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Symbol When You Know Multiply By To Find Symbol 
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in inches 25.4 millimeters mm 
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2
square inches 645.2 square millimeters mm

2

ft
2 

square feet 0.093 square meters m
2

yd
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2

ac acres 0.405 hectares ha 
mi

2
square miles 2.59 square kilometers km

2
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fl oz fluid ounces 29.57 milliliters mL 

gal gallons 3.785 liters L 
ft

3 
cubic feet 0.028 cubic meters m

3 

yd
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cubic yards 0.765 cubic meters m
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NOTE: volumes greater than 1000 L shall be shown in m
3
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lb pounds 0.454 kilograms kg
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o
F Fahrenheit 5 (F-32)/9 Celsius 

o
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fl foot-Lamberts 3.426 candela/m
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lbf/in

2
poundforce per square inch 6.89 kilopascals kPa 
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EXECUTIVE SUMMARY  

Additive manufacturing (AM), also known as 3D printing, enables the manufacturing of complex 

three-dimensional shapes and structures that are rendered as digital models through 3D modeling 

software or by importing a 3D scan of an object into the 3D modeling software. The flexibility of 

AM for producing industrial products is revolutionizing all manufacturing processes and is 

claimed to be the fourth industrial revolution. AM can also assist engineers and architects in the 

production of fast and economical yet complex representational models during the design phase to 

simulate and study the designed object. Printing freeform structures in the building industry results 

in higher precision, safer working conditions, faster construction speed, and lower costs of 

construction (avoiding the costs associated with formwork and labor). To make these benefits a 

reality, research focused on the 3D printing of concrete is rapidly gaining more attention. One of 

the biggest barriers to the broader adoption of concrete 3D printing in civil infrastructure is the 

difficulty of providing printed structural components with reinforcement to achieve sound 

structural performance under different loading conditions. 

Concrete is the most largely used construction material in the world. Concrete materials exhibit 

two well-documented weaknesses, which are their low tensile strength and highly brittle nature. 

As such, concrete materials rely on steel reinforcement to produce sound structural members 

ensuring sufficient tensile load carrying capacity, safety, and reliability. While steel reinforcement 

is fundamental for the structural performance of reinforced concrete elements, steel rebar is the 

main cause of reinforced concrete structures deterioration due to the action of corrosion. In turn, 

steel rebar significantly limits the durability potential of modern infrastructure. For instance, iconic 

Roman buildings such as the Pantheon (built without steel reinforcement) are still standing after 

nearly two thousand years; yet, modern reinforced-concrete structures have a hard time exhibiting 

durability of one hundred years or greater. The durability problem of modern infrastructure is one 

of the most important challenges to be solved by scientists and engineers over the next decades. 

One potential solution to this problem is to provide new concrete materials exhibiting high tensile 

strength and ductility, which can eliminate the need for rebar. As such, rebar-free structures could 

eliminate the corrosion deterioration mechanism and allow for dramatic durability enhancements. 

In addition, the absence of steel reinforcement could lead to a substantial increase in construction 

productivity as the rebar placement activity (which is a highly time-consuming process) would no 

longer be required. Moreover, such a material would be ideal to be utilized with emerging 

construction technics such as 3D printing, where the inclusion of steel reinforcement is not 

possible. 

Recently, the development of Engineered Cementitious Composites (ECC) has neared the 

possibility of achieving structurally sound rebar-free concrete structures. ECCs are a novel type of 

concrete materials that achieves high strength (i.e., >120 MPa compressive strength and >17 MPa 

tensile strength) and high ductility (i.e., >8% tensile strain capacity) by combining the 

micromechanics and fracture mechanics design concepts of ECC and the high particle packing 

density matrix design approach of UHPC. As such, this research project aims to develop novel 

ECC materials utilizing readily available ingredients in Region 6. The development of such 

materials will provide the region with state-of-the-art cementitious composites that will be 

available for the repair and new construction of transportation infrastructure. Furthermore, this 

study investigates the feasibility of manufacturing 3D-printed structures utilizing ECC materials. 
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This research characterizes the fresh and hardened properties of eight ECC mixtures and quantifies 

these materials' fresh properties to be used for 3D printing projects. This study identifies the 

influence of using different types of admixtures, including fly ash, slag, metakaolin, and silica 

fume, in ECC printing. 1.5% fiber was used in the ECC mixtures, but the quality of 3D-printed 

specimens with fibers indicated that the high content of the fibers lowers the quality of 3D-printed 

ECC specimens. The viscosity modifying admixture (VMA) was added to improve the quality of 

the 3D-printed ECC. The incorporation of methylcellulose as a VMA promoted fibers' dispersion 

and significantly improved printing quality in dimension conformity, dimension consistency, and 

shape retention of the printed objects. However, the addition of methylcellulose reduces the 

mechanical performance of ECC such as the compressive strength. The rheological parameters 

such as plastic viscosity, yield stress, and thixotropy of ECC mixtures with methylcellulose were 

marginally enhanced, another cause of improving extrudability and buildability 
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1. INTRODUCTION  

Engineered Cementitious Composites (ECC) is a class of Ultra-high-performance concrete 

(UHPC) that was developed some decades ago by Dr. Victor Li, and since then, both material 

design and application have been revolutionized significantly. ECC was designed in response to 

the issues related to the brittleness of conventional concrete and quasi-brittleness of Fiber-

Reinforced Cementitious Composite (FRC) (1-3).  

ECC was designed on the basis of the micromechanics and fracture mechanics principles by using 

low-fiber contents (i.e., ( to 2%) of short-fiber cementitious composites, and for this innovative 

composite material, a ductile failure mode with a large strain capacity was observed (4ï6). This 

material exhibited superior mechanical properties (i.e., high tensile ductility, tight crack width, 

large strength both in tension and compression, low shrinkage, and creep), with self-healing 

characteristics that can effectively improve the durability of this material. The tensile ductility of 

ECC is about 200 to 500 times that of regular concrete or FRC (2 to 5% strain capacity in tension). 

The crack width in ECC is usually less than 100 micrometers during strain-hardening, which is 

noticeably smaller than the size of cracks in FRC and conventional concrete (7, 8). Furthermore, 

this material is significantly strong against foremost types of deterioration occurring in the concrete 

structures, including alkali-silica reaction, sulfate attack, freeze and thaw, and corrosion (7).The 

ECC design is according to the micromechanics and fracture mechanics theory, and development 

of an ECC mixture needs thoroughly engineering design and control in different scales of ECC 

material, including nano-, micro-, macro-and composite scales (8, 9). For the mixture designed for 

ECC, the size of the fiber, fineness of sand, toughness and flaw size of the matrix, chemical and 

frictional bonds in the interface of different components, strain hardening characteristics, tensile 

strength, and toughness should be controlled (8ï10). 

Since ECC was introduced, there has been substantial development in material design and 

commercial application, including structures, repair, and retrofit. One of the new areas for using 

ECC is in additive manufacturing to 3-D print robust infrastructures. This research project involves 

designing and developing a novel ECC where can be used in the 3D printing of concrete structures 

by utilizing readily available ingredients in Region 6. This study offered the region with the most 

recent stage in developing these novel cementitious composites that will be available for the 

structures, repair, and retrofit of transportation infrastructure. Furthermore, the feasibility of 3D 

printing of ECC materials for digital construction was evaluated. 
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2. OBJECTIVE S 

The objective of this research project involves the design and development of novel ECC where 

can be used in 3D printing of concrete structures by utilizing readily available ingredients in 

Region 6. This study offers the region with the most recent stage in developing these novel 

cementitious composites that are available for the structures, repair, and retrofit of transportation 

infrastructure. Furthermore, the feasibility of 3D printing of ECC materials for digital construction 

was evaluated through different tests, including compressive strength, setting time, flow table test, 

extrudability, buildability, rheology, and mechanical performance of 3D-printed specimens. This 

study shows the effective admixtures that could be used for 3D printing of ECC materials.  
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3. LITERATURE REVIEW  

Additive manufacturing (AM), also known as 3D-printing, of cementitious materials has a high 

capacity to develop automation in the construction industry (Chaves Figueiredo et al., 2019). There 

are some challenges in applying AM in the 3D-printing of concrete materials, limiting the broad 

application of these innovative techniques in the construction industry. Incorporating reinforcing 

components, cold joint formation between layers, durability, and fresh properties of cementitious 

mixtures are some of the challenges. Over the last few years, some of these engineering challenges, 

specifically the fresh characteristics of cementitious mixtures and processing parameters, have 

been studied and addressed in numerous technical papers (Soltan and Li 2018, Roussel 2018, 

Roussel et al. 2020, Albar et al. 2020, Kazemian et al. 2017, Perrot et al. 2012, Weng et al. 2019, 

Wolfs et al. 2018). The previous research showed that novel 3D printing techniques must be 

engineered and customized according to the fresh property requirements (18).  

Concrete is a brittle material and possesses a low tensile strength (i.e., less than 10 percent of 

compressive strength), which causes the occurrence and propagation of cracks due to load or 

changing environmental conditions (19). While the evolution of concrete strength, durability 

performance, and material greenness each address a particular need, adopting a comprehensive 

approach is crucial. Engineered Cementitious Composites (ECC) are a novel class of high-

performance fiber-reinforced cementitious composites designed and optimized to exhibit a high 

tensile ductility (20). The emergence of ECC presented a comprehensive solution that possesses 

characteristics that support infrastructure resilience, durability, sustainability, and reduction of 

operations and maintenance needs simultaneously (19).  

ECC  materials are known for outstanding properties, such as high ductility varied from 3-7%, 

tight crack width around 60µm, and low fiber content of  to 2% volume fraction (21). The reason 

to categorize the ECC as a strain-hardening material is similar to ECC and metal performances 

when subjected to external loads. The ECC specimens continue to bear the load after the 

emergence of the first crack resulting from the fiber and matrix interaction (Li 1992 and Yang et 

al. 2008). Furthermore, the compressive strength of ECCs also has a vital role in the capability of 

cementitious matters, especially for the structural elements, to sustain the human-induced load 

during their service life. Ranade (24) emphasized in his research study the existence of a balance 

between the compressive strength and tensile strength to achieve a high strength composite (HSC) 

and high ductility concrete (HDC) simultaneously. Different compressive strength values have 

been reported up to now for ECC, which are ranged from 10 MPa (designed for water fire-

proofing) (25) to 200 MPa (High Strength ECC) (24). 

For the 3D-printing of civil infrastructure, the implementation of fiber-reinforced ECC can yield 

significant benefits such as an enhanced structural capacity, durability, and resiliency. As such, 

ECC's unique mechanical properties place this novel composite as an excellent candidate for the 

3D printing of concrete structures. While ECC is a promising material for 3D-printing 

implementation, several challenges still exist for its successful implementation (Marchon et al. 

2018, Li et al. 2020a). To retain the ECC's strain-hardening property, high fiber content (~2% by 

volume) and small fiber diameter (typically below 50 ɛm) are essential, leading to a paradoxical 

demand between pumpability and buildability (27). 

Four crucial terms widely used in the determination of fresh properties of cementitious materials 

in the 3D-printing include flowability, extrudability, buildability, and open time (28). Flowability 
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is defined as the flow behavior of fresh material in a pumping system that guarantees the easy 

transportation of cement paste during pumping (29). The extrudability is the capability of fresh 

cement paste to pass through the nozzle as a continuous and intact filament (30) (31)(32). In 

addition, the buildability can be introduced as the bearing load capacity of printed filament to 

sustain their weight and weight of subsequent layers (Lim et al. 2012; (33); (12). It should be noted 

that the open time is defined as elapsed between the initial contact of dry mix and water and the 

time when the material is printable (flowable in the pumping system and extrudable in the printing 

(28). Previous research showed that a value between 19-25 cm for the flow table test in the first 

hour provides good flowability for the fresh concrete to pump and extrude 3D-printing concrete 

ink (34). 

One of the green solutions to make concrete mixtures a more sustainable material is to partially 

substitute ordinary Portland cement (OPC) with supplementary cementitious materials such as fly 

ash and different types of slags (copper slag, steel slag), silica fume, and metakaolin. Previous 

studies(Curosu et al., 2016; Ding et al., 2018; Lei and Guo, 2018) showed the effect of 

incorporating these mineral admixtures in ECC's fresh and hardened properties and, accordingly, 

the printability characteristics of this material. It was indicated that the inclusion of silica fume 

between 5% to 10% weight of binder improves buildability and viscosity of the fresh 3D-printed 

mixture (38, 39). The optimum amount of silica fume can improve the flowability and 

cohesiveness of the mixture beyond which further addition of silica fume would cause a reduction 

in strength (40). Nano-clay (NC) has a considerable impact on cohesion and thixotropy of mixture 

and enhances the shape stability of the fresh 3D-printed mixture (Soltan and Li 2018, Bao et al. 

2019, Zhu et al. 2019. A high content of NC exhibits low cohesion resulting in discontinuities in 

printing ink; on the other hand, the inclusion of 1 mass% NC enhances the compressive strength 

of specimen around 23 MPa in one day (43). Due to the spherical shape of the fly ash particles, 

the flowability of mixtures would improve; additionally, a lower surface area to volume ratio 

reduces water demand (44). It was shown that the high content of fly ash on ECC reduced the 

crack width due to the high interface frictional bond that restrains the slippage of fibers (Yang et 

al., 2007). Moreover, it was indicated that replacing cement with a high volume of fly ash (62% 

and 75% cement replacement with fly ash) resulted in tensile strength reduction but an increase in 

tensile ductility of ECC composites (46). 

One of the major concerns in 3D printing of concrete is incompatibility of the conventional 

reinforcing techniques. The reinforcing bars utilized in normal construction practices can slow 

down the printing process and also reduce the degree of automation involved in this technology. 

Several researches and 3D printing companies have proposed different reinforcing methods such 

as pre-install reinforcement, in-process mesh reinforcement, post installation cages and prestress 

reinforcement (31, 47ï49). However, in-effectiveness of these methods urges the researchers to 

look deeply into this matter.  Although, 3D printable ECC could be another solution to the problem 

of the reinforcement in 3D printed concrete as it has potential to enhance the ductility and hence 

minimizing the requirement of conventional reinforcing bars.But, designing a 3D printable ECC 

is another challenge as the printing of ECC involved many issues including nozzle blockage, 

dispersion of fibers,  poor surface quality,  inconsistent  dimensions and also insufficient 

buildability.  This issue can be addressed by tailoring the rheological properties by incorporating 

some rheology modifiers. Viscosity modifying admixtures and some supplementary cementitious 

materials could be the appropriate choice in this case as suggested by some researchers (12, 42). 
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4. METHODOLOGY  

4.1. Material and Mix Design  

The primary objective of this study is to design a printable ECC with available materials from the 

local suppliers in region 6. To achieve this goal, we tried to contact the locals and prepare the 

required admixtures and materials for this study. The mineral/chemical admixtures and other 

constituents of ECC mixtures include (1) Type I/II Ordinary Portland Cement (C), (2) Type-F Fly 

Ash (FA), (3) River Sand (RS) with fineness modulus of 2.3 and a maximum size of 3.36, (4) High 

Range Water Reducer (HRWR), (5) Silica Fume (SF), (6) Iron Blast Furnace Slag (S), (7) Methyl 

Cellulose (MC), (8) non-oil coated RECS15 polyvinyl alcohol PVA fibers. Table 1 presents the 

chemical compositions of solid materials. The aggregate used in this study was natural river sand 

with a bulk dry specific gravity of 2.59 and an absorption capacity of 0.44%. Figure 1 displays the 

gradation curve of RS. 

Table 1. Chemical composition of cementitious dry powders  

Mater

ial 
SiO2  Al 2O3  Fe2O3  CaO  MgO  SO3  K 2O  TiO 2  Na2O  

Specifi

c 

Gravit

y  

Ceme

nt (C) 
19.24 4.75 3.35 65.8 2.20 3.61 0.54 0.21 - 3.13 

Slag 

(S) 
30.8 11.45 2.26 47.5 3.65 3.03 0.38 - 0.17 2.91 

Silica 

fume 

(SF) 

97.8 - - - - 0.3 - - 0.001 2.2 

Fly 

Ash 

(FA) 

61.27 23.18 5.09 2.11 1.19 0.30 1.43 - 1.44 2.09 

 

 
Figure 1. Particle size distribution (Gradation) of River Sand 
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In the preliminary phase of this study, 21 mixtures were designed and tested for setting time and 

compressive strength. Their list is presented in Table 2 for the two cement replacement levels (i.e., 

Cement/ Binder=0.25, 0.50). Different supplementary cementitious materials (i.e., FA, S, MK, SF) 

or their combination were used to form binary, ternary, and quaternary cementitious blends for 

each level. The focus of this study was mostly on fly ash replacement, and because of that, the Fly 

Ash/Binder ratios were evaluated at 0, 0.25, 0.40, 0.50, 0.65, 0.75. Then the slag substation was 

studied for Slag/Binder: 0, 0.50, 0.75, and finally Silica Fume, Metakaolin and Methylcellulose were 

added as a rheology modifier according to the preliminary observation of the printing tests with 

lower content (i.e., Silica Fume /Binder: 0.0, 0.10, and Metakaolin /Binder ratios: 0.0, 0.10). The 

content of aggregate and High range water reducer was evaluated according to different 

experiments with different levels of fly ash, and for the rest of this study, they were kept constant 

at Aggregate/Binder=0.25, and HRWR/Binder=0.006. 

Table 2. Mix design of different ECC mixtures 

# Mix ID  C/B FA/B S/B SF/B 
MK/B  

W/B RS/B 
HRWR 

(%) 1 

Fibers 

(Vol%)  

1 FA50- RS36- 0.30% 0.50 0.50 0.36 0.00 0.00 0.27 0.36 0.003 1.50 

2 FA50-0.60% 0.50 0.50 0.00 0.00 0.00 0.27 0.25 0.006 1.50 

3 FA50-MC-0.60% 0.50 0.50 0.00 0.00 0.00 0.27 0.25 0.006 1.50 

4 FA65- RS39- 0.30% 0.35 0.65 0.00 0.00 0.00 0.27 0.39 0.003 1.50 

5 FA75- RS36- 0.13% 0.25 0.75 0.00 0.00 0.00 0.27 0.36 1.3E-03 1.50 

6 FA75- RS36- 0.30% 0.25 0.75 0.00 0.00 0.00 0.27 0.36 0.003 1.50 

7 FA75- RS36- 0.40% 0.25 0.75 0.00 0.00 0.00 0.27 0.36 0.004 1.50 

8 FA75-0.60% 0.25 0.75 0.00 0.00 0.00 0.27 0.25 0.006 1.50 

9 FA50- 0.30% 0.50 0.50 0.25 0.00 0.00 0.27 0.25 0.003 1.50 

10 FA65- 0.30% 0.50 0.65 0.25 0.00 0.00 0.27 0.25 0.003 1.50 

11 S50-0.60% 0.50 0.00 0.50 0.00 0.00 0.27 0.25 0.006 1.50 

12 S50-MC-0.60% 0.50 0.00 0.50 0.00 0.00 0.27 0.25 0.006 1.50 

13 S75-0.60% 0.25 0.00 0.75 0.00 0.00 0.27 0.25 0.006 1.50 

14 FA25-S50-0.60% 0.25 0.25 0.50 0.00 0.00 0.27 0.25 0.006 1.50 

15 FA50-S25-0.60% 0.25 0.50 0.25 0.00 0.00 0.27 0.25 0.006 1.50 

16 FA40-SF10-0.60% 0.50 0.40 0.00 0.10 0.00 0.27 0.25 0.006 1.50 

17 FA40-SF10-MC-0.60% 0.50 0.40 0.00 0.10 0.00 0.27 0.25 0.006 1.50 

18 FA40-MK10-0.60% 0.50 0.40 0.00 0.00 0.10 0.27 0.25 0.006 1.50 

19 FA40-MK10-MC-0.60% 0.50 0.40 0.00 0.00 0.10 0.27 0.25 0.006 1.50 

20 FA65-SF10-0.60% 0.25 0.65 0.00 0.10 0.00 0.27 0.25 0.006 1.50 

21 FA40-S25-SF10-0.60% 0.25 0.40 0.25 0.10 0.00 0.27 0.25 0.006 1.50 

Note: 1. %HRWR dosage by weight of Binder 

2. C: Cement; FA: Fly Ash; S: Slag; MK : Metakaolin; SF: Silica Fume; W: Water; RS: River Sand; B: Binder; 

HRWR : High Range Water Reducer, MC : MethylCellulose  

3. all ratios are weight (wt) ratio but the volumetric fiber content. 

 

According to the preliminary phase of the study in Fall 2020, the UNM team noticed that when 

the level of cement replacement is 0.75, it was hard to achieve acceptable mechanical and 

printability performance. Thus, eight of ECC mixtures were selected and tested for the rest of this 

study (Table 2). The mixtures were highlighted in yellow in Table 2 and labeled according to the 

weight (wt) percentages of additives and viscosity modifier as FA50 (representing a hybrid binder 

of 50%(wt) FA and 50%(wt) C); FA50-MC (representing a hybrid binder of 50%(wt) FA, 50%(wt) 

C and 1%(wt) of total weight MC), S50 (representing a hybrid binder of 50%(wt) S and 50%(wt) 
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C), S50-MC (representing a hybrid binder of 50%(wt) S, 50%(wt) C and 1%(wt) of total weight 

MC), FA40-SF10 (representing a hybrid binder of 40%(wt) FA, 10%(wt) SF and 50%(wt) C), 

FA40-SF10-MC (representing a hybrid binder of 40%(wt) FA, 10%(wt) SF, 50%(wt) C and 

1%(wt) of total weight MC), FA40-MK10 (representing a hybrid binder of 40%(wt) FA, 10%(wt) 

MK and 50%(wt) C) and FA40-MK10-MC (representing a hybrid binder of 40%(wt) FA, 10%(wt) 

MK, 50%(wt) C and 1%(wt) of total weight MC).  

4.2. Mixi ng Procedure and Test Methods  

To ensure consistency of the mixture, preparation and mixing of the ECC mortars followed a 

specific procedure. All mortars were mixed following ASTM C305-14. Dry powders, i.e., cement, 

fly ash, slag, silica fume, and river sand) were dril y mixed in advance and consistently for 15 min 

at slow speed (140±5 RPM) in a Hobart mixer. HRWR dissolved in water, then added to the dry 

powders slowly and mixed with them for another 5 minutes. Finally, PVA fibers were added to 

the mixture and blended with other ingredients for 10 minutes at medium speed (285±10 RPM).  

The baseline of this study is checking the mechanical and fresh properties of the ECC mixtures 

based on their flowability. For evaluating the mechanical properties of designed ECCs, the 

characteristics such as compressive strength, flowability, and setting time were assessed. This 

procedure paved the way to reach a mix-design appropriate for 3D printing. The details of how the 

tests were performed are presented in this section.  

4.3. 3D-Printing System 

A gantry 3D-printing system from the new Dana C. Wood Materials and Structures Lab at UNM 

will be utilized for the manufacturing of these specimens (Figure 2). The hardened properties of 

3D-printed specimens will be evaluated and compared to those of traditionally cast-in-place ECC 

specimens. The large-scale printer (Figure 2a) is a cartesian coordinate robot system with three 

linear translational degrees of freedom and 0 rotational degrees of freedom. This means the three 

principal axes of control are linear (i.e., they move in a straight line rather than rotate) and are at 

right angles to each other (51). This robotic configuration is highly reliable, precise, and robust 

while operating in a 3-dimensional space. This type of robot is widely used for 3D printing. The 

printer is placed on the floor, which is also the building platform. The specifications of this printer 

are shown in the Appendix. 

 
                                  (a) 

 
                                      (b) 

Figure 2. UNM Dana C. Wood Materials and Structures Lab 3D-Printing Systems (a) 3D-Printing of Concrete (b) 3D-

Printing of Clay 
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4.4. Pretests 

In the light of the flow-characteristic influence on the printability of the fresh ECC mixtures, in 

this part of the research, the attempt was made to develop different ECC mixtures by fixing the 

flow table of fresh mixtures in the range 19-20 cm. For all mixtures, the Water to Binder (including 

a combination of C, FA, S, and SF) ratio, (W/B) wt, was maintained at 0.27; the quantity of HRWR 

was 150 ml per 100 kg of the cementitious binder. After mixing the materials, the flow table test 

was conducted, and the amount of water for each mixture was adjusted (water was either added or 

removed) to achieve 19-20 cm flow table test results. 

4.4.1. Setting time test 

The initial setting time is defined as the time elapsed from the first contact of dry mix powder with 

water until the paste is stiffened enough to reach a penetration resistance of 3.5MPa. (ASTM C125 

- 20) Open time is a new term that is mostly used for the 3D-printing, and it is defined as the time 

elapsed between the instant of adding water until the time that fresh paste is printable (53). 

Previous studies (Kazemian et al. 2017, Panda et al. 2019 ) indicated that the open time of printable 

concrete is always before the initial setting time. While there is no direct relation between setting 

time and open time for printable concrete, it can be assumed that the longer initial setting time 

results in a longer open time. In this study, we are using this test method as an indirect indicator 

for the open time. The convenient test method that gives the researcher the progress of structuration 

over time is the Vicat needle test (i.e., ASTM C191 -19) and shown in Error! Reference source 

not found.. To perform this test method, the fresh cement paste is molded in a container 

(measuring 70mm top opening diameter by 80mm bottom opening diameter in 40mm height), and 

a periodic test is done to outline the setting status. In this test, a straight steel needle is used to 

penetrate the cement paste in the mold. The penetration shows the trend of setting procedure; the 

more is the needle penetration; the lower is the stiffness of cement paste. The penetration is a way 

to indicate the initial setting time, when the Vicat test is continued utile penetration value reaches 

25mm. Before this point, due to the softness of the cement paste, the penetration depth is greater. 

The final setting time, according to this method, is the time elapsed from the first contact of water 

and dry ingredient and time at which the 1-mm needle does not leave any complete circular 

impression on the surface of cement paste. For the final setting time, two additional points on 

different sides of the cement paste were tested.   

 

Figure 3. Vicat needle test 
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4.4.2. Flow table test 

The fresh behavior of cementitious materials plays an essential role in the flowability and 

extrudability of the mixtures for the 3D-printing. The more flowable the cementitious mixture, the 

easier movement and extrusion of fresh martial occur in the hose/extruder for the 3D printing 

process. The flowability of the specimens was evaluated according to ASTM C1437 - 15 and 

shown in Error! Reference source not found.. In this test, after placing the conical mold (70mm 

top diameter by 100mm bottom diameter in 50mm height) at the center of the standard flow table, 

one layer of mortar of about 25mm of thickness was added into the mold and tamped 20 times. 

Subsequently, the mold was filled with the second layer and tamped 20 times. To make a plane 

surface even surface, the extra mortar was removed. The cone-shape mold was lifted, and the top 

table and remained mortar system is shacked by dropping the table 25 times per 15s. The diameter 

of mortar on the table surface should be recorded just before and after the table dropping.  The 

flow table results of different mixtures were kept constant between 19-20 mm by adjusting the 

W/B ratio to have a flowable mortar for the printing process. 

 

 
Figure 4. Flow table test 

4.5. Rheology 

A Brookfield Rheometer RST-SST was used for rheological measurements of ECC mixtures 

equipment with a vane spindle of designation VT20-40 (diameter = 20 mm and length = 40 mm) 

shown in figure 5 (a). The range of shear stress provided by the manufacturer for this vane spindle 

is 5.2 Pa to 3.4 KPa. The protocol used for the rheology measurements is the hysteresis technique 

adopted from the literature (57) shown in Figure 5 (b). The hysteresis technique quantifies the 

static yield stress as it does not have any pre-shearing zone. The total testing time was 120 seconds; 

during the first 60 s the shear rate was ramped up from 0 s-1 to 100 s-1 and again ramped down 

from 100 s-1 to 0 s-1 in the last 60 seconds. In addition, the plastic viscosity, yield stress, and 

thixotropy of ECC mix by adopting the Bingham model as shown in Fig 6 were calculated by 

measuring the shaded area between the shear rate of 20 s-1 and 80 (34, 58). Total three trials were 

performed for each mix, and an average of these results was reported. All the measurements were 

taken in a controlled temperature and humidity conditions. 
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(a) 

 
(b) 

Figure 5. (a) Brookfield Rheometer RST-SST (b) Hysteresis loop testing profile 

 

 

Figure 6. The experimental approach to measuring plastic viscosity, yield stress, and thixotropy adopts the Bingham 

model. 

4.6. 3D-printing Tests 

The printability of ECC mixtures was evaluated in terms of extrudability and buildability. Since 

the printing quality of ECC mixtures wasn't satisfying, MC was introduced as a viscosity 

modifying admixture to improve the printing quality. The printing took place in a controlled room 

with a constant temperature of 23 ± 2 °C. 

4.6.1. Extrudability 

Extrudability is necessary to ensure the printing of intact filament of desired width and thickness. 

The printing system mainly governs it in terms of printing and extrusion speeds. To evaluate this, 



11 

60 × 60 cm hollow squares were printed (shown in 7) with different printing and extrusion speeds. 

The printing speed was kept constant as 1, 2, 4, and 5 cm/s, while the extrusion speeds were 

adjusted for each ECC mixture. After 24 hours, the width and thickness of each side of squares at 

five different locations and all the corners were measured to evaluate the printing quality in terms 

of dimension conformity and consistency. The average values were reported to compare the 

printing quality of standard ECC mixtures and the mixtures with the addition of MC. Moreover, 

the effect of different extrusion and printing speeds on the quality of printing is also analyzed.  

 

Figure 7. 60 x 60 cm 3D-printed hollow square for the extrudability evaluation 

4.6.2. Buildability 

Buildability is the material's ability to retain the extruded shape of the filament against its load and 

a load of filaments deposited above it by limiting the deformations. To evaluate the buildability, 

single-layered walls stacked with ten layers of 1 cm thickness were printed, as shown in 8. The 

total height of the wall was measured and compared with the designed height of the wall, which 

was 10 cm. Furthermore, the thickness of the bottom layer was recorded after printing each layer 

to monitor the deformation of the bottom layer due to a load of subsequent layers. To evaluate the 

deformation of the mixtures, the printing time interval between each layer was evaluated in 0 and 

5 minutes. The printing speed and extrusion speed were adopted from the extrudability trial results 

of each mixture based on the better printing quality. 

 



12 

 

Figure 8. 3D-printed wall for the buildability evaluation  

4.7. Mechanical Properties 

4.7.1. Compressive strength test (Cast Specimens) 

The compressive strength of the designed ECCs indicates the suitability of these materials for 

structural applications. Therefore, it is worthy of studying the viability of prepared mixtures by 

assessing their compressive strength. To measure the compressive strength of mixtures, the fresh 

mortar was cast in two layers of 50 × 50 × 50 mm cube molds immediately after mixing according 

to ASTM C109-20. Each layer of mortar was compacted 25 times with a rod. The samples were 

demolded at 24 hours and then moist cured (100% RH, 23±0.5°C) until the testing day. The cubes 

were tested after 7, 14 days and 28 days at a loading rate of 0.25 MPa/s.  

4.7.2. Direct tension test 

A Bionix servo-hydraulic testing machine was employed to conduct the uniaxial direct tension test 

on dog-bone specimens. The displacement rate of 0.5 mm/min has been chosen following the 

recommendation of the Japan Society of Civil Engineers (JSCE). For each mixture containing MC, 

three dog-bone specimens have been cast. After casting, specimens were adequately treated by 

covering their top with a plastic sheet until the demolding day. Then, the samples were transferred 

into the moisture room (100% RH, 23±0.5°C) and cured till the testing day. Fig. 9. illustrates the 

test setup and the prepared samples, two linear variable displacement transducers (LVDTs) were 

mounted to the dog-bone specimens to measure the elongation of the gauge length after applying 

the load.  
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(a) 

 
(b) 

 
(c) 

Figure 9. (a) Uniaxial direct tension test setup, (b) specimens dimension according to JSCE recommendations, (c) casted 

dog-bone sample 

4.7.3. Compressive strength tests (Printed Specimens) 

For the printed specimens created from each mixture, a primary prism sample consists of six layers 

in 150×150 mm and a total height of 60 mm printed using the gantry system. After 24 hours, the 

samples were moist cured (100% RH, 23±0.5°C) until the testing day. Four small cubes of 

50×50×50 were extracted from the primary cubic sample using a wet tile saw during testing day. 

All specimens were tested perpendicular to the printing direction. The cubes were tested after 28 

days at a loading rate of 0.25 MPa/s according to ASTM C109-20. Fig 10 displays the 3D-printed 

cubes prepared for the compressive strength tests. 
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(a) 

 
(b) 

 
(c) 

Figure 10.  (a) Testing direction and cutting diagram of four cubic samples extracted from 150×150×60mm primary 

prism sample, (b) primary prism sample, (c) four extracted 50×50×50mm cubic samples from the primary sample.  

4.7.4. Beam tests (3D Printed) 

This research also evaluates the flexural behavior of ECC 3D-printed beams. Three rectangular 

specimens made of FA40-SF10-MC having the dimension of 100×100×500 mm in 10 layers have 

been printed using the gantry system with the 20 mm diameter circular nozzle. The specimens 

were transferred to the moisture room and cured (100% RH, 23±0.5°C) till the testing day (28-

days after printing). The printed beams will be subjected to pure bending; a three-point flexural 

test according to the ASTM C1609-19 has been conducted on the specimens using a hydraulic 

Universal testing system. The load rate applied to the specimens is 0.075 mm/min. The applied 

load will be recorded on a recording systems software during the three-point bending test. 

Additionally, the machine automatically records the deflection of the ECC specimens by LVDT's 

connected to the Universal testing machine. Fig 11 displays the testing machine and 3D-printed 

specimen. 
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(a) 

 
(b) 

 
(c) 

Figure 11. (a) Three-point bending test setup, (b) 3D-Printed beam, (c) designed beam using 3D software  
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5. ANALYSIS AND FINDINGS 

5.1. Fresh Properties 

5.1.1. Flow Table Test Results 

Since designed ECC mixtures exhibited different water demands in their fresh stage, and to keep 

them all flowable and buildable for the 3D-printing phase, we decided to adjust the water to binder 

ratio according to the flow table results in this preliminary stage of the study. Table 9 displays the 

amount of flow table test results of different mixtures. The amount of adjusted water to binder 

(W/B) ratio in Table 3 indicates that the fly ash-rich ECC mixtures led to a lower adjusted W/B 

ratio (i.e., 0.26) than those of other mixtures. It is likely that the spherical shape of fly ash particles 

makes them act as a lubricant in the fresh ECC mixtures; thus, they need a lower amount of water 

to reach a specific flow. In contrast, the ECC mixtures contain a large slag; they need more water 

to get a 19-20 cm flow table (i.e., adjusted W/B=0.33). 

Moreover, the mixtures containing MC have quite different flow behavior as compared to the 

standard mixtures. The W/B ratios were adjusted for the MC-rich mixtures to get better 

printability. A contrasting behavior was observed, which questioned the reliability of the flow table 

results with the addition of MC.  

Table 3. Flow table results of standard ECC mixtures. 

# Mix ID  Flow Table (mm) 
Initial 

W/B 

Adjusted 

W/B 

1 FA50 20 0.27 0.26 

2 S50 19.8 0.27 0.33 

3 FA40-SF10 19 0.27 0.33 

4 FA40-MK10 20 0.27 0.3 

Table 4. Flow table results of  ECC mixtures containing MC. 

# Mix ID  Flow Table (mm) W/B 

1 FA50-MC  13.5 0.23 

2 S50-MC  15.5 0.30 

3 FA40-SF10-MC  14.7 0.27 

4 FA40-MK10-MC 14.5 0.27 

 

5.1.2. Rheology  

The rheological properties of ECC mixtures: FA50, FA40-SF10, FA40-MK10, S50, FA50-MC,  

FA40-SF10-MC, FA40-MK10-MC and S50-MC are presented in Fig 14 to Fig 21. The rheological 

evolution over time was studied for the age of 0, 15, 30, 45, and 60 minutes. The rheological 

parameters such as plastic viscosity, static yield stress, dynamic yield stress, and thixotropy were  

significantly increased with the addition of MC as compared to the standard ECC mixtures without 

MC. This effect can be attributed to the potential of MC to retain the water and increase the 

viscosity and thixotropy (42). Moreover, MC can bridge the cement particle by adsorbing on their 

surface, which leads to the improvement of macroscopic yield stress (60). Fig 12 and Fig 13 depict 
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the shear stress vs. shear rate curves and linear fits between the shear rate of 20 s-1 and 80 s-1 of 

ECC mixtures, respectively.  

 

 
Figure 12. Hysteresis curves of ECC mixtures. 

  

 
Figure 13. Plastic viscosity and yield stress of ECC mixtures (Linear fits are used to measure) 
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Figure 14. Plastic Viscosity of standard ECC mixes 

 

Figure 15. Plastic Viscosity of ECC mixes with MC 
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Figure 16. Static Yield Stress of standard ECC mixes 

 

Figure 17. Static Yield Stress of ECC mixes with MC 
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