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ACADEMIC ABSTRACT 

 
Recently, additive manufacturing (AM), or “3D printing,” is expanding into civil infrastructure 
applications, particularly cementitious materials. To ensure the safety, health, and welfare of the 
public, quality assurance and quality control (QA/QC) methods via standardized testing 
procedures are of the upmost importance. However, QA/QC methods for these applications have 
yet to be established. This thesis aims to implement existing ASTM standards to characterize 
additive manufactured cementitious composites and to gather better information on how to tackle 
the challenges that are inherent when printing with cementitious materials. In this work, fresh mix 
properties and hardened concrete properties were investigated using current ASTM standards as a 
starting point for applying or adapting them for AM applications. 

Specifically, this project applied existing ASTM standards for fresh mix mortars to 
measure setting time, flow, and early compressive strength as qualitative indicators of printability, 
pumpability, and buildability. The fresh mix properties were investigated for 12 different mortar 
mixes to demonstrate the effect that moisture content, absorption, and sand type can have on these 
fresh mix properties. The results for setting time and compressive strength demonstrated that there 
was less variability in the properties when the moisture condition of the aggregate was measured 
and accounted. Flow was shown to be strongly influenced by the sand type.  

Additively manufactured mortars were used to print a box in a layer-by-layer process. To 
evaluate the effect of layering on the flexural strength, three-point bending tests were implemented 
using four different loading orientations to explore the anisotropic mechanical properties. The 
observed anisotropic behavior was corroborated with stereo-digital image correlation data showing 
the stress-strain and load-deflection relationships. Two orientations (A and B) demonstrated brittle 
behavior while the other two orientations (C and D) experienced quasi-brittle behavior. In addition, 
setting a minimum unit weight of 132 pcf enabled an analysis of the effect that defects had on the 
mechanical performance: specimens greater than 132 pcf demonstrated greater and less variable 
strengths than the specimens less than 132 pcf. The discussion of how defects impacted 
performance of the different orientations can be valuable when determining how to effectively 
model, design, and inspect 3D printed structures in the future.   

The findings of this thesis confirm that existing ASTM standards for mortars can be 
modified and applied to AM cementitious composites for QA/QC. It is recommended that mixtures 
used in 3D printing of cementitious composites should design and accommodate the moisture 
condition of the aggregate to optimize the predictability of the fresh and early-age properties. For 
the hardened properties, it is recommended that testing procedures such as flexural testing account 
for anisotropic behavior. Furthermore, for implementation of 3D printed concrete structures, it is 
highly recommended that design is a function of loading orientation due to the anisotropic 
properties of the composite. 
  



Fresh Mix Properties and Flexural Analysis with Digital Image Correlation of Additively 
Manufactured Cementitious Materials 

 
Morgan C. Jenkins 

 
GENERAL AUDIENCE ABSTRACT 

 
Recently, additive manufacturing (AM), or “3D printing,” is expanding into civil infrastructure 
applications, specifically cementitious materials such as mortar and concrete. Understanding and 
predicting the behavior of the materials when using this new technique is vital for quality assurance 
and quality control (QA/QC). However, standard test methods have yet to be established for this 
new construction technique. This thesis aims to use existing testing standards to characterize AM 
cementitious composites and to gather better information on how to tackle the challenges of 
printing with these materials. In this work, properties before and after the materials hardened were 
studied by adapting current testing standards.  

Specifically, this project applied existing testing standards for fresh mix mortars to measure 
setting time, flow, and early compressive strength. These properties can serve as indicators of 
specific printing requirements. The fresh mix properties were studied for 12 different mortar mixes 
to show the effect of moisture content, absorption, and sand type. The results suggest that there 
was less variability in the properties when the moisture condition and type of the aggregate was 
accounted. The fresh mix materials were printed in a layer-by-layer process and then hardened in 
place. The effects of the layers were explored by performing flexure tests using four orientations 
with respect to how the load was applied to the layers. The observed difference in behavior for the 
different orientations was supported by digital image correlation data. In addition, an analysis of 
the effect defects had on the performance was included. Understanding how defects impacted 
performance can be valuable for effectively designing 3D printed structures in the future.   

The results of this thesis confirm that existing testing standards for mortars can be adapted 
and applied to AM cementitious materials for QA/QC. It is recommended that mixtures used in 
3D printing of cementitious materials should account for the moisture condition of the aggregate 
to improve the predictability of the fresh and early-age properties. For the hardened properties, it 
is recommended that the design is a function of loading orientation due to the difference in 
behavior for the different orientations of the material. 
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1. INTRODUCTION 

This chapter provides the objective and scope of the testing and analysis performed and the general 

organization of this thesis. 

 

1.1. Objectives and scope 

Within the last decade additive manufacturing (AM) has started to expand its applications 

to include construction materials such as cementitious materials, metals, and composites. Within 

the context of civil engineering, AM with cementitious materials is a step towards automating the 

construction process. Since AM, or “3D printing” as it is commonly called, with cementitious 

materials is in the initial stages of research and development, there is a strong need for quality 

assurance and quality control (QA/QC) via standard test methods for both the fresh mix properties 

and the mechanical properties of the hardened material. However, QA/QC methods for these 

applications have yet to be established. The objective of this project was to determine whether 

existing ASTM test methods could be applied to the fresh mix cementitious materials as well as 

mechanical testing to determine the hardened properties. 

Currently, using AM techniques in the context of civil engineering involves printing 

structures without much knowledge of the long-term durability, structural design, or structural 

capacity; indeed, many projects appear to have a focus on demonstrability only. Therefore, 

implementing standard test methods would ensure the safety, capacity, and durability of the 3D-

printed structures while allowing the civil engineering field to take full advantage of what AM can 

offer the industry. Advantages to using AM in construction include reducing waste and cost of 

formwork, reducing manual labor and the risk of worksite injuries, decreasing build time, and 

potentially reducing construction errors. Alternatively, there are existing challenges of using AM, 
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which include contrasting requirements for the fresh mix material performance, undefined testing 

standards for quality control of a printed structure, potentially weakened mechanical properties 

due to layer interface bond, and more as discussed further within this work.  

This thesis aims to better implement existing ASTM standards to characterize 3D concrete 

printing (3DCP) and to gather better information on how to tackle these challenges. In this work, 

fresh mix properties and hardened concrete properties were investigated using current ASTM 

standards as a starting point for applying or adapting them for AM applications.  

The fresh mix properties were investigated using flow, setting time, and early compressive 

strength tests. These were investigated using 12 different mortar mixes to demonstrate the effect 

that moisture content, absorption, and sand type can have on these fresh mix properties. 

Controlling and predicting fresh mix properties is very important for 3D printing with cementitious 

materials, so that the mix design can consistently achieve the specific requirements needed. 

The hardened properties of 3D printed specimens were also investigated by saw-cutting 

beams from 3D printed parts created by researchers at Oak Ridge National Laboratory (ORNL). 

The beams were tested in flexure using a center-point loading setup in different orientations to 

explore the anisotropic behavior of the cementitious materials. Preliminary tests using two 

different beam orientations were performed at the University of Tennessee, Knoxville, which is 

near the ORNL facilities. Further flexure tests were performed using a total of four beam 

orientations at Virginia Polytechnic Institute and State University. 

Stereo-digital image correlation was used during the flexure tests to measure strains and 

displacements. Those results were used to compare the stress-strain relationships of the four 

different orientations. The stress-strain relationships can be very important for assessing potential 

for sudden, brittle failures, especially since inclusion of tensile reinforcement in 3D printed 
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concrete is a challenge that needs to be addressed as well. Some of the specimens also had 

noticeable defects induced by the printing process, so an analysis of the effect defects had on the 

mechanical performance was included. This is also important because the printing process can 

induce voids and defects which could reduce the capacity of the structure. The discussion of how 

defects impacted performance of the different orientations can be valuable when determining how 

to effectively model, design, and inspect 3D printed structures in the future.   

 

1.2. Organization of the thesis 

This thesis discusses the applicability of current ASTM test methods for mortars and concretes to 

fresh mix properties and hardened material properties for 3D printing with cementitious materials. 

The organization of the thesis is detailed as follows:  

Chapter 2 introduces the concepts of additive manufacturing, additive manufacturing 

within civil engineering, the associated challenges of applying AM techniques to cementitious 

materials, and other topics related to the fresh mix and hardened properties of cementitious 

materials for AM applications.  

Chapter 3 covers Phase I of this project which involved discussion on the Sky Big Area 

Additive Manufacturing (SkyBAAM) system used to print the specimens at ORNL. The mix 

design developed at ORNL for printing with SkyBAAM is discussed in materials and mix design 

section. Specimen preparation is then detailed prior to outlining the test method for flexural testing 

using two different orientations, results, and conclusions from these preliminary tests.      

Chapter 4 covers Phase II of this project. The flexural test procedure was revised based on 

the tests from Phase I, and two additional orientations were added to further explore the potential 

for anisotropic behavior. Strains and displacements were measured using digital image correlation 
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system. The stress-strain relationship for the different orientations were compared. The effect of 

defects was discussed in this chapter as well. 

Chapters 5 summarizes the information from Phase I and Phase II to make comparisons, 

discuss the results of both phases, and summarize conclusions. Chapter 6 expands on that by 

making final recommendations and discussing the direction of future work. The attached 

appendices include photos and relevant information to the flexural testing performed in Phases I 

and II. 
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2. LITERATURE REVIEW 

2.1. Additive manufacturing introduction 

Within the manufacturing industry there are general categories in which almost every existing 

manufacturing process falls into. These include: casting, molding, forming, machining, joining, 

additive manufacturing, etc. Additive manufacturing (AM), also commonly referred to as “3D 

printing,” is a process that has become increasingly common within the last several decades. 

Significant progress has been made in AM with materials such as metals, polymers, and 

composites, although cementitious materials have also been gaining popularity. Due to the 

increasing interest in AM, it has become clear that specific terminology is essential to effectively 

communicate about the concepts and new ideas related to this manufacturing process. 

Due to lack of proper and consistent descriptive language preventing effective 

communication, ASTM International has published standards for additive manufacturing that 

define specific terminology to guide and aid the discussion of AM with different materials and 

processes. The first attempt, ASTM F2792 – 12a [1], was withdrawn in 2015 and defined seven 

general AM processes: binder jetting, directed energy deposition, material extrusion, material 

jetting, powder bed fusion, sheet lamination, and vat photopolymerization. ASTM International 

expanded and refined the language used to describe AM processes within ISO/ASTM 52900 [2], 

which was adopted in 2015. ISO/ASTM 52900 expanded the general terminology used to include 

terms related to general AM language, process categories (as previously described in ASTM 

F2792), general processing, data processing, material processing, applications, and properties. 

This terminology was meant to be applicable to all materials, including cementitious materials. 

This work will discuss the role of AM in the context of civil engineering and construction, 

specifically with cementitious materials using extrusion AM processes.  
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2.2. AM with cementitious materials 

There have been a wide variety of names used for this developing technology such as digital 

concrete, 3D concrete printing (3DCP), construction 3D printing (C3DP), large scale additive 

manufacturing (LSAM), contour crafting, and more (e.g., [3–10]). Moreover, there have been a 

wide variety of approaches through the system development and printing parameters involved for 

each project based on the AM process selected. For example, material extrusion and binder jetting 

(also known as particle bed fusion) are two of the AM processes used for 3DCP. The difference 

between which process is used can change what parameters need to be considered during QA/QC. 

However, material extrusion processes have been the most common AM approach for 3DCP. 

 

2.2.1. Brief history and developments 

Buswell et al. [5] details a “roadmap” for the progression of AM using cementitious materials. The 

research thus far has been largely focused on demonstrability of product production. Figure 2.1 

shows a timeline of the increasing interest and involvement in AM with cementitious materials 

over the past two decades. Figure 2.1 suggests that the number of projects is increasing at an 

exponential rate.  
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Figure 2.1: Timeline of the increasing projects related to AM with cementitious materials 
since 1997. From Buswell et al. [5] 

Detailed below are a few examples of early development of AM applied to construction with 

cementitious materials: 

 The introduction of applying additive manufacturing to construction applications came 

from Joseph Penga at Rensselaer Polytechnic Institute in 1997 exploring solid freeform 

construction [11]. Solid freeform construction in this context involved deposition of sand 

and then cement followed by application of binder and steam. 

 Contour Crafting, a concept devised at the University of Southern California (USC) around 

1999 by Behrokh Khoshnevis, capitalized on computer aided design and computer aided 

manufacturing [12, 13]. In the beginning of its development, ceramics and clays were used. 

Through continued research since 1999, the concept was physically developed and refined. 
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 Freeform Construction, developed by researchers at Loughborough University, used a 

robot and crane system and included Ultra High Performance Concrete yielding high 

material properties for use in more complex AM structures [14–16].  

The first three main pioneers for AM with cementitious material discussed dominated the initial 

research, and then around 2008, the number of groups involved in this research began to rapidly 

rise (Figure 2.1). Now there are many groups developing their own AM robots and systems (e.g., 

ETH Zurich, Eindhoven University of Technology, National Institute of Standards and 

Technology, Oak Ridge National Laboratory, Tongji University). Since there is a large focus on 

demonstrability, many companies are now printing large-scale structures; however, there is little 

knowledge on the structural capacity, design, and durability. Several examples are included of 

examples of recent demonstrations of large scale 3DCP (Figure 2.2 to Figure 2.3). 
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Figure 2.2: 3D printed concrete walls and columns (from Buswell et al. [5], original source in 
photo description) 

As mentioned in Lim et al. [8], 3DCP is a material extrusion AM technique using mortars. An 

example of a part that can be 3D printed is shown in Figure 2.3. 

 

 

Figure 2.3: Example of Concrete Printing (from Lim et al. [8]) 

Unlike material extrusion, there is the D-Shape process which is a binder jetting process. 

This can create complex structures such as the architectural piece, “Radiolaria,” as seen in Figure 

2.4 [8]. 
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Figure 2.4: Example of D-Shape (from Lim et al. [8]) 

It is important to note a limitation of this literature review as a whole: the literature 

regarding 3DCP is being published at an apparent exponential rate (Figure 2.1) and the technology 

is still new. Any literature review on this topic becomes outdated almost as soon as it is published. 

This limitation highlights an important gap in the research that is vital for moving forward: there 

is not a common source database that compiles all the recent data and testing methods. This need 

is reinforced in subsequent sections of this work. Compiling the data is essential for understanding 

what testing methods are being employed by researchers and analyzing the data. This would make 

comparing raw data and test results for 3DCP easier for all researchers and could inform future 

testing standards.  

 

2.2.2. Sustainability 

Since concrete is the most widely used construction material by volume in the world [17] – with 

an estimated 4 billion tons and 28 billion tons of portland cement and concrete, respectively, 

produced worldwide every year – reducing the waste produced during the construction process is 

important, both economically and environmentally, and is a benefit of 3DCP. All manufacturing 

processes create a finished product as well as scraps and waste, including additive manufacturing; 
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however, AM can minimize waste in a few ways. Regardless of the AM process employed for 

cementitious materials, a commonality between them all is that they are free of formwork 

throughout the process [18]. Plywood formwork used for traditionally cast concrete has a short 

service life and can only be reused a handful of times before it is disposed.  

In addition, portland cement production accounts for around 5 to 8 percent of global carbon 

dioxide emissions [19, 20]. Some research suggests that 3DCP has potential to reduce carbon 

dioxide emissions by reducing cement consumption and utilizing supplementary cementitious 

materials (SCMs) within the highly specialized mix designs [21]. Chen et al. [22] investigated 

3DCP comprehensively as a potential low carbon dioxide approach but notes that the literature is 

limited and thus not conclusive. There is little literature available regarding the life-cycle analysis 

comparison between traditionally cast concrete versus 3DCP; this comparison is needed in order 

to assess the viability of 3DCP in the future. 

 

2.3. Challenges of AM with cementitious materials 

Although there is increasing interest in this research topic, there is little consistency between AM 

systems, mix designs, test methods, documentation, etc. Documenting the processes, materials, 

test methods, etc. from past, present, and future research can inform the continued development of 

AM with cementitious materials by helping solve the current challenges. 

Reviews of the state-of-the-art research and literature are being compiled and published 

yearly [4–6, 18, 21, 23–36], and this literature outlines some of the challenges encountered while 

working with cementitious materials for AM. A major hurdle for comparing results between 

different research groups stems from the wide variety of parameters for each AM system. For 

example, parameters that could drastically vary and alter the results include the AM process used 
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(e.g., extrusion, binder jetting), the type of extrusion method (e.g. using vibration or not), rate of 

extrusion, nozzle size and shape, curing method, concrete mix design, variability in raw materials 

from mix design, etc. Even if all involved parameters were held constant, there are still challenges 

for AM with cementitious materials as shown in Figure 2.5. These challenges relate to the fresh 

mix concrete properties, hardened concrete properties, and geometric tolerances between the 

computer and physical models [5]. In addition, no testing standards currently exist to specify 

quality assurance or quality control procedures for measuring those properties.  



13 

 

Figure 2.5: Summary of 3DCP challenges. Summarized from [5, 6, 18].  

Some of the challenges presented in Figure 2.5 stem from contrasting requirements of the 

mix design: the fresh mix material must be fluid enough to be extruded from a nozzle, yet viscous 

or stiff enough to hold its shape once cast. The solutions presented must satisfy both requirements 

to be successful. Other material properties separate cementitious materials from other popular 

additive manufacturing materials like polymers and metals; cement undergoes an exothermic 

chemical reaction during the hydration process and requires proper curing to reach full 

• Material delivery and placement
• Open time relative to pumpability and extrudability
• Setting time and interface bond
• Layer deformation due to self-weight
• Rheology measurements (i.e. standard test methods)

Fresh Mix Concrete 
Properties

• Layer adhesion (due to the setting time and layer cycle-time)
• Defects imposed by the printing process
• Inclusion of tensile reinforcement
• Reducing shrinkage and improving durability through curing 

methods
• Measurements of hardened material properties (i.e. standard test 

methods)

Hardened Concrete 
Properties

• Feature size and tolerances
• Fully dense components
• Modelling and simulation
• Creating overhangs

Geometric Conformity
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compressive strength. Furthermore, concrete is a quasi-brittle material that is weak in tension, 

which presents the question of how to integrate tensile reinforcement in printed parts. Figure 2.6 

depicts the progression of AM material design from raw materials all the way to structural 

performance while addressing the sequence of aforementioned challenges along the way.  

 

 

Figure 2.6: Multi-level approach to 3DCP material design. From Lu et al. [30] 

 

2.3.1. Fresh mix concrete properties 

The first challenge to address is achieving a concrete mix design that meets all the specific 

requirements listed under “Fresh Mix Concrete Properties” in Figure 2.5. Material delivery and 

placement partly refer to the seven different AM processes discussed in Section 2.1. Two typical 

processes for AM with cementitious materials are binder jetting and material extrusion [18]. 

However, the most common process of AM with cementitious materials surveyed is material 

extrusion, which is defined by ISO/ASTM 52900 [2] as an AM process in which “material is 

selectively dispensed through a nozzle or orifice.”  
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For the material extrusion AM process, another concern with material delivery and 

placement can be workability, extrudability, and buildability which are defined in [8, 16, 37] as: 

i. Pumpability is being able to move through the AM deposition system without segregation 

of materials 

a. Extrudability: ability to be extruded through a nozzle to form a continuous 

filament of material.  

b. Workability: the consistency of the concrete  

ii. Printability: ability to deposit material in a continuous filament without tearing 

iii. Buildability: ability to support subsequent layers without layer deformation 

The fresh mix material properties for extrudability, workability, and buildability must balance 

between the contradicting requirements to find an open time zone. Open time for conventionally 

cast concrete is related to slump loss. However, for AM concrete, open time takes a broader 

definition as “the period where the above properties are consistent within acceptable tolerances.” 

The overlap between the sections in Figure 2.7 provides the printable, pumpable, and buildable 

properties for a concrete mix for additive manufacturing based on the conclusions from Bentz et 

al. [37]. 
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Figure 2.7: Graphical depiction of different fresh mix requirements relative to the ideal open 
time zone. (From Bentz et al. [37]) 

Another challenge of the fresh mix concrete properties is the setting time of the mix versus 

the cycle-time, or the total time elapsed between layers. The setting time and cycle-time affect the 

interface bond, or interlayer adhesion. If the setting time is much faster than the cycle-time, then 

the deposited layer of concrete will form a cold joint between the two layers and weaken the AM 

part or structure. Alternatively, if the cycle-time is much faster than the setting time, then it can 

cause layer deformation making structure potentially unstable.  

Finally, the issue facing both the fresh mix properties and the hardened concrete properties 

is developing or adopting test methods that give useful data to implement quality control and 

quality assurance procedures. Understanding what test procedures can give representative and 

useful data in assessing AM cementitious structures is critical in progressing the research.  
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2.3.2. Hardened concrete properties 

The second challenge to address after a mix design satisfies the fresh mix requirements is to 

consider the requirements listed under “Hardened Concrete Properties” in Figure 2.5. Recall that 

these challenges include layer interface bond; voids in filament and part geometry; implementation 

of tensile reinforcement; curing methods, shrinkage, and durability; and mechanical testing. 

Several variables can affect the layer adhesion [5, 15, 38–40]. Specifically, the two 

parameters that affecting the interface bond the most are elapsed print time and material setting 

time. If the elapsed print time exceeds the setting time of the material by too long, then a cold joint 

could form. If the elapsed print time is much faster than the setting time of the material, the 

structure could have layer deformations or become unstable during the print. Therefore, the 

balance between these two properties is very important; the formation of cold joints can reduce 

the overall performance of the concrete. However, the effect of the cold joint could potentially be 

reduced as the concrete hydrates and strengthens. 

Related to the issue of setting time and cold joints is being able to produce fully dense 

parts. AM concrete is more prone to voids and defects than traditionally cast concrete. The ability 

for the concrete to support subsequent layers requires a certain amount of stiffness from the 

material. This property is most readily achieved when the concrete is close to its initial setting 

time. Printing close to that initial set time can cause tearing in the filament and produce voids in 

the material. The AM part printed with a less-dense filament would thus be weaker than 

traditionally cast concrete that has a higher slump and is consolidated [5, 15, 21, 41].  

Since concrete is a quasi-brittle material that is weak in tension, the implementation of 

tensile reinforcement is vital to the viability of AM concrete for large scale construction 

applications [5]. The printed structures and parts need to be able to withstand tensile stresses due 
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to various loads. Traditionally cast concrete is commonly reinforced with steel rebar; however, 

other tensile reinforcement can be employed such as steel-concrete composite sections, fiber 

reinforced polymer (FRP) bars or panels, steel cables like in post-tensioned concrete, and various 

fibers mixed into the concrete matrix. Likewise, there are various options for material selection 

and method of implementation for the tension reinforcement could be [42–44]. Traditional steel 

rebar is possible but difficult to achieve as an integral part of the printing process. For the AM 

structure to be fully automated, other options such as the inclusion of textiles or fibers [45–49] can 

be incorporated more easily into the fresh mix or between layers. The literature suggests that fiber 

reinforced concrete (FRC) can improve the ductility, toughness, and flexural capacity of concrete, 

and, within the context of AM, FRC has shown two significant results thus far: material extrusion 

can provide preferential fiber alignment and flexural strength can be improved when fibers are 

preferentially aligned with the applied stress [45, 48, 50–55]. 

The role of curing for concrete is crucial for the cement to properly hydrate and gain 

strength. For traditionally cast concrete, the formwork usually acts as a mold to cure the concrete 

for about three days before being stripped. There are other methods of curing such as covering 

with wet burlap or spraying a curing compound on the concrete. However, this step is crucial for 

concrete performance. AM concrete boasts of the reduction of waste by eliminating the formwork; 

likewise, it also poses the question of what methods will be best suited to prevent the evaporation 

of surface moisture in order to prevent shrinkage and improve durability of the concrete [5, 56, 

57]. 

Traditional methods of mechanical testing for hardened concrete properties are not entirely 

sufficient when measuring hardened properties of AM concrete because the anisotropic nature of 

the AM concrete needs to be acknowledged within these test methods. While some researchers 
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have begun to comment on the anisotropic behavior of 3DCP [45, 49, 58], there has not been a 

comprehensive analysis on this topic. This is expanded in Section 2.5. 

 

2.3.3. Geometric tolerances 

Behind almost every physically printed AM part, there is a computer-based model. The model can 

be drawn with different 3D modeling software and then exported as a stereolithography (STL) file 

and “sliced” into layers. These layers collectively represent what the physical part will look like. 

This becomes an issue when the dimensions of the deposited filament do not directly align with 

the computer-based model and the part loses its essence or overall concept. Park et al. [59] provides 

a good description of the challenges with geometric tolerances for AM materials and while this is 

important to address, it is outside of the scope of this thesis. 

 

2.4. Rheology and specialty mix designs for 3DCP 

Concrete is a heterogeneous composite material that is composed of four base components: 

portland cement, fine aggregates, coarse aggregates, and water. Creating specialized mix designs 

can include other elements such as chemical admixtures (e.g., accelerators, retarders, water 

reducers, viscosity modifiers), supplementary cementitious materials (SCMs), specialty 

aggregates, topical compounds such as curing compounds, and more. Creating a specialty mix 

design is usually dictated by what specific performance requirements the concrete needs to fulfill.  

For example, self-consolidating concrete (SCC) was devised in 1988 at Kochi University 

in Japan by Dr. H. Okamura [60], who recognized a lack of availability of skilled labor. SCC does 

not require applied vibration in order to properly compact which lowers labor costs and 

requirements. A high fineness modulus coupled with superplasticizers are key to achieving SCC 
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properties of a highly flowable yet segregation resistant mix design. Similarly, 3DCP demands 

specific performance requirements of the concrete mix design to address the challenges previously 

presented. To reiterate, the performance requirements can be summarized by the pumpability, 

printability, and buildability of the mix. 

To address the challenges and performance requirements, 3DCP requires highly 

specialized mix designs. There are several studies [3, 4, 16, 24, 61–66] that have tried to address 

the specific requirements that this new form of concrete construction requires. Currently, most mix 

designs for 3DCP are limited to mixes with only fine aggregates (i.e. mortars); research using 

larger aggregates is still in development [67]. The water to cement (w/c) and sand to cement (s/c) 

ratios can vary based on the admixtures, cementitious materials, and aggregates to achieve the 

desired properties. 

A successful mix design is achieved through an iterative process that can largely depend 

on the AM (e.g. material extrusion) and the chosen materials. For example, Kazemian et al. [3] 

proposed an approach to refining a mix design to reach the specific performance requirements for 

material extrusion as shown in Figure 2.8. This proposed framework emphasizes the properties of 

the printed layers such as print quality and shape stability.  
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Figure 2.8: Iterative process for refining a mix design to meet desired AM performance 
properties. (From Zhang et al. [24] (adapted from Kazemian et al. [3]))  

Rheology measurement is one of the challenges for fresh mix mortars as previously 

mentioned (Figure 2.5). Yield stress and viscosity are two material properties that have been 

measured to help define open time [37]. Setting time for cement pastes can be correlated to yield 

stress for simplicity and ease [68]. Similarly, viscosity could be correlated to the mini-slump-flow 

test for cement pastes [69]. Therefore, existing standards for concrete and mortars for setting time 

and flow could be useful for characterizing fresh mix properties for 3DCP relating to printability, 

pumpability, and buildability.  
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2.5. Mechanical properties of hardened concrete 

For traditionally cast and molded mortar and concrete specimens, standard ASTM test methods 

exist for measuring hardened material properties including flexural and compressive strength [70–

75]. However, they do not properly account for the anisotropic nature of 3D printed cementitious 

materials. There are not provisions that consider the orientation of the specimens being tested 

because for traditionally cast cementitious materials, the orientation should have little to no effect 

on performance since concrete and mortar are designed as isotropic materials.  

Other materials such as metals and polymers face the same challenges in evaluating and 

characterizing mechanical properties of AM produced parts. Progress has already been made in 

applying current standards to polymers such as tensile testing with dog-bones for AM specimens 

[76].  

Likewise, studies have begun to investigate the mechanical properties and behavior of 

3DCP through various methods [15, 38–40, 45, 48–50, 58, 77–80]. A large focus of the mechanical 

testing in the literature includes the effect of the layer interface bond on the strength of the 

materials and how that is affected by different parameters. For example, Sanjyan et al. [77] studied 

the effect of surface moisture on the interface bond by testing workability, compressive strength, 

flexural strength, and inter-layer strength. However, these studies are difficult to compare due to 

differences in materials (e.g. mortars versus concrete), inclusion of fibers (material, length), 

admixtures, test setup, specimen preparation, loading rate and method (force controlled versus 

displacement controlled), etc. This, again, highlights the need to develop standard test methods for 

3DCP. 
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2.6. Digital image correlation 

Stereo-digital image correlation is a tool that can be used for measuring strains and displacements. 

This is a non-contact method that is used by optically comparing photos captured over a span of 

time [81]. In order to be able to use the digital image correlation (DIC) method, a speckle pattern 

such as in Figure 2.9 needs to be applied to the surface of the material being analyzed.  

 

Figure 2.9: Speckle pattern applied to a beam 

DIC can be used for to measure plastic deformations or detecting and monitoring crack 

initiation and propagation [82]. The speckles can be tracked over time using stereo-DIC to 

determine the strains at any location on the identified surface, or region of interest; the strains are 

determined by the displacement of the speckles from a defined reference stage [83] as shown in 

Figure 2.10.  
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Figure 2.10: DIC speckle pattern displacement (from Pan et al. [83]) 

The captured photos can be post-processed to analyze the strains at a more localized or 

global level by changing the pixel size and point distance. While DIC is a powerful non-contact 

method, there is potential for error to be introduced through the resolution and angle of the 

cameras, lighting, and preparation of the test surface (smoothness, speckle pattern) [84]. 
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3. PHASE I TESTING 

Oak Ridge National Laboratory’s (ORNL) Manufacturing Demonstration Facility (MDF) 

developed the Sky Big Area Additive Manufacturing (SkyBAAM) system that was used to print 

the AM specimens within this study. Both fresh mix properties and hardened properties were 

investigated within this study within two phases of testing: Phase 1 testing was performed at the 

University of Tennessee (UTK) facilities, and Phase 2 testing performed at Virginia Tech (VT) 

facilities. Testing performed at UTK consisted of three-point bending tests (TPBT). Testing 

performed at VT consisted of fresh mix testing as well as flexure testing with a TPBT setup using 

digital image correlation (DIC). 

 

3.1. SkyBAAM setup 

SkyBAAM is a large-scale, concrete deposition system which employs the material extrusion AM 

process [85]. However, SkyBAAM is different from many other material extrusion systems 

because it is not based on a gantry, or robotic arm, system. SkyBAAM is a cable-driven robot with 

four stations creating a printing area within the x-axis and y-axis and a crane controlling the z-axis 

as shown in Figure 3.1.  
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Figure 3.1: One of the SkyBAAM stations controlling xy-plane (left) and z-axis cable 
controlled by overhead crane (right) 

Since the stations can be moved, the print area has potential for expansion; this is one of 

the major differences between SkyBAAM and other existing systems. The white build sheet seen 

in Figure 3.1 (right) covers an approximately 64 ft2 (5.9 m2) build platform. Although SkyBAAM 

is still being adjusted for smaller scale printing within the controlled environmental conditions 

inside at ORNL, in the future this machine will be able to be taken to a jobsite to print much larger 

structures. 

Within the scope of this project, the only aggregate used was sand; therefore, the nozzle 

sizes stayed relatively small with a 1.5-inch diameter nozzle used for the printed specimens. The 

cross-sectional height and width of the extruded filament, or bead, for each layer is mostly dictated 
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by the size, shape, and directionality of the nozzle. Figure 3.2 depicts how the cementitious 

material was extruded vertically out of the nozzle. This extrusion technique applies some pressure 

to existing layers and does not create a finished surface; instead, it creates an oval-like cross-

section for each layer causing there to be overhanging, unbonded material on the sides.  

 

Figure 3.2: Diagram of nozzle extrusion 

Current literature suggests that the filaments extruded should have squared layer edges 

(Figure 2.8) as opposed to rounded ones [3] like the ones produced using this technique. Therefore, 

the excess bead width was removed from the printed specimens prior to testing.   

 

3.2. Materials and mix design 

Due to the complexity of the SkyBAAM parameters, coupled with the variability of cementitious 

materials, the quality of the print is challenging to consistently repeat. Several parameters affect 

print quality such as materials, mix design, print head speed, extrusion speed, ambient temperature, 

processing time, etc.  

ORNL previously developed a printable mix design for internal use with SkyBAAM 

described in Table 3.1. Assuming typical specific gravity values (3.15 for cement, 2.9 for slag, 2.2 

for silica fume, 2.65 for sand, and 1 for water) for this mix design, the predicted unit weight 
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(without air) was 140 pcf, which is reasonable since a typical mortar unit weight is 135 pcf. All 

the parts printed and tested within the context of the preliminary work used the same mix. A 

prebagged mortar mix was used for trial prints prior to using the stated mix design because the 

prebagged mortar was easier to prepare and allowed print parameters to be adjusted in advance to 

ensure quality of print. Once the parameters were adequately adjusted, the mix design above was 

prepared. A standup mixer was used which limited the volume of the batches for a print. 

 

Table 3.1: Mix proportions for standard batch of 0.75 ft3 mortar 

The materials included Type III portland cement, SCMs, sand (fine aggregate), water 

reducer, and water. Type III cement is used for high early strength development; in the context of 

additive manufacturing, this can provide the early strength required to prevent layer deformation. 

However, it could also accelerate the setting time which can reduce the open time window for 

layer bonding. If the designed print is large, this could become an issue if the elapsed layer print 

time exceeds the open time. Ground Granulated Blast Furnace Slag (GGBFS or BFS) and silica 

fume are both SCMs. The use of SCMs can improve the durability of concrete; this is important 

since 3DCP faces challenges related to curing due to the lack of formwork. Furthermore, the 

incorporation of these SCMs promotes sustainability through the repurposing of industrial by-

products. The inclusion of a superplasticizer allows for a lower w/c ratio while maintaining the 

necessary level of pumpability and printability; this can increase the strength of the concrete and 

improve durability as well. 

Type III Portland Cement 22.4 lbs
Blast Furnace Slag 11.2 lbs

Silica Fume 3.75 lbs
Sand 56 lbs

Glenium 91 mL
Water 14 lbs

Mix Design Materials
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The materials were stored in containers indoors with relatively controlled temperature and 

humidity. Neither the densities of the materials nor the absorption of the aggregate used in the 

preliminary work were measured at the time of printing; however, in Section 4.1.1 later in this 

work, fresh mix and material properties are recorded of a similar, reproduced mix.  

 The mortar mix was designed to have zero slump. The ideal consistency was empirically 

determined by being able to hold the material without it slipping through spread fingers; however, 

once hand vibrated, then the material liquefied enough to slip through. This allowed SkyBAAM 

to more effectively extrude material by simulating the vibration applied to the hopper during a 

print. Once the mixture was prepared, it had to be manually transported via wheelbarrow or bucket 

and loaded into the hopper. In the future, this process would be automated through a pump system 

and a continuous mixer. Once the material was loaded into the hopper, the extruder was turned on 

to allow material to pass through and build up enough pressure for consistent flow. Extruded 

material from this process was placed back into the hopper to reduce waste. After SkyBAAM was 

continuously extruding material, the print would start.  

 

3.3. Quality of print  

The system required closed-loop designs, so single-bead boxes were designed and printed. In order 

to effectively test for mechanical properties, the printed part had to pass a visual standard of the 

print. Layers had to have roughly the same filament height and width, demonstrate no tearing of 

the filament, and show minimal deformation due to applied stresses of preceding layers. An 

example of an unacceptable print using the prebagged mortar is shown in Figure 3.3. 
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Figure 3.3: Visually unacceptable print with noncontinuous filament 

The bottom layer showed excessive spreading on one side, there was major cracking due to poor 

extrusion consistency, the layers were much thicker than the designed layer height, and after the 

fourth layer the filament began tearing and clumping with no continuity.  

 The issues shown in Figure 3.3 were mostly resolved by altering the software as well as 

the mechanical and electrical hardware of the system which were out of the scope of this project 

report. Ultimately, using a different extruder and hopper made the printing process much smoother. 

The mortar mix design was also less susceptible to clumping than the prebagged mortar. An 

example of a print that passed the visual inspection is shown below in Figure 3.4. 



31 

 

Figure 3.4: Visually acceptable print 

Within reason, the filament height and width appeared to be consistent between layers, 

there was no clumping with only minor imperfections from extrusion, and the part stood erect with 

little layer deformation. After a printed part passed the visual inspection, it was covered and sealed 

with plastic to prevent evaporation and allow curing (Figure 3.5). The printed components were 

sealed with plastic throughout the entire curing process (unless they were being cut or 

photographed) until they were tested. Curing techniques are critical for allowing the cement to 

hydrate. 



32 

 

Figure 3.5: Sealed curing of the printed boxes 

Without proper curing, a potential issue is differential shrinkage as shown in Figure 3.6. 

Shrinkage cracking can be caused by ineffective curing methods which leads to the evaporation of 

water in the mortar. Shrinkage cracking could be prevented by implementing better curing 

methods, allowing the cement to properly hydrate. For large-scale structures, sealing with plastic 

is not a realistic method; however, other curing methods such as application of a concrete curing 

compound could be employed. 
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Figure 3.6: Differential shrinkage cracking in a printed part 

 

3.4. Flexure testing (Three Point Bending Setup) 

3.4.1. Specimen preparation 

The printed parts used in this test were printed with a 1.5-inch diameter nozzle. They had 8 layers 

and were roughly 5 inches tall (Figure 3.7). According to the g-code, the minimum layer time was 

1 minute and 37 seconds, and the maximum layer time was 1 minute and 40 seconds. The total 

expected build time was approximately 13 minutes for the entire box which is much shorter than 

what could be expected in larger scale projects. There was only 1 inset which means there was 
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only a single closed loop printed; there was not a fill pattern of any kind or other insets. A single 

bead width was investigated since many demonstrations thus far have printed structures with single 

insets; therefore, proposed future testing should be applicable to those cases.  

After a minimum of 12 hours, the sample could be moved off the build platform since the 

mix design used type III cement which is fast setting for early strength gain. The corners of the 

printed box were then sawcut off leaving 4 sides. From those sides, smaller specimens were 

extracted (Figure 3.7) using a tile saw since the mix design did not contain any large aggregates 

and the blade was thin. Only the vertically cut specimens were used for the initial flexural testing, 

and they were further trimmed to get rid of the excess overhanging bead width in order to have 

flat, planar surfaces for testing. Once the specimens were prepared, the average width, height, and 

depth of each specimen was measured with a digital caliper. 

 

Figure 3.7: Side sawcut from printed box with the pieces all stacked in their original place  

Once the specimens were extracted as in Figure 3.7, they could be further trimmed down to obtain 

a rectangular cross-section (Figure 3.8).  
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Figure 3.8: Trimmed specimens with rectangular cross-sections 

 The naming convention used for the ‘Specimen ID’ indicated the box (or print) number, 

the side number once the corners were cut off, and the number and direction the specimen was cut. 

For example, B1S1-V3 was from box (or print) number 1, side number 1, and was the third beam 

vertically extracted. Similarly, B2S3-H2 was from box number 2, side number 3, and was the 

second beam horizontally extracted. Using this naming convention helped the bookkeeping 

process when making visual observations.  

 

3.4.2. Procedure 

The first round of testing as a proof of concept was performed during the summer at the University 

of Tennessee, Knoxville, (UTK) by modifying ASTM C348 [74]. The specimen preparation 

deviated from the standard since they were not cast, and the materials proportioning was not done 

in accordance with ASTM C109 [75] as required by the standard. Furthermore, ASTM C348 does 

not consider anisotropic behavior being explored for the 3D printed cementitious materials. 
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Three-point bending was used for testing the specimens; Figure 3.9 shows the idealized 

loading and actual setup using a universal testing machine to apply the load. The center to center 

span length between supports was 4 inches. The span length was dictated by the length of 

specimens extracted from the printed part. For example, the length for a vertically extracted 

specimen was dictated by the maximum height of the printed layers. Based on the ASTM C348 

test program at UTK, the loading rate was 593.5 lbf/min for all specimens. However, this ASTM 

in general does not provide a clear equation for loading rate. The specimens were tested after 28 

days of sealed curing (i.e., specimens were wrapped with plastic after they were printed and stored 

until testing). Peak load and the crosshead displacement were recorded.  
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Figure 3.9: Three-point bending test setup at UTK 

The specimens were tested in two different orientations: A) load parallel to layer interface 

and nozzle print direction and B) load parallel to layer interface and perpendicular to nozzle print 

direction. Figure 3.10 shows the two different orientations with untrimmed specimens prior to 

cutting the excess material off. The specimens had 8 layers and were tested in the middle 

approximately at the interface between two of the layers. The other specimens extracted were not 

trimmed in time for testing and remained in the possession of ORNL.  

L = 4” 
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Figure 3.10: Orientations of the two different loading setups relative to the applied load and 
print path. Orientation A (left) and orientation B (right) 

 Rectangular filament edges were recommended by Kazemian et al. [3] and Zhang et al. 

[24] as shown in the flowchart from Figure 2.8; however, the SkyBAAM system used a round 

nozzle at the time the specimens were printed. Therefore, trimming the specimens down to a 

rectangular cross section allowed for two things: 1) flat, planar surfaces for testing and 2) 

calculation of the modulus of rupture based on a rectangular cross section.  

The theoretical flexural stress (modulus of rupture) from Euler-Bernoulli beam theory is 

expressed by the equation: 

𝜎 =  −
𝑀𝑦

𝐼
 (1) 

where M is the moment, y is the distance from the neutral axis, and I is the moment of inertia of 

the cross section. As previously shown in Figure 3.9, the theoretical maximum moment at the 

center of the beam for center point loading is represented by the equation: 

𝑀 =  
𝑃𝐿

4
 (2) 

where P is the peak load, and L is the span length. That calculated maximum moment, moment of 

inertia for a rectangular cross section, and the distance from the neutral axis to the extreme tensile 

fibers can be substituted into the equation:  

𝜎 = −
𝑃𝐿

4
−

𝑑

2

12

𝑏𝑑
 (3) 

which can be simplified. Therefore, the equation becomes: 
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𝜎 =  
3𝑃𝐿

2𝑏𝑑
 (4) 

where b is the width, and d is the depth of the cross section. Equation 4 was used to calculate the 

modulus of rupture for the center point bending flexural tests.  

 

3.4.3. Results  

For the Phase I testing, the peak load and crosshead displacement were recorded for each specimen. 

There were 8 total specimens tested – four in each orientation. A summary including specimen ID, 

testing orientation, peak load, respective dimensions, and calculated modulus of rupture are 

presented in Table 3.2 below. The specimens all failed quickly within 1-2 minutes of loading, so 

it was determined that the loading rate was too high and needed to be revised for future testing.  

Table 3.2: Summary of Phase I flexural results 

  

Specimen 
ID

Testing 
Orientation/ 

Loading 
Direction

Peak 
Load

Support 
Span (L)

Width (b) Depth (d)
Modulus 

of 
Rupture

lbf in in in psi

B1S1 - V1 B 383 4 1.190 1.201 1340

B1S1 - V2 A 481 4 1.254 1.614 884

B1S1 - V3 B 419 4 1.458 1.207 1184

B1S1 - V4 B 411 4 1.463 1.220 1133

B1S1 - V5 B 315 4 1.395 1.208 928

B1S1 - V6 A 222 4 1.184 1.457 530

B1S1 - V7 A 468 4 1.184 1.411 1191

B1S1 - V8 A 261 4 1.214 1.414 645
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In order to neatly distill the raw data, a box and whisker plot was prepared (Figure 3.11) to 

compare the two different orientations. There were four specimens each for orientation A and 

orientation B. The mean modulus of rupture for orientation A and B was 813 psi and 1146 psi, 

respectively, and is indicated with an x in the shaded regions. The median is indicated by the center 

bar in the shaded regions. The extreme values that are depicted as bars are the maximum and 

minimum datapoints. The standard deviation for orientation A and B was 253 psi and 147 psi, 

respectively. However, a two sample one-tailed t-test with unequal variances yielded p = 0.054, so 

the means are not statistically different at 95% confidence, which is not necessarily a surprising 

result given the large standard deviations.  

 

Figure 3.11: Statistical comparison of Phase I raw data 

Photos before and after failure were captured (Figure A-1 to Figure A-17), and 

observations were noted for each specimen. These notes and photos included in Appendix A were 
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intended to serve as visual documentation of any layer defects in the printed specimens, internal 

defects at the failure surface, failure patterns, and any other relevant visual information. 

As seen in Figure 3.12, there is a defect in specimen B1S1-V6 at the failure surface that 

looks to be a conglomerated piece of unhydrated cementitious material. In order to better 

understand the relationship between the two different orientations, specimen B1S1-V6 was 

considered an anomaly and removed from the statistical data. However, it is important to note that 

these types of defects are not uncommon in concrete, so 3DCP systems should address similar 

conglomerates when printing by somehow removing larger pieces of cementitious materials. It 

should also be investigated whether specific orientations are more susceptible to failure in the 

presence of defects such as the one noted.  

 

Figure 3.12: Detailed view of defect in B1S1-V6 

By removing the B1S1-V6 data point, there were three specimens for orientation A and 

three specimens for orientation B. The mean modulus of rupture for orientation A and B was 907 

psi and 1146 psi, respectively. The standard deviation for orientation A and B was 223 psi and 147 

psi, respectively. The mean increased and the standard deviation decreased for orientation A, but 

orientation B still appeared to outperform orientation A as shown in an updated box and whisker 

plot in Figure 3.13. The x in the shaded regions indicates the mean value. The median is indicated 

by the center bar in the shaded regions. The extreme values that are depicted as bars are the 
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maximum and minimum datapoints. Another two sample one-tailed t-test with unequal variances 

yielded p = 0.135, so the means are not statistically different at 95% confidence. Again, this was 

expected since removing the data point with a visible defect brought the means closer together by 

removing the low anomaly.  

 

Figure 3.13: Statistical comparison between Phase I adjusted data 

 

3.4.4. Conclusions 

Based on the preliminary results from Phase I, the specimen preparation worked; however, the 

load rate was extremely high and not adjusted based on the width and height for each beam. 

Furthermore, simply finding the modulus of rupture did not provide much information about how 

the load was distributed or transferred between layers. Orientation B initially appeared to 

outperform orientation A, but the means were not statistically different due to high standard 
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deviations. Because of the high loading rate and inconclusive results, further investigation was 

required. Specifically, further investigation including how defects affect performance for each 

orientation was of interest. 
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4. PHASE II TESTING 

4.1. Fresh mix testing and early strength development 

Fresh mix properties are extremely important for understanding three of the main aspects relating 

to 3DCP material delivery and placement (previously mentioned in Section 2.3.1 and Figure 2.7): 

pumpability, printability, and buildability. The fresh mix properties investigated within this study 

included mortar flow and setting time. Flow provides information relating to concrete pumpability 

and printability whereas setting time provides information relating to printability and buildability 

by looking at initial set and final set. If the concrete sets too quickly, it could affect printability by 

“tearing” or “clumping” during extrusion, as was shown in Figure 3.3. If the concrete sets too 

slowly, it could affect buildability through excess layer deformation. Additionally, 1-day 

compressive tests were performed to complement the fresh mix tests by providing more 

information about early strength development, also relating to buildability.  

 

4.1.1. Materials 

The starting point for the materials for the fresh mix testing was the ORNL developed mix design 

from Table 3.1 in Section 3.2 since this mix was empirically proven to be printable, pumpable, 

and buildable with the SkyBAAM system. However, the sand source was different for the fresh 

mix testing than for the hardened concrete testing since the specimens were printed at ORNL. The 

hardened concrete used a natural sand (local to ORNL) whereas the fresh mix testing used both 

natural sand (local to VT) and manufactured sand. The sands used in the Phase II fresh mix testing 

were limited to a nominal maximum aggregate size of 2.38 mm due to observed SkyBAAM issues 

when using larger aggregates. Then a sieve analysis was performed per ASTM C136 [86] and the 

results are presented in Figure 4.1.  
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Figure 4.1: Sieve analysis of both fine aggregates 

Other material properties such as specific gravity, absorption, and moisture content at “air 

dry” (AD) conditions were found for both sands prior to investigating the fresh mortar properties. 

The bulk specific gravity, apparent specific gravity, and absorption were found according to 

ASTM C128 [87]. Moisture content was found per ASTM C566 [88]. These properties are 

summarized in Table 4.1 below. 

Table 4.1: Material properties of the Phase II fresh mix sands 

 

The sands were considered with different moisture states: oven dried (OD), “air dry” (AD), 

and saturated surface dry (SSD). Where OD was dried in an oven overnight to remove water from 

the pores such that the moisture content is zero. AD was taken from the current condition in the 

Natural Sand Manufactured Sand
Bulk Specific Gravity 2.61 2.82

Apparent Specific Gravity 2.66 2.84
Absorption, % 1.08 0.47

Moisture Content, % 0.15 0.03
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stockpile where the pores are partially filled with water. SSD condition was when the absorption 

capacity was met by the moisture content by adding that percent of water by mass to OD sand and 

allowed to sit for several hours in a sealed container. The moisture condition of the aggregate can 

become a critical factor in the performance of cementitious materials. Moisture condition of the 

fine aggregate affects the batched volume of sand, and at various moisture conditions, this can 

affect the w/c ratio and s/c ratio. Not accounting for the moisture condition of the aggregate can 

affect slump loss, setting time, strength gain and ultimate strength, development of the interfacial 

transition zone, etc. [89–91]. Therefore, for AM applications, the moisture condition of the 

aggregate may influence the predictability and reliability of the fresh properties.  

For the fresh mix and early strength testing, a variety of cement mortars were investigated 

as shown in Table 4.2 to demonstrate the need for quality control and quality assurance methods 

for 3DCP raw materials. Group 1 refers to mortars that did not properly account for the moisture 

content and absorption of the aggregates in the mix design while Group 2 refers to mixes that did 

account for changes in absorption and moisture content differences.  

Table 4.2: Matrix of mix types for fresh mix testing with varying sand types and hydration 
states 

 

GROUP 1 Natural Sand Manufactured Sand 

OD Mortar 1 Mortar 4 

AD Mortar 2 Mortar 5 

SSD Mortar 3 Mortar 6 

GROUP 2 Natural Sand Manufactured Sand 

OD Mortar 7 Mortar 10 

AD Mortar 8 Mortar 11 

SSD Mortar 9 Mortar 12 
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 The mortars were prepared using the procedure for mixing mortars from ASTM C305 [92], 

although the materials were not batched based on the standard ratios given in ASTM C305. Group 

1 mix designs were inspired by ORNL’s original mix design. There was significant research prior 

to this project to determine the ideal mix design; however, once it was determined, the intention 

of the mix design was distorted since the moisture content of sand can fluctuate and was not 

measured prior to printing. SkyBAAM is still in development and focused on demonstration of the 

concept of large-scale 3DCP. Improving the mechanical performance and robotics of SkyBAAM 

were the priorities; therefore, the ratios of mass of each material in the mix design were held 

constant for ease and to save time.  

The Group 1 mix designs stayed the same by mass as in Table 3.1 for all 6 mortars which 

means the water to cement (w/c) ratio and the sand to cement (s/c) ratio were both changing. Group 

2 mix designs are standard mix designs that incorporate the specific gravities of the materials and 

the absorption and moisture content of the fine aggregates. The w/c ratio was 0.375, and the s/c 

ratio was 1.5 for all Group 2 mortars. Those mix designs are presented in Appendix B (Table B-1 

through Table B-6). 

 

4.1.2. Procedures  

Flow was tested for each mortar per ASTM C1437 [93] and is defined as the percent increase of 

the base diameter. This is an important unit of measurement for 3DCP since flow relates to 

concrete pumpability and printability.  

Setting time was performed by modifying ASTM C807 [94]. The molded specimen was 

sealed cured between dropping the needle instead of being placed in an environmental chamber. 
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Setting time can play a significant role in addressing the challenges of open time in fresh mix 

concrete in 3DCP as previously discussed in Section 2.3.  

Finally, early compressive strength was determined for the different mortars to investigate 

how the setting time and flow related to the strength development per ASTM C109. The 

compression tests were performed after 1 day. Three specimens were molded and tested for each 

mortar. This is an important measurement to monitor early compressive strength as it relates to 

buildability for 3DCP. While this test is not directly representative of the in-situ material for 

printed concrete, it can still provide valuable information about the relationships between flow, 

setting time, and early compressive strength.  

 

4.1.3. Results 

This section presents results from flow, setting time, and early compressive strength testing.  

 

4.1.3.1. Flow  

The flow for each mortar was recorded and presented in Table 4.3.  

Table 4.3: Summary of flow for each mortar 

  

Mortar No. Flow

1 44%
2 53%
3 67%
4 81%
5 74%
6 81%
7 61%
8 47%
9 57%

10 72%
11 76%
12 82%
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Table 4.4 and Figure 4.2 summarize the differences between the natural sand versus the 

manufactured sand in Groups 1 and 2. There were three data points in each set. Average and 

standard deviation were calculated for each category; in addition, range was calculated since this 

is a common measurement for ASTM standards. In Figure 4.2, the x in the shaded regions indicates 

the mean value. The median is indicated by the center bar in the shaded regions. The extreme 

values that are depicted as bars are the maximum and minimum datapoints. 

Table 4.4: Comparing flow results by sand type for Group 1 and Group 2 

 

 

Figure 4.2: Box and whisker plot comparing flow results by sand type 

Interestingly, the average for each sand type did not significantly change between Group 1 

and 2 results. Overall, the manufactured sand had less variability than the natural sand and 

demonstrated greater flow increase than the natural sand in all cases. This was likely due to 

absorption content as well as gradation, fineness, and particle shape differences between the sands. 

Average
Standard 
Deviation

Range Average
Standard 
Deviation

Range

Natural Sand 55% 9% 42% 55% 6% 25%
Manuf. Sand 79% 3% 9% 77% 4% 12%

Group 1 Group 2
Category
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The absorption was 0.47% for the manufactured sand whereas the natural sand had an absorption 

of 1.08%. Because the manufactured sand had a lower absorption, the potential for variation in the 

flow was reduced. This is highlighted in the fact that the standard deviations for manufactured 

sand were 3% for Group 1 and 4% for Group 2. Since the natural sand had a larger absorption, it 

had a higher standard deviation for Group 1 than Group 2 which were 9% and 6%, respectively. 

As these two sand sources had relatively low absorption capacities, it is likely that fine aggregates 

with high absorption capacities would yield significantly greater variability between OD and SSD 

conditions, such as the slump loss behavior shown in concretes with highly absorptive recycled 

concrete aggregates [90].          

When comparing the flow results for the 12 different mortars, the moisture condition was 

investigated to determine which performed the most consistently between the different sand types. 

The average, standard deviation, and range for the three different moisture conditions regardless 

of whether water adjustments were made are reported in Table 4.5. There were four data points in 

each set.  

Table 4.5: Comparing flow results by moisture condition overall 

  

However, upon further inspection the range between the two different sand types changed 

significantly based on the moisture condition and the way absorption and moisture content were 

accounted within the mix design. Each set had only two data points; therefore, standard deviation 

was not calculated, only range for this comparison. For Group 1 where water was not properly 

Category Average
Standard 
Deviation

Range

OD 65% 14% 57%
AD 62% 13% 45%
SSD 72% 10% 34%
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adjusted, the OD sands showed the largest range between results as presented in Table 4.6. 

Alternatively, the OD sands showed the smallest range for Group 2 and overall.   

Table 4.6: Comparing flow results by moisture condition for Group 1 and Group 2 

 

It should be noted that there was only one data point for each of the 12 unique mortars. 

More data points would increase the confidence in any conclusions drawn from these trends. 

 

4.1.3.2. Setting time 

The setting time as defined by ASTM C807 for each mortar was recorded and presented in Table 

4.7.  

Table 4.7: Summary of setting time for each mortar 

 

As expected, the standard deviation and range for setting time were larger for Group 1 than 

for Group 2 as shown in Table 4.8. There were three data points in each set. The setting times for 

Group 2 are higher than Group 1 likely due to the established w/c ratio.  

Average Range Average Range
OD 63% 59% 67% 17%
AD 63% 34% 61% 46%
SSD 74% 18% 70% 35%

Group 2
Category

Group 1

Mortar 
No. 

Setting 
Time 

(minutes)
1 145
2 153
3 199
4 120
5 164
6 196
7 189
8 169
9 183
10 171
11 191
12 188
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Table 4.8: Comparing setting time results by sand type for Group 1 and Group 2 

 

As previously shown in Figure 4.2, flow was heavily influenced by the sand type rather 

than the moisture condition. Unlike for flow, the setting time was not as affected by sand type 

since the natural sand and the manufactured sand both experienced a similar reduction in standard 

deviation and increase in average setting time between Group 1 and Group 2 results. This can be 

seen in Figure 4.3, where the x in the shaded regions indicates the mean value. The median is 

indicated by the center bar in the shaded regions. The extreme values that are depicted as bars are 

the maximum and minimum datapoints. 

Average 
Setting Time 

(minutes)

Standard 
Deviation 
(minutes)

Range
Average 

Setting Time 
(minutes)

Standard 
Deviation 
(minutes)

Range

Natural Sand 166 24 33% 180 8 11%
Manuf. Sand 160 31 47% 184 9 11%

Category

Group 1 Group 2
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Figure 4.3: Box and whisker plot comparing setting time results by sand type 

 Although the setting time was not heavily influenced by the sand type, the differences in 

the standard deviations and ranges between Group 1 and Group 2 indicated that it was affected by 

the moisture condition of the sands and how those were accounted for within the mix designs. This 

was confirmed in Table 4.9 where the OD sand has the highest standard deviation and SSD has 

the lowest at 26 minutes and 6 minutes, respectively. There were four data points in each set. 

Table 4.9: Comparing setting time results by moisture condition overall 

 

 When looking at the performance between Group 1 and Group 2 based on moisture 

condition in Table 4.10, the trends were similar. For both groups, the SSD sand performed the 

most consistently with the highest setting times; this is expected since the sand will theoretically 

Category
Average 

Setting Time 
(minutes)

Standard 
Deviation 
(minutes)

Range

OD 156 26 44%
AD 169 14 23%
SSD 192 6 8%
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neither give nor remove water from the cement paste. This means the cement hydration process is 

not as influenced by the sand. For Group 2, the average setting time and range for OD and AD 

were very similar. The result that the OD sand performed slightly better than the AD sand was 

expected since the AD sand can have varying moisture content based on the depth of sand in a pile 

or the relative humidity (RH) in the environment. There were two data points in each set.  

Table 4.10: Comparing setting time results by moisture condition for Group 1 and Group 2 

 

 The Group 1 results agree with the literature. For instance, Sri Ravindrarajah et al. [95] 

demonstrated than the setting time of a mortar with a highly absorptive fine aggregate (6.20%) 

was less than the setting time of conventional sand (0.63%) even though both fine aggregates were 

in an air-dry condition. Sri Ravindrarajah et al. argued that this result was attributable to the 

significant moisture absorption of the highly absorptive aggregate.  

 None of the pairs from Table 4.10 exceeded the maximum multilaboratory standard 

deviation of 15.2 minutes per ASTM C807. However, clearly the Group 2 mixes produced more 

consistent, predictable behavior. For 3D printed concrete, this becomes a very important quality 

control issue, since there is limited open time (Figure 2.7). From a production perspective, it is 

highly desirable to have a predictable open time that can be designed and accommodated.  

 

Average 
Setting Time 

(minutes)
Range

Average 
Setting Time 

(minutes)
Range

OD 132 19% 180 10%
AD 159 7% 180 13%
SSD 197 2% 186 3%

Category

Group 1 Group 2
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4.1.3.3. Early Compressive Strength 

The compression testing was performed on three specimens for each of the 12 mortars. The results 

are summarized in Table 4.11.  

Table 4.11: 1-day compressive strength results for each mortar 

 

The same results from Table 4.11 are plotted in Figure 4.4 to show the trends between the 

averages of each mortar.  

Sample No. Mortar 1 Mortar 2 Mortar 3 Mortar 4 Mortar 5 Mortar 6
1 3053 3069 2190 2516 3675 2446
2 2631 3066 2068 2386 3955 2340
3 2834 3024 2182 2522 3444 2472

Average 2839 3053 2147 2475 3691 2419
Range 14.87% 1.47% 5.72% 5.48% 13.84% 5.45%

Sample No. Mortar 7 Mortar 8 Mortar 9 Mortar 10 Mortar 11 Mortar 12
1 2383 2845 2467 2710 3083 2528
2 2421 2854 2625 2797 3133 2539
3 2415 2776 2630 2750 3003 2558

Average 2406 2825 2574 2752 3073 2541
Range 1.57% 2.77% 6.32% 3.17% 4.22% 1.20%

1-day Compressive Strength (psi )
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Figure 4.4: 1-day compressive strength results with average trend 
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Figure 4.5: Comparing the average and range for 1-day compressive strengths for each 
mortar 

When calculating the average, standard deviation, and range for the subsequent 

comparisons, all three specimens for each mortar were included rather than only reporting on the 

average for each mortar. This was to provide a more inclusive comparison and demonstrate which 

comparisons were the most or least consistent overall. As with flow and setting time, the first 

comparison made was comparing the early compressive strength results for each sand type in 

Groups 1 and 2 as shown in Table 4.12. There were nine data points for each set. Similarly to the 

setting time results, the range was reduced for both sands between Group 1 and Group 2 results.  

Table 4.12: Early compressive strength results by sand type for Group 1 and Group 2 

 

Average 
Compressive 
Stress (psi)

Standard 
Deviation 

(psi)
Range

Average 
Compressive 
Stress (psi)

Standard 
Deviation 

(psi)
Range

Natural Sand 2679 401 37% 2602 179 18%
Manuf. Sand 2862 601 56% 2789 222 22%

Category

Group 1 Group 2
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 However, as shown in Figure 4.6, the compressive strength was slightly reduced for both 

sand types between Group 1 and Group 2. Inversely, the results for setting time had shown an 

increase between Group 1 and Group 2. This demonstrates the concept of the conflicting fresh mix 

design requirements for a printable, pumpable, and buildable mix. In Figure 4.6, the x in the shaded 

regions indicates the mean value. The median is indicated by the center bar in the shaded regions. 

The extreme values that are depicted as bars are the maximum and minimum datapoints. 

 

Figure 4.6: Box and whisker plot comparing early compressive strength results by sand type 

The manufactured sand obtained a slightly higher compressive strength for both groups 

indicating that sand type had a slight influence on performance likely due to the particle shape and 

gradation of manufactured sand. Manufactured sand is typically crushed stone to meet certain 

gradation requirements; however, the process of crushing leads to more jagged particle shapes. 

Natural sand has a more rounded shape due to gradual and more even wearing of the sand. 

Therefore, the roughness of the manufactured sand results in greater mechanical interlock and 

surface area for bonding, thereby yielding greater compressive strengths than the natural sand in 

Figure 4.6.  
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Compressive strength is known to be influenced by the w/c ratio as well. So, again, the 

different moisture conditions were compared, and the results are presented in Table 4.13. There 

were 12 data points in each set.  

Table 4.13: Early compressive strength results by moisture condition overall 

 

In general, all the standard deviations and ranges were fairly high. As shown in both Table 

4.13 and Figure 4.7, the OD and SSD sands performed the most consistently. In Figure 4.7, the x 

in the shaded regions indicates the mean value. The median is indicated by the center bar in the 

shaded regions. The extreme values that are depicted as bars are the maximum and minimum 

datapoints. The mortars with AD sands were able to achieve the highest average 1-day compressive 

strength but also had the highest standard deviation and range. The results in Figure 4.7 agree with 

the literature: concretes with highly absorptive aggregates, such as recycled concrete aggregates, 

have been shown to achieve the greatest compressive strength when the moisture condition is in 

between OD and SSD [89, 96].  

Category
Average 

Compressive 
Stress (psi)

Standard 
Deviation 

(psi)
Range

OD 2618 205 26%
AD 3160 340 37%
SSD 2420 177 23%



60 

 

Figure 4.7: Box and whisker plot comparing 1-day compressive strength results by moisture 
condition overall 

As expected, Group 1 had higher variability for each moisture condition than its Group 2 

counterpart as shown in Table 4.14. There are 6 data points in each set. The mortars with SSD 

sands once again were the most consistent among the three different moisture conditions for both 

groups, but they achieved lower average compressive strengths overall. For Group 1, the lower 

average compressive strength was expected as well due to the higher w/c ratio. The s/c ratio being 

reduced may have also led to this reduced strength. As aggregates absorb water while the mortar 

is still fresh, the local w/c ratio surrounding the aggregate is affected, which has been shown to 

detrimentally impact the development of the interfacial transition zone and strength development 

[91].  
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Table 4.14: Comparing 1-day compressive strength results by moisture condition for Group 1 
and Group 2 

 

Based on the precision requirements from ASTM C109, the maximum acceptable range of 

results for a single laboratory using blended cements with a constant flow is 10.7%. It should be 

noted that the mortars compared within Table 4.14 were not prepared with constant flow or 

constant w/c ratios. However, only the mortars with SSD sands in Group 2 were within that 

requirement.  

 

4.1.4. Conclusions 

Although the three test methods (flow, setting time, and early compressive strength) used are not 

direct measures of printability, pumpability, and buildability, they can serve as qualitative 

indicators as to how different mortars will perform for potential 3D printing applications. 

Furthermore, these tests are relatively affordable, are not labor-intensive, and are fairly 

straightforward to complete.  

For 3D printed concrete, control of the fresh properties is very important to ensure that the 

mixture is printable, pumpable, and buildable; more importantly, these properties need to be 

designed such that the behavior and performance of the mixture can be predicted and 

accommodated. The need for properly accounting for the moisture content, absorption, and sand 

type in the mix design was shown in the differences between results for Group 1 and Group 2.  

Average 
Compressive 
Stress (psi)

Range
Average 

Compressive 
Stress (psi)

Range

OD 2657 25% 2579 16%
AD 3372 28% 2949 12%
SSD 2283 18% 2558 6%

Category

Group 1 Group 2
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Clearly the results for setting time and compressive strength demonstrated that there was 

less variability in the properties when the moisture condition of the aggregate was measured and 

accounted. For example, this was demonstrated by through a 55 percent decrease in the standard 

deviation for early compressive strength for natural sand and a 63 percent decrease for 

manufactured sand after properly accounting for moisture. Similarly, the setting time for natural 

sand had a 67 percent reduction in the standard deviation between Groups 1 and 2, and the 

manufactured sand had a 71 percent reduction. Therefore, it is recommended that mixtures used 

in 3D printing of cementitious composites should design and accommodate the moisture condition 

of the aggregate to optimize the predictability of the fresh and early-age properties.  

 

4.2. Flexure testing (Three Point Bending Setup) with digital image correlation 

After the preliminary testing in Phase I was completed, more testing was needed to draw 

conclusions about the anisotropic behavior when loading the 3D printed specimens in different 

orientations. That prompted more flexural testing to be performed but with several changes 

implemented. Instead of using ASTM C348 as a guide for the loading rate, the ASTM C293 lower 

loading rates seemed more appropriate. In addition, it was desired to gain more information about 

how the strains were developing within the specimens, so digital image correlation (DIC) was 

performed with the flexural testing. This section details the specimen preparation, procedure, 

results and conclusions of the Phase II flexural testing with DIC.  

 

4.2.1. Specimen preparation 

The specimens for the Phase II tests were prepared similarly to Phase I flexural tests. The box 

(e.g., Figure 3.4) that the specimens for the Phase II tests were extracted from was printed on June 
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19, 2019 using the same mix design and g-code as the one printed for the Phase I tests on June 18, 

2019. The print from June 19 had more visual defects for the bottom four layers though due to 

mechanical irregularities with SkyBAAM. The effect that these defects had were included in the 

discussion within the results section. 

In Phase I, the two orientations that were tested were A and B as shown in Figure 4.8. 

Recalling from Section 3.4.1, orientation A was tested with the load parallel to the layer interface 

and the print path direction, and orientation B was tested with the load parallel to the layer interface 

and perpendicular to the print path direction.   

 

Figure 4.8: Orientation A (left) and orientation B (right) with respect to loading 

In Phase II testing, two more orientations were added to orientations A and B to further 

investigate the anisotropic properties of 3DCP: orientations C and D as shown in Figure 4.9. 

 

Figure 4.9: Orientation C (right) and orientation D (left) with respect to loading 

Orientation C was tested with the load perpendicular to the layer interfaces and the print 

path. Orientation D was tested with the load parallel to the layer interfaces and perpendicular to 

the print path.  
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4.2.2. Procedure  

As previously noted, there were several changes implemented in Phase II flexural testing. These 

changes improved and refined the testing procedure such that more information could be collected 

from the flexural tests.  

After the specimens were prepared, the average width, height, and length were measured 

and recorded. In addition, the mass was recorded for each specimen. This was to investigate the 

relationship between the unit weight and performance. 

The loading rate was adjusted to follow ASTM C293 loading rate requirements using the 

equation: 

𝑟 =
2𝑆𝑏𝑑

3𝐿
 (5) 

where r is the loading rate, S is the rate of increase in the maximum stress on the tension face, b is 

the average width, d is the average depth, and L is the span length. For all 29 tests, S was 150 

psi/minute and L was 4 inches.  

The equation for modulus of rupture remained the same as used in Phase II for a rectangular 

cross section based on Euler-Bernoulli beam theory. However, it should be noted that Euler-

Bernoulli beam theory is applicable to isotropic, linear elastic materials, and it neglects shear 

effects. When the span to depth ratio of a beam is sufficiently large, then the shear effects may 

need to be considered. The equation for modulus of rupture used in ASTM C293 does not account 

for shear effects since the standard requires a span to depth ratio of 3. However, that was not 

achieved for the tested specimens within this project.  

A test setup was fabricated for TPBT with a span length of 4 inches to test the specimens 

at the Thomas M. Murray Structures and Materials Laboratory at VT. It is important to note that 
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the age of specimens, testing location, testing machine, and the program used to run the Phase I 

and Phase II tests were different. The specimens were securely sealed with plastic and remained 

indoors at a controlled temperature once transported from ORNL.   

There were 29 total specimens tested: 7 for orientation A, 7 for orientation B, 8 for 

orientation C, and 7 for orientation D. The specimens with orientations A and B were tested after 

155 days of sealed curing. The specimens with orientations C and D were tested the next day after 

156 days of sealed curing. Even though testing was performed on two different days, the results 

were comparable since the specimens were well past 28 days old and all tests were completed 

within 38 hours total. Peak load and the crosshead displacement were recorded using the program 

that controls the MTS machine.  

The DIC system, with ARAMIS sensors and software, also recorded the load for every 

stage through an analog input going from the MTS machine to the laptop controlling the DIC 

sensors and cameras. In addition, the DIC captured and recorded several photos to analyze the 

strains and displacements. After testing, these photos were post-processed using the ARAMIS 

software. Due to the size of the specimen and the nature of the testing, the facet size and point 

distance used to analyze the speckle pattern was kept low for more localized results.  

 

4.2.3. Results  

The peak load from the MTS machine were used to calculate the modulus of rupture for all 

specimens. The flexural testing results based on the theoretical equation for modulus of rupture 

are presented in Table 4.15. Photos were captured (Figure C-1 to Figure C-29), and observations 

were noted before and after failure for each specimen in Appendix C. These notes and photos were 

intended to serve as visual documentation of any layer defects in the printed specimens and any 
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other relevant visual information. Additional photos (Figure D-1 to Figure D-31) at the peak load 

were included in Appendix D 

Table 4.15: Phase II modulus of rupture results 

 

The results with respect to each orientation are presented in Table 4.16 and Figure 4.10 

from which it can be seen that orientation B had the lowest average modulus of rupture and the 

largest standard of deviation and range. Alternatively, orientation D was the most consistently 

performing group with the lowest standard of deviation and range. However, this is inclusive of 

all results for a given orientation and does not consider the defects induced by the printing process. 

Specimen ID
Testing 

Orientation
Unit Weight

Support 
Span (L)

Avg. Width 
(b)

Avg. Depth 
(d)

Load rate (S) Load Rate Peak Load
Modulus of 

Rupture

pcf in. in. in. psi/min lbf/min lbf psi

B2S1-V1 A 131.36 4 1.15 1.43 150 58.60 229.73 588

B2S1-V2 A 131.19 4 1.12 1.35 150 50.96 280.07 824

B2S2-V1 A 131.56 4 1.15 1.44 150 59.74 595.35 1495

B2S2-V2 A 134.61 4 1.16 1.39 150 55.90 585.68 1572

B2S2-V3 A 135.42 4 1.17 1.43 150 59.62 617.31 1553

B2S3-V1 A 133.72 4 1.16 1.31 150 49.49 535.14 1622

B2S3-V2 A 133.37 4 1.13 1.42 150 56.83 522.20 1378

B2S1-V3 B 129.17 4 1.47 1.12 150 45.85 235.80 771

B2S1-V4 B 131.07 4 1.44 1.11 150 44.68 350.42 1176

B2S1-V5 B 127.75 4 1.48 1.10 150 44.93 96.76 323

B2S2-V4 B 133.49 4 1.43 1.15 150 47.39 453.80 1436

B2S2-V5 B 130.43 4 1.07 1.12 150 33.54 155.14 694

B2S3-V3 B 134.05 4 1.44 1.13 150 45.88 446.00 1458

B2S3-V4 B 134.80 4 1.48 1.08 150 43.64 361.35 1242

B2S1 - H4 C 134.51 4 1.09 1.88 150 96.79 831.63 1289

B2S1 - H6 C 126.05 4 1.05 1.90 150 94.95 552.48 873

B2S3 - H1 C 133.63 4 1.09 1.92 150 100.33 1041.92 1558

B2S3 - H2 C 136.03 4 1.01 1.80 150 81.97 728.08 1332

B2S3 - H3 C 132.40 4 1.09 1.74 150 81.77 646.60 1186

B2S3 - H4 C 134.67 4 1.20 1.92 150 109.97 1071.81 1462

B2S3 - H5 C 134.29 4 1.19 1.81 150 96.79 1007.17 1561

B2S3 - H6 C 131.38 4 1.13 1.77 150 88.21 600.21 1021

B2S1 - H5 D 127.52 4 1.80 1.02 150 46.85 335.41 1074

B2S2 - H1 D 134.83 4 1.92 1.03 150 50.47 432.22 1285

B2S2 - H2 D 134.56 4 1.84 1.20 150 66.06 461.32 1047

B2S2 - H3 D 127.89 4 1.82 1.12 150 57.27 491.60 1288

B2S2 - H4 D 133.60 4 1.91 1.09 150 56.61 498.07 1320

B2S2 - H5 D 134.42 4 1.85 1.09 150 54.49 471.43 1298

B2S2 - H6 D 127.32 4 1.86 1.08 150 54.33 429.60 1186
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There were 7, 7, 8, and 7 data points for orientations A, B, C, and D, respectively. In Figure 4.10, 

the x in the shaded regions indicates the mean value. The median is indicated by the center bar in 

the shaded regions. The extreme values that are depicted as bars are the maximum and minimum 

datapoints. 

Table 4.16: TPBT results with respect to testing orientation 

 

 

Figure 4.10: Plot of TPBT results with respect to testing orientation 

Since 3DCP is not consolidated by a tamping rod or vibration after placement, printed 

cementitious material could have a lower unit weight than typically cast concrete or mortar. While 

a common unit weight for conventional concrete is 150 pcf, the mixtures in this study, as a mortar, 

did not include coarse aggregate. A common unit weight for mortars is on the order of 135 pcf, 

which agrees well with the values in Table 4.15. Assuming typical specific gravity values, the 

Average Modulus 
of Rupture

Standard 
Devation

Range

psi psi %

A 1290 381 80

B 1014 395 112

C 1285 233 54

D 1214 105 22

Orientation 
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estimated unit weight of the mortar from the mix proportions in Table 3.1 predicts 140 pcf, which 

assumes no air content. Figure 4.11 showed the relationship between unit weight of the printed 

specimens and the achieved modulus of rupture.   

  

Figure 4.11: Unit weight vs. modulus of rupture with respect to testing orientation 

As the unit weight of a printed specimen increased, the modulus of rupture also increased 

and reduced in variability. This trend makes sense considering the presence of printing defects 

would reduce both the unit weight and the strength. However, the trends for the individual 

orientations were not easily visualized from Figure 4.11, so each orientation was plotted separately 

in Figure 4.12 through Figure 4.15. 
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Figure 4.12: Unit weight vs. modulus of rupture for orientation A 

  

Figure 4.13: Unit weight vs. modulus of rupture for orientation B 
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Figure 4.14: Unit weight vs. modulus of rupture for orientation C 

  

Figure 4.15: Unit weight vs. modulus of rupture for orientation D 
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When individually analyzing the trends for each orientation, there are more definitive 

relationships between unit weight and modulus of rupture. The observed lower moduli of rupture 

at a lower unit weights for orientations A, B, and C, are likely due to printing defects. However, 

other factors such as the unhydrated slag shown in Figure 3.12 from the Phase I testing could result 

in a lower modulus of rupture at a normal unit weight. This was corroborated by the visual 

observations of defects in Appendix C.  

There was a strong correlation between the specimens that achieved lower moduli of 

rupture and had visible defects within the span length for orientations A, B, and C. At a unit weight 

of approximately 132 pcf, the modulus of rupture for those three orientations began to decrease 

and the variation between results began to increase. Orientation D demonstrated the most resilience 

when containing a defect: the modulus of rupture was nearly the same regardless of the unit weight 

(Figure 4.15). To better determine the anisotropic behavior, the results were further divided into 

categories for less than or greater than 132 pcf unit weight in Table 4.17. There was significant 

improvement for orientations A and B when separating the data points with a unit weight of less 

than 132 pcf. Orientations C and D did not experience a drastic change in the variation of the 

results, but orientation C did show an increase in average modulus of rupture unlike orientation D.   

Table 4.17: Modulus of rupture categorized by orientation and unit weight 

 

Average 
Modulus of 

Rupture

Standard 
Devation

Range
Average 

Modulus of 
Rupture

Standard 
Devation

Range

psi psi % psi psi %

A 969 384 94 1531 92 16

B 741 303 115 1379 97 16

C 947 74 16 1398 140 27

D 1182 87 18 1237 110 22

Orientation 

Less than 132 pcf Greater than 132 pcf
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 There were 3, 4, 2, and 3 specimens that were less than 132 pcf for orientations A, B, C 

and D, respectively. The data points that had a unit weight of 132 pcf or lower were excluded and 

the box and whisker plot was regenerated to demonstrate the difference in performance when the 

print quality is high and printed parts are “fully dense” in Figure 4.16. Therefore, there were 4, 3, 

6, and 4 data points included for orientations A, B, C, and D, respectively. In Figure 4.16, the x in 

the shaded regions indicates the mean value. The median is indicated by the center bar in the 

shaded regions. The extreme values that are depicted as bars are the maximum and minimum 

datapoints. 

  

Figure 4.16: TPBT results for specimens with unit weight greater than 132 pcf 

 Overall, the variations were similar for all orientations; however, orientation A was able to 

achieve a higher modulus of rupture than B, C, and D. It was also the only orientation to be tested 

with the load parallel to the print path. The other three orientations were tested with the load 

perpendicular in some way to the print path. Orientations B and D were tested with the load 

perpendicular to the print path and parallel to the layer interfaces; orientation C was tested with 

the load perpendicular to the print path and perpendicular to the layer interfaces. This result 
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indicated that when the specimens were loaded in the direction of the print path, flexural strength 

increased. 

 Then, the data points that were greater 132 pcf were excluded, and a new plot investigated 

how poor printing and the presence of defects affected each orientation in Figure 4.17. There were 

3, 4, 2, and 3 data points included for orientations A, B, C and D, respectively. In Figure 4.17, the 

x in the shaded regions indicates the mean value. The median is indicated by the center bar in the 

shaded regions. The extreme values that are depicted as bars are the maximum and minimum 

datapoints. 

  

Figure 4.17: TPBT results for specimens with unit weight less than 132 pcf  

Based on the results, orientations A and B experienced the most variability when defects 

were present. This indicated that the vertically-extracted specimens had more uncertainty in their 

failures than the horizontally-extracted specimens such as in orientations C and D. This behavior 

can be argued to be attributable to the greater redundancy in the horizontally-extracted specimen 

since they take advantage of the length of the layers. 
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To quantify which orientations were most negatively affected by the presence of defects, 

the range between the two averages was calculated in Table 4.18. As expected, orientation D was 

the least likely to be negatively affected by the presence of a defect; however, it achieved the 

lowest modulus of rupture for the higher quality printed specimens (γ > 132 pcf). Orientation B 

was most negatively affected by decreased unit weight (γ < 132 pcf) which indicated a printing 

defect. This result makes sense because the specimens for orientation B demonstrated a few larger 

defects.   

Table 4.18: Summary of the range between the averages when unit weight is less than or 
greater than 132 pcf 

 

It was noticed when analyzing the data and results, the DIC and the MTS readings for peak 

load can differ from one another. There were a few specimens for which the DIC results reported 

higher peak loads than the MTS reported. This was likely due to the difference in collection 

frequency between the two systems. The DIC system collected data from an analog input from the 

MTS machine during loading. This measurement was pulled into the recorded data for each "stage" 

or photo taken with the DIC system. The analog input that the DIC recorded was fairly close but 

not exactly the same as the MTS reading. The previous plots all used the peak load from the MTS 

program. The subsequent plots used the DIC data. 

DIC was able to determine the surface strains for each stage recorded. The load and 

displacement in the Y direction were recorded for the crosshead (Point 1) and the location of crack 

Orientation
Average Modulus of Rupture 

(γ < 132 pcf)
Average Modulus of Rupture 

(γ > 132 pcf)
Range

psi psi %

A 969 1531 45

B 741 1379 60

C 947 1398 38

D 1182 1237 5
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initiation just before failure (Point 2). The peak strain and strain at point 2 in the X direction were 

determined for every specimen. Appendix D contains the DIC exported images at the peak load 

for every specimen (Figure D-1 through Figure D-31). Load versus displacement plots were 

generated for each of the four orientations (Figure 4.18 through Figure 4.21).  
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Figure 4.18: Load vs. displacement in the Y direction at Point 2 – Orientation A 
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Figure 4.19: Load vs. displacement in the Y direction at Point 2 – Orientation B 
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Figure 4.20: Load vs. displacement in the Y direction at Point 2 – Orientation C 
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Figure 4.21: Load vs. displacement in the Y direction at Point 2 – Orientation D 
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Then the flexural stress versus microstrain at Point 2 was plotted for each orientation 

(Figure 4.22 to Figure 4.25). Some of the specimens were removed from plot(s) due to erroneous 

strain readings that would occur when their surfaces that were not completely smooth.  

  

Figure 4.22: Stress vs. microstrain at Point 2 – Orientation A 
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Figure 4.23: Stress vs. microstrain at Point 2 – Orientation B 
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Figure 4.24: Stress vs. microstrain at Point 2 – Orientation C 
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Figure 4.25: Stress vs. microstrain at Point 2 – Orientation D 

The difference in the behavior of the stress-strain relationships seen between the different 

orientations indicated the type of failure experienced. For example, orientations A and B were 

loaded at a layer interface and experienced brittle failures. Alternatively, orientations C and D 

experienced quasi-brittle failures. The ultimate strain for traditionally-cast reinforced concrete 
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used in design is 0.003 or 0.0038, depending on the model used [97]. Orientation D (Figure 4.25) 

performed much like traditionally cast concrete would and the shape of the curves are clearly 

defined but were able to achieve higher ultimate strains. Working backwards from there, 

orientation C (Figure 4.24) showed sporadic differences between the stress-strain relationship for 

different specimens within the group; some showed significant strain development, but some 

showed very little. Orientation B shows strain development at the very end of loading (Figure 

4.23). Orientation A had the most brittle failures of all (Figure 4.22).  

Orientation A and B are loaded at interfaces which are the “weak link” of the composite. 

Cracks can propagate quickly and easily along the interface plane leading to the observed brittle 

behavior, thus this is not a material property but rather a geometry-specific property due to 

anisotropy. Alternatively, orientations C and D are not tested directly at an interface and are 

oriented such that the results are more representative of actual mortar material properties – thus 

the behavior is quasi-brittle. Based on this argument, orientation C should give the most reasonable 

material flexural strength since it relies on a single, continuous layer of concrete on its tension 

face.  

The flexural modulus of elasticity was then calculated two ways for every specimen (if 

equation was applicable). The first method of calculating the flexural modulus of elasticity was by 

using the linear region of the stress-strain relationship. The second method was by using the 

deflection equation: 

∆=
𝑃𝐿

48𝐸𝐼
 (6) 

where Δ is the mid-span deflection, P is the load, L is the span length, E is the modulus of elasticity, 

and I is the moment of inertia. Note that Equations 6 is only applicable at the mid-span. The results 

are summarized in Table 4.19. 
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Table 4.19: Flexural modulus of elasticity results 

 

 There is some agreement between the flexural modulus when calculated using the two 

different methods, but it is not consistent. For example, specimen B2S3-H2 failed at the midspan, 

so the deflection equation is applicable; the flexural elastic modulus based on stress-strain was 

423621 psi whereas based on deflection it was 472604 psi. However, when looking at specimen 

B2S3-H4 which also failed at midspan, the flexural elastic modulus based on stress-strain was 

929914 psi whereas based on deflection it was 389091 psi. The deflection equation assumes a 

linear elastic material which may not be applicable to 3DCP based on the effect of the layers on 
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deflection. Furthermore, the presence of defects may also influence these calculations, especially 

if the defects act as localized stress concentrations. Finally, some of the DIC was somewhat noisy, 

which may also influence the results. As the surface of the AM specimens was not always flat or 

smooth, often owing to the presence of defects, the DIC calculations may not be reliable.   

 

4.2.4. Conclusions 

Applying the loading rate from ASTM C293 provided more consistent loading and comparisons 

between the extracted 3DCP specimens. Using the three-point bending tests allowed for a good 

comparison between the four different orientations which demonstrated anisotropic behavior. This 

anisotropic behavior was corroborated with the DIC data showing the stress-strain relationships. 

Orientation A and B were brittle while orientations C and D were quasi-brittle. Furthermore, it can 

be seen in the differences in achieved modulus of rupture. For example, the highest achieved 

average modulus of rupture for the denser specimens (γ > 132 pcf) was for orientation A at 1531 

psi and the lowest at 1237 psi for orientation D. For a one-tailed two sample t-test assuming 

unequal variances with p=0.006, the means (γ > 132 pcf) for orientations A and D are statistically 

different thus demonstrating anisotropic behavior.  

 The equation using deflection to calculate flexural modulus of rupture may not be 

applicable to 3DCP since it does not behave as a linear elastic material. The agreement based on 

the flexural elastic modulus determined from the stress-strain relationship and determined from 

the deflection equation (eqn. 6) is not consistent (Table 4.19). This difference could also be due to 

the “noise” in the DIC data collection and strains recorded (Figure 4.22 through Figure 4.25). 

Unit weight can be a good indicator of reduction of capacity for most cases (except for D). 

A required minimum unit weight could ensure printed parts are “fully dense” and avoid defects. 
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This is important because predictability in performance is important, and denser printed specimens 

performed more consistently and reliably than the less dense specimens. For this study, using a 

minimum unity weight of 132 pcf was able to differentiate between specimens that had significant 

defects that correlated well with the observations and notes prior to testing. For example, between 

the group with unit weights less than 132 pcf and the group with unit weights greater than 132 pcf, 

there was an 86 percent increase in the modulus of rupture and a 68 percent decrease in the standard 

deviation for orientation B. This further demonstrated a need for QA/QC measures to be 

implemented; however, 132 pcf may not be the same cutoff point for other mortars, and it may be 

subject to change for each different 3DCP system based on extrusion technique.  

The higher modulus of rupture achieved for orientation A could indicate that loading 

parallel to the print path can increase the flexural resistance; however, this could be due to the 

applied pressure from extrusion causing better mechanical interlock at the layer interface or 

porosity in filaments from elongation/compression from printing. This may not still be true for 

concrete that printed by “placing” (i.e. no pressure applied during extrusion).  
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5. DISCUSSION AND CONCLUSIONS 

Quality assurance and quality control methods via standard testing methods are of utmost 

importance to ensure the safety, health, and welfare of the public and tackle the outlined challenges 

(Figure 2.5) as 3DCP emerges in civil infrastructure applications. This thesis aimed to better 

implement existing ASTM standards to characterize 3DCP and gather better information on how 

to tackle these challenges.  

This project applied existing ASTM standards for fresh mix mortars to measure setting 

time, flow, and early compressive strength as qualitative indicators of printability, pumpability, 

and buildability. Furthermore, these tests are relatively affordable, are not labor-intensive, and are 

fairly straightforward to complete. As mentioned previously, setting time could be correlated to 

yield stress [68], and flow could be correlated to viscosity [69]. A relationship between these test 

methods and open time could predict how different mortars will perform for potential 3D printing 

applications; however, these tests would need to first be applied to printing process to be able to 

suggest recommended values. 

The need for properly accounting for the moisture content, absorption, and sand type in the 

mix design was shown in the differences between results for Group 1 and Group 2. The results for 

setting time and compressive strength demonstrated that there was less variability in the properties 

when the moisture condition of the aggregate was measured and accounted. For example, this was 

demonstrated by a 55 percent decrease in the standard deviation for early compressive strength for 

natural sand and a 63 percent decrease for manufactured sand after properly accounting for 

moisture. Similarly, the setting time for natural sand had a 67 percent reduction in the standard 

deviation between Groups 1 and 2, and the manufactured sand had a 71 percent reduction. 

Therefore, it is recommended that mixtures used in 3D printing of cementitious composites should 
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design and accommodate the moisture condition of the aggregate to optimize the predictability of 

the fresh and early-age properties.  

Existing ASTM standards also were applied to the flexural testing; ASTM C348 was 

modified and applied to testing orientations A and B. Based on the preliminary results from Phase 

I, the load rate was determined to be too high and more information was needed about how the 

load was distributed or transferred between layers. Orientation A and B each achieved a mean 

modulus of rupture (when removing the defective specimen) of 907 psi and 1146 psi, respectively. 

The standard deviation for orientation A and B was 223 psi and 147 psi, respectively. A two sample 

one-tailed t-test with unequal variances yielded p = 0.135 indicating that the means were not 

statistically different at 95% confidence. However, further testing was necessary since the loading 

rate needed to be revised.  

Applying the loading rate from ASTM C293 provided more consistent loading and 

comparisons between the extracted 3DCP specimens. Using unit weight to filter the data allowed 

for simple exclusion of specimens with significant defects induced by the printing process. Unit 

weight was shown to be a good indicator of reduction of capacity for most cases (except for D) 

which can be valuable when determining how to effectively model, design, and inspect 3D printed 

structures in the future. Based on the results, a required minimum unit weight could ensure printed 

parts are “fully dense” and avoid defects. For this study, using a minimum unity weight of 132 pcf 

was able to qualitatively differentiate between specimens that had significant defects that 

correlated well with the observations and notes prior to testing. For example, between the group 

with unit weights less than 132 pcf and the group with unit weights greater than 132 pcf, there was 

an 86 percent increase in the modulus of rupture and a 68 percent decrease in the standard deviation 

for orientation B. This further demonstrated a need for QA/QC measures to be implemented; 
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however, 132 pcf may not be the same cutoff point for other mortars, and it may be subject to 

change for each different 3DCP system based on extrusion technique.  

Furthermore, using the three-point bending demonstrated anisotropic behavior among the 

different orientations. For example, the highest achieved average modulus of rupture for the denser 

specimens (γ > 132 pcf) was for orientation A at 1531 psi and the lowest at 1237 psi for orientation 

D. For a one-tailed two sample t-test assuming unequal variances with p=0.006, the means (γ > 

132 pcf) for orientations A and D are statistically different thus demonstrating anisotropic 

behavior. It could be argued that orientation A performed the best when excluding defects from 

results because it was the only orientation loaded parallel to the print path. The higher modulus of 

rupture achieved for orientation A could indicate that loading parallel to the print path can increase 

the flexural resistance; however, this could be due to the applied pressure from extrusion causing 

better mechanical interlock at the layer interface or porosity in filaments from 

elongation/compression from printing. This may not still be true for concrete that printed by 

“placing” (i.e. no pressure applied during extrusion).  

Orientation D was least affected by defects because it had range of 5 percent between the 

mean modulus of rupture for the two-unit weight categories. The other orientations reached much 

higher ranges (Table 4.18). It could be argued that this was because the layers for orientation D 

were not stacked; they were side-by-side which allowed them to act more independently from one 

another with some redundancy. This could suggest that failure is less critical when the loading is 

distributed among other layers and the capacity is not reliant on the strength of a single interface. 

The observed anisotropic behavior was corroborated with the DIC data showing the stress-

strain relationships. Orientation A and B experienced brittle behavior while orientations C and D 

experienced quasi-brittle behavior. The observed lower strain development for higher achieved 
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modulus of rupture could be indicative of the failure type such as brittle failure at the interfaces 

for orientations A (Figure 4.22) and B (Figure 4.23). For implementation of 3D printed concrete 

structures, it is highly recommended that the design is a function of loading orientation due to the 

anisotropic properties of the composite.   
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6. FUTURE WORK 

Based on the results of the testing from this project, there are several suggestions and 

recommendations for improving these methods for future work.  

- Increase span length for future testing to ensure the applicability of assuming the Euler-

Bernoulli beam theory equation (no shear effects included). The length was limited by the 

printed height in this study. Alternatively, some other flexural strength test would need to 

be developed for 3DCP that can accommodate this issue. 

- Use DIC to investigate slip between layers and inform how to model the materials. 

- Use DIC with the same three-point bending setup but with fracture testing to monitor crack 

initiation and crack propagation. 

- Consider varying printing parameters and their effects such as how the interface bond is 

affected by pressure applied during extrusion or how the modulus of rupture changes for 

varying aspect ratios of filaments. 

- Determine how fiber inclusion affects anisotropic properties. Since literature suggests that 

layer bond may decrease [50] with the inclusion of fibers, investigate how that affects the 

resistance to defects for orientations A through D. Based on the literature, it is predicted 

that A and B will perform similarly or worse than for plain mortar, but C and D will 

improve 

- Compare three-point bending tests and four-point bending tests. The three-point bending 

test setup in this study imposed a maximum moment at a specific point, but failure patterns 

when there is a maximum moment zone should be explored. How do cracks initiate when 

there is a maximum moment zone, and how does that affect the criticality of defects? 
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- Create a database to compile published results with information about printing methods 

including printing parameters, AM method (i.e. extrusion, binder jetting), specimen 

preparation and geometry, test method, etc. 

- Develop (or modify existing) ASTM standards specific to 3DCP applications including 

fresh mix properties and hardened material properties. These testing standards should 

provide QA/QC measures to ensure predictability of the performance of 3D printed 

structures.  
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Appendix A 

Specimen B1S1-V2 observations: 

- Orientation A 

- Defect between layers 1 and 2 

- A diagonal break through one layer (Figure A-2) 

 

 

Figure A-1: B1S1-V2 prior to testing 
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Figure A-2: B1S1-V2 after failure 
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Specimen B1S1-V6 observations: 

- Orientation A 

- Defect between layers 1 and 2 

- The specimen had another defect as seen in photos (Figure A-5), which may have been 

unhydrated slag and likely affected the modulus of rupture.  

- Lowest flexural strength of all 8 tests. 

 

 

Figure A-3: B1S1-V6 prior to testing 
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Figure A-4: B1S1-V6 after failure 

 

 

Figure A-5: Detailed view of defect in B1S1-V6 
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Specimen B1S1-V7 observations: 

- Orientation A 

- Defect between layers 1 and 2 

- Slight diagonal in the break at ending at an interface (Figure A-7) 

 

 

Figure A-6: B1S1-V7 prior to testing 

 

 
Figure A-7: B1S1-V7 after failure 
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Specimen B1S1-V8 observations: 

- Orientation A 

- Defect between layers 1 and 2 

- Clean break at interface (Figure A-9) 

 

 

Figure A-8: B1S1-V8 prior to testing 

 

 

Figure A-9: B1S1-V8 after failure 
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Specimen B1S1-V1 observations: 

- Orientation B 

- Defect between layers 1 and 2 (numbered ascending from bottom to top) 

- The failure occurred in the middle at the interface (Figure A-11) 

- Clean break at interface 

 

 

Figure A-10: B1S1-V1 prior to testing 
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Figure A-11: B1S1-V1 after failure 
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Specimen B1S1-V3 observations: 

- Orientation B 

- Defect between layers 1 and 2 

- The failure occurred in the middle at the interface (Figure A-13) 

- Clean break at interface 

 
Figure A-12: B1S1-V3 prior to testing 
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Figure A-13: B1S1-V3 after failure   
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Specimen B1S1-V4 observations: 

- Orientation B 

- Defect between layers 1 and 2 

- Did not break in the center. Failure occurred at a layer interface, but closer to the bottom 

of the printed part. (Figure A-15) 

- Different failure than all other specimens tested in the perpendicular direction (but not the 

lowest flexural strength) 

 
Figure A-14: B1S1-V4 prior to testing 
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Figure A-15: B1S1-V4 after failure 
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Specimen B1S1-V5 observations: 

- Orientation B 

- Defect between layers 1 and 2 

- The failure occurred in the middle at the interface (Figure A-17) 

- Clean break at interface 

- Lowest flexural strength of the perpendicular tests 

   

 
Figure A-16: B1S1-V5 prior to testing 
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Figure A-17: B1S1-V5 after failure 
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Appendix B 

Table B-1: Mortar 7 mix design  

 

  

Design w/c ratio 0.375 Required volume 45.21 in^3
Design s/c ratio 1.5 Planned excess 20%

Batching volume 54.25 in^3
Total cementitious 689.59 g Batching volume 888.95 cm^3
Design water 258.60 g
Design sand (SSD) 1034.39 g

Batching cement 413.76 g
Batching fly ash 0.00 g
Batching GGBFS 206.88 g
Batching silica fume 68.96 g
Batching water 269.65 g
Batching Sand 1023.34 g
Glenium 3.71 mL

Cement SG 3.15
Sand SG (SSD) 2.61
Fly ash SG 2.3
GGBFS SG 2.9
Silica fume SG 2.2

Cement 60%
Fly Ash 0%
GGBFS 30%
Silica fume 10%

100%

Sand absorption 1.08%
Sand moisture content 0.00%

Cementitious Design (by weight)

Sand Corrections
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Table B-2: Mortar 8 mix design 

 

 

  

Design w/c ratio 0.375 Required volume 45.21 in^3
Design s/c ratio 1.5 Planned excess 20%

Batching volume 54.25 in^3
Total cementitious 713.27 g Batching volume 888.95 cm^3
Design water 267.48 g
Design sand (SSD) 1069.91 g

Batching cement 427.96 g
Batching fly ash 0.00 g
Batching GGBFS 213.98 g
Batching silica fume 71.33 g
Batching water 272.48 g
Batching Sand 1064.90 g
Glenium 3.83 mL

Cement SG 3.15
Sand SG (SSD) 2.82
Fly ash SG 2.3
GGBFS SG 2.9
Silica fume SG 2.2

Cement 60%
Fly Ash 0%
GGBFS 30%
Silica fume 10%

100%

Sand absorption 0.47%
Sand moisture content 0.00%

Cementitious Design (by weight)

Sand Corrections
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Table B-3: Mortar 9 mix design 

 

  

Design w/c ratio 0.375 Required volume 45.20575 in^3
Design s/c ratio 1.5 Planned excess 20%

Batching volume 54.25 in^3
Total cementitious 689.59 g Batching volume 888.95 cm^3
Design water 258.60 g
Design sand (SSD) 1034.39 g

Batching cement 413.76 g
Batching fly ash 0.00 g
Batching GGBFS 206.88 g
Batching silica fume 68.96 g
Batching water 268.11 g
Batching Sand 1024.87 g
Glenium 3.71 mL

Cement SG 3.15
Sand SG (SSD) 2.61
Fly ash SG 2.3
GGBFS SG 2.9
Silica fume SG 2.2

Cement 60%
Fly Ash 0%
GGBFS 30%
Silica fume 10%

100%

Sand absorption 1.08%
Sand moisture content 0.15%

Cementitious Design (by weight)

Sand Corrections
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Table B-4: Mortar 10 mix design 

 

  

Design w/c ratio 0.375 Required volume 45.21 in^3
Design s/c ratio 1.5 Planned excess 20%

Batching volume 54.25 in^3
Total cementitious 713.27 g Batching volume 888.95 cm^3
Design water 267.48 g
Design sand (SSD) 1069.91 g

Batching cement 427.96 g
Batching fly ash 0.00 g
Batching GGBFS 213.98 g
Batching silica fume 71.33 g
Batching water 272.16 g
Batching Sand 1065.22 g
Glenium 3.83 mL

Cement SG 3.15
Sand SG (SSD) 2.82
Fly ash SG 2.3
GGBFS SG 2.9
Silica fume SG 2.2

Cement 60%
Fly Ash 0%
GGBFS 30%
Silica fume 10%

100%

Sand absorption 0.47%
Sand moisture content 0.03%

Cementitious Design (by weight)

Sand Corrections
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Table B-5: Mortar 11 mix design 

 

  

Design w/c ratio 0.375 Required volume 45.21 in^3
Design s/c ratio 1.5 Planned excess 20%

Batching volume 54.25 in^3
Total cementitious 689.59 g Batching volume 888.95 cm^3
Design water 258.60 g
Design sand (SSD) 1034.39 g

Batching cement 413.76 g
Batching fly ash 0.00 g
Batching GGBFS 206.88 g
Batching silica fume 68.96 g
Batching water 258.60 g
Batching Sand 1034.39 g
Glenium 3.71 mL

Cement SG 3.15
Sand SG (SSD) 2.61
Fly ash SG 2.3
GGBFS SG 2.9
Silica fume SG 2.2

Cement 60%
Fly Ash 0%
GGBFS 30%
Silica fume 10%

100%

Sand absorption 1.08%
Sand moisture content 1.08%

Cementitious Design (by weight)

Sand Corrections
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Table B-6: Mortar 12 mix design 

 

  

Design w/c ratio 0.375 Required volume 45.21 in^3
Design s/c ratio 1.5 Planned excess 20%

Batching volume 54.25 in^3
Total cementitious 713.27 g Batching volume 888.95 cm^3
Design water 267.48 g
Design sand (SSD) 1069.91 g

Batching cement 427.96 g
Batching fly ash 0.00 g
Batching GGBFS 213.98 g
Batching silica fume 71.33 g
Batching water 267.48 g
Batching Sand 1069.91 g
Glenium 3.83 mL

Cement SG 3.15
Sand SG (SSD) 2.82
Fly ash SG 2.3
GGBFS SG 2.9
Silica fume SG 2.2

Cement 60%
Fly Ash 0%
GGBFS 30%
Silica fume 10%

100%

Sand absorption 0.47%
Sand moisture content 0.47%

Cementitious Design (by weight)

Sand Corrections
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 Appendix C 

Specimen B2S1-V1 observations 

- Orientation A 

- Visual defects between layers (Figure C-1) 

- Unit weight = 131.4 pcf (γ < 132 pcf) 

- Failed at defect; not at midspan 

 

Figure C-1: B2S1-V1 prior to testing 
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Specimen B2S1-V2 observations 

- Orientation A 

- Visual defects between layers (Figure C-2) 

- Unit weight = 131.2 pcf (γ < 132 pcf) 

- Failed at defect; not at midspan 

 

Figure C-2: B2S1-V2 prior to testing 
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Specimen B2S2-V1 observations 

- Orientation A  

- Minor visual defects between layers, but they are small, very few, and not near midspan 

(Figure C-3) 

- Unit weight = 131.6 pcf (γ < 132 pcf) 

- Failed at midspan at interface 

 

Figure C-3: B2S2-V1 prior to testing 
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Specimen B2S2-V2 observations 

- Orientation A 

- No obvious visual defects before testing. The lines on the speckled face are from residual 

excess bead width from the rounded edges (Figure C-4) 

- Unit weight = 134.6 pcf (γ > 132 pcf) 

- Failed at midspan at interface 

 

Figure C-4: B2S2-V2 prior to testing 
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Specimen B2S2-V3 observations 

- Orientation A 

- No obvious visual defects before testing (Figure C-5) 

- Unit weight = 135.4 pcf (γ > 132 pcf) 

- Failed at midspan at interface 

 

Figure C-5: B2S2-V3 prior to testing 
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Specimen B2S3-V1 observations 

- Orientation A 

- No obvious visual defects before testing (Figure C-6) 

- Unit weight = 133.7 pcf (γ > 132 pcf) 

- Failure originated at another interface; diagonal failure surface 

 

Figure C-6: B2S3-V1 prior to testing 
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Specimen B2S3-V2 observations 

- Orientation A 

- Minor visual defects before testing at right end on speckled face (Figure C-7) 

- Unit weight = 133.4 pcf (γ > 132 pcf) 

- Failed at midspan at interface 

 

Figure C-7: B2S3-V2 prior to testing 
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Specimen B2S1-V3 observations 

- Orientation B 

- Visual defects between layers (Figure C-8) 

- Unit weight = 129.2 pcf (γ < 132 pcf) 

- Failed at defect; started at midspan 

 

Figure C-8: B2S1-V3 prior to testing 
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Specimen B2S1-V4 observations 

- Orientation B 

- Minor visual defects between layers (Figure C-9) 

- Unit weight = 131.1 pcf (γ < 132 pcf) 

- Failed at defect; not at midspan 

 

Figure C-9: B2S1-V4 prior to testing 
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Specimen B2S1-V5 observations 

- Orientation B 

- Visual defects between layers; large defect near midspan (Figure C-10) 

- Unit weight = 127.8 pcf (γ < 132 pcf) 

- Failed at large defect; not at midspan 

 

Figure C-10: B2S1-V5 prior to testing 
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Specimen B2S2-V4 observations 

- Orientation B 

- Visual defects between layers on one side; seem superficial (Figure C-11) 

- Unit weight = 133.5 pcf (γ > 132 pcf) 

- Failure originated at midspan interface but was diagonal 

 

Figure C-11: B2S2-V4 prior to testing 
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Specimen B2S2-V5 observations 

- Orientation B  

- Visual defects between layers on one side (Figure C-12) 

- Unit weight = 130.4 pcf (γ < 132 pcf) 

- Failed at defect; not midspan 

 

Figure C-12: B2S2-V5 prior to testing 
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Specimen B2S3-V3 observations 

- Orientation B 

- No obvious visual defects before testing (Figure C-13) 

- Unit weight = 134.1 pcf (γ > 132 pcf) 

- Failed at midspan 

 

Figure C-13: B2S3-V3 prior to testing 
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Specimen B2S3-V4 observations 

- Orientation B 

- No obvious visual defects before testing (Figure C-14) 

- Unit weight = 134.8 pcf (γ > 132 pcf) 

- Failed at midspan at interface 

 

Figure C-14: B2S3-V4 prior to testing 
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Specimen B2S1 - H4 observations 

- Orientation C 

- No obvious visual defects before testing (Figure C-15) 

- Unit weight = 134.5 pcf (γ > 132 pcf) 

- Failed at midspan 

 

Figure C-15: B2S1-H4 prior to testing 
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Specimen B2S1 - H6 observations 

- Orientation C 

- Visual defects before testing (Figure C-16) 

- Unit weight = 126.1 pcf (γ < 132 pcf) 

- Failed close to midspan; competing flexural cracks seen in DIC results 

 

Figure C-16: B2S1-H6 prior to testing 
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Specimen B2S3 - H1 observations 

- Orientation C 

- No obvious visual defects before testing (Figure C-17) 

- Unit weight = 133.6 pcf (γ > 132 pcf) 

- Failed at midspan 

 

Figure C-17: B2S3-H1 prior to testing 
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Specimen B2S3 - H2 observations 

- Orientation C 

- No obvious visual defects before testing (Figure C-18) 

- Unit weight = 136.0 pcf (γ > 132 pcf) 

- Failed at midspan 

 

Figure C-18: B2S3-H2 prior to testing 
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Specimen B2S3 - H3 observations 

- Orientation C 

- Visual defects between layers (Figure C-19) 

- Unit weight = 132.4 pcf (γ > 132 pcf) 

o This barely makes the cutoff 

- Failed at midspan 

 

Figure C-19: B2S3-H3 prior to testing 
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Specimen B2S3 - H4 observations 

- Orientation C 

- No obvious visual defects before testing (Figure C-20) 

- Unit weight = 134.7 pcf (γ > 132 pcf) 

- Failed at midspan 

 

Figure C-20: B2S3-H4 prior to testing 
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Specimen B2S3 - H5 observations 

- Orientation C 

- No obvious visual defects before testing (Figure C-21) 

- Unit weight = 134.3 pcf (γ > 132 pcf) 

- Failed at midspan 

 

Figure C-21: B2S3-H5 prior to testing 
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Specimen B2S3 - H6 observations 

- Orientation C 

- Visual defects between layers (Figure C-22) 

- Unit weight = 131.4 pcf (γ < 132 pcf)  

- Failed at midspan 

 

Figure C-22: B2S3-H6 prior to testing 
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Specimen B2S1 - H5 observations 

- Orientation D 

- Visual defects before testing (Figure C-23) 

- Unit weight = 127.5.3 pcf (γ < 132 pcf) 

- Diagonal failure; close to midspan though 

 

Figure C-23: B2S1-H5 prior to testing 
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Specimen B2S2 - H1 observations 

- Orientation D 

- Minor visual defects before testing; due to excess bead with overhang (Figure C-24) 

- Unit weight = 134.8 pcf (γ > 132 pcf) 

- Failed at midspan 

 

Figure C-24: B2S2-H1 prior to testing 
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Specimen B2S2 - H2 observations 

- Orientation D 

- Visual defects before testing (Figure C-25) 

- Unit weight = 134.6 pcf (γ > 132 pcf) 

o Defect looks isolated to one location and near midspan. Although higher unit 

weight, this defect could still cause lower achieved modulus of rupture  

- Failed at midspan 

 

Figure C-25: B2S2-H2 prior to testing 
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Specimen B2S2 - H3 observations 

- Orientation D 

- Visual defects before testing; large defect in midspan (Figure C-26) 

- Unit weight = 127.9 pcf (γ < 132 pcf) 

- Failed at midspan 

 

Figure C-26: B2S2-H3 prior to testing 
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Specimen B2S2 - H4 observations 

- Orientation D 

- Minor visual defects before testing (Figure C-27) 

- Unit weight = 133.6 pcf (γ > 132 pcf) 

- Failed at midspan 

 

Figure C-27: B2S2-H4 prior to testing 
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Specimen B2S2 - H5 observations 

- Orientation D 

- No obvious visual defects before testing (Figure C-28) 

- Unit weight = 134.4 pcf (γ > 132 pcf) 

- Failed at midspan 

 

Figure C-28: B2S2-H5 prior to testing 
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Specimen B2S2 - H6 observations 

- Orientation D 

- Visual defects before testing; large defect in midspan (Figure C-29) 

- Unit weight = 127.3 pcf (γ < 132 pcf) 

- Failed at midspan 

 

Figure C-29: B2S2-H6 prior to testing 
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 Appendix D 

The images enclosed in this appendix represent the conditions at the peak load just before failure for each respective specimen. The 

photos are being presented through the left camera for the DIC. 
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Figure D-1: B2S1-V1 
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Figure D-2: B2S1-V2 
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Figure D-3: B2S1-V3 
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Figure D-4: B2S1-V4 
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Figure D-5: B2S1-V5 
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Figure D-6: B2S2-V1 
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Figure D-7: B2S2-V2 



164 

 

Figure D-8: B2S2-V3 
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Figure D-9: B2S2-V4 
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Figure D-10: B2S2-V4 at failure 
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Figure D-11: B2S2-V5 
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Figure D-12: B2S2-V5 at failure 
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Figure D-13: B2S3-V1 
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Figure D-14: B2S3-V2 
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Figure D-15: B2S3-V3 
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Figure D-16: B2S3-V4 
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Figure D-17: B2S1-H4 
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Figure D-18: B2S1-H5 
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Figure D-19: B2S1-H6 
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Figure D-20: B2S2-H1 
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Figure D-21: B2S2-H2 
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Figure D-22: B2S2-H3 
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Figure D-23: B2S2-H4 
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Figure D-24: B2S2-H5 
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Figure D-25: B2S2-H6 
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Figure D-26: B2S3-H1 
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Figure D-27: B2S3-H2 
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Figure D-28: B2S3-H3 
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Figure D-29: B2S3-H4 
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Figure D-30: B2S3-H5 
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Figure D-31: B2S3-H6 

 


