, with contrasting results observed for two test directions at 1.8% PE fiber 

content. 

 

The results obtained from these studies highlight the importance of selecting appropriate additives 

and concentrations to achieve desired rheological and printability characteristics in cementitious 

composites. Therefore, it is recommended to carefully consider the influence of different additives 

on different fresh and hardened properties of the cementitious matrix as revealed in this 

dissertation when developing printable mixtures. Further research can be conducted to explore the 

effects of printing process parameters on the performance of 3D printable cementitious mixtures 

with different additives. There is also need for research on the effects of different additivities on 

the durability properties of printed cementitious composites. A complete understanding of 

rheological, mechanical, and durability properties of printed cementitious composites reinforced 

with nano and micro-scale fibers can accelerate the use of such innovative mixtures for real-world 

3DCP applications. It should be also noted that the dispersion of nano reinforcement such as CNF 

or GNPs play a critical role on the performance of the fabricated composites. In this research, a 

select dispersion technique was used to incorporate nano reinforcements into cementitious 

mixtures without an in-depth study on the influence of different dispersion techniques. Future 

studies can explore the performance of printable mixtures with CNF or GNP prepared with 
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different dispersion methods. For the printable mixtures with micro-scale fibers, optimizing the 

content and alignments of fibers in cementitious matrices can be further studied. Future research 

can also be conducted on the environmental impact assessment of different printable mixtures 

since similar to conventional construction, the material production accounts for majority of 

emissions (88% to 99% of total emissions) in the 3DCP [173]. 
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