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ABSTRACT 

3D printing is the process of creating three-dimensional objects using an 

automated additive manufacturing process. The 3D printing process has been used with 

materials such as metals and polymers, but application with cement based materials for 

the construction industry has yet to be developed. In this research, two main problems 

were investigated for printing cement based composite materials: extrudability and tensile 

reinforcement. Fiber-reinforced concrete (FRC) was studied as an internal reinforcing 

system to increase tensile/flexural strength. First, FRC was studied to investigate 

mechanical properties and use of fibers from waste tires as an environmentally friendly 

option. A reference mixture with no fibers, three mixtures with manufactured steel fibers, 

three mixtures with recycled steel fibers, and a hybrid mixture were studied. Three-point 

bending, compression, and modulus of elasticity tests were performed. In addition, three 

mixtures were made for cast and printed beams to compare the effect of printing process 

on fiber orientation and strength. An automated extrusion device was developed for 

printing and to quantitatively analyze extrusion. Test methods were developed to 

investigate blockage and extrusion force. Particle size, rheology, nozzle diameter, and 

extrusion speed were evaluated. Results showed that fibers improves flexural 

performance and recycled fibers provide a similar benefit to manufactured fibers. Printing 

fibers improved fiber orientation and post-crack properties. Different cracking 

mechanism were found when printing versus casting beams. The developed extrusion 

tests provided a successful way to quantify the extrudability. It was found that the 

extrusion force and energy depend on nozzle size, yield stress, and extrusion speed. 
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1. INTRODUCTION 

1.1. BACKGROUND 

3D printing is the process of creating three-dimensional objects using an 

automated additive manufacturing process. This process has been heavily used for 

designs using materials such as polymers, metals, ceramics, paper, and certain foods [1]. 

These areas have been widely developed and are used in many industries currently 

including the automotive, aerospace, medical, and many other industries [1]. In recent 

years, the construction and civil engineering fields have started to adopt 3D printing for 

the use in printing concrete structures. 

3D printing concrete has the opportunity to revolutionize the construction industry 

[2]. By using a 3D printing process this could allow for many benefits with regards to 

economical, structural, environmental, and construction aspects to various types of 

projects [2]–[4]. Economic benefits could come from decreasing formwork and labor 

costs. These costs make up a high percentage of the overall concrete cost. Printing 

structures may also improve the productivity of the project to help save construction time. 

Structural benefits can come from optimized design geometry. More material can be 

printed in areas seeing higher stresses and material can be saved in areas of less stress. 

This saving of material also acts as an environmental benefit. Besides reduced labor costs 

and increased productivity, other construction benefits would be to help improve worker 

safety and quality control when building structures.  

There are many possible applications for 3D printing concrete. These could 

include items such as printing walls, columns, precast elements, architectural structures, 



 

 

2 

stand-alone elements, panels, and much more [2], [3], [5]. Examples of some of these 

elements are shown below in Figure 1.1.  

 

 

Figure 1.1. Examples of 3D Printed Structures [5] 

 

One application already implemented is a 3D printed pedestrian bridge in the 

Netherlands [6]. This will be further discussed in the literature review in Section 2.1.4. 

One of the first attempts to industrialize the 3D printing concrete application is done by 

Contour Crafting where their goal is to implement 3D printing in building houses, multi-

story buildings, wind turbine towers, bridge pylons, silos, and even construction in space 

[7].  

Before widespread implementation, many areas of research need to be 

investigated to better understand 3D printing concrete. Some of these areas include 

solving issues of the concrete within the fresh state, hardened state, geometric 

conformity, and printing controls [4], [5]. Fresh properties could see issues from dealing 
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with the time dependent behavior of concrete changing the behavior of printing at the 

beginning and end of the print, issues with extrusion and print quality, the structure being 

able to build up properly and sustain its own weight, deformation from multiple layers, 

and quality control [5]. Issues with hardened properties include the bond between printed 

layers, tensile reinforcement, shrinkage, durability, and measuring hardened material 

properties [5]. Geometric issues could create problems with keeping a consistent print 

shape, exact dimensions being printed, printing properly with curves, creating fully dense 

components, and creating overhangs [4], [5]. Other items that need to be studied to create 

successful prints include printing control items such as pumping pressure, robot speed, 

nozzle geometry, and printing length [4]. Overall, there are many areas of research and 

questions that need to be answered to help bring this technology to the construction 

industry. This research will help to better define some of the areas that have not been 

studied in detail and are vital to better understanding 3D concrete. 

1.2. SCOPE AND OBJECTIVES 

The main scope of this project is to specifically investigate the extrusion process 

of 3D printing and use of fibers as a reinforcing system. The first step taken in the project 

was to study fiber reinforced concrete (FRC) and understand the effects on mechanical 

properties and workability. The study of FRC was done while looking at the use of 

recycled fibers from waste tires as a potential replacement of manufactured steel fibers. 

Tires from automobiles made up 3,555,000 tons of waste in 2014 according to the EPA 

[8]. The use of recycled materials within concrete helps improve the sustainability which 

can lead to reduced maintenance costs,  reduced energy cost, save resources, increase 
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durability, reduce solid waste, and be environmentally friendly [9]. To investigate the use 

of the recycled fibers and properties of FRC, tests were performed to investigate the 

superplasticizer demand, compressive strength, modulus of elasticity, flexural strength, 

toughness and residual strength, and fracture energy. 

Once FRC properties were better understood, the extrusion process for printing 

concrete was investigated. This was chosen to study as not many researchers have studied 

the extrusion process. The few studies and suggestions about extrusion are mostly 

qualitative in nature so a need for quantitative evaluation is needed. The few studies on 

extrusion within 3D printing concrete are described in Section 2.1.3.  

With 3D printing concrete being a relatively new field, not much equipment is 

available. To study extrusion, a concrete extruder was designed and built to perform tests. 

The scope on the design of this extruder was that it would be able to attach to a printing 

system in the future, allow for various size extruders, allow for displacement control, and 

allow for the measurement of extrusion force. After creating the extrusion device, test 

methods were developed to characterize extrusion. Tests were designed in order to 

characterize blocking during extrusion, extrusion force, and extrusion energy. The effect 

of blocking was evaluated for different maximum particle size, two workability levels, 

and binder content. Extrusion was characterized to evaluate the effect of nozzle size, 

workability, and extrusion speed. 

Finally, fibers as a reinforcing system in printing was investigated. Understanding 

how well fibers perform during printing is important for developing a solution to some of 

the issues with tensile and flexural strength of printed concrete. The effect on mechanical 
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properties when printing and when casting the concrete were compared as well as the 

effect on fiber orientation from printing. 

Within this scope, the project can be broken down into several objectives for each 

part of the project. 

• Compare the mechanical and fresh properties of recycled fibers from 

waste tires with manufactured steel fibers 

• Develop and evaluate test methods to characterize extrusion in 3D printing 

cement-based materials 

• Design a modular head extruder with test measurement capabilities to later 

be added to a full functioning 3D printer  

• Investigate the effect of nozzle size, particle size, rheology, and extrusion 

speed on extrudability 

• Compare flexural properties and fiber orientation between printed and cast 

beams to investigate the use of fibers as a reinforcing system in printing 

concrete 

1.3. THESIS ORGANIZATION 

Section 1 contains a background on 3D printing and the objectives and scope of 

the project. Section 2 covers a literature review of current studies in 3D printing concrete 

as well as a background on other research in fiber-reinforced concrete, rheology, and 

extrusion to help understand concepts within printing concrete. Section 3 explains the test 

methods used to study recycled fibers as a replacement for manufactured fibers and test 

methods developed to study extrusion and fiber reinforcement in printing. Section 4 
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displays and analyzes the results for the study on recycled fibers, extrusion, and printing 

with fibers. Section 5 describes a summary of the study, conclusions from the study and 

evaluation of the proposed test methods, and suggestions for future and on-going work. 

Appendix A contains specific drawings, schematics, and details for the extrusion system 

developed. Appendix B contains code used to program the extruder and load cell. 
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2. LITERATURE REVIEW 

 

Additive manufacturing or 3D printing of cementitious materials is a wide 

ranging field with many aspects to consider before it will be implemented for a broader 

use in industry. It is important to understand and have a background on the concepts and 

current research in 3D printing concrete and cement-based materials in order to build 

upon some of the technology and understanding of the complex construction material 

itself. Not only is it important to understand the concepts, technologies, and problems in 

3D printing, but, to dive into a specific problem, an understanding of other advanced 

concrete topics must be understood and addressed to provide an adequate background to 

build upon. For characterizing the extrudability of cementitious materials for 3D printing 

and using fibers as reinforcement, a background on concrete 3D printing, fiber reinforced 

concrete mechanical behavior, rheological properties and effect of fibers, and extrusion 

of cementitious material should first be studied in detail. 

2.1. 3D PRINTING CEMENT BASED MATERIAL 

3D printing of concrete has become an emerging field within construction 

material and concrete research. There have been a handful of studies over the past decade 

with a majority of the work coming out in the past few years. It is vital to understand 

some of the problems associated with 3D printing cement based materials to successfully 

study the various aspects of printing. Some of the studies that are currently published 

include ones that look at mix design and properties of 3D printed concrete, printing with 

fibers, rheological properties, printing architecture and geometry, time effects in printing 
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and much more. In particular, few studies have looked in depth at extrusion of 3D 

printing. This research has been discussed in more details in this chapter to provide a 

better understanding of extrudability of cement based materials. This section will provide 

a background on the main topics and concepts of printing and provide an overview of 

some of the most recent published research in literature. 

2.1.1. Mix Design and Fresh Properties of 3D Printed Cementitious Material. 

The mix design and properties of the printed cement-based material can have an effect on 

all aspects of printing and is important to understand before further research can be done. 

These properties can affect things such as the quality of the print, how the material 

extrudes (extrudability), how the layers hold their own weight and stack onto each other 

(buildability), timing for printing, layer bond strength, and mechanical properties. The 

mix design will also affect items such as durability and sustainability of the mix design as 

well, but these have not been investigated as there is still a need to study the basic mix 

design and fresh properties to allow for printing to successfully happen. 

Fresh properties of printed concrete fall into three main areas of study: 

extrudability, buildability, and open time. Studies have been done to try and develop 

design and performance criteria for each of these items as well as understand the effects 

of constituents and how traditional fresh concrete testing methods relate [10]–[12]. Test 

methods for extrudability are described later in detail in Section 2.1.3, but Kazemian et 

al. looked into developing performance-based testing criteria for the fresh properties of 

3D printed concrete [10]. One criteria related to extrusion that was defined was print 

quality. Print quality included three separate criteria to pass the minimum quality for 

printing. These included looking at the surface quality, whether there were square edges, 
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and the dimensional conformity and consistency of the test. The dimensional conformity 

was defined as ok if the tested width of the print was within 10% of the design width. It 

should be noted that the printer used for this study used troughs and a square extruder 

geometry that allow for the printing with squared edges. 

Fresh properties regarding buildability have been studied more including relating 

existing test methods to buildability and defining new test methods. Zhang et al. looked at 

relating existing test methods to buildability including tests methods for rheological 

behavior, workability, green strength, open time, and heat of hydration [11]. The tests 

used to study these included using a flow table, Brookfield Rheometer using a hysteresis 

loop, a green strength test, and isothermal calorimetry. The study was able to lead to a 

successful 3D printing mixture and found that thixotropy and green strength are effective 

ways to test the buildability. It was also found that retarder had an effect of the rate of 

structure rebuild with time when mixing which can affect the thixotropic increase of yield 

stress needed for buildability. Kazemian et al. also looked into buildability criteria, but 

developed test methods to evaluate buildability or “shape stability” [10]. The shape 

stability of the printed component was based upon the ability for a layer to hold its self-

weight, weight of the layers above it, and the extrusion pressure. Two tests were 

developed to help analyze the shape stability of the fresh concrete. The first test was the 

“Layer Settlement” test [10]. This test takes an image of a printed layer next to a ruler 

before and after a layer is printed on it. Using an image J software from Java, the 

deformation of the lower layer can be calculated. Figure 2.1 shows an example of this test 

method. 
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Figure 2.1. Layer Stability Test [10] 

 

The second method developed to test shape stability was the “Cylinder Stability” 

test [10]. This method consisted of placing and rodding concrete in two layers within a 

cylinder. The sides of the cylinder are then removed carefully and any change in height 

from self-weight is recorded. A 5.5 kg load is then placed upon the top of the cylinder 

and the change in height is measured. Figure 2.2 shows this test method. 

 

 

Figure 2.2. “Cylinder Stability” Test [10] 

 

Besides current and proposed test methods being used to evaluate buildability, 

models were also looked into to relate strength in the fresh state to buildability. Pierre et 
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al. proposed a model to evaluate the structural stability and failure for printed concrete 

[12]. Their model considered the load on the bottom layer of the printed structure and 

compared the evolution of yield strength of this layer with the evolution of mechanical 

load with time. Their failure criteria was dependent on a geometric factor of the printed 

layer and the time dependent yield stress factor. They evaluated two models for the 

evolution of yield stress (a linear and an exponential model). This theoretical framework 

was then confirmed with experimental testing. The theoretical framework was found to 

agree with the experimental values for the multiple build rates they tested at [12]. 

One of the main effects of constituents described in these studies looking into 

fresh property relation to buildability was Nano-clay and silica fume. They were found to 

help increase buildability by increasing thixotropy and yield stress in the mixtures [10], 

[11]. This increase was due to the high specific surface area of silica fume that lead to 

stronger absorption and more flocculation. 

Open time, or the time for acceptable printing, is a third area of fresh properties 

investigated. The effect of time is very important to study for 3D printing concrete. Due 

to the changing thixotropic and hydrating behavior of cement-based materials, the time it 

takes to print and the time to start printing after the initial mixing can change many 

aspects in the performance of the printed structure in the fresh and hardened state. One of 

the parameters effected by time that deals with both the fresh and hardened properties is 

bond strength between layers. One study looked at the effect of a time gap on the 

performance of the bond strength between layers [13]. They found that a major factor in 

bond strength due to time gap is the storage (or elastic) modulus of the initial layer at the 

time the next layer comes into contact. This high modulus of the initial layer can prevent 
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a good bond between the layers [13]. It was found that as time increased, the amount of 

voids at the interface increased thus weakening the bond strength. Kazemian et al. 

defined also developed criteria based upon printing time, but only related to fresh 

properties and not considering bond strength [10]. They defined this criteria as the 

“printability window”. This window looked at two main time limits to allow for 

successful printing. The first is the printability limit [10]. This was measured as the 

longest time when a mixture can be printed with acceptable print quality. The second 

limit defined is the blockage limit [10]. This is the longest time that a mixture can be 

remain in the nozzle before blockage occurs. Taking account to these two factors is 

important to be able to print in a large scale as the time for printing may be long due to 

the size of the structure. 

Two main methods of optimizing a mix design has been shown in literature. The 

first method was developed by Le et al. and also used by Lediga and Kruger [14], [15]. 

This method was done to find an optimum mix design for printing and was then verified 

with a full size print. For this method variable in the mix design was altered until the 

optimum point found and then moved on to the next constituent to optimize. This study 

looked at the extrudability, workability, open time, and buildability of concrete with 

various mix designs and then optimized their mixture based upon these results. The 

parameters selected to optimize were the sand content, dosages of superplasticizer, 

retarder, accelerator, and amount of polypropylene fibers. For extrudability the material 

was printed in rows until 4500 mm was printed and if the material printed without any 

blockage or fractures the material was considered extrudable. The mixtures with the 

highest sand content were found to be difficult to pass through the extruder. When 
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looking at workability, the effect of different dosages on the shear strength of the 

mixtures was evaluated for superplasticizer, retarder, and accelerator. As the 

superplasticizer increased, the shear strength of the fresh concrete decreased. For the 

retarder and accelerator, however, the workability decreased by increasing the shear 

strength of the mixture. For open time, the retarder and superplasticizer amounts were 

varied while keeping the other respective additive constant. For superplasticizer increase, 

it was found that with agitation, the increase in superplasticizer can help increase open 

time. For retarder, about a 0.5% dosage was the limit of helping increase open time while 

increasing the dosage further seemed to hurt the open time. For buildability, the optimum 

shear strength range was 0.3 to 0.9 kPa measured with a shear vane apparatus to allow for 

the mixture not be too stiff or to fluid. After trials with different mix designs, a 0.55 kPa 

shear strength was found to be optimum for buildability [14]. From all of these tests, the 

authors were able to pick and decide on mixture proportions that would help optimize 

printing and provide for a sufficient strength print. This was then verified with a full size 

printed bench [14]. Using this design method it was found that there were issues with 

segregation in the mixture due to high cement content and difficulty to pass through the 

pipe-pump nozzle system [15]. Lediga and Kruger also investigated the mechanical 

properties studied, they listed the results and were able to get compressive strengths in 

the range of 75-102 MPa, flexural strengths around 11 MPa, and tensile bond strengths 

above the minimum recommendation of 0.8 MPa [15]. 

The second mix design method found was based around the effect of the 

gradation of the sand was studied using the Fuller-Thompson method and Marson-Percy 

model [16]. The study looked at a mix design using the Fuller-Thompson method for a 
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continuous gradation system, two uniform gradation systems with varying particle sizes, 

two gap-graded mixtures, and a mixture with river sand where large particles (1.2 mm) 

were sieved out. From these results, it was found that the mixture using the Fuller-

Thompson design had the best buildability with the ability to reach about 40 layers high 

compared to around 30 layers high for the other mix designs. The Fuller-Thompson 

designed mixture had a high yield stress and low plastic viscosity which can be helpful 

when pumping or extruding. Some of the other mix designs, especially one of the gap 

graded mixtures, lead to a high viscosity which makes it more difficult to print. It was 

concluded that the Fuller Thompson method and Marson Percy model was a successful 

way to design 3D printed concrete mixtures to control yield stress and viscosity for good 

pumpability/extrudability as well as achieve good buildability. 

2.1.2. Printing with Fibers.  A need for reinforcement in 3D printed concrete is 

vital since rebar cannot be used since the concrete is directly extruded into its final 

position without the use of any formwork [5]. One option to help improve the flexural 

and tensile strength of the printed structures is to use fibers as the reinforcement. The use 

of fibers in printing would also allow for better control of fiber orientation within the 

specimen. Fiber orientation is critical as the higher the orientation factor the better the 

flexural properties are in the direction of the fibers [17]. This would allow for creative 

use of fiber orientation and print path to come up with ideal properties for a specific 

geometry or application. A handful of studies has been done using fibers for 3D printing 

investigating the effect on fresh and hardened properties. These studies are important to 

understand the best use and improvement fibers can have, especially when evaluating 

them as the main reinforcement in 3D printed concrete.With the freedom of printing in 



 

 

15 

multiple directions and controlling fiber orientation, some studies looked at the effect on 

fiber and loading direction [18]–[20]. Hambach and Volkmer studied adding short fibers 

(3-6 mm length) to 3D printed concrete and its effect on the improvement of flexural 

strength [18]. They looked at how different printing paths effect the flexural strength, 

compressive strength, density, and porosity of the specimens. They also looked at a 

hierarchical structure where there was a main structure printed with a mortar infill. This 

idea can allow for a more economical design as the main printed structure may have a 

higher cost than the infill. These tests were done with carbon, glass, and basalt fibers. An 

example of the different print geometry and hierarchical Structure is shown in Figure 2.3 

[18]. 

 

 

 

Figure 2.3. Printed Specimens with Various Geometries and Hierarchical Structures [18]  
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The results of this test showed that the carbon fibers at 1% volume addition had a 

significant effect on increasing the flexural strength while the basalt and glass fibers did 

not have as much of an effect. The fibers did not affect the compressive strength of the 

concrete. The printed path that worked best for the flexural results was print path “a” 

from Figure 2.3. For the hierarchical structures, the results showed that the higher 

percentage of fiber-reinforced printed formwork (less infill), the higher the flexural 

strength [18]. 

The modeling of the behavior was done to better understand the anisotropic 

properties and variation on printing/fiber direction [20]. This study looked at four 

different printing patterns to compare them: parallel, perpendicular, cross, and a casted 

specimen. They then did tensile and compressive tests to try and relate the properties to a 

micromechanical model. After analyzing the experimental results and the model, it 

showed that the performance in tension matched with the micromechanical analysis [20]. 

The study showed as in the others stated within this section that the best results came 

from the fibers oriented in the direction of the load [18]–[20]. Use of a model to 

understand the behavior of the fiber reinforced concrete will be needed in the future for 

design purposes. As shown in many of these studies, the fiber orientation and printing 

direction can be easily change and will have a large effect on mechanical properties due 

to the anisotropic nature of the material. 

The loading direction and effect of fibers on the flexural, compressive, and tensile 

strength was done to study the anisotropic properties of the material in a study by Panda 

et al [19]. Glass fibers were used in this study with a geopolymer printed concrete with 

different length and quantities of fibers. It was found that the fibers do not have an effect 
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on the flexural strength, but improved the flexural and tensile strength as the fiber content 

increased. When looking at the different directions, it was found that the printed 

specimens performed best in flexure when being loaded perpendicular to the layers. The 

tensile strength performed best when loaded parallel to the print direction. For the tensile 

strength, the reason for higher strength in the parallel direction is that the perpendicular 

direction is controlled by the bond strength between the layers [19]. The bond strength is 

one issue that arises between layers as for certain concrete mix designs (highly 

thixotropic) can cause cold joints and weak bond. Understanding the effect of loading 

direction on the strength parameter is important to understand for future design of 3D 

printed structures. 

Christ et al. looked at the addition of fibers on their effect of green strength and 

flexural properties for a cellulose-modified gypsum powder 3D printed mixture [21]. This 

study is not specifically with a cement-based material, but from this study it shows that 

the fibers help improve the green strength of concrete. This is important for improving 

buildability of concrete while printing. This test again showed an improvement in 

flexural properties when printing with fibers since these can take most of the flexural load 

away from the matrix which is in most situations brittle and weak in tension and flexure. 

A manual print was done with a polymer fiber reinforced mix design to 

investigate workability and mechanical properties [22]. This study showed that manual 

printing can be used to evaluate tensile, flexural, and compressive properties of printed 

mixes with fibers. Important findings of this study regarding fiber reinforcement is the 

verification that the printed specimens had better fiber alignment which contributed to 

higher mechanical properties in the fiber direction. The fibers also allowed for a greater 
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strain capacity within the specimens. This strain capacity was also compared with a 

casted specimen and it was found that the printed specimen had a higher strain capacity. 

This again is likely due to the fiber orientation caused by to the restricted flow while 

extruding the fiber-reinforced concrete [22]. 

Ogura et al. had the goal of creating a strain-hardening cement-based composite 

and studying its effect on printing in terms of extrudability, buildability, and mechanical 

properties [23]. For evaluating the fresh properties, a flow table and ram extrusion test 

was used. The flow table was used to help relate a mix design to its buildability. 

According to their results the flow table “roughly estimates” buildability and how stable 

the print is [23]. With the ram extrusion test, the goal was to evaluate extrudability. Due 

to changing sand content in their mix design matrix, the results seemed to show a 

increase in extrudability with increasing fiber content. They noted, however, this change 

was due to the changing sand content which is controlling for extrudability compared to 

the fiber dosage [23]. This could be another potential topic to look into on the effect of 

fiber dosage on extrudability. For mechanical properties, a uniaxial tension test was 

performed on printed and cast specimens. Fiber content as low as 1% using a high density 

polyethylene microfiber showed strain hardening behavior when testing and a multiple 

crack failure method [23]. The printed specimens outperformed the casted specimens in 

testing as in previous studies noted to be due to increased fiber orientation. The author 

also added that a decreased air content due to the extrusion forming process could have 

also benefited the mechanical properties of the printed specimens versus the cast 

specimens. 
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2.1.3. Extrusion of 3D Printed Concrete.  Depending on the type of printer, 

there are various methods for extruding concrete. Some printers will use a pumping 

process to extrude the concrete. Others will use a direct extrusion or syringe type method. 

Some large scale 3D printers use a screw pump or progressive cavity pump to push the 

material out while constantly shearing the material. Figure 2.4 shows an example of each 

of these extrusion methods. 

 

 

Figure 2.4. Different Extruder Types: (a) Ram Extruder [24] (b) Progressive Cavity Pump 

(c) Peristalic Concrete Pump [25] 

 

 Aside from the extrusion method, the nozzle size and geometry will also have an 

effect on extrusion (see Section 2.4 for more details). Not as many studies have been 

done on defining and characterizing the extrusion of 3D printed concrete. Most studies 

find a mix design that is extrudable and characterize it as a “yes” for extrudability. The 

following test method will be described that is used in multiple papers to qualitatively 

define extrusion. One study will also be described that proposes a quantitative test for 

defining extrudability and looks more in depth. 

One test method that multiple researchers have used is a qualitative test looking at 

extruding multiple layers horizontally and checking for defects [14], [15]. This test 
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method specifically consists of extruding with a 9 mm filament five groups from one to 

five filaments each 300 mm long for an overall length of 4500 mm. If there is no 

blockage or fracture in the extruded layers then the mix design is listed as ok and is 

extrudable. This test is shown in Figure 2.5 below. 

 

 

Figure 2.5. Qualitative Extrusion Test [14] 

 

To quantitatively study extrusion, on study used the ram extrusion test while also 

developing a test called the “3D-printer extrudability test (3DPET)” [26]. The ram 

extrusion test is described in greater detail in Section 2.4. The test was done for a printer 

with a progressive cavity pump extruder. In this test, the rotational velocity of the 

progressive cavity pump was used to relate the voltage needed used to extrude the 

concrete based upon the known maximum voltage and know maximum rotational 

velocity. Using an electrical power measuring device, the total electrical power from the 
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extrusion process was able to be measured. Simultaneously while testing, the flow rate 

was calculated. This was done by determining the weight of the concrete extruded and 

turning it into a volume by using the extruded concrete density. Using the power and 

flowrate, they define an “extrudability index UEE” which is measured in Joules per cubic 

centimeter [J/cm3]. This is related to the amount of energy it takes to extrude a unit 

volume of material [26]. This test method was compared with the ram extrusion results. 

The test method did not line up exactly with the ram extrusion test. The UEE seemed to 

align better with the results measured from the rheological analysis. The authors stated 

that this test method is not the easiest to directly apply to another printing system, but the 

overall concept of measuring electrical power and the flow rate can be used to 

theoretically describe how extrudable a concrete mixture is [26]. 

2.1.4. Other Studies in 3D Printing.  With 3D printing of concrete and cement-

based materials being relatively new, many aspects other than the ones already covered 

are being studied. 3D printing is a concrete is a complex process that involves many 

avenues of study besides the fresh material behavior. Other studies are presented here to 

get an understanding of the overall current work and research in 3D printing cement-

based materials. 

An area to overcome in printing concrete is actually creating or designing a 

printer. This can involve many different mechanical, electrical, and computer 

programming aspects. If not done properly, even with a well designed and robust 

concrete mix design, the printing could fail due to poor calibration and bad accuracy 

when printing layers. A group from the Loughborough University built a 5.4 x 4.4 x 5.4 

m frame with the ability to print various three-dimensional shapes [27]. In their paper 
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they describe the general process in building their printer, issues they had, and the results 

of their finished product. 

One area of 3D printing concrete that is currently being developed is finite 

element modelling. In one study, a finite element model was created to analyze the fresh 

concrete within the first 90 minutes after printing [28]. This study used various 

geotechnical tests to evaluate the material properties of the fresh concrete in order to 

develop a Mohr-Coulomb failure criterion. This was used to help evaluate the time-

dependent material properties so a model could be developed in ABAQUS. The model 

created was found to accurately model the failure-deformation mode but overestimated 

the amount of layers that could be printed. The difference in this overestimation was said 

to be due to not taking into consideration geometric and material imperfections and 

having issues obtaining material properties without compacting concrete. Modelling as 

such can be a useful tool when designing a structure to be printed to make sure it would 

not fail in the fresh state before hardening. 

With the freedom of design that comes with printing, interlocks can be designed 

into a print. One study looked at how these interlocks can affect the bond strength 

between printed layers [29]. The interlocks printed in between layers were varied in size 

from no interlock up to a 0.75” interlock in increments of 0.25”. A splitting and 

compression bond test was done to evaluate the bond strength gain from the different 

interlocks. From this test, it was found that for both the compression and splitting bond 

tests, the interlock increased the bond strength with size up to 0.5” where then the 0.75” 

interlock tested the same as no interlock. This shows that through the creative use of 
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interlocks to a certain length, bond strength can improve which is a common issue for 

highly thixotropic materials. 

Study of the microstructure of printed concrete can also be useful in better 

understand many of the problems and phenomena that occur. An in depth study was done 

to look at the microstructure as well as compare this microstructure with equivalent 

casted specimen [30]. Moini et al. used X-ray Micro-CT scans to evaluate the 

microstructure. Four main features were noted and discovered from the CT-scans. They 

included the presence of macropores, micropores at the interface of filaments creating 

micro-channels, “self-rearrangement of filaments”, and accumulated anhydrous cement 

particles near the pores [30]. The pore network described was aligned with the direction 

of printing. Knowing this information, innovative solutions can be developed from a 

material or print design standpoint to help overcome the issues with bond strength caused 

by these pores. 

With 3D printing comes the freedom to print in different architectures that was not easily 

able to cast before. Taking advantage of this can provide a new perspective on design of 

structures not just architecturally, but also structurally. A study was done to evaluate the 

ability of different print architectures [31]. An example of some of the innovative 

architectures that can be printed and studied is shown in Figure 2.6 [31]. This study looks 

at and tests the different architectures to evaluate their failure mechanism and properties. 

Some of the architectures exhibit different failure modes and behavior compared to the 

normal behavior expected from a cement-based printed composite. 
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Figure 2.6. Different Print Architectures [31] 

 

 With all of the different studies out there, field implementation is something that 

will be looked at very closely and some of the next steps for implementing this 

technology. One example of an implementation of 3D printing concrete is a pedestrian 

bridge that was designed, printed, and implemented in the Netherlands [6]. This bridge 

spans 6.5 meters and is 3.5 meters wide and designed for a uniformly distributed load of 

5.0 kN/m2. The first step was material testing in the design to evaluate a mix design that 

would allow for printing and also meet the proper compressive strength, modulus of 

elasticity, shrinkage requirements, and creep requirements. The bridge was then 

evaluated using a finite element model. The print path was then designed and the 

specimen was tested using a four point bending test in the lab. The reinforcement used 

was a post tensioning system. After verification of all structural parameters in the lab, the 

structure was reprinted and brought to the field. Once installed in the field, the bridge 
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then underwent an in-situ test to evaluate the safety of the bridge. The full-scale test 

passed and the 3D printed bridge project was opened to the public. An image of the 

completed bridge is shown in Figure 2.7 [6]. 

 

 

Figure 2.7. Implementation Example of 3D Printing: Pedestrian Bridge [6] 

 

Overall  this is an example of a successful 3D printed structure that is 

implemented. As mentioned in this section, there is still a lot more ongoing research to 

better understand printing cement-based materials. With this increase in knowledge, the 

frequency of real world use of 3D printing concrete will expand vastly. 

2.2. FIBER REINFOREMENT CONCRETE 

Fibers have been used as a reinforcement system and for crack control in concrete 

over the past couple decades. Fibers present themselves as a potential reinforcement for 

3D printing due to the fact that they would be homogenously mixed with the concrete and 
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could be extruded with the paste. Fiber reinforced concrete (FRC) has been widely 

studied in conventional concrete and other specialty concretes. Getting an understanding 

of the benefits, testing, and effects of different fiber reinforcing systems in concrete will 

allow for an implementation for 3D printing and the expected effects on mechanical 

properties. The mechanical behavior of FRC as well as the use of recycled fibers from 

waste tires is further presented to create a background knowledge for the tests on FRC for 

conventional concrete in the current project and its future application within printing. 

2.2.1. General Fiber Reinforced Concrete Mechanical Behavior.  The main 

use of fiber reinforcement in concrete is to benefit the flexural and tensile behavior of the 

brittle concrete matrix [32]–[44]. This improved behavior includes improving the flexural 

and tensile strength, the post cracking properties, and energy absorption of the concrete. 

The fibers improve this brittle behavior by acting transferring and taking the load in 

tension, which the brittle concrete matrix performs poorly at. When high strength and 

modulus fibers (such as steel) are used, this then increases the capacity of the member in 

both flexural and tensile loading as the fibers can take a high amount of the load before it 

is transferred to the matrix. Compressive strength is less effected by the addition of 

fibers. Multiple researchers have shown that the effect of fibers on compressive strength 

is small or negligible [33], [42], [43]. Even though the compressive strength is not greatly 

affected, the failure mode is slightly different. With the addition of fibers, the failure 

mode still becomes more ductile than brittle [33]. 

Once the concrete matrix is cracked, the fibers help to bridge the cracks and keep 

them from propagating. This allows the concrete to still sustain load and control crack 

widths within structures. Depending on the fiber type and volume, this can make the 
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concrete behave more ductile. It has been stated in multiple studies how fibers improve 

ductility [32], [33], [38]. The concrete composite can show signs of strain hardening, 

elasto-plastic response, or strain softening depending on the fiber volume, fiber type 

(modulus and strength), and fiber aspect ratio. 

Evaluating the post cracking behavior is heavily studied when looking into FRC 

mechanical properties as this is where most of the benefits of the fibers are. This can be 

analyzed using a three-point bending test with a notched beam. One way to evaluate the 

post-crack behavior is to analyze the toughness of the concrete. This can also be related 

to the energy absorption of the concrete. This is done by evaluating the area under the 

load versus deflection curve after the concrete first cracks. A graphical representation of 

this is shown in Figure 2.8 [37].  

 

 

Figure 2.8. Area for Evaluating Toughness and Post-Cracking Behavior of FRC [37] 
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ASTM C-1018 provides guidance on this test method and some of the 

calculations for evaluating this behavior [45]. The toughness can be evaluated at different 

intervals of deflection once the first crack or limit of proportionality is found. This is 

graphically shown in Figure 2.9 along with a range of toughness values for FRC 

compared to plain concrete and elastic-plastic materials. For each toughness value, if the 

experimental toughness is above the elastic-plastic material it is considered strain 

hardening, and if it is below the elastic-plastic material and above plain concrete then it 

exhibits strain hardening.  

 

 

Figure 2.9. ASTM C1018 Toughness Indices 

 

Improving the toughness indices and post-crack properties is not only vital in 

crack propagation, but can help increase the safety and load carrying capacity in seismic 

and impact loading. 
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There are many different types of fibers that have been used and studied in FRC. 

Many studies include the use of steel fibers for their high strength and modulus. Other 

studies use polymer type fibers such as polypropylene fibers [32]. Other types of fibers 

such as natural fibers and modified-olefin-fibers have been used and studied [37], [38]. 

The use and selection of fiber type should be chosen based on a number of factors 

including desired strength, post-cracking behavior, workability implications, durability, 

cost, and availability. 

The proportioning, size, and modulus can have a large impact on the performance 

of FRC. All of the previous mentioned studies have shown that with an increase overall 

fiber volume, the flexural, tensile, and post-cracking properties increase. Changing the 

fiber length (or aspect ratio) can also affect the performance of the FRC. Some studies 

have looked at this effect while incorporating hybrid systems of multiple types of fibers 

[38], [39]. In [38] it was found that higher modulus fibers helped improve the strength 

while lower modulus fibers helped improve ductility. Creating a hybrid mixture of 

different modulus fibers can exhibit the benefits of both of these properties. They also 

illustrated graphically how the difference in long and short fibers can mitigate different 

types of cracks within the concrete matrix as shown in Figure 2.10  [38]. 

In Mohammadi et al. they also verified that the longer fibers are better at 

mitigating macros-cracks while short fibers are better at mitigating micro and meso-

cracks [39]. They also found that short fibers provided better workability than long fibers. 

They were looking to investigate an optimum mixture of long and short fibers, but they 

found that there was not one mixture that was optimum for all mechanical properties and 

workability. 
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Figure 2.10. Long versus Short Fiber Crack Mitigation [38] 

 

Finally, it should be noted that the fiber orientation has a large effect on the 

mechanical properties. With normal cast-in-place concrete the fiber orientation is random 

which can cause variations in results. One study found that stiffer fibers had a greater 

variation due to less likely spread out during casting [40]. The random fiber orientation 

may hinder use of FRC in certain applications This potentially presents an opportunity in 

3D printing as the print direction and extrusion may have an effect on fiber orientation. 

2.2.2. Studies with Recycled Fibers.  A handful of studies have also been done 

using recycled fibers from waste tires. Some studies were done investigating the 

mechanical behavior of the fibers [41]–[43]. From these studies it was found that the 

recycled fibers were comparable to industrial used steel fibers for the mechanical 

properties. It was found by [42] that the addition of the recycled fibers seemed to decay 

the post-peak crack behavior compared to the steel fibers. The splitting tensile strength 
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and flexural strength of the fibers seemed to be comparable. The failure mechanism for 

beams and slabs tested throughout these experiments were the same as well. 

 One study investigated the pullout behavior of the recycled and steel fibers [44]. 

This study created a numerical model using an incremental plasticity based formulation 

first to estimate the pullout strength of the fibers. An experimental investigation was then 

used to validate this model in which they found good agreeance. From this 

experimentation it was found that the recycled fibers had a similar bond strength to 

industrial steel fibers, but a lower peak load. The recycled fibers needed a greater crack 

opening to be pulled out but did not reduce crack width as much compared to the 

industrial steel fibers. 

The fatigue resistance of the recycled fibers was also studied [34]. The use of 

fibers was shown to increase the endurance life of the concrete composite. The recycle 

fibers were found to also help restrain the micro and meso-cracks better while the steel 

fibers used in comparison helped better with the macro cracks. The study on fatigue 

resistance with recycled fibers was for use in concrete pavement. With the improvement 

of fatigue resistance with the recycled fibers, it was stated that up to 26% of the pavement 

thickness could be reduced. 

A stress-strain relationship was investigating noting that the neutral axis changes 

with the load [35]. The RILEM equation estimating the strength was then compared using 

the stress-strain relationship for the fibers and it was found to be an overestimate. A 

similar study was then done to adjust the RILEM model for design and use of the 

recycled fibers [36]. The new model was found to be more conservative and accurate 

than the RILEM model. 
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2.3. RHEOLOGY OF FIBER REINFORCED CEMENT-BASED MATERIALS 

Rheology is the science that describes the relationship between flow and 

deformation of a material. For cement-based materials rheology is important in 

understanding the properties and performance in the fresh state. This relationship has to 

deal with how the shear stress, shear rate, and time dependent behavior of a material are 

related. This can be rather complex for concrete and other cementitious materials as the 

behavior is a complex fluid of suspended particles that also has time dependent properties 

[46]. Due to cement-based materials having a time dependent rheological behavior, they 

are considered thixotropic. Thixotropy in cement based materials is the structural 

breakdown and build up of the internal structure of cement paste with constant shear and 

then rest [47]. This can also be looked at as the variation of viscosity at a constant shear 

rate.  Understanding the rheological and thixotropic properties is vital to the performance 

of the concrete in the fresh state. Rheology of cement based materials is used to define 

and design mixes such as self-consolidating concretes (SCC), shotcrete, underwater 

concrete, pumping concrete, high-performance concrete (HPC), and much more [48], 

[49]. Not designing for or considering the rheological properties can cause issues with 

segregation, blockage, passing ability, filling ability, formwork pressure, shaping of 

concrete, and much more. For 3D printing understanding these properties is important for 

characterizing material properties such as extrudability, buildability, bond strength 

between layers, and much more. The following sections go into more detail on the basics 

of rheology for cementitious materials, the effect of adding fibers to cement based 

materials and its effect on rheology, basics of how rheology affects 3D printing, and 

basics of how rheology can affect the extrusion process. 
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2.3.1. General Rheology of Cementitious Materials.   To accurately measure 

and study the rheological properties of cementitious materials, often times rheometers are 

used. There are a variety of different types of rheometers with various geometries with a 

concentric cylinder and parallel plate being the most common for cement pastes [50]. In 

general, rheometers will measure the torque at different rotational velocities. These points 

can then be transformed based upon known geometries to come up with fundamental 

values of shear stress and the shear rate the material undergoes.  

From the graph of shear stress versus shear rate, also known as a flow curve, 

different models can be applied to look at the yield stress of the material and the effect of 

viscosity at different shear rates.  The most common model used is the Bingham Model 

which is a linear model. This model is described by Equation (1): 

𝜏 = 𝜏𝑜 + 𝜇𝑝𝛾̇       (1) 

where τ is the shear stress, 𝛾̇ is the shear rate, 𝜏𝑜 is the yield stress, and 𝜇𝑝 is the plastic 

viscosity. Depending on the specific material, sometimes a nonlinear behavior can occur. 

When this nonlinear behavior occurs, two common models used are the Modified 

Bingham and Herschel Bulkley models show in Equation (2) and Equation (3) 

respectively. 

𝜏 = 𝜏𝑜 + 𝜇𝛾̇ + 𝑐𝛾̇2     (2) 

𝜏 = 𝜏𝑜 + 𝐾𝛾̇𝑛      (3) 

The c value in the Modified Bingham model is a fitted coefficient that is used to describe 

the nonlinear behavior and whether the material has a shear-thinning or shear-thickening 

behavior. The K value in the Herschel Bulkley model is a fitted coefficient and the n 

value is a power function of the shear rate. The selection of the model should be chosen 
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carefully as the selection of the models can provide significant differences in the 

evaluation of rheological properties such as yield stress and viscosity as shown in Figure 

2.11 [51]. 

 

 

Figure 2.11. Common Rheological Models for Cementitious Materials [51] 

 

The models shown are three common models, but many other models have been 

developed [52]. Some of these models provide more accurate results for certain types of 

cement based materials, but also add complexity by having more terms than the models 

presented in Figure 2.11. 

 Rheological measurements can be tricky and difficult to interpret as many 

measurement errors can be hidden in the results. Since cement-based materials are 

thixotropic in nature, this can cause false interpretations of measured torque values. If the 

structure of the material is not completely broken down, the torque value recorded will 

appear higher since the structure has not reached equilibrium yet for a given shear rate 

[51]. This can also be affected by the mixing procedure as it has been shown that the 
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mixing energy or shear history can change the initial rheological parameters measured 

[50].  Plug flow is also a phenomena that can occur when measuring that needs to be 

corrected for to get accurate results especially in concentric cylinder rheometers [50], 

[51]. Plug flow occurs when not all of the material in the rheometer is sheared. This can 

cause inaccurate results since the equations to calculate the yield stress and plastic 

viscosity use the entire outer radius in calculations rather than the plug radius. Errors due 

to structural buildup and plug flow are shown in Figure 2.12. 

 

 

Figure 2.12. Errors Due to Structural Build-up (Top) and Plug Flow (Bottom) 

 

A third common error that can effect results is due to particle migration and slip 

in the rheometer. This error is due to particles moving away from the high shear zones. 
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This causes lower rheological measurements since there would be less particles where the 

measurement of torque is occurring [50], [51]. 

 Two tools that can be used to help evaluate the rheological properties of various 

concrete mixes is a rheograph and a workability box [48]. A rheograph is a graph of the 

yield stress (x-axis) versus the plastic viscosity (y-axis) to compare different mixes. This 

can be used to evaluate the effect different changes on a mix design. For example, 

changing the water to cement ratio will change both the yield stress and plastic viscosity 

so a rheograph will be able to show the change in rheological properties for the different 

ratios [48]. Rheographs can then be extended to a workability box. A workability box is a 

two-dimensional polygon area within a rheograph [48]. A workability box can be used to 

define combinations of yield stress and plastic viscosities that represent a certain type of 

concrete or workability in concrete. This can be useful when trying to come up with a 

mix design for different high performance concretes which require adapted rheology to 

be most effective. 

 When rheometers are not available to precisely measure and study the rheology of 

cement-based materials, other alternatives can be used to study and correlate yield stress 

and plastic viscosity. Many empirical tests are used to evaluate workability and rheology 

of cement-based materials, but two main tests are discussed here. One test to relate to the 

yield stress is the mini-slump tests for cement paste and mortars [53], [54]. One of the 

studies also provided a correlation to an Abram’s cone as well. Roussel has shown 

through analytical and empirical tests that the slump flow diameter measurement from 

these tests can link to yield stress of a mix. To study viscosity, one test that can be done 

for cement paste is the use of a Marsh cone. This test involves the measurement of time 
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for a cement paste to travel through a cone and fill a volume of 1000 mL. The time is 

recorded every 100 mL. Through analytical modeling, it has been shown that the time to 

fill the volume relates to the viscosity of cement paste [55]. These two methods are 

alternative and less expensive ways to evaluate rheology if a rheometer is not available.  

2.3.2. Fiber Effect on Rheology.  For use of fibers as a reinforcing system within 

3D printed concrete, the effects of the fibers on the fresh properties and rheology should 

be well understood. Fibers will change the rheological properties of the mixture, and this 

will affect both the buildability and extrudability of the printed concrete. 

Khayat and Roussel [56] looked at the testing and performance of Fiber 

Reinforced-Self Consolidating Concrete (FR-SCC) and several conclusions were able to 

be made from their study on how fibers effect concrete rheology. Some of the tests in 

their study included slump flow, V-funnel, Filling Box, and use of an IBB concrete 

rheometer. The study also looked at the effect of fiber volume on the workability, 

rheological properties, and flow characteristics of the concrete. They found that the 

addition of fibers increased the yield stress with an increase in fiber volume. For the 

constant yield stress and slump values, as the fiber content increased this increased the 

measured plastic viscosity. 

Martinie, Rossi, and Roussel [57] also performed work to look at the rheology of 

fiber-reinforced concrete. They specifically looked at the effect of fibers on yield stress, 

how the packing fraction of the fibers related to the rheology, and came up with a criteria 

to define the difference between a rigid and flexible fiber used in the mix. Their 

rheological tests were performed with a Haake viscotester VT550 and a Vane test was 

performed. When looking at what defines a fiber as rigid or not, they found that it was 
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based on a couple of factors: Young’s Modulus and the aspect ratio. The fiber rigidity is 

important because rigid fibers will have increase the yield stress more than flexible fibers 

(less rigid) once they reach a critical volume fraction of fibers. When they reach this 

volume the network of fibers will be able to withstand an external load due to contact of 

the rigid bodies with the material. The higher the Young’s Modulus the greater increase 

in rigidity and if the fibers become longer (thus increasing the aspect ratio) then this will 

make them less rigid. It was shown that steel fibers are rigid and long carbon fibers are 

not even though they have similar Young’s Modulus. The paper also looks at how the 

relative packing fraction effects the yield stress of the cement paste with fibers. A fiber 

packing fraction above 0.8 caused the yield stress to spike significantly. This is shown in 

Figure 2.13 where the packing fraction is on the x-axis and the y-axis is the relative yield 

stress of the mixture. The relative packing fraction is the ratio of the yield stress of the 

paste containing fibers versus the yield stress of the paste without fibers. 

 

 

Figure 2.13. Relative Yield Stress vs Relative Packing Fraction [57] 
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This matches work from Emdadi et al. and Mehdipour and Libre [58], [59]. Both 

compare the fiber factor, 𝐹 =
𝑉𝑓𝐿𝑓

𝑑𝑓
 , to the effects on workability of paste, mortar, or 

concrete. Similar to Figure 2.13, they show that the yield stress increases exponentially, 

but rather than comparing relative packing fraction, fiber factor is compared. By looking 

at the fiber factor, a critical fiber factor Fc, and a dense fiber factor Fd were found. The 

critical fiber factor is the point where workability starts to reduce for a mixture. The 

dense fiber factor is where the workability rapidly decays with a higher chance of fiber 

clumping, segregation, and reduced mechanical properties. This effect of volume fraction 

of particles on the rheological properties, which is directly related to the fiber factor,  is 

shown in Figure 2.14. The three regions shown correspond to being under the critical 

fiber factor, in between the critical fiber factor and dense fiber factor, and above the 

dense fiber factor. 

 

 

Figure 2.14. Fiber Volume Fraction Effect on Rheological Properties   
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Malaszkiewicz [60] investigated the rheological properties of polymer fibers. He 

investigated the yield stress and plastic viscosity of three different types of polymer fibers 

at 10, 40, and 80 minutes after mixing. He performed these tests by using a Viskomat XL 

rheometer to measure the mortar properties. The three types of polymer fibers studied 

was a fibrillated isotactic polypropylene fiber, a fibrillated refined polypropylene fiber, 

and a copolymer-profiled fiber. The results from these tests show that even when 

comparing polymer fibers to each other, the results are dependent on the fiber type. The 

author concluded that the workability of the monofilament fiber was found to be better 

than the fibrillated fiber. The fibers had the highest impact on yield stress. The increase in 

plastic viscosity was increased with fiber content. Fibrillated fibers developed their 

spatial structure during mixing and increased the yield stress as the content increases. 

Increase in content of profiled fibers did not affect the yield stress. Viscosity increase 

over time was slower for fibrillated fibers than fiber free mix. Finally, the efficiency of 

the superplasticizer over time increased which meant that the yield stress increase was 

slower with time compared to the fiber free mix. 

Similarly a study was done on polymeric synthetic macro fibers to study the 

rheological effects [61]. As in the case of polypropylene fibers, the yield stress and 

plastic viscosity both saw linear increases with increasing fiber content. One important 

finding was that the rate of the increase in yield stress and plastic viscosity was 

dependent of the mixture design as three different mixture designs with varying amount 

of silica fume. 

Ding et al. [62] did a study on the workability of various kinds of polymer and 

steel fibers. They investigated the rheological properties and workability for mixtures 
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with micro-fibers and macro-fibers. For the micro-fibers they used a rheometer to find the 

yield stress and plastic viscosity of the micro-fiber mixes. They also compared this with a 

flow channel. For the macro-fibers, the rheometer was not able to be used so a slump test, 

J-ring, and L-box was used to evaluate the workability. From completing these tests they 

found that for the micro-fibers, the smaller dosages (1 kg/m3 for polypropylene fibers and 

10 kg/m3 for steel fibers) do not have negative influence on workability. At a higher 

dosage of 2 kg/m3 the polypropylene micro-fibers had a negative effect. When comparing 

the flowability results from the flow table, they agreed with the results found from the 

rheometer.  

Ponikiewski and Katzer [63] also have done a study on the rheological effects of 

different types and geometries of fibers on FR-SCC. They tested the slump, T50, and 

yield stress of the fresh concrete mixtues. The yield stress was found using a Rheometric 

workability test (RTU) with the rheometer BT-2. The study was done on steel, basalt, and 

polypropylene fibers with the steel fibers having various geometries. The yield stress of 

all the different types of fibers increased with fiber volume increases as previously shown 

by [56]. As far as looking at the different geometries, the different fiber geometries can 

somewhat effect the value of different rheological properties but overall have the same 

behavior as the main fiber type. 

2.3.3. Rheology Effect on 3D Printing and Extrusion.  The rheological 

properties of cement paste and mortar can have a large impact on many of the 

requirements for 3D printing and extrusion of cement based materials. Optimization of 

rheological properties is also difficult due to the many conflicting needs in the 

rheological properties throughout the printing process in order for all aspects to be 
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successful. Roussel described various parameters that rheology has to play in 3D printing 

concrete [64]. He describes several areas that the rheological behavior effects including 

extrusion/pumping, layer stability, geometry control, and layer interface strength. [65] 

also looked into the effect of rheology, but specifically on extrusion. 

For extrudability/pumpability of concrete, an initial fluidity is required to pump or 

extrude which is based upon a lower yield stress and plastic viscosity [64]. Depending on 

the extrusion system, these specific values needed for extrudability change and even the 

process to which the way extrusion behaves is effected (see Section 2.4.1). The 

rheological properties of the material is one of the parameters will effect whether the 

material behaves as a plug or if the material will be sheared throughout the extrusion 

process depending or not whether the rheology allows for an lubrication layer [64].  

Another method to look into the rheological properties was to use capillary 

rheology with a ram extruder to help define extrudability based upon rheology [65]. This 

method used the known value of extrusion pressure, diameter of the extrusion tube, 

length extruded, and extrusion rate to calculate the apparent shear stress and apparent 

shear rate. From this criteria, there was not a good relation to yield stress or plastic 

viscosity and extrudability when looking at each criteria alone. The authors did find that 

there was an interaction between the two parameters that allowed for extrudability to be 

defined. This interaction between yield stress and plastic viscosity is shown in Figure 

2.15 where whether a mix design was defined as not extrudable if it had poor shape 

stability, phase migration, excessively high extrusion pressure, or surface defects [65]. It 

should be noted that this experiment was not studying extrudability for 3D printing, but 

the criteria used is still relevant and necessary in extrusion of 3D printing. 
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Figure 2.15. Viscosity versus Yield Stress for Extrudability [65] 

 

Rheology also has an important role once the material has been extruded. The 

stability of the layers (printability), individually and as a whole, are affected by 

rheological properties. Roussel discussed the stability of layers in terms of both single 

layer stability and multiple layer stability [64]. For a single layer printed, the concrete 

must have a sufficient yield stress after deposition to be able to hold its own weight under 

gravity. Other factors that could add to the initial yield stress needed by a material would 

be the speed and layer height of the material [64]. If the speed of printing is fast, then this 

will create an inertial stress that the concrete yield strength must be above to hold. For a 

thin layer, surface tension could contribute to control the shape of the printed layer. 

For the stability of multiple layers, many rheological and physical factors play a 

role. The thixotropic properties effect the stability since the more thixotropic the material, 

the higher the yield stress build up will be. The yield stress will be important to control as 

time increases due to the strength of the lower layers needing to be able to withstand not 
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only its own weight, but the weight of the above layers which will continue to increase as 

printing continues [64]. Due to the thixotropic buildup of the material, this then shows 

that the speed and length of printing for each layer matters as this will affect the 

structuration time, or time for structural build up, for the material. The overall stability of 

the printed structure then comes into play. Since the printed structure is a slender 

element, issues with buckling or overall stability failure of the structure can become an 

issue. Also, settlement of the layers can cause the structure to not be printed properly 

even though the yield strength might suffice [64]. They are affected by the elastic 

properties of the printed material below its yield stress. 

Bringing the different aspects of stability into printing shows in detail the first 

conflict between rheological properties of printing concrete. For stability, a higher yield 

stress is preferred to allow for more layers and faster printing to occur. For extrusion, this 

higher yield stress could cause a material to become difficult to extrude or require high 

extrusion pressure.  

Geometric control of layers is also affected by rheology. One issue that can occur 

while printing is a cracking behavior of the deposited layer especially around curves 

when printing. This cracking behavior can be due to an initially high yield stress material 

especially for high solid fractions and strong particle interactions [64]. Other factors 

contributing to the cracking of layers include the radius of curvature from extrusion, 

material tensile strength, and critical strain. It is also suggested that polymer or organic 

fibers could help mitigate this issue. 

Finally, rheology can control the layer interface strength. The layer interface 

strength can be affected by how thixotropic a material is. Highly thixotropic materials can 
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form cold joints between layers as has been studied in self consolidating concrete [66]. 

This puts an upper limit on the structuration rate available for concrete. This puts two 

main constraints on printing: longer print time leading to weaker layers and higher 

thixotropy leading to weaker layers [64]. Again this leads to another conflict of fresh 

properties. High thixotropy can help increase the stability of the printed layers, but also 

can increase the chances of a cold joint or weak interlayer bond. Overall the rheological 

parameters of cement-based materials have a large effect on every aspect of extrusion and 

3D printing. 

2.4. EXTRUSION OF CEMENTITIOUS MATERIAL 

Extrusion of cementitious material was not first used in 3D printing. Extrusion of 

cementitious materials has also been used for making curbs, hollow core slabs, and wall 

panels to name a few. Understanding the behavior of extrusion in the fresh state is 

important as it undergoes widely different forces and processing than typical cast in place 

or even self-consolidating concrete. With respect to 3D printing, understanding how this 

can affect fresh properties and the different parameters within extrusion is vital. The 

tribological and rheological behavior of the paste has been previously studied by several 

authors and is further discussed. 

2.4.1. Characteristics of Extruded Paste.  One of the first items to understand 

about extruded paste is the behavior of the paste flowing through the extruder and the 

different forces on the paste/mortar. Perrot et al. looked at creating a frictional plastic 

prediction model for extruding paste and in doing this studied the physical mechanisms 

governing the forming process [67]. In this study they described the flow as a plug with 
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slip and friction along the walls of the extruder. The type of extruder used in this study 

was a ram extruder which pushed the paste out of a cylinder through a die at the end of 

the cylinder. Both [67], [68] described the overall force needed to create the plug flow as 

a combination of the frictional force and shaping force. Figure 2.16 shows the different 

forces described by the two studies. F is the total force needed to extrude the paste, Kw is 

the frictional stress along the walls of the extruder, Fpl is the shaping force of the 

material, D is the diameter of the cylinder, and d is the diameter of the opening. Three 

zones of flow were described and are shown in Figure 2.16: the plug flow zone of length 

LB, the sheared flow in the shaping zone of length Ldz, and the dead zone of length LO. 

 

 

Figure 2.16. Forces and Flow Zones in Extruded Paste [68] 
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Several researchers have stated that liquefaction can occur within the paste due to 

the loading previously described [67], [69], [70]. Due to the friction on the walls of the 

cylinder, a high-pressure gradient forms within the extruder. This causes water or cement 

paste to filter through the granular skeleton of the mortar [67]. This can be compared to 

the effect of consolidation in soils and can lead to an increased pressure near the end of 

the extrusion process. If there is a lot of filtration or bleeding due to this pressure 

gradient, the solid volume fraction and water-cement ratio will change in addition to the 

increased extrusion force needed [69]. This can also change the local rheological and 

tribological properties within the paste [67]. 

According to [70] two different mechanisms can be considered to control the 

extrusion behavior and they are related to the way the paste or mortar will behave. One 

mechanism considers the material as perfectly plastic. If the material is perfectly plastic, 

then the yield stress and ratio of the opening to the cylinder width (d/D) will control and 

be linked to the pressure needed for extrusion. The other mechanism considered is for 

non-yielded frictional materials. In this mechanism, friction is speed dependent and 

related to frictional energy dissipation. This increases as the frictional zone, or length of 

the cylinder, increases. Toutou et al. found that the speed of extrusion effected how the 

material behaved- perfectly plastic versus non-yielded frictional [70]. Their results 

showed that a higher extrusion speed led to a cohesive plastic behavior, while lower 

speeds led to a drained frictional plastic behavior. 

Another similar criteria was described for extrusion and pumping for applications 

for 3D printing. This criteria also gives two cases of behavior that can occur: 1) pure 

extrusion of an unsheared plug flow that deposits a flocculated material and 2) material is 
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sheared and spreads on the support or layer and then builds structure [64]. These two 

cases are caused by whether or not a “lubrication layer” forms.  The “lubrication layer” is 

a layer around the edge of the extruder where only water and fine particles are sheared 

and the extrudability (or pumpability) is dependent on this layer rather than rheological 

properties [64]. This layer does not form as well for lower water to cement ratio or high 

yield stress and viscous mixes. The formation and transition of these two cases are 

dependant on the material rheology, extrusion rate, and nozzle geometry [64]. These 

layers are illustrated in Figure 2.17. It was also noted, however, that for extrusion with a 

screw pump, these cases do not exist since the material is sheared in the nozzle thus 

changing rheological property requirements for printing. 

 

 

Figure 2.17. Schematic of Flow Cases for Extrusion [64] 

 

Speed is not the only physical testing parameter that effects the behavior of the 

extruded material. It is well known that the extrusion ratio (d/D) and shape of the nozzle 

effects the extrusion force needed [67], [68], [70], [71]. Having a larger d/D ratio would 
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allow for easier extrusion and less force. For direct comparisons between mixes in terms 

of their extrudability, the d/D ratio should be kept constant unless this is under 

investigation within the experiment. 

Aside from the understanding of the characteristics of flow during extrusion, the 

extruded paste can have other changed properties due to the extrusion process compared 

to cast-in-place concrete. According to [69] extrusion helps improve the mechanical 

properties by limiting the water content and voids within the specimen. Another study 

looked at the porosity of the extruded paste compared to cast in place concrete [72]. This 

study did various tests such as Scanning Electron Microscopy (SEM), Mercury Intrusion 

Porosimetry (MIP), Atomic Force Microscopy (AFM), and X-Ray Diffraction (XRD). 

They also found that extrusion decreased the porosity making a more dense and 

compacted product. Decreasing the porosity can have a positive effect on mechanical and 

durability requirements of the concrete. 

Not as many studies looked into the effect of extrusion of fibers. One study that 

looked into fibers compared the results of the tests with cast-in-place concrete and looked 

at how the specimens performed on a microscale as well as macroscale [72]. This test 

used polyvinyl alcohol (PVA) fibers and acrylic fibers of varying lengths of 2 mm and 6 

mm. The study concluded that the shorter fibers had improved flexural strength than the 

longer fibers in the extruded composite. This had to due with the mechanism of failure in 

the fibers. For the longer fibers, the fibers would fracture and not pullout. For the shorter 

fibers, they would pull-out. This difference in mechanism was noted to be due to the 

difference in matrix bond to the different fibers. They also found that the extruded 

composite had better bond to the 6 mm fibers compared to the cast-in place specimens. 
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This could be due to the decreased porosity and increased density of the extruded paste 

compared to the cast in place paste. There is still a need to define how the fibers affect 

extrudability from a workability, rheological, and extrusion standpoint. 

2.4.2. Measurement Methods of Extrusion.  Three main methods have been 

suggested in literature for characterizing the extrudability of concrete. These methods 

include a penetration resistance test, ram extrusion test, and squeezing tool test [67], [68], 

[70], [71]. These tests have been used to characterize and quantify some of the behavior 

described previously for extruded cementitious material. The squeeze test and penetration 

resistance tests are indirect test methods while the ram extrusion test directly measures 

the extrusion process. The following paragraphs will describe each of these test methods 

as well as the information they provide on characterizing extrusion for cement-based 

materials. 

The penetration resistance test was used by Chen et al. to help understand the 

extrusion time window [71]. This test follows ASTM C403 [73]. In this test, fresh 

concrete is penetrated with a needle and the amount of force needed to penetrate the 

sample is measured. This is done after a suggested initial time period of three to four 

hours and then measured at half to one hour intervals thereafter for samples without an 

accelerator [73]. This is done until a penetration resistance of 4000 psi [27.6 MPa] is 

reached. This allows for a penetration resistance versus elapsed time plot to be graphed. 

Outside of extrusion testing, this testing method is used to find the initial set and final set 

of concrete by finding the time it takes to reach 500 psi [3.5 MPa] and 4000 psi [27.6 

MPa] respectively. 
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For the use of characterizing extrusion, the zone in which the material was 

extrudable was first defined in terms of penetratition resistance. This allowed for the 

upper limit (too stiff to extrude) and the lower limit (too wet to extrude) to be defined 

[71]. Then using the penetration resistance test, a graph could be plotted and the 

extrudability window was found for which the penetration resistance was in between the 

upper and lower limits. An example of this graph is shown in Figure 2.18. 

 

 

Figure 2.18. Penetration Test Extrudability Window Example [71] 

 

In Figure 2.18 PR stands for penetration resistance and t is the time of hydration. 

This test is helpful in defining the extrudability limits and the time range for 

extrudability. The study noted that the results will be different for each extrusion system 
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based on the type of die or cross-section being extruded and the amount of extrusion 

force that can be applied [71]. 

 The ram extrusion force is a common method for evaluating extrudability and 

studying the characteristics of cementitious materials being extruded [26], [67], [68]. This 

test consists of pushing or extruding mortar through a cylinder with a piston pushing it. 

While the piston is pushing the material, the force can be measured along the distance of 

the tube. This allows for a detailed study of the mechanisms and mechanics behind 

extrusion as mentioned and studied in Section 2.4.1. There are no standards for testing 

procedures for this test currently. Various velocities and geometric configurations have 

been used for testing. In Figure 2.19 a schematic of a ram extrusion test is shown [26]. 

 

 

Figure 2.19. Ram Extrusion Test Schematic [26] 

 

 In one study [68], the ram extrusion test was used and expanded on to also allow 

for a measurement of the frictional force. This allows for a study of the frictional effects 
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on the extruded mortar and the ability to compare its effects with the overall force on the 

mortar. 

 The third method found to study extrudability is the squeeze flow test [70]. This 

method uses a press with parallel circular plates to compress a cylindrical sample of fresh 

mortar. The sample is compressed at a constant velocity and the force is measured. This 

force causes a radial flow. The reduced compression load can then be plotted against the 

sample height over the plate radius. This  data can be used to find certain rheological 

parameters that effect the extrusion quality and machine processing [70]. One of the main 

findings from doing this test is to understand if the material will have a perfect plastic 

behavior or a drained frictional plastic behavior. Figure 2.20 shows an image of a test on 

a clay paste sample before the test start tests by [70]. 

 

 

Figure 2.20. Squeeze Flow Test prior to Start [70] 
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3. METHODS 

 

Characterizing extrudability of cement based materials for 3D printing is 

challenging due to the lack of standard test methods and procedures. In this chapter, the 

test methods to evaluate the performance of fibers as a reinforcing system and the test 

methods developed to characterize extrudability are described. First, the test methods to 

investigate the effect of fibers as a reinforcing system and comparing with an 

environmentally friendly option are described. Then test methods are described in detail 

to evaluate extrudability and to analyze the printing extrusion process quantitatively and 

qualitatively. The tests developed are extended to printing with and without fiber 

reinforcement. The developed tests are designed to characterize the extrusion process in 

terms of blockage, extrusion force and energy, and rheological properties. A final 

verification and comparison of mechanical properties through manual printing is 

described as well.  

3.1. MATERIAL CHARACTERIZATION 

The descriptions of the materials for both the concrete and mortar mixtures used 

in the FRC and printing studies are further described in this section. For the concrete 

mixtures in Section 3.2, a Type I Portland limestone cement with five percent silica fume 

replacement was chosen as the binder for the experiment. Natural river sand, 

intermediate, and coarse aggregate were used in the concrete mixtures all in compliance 

with ASTM C33 [74]. The manufactured fibers are a straight fiber with a length of 13 

mm and 0.20 mm thickness. These fibers are copper coated and have a tensile strength of 
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2160 MPa. The recycled fibers come from shredded up tires so the geometry, length, and 

diameter have some variance. The geometric properties of the fibers are shown in Table 

3.1. 

 

 Table 3.1. Fiber Properties 

 Density 

(kg/m3) 

Length (mm) Thickness 

(mm) 

Aspect Ratio 

Recycled Tire 

Fibers 

6800 22.50 0.30 75 

Manufactured 

Steel Fibers 

7800 13.00 0.20 65 

 

The length and thickness of the recycled fibers varied due to the randomness of 

being shredded from the tires. The values for recycled tire fibers in Table 3.1 are based 

on an average. Shown in Figure 3.1 is the recycled fibers (left) compared to the 

manufactured fibers (right). 

 

 

Figure 3.1. Recycled Fibers (Left) vs Manufactured Fibers (Right) 
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The materials used in the printed mortar consisted of Type I Portland Cement, 

Missouri Natural River Sand, MasterGlenium 7500 full-range water reducing admixture, 

fibers, and tap water. The Type I cement was sieved with the No. 100 size. 

MasterGlenium 7500 meets ASTM C494 [77] criteria for both a Type A and Type F 

water-reducing and high range water reducing chemical admixture. The fibers used were 

the Dramix OL 13/.20 steel fiber which is the same as the manufactured fiber type 

previously discussed. The physical properties of these fibers are shown previously in 

Table 3.1 and are shown in Figure 3.1. 

 The sand was evaluated using a sieve analysis to help understand the particle 

distribution. With particle size effecting the blockage point for extrudability, 

understanding the amount of each particle size and the gradation of the particles is 

important for analyzing blocking. The sieve analysis was done in accordance with ASTM 

C136 [78]. Three different maximum sand sizes were used for investigating blockage: 

No. 8, No. 16, and No. 30 sieved sand. Figure 3.2 shows an image of each of the size 

sands. The gradation for each of the mixtures from the non-sieved Missouri Natural River 

Sand to the No. 30 sieved sand is shown below in Figure 3.3. From this it shows that the 

gradation becomes less evenly distributed as the sand gets sieved with a large gap in 

particle size. For the No. 30 sieved sand the sand almost becomes mono-sized. This 

difference in gradation and sand size changes the specific surface area in the mixtures 

which has an effect on water demand. This finding will briefly be described when 

discussing the findings from the Blockage Test. 
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Figure 3.2. Sand Sizes for Blockage Test 

 

 

Figure 3.3. Sand Gradation for Sieved Sand 

 

.  
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3.2. MECHANICAL PROPRETIES OF FIBER REINFORCED CONCRETE 

Eight different mixtures were chosen to look at the differences in fiber effect on 

fresh and mechanical properties. A reference mixture (REF) with no fibers was made to 

compare how the fibers improve the mechanical properties of the concrete. Three 

mixtures of recycled tire fibers as a sustainable replacement to manufactured fibers were 

chosen with a 0.25, 0.5, and 0.75 percent by volume (RF-0.25, RF-0.50, RF-0.75). Three 

mixtures of the manufactured steel fibers with the same percent volumes as the recycled 

fibers were also studied (F-0.25, F-0.50, F-0.75). The eighth mixture was a hybrid 

mixture (HF) with 0.25 percent volume of recycled fibers and a 0.25 percent volume of 

steel fibers.  

3.2.1. Mix Design  The properties and proportions of the concrete mix design 

were kept constant throughout all the mixtures with the volume of fibers and amount of 

superplasticizer (SP) being the only changes. The water to cementious material ratios 

were kept constant but SP dosage was adjusted in order to achieve the same workability 

in all mixtures. The water-cementitious material ratio was held constant at 0.40. The 

proportions for all of the eight mixtures are shown in Table 3.2. 

The amount of SP varied to try and keep a target slump of 17.5  2.5 cm. Three 

beams with cross section dimensions of 76.2 x76.2 mm and two cylinders with a diameter 

of 101.6 mm and length of 203.2 mm were made for each mix. The beams were made 

with a 25.4 mm deep notch. The samples were cured in lime saturated water and tested at 

28 days. 
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Table 3.2. Mixture Proportions for FRC Study 

Mixture w/cm 

ratio 

Cement 

(kg/m3) 

Silica 

fume 

(kg/m3) 

Coarse 

Aggregate 

(kg/m3) 

Intermediate 

Aggregate 

(kg/m3) 

Sand 

(kg/m3) 

 

Manufactured 

Fiber % 

Recycled 

Fiber % 

SP 

Wt. % 

of 

binder 

 

REF 0.40 285 15 580 390 965 0 0 0.90 

RF-0.25 0.40 285 15 580 390 965 0 0.25 1.00 

RF-0.50 0.40 285 15 580 390 965 0 0.50 1.10 

RF-0.75 0.40 285 15 580 390 965 0 0.75 1.15 

F-0.25 0.40 285 15 580 390 965 0.25 0 1.20 

F-0.50 0.40 285 15 580 390 965 0.50 0 1.40 

F-0.75 0.40 285 15 580 390 965 0.75 0 1.50 

HF 0.40 285 15 580 390 965 0.25 0.25 1.25 

 

3.2.2. Mechanical Properties Testing.  A compression test, modulus of elasticity 

test, and a three point bending test were performed on the specimens. The compression 

test was performed on two samples to find the compressive strength of the concrete 

according to ASTM C39 [75]. A modulus of elasticity test [76] was then performed 

where the cylinders were tested to 40% of the ultimate compressive strength. The set up 

for the elastic modulus test is shown in Figure 3.4. 

 

 

Figure 3.4. Modulus of Elasticity Test Set Up 
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Flexural properties were tested using a three point bending test [45]. The beam 

was set up over a span of 304.8 mm with the point load being placed over the center of 

the span. An extensometer was attached to metal strips that were placed at the end of the 

notches on the beam and measured the crack mouth opening displacement (CMOD) 

versus the load in the experiment. The load versus deflection was also measured in the 

experiment which allowed for the measurement of toughness and residual strength by 

finding the area under the load versus deflection curve.  The three point bending test also 

allowed for calculations of first crack load, maximum bending stress, and fracture energy. 

The machine loaded the beams at a constant rate of 1 mm/minute and was done for a 

minimum of ten minutes. The set up for the three point bending test of the notched beam 

is shown in Figure 3.5 and a schematic of the test is shown in Figure 3.6. 

 

 

Figure 3.5. Three Point Bending Test 
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Figure 3.6. Three Point Bending Schematic 

3.3. EXTRUSION BLOCKAGE TEST 

Blockage in terms of extrusion refers to the interlocking and accumulation of 

particles that stops the paste or mortar from being able to flow through an extruder. 

Blockage can cause extrusion to completely stop and if using a mechanical system with a 

motor could then cause excessively high load on the motor which in turn could damage 

or burn out the motor. Depending on the constituents, blockage can occur initially 

causing no extrusion to occur, or can happen as extrusion continues and there is a buildup 

of particles near the opening of the extruder. Understanding the causes of blockage and 

developing tests to characterize extrudability are critical in creating a successful mix 

design for printing. 

3.3.1. Blockage Test Variables.  Many factors influence blockage of a system. 

The following tests look at four factors that can change whether a mixture causes 

blockage during extrusion. These factors include 1) maximum particle size, 2) 

workability, 3) binder content, 4) and fiber content. Mortar was investigated in this study. 
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The same factors could apply to larger and smaller systems if chosen to study (paste and 

concrete level). An overview of the study of blockage is shown in Figure 3.7. 

 

 

Figure 3.7. Blockage Test Parameter Overview 

 

 For looking into the effect of the maximum particle size, three different 

maximum sand sizes were evaluated. These included sands sieved with a No. 8 (3.26 

mm), No. 16 (1.18 mm), and No. 30 (0.6 mm) sieves. All the different size sand was 

sieved from the same Missouri natural river sand.  

To study the workability, two different workability levels were chosen for each 

sand size. A less workable mixture was tested not using any water-reducing admixtures 

thus resulting in a mini-slump that did not flow and needed to use the flow table. A more 

workable mixture was tested using a superplasticizer (water-reducing admixture) to allow 

for a slump flow without using a flow table. For the No. 8 and No. 16 sieved sands 0.3% 

Blockage Test
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No. 30

Workability 
Level
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Workability

Low 
Workability
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Blockage 
Quantity
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of the binder content of superplasticizer was used. For the No. 30 sieved sand, 0.5% 

superplasticizer was used instead of 0.3% due to the increased specific surface area of 

using smaller particles causing a higher water demand which decreased workability. 

Binder content was studied by altering the amount of binder to allow for 

extrusion. By adjusting the binder content, a blockage point, or minimum binder content 

that is needed in the mixture to provide enough lubrication between coarser particles and 

allow for flow of the mixture through the nozzle, could be found. This blockage point 

would allow for an understanding of when a mixture goes from extrudable to blocked for 

a given sand size and workability level. Identifying a minimum required binder content is 

important for an extrusion system for developing proper experimental test matrices that 

verifies all the tested mixtures will not block and can be analyzed for the intended study. 

Fiber content can be analyzed by taking a known extrudable mixture and 

increasing the fiber content until the blocking point is found again. This was done by 

varying the fiber content in each mixture until it blocks. This allows for a critical fiber 

volume fraction of fibers to be found. This would also vary with each specific extruder 

depending on the geometric properties of the fibers and nozzle. 

3.3.2. Procedure and Test Matrix.  The blockage point was tested using a 150 

mL syringe to extrude the mortar mixes. This syringe size chosen is the same as what is 

used for some of the ram extrusion tests for printing later described in Section 3.5. The 

syringe had an internal diameter of 39.5 mm and a nozzle diameter of 3.71 mm. The 

length of the syringe as measured from the 150 mL mark to the end of the of the syringe 
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is 119 mm and the total length of the cylindrical portion of the syringe is 148 mm. This 

syringe is shown in Figure 3.8. 

 

 

Figure 3.8. Extrusion Syringe Dimensions 

 

First, before blockage was tested, the mortar mixture was tested using a mini 

slump. For the less workable mixture this was done using a flow table in accordance with 

ASTM C1437 [79]. The mortar was placed in two layers of the mini slump and rodded 20 

times after each layer. The size of the mini slump was 70 mm diameter circle at the top of 

the cone and a 100 mm diameter opening at the bottom of the cone. The top of the mini 

slump was then scraped off to be level with the top. This can be shown in Figure 3.9.  

The mini slump was then pulled and 25 table drops was applied to the mortar. 

This then caused the mortar to spread out into a circular shape. This circular shape was 
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then measured in both directions and averaged to get the slump flow reading. Figure 3.10 

shows the slump flow after pulling the mini slump and after 25 hits. 

 

 

Figure 3.9. Flow Table Apparatus and Setup 

 

For the more workable mixtures, the flow table was not needed to create a slump 

flow. For this test, once the slump cone was pulled the mortar flowed into a circular 

shape similar to what is shown on the right in Figure 3.10. The diameter of this slump 

flow was also measured in both directions and averaged for each mixture created.  

An initial maximum particle size was chosen to test. For this maximum particle 

size a certain binder content was chosen to try with a low binder content. The mortar was 

then mixed and filled to the 150 mL mark on the syringe. For the less workable mixtures, 

the material was rodded to get rid of any air pockets. For the more workable mixtures, the 

mortar was able to fill the syringe easily without rodding. 
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Figure 3.10. Flow Table Test Before and After 25 Table Hits 

 

  The syringe was then manually pushed to see if the mortar would extrude. If the 

mortar blocked the nozzle, the binder content was then increased by 100 kg/m3 and tried 

again. Blocking the nozzle was considered for both the case where it initially blocked or 

when the nozzle blocked partially through the extrusion process before the 150 mL of 

mortar was extruded. Once a mixture was able to extrude the full length without 

blocking, a mixture with a 50 kg/m3 less binder content was then tried (intermediate 

point). This was done in order to validate the minimum required binder content to within 

50 kg/m3. If the intermediate point passed, then this was defined as the minimum binder 

content for extrusion. If the intermediate point blocked, the previous binder content that 

passed was considered the minimum binder content for extrusion. This process was 

repeated for all three maximum particle sizes to find the binder content that was the 

blocking point for both the more and less workable mixtures. 



 

 

67 

It should be noted that the process above would also work in the reverse manor. If 

the initial binder content selected passed, then the binder content would be lowered by 

100 kg/m3 until the nozzle blocked. An intermediate point would then be tested to 

increase the accuracy of the specific blocking point. For the syringe used the following 

mixtures were chosen from to help identify the blocking point for the different sand sizes 

and workability levels as shown in Table 3.3. 

For testing the fibers, the syringe from Figure 3.8 was modified to have a nozzle 

diameter of 9.2 mm. This larger diameter nozzle was chosen to decrease the chance for 

blockage. For the fiber blockage test, the same process as above was followed for a 

constant sand size of No. 16 max size. The binder content chosen to test the fiber 

blockage was 900 kg/m3 based upon results from the initial blockage tests without fibers. 

Fibers were then added to the mixture starting at a low fiber content of 0.25% by volume. 

This fiber content was chosen because it was the lowest fiber content used in the FRC 

study. If the mixture was able to extrude, the fiber content was then increased and 

mixture was attempted to extrude again. This was repeated until nozzle was blocked. 

Since the binder content had already been investigated as extrudable, this would then give 

the fiber content that would cause blockage. This test was done with a higher workability 

mixture with a 0.3% superplasticizer content and lower workability mixture with a 

superplasticizer content of 0.05%. Testing both low and high workability mixtures 

allowed for the fibers to be isolated for studying blockage and keep workability from 

having an effect on the results. 

 

 



 

 

68 

Table 3.3. Blockage Test Mixture Proportion Options 

Mixture 

Options 

w/c * Binder Content 

(kg/m3) 

Fine Aggregate 

(kg/m3) 

1 0.35 600 1390 

2 0.35 650 1323 

3 0.35 700 1255 

4 0.35 750 1188 

5 0.35 800 1120 

6 0.35 850 1053 

7 0.35 900 985 

8 0.35 950 918 

9 0.35 1000 850 

10 0.35 1050 783 

11 0.35 1100 715 

12 0.35 1150 648 

*SP Content for Higher Workability Mixes 0.3% for No. 8 and 16 Sand and 0.5% for No. 30 

                      No SP used for the Lower Workability Mixes 

3.4. RHEOLOGICAL MEASUREMENTS 

The rheological measurements were performed on a ConTec 6 Viscometer. This 

is a large gap coaxial rheometer made for paste and mortar measurements. The ConTec 6 

measures the torque values for varying rotational velocities that can go from 0 to 1 
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revolution per second (rps). The rheometer has an inner radius (Ri) of 5 centimeters and 

an outer radius (R0) of 6 centimeters. The ConTec 6 is shown below in Figure 3.11.  

 

 

Figure 3.11. ConTec 6 Viscometer 

 

The test method developed was used to measure the yield stress and plastic 

viscosity of the mortar mixtures. A descending curve was used to measure these 

properties. A descending curve measurement consists of measuring the torque and 

rotational velocity points starting from the highest rotational velocity and stepping down 

in equal increments until the lowest rotational velocity is reached. For this test, a 

maximum rotational velocity of 0.5 rps was chosen and a minimum rotational velocity of 
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0.025 rps was chosen. Ten equal increments were spaced out including these points. The 

range of this rotational velocity was selected based upon the intended use of the mortar it 

was testing. Since the mortar would not experience a high shear rate during extrusion or 

printing, the maximum rotational velocity of 0.5 rps would well cover the behavior the 

mortar would experience. The lower end rotational velocity was chosen to as close to 

zero as the rheometer would allow. This allows for less of an interpolation back to the 

yield stress (y-intercept) which increases the accuracy of that value. 

The mortar was tested directly after mixing before the ram extrusion test. The 

mixing procedure was kept constant to avoid a difference in shear history when the 

measurements were taken. The mixing procedure is described in detail in Section 3.5. 

Once the mortar was mixed, it was placed in a bucket around two-thirds full. The bucket 

was then taken directly to the rheometer and placed in the machine to test immediately. 

The bucket used is shown next to the coaxial head of the rheometer in Figure 3.12. 

To start the test, a pre-shear of 25 seconds was applied at the highest shear rate of 

0.5 rps. The reason for using a pre-shear is to break down any structural build-up due to 

thixotropy. After the pre-shear, the rheometer would start at the highest shear rate of 0.5 

rps and work its way down to the next rotational velocity every five seconds. Fifty 

sampling points was taken for every rotational velocity. This happened during the last 

four seconds at each specific rotational velocity since a one-second transient interval was 

used to allow for breakdown of structure and a non-thixotropic response to be measured. 

Figure 3.13 shows a summary of the testing parameters as input into the rheometer. 
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Figure 3.12. Mortar Bucket Used in the Rheometer 

 

 

 

Figure 3.13. Rheometer Test Parameters 
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After the measurements were finished, the height of the mortar on the coaxial 

blade was measured. This measurement was taken at a minimum of two spots and 

averaged to calculate the height of the mortar that was sheared. After the tests on the 

rheometer, a mini-slump test using a flow table was used. Before doing this test, the 

mortar was remixed for 30 seconds at a medium speed on a Hobart mixer to break up any 

thixotropic build-up. This test procedure was the same as previously described following 

ASTM C1437 [79]. All of these tests were performed on the same mixtures made for 

extrusion discussed in Section 3.5. 

3.5. RAM EXTRUSION TEST FOR PRINTING 

A ram extruder was designed to be used as a modular head for a 3D printer. The 

extruder and test method was used to evaluate a mortar that had a high workability (semi-

flowable) and low workability (buildable). It was also attempted to extrude with fibers for 

the low and high workability mixtures. In the following sections a ram extrusion test is 

described similar to that in Section 2.4.2, but modified for use in 3D printing. This test 

will provide data that allows the extrusion force and energy of a specific mixture to be 

monitored and help define what is extrudable for mortar. 

3.5.1. Extruder Design.  An extruder is a tool used for pushing material out 

through a nozzle using a piston, auger, or pump as shown in Section 2.1.3. The extruder 

chosen to design was similar to the ram extruder tests using a piston and cylinder to push 

the material through the nozzle. The extruder was designed to implement features such as 

being displacement controlled, flexible for different size extruders for printing cement 

paste and mortar, robust and durable, and portable to allow for implementation in the 
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future to be attached to a medium size printer (1x1 meter). The extruder type is similar to 

that which is used in the Discov3ry Paste Extruder attachment for an Ultimaker printer 

[80] which is used at research at Purdue [30], [31] and that shown in an experiment at 

U.C. Berkeley [24].  The extruder designed consists of a top and bottom plate that 

connects bearings to a threaded rod. A screw nut is attached to the threaded rod and a 

motor which causes rotation thus bringing the screw nut up and down based upon the 

direction of rotation. Two steel plates are bolted to the screw nut. Attached to these steel 

plates is the pancake load cell and this is what is used to push the syringe described in 

Figure 3.8 down and allows for the measurement of force versus displacement. On the 

outside of the bottom and top plate, four linear rail shafts are connected to provide 

structure to the two plates. The moving plates are also attached to the linear rail shafts 

using four linear bearings. This allows for a guided motion to keep the motion perfectly 

linear while also providing support to the threaded rod and screw nut from any bending 

forces due to the eccentric loading. The height in between the top and bottom plates is 

27.9 cm and the usable height after accounting for the height of the plates and coupler is 

around 24.1 cm.  On the bottom plate a 44.5 mm slot is cut out to allow for multiple 

diameters of syringes easily be used for extrusion. Specific drawings and dimensions of 

the extruder are shown in Appendix A (note that drawing units are in inches). A picture 

of the extruder test setup is shown in Figure 3.14 and a schematic of the extruder is 

shown in Figure 3.15. 
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Figure 3.14. Extruder Test Setup 

 

The motor is a Nema 23 stepper motor that uses 2.8 Amps of current and can 

provide a holding torque up to 1.9 N.m. It has a 1.8o step angle which allows for 200 

steps per revolution. The motor is connected to a circuit board that uses an A4988 

Stepper Motor Driver Chip to control the motor with an Arduino. A twelve volt power 

source is also connected to power the motor. Code can then be uploaded from the 

computer to the Arduino to control the motor. Schematics of the circuits and the code 

used to control the motor are shown in Appendix A and B respectively. The motor was 

tested within the current system to find out the linear amount of force it could handle 

before it would lock up. An initial motor (Nema 17) was used and found to reach up to  

40 N of linear force. The Nema 23 motor was then used to replace the Nema 17 to 

increase the capacity of the motor. Through testing, it was found that the Nema 23 
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provided a working limit of 80 N. Increasing above this point started causing the motor to 

lock up and non-continuous rotation of the threaded rod. The maximum total linear force 

found was 100 N as this was near the maximum value ever recorded during a test while 

the motor was locking up. 

 

 

Figure 3.15. Schematic of Extruder 

 

The load cell used is attached to the bottom of the moving plates and is rated up to 

50 kg (490 N). The load cell pushes against the syringe and reads the load throughout the 

test. The load cell is connected to a separate Arduino which allows the data to be 

recorded on the Serial Monitor on the computer. The load cell was calibrated with a five 
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pound load and verified with a one pound load up to the hundredths of a pound. The load 

cell is currently programmed to take a reading every three tenths of a second. The 

dimensions and specifications of the load cell are shown in Appendix A and the code for 

calibrating and running the load cell are in Appendix B. Figure 3.16 shows a schematic of 

how the load cell, motor, extruder, and computer are all connected. 

 

 

Figure 3.16. Electronic Schematic of the Extrusion System 

 

3.5.2. Testing Parameters and Materials.  The extrusion test was done at a rate 

of 1.39 mm/s. This was selected as it was towards the slower end of what the motor could 

control. The slower speed was needed for a reasonable extrusion force since a higher 

speed would create issues with the maximum torque on the motor due to limited amount 

of volume being extruded out of the small nozzle opening. The slower speed also 

simulates a speed that would be close to what is used once the extruder is attached to a 
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3D printer. This constant rate was applied over a distance of 116 mm. This distance 

allowed for almost 150 mL to be extruded and stopped just before the plunger would hit 

the end of the barrel of the syringe. 

The materials used were similar to the blockage test. Type I Portland cement was 

used and sieved with the No. 100 sieve. The sand used was the No.16 sieved Missouri 

Natural River Sand. The manufactured fibers were attempted to be printed as shown in 

Figure 3.1 and whose properties are shown in Table 3.1. The same Superplasticizer (SP) 

was used as the blockage test as well. The mixture proportions are shown below in Table 

3.4. All the constituents add up to 2200 kg/m3. The sand was kept at a constant ratio 

compared to all the constituents to keep a ratio that had shown to work from the blockage 

tests. 

 

Table 3.4. Mixture Proportions for Extrusion and Rheology Tests 

Mixture w/b 

ratio 

Portland 

Cement 

(kg/m3) 

Aggregate 

(kg/m3) 

Steel 

Fiber 

(vol %) 

SP    

(% of 

binder) 

M-0.3 0.35 900 985 0 0.3 

M-0.05 0.35 900 985 0 0.05 

MF-0.3 0.35 900 985 0.25 0.3 

MF-0.05 0.35 900 985 0.25 0.05 

 

The syringe shown Figure 3.8 was modified to have 6.32 mm and a 9.13 mm 

opening as well. All three of these syringe sizes was tested for each mixture to investigate 

the effect on nozzle diameter and the d/D ratio on extrusion. The three different nozzle 

types are shown below in Figure 3.17. 
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Figure 3.17. Syringes with Modified Diameters 

 

 One other set of tests was done on the M-0.3 mixture. After all the tests were 

performed, the mortar was remixed and tested again at the 1.39 mm/s speed for the 9.13 

mm syringe. The speed was then increased to 1.51 and 1.64 mm/s and tested with the 

9.13 mm syringe. The large syringe was the only tested since the initial test at 1.39 mm/s 

was near the top of the motors working capacity. After the tests the mini slump was taken 

again to evaluate any structural buildup from the long time taken to do all of the tests. 

3.5.3. Testing Procedure.  First the empty syringes were each tested in the 

extruder. The syringes were first oiled up to decrease any frictional buildup from 

previous use. They were then placed in the extruder and tested to get the extrusion force 

necessary for an empty extruder.  

After the empty syringes were tested, the mortar was then mixed in a Hobart 

mixer. The mixing procedure followed ASTM C305 [81]. Binder was added to the water 

and superplasticizer at a mixing speed for 30 seconds. After that the sand was added and 
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mixed at a mixing speed for 30 seconds. The speed was then increased to a medium 

speed for 30 seconds. The mixer was then at rest for 90 seconds and during the first 15 

seconds the mortar was scraped from the sides of the mixer. After the rest period, the 

mortar was mixed at a medium speed for 60 seconds. For mixes with the fibers, the fibers 

were added after the sand at a stirring speed for 30 seconds. A picture of the Hobart 

mixer used is shown in Figure 3.18.  

 

 

Figure 3.18. Hobart Mixer 

 

Immediately after mixing, rheological properties of the mortar was measured with 

a rheometer and mini-slump test on the flow table. This is described in detail in Section 
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3.3. For the low workability mixtures, the diameter of the top of the cone was measured 

compared to the 70 mm initial opening. The high workability mixtures were taken as 

described in Section 3.3. After the rheological measurements were taken, the mortar was 

remixed again for 30 seconds at a medium speed to break up any thixotropic build-up. 

The mortar was then taken to the extruder for testing. 

Three syringes were tested to measure the extrudability: normal syringes with the 

3.71 mm opening, one modified syringe with the 6.32 mm opening, and one modified 

syringe with a 9.13 mm opening. Each of these tests were done twice on each nozzle size 

to get an average. The syringes were either cleaned out or another syringe with the same 

dimensions was used for the second trial in order that the first test did not have any effect 

on the first test. The mortar was placed into the syringes and rodded in three layers to 

take out any air pockets in the syringe for the low workability mixtures. The high 

workability mixtures were able to fill the syringes without being rodded. The syringes 

were filled up to the 150 mL mark and placed in the extruder such that the load cell was 

centered on the syringe plunger. Once the syringe was set, the serial monitor on the 

Arduino program was opened to start reading data. The reset button was then hit on the 

Arduino controlling the motor which starts the motor. The motor then runs at the testing 

parameters as described in the previous section while the load cell is recording data. After 

the test ends, the data is copied and saved to a text file. This process is repeated for all 

three syringes tested. Figure 3.19 shows a picture of the test in progress. 
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Figure 3.19. Extrusion Test in Progress 

3.6. FLEXURAL TESTING OF PRINTED AND CAST SPECIMENS 

A few samples were made and tested to study the effect of ram extruder printing 

on the fiber orientation and mechanical properties of concrete. The following sections 

describe the manual printing process used to create the printed beams and their 

comparison with cast beams. The testing of mechanical properties including compressive 

strength, flexural strength, and post-crack properties will also be described. This 

investigation will allow for an initial investigation on the use of fibers in printing and the 

effect of printing on fiber orientation. 

3.6.1. Specimen Casting and Printing.  To compare the effects of printing on 

flexural properties and fiber orientation of the hardened concrete, three mixtures were 

used to compare casting and printing. One reference mixture without fibers and mixtures 
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with 0.25% and 0.50% fibers by volume were investigated. The mixture proportions were 

selected based on the results of the lower workability mixture of the blockage test. This 

was chosen to stay consistent for comparing the results even though extruder used had a 

larger opening than the syringe used in the blockage tests. The SP dosage was also held 

constant to reach the same workability as the blockage test. The fibers used were the 

same as the manufactured fibers used in Figure 3.1. Table 3.5 below shows the mixture 

proportions used in the investigation. 

 

Table 3.5. Manual and Cast Beam Mixture Proportions 

Mixture w/b 

ratio 

Cement 

(kg/m3) 

Aggregate 

(kg/m3) 

Steel 

Fiber 

(vol %) 

REF 0.35 900 985 0 

F-0.25 0.35 900 985 0.25 

F-0.50 0.35 900 985 0.50 

 

 

 The mixing procedure was the same as described in Section 3.5.3. Once mixed the 

mini slump was taken for each mixture. For compressive strength, three specimens were 

cast normally in 50 x 50 mm cube molds. The cast beam size was modified from the 

normal 75 x 75 mm cross section to be 75 x 50 mm. This beam size was modified to 

allow for the printed beams to be easier to match the cast beams since buildability was 

not studied in detail throughout this study. Two cast beams were made for each mixture.  
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 Two manually printed beams were also made for each mixture. The beams were 

printed using a manual extruder made from 2” PVC with a coupler to attach to a 0.5” 

PVC bushing. A pushing rod, or plunger, was made to fit the inside diameter of the pipe 

closely to allow for the mortar to be pushed out. The print was three layers wide by three 

layers tall. This was chosen on the first print as the first REF specimen was close to the 

75 x 50 mm target dimensions. All of the layers were printed longitudinally to allow for 

the fiber orientation between printing and casting beams to be investigated. 

 The following procedure was used to print the beams. After the mortar was 

mixed, the mortar was placed in the into the extruder. This was done in three separate 

layers. In between each layer of placing into the extruder, the mortar was rodded five to 

ten times to make sure there were not any air pockets or gaps inside the extruder. The 

bottom layer is then extruded by manually pushing the mortar with the pushing rod. The 

layer was printed a little longer than 300 mm measured with a meter stick. This allowed 

for the beams to be cut to the length of 300 mm once all of the layers were printed. The 

second layer was then extruded directly above the first layer. This process was repeated 

for the third layer. The printing process is shown below in Figure 3.20. 

After the beams were printed, to get a more uniform length the ends were both cut 

using a concrete scraper. This also allowed for the ends to have a more uniform section. 

This process is shown below in Figure 3.21. 

The cast beams were demolded after 24 hours. The manually printed beams were 

easily able to move to the curing tank due no use of formwork. All of the specimens were 

moved to a limewater tank to cure for 28 days. 
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Figure 3.20. Beam Manual Printing Process 

 

 

 

Figure 3.21. Cutting Ends of Printed Beams 
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3.6.2. Hardened Property Tests.  The tests performed on the hardened 

specimens included a cube compression test, three point bending test, and image analysis 

and fiber characterization of the failed beam specimens. The first test done was the 

compression test on the 50 x 50 mm mortar cubes. This compression test was done 

according to ASTM C109 using a load rate of 200 lb/s load rate [82]. All three cubes 

were tested at 28 days and the compressive strength was taken as the average of the three 

specimens. A figure of the test setup is shown below in Figure 3.22. 

 

 

Figure 3.22. Cube Compression Test Setup 
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The beams were tested using a three-point bending test. The span length tested 

was 200 mm. A constant displacement of 1 mm/min was applied while the load and 

displacement were measured with a data acquisition system on the Instron 4469 machine. 

The beams with fibers were tested a minimum of ten minutes due to the fibers preventing 

failure of the specimen. The reference beams were tested until total failure which 

occurred well before the ten-minute (10 mm) mark. The cast beams were tested with the 

75 mm side as the width and 50 mm side as the height. The cast beam test setup is shown 

below in Figure 3.23. 

 

 

Figure 3.23. Cast Beam Three-Point Bending Setup 

 

The manually printed beams were first measured across the length to better define 

the geometry of the beam. Approximately 11-13 measurements were taken from end to 

end approximately 25 mm apart from each other. A measurement was taken of the height, 



 

 

87 

the width of the base, and the top width using a dial calipers. The two widths were taken 

due to some specimens having shown signs of slight settlement of the bottom layer and 

the variability in placing the layers with the manual printing process. A top, side, and 

isometric view picture was taken as a reference before testing as well.  

Once the specimen has been measured it was placed on the supports for the 

bending test. The specimen was adjusted slightly in the supports until the most even 

surface along the center of the specimen was found in order to decrease chances for stress 

concentrations due to the uneven top surface geometry. Once set, the printed beams were 

then tested with the same testing method as the cast beams. Figure 3.24 shows the test 

setup for the printed beams. 

 

 

Figure 3.24. Manual Printed Beam Three-Point Bending Setup 

 

Due to the printed specimens not having a clear geometric shape, the moment of 

inertia, centroid, area, and other geometric properties could not be easily calculated by 

hand. An image analysis was done on the cross section where the specimen broke in 
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order to calculate the geometric properties to accurately calculate the stresses through the 

section. A picture of the broken cross section was first taken next to a ruler. It is 

important when taking the image that the photo be taken on a plane parallel to the cross 

section. It was also important that the ruler be level with the top surface of the cut section 

so that the image could properly be scaled. AutoCAD was then used to analyze the cross-

section properties which is shown in Figure 3.25 and 3.26. 

 

 

Figure 3.25. Printed Beam Cross-Section Analysis Outline of Picture 

 



 

 

89 

 

Figure 3.26. AutoCAD Outline of Printed Beam Cross Section 

 

The last test done on the broken cross-sections from the flexural test was finding 

the orientation factor, α. The procedure followed that done by [17]. For the broke cross 

sections for both printed and cast specimens, the number of fibers sticking out of the face 

was counted. Counting the fibers gives a look into whether they orient in the longitudinal 

direction of the beam and would allow for the study of whether printing can help improve 

fiber orientation. The fiber orientation factor ranges from 0 to 1 with 0 being no fibers 

oriented perpendicular to the broke cross section and 1 being that all the fibers would be 

oriented perpendicular to the cross section. Improving the fiber orientation would help 

improve flexural and tensile performance of the beams since more fibers would be 

aligned in the direction of tension to contribute to load sharing. The fiber orientation 

factor is described by equation 4: 

 



 

 

90 

𝛼 =
𝑁𝑓

𝑁𝑡ℎ
= 𝑁𝑓

𝐴𝑓

𝑉𝑓𝐴𝑐
     (4) 

Nf is the number of fibers counted in the cross section and Nth is the theoretical 

maximum number of fibers that would be in the cross section if all of the fibers were 

oriented perpendicular and evenly distributed throughout the specimen. Af is the area of 

the fibers which is divided by Ac, the area of the cross-section, and Vf, the fiber volume 

fraction. This means that the area of the fibers in the section is divided by the theoretical 

area of the fibers in the section if that volume fraction would appear. When calculating 

the fiber orientation factor, multiple different people counted the number of fibers and 

then this value was averaged due to the large amount of fibers in the cross-section and the 

small size of the fibers making it difficult to count. 
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4. RESULTS 

 

In this chapter, the experimental results are presented and discussed in detail. In 

Section 4.1 the study on FRC and the use of recycled fibers from tires is described. 

Following that in Section 4.2, blockage test results are described. The results from the 

rheometer and the extrusion test are then discussed in Section 4.3 and 4.4 respectively. 

Finally, in Section 4.5 the mechanical properties of the printed beams are presented and 

effects of the printing process are analyzed. 

4.1. FIBERS AS A REINFORCING SYSTEM IN CAST CONCRETE 

The study of the effect of fibers as a reinforcing system in cast concrete shows the 

effects and benefits of using fibers in concrete. Mechanical properties of FRC that are 

made with two types of fibers are compared to study the feasibility of applying recycled 

fibers as an environmentally friendly option to replace manufactured fibers. First the 

effect of workability, specifically superplasticizer demand is presented. Then the effects 

on compressive strength, flexural strength, and post-crack performance of the concrete 

samples are discussed. 

4.1.1. Fiber Effect on Workability.  The slump of the concrete mixtures was 

kept consistent by varying superplasticizer dosage to allow proper compaction of 

concrete samples and ensure uniform distribution of fibers in the consolidated mixture. 

The superplasticizer demand to obtain the required workability is an indicator of the 

effect of fibers on workability of concrete mixtures. Figure 4.1 shows a comparison to see 
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the effect of the type and amount of fibers on the superplasticizer demand of concrete 

mixtures.  

 

 

Figure 4.1. Superplasticizer Demand versus Fiber Volume 

 

The comparison between the fiber amount shows that with an increase in fiber 

amount the amount of superplasticizer (SP) needed increases linearly. All FRC mixtures 

required more SP dosage to achieve the same workability of the reference mixture 

(mixture without fibers).  This increase could be due to increased internal friction and an 

increase in the particle interaction in the mix. These would cause the mixture to be less 

workable and require the higher amount of SP. The manufactured fibers showed a higher 

demand of SP needed than the recycled fibers. One reason that the manufactured fibers 

might have required more SP than the recycled fibers is due to the higher stiffness of 

those fibers. The recycled fibers vary in length and thickness and some of the fibers are 

less stiff that could cause less internal friction and more flexibility in the mixture 

Φ = 17.5  2.5 cm 
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compared to the manufactured fibers. With the steel fibers being straight and consistent in 

geometry and the recycled fibers having a more variable geometry, this could affect the 

workability of the concrete as geometry has an effect on workability [43]. Another reason 

for the recycled fibers requiring less superplasticizer could be that there is a greater 

number of manufactured fibers per a given volume of concrete. The higher number of 

fibers per concrete volume would cause greater inter-particle friction as there would be 

more contact specific surface area from the fibers causing the friction. One other aspect 

of workability that was noticed during mixing was fiber clumping. This could cause 

issues in fiber distribution due to clumping and entanglement, which makes the mixture 

difficult to flow. This issue was dealt by allowing the fibers to break apart in the coarse 

aggregate when mixing and also checking the samples for clumps when consolidating the 

concrete. The mild fiber clumping was observed mixtures with higher amount of fibers 

(0.75% volume) for both the manufactured and recycled fibers. 

4.1.2. Compressive Behavior.  The results of the compression tests are 

summarized in Table 4.1. The pre-peak energy is found from the area under the load-

deflection curve up to the maximum (or peak) load. The total-energy is found similarly 

from the area under the entire curve until failure. The results of the modulus of elasticity 

test, pre-peak energy, total energy, and compressive strength is shown in Table 4.1. 

Findings from this table show that the fibers do not provide much of an 

improvement in compressive strength. One reason why the fibers have not increased the 

compressive strength is that the fibers are mainly effective for bridging cracks in the 

concrete. The results are consistent with previously reported findings in literature [33], 

[37], [40], [42], [43]. 
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Table 4.1. FRC Compressive Properties 

  Compressive 

Strength  

Pre-Peak Energy  Total-Energy Elastic Modulus 

 
Average 

(MPa) 

Change 

from 

REF 

Average 

(kN.mm) 

Change 

from 

REF 

Average 

(kN.mm) 

Change 

from 

REF 

Average 

(Mpa) 

Change 

from 

REF 

REF  56.7  - 282 - 542  - 45700  - 

RF-0.25  51.8  -8.6% 246 -13% 437  -19% 45900  0.44% 

RF-0.50  41.6  -27% 233 -17% 452  -17% 42900  -6.1% 

RF-0.75  56.3  -0.71% 320  13% 551  1.7% 46400  1.5% 

F-0.25  64.7  14% 312 10% 551  1.7% 46400  1.5% 

F-0.50  50.9  -10% 285 0.80% 507 -6.5% 51000  12% 

F-0.75  58.3  2.8% 367 30% 643 19% 44100  -3.5% 

HF  49.7  -12% 268  -5.2% 464 -14% 43600  -4.6% 

*RF: Recycled Fibers 

  F: Manufactured Fibers 

  HF: Recycled/Manufactured Hybrid 

 

 

The stress-strain properties of the concrete specimens are shown in Figure 4.2. 

This shows that the fibers did not affect the overall shape of the graph and did not 

provide significant benefit in regard to compressive strength. 

Figure 4.3 shows the graphical results of the modulus of elasticity test. Just the 

0.25% fiber mixtures and reference mixture is shown to give an easier comparison. The 

same trend was observed in all other mixtures 
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Figure 4.2. Compression Stress vs Strain Graph for Casted FRC Specimens 

 

 

 

Figure 4.3. Modulus of Elasticity Results- REF vs 0.25% Fibers 

 

The fibers show to not have much of an effect on the elastic modulus as most of 

the concrete mixtures were either slightly higher or lower than the reference. This is 

because the fibers constitute a small portion of the concrete ingredients and are used for 
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bridging the cracks which has a minimal effect on the elastic part of the stress-strain 

curve. As the fiber content increases, the modulus still remains constant as well. All of 

these results show that the main constituents of the concrete matrix are still the 

controlling factor on the elastic modulus. 

Even though the fibers did not have much of a positive effect on the compressive 

strength, the expected behavior of the fibers was to improve the toughness of the 

concrete. Since the modulus of elasticity is the same in different mixtures, the pre-peak 

energy results was effected by the compressive strength results. If there was a lower 

compressive strength, this would noticeably affect the area under the curve before the 

peak. All of the steel fiber results had higher pre-peak energy than the reference and the 

recycled fiber mixtures with the same amount of fiber content. The recycled fibers did 

not show much of an improvement on compressive toughness for pre-peak and total 

toughness with the RF-0.75 mixture being the only one with a slightly higher toughness. 

4.1.3. Flexural Behavior.  A summary of all the flexural properties found from 

the three point bending test is shown in Table 4.2. The pre-peak energy in Table 4.2 is 

calculated as stated in Section 4.1.2. The first-crack strength (or flexural strength) is 

calculated according to ASTM Standards [45], [83] according equation (5): 

𝑅 =
𝑃𝐿

𝑏(ℎ𝑏−𝑎)
2
                  (5) 

where R is the first-crack strength (MPa), P is the peak load (N), L is the length of the 

span (mm), b is the width of the beam (mm), hb is the height of the beam (mm), and a is 

the height of the notch in the beam (mm). The toughness indices and residual strength of 

the beam was also found according to ASTM C1018-197 [45]. The I5, I10, and I20 are 

toughness indices that can be used to compare toughness between different beams in the 
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experiment. I5 is the area under the curve of the load deflection graph at 3 times the peak 

deflection or limit of proportionality (LOP) divided by the area under the curve before the 

first crack. I10 and I20 are the same calculation but at 5.5 and 10.5 times the LOP 

deflection respectively. The different toughness indices also are a representation of how 

ductile the beam behaves after the first crack rather than the regular brittle failure. The 

residual strength R5,10 and R10,20 are found by taking 20(I10 − I5) and 10 (I20 − I10). 

 

Table 4.2. Flexural Properties of Casted FRC 

 First-

crack 

strength 

(MPa) 

Pre-

Peak 

Energy 

(N*m) 

I5 I10 I20 R5,10 R10,20 

Total-

Energy 

(N*m) 

REF 3.70 0.46 1 1 1 0 0 0.57 
RF-0.25 3.82 0.37 2.76 4.27 6.66 30.1 23.9 - 
RF-0.50 3.66 0.60 3.98 7.58 12.4 72.0 48.0 - 
RF-0.75 4.85 0.64 5.06 9.47 16.67 88.2 72.0 - 
F-0.25 4.25 0.43 3.33 5.35 7.78 40.4 24.2 - 
F-0.50 3.50 0.58 4.26 7.14 10.8 57.5 36.7 - 
F-0.75 4.48 0.76 4.65 7.67 11.3 60.5 35.7 - 

HF 4.27 0.65 4.09 6.75 9.90 53.3 31.5 - 

 

Comparing the REF first-crack strength to other mixtures, all the mixtures show 

an increase in strength except RF-0.50 and F-0.50. The increase in first-crack strength 

varied from 3% to 31% with the higher fiber content providing higher strengths. The 

manufactured steel fibers had slightly higher first crack strength values compared to the 

recycled fiber mixtures. The hybrid fibers showed high first-crack strength in 

outperforming the reference and both 0.5% fiber mixtures. Generally the addition of 

fibers seem slightly increase the first-crack strength. 
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The increased toughness and residual strength is one of the main reasons for 

adding fibers to concrete mixes. The results show all of the toughness indices increase 

with an increasing amount of fiber content. When comparing steel and recycled fibers, 

the recycled fibers showed greater R5,10 values for all except the 0.25% fiber mixture. The 

recycled fibers seemed to have greater later residual strength, R10,20, than the 

manufactured fibers as well. This could be due to recycled fibers needing greater crack 

openings to be pulled out [44].  The improved first-crack strength, toughness, and 

residual strength of the hybrid mixture could be due to the steel and recycled fibers each 

being better at bridging different kinds of cracks such as micro and macro-cracks in the 

concrete. 

Figures 4.4-4.6 shows the fibers ability to sustain a load after the initial crack. 

This is vital in increasing the safety and sustained load of a beam, specifically against 

cyclic loads. The graphs also show that the recycled fibers and manufactured fibers have 

a similar behavior. This similar behavior is promising for the potential replacement of the 

manufactured fibers as this increased toughness, sustained load, and crack control is the 

main reason for adding the fibers to the concrete. 

The CMOD versus load graphs in Figures 4.7-4.9 show that the crack mouth 

opening between the recycled and manufactured fibers were very similar. This shows that 

recycled fibers are as effective as manufactured fibers in controlling crack opening and 

mitigating crack propagation.  
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Figure 4.4. Flexural Load vs Deflection for REF vs 0.25% Fiber Mixtures 

 

 

 

Figure 4.5. Flexural Load vs Deflection for REF vs 0.50% Fiber Mixtures 
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Figure 4.6. Flexural Load vs Deflection for REF vs 0.75% Fiber Mixtures 

 

 

 

Figure 4.7. Flexural Load vs CMOD for REF vs 0.25% Fibers 
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Figure 4.8. Flexural Load vs CMOD for REF vs 0.50% Fibers 

 

 

 

Figure 4.9. Flexural Load vs CMOD for REF vs 0.75% Fibers 
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Figure 4.10 shows the relationship between deflection and crack mouth opening 

displacement. The relationship shows that the recycled fibers are more efficient at 

reducing the crack opening for a given amount of deflection. This could be due to the 

difference in fiber geometry between the two types of mixtures. Since the recycled fibers 

are longer, this could help decrease the crack mouth opening due to there being a greater 

bond strength that is needed to completely pull out the fibers in bending.  

 

 

 

Figure 4.10 CMOD vs Deflection 

 

Table 4.3 shows how the fracture energy varies for each of the mixtures. Fracture 

energy is calculated using equation (6) according to RILEM [84]: 

 

𝐺𝑓 =
𝑊0+𝑚𝑔𝛿𝑓

𝐴𝑙𝑖𝑔
     (6) 
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where Gf is the fracture energy (N/mm), W0 is the area of the load-deflection curve, mg is 

the weight of the beam,  𝛿𝑓 is the maximum displacement at the 3.5 mm CMOD value, 

and Alig is the area of the effective depth of the beam- Alig = b(h-a). 

 

Table 4.3. Fracture Energy 

Mix Fracture Energy (N/mm) 

REF 0.187 

RF-0.25 1.006 

RF-0.50 1.603 

RF-0.75 3.027 

F-0.25 0.913 

F-0.50 1.902 

F-0.75 2.414 

HF 1.703 

 

 Fracture energy allows the cracking resistance and toughness to be compared 

between the mixtures [85]. Table 4.3 shows that the fibers greatly increase the fracture 

energy and cracking resistance. The recycled fibers helped improve the fracture energy 

more than the manufactured most likely due to the shape of the fibers. Since the geometry 

of the recycled fibers is inconsistent and more hooked like, the fibers had a better bond 

and pullout resistance thus helping improve the fracture energy. 

4.2. BLOCKAGE TESTING 

The following sections discuss the results from the blockage test, the different 

items that can be analyzed, qualitative and quantitative findings, and an evaluation of the 

test method. The gradation and analysis of the fine aggregate used is first described 

followed by results of the test. 
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4.2.1. Effect of Max Particle Size, Workability, and Binder Content.  The 

blockage test results were then analyzed after characterizing the sand size and gradation. 

The blockage point was found for each sand size for both the high and low workability 

mixtures as described in Section 3.3. This data is shown below in Table 4.4. 

 

Table 4.4. Binder Quantity Causing Blockage 

 High 
Workability 

Low Workability 

Sieve Size 
(mm) 

Binder Blocking 
Point (kg/m3) 

Binder Blocking 
Point (kg/m3) 

2.36 1100 1150 

1.18 850 800 

0.6 800 700 

 

 The blocking point could then be plotted against the maximum particle size as a 

percentage of the nozzle opening. This allows for the blockage to be normalized for 

applications of different nozzle sizes. This is shown in Figure 4.11. 

This figure shows how as the particle size increases the required binder content 

also increases as expected. From this data, a sand size and binder quantity could be 

chosen for further experiments. The 900 kg/m3 binder content for the No. 16 sieved sand 

was selected for further extrusion tests. This is the minimum binder required in the 

mixture to provide enough spacing between aggregates and lubricate them in order to 

pass through the smallest nozzle used. The No. 16 sand was selected because the No. 8 

sand would have a much higher binder content than the others. This high binder content 

could cause more issues with high heat of hydration and shrinkage problems, but the 

concrete equivalent to the mortar would have a lower binder content and cause less 
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issues. The No. 30 sieved sand was not selected due to the high water demand at this 

level. 

 

 

Figure 4.11. Blocking Binder Content vs Maximum Particle Size % of Nozzle Diameter 

 

 Using a higher quantity of superplasticizer could be used to bring it to a similar 

level, but this also comes with the risk of higher amounts of bleeding and segregation of 

the particles. The selected binder content and sand sized proved to be successful for later 

experiments as no issues with blockage occurred. 

 From visual observation and conceptual study of the blocking phenomena, two 

main blocking mechanisms were interpreted. The first blocking mechanism would be a 

Homogenous Blocking Mechanism. This mechanism would occur for smaller maximum 

particle sizes compared to the nozzle diameter. In this mechanism, the accumulation of 

multiple particles coming together at the nozzle would interlock until the entire mixture 
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could not pass through the nozzle. The second mechanism would be the Large Particle 

Mechanism. In this mechanism, large particle sizes close to the nozzle diameter could 

cause blocking and a large reduced area for the rest of the mortar to extrude from leading 

to total blockage of the mixture. This causes the blockage risk to increase greatly as the 

random chance that a few of the larger particles coming together would be high 

throughout the process. This is shown in Figure 4.11 by the large (nonlinear) increase 

once the particle size is around 64% of the nozzle opening. Also if sand particles are non-

spherical or elongated they might be passing through the sieve size on a shorter side. This 

could create larger length particles that reaches closer to the nozzle diameter that must 

pass through while extruding. The two different blocking mechanisms are schematically 

shown below in Figure 4.12. 

 

 

Figure 4.12. Different Blocking Mechanisms 
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4.2.2. Fiber Blockage. The fibers were then tested to find the blocking point with 

the 9.13 mm nozzle. This was tested with the low and high workability mixtures. These 

two mixtures resulted in a mini slump of 245 mm and 104 mm. The mixtures tested at a 

fiber volume of 0.25%. For both of these mixtures, the fibers blocked on every trial. The 

blockage is shown below in Figure 4.13. 

 

 

Figure 4.13. Fiber Blockage 

 

The fibers show that they are oriented in multiple directions. With the fibers being 

longer than the opening of the syringe, if the fibers are being extruded parallel or partially 

parallel to the nozzle then they might not pass through the it. The fibers also show that 

even at the low quantity of fibers multiple fibers were being extruded at once. A lower 

fiber content was not further investigate because below 0.25% would have very little 

benefit on the mechanical properties of the concrete. Thus, for the current system and for 
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the current fibers used, fibers cannot be extruded with the extruder and the nozzle 

configurations. For future optimization of this system, a larger syringe or custom made 

“syringe” could be developed to allow for extrusion of fibers. A reducer could also be 

incorporated so there is not such a harsh change in size from the tube diameter to the 

nozzle diameter. This might also help align the fibers as they are being extruded which 

has benefits for not only reduced blockage and increased fiber content, but also improved 

mechanical properties if the fiber alignment can be well controlled. This would give 

engineers a lot more freedom of design and creativity to allow for fiber alignment in 

directions that experience high bending and tensile stresses. 

4.2.3. Evaluation of the Test Method and Future Studies. When looking at the 

particle distribution from Figure 3.3 the poor gradation of the lower sized particles would 

theoretically lead to a lower packing density. The concept of packing density in blocking 

leads to a future area of research to understand the effect of packing density and how 

optimizing the packing density would benefit the extrusion and blockage for printing 

concrete. Theoretically if the particles have better packing they would be able to have a 

less chance of blocking due to the increased packing and decreased void space in the 

mixture. If the lower two sieved sands had a better particle distribution then this might 

lower the amount of binder content needed to extrude. This would have environmental 

benefits in reducing the cement content, benefits on shrinkage and heat of hydration, and 

benefits in increasing the buildability of the printed concrete as it has been shown that 

increasing the sand content increases buildability. A conceptual graph of the benefit of 
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improving packing density is shown below in Figure 4.14 (Note: the graph is conceptual 

and the values are just to show the behavior, not actual magnitudes). 

 

 

Figure 4.14. Conceptual Effect of improving Packing Density and Grading on Blockage 

 

This concept could be applied to both the packing of sand particles, but also to the 

packing and particle size of the binder. Various SCM’s and fillers such as fly ash, silica 

fume, and limestone fillers could be optimized for not only improvement of mechanical 

and durability properties, but also to reduce extrusion force and blockage. 

 Overall the blockage test proves to be useful for helping characterize and 

understand extrusion. The test lead to a successful selection of sand size, sand quantity, 

and binder quantity. The test method proves to be straightforward with no major issues in 

following the procedure described in Section 3.3. The blocking point can be evaluated 
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and can help to understand issues that might arise in mix designs before full scale testing 

when printing.  

4.3. RHEOLOGICAL RESULTS 

The following sections will discuss the calculation of rheological parameters and 

the results of the mixtures used for the extrusion tests. For Section 4.3.1 just the M-0.30 

mixture is shown to describe the calculation process to transform the data to shear stress 

and plastic viscosity. Section 4.3.2 will show all of the results for the mixtures. 

4.3.1. Transformation to Yield Stress and Plastic Viscosity.  From the 

procedure described in Section 3.3 a data set of torque (N.m) and rotational velocities 

(rps) are found. These are first analyzed to evaluate if they are fully in equilibrium or if 

they are still undergoing a thixotropic breakdown. The points were plotted to see if each 

rotational velocity step levels off and then the average of the portion of the data that 

leveled off (or in equilibrium) was used to calculate the torque values for each rotational 

velocity. An example of the torque versus the number of measurements taken for each 

rotational velocity is shown below in Figure 4.15. 

 

 

Figure 4.15. Torque versus Step to Check for Equilibrium 
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After the torque values in equilibrium were found, the torque (T) versus rotational 

velocity (N) was plotted. From this plot the intercept and slope values could be found. 

These values correspond to the variables G and H respectively. An example of this graph 

is shown below in Figure 4.16. After evaluating the data in Figure 4.16, it is clear that the 

closest fitting model is the Bingham Model due to the high linearity with an R2 value of 

0.997. 

 

 

Figure 4.16. Torque versus Rotational Velocity for Rheology 

 

The Reiner-Riwlin transformation equations were then used to convert the torque 

and rotational velocity. This transformation was chosen since it is one of the more 

accurate transformations for coaxial rheometers such as the Contec 6 [51]. This 

transformation uses the geometry of the rheometer and the G and H values to transform 

the data to a shear stress and shear rate equation rather than some transformations that do 

a point by point transformation. The equation for yield stress, τo, and plastic viscosity, μp, 

for the Reiner-Riwlin equation is shown below in Equation (7) and (8) respectively. 
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These equations would then be used to fit the terms in the Bingham model as described in 

Equation (1). 

𝜏𝑜 =
(
1

𝑅𝑖
2−

1

𝑅𝑜
2)

4𝜋ℎ ln(
𝑅𝑜
𝑅𝑖
)
𝐺      (7) 

 

𝜇𝑝 =
(
1

𝑅𝑖
2−

1

𝑅𝑜
2)

8𝜋2ℎ
𝐻                        (8) 

In equation (7) and (8), Ri is the inner radius of the rheometer, Ro is the outer radius, h is 

the measured height of the mortar on the coaxial head of the rheometer, and G and H are 

the terms previously described from the torque versus rotational velocity graphs. 

After calculating the initial rheological parameters, the data was checked to see if 

any of the points were in plug flow. This was done by if the plug radius Rp was less than 

the outer radius Ro. The lesser of these values would be used in calculations as Rs. The 

equation for calculating Rp is shown below in equation (9).  

𝑅𝑝 = √
𝑇

2𝜋𝜏𝑜ℎ
                (9) 

In  equation (9), T is the torque for the point that is being checked for plug flow, 

τo is the yield stress calculated from the Reiner-Riwlin solution, and h is the height 

measured from the sample on the rheometer. If any of the points are in plug flow (Rp < 

Ro) then the an iterative process is used to adjust for the points in plug. By using the 

initial yield stress and plastic viscosity parameters, the shear rate can be adjusted 

according to equation (10). 

𝛾̇(𝑅𝑖) =
2

𝑅𝑖
2 (

1

𝑅𝑖
2 −

1

𝑅𝑠
2)

−1

[𝜔 +
𝜏𝑜

𝜇
ln (

𝑅𝑠

𝑅𝑖
)] −

𝜏𝑜

𝜇
         (10) 
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Using the new shear rate calculated, the yield stress and plastic viscosity can then 

be calculated again as the intercept and slope of the data set. The difference between the 

initial and final rheological parameters are compared to find a difference. A solver 

function is then used to perform the iterations to minimize difference between the initial 

and final rheological parameters. This causes the correction for plug flow to converge to 

one set of yield stress and plastic viscosities. If the difference at the minimum point is 

sufficiently small, then plug flow is considered to be corrected for. 

4.3.2. Results for Mixtures.  Figure 4.17 shows the shear stress versus shear rate 

graph for both of the mixes without fibers (M-0.05-Low Workability and M-0.30-High 

Workability). From the graph, it is clear that the low workability mixture has a much 

higher yield stress, but a similar plastic viscosity as the high workability mixture. This 

makes sense as the difference between the two mixtures was just the difference in 

superplasticizer dosage which is known to drop the yield stress with an increase in 

dosage. 

 

 

Figure 4.17. Shear Stress versus Shear Rate for M-0.05 and M-0.3 
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Figure 4.18 shows the shear stress versus shear rate for the two mixtures with 

fibers. It is known that measuring of rheology with fibers can be complicated due to the 

fibers aligning with the flow in the coaxial rheometer which makes for less accurate 

readings. It was still chosen to take the measurement for general comparison, however. 

The measurements for the rheology were also still taken even though these low fiber 

dosages blocked the syringe due to the rheological measurements taking place before the 

fiber blockage test occurred. When comparing the measurements, the plastic viscosity of 

the low workability fiber mixture was similar to those without fibers. The yield stress 

however still increased even with the probable fiber alignment. For the low workability 

fiber mixture, the yield stress and plastic viscosity was significantly lower. There could 

potentially be an experimental error in the mixing as the mini-slump was even 

significantly larger spread. The mixture was not remade and tested again due to the 

finding that it was not able to extrude due to the fibers blocking.  

 

 

Figure 4.18. Shear Stress versus Shear Rate for MF-0.05 and MF-0.3 
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The results of the yield stress, plastic viscosity, and mini slump are shown below 

in Table 4.5. It should be noted that the low value of the mini slumps a flow table 

measurement was not used for comparison with the high workability mixtures. Since the 

low workability mixtures did not have a slump flow, the width of the top of the mini 

slump was measured. This was done so that a direct comparison could be made between 

the high workability mixtures that would flow on their own without the use of a flow 

table. All of the mini slump results correlated to the results of the rheometer in terms of 

yield stress. 

 

Table 4.5. Summary of Rheological Parameters 

  Yield Stress 
(Pa) 

Plastic Viscosity 
(Pa.s) 

Mini Slump 
(mm) 

Low Workability 189.3 8.28 106 

High Workability 88.0 8.94 172 

Low Workability- 
with Fibers 

212.5 8.89 104 

High Workability- 
with Fibers 

-3.28 4.24 245 

 

4.4. EXTRUSION TESTING 

This section includes the discussion of how the extrusion test was analyzed and 

the results from the ram extrusion test for printing. The nozzle to internal diameter ratio 

(d/D), extrusion rate, and effect of rheology are analyzed. Other quantitative and 

qualitative findings are also discussed to help describe the different phenomena that occur 

during extrusion. 
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4.4.1. Raw Results and Data from Extrusion Tests.  As described in Section 

3.4.3, after the test is complete the data from the serial monitor in the Arduino software is 

copied and saved as a text file. This data includes a list of points with the force values 

next to a time stamp. This data was then analyzed in Microsoft Excel. Since the load cell 

was programmed to read data points at every interval, it was assumed that if the distance 

of extrusion was known that the force readings would line up with the distance across 

equal increments throughout the test. For the test setup, the distance from start to finish 

was measured using dial calipers to get an accurate  measurement of the extrusion 

distance for correlating the force readings to distance readings. For the testing parameters 

described in Section 3.4.2, the extrusion distance was 115.6 mm. Each distance point was 

calculated from the force data found using equation (11): 

𝑑𝑖 =
𝐿𝐸

𝑁𝑡
𝑛𝑖            (11) 

In this equation, di is the distance for the nth force measurement, LE is the 

extrusion length, Nt is the total number of force measurements taken, and ni is the nth 

number data point from the beginning of the data set. Once the force was correlated to a 

distance, the force versus displacement graph could be found for the data set. Figure 4.19 

shows an example of the raw data graphed in this way. The graph shows two 

measurements for an empty syringe, the two measurements taken for the syringe with 

mortar in it, and the average of the two measurements with mortar. From the raw data, 

several parameters were analyzed and are shown in Figure 4.20.  
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Figure 4.19. Example of Raw Data graphed for Extrusion Test 

 

 

 

Figure 4.20. Extrusion Test Load versus Displacement Parameters 

 

In the Figure 4.20, Fmax is found at the maximum load for the load versus 

displacement graph. Fmax is shown at the end of the graph, but it may also occur at other 

locations on the graph if the extrusion doesn’t fit the a nice linear increase in force. This 
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was the case whenever extrusion forces were near the top or above the working capacity 

of the motor. It was found in several tests that that once the test started there was an 

initial height the force would reach, Fy, and then it would drop a certain distance, dr, 

before starting to increase again either below or above the Fy value. The presence of an 

Fy value followed by a drop, dr, shows that the material behaves with an initial static 

resistance and once the material starts to flow, the pushing force value it drops to the 

dynamic value of extrusion force needed to extrude. This concept is similar in relation to 

the rheological behavior as there is a static yield stress that drops the amount of shear 

force needed to shear the material which varies from the shear stress needed to move at a 

slow rate. It can also be compared to the tribological behavior as there is different 

coefficient of friction values for the static and dynamic cases.    The extrusion energy was 

found by integrating the force versus displacement curve from the start to end of testing 

to calculate the area under the curve. This is shown mathematically using equation (12): 

𝐸𝐸 = ∫ 𝐹(𝑥)𝑑𝑥
𝐿𝐸

0
     (12) 

where EE is extrusion energy, F(x) is the function of the force displacement curve, and 

dx is the differential distance. To normalize the extrusion energy since the same amount 

might not always be extruded or if the motor would not be able to fully extrude the 

concrete the unit extrusion energy (UEE) can be calculated. This would be just the 

extrusion energy (EE) divided by the extrusion length (LE). 

The summarized results of the these parameters are shown below in Table 4.6. 

The effects of the nozzle size, extrusion rate, and rheology on these parameters will be 

discussed in detail in the following sections.  
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Table 4.6. Summarized Results from Extrusion Tests 

 
Low Workability  

(M-0.05) 

High Workability 

(M-0.3) 

Varying Speed 

(M-0.05) 

Nozzle 

Opening Size 

3.71 

(mm) 

6.32 

(mm) 

9.13 

(mm) 

3.71 

(mm) 

6.32 

(mm) 

9.13 

(mm) 

1.639 

(mm/s) 

1.513 

(mm/s) 

1.397 

(mm/s) 

Max Load 

(N) 

81.8 66.9 60.1 61.5 41.9 28.3 84.3 91.0 67.6 

Extrusion 

Energy 

(N.mm) 

5257 5665 5477 5949 3717 2575 1970 1970 6536 

UEE 

(N.mm/mm) 

66.3 49.0 47.4 51.5 32.2 22.3 70.5 77.6 56.6 

Average 

Force (N) 

67.2 49.1 47.5 51.6 32.3 22.5 70.6 77.7 56.6 

Fy (N) 66.2 52.8 36.7 53.5 37.1 21.4 56.2 77.2 60.7 

dr (N) 7.9 6.7 6.8 - 1.8 4.1 7.4 2.4 - 

 

4.4.2. Effect of Nozzle Size.  The three nozzle sizes used allowed for a varying 

d/D ratio to be tested to analyze the effect on extrusion. The 3mm, 6mm, and 9mm nozzle 

sizes thus lead to a d/D ratio of 0.094, 0.160, and 0.231 respectively. First the results 

were compared graphically using the load versus displacement graphs previously 

described. All the graphs described upcoming will be the average of the two readings as 

shown in Figure 4.19. Figure 4.21 shows the load versus displacement for varying d/D 

values for the low workability (M-0.05) mixture and Figure 4.22 shows the same, but for 

the high workability mixture (M-0.30). 

From both Figure 4.21 and 4.22 the extrusion force needed is depending on the 

nozzle size or d/D ratio.  The figures also show the variability that can take place during 

measurement. This variability could be due to a number of reasons from vibrations in the 

system from the motor to the motor struggling when reaching near the top of its working 

capacity to accumulation of sand particles around the nozzle getting partially clogged and 

unclogged. Taking this data the variation in average force, maximum force, and UEE was 
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calculated for the different d/D ratios. These are shown below in Figures 4.23, 4.24, and 

4.25 respectively. 

 

 

Figure 4.21. Low Workability (M-0.05) Extrusion Force versus Displacement  

 

 

Figure 4.22. High Workability (M-0.3) Extrusion Force versus Displacement 
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Figure 4.23. Average Extrusion Load versus d/D ratio 

 

 

 

Figure 4.24. Maximum Extrusion Load versus d/D ratio 
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Figure 4.25. UEE versus d/D ratio 

 

From the graphs it also verifies that the extrusion force decreases with a 

increasing d/D ratio. The extrusion energy also decreases with an increasing d/D ratio. 

For both the lower and higher workability mixtures seemed to show a similar behavior 

and shape when increasing the d/D ratio. This shows that the d/D ratio effect on the 

extrusion force or energy is independent of fluidity and yield stress of the concrete. Also, 

for the force and extrusion energy, the decrease starts to shows signs of leveling off. 

Once the extrusion force or energy would level off this would lead to a maximum d/D 

ratio to where any further increase would not change extrusion force. Physically this 

makes sense as at a certain point as the d/D ratio would increase, the concrete or mortar 

would want to flow or fall out of the extruder on its own due to gravity. 

All of the graphs except for the M-0.3 high workability mixture with the 3mm 

nozzle had very distinct dr and Fy values. These values were analyzed to see if there were 

any relationship between each other or with a changing d/D ratio. The Fy value was found 

to have a linear relationship with the d/D ratio. This shows that the initial static energy or 
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force the extrusion system overcomes is also related to d/D. This relationship is shown in 

Figure 4.26. 

 

 

Figure 4.26. Fy versus d/D ratio 

 

The relationship between dr and d/D and the ratio of dr/Fy and d/D was also 

investigated. There was no correlation found between either of these comparisons and for 

the current set of data it seems the dr is independent of Fy and the d/D ratio. 

4.4.3. Effect of Extrusion Rate.  For the M-0.05 mixture after the initial tests 

were done, three different extrusion rates were tested on the 9 mm syringe (d/D = 0.231).  

The different speeds tested were 1.39 mm/s, 1.51 mm/s, and 1.64 mm/s. The initial force 

versus displacement results of the test are shown in Figure 4.27.  

As seen in the figure, the higher speeds did not extrude the full distance. This was 

due to the force required to extrude exceeding the working limit of 80 N of the motor. 

Once the force reached above this value then the motor was not able to rotate the 
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threaded rod and thus was not able to continue to move the syringe down to extrude. This 

caused the data to become more sporadic and the extrusion length shortened. 

 

 

Figure 4.27. Extrusion Force versus Displacement for Varying Speeds 

 

Even the small increase in speed was enough to bring the force needed above the 

motors capacity. Once the motion had completely stopped, even when the force slightly 

dipped below 80 N, the extrusion distance did not change but in very small magnitudes.  

The average force, maximum force, and UEE were still analyzed for the 

experiment. These values are shown in Figures 4.28, 4.29, and 4.30. These show that the 

extrusion force and energy both increase with an increase in extrusion rate. However, 

once the threshold force that keeps the motor from rotating is reached, the results plateau 

off and are not able to be directly compared past this point as seen from the jump from 

1.51 mm/s to 1.64 mm/s. 
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Figure 4.28. Average Extrusion Force versus Extrusion Speed 

 

 

 

Figure 4.29. Max Extrusion Force versus Extrusion Speed 
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Figure 4.30. UEE versus Extrusion Speed 

 

4.4.4. Effect of Workability on Extrusion.  The effect of rheology was 

investigated by incorporating the rheological measurements from Section 4.3 with the 

extrusion measurements taken. First the load versus distance curves are compared for 

each of the three d/D ratios to directly compare the effect between the low (M-0.05) and 

high (M-0.3) mixtures. These are shown below in Figures 4.31, 4.32, and 4.33. From 

these figures, it is clear that the extrusion force was consistently less for the high 

workability mixture. Because the mixtures had a consistent viscosity, this means that the 

yield stress is directly related the amount of extrusion force necessary to extrude. 

When comparing the average force, maximum force, UEE, and Fy in Figures 

4.23-4.25 it is clear that all of these exhibit the same effect from between the two 

mixtures. As the yield stress is decreased, all of the curves shift vertically downward by 

the same ratio.  
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Figure 4.31. High versus Low Workability for 3 mm Opening 

 

 

 

Figure 4.32. High versus Low Workability for 6 mm Opening 
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Figure 4.33. High versus Low Workability for 9 mm Opening 

 

4.4.5. Effect of High Extrusion Pressure.  When developing the extrusion test, 

several test mixtures were used to evaluate the system before the final device was built 

and the final mix designs were implemented. During these trials, qualitative findings 

were found when attempting to extrude for 3D printing. One finding was the negative 

effect on extrusion from high yield stress mixtures with small d/D ratios. One problem 

that arises for these combinations is the extrusion process does not act homogenous from 

beginning to end. With such high pressures in the capillary tube of the syringe, this 

caused more paste and bleed water to be extruded initially leaving the end of the syringe 

with a very stiff and dry mixture. The process acted similar to that of consolidation in a 

soil where more water was being forced out at prolonged high pressures. This artifact 

leads to the knowledge of balancing the d/D ratio, yield stress, and bleeding resistance 

within the mix design. Addressing any of the three items can help reduce pressure or 

bleeding in the mixture during extrusion. An example of this is shown below in Figure 
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4.34 where part of the concrete that was not extruded was retrieved out of the syringe 

showing it is no longer a plastic material but rather a frictional material similar to soil. 

 

 

Figure 4.34. Dry Consolidated Mortar Due to High Extrusion Pressure 

4.5. EFFECT OF PRINTING OF MECHANICAL PROPERTIES 

The following section will describe the results between the manually printed and 

cast beams. The compression results are presented first to give the cast compressive 

strength of each mixture. This will give a baseline value of the strength and helped size 

the length chosen for the flexural test based upon estimated strength. The flexural results 

are then presented to compare the two methods. 

4.5.1. Compressive Strength.  Table 4.7 shows the results from the compression 

tests. The results shown are an average of the three cubes. 
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Table 4.7. Cube Compressive Strength Results 

Mixture Compressive Strength 

(MPa) 

% Change 

from REF 

REF 75.2 0% 

F-0.25 69.1 -8.1% 

F-0.50 70.3 -6.5% 

 

The results match those in Section 4.1.2 in that the compressive strength of the 

mixtures with fibers do not improve compressive strength and slightly lower the value of 

the compressive strength. This decrease could be due to more the fibers increasing the 

ITZ throughout the matrix. The fibers did keep the cubes from completely breaking. The 

failure surface of the reference compared to the mixtures with the fibers is shown below 

in Figure 4.35. 

 

 

Figure 4.35. Cube Compressive Failure Comparison 
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4.5.2. Flexural Results.  Before analyzing the data from the three-point bending 

test, the cross-sections of the printed beams had to be analyzed in order to calculate the 

properties correctly. The properties found that are reported include the moment of inertia, 

distance to the centroid from the bottom of the beam, and the area. The radius of 

gyration, polar moment of inertia, perimeter, and product of inertia could also be found 

from the image analysis, but they are not needed for the analysis so they are not reported. 

Table 4.8 shows the summary of the results from the image analysis using AutoCAD. 

 

Table 4.8. Printed Beam Geometric Properties from Image Analysis 

Specimen Area 

(cm2) 

Centroid 

(cm) 

Moment of Inertia 

(cm4) 

Cast Beams 38.7 2.54 83.2 

REF-1 29.7 2.11 42.1 

REF-2 36.8 2.09 59.4 

F-0.25-1 27.1 1.62 25.2 

F-0.25-2 36.1 2.29 61.5 

F-0.50-1 34.2 2.08 51.9 

F-0.50-2 29.0 1.63 28.8 

 

From the three-point bending test, the graphs of the load versus deflection for 

each specimen was found. From theses graphs, I5, I10, and I20 toughness indices, R5,10 and 

R10,20 residual strength values, total energy, and pre-peak energy can all be found. The 
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load-deflection graphs for all the tests are shown below in Figure 4.36. It should be noted 

that the magnitudes between the cast and printed beams can not be directly compared on 

the load-deflection diagrams due to the differences in cross-section dimensions. The 

results can also show the difference in fiber content on the behavior of the specimen, 

especially in the post-peak performance of the beams. Figures 4.37, 4.38, 4.39 show the 

load versus deflection for the REF, F-0.25, and F-0.50 mixes respectively for an easier 

comparison of the results and to look closer into the behavior differences between the 

cast and printed beams. 

 

 

Figure 4.36. Load versus Deflection for Printed versus Cast Beams 
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Figure 4.37. Load versus Deflection for REF (without fibers) Printed vs Cast Beams 

 

 

 

Figure 4.38. Load versus Deflection for F-0.25 Printed vs Cast Beams 
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Figure 4.39. Load versus Deflection for F-0.50 Printed vs Cast Beams 

 

Comparing the graphs, there is a noticeable difference in the peak load due to the 

cross-sectional difference, but the post-peak performance is similar between the two 

beams. The printed beams for most of the specimens even perform better than the cast 

beams in post-peak performance when comparing the graphs. To quantify the difference 

in performance of the beams the I5, I10, and I20 toughness values and R5,10 and R10,20 

residual strength values were calculated as described in Section 4.1. The total energy and 

pre-peak energy was calculated as the total area under the graph and area under the graph 

until the LOP. The first crack stress was calculated differently than Section 4.1. Due to 

not being notched beams and having varying cross-sectional properties, the first crack 

stress was calculated using equation (6). 

 𝑅 =
𝑃𝐿𝑦̅

4𝐼
      (13) 

In equation (13), R is the first-crack stress, P is the load where the first crack 

forms, L is the length, 𝑦̅ is the centroid distance from the bottom tension surface, and I is 
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the moment of inertia. L was a constant value of 200 mm. P was the found from 

analyzing the load versus deflection graphs, and 𝑦̅ and I are found from Table 4.8. A 

summary of these results are shown in Table 4.9. A comparison in the change in the 

values caused by printing compared to the cast beams is shown in Table 4.10. It should 

be noted that for comparing the pre-peak and total energy, due to the difference in cross-

section dimensions of the cast and printed beams, the values should not be directly 

compared when evaluating the performance between each other. The toughness indices 

and residual strength provide a better comparison due to them being based on the ratio of 

the area under the curve to the area under the pre-peak load. 

 

Table 4.9. Print versus Cast Beam Flexural Properties 

Specimen First Crack 

Stress 

(MPa) 

Pre-Peak 

Energy 

(N.mm) 

Total 

Energy 

(N.mm) 

I5 I10 I20 R5,10 R10,20 

REF-Printed 4.65 460 555 1.20 1.20 1.20 0 0 

REF-Cast 7.21 684 691 1.01 1.01 1.01 0 0 

F-0.25-Printed 5.28 363 5186 3.95 6.93 11.51 59.5 45.8 

F-0.25-Cast 7.31 954 5500 2.16 3.43 5.10 25.5 16.7 

F-0.50-Printed 5.20 745 10226 4.78 8.55 13.16 75.4 46.1 

F-0.50-Cast 6.54 518 7850 3.17 5.55 9.56 47.7 40.1 
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Table 4.10. Percent Change in Flexural Properties from Printing 

Specimen First 

Crack 

Stress 

Pre-

Peak 

Energy 

Total 

Energy 

I5 I10 I20 R5,10 R10,20 

REF -36% -33% -20% +18% +18% +18% - - 

F-0.25 -28% -62% -6% +83% +102% +126% +134% +175% 

F-0.50 -21% -44% +30% +51% +54% +38% +58% +15% 

 

For a visual comparison, the data from Table 4.9 was plotted as a bar graph to 

compare the first crack strength, toughness indices, and residual strength. The first 

comparison is between the first crack strength. This is shown below in Figure 4.40.  

 

 

Figure 4.40. First-Crack Strength Comparison for Printed versus Cast Beams 
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When comparing the first-crack strength, the printed specimens all show to crack 

at a lower stress level. This lower strength from printing could be due to a couple 

different reasons. One might be that due to the inconsistency in manual printing. There 

could be gaps or macropores within the concrete layers or pockets of entrapped air if the 

layers were not entirely aligned with each other. This would lead to weakened zones 

within the specimen causing early cracking. An example of this is shown in one of the 

fractured cross sections in Figure 4.41. The lower strength could also be due to the weak 

interlayer bond between layers. It has been shown that at the micropores and 

microchannels form at interfacial regions in the direction of printing [30]. Since all of the 

layers were printed longitudinally, this would create weakened layers in direction of 

tensile stresses within the cross section. The printed and cast beams do not see much of 

an increase or decrease in first-crack strength with the addition of fibers. The reason for 

no major increase is that short fibers are the reinforcing system rather than long fibers. 

This matches what has been found in other research as short fibers are known to help 

improve post-crack properties and bridge micro-cracks while long fibers help improve 

the flexural strength and bridge macro-cracks [38], [39]. 

The I5, I10, and I20 toughness indices are compared below in Figures 4.42, 4.43, 

and 4.44 respectively. When comparing these results, the printed specimens show to 

improve the post-crack properties significantly. For all of the specimens the printed fibers 

outperformed the cast specimens. For the I5 toughness value for the F-0.50, the toughness 

value is only slightly below 5.00. This shows that the response was close to elasto-plastic 

response for the early stages after the first-crack forms. 
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Figure 4.41. Printing Gaps in Cross Section 

 

This shows that it would be likely to reach an elasto-plastic response or even 

strain hardening if the print could be designed to increase the fiber content slightly 

higher. This significant improvement in toughness in shows that the printing process can 

help improve the orientation of the fibers compared to the completely random orientation 

due to casting. This fiber orientation improvement is investigated and discussed in more 

detail later in this section. 

 

 

Figure 4.42. I5 Toughness Comparison for Printed versus Cast Beams 
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Figure 4.43. I10 Toughness Comparison for Printed versus Cast Beams 

 

 

 

Figure 4.44. I20 Toughness Comparison for Printed versus Cast Beams 

 

 The R5,10 and R10,20 residual strength is compared in Figures 4.45 and 4.46. These 

results match the results found when comparing the toughness values between the cast 
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and printed beams. Again, an improved fiber orientation from the printing process would 

cause this increase. 

 

 

Figure 4.45. R5,10 Residual Strength Comparison for Printed versus Cast Beams 

 

 

Figure 4.46. R10,20 Residual Strength Comparison for Printed versus Cast Beams 

 

After analyzing the results of the three-point bending test, the broken cross 

section was analyzed to directly compare the fiber orientation between the cast and 
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printed specimens. The calculation and procedure to find the fiber orientation are both 

described in Section 3.5.2. For both the F-0.25 and F-0.50 mixtures, the fiber orientation 

improved by printing the specimens. The results of these tests are shown in Figure 4.47. 

Printing the fibers increased the average fiber orientation from 0.19 to 0.21 for the 0.25% 

fibers and from 0.15 to 0.20 for the 0.50% fibers. This verifies that the extrusion process 

helps orient the fibers. If the extruder would have used a more pronounced reducer from 

the internal diameter to the nozzle, this may have even helped further increase the fiber 

orientation due to printing as the fibers would align themselves due to the boundary 

condition.  

 

 

Figure 4.47. Fiber Orientation Factor for Printed versus Cast Beams 

 

The failure-crack-pattern between the cast and printed beams also varied. For the 

cast beams, the crack was straight and continued to propagate vertically the entire time 

during loading. For the printed beams, the crack patterns slightly varied and were not 

100% vertical. This variance in crack pattern was most likely due to the non-uniform 
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shape of the printed beam and the presence of multiple layers within the specimen. This 

nonuniformity caused differences in height across the beam and random locations of 

weakened layers due to the marco and micropores. When the crack would propagate, the 

internal cracks throughout the weakened sections would connect to form a curved crack 

pattern. The two main crack patterns observed for the printed beams are compared to the 

crack pattern of the cast beam in Figure 4.48. The crack pattern in (a) was consistent for 

all of the cast beams in which the crack propagation was vertical. The crack pattern in (b) 

was the most common crack pattern for the printed specimens in which the crack pattern 

had a degree of curvature as it propagated vertically. The crack pattern in (c) happened in 

a couple of the specimens. The cause for the crack pattern of (c) was most likely due to a 

weak bond in between layers which cause the crack to start propagating horizontally at 

the layer interface. A schematic is also shown in Figure 4.49. 

 

 

Figure 4.48. Crack Pattern Comparison Between Cast and Printed Beams 
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Figure 4.49. Crack Pattern Schematic 
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5. CONCLUSION  

5.1. SUMMARY 

This study was done to take the first steps into developing a 3D printer for 

cement-based materials and create an understanding of some of benefits, challenges, and 

artifacts of printing, specifically in extrusion and flexural performance. First conventional 

cast-in-place fiber reinforced concrete was studied to understand the behavior, flexural 

properties, and post-crack properties. This study was done using both manufactured 

fibers and recycled fibers from scrap tires to look into an environmentally friendly option 

as a replacement for conventional manufactured fibers. Slump flow, compressive 

strength, modulus of elasticity, flexural strength, toughness, residual strength, and 

fracture energy were all investigated. The two fiber types were tested in three volume 

fractions and compared with a reference and hybrid mixture of the two fiber types. 

After studying fiber-reinforced concrete, 3D printing was studied in detail 

investigating the current research and potential research areas. From this investigation, 

extrusion was chosen as the area of research due to it being the first process in printing 

and there being limited studies on extrusion for 3D printing cement-based materials. With 

fiber-reinforcement showing potential as reinforcement for printing, the flexural 

properties were also compared between printed and cast beams. 

With limited studies on extrusion for printing, test methods were developed to 

investigate extrusion and the various parameters affecting extrusion. First, a blockage test 

was proposed to help develop successful mix design to look into the effects of extrusion. 

Blockage was studied by defining the blocking binder content for varying particle sizes 



 

 

145 

and workability. Fibers were attempted to be investigated, but the size of the current 

extrusion system led to blocking even at low fiber volumes. An extruder was designed 

and built for capabilities to test the extrudability of concrete and also be added as a 

modular head for a 1x1 meter 3D printer in the future. The extruder allowed for a ram 

extrusion test for 3D printing to be performed. A disc load cell measured the extrusion 

force throughout the constant displacement-controlled extrusion. Rheological properties 

were measured for the extrusion tests using a ConTec 6 Rheometer and mini-slump tests. 

This extrusion system allowed rheology, nozzle diameter size, and speed to be studied in 

terms of extrudability. Maximum extrusion force, average extrusion force, unit extrusion 

energy, and initial extrusion force were all analyzed for the three parameters stated. The 

extrusion process was also qualitatively looked at and issues faced during extrusion were 

described. 

Flexural behavior was studied by comparing the behavior of cast-in-place beams 

to manually printed beams. The beams were tested using a three-point bending test. The 

beams were also analyzed after testing to compare the fiber orientation factor between the 

two methods. Flexural strength, toughness, residual strength, and fiber orientation were 

then compared between the beams. 

5.2. CONCLUSIONS 

From the study, several conclusions were able to be made about the use of 

recycled fibers as reinforcement, the extrusion test methods developed, blocking 

parameters, parameters effecting extrusion, and the flexural behavior of printed versus 

cast-in-place building methods. 
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1. Recycled Fiber versus Manufactured Fiber Behavior: 

a. The compressive strength of FRC for both the manufactured and recycled 

fibers did not improve, or slightly decreased the compressive strength of 

concrete. 

b. Both the use of manufactured fibers and recycled fibers do not affect the 

elastic modulus of concrete. 

c. The flexural behavior of FRC with recycled fibers showed a slight increase in 

flexural strength for the 0.75% mixture and slight decrease for the 0.50% and 

0.25% mixtures. The main benefit of these fibers was in the increase in 

toughness and residual strength compared to the reference as expected. The 

recycled fibers compared similarly to the manufactured fibers in the post-peak 

performance. The toughness, residual strength, fracture energy, and CMOD 

behavior was within the same range as the manufactured fibers or even higher 

for some of the properties. 

d. For the hybrid mixture of manufactured and recycled fibers, the flexural 

performance outperformed the manufactured and recycled fiber mixtures with 

the same fiber volume fractions. This improvement in flexural properties 

could be due to the varying fiber size and length in the mixture that allows for 

a mixture of both micro, meso, and macro cracks to be bridged by the fibers. 

2. Blockage Test Evaluation: 

a. The blockage test method proposed proves to successfully define blocking in 

an extruder by defining a maximum binder content that causes blocking. This 
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test can be used to develop successful mix designs for extrusion without 

blocking when comparing different particle sizes and workability levels. 

b. Two different blocking mechanisms were noticed during testing. The first 

mechanism is a Homogenous Blocking Mechanism. This mechanism consists 

of a large quantity and accumulation of particle to cause blocking. The second 

mechanism is the Large Particle Blocking Mechanism. This mechanism 

consists of a couple large particles passing through the nozzle and causing 

blockage with a smaller number of particles. This mechanism causes the 

increase in binder content in the mix design to go from a linear to an 

exponential increase due to the random likeliness that a couple of large 

particles will block the extruder at lower binder contents. 

c. For the current automated extrusion system (9 mm nozzle) the 13 mm long 

fibers could not be extruded even at low fiber volume fractions for high and 

low workability levels. Fibers longer than the nozzle opening cause blocking 

at the nozzle when oriented horizontally and diagonally as well as high 

accumulation of fibers oriented in the extrusion direction. 

3. Ram Extrusion Test for Printing: 

a. An extruder was successfully designed to be displacement controlled, use for 

variable size extruders up to 45 mm diameter, measure extrusion force, and 

have future capabilities to be added to a printing system. The extruder allowed 

for an investigation of effect of nozzle size, rheology, and extrusion rate on 

extrudability by comparing extrusion force and energy. 
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b. An increase in nozzle size or increase in nozzle size ratio (d/D) lead to 

decreased extrusion forces and unit extrusion energy. An increase in d/D ratio 

showed a high linear relationship when comparing the initial extrusion force 

Fy. This trend for extrusion force and energy was consistent for both high and 

low workability mixtures. 

c. The effects of rheology on extrusion force and energy showed a direct 

correlation. The plastic viscosity between the low and high workability 

mixtures was about the same value, thus it can be concluded that the increase 

in yield stress increased the extrusion force and energy. This is shown by all 

of the graphs being shifted downward for the lower yield stress mixture while 

still following the same shape of the curve. With the initial extrusion force Fy 

showing a linear with similar slopes, it can also be noted that the Fy may be 

directly related to the yield stress of concrete. This would need to be further 

studied in a greater magnitude to verify. 

d. An increase in extrusion rate lead to an increase in extrusion force and energy. 

With the increase in speed, the extrusion force was brought from a level that 

the extruder was able to extrude to a level where the motor could not extrude 

the mortar. Further testing would need to be done to quantify this increase 

from the change in extrusion rate by increasing the capacity the motor can 

push in the system or testing on a highly workable mixture. 

e. High extrusion pressures due to low d/D ratios and high yield stress mixtures 

can lead to high rates of bleeding during extrusion. This can lead to a large 

increase in extrusion force and cause the mortar to go from a plastic to a soil 
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like consistency due to the consolidation from high pressures. This can be 

reduced by adjusting increasing the d/D ratio, lowering the yield stress, or 

increasing the bleeding resistance of concrete within the mix design. 

4. Flexural Behavior between Cast and Printed Specimens 

a. The manually printed beams had a lower first-crack strength compared to the 

cast beams. This was due to increased voids due to the manual printing 

process as well as weakened bond between layers due to micopores and 

microchannels in the direction of bending as has been shown by Moini [30].  

b. The manually printed beams had an increased fiber orientation than the cast 

beams. This increased fiber orientation shows a benefit to printing and could 

even be further improved with a more precise extruder than the manual one 

used. Due to this increased fiber orientation, the printed beams had better 

toughness indices and residual strength. The high toughness and residual 

strength values of the show that fibers could be a good reinforcement in 

printing. 

5.3. FUTURE WORK 

This work being the initial startup on this 3D printing concrete project leads to 

several areas to further the work and studies on additive manufacturing. Future work 

contains two main areas that include further development of the 3D printing system and 

further studies into extrusion, blockage, and fiber reinforcement in printing. 

1. Future Development of the 3D Printing System: 
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a. A 3D printing system using a XYZ linear motion table is being developed 

with the capability of adding the extruder to the system. Currently the 3D 

printing controller board and XYZ linear motion table is purchased. The 1x1 

meter table is being set up and the controller board is being programmed to 

allow for printing. 

b. The extruder is also being optimized. The steel plates are being replaced with 

equivalent aluminum plates to reduce the weight of the systems. Development 

work could also be done to create a graphic user interface (GUI) to allow for 

easier use of the extruder without knowledge of how the program works. 

Work could also be done to increase the capacity of the motor either with a 

different motor or addition of a gear system that would raise the working limit 

of the system and allow for higher yield stress materials or higher extrusion 

rates to be worked with. 

2. Extrusion, Blockage, and Fiber Reinforcement: 

a. One area for future study would be to investigate the effect of packing density 

on extrusion and blockage to see how it effects extrusion force and if it would 

change the blocking point for a mixture. 

b. A workability box could also be made for extrusion to define the rheological 

properties that allow for extrusion. This would then also help characterize the 

effects of different constituents within the mix design on extrudability. 

c. Extrusion rate could be studied in more detail to quantify the effect in more 

detail by increasing the capacity of the system and lowering the extrusion 

force. 



 

 

151 

d. The effect of fibers on extrusion and characterizing the extrudability of FRC 

could be done by altering the current system to allow for printing fibers or 

using a different type of fiber. 

e. Flexural properties could further be studied by looking at the effects of 

different types of fibers to see if the fiber orientation and post-crack properties 

also increase. 

f. Beyond the study of extrudability and fibers as  reinforcement, a transition 

from looking at extrudability to buildability could be done to tie the results 

together to get the full picture of 3D printing concrete in the fresh state. 
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APPENDIX A. 

EXTRUDER DESIGN 
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Figure A.1. Bottom Plate Design 

 

 

 

Figure A.2. Top Plate Design 
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Figure A.3. Moving Plate Design 
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Figure A.4. Extruder Front View 
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Figure A.5. Extruder Side View 
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Figure A.6. Load Cell Specifications 
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Figure A.7. Stepper Motor Circuit Diagram from [86] 

 

 

 

 

Figure A.8. Load Cell Circuit Schematic from [87] 
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APPENDIX B. 

EXTRUDER CODE 
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Motor Control Code: 

// defines pins numbers 

const int stepPin = 3;  

const int dirPin = 4;  

  

void setup() { 

  // Sets the two pins as Outputs 

  pinMode(stepPin,OUTPUT);  

  pinMode(dirPin,OUTPUT); 

 

  //************************************************** 

  // input variables 

  int motorSpeed = 14000; //speed for test 14000 

  double angleOfRotation = 5250; // units are in degree (5250 for test) 

  int direction1 = 1; // 0 is LOW and goes back towards the motor, 1 is HIGH and goes 

forward to push the syringe 

 

  //************************************************** 

  // code  

  int rotation = int(angleOfRotation/360*200);   

  digitalWrite(dirPin,1); // Enables the motor to move in a particular direction 

  // Makes 200 pulses for making one full cycle rotation 

  for(int x = 0; x < rotation; x++) { 

    digitalWrite(stepPin,HIGH);  

    delayMicroseconds(motorSpeed);  

    digitalWrite(stepPin,LOW);  

    delayMicroseconds(motorSpeed);  

  } 

  digitalWrite(dirPin,0); //Moves motor back to starting position 

  for(int x = 0; x < rotation; x++) { 

    digitalWrite(stepPin,HIGH);  

    delayMicroseconds(1000);  

    digitalWrite(stepPin,LOW);  

    delayMicroseconds(1000);  

  } 

} 

void loop() { 

} 
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Load Cell Calibration Code [87] 

#include "HX711.h" 

#define DOUT  3 

#define CLK  2 

 

HX711 scale(DOUT, CLK); 

 

float calibration_factor = -40900; //-7050 worked for my 440lb max scale setup 

 

void setup() { 

  Serial.begin(9600); 

  Serial.println("HX711 calibration sketch"); 

  Serial.println("Remove all weight from scale"); 

  Serial.println("After readings begin, place known weight on scale"); 

  Serial.println("Press + or a to increase calibration factor"); 

  Serial.println("Press - or z to decrease calibration factor"); 

 

  scale.set_scale(); 

  scale.tare(); //Reset the scale to 0 

 

  long zero_factor = scale.read_average(); //Get a baseline reading 

  Serial.print("Zero factor: "); //This can be used to remove the need to tare the scale. 

Useful in permanent scale projects. 

  Serial.println(zero_factor); 

} 

void loop() { 

  scale.set_scale(calibration_factor); //Adjust to this calibration factor 

 

  Serial.print("Reading: "); 

  Serial.print(scale.get_units(), 3); 

  Serial.print(" lbs"); //Change this to kg and re-adjust the calibration factor if you follow 

SI units like a sane person 

  Serial.print(" calibration_factor: "); 

  Serial.print(calibration_factor); 

  Serial.println(); 

  if(Serial.available()) 

  { 

    char temp = Serial.read(); 

    if(temp == '+' || temp == 'a') 

      calibration_factor += 10; 

    else if(temp == '-' || temp == 'z') 

      calibration_factor -= 10; 

  } 

} 
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Load Cell Measurement Code 

#include "HX711.h" 

 

#define calibration_factor -42060.0 //This value is obtained using the 

SparkFun_HX711_Calibration sketch 

 

#define DOUT  3 

#define CLK  2 

 

HX711 scale(DOUT, CLK); 

 

void setup() { 

  Serial.begin(9600); 

  Serial.println("HX711 scale demo"); 

 

  scale.set_scale(calibration_factor); //This value is obtained by using the 

SparkFun_HX711_Calibration sketch 

  scale.tare(); //Assuming there is no weight on the scale at start up, reset the scale to 0 

 

  Serial.println("Readings:"); 

} 

 

void loop() { 

  delay(300); 

  Serial.print("Reading: "); 

  Serial.print(scale.get_units(), 2); //scale.get_units() returns a float 

  Serial.print(" lbs"); //You can change this to kg but you'll need to refactor the 

calibration_factor 

  Serial.println(); 

} 
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