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of High-Strength 3D Printing Concrete

Abstract. This paper presents four parameters in 3D Printing Concrete (3DPC) in the fresh state. Flowability, extrudability, 
open time, and buildability. In addition, this paper also introduces a new method to obtain the green strength of fresh concrete. 
The high-strength concrete mixture was used as a base mix design. The water to binder ratio and admixture were tuned to obtain 
the 3DPC that satisfied those four parameters. The 3DPC mix design used cement, silica fume, and reactive powder as a binder 
with a ratio of 3:1:1. The ratio of sand and binder was 0.9. The water to binder ratio (w/b) was 0.14 with the addition of a super-
plasticizer and accelerator. To increase the buildability, polyvinyl alcohol (PVA) fiber was added by 0.2% of concrete volume. 
It had a 30 mm slump, 110 mm flow, 1.1 SRF, 85 minutes of open time, and 7 KPa green strength in 75 minutes. This mix design 
was able to be printed into 40 layers of 100×400 mm cylinder.
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1. Introduction

For the last decade, the application of additive manufactur-
ing in construction industries has been a hot issue. This method 
implements industry 4.0 in construction, reducing time and 
eliminating formwork [1]. In this way, the characteristics of 
3D Printing Concrete (3DPC) differ distinctively from normal 
concrete [2]. The printed mixture should retain its shape and 
withstand the layer load stacked on it. In addition, it should flow 
smoothly in the 3D concrete printer. Those characters are also 
influenced by their setting time when flowing and hardening.

Flowability is the ability to flow through pipes and extruders 
smoothly. However, there is no available standard to measure it. 
Tay suggested the slump and flow table test as the parameter of 
the flowability test [3]. The flow table test was included because 
it disturbs the mixture on top of the table by dropping the the 
table 25 times [4]. The disruption breaks the bonding or floc-
culation/coagulation process in fresh conditions to determine 
the flowability without clogging [5]. This test was also used by 
Zhang to determine the workability [6]. Another study intro-
duced the shear vane test instead of slump test to determine the 
concrete workability because it represent rheological behavior 
better than the slump test by measuring the change of the shear 
stress over time [7]. However, this paper uses slump and slump 

flow tests for flowability parameter to approach the available 
concrete standard. 

Extrudability is the ability of fresh concrete to flow continu-
ously through the extruder while maintaining the shape quality. 
This parameter seems similar to flowability. However, maintain-
ing the shape continuously when extruding is a different prob-
lem [8]. Some studies determined the extrudability by evaluating 
the quality of filament with visual observation [6,7,9]. However, 
it was unable to determine the value range to pass through the 
extruder smoothly. Panda introduced the shape retention factor 
(SRF) to quantify the filament’s quality [10]. SRF is a ratio of 
nozzle diameter to filament width. It was recommended that the 
suitable SRF for 3DPC is 0.76-0.9 to achieve smooth filament 
after extrusion [11]. 

Buildability is the ability of a fresh concrete to maintain 
shape stability when the filament is loaded. Like flowability and 
extrudability, it has no standard. Zhang used concrete rheometer 
to obtain the rheological properties [6]. Kazemian used the cylin-
der stability test that is similar to compression test to determine 
the green strength [12]. Green strength is the minimum stress 
of material to deform during the fresh state. Wolfs conducted 
compression test using ASTM D2166 on fresh 3DPC at 15 and 
30 minutes [13]. Due to the low stiffness, the optic measure-
ment system was used to measure the strain. The fresh 3DPC 
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is an anisotropic material that has different properties in each 
direction [14]. Practically, the 3DPC is printed layer by layer. 
Each filament should withstand the load of multiple filaments 
on top of it. Therefore, this study introduced the splitting tensile 
strength test from ASTM C496 to evaluate the green strength of 
fresh 3DPC. This test applies diametric compressive load along 
the length of filament until failure. 

In addition to flowability, extrudability, and buildability, 
another important factor is open time. Open time is a duration 
when the mixture is printable in the fresh state [12]. After being 
mixed, it hardens over time which eventually clogs in the 3D 
concrete printer, Consequently, the printing time is limited. Al-
though the open time is similar to the setting time test based on 
ASTM C403, the clogging often occurs before reaching the initial 
setting time [15]. This indicates that the duration of open time is 
shorter than the setting time. Accordingly, the printability limit 
and blockage limit were introduced as open time parameters [12]. 

Generally, the 3DPC eliminates casting in the formwork 
and compacting to build a structural component. It was inspired 
by the self-compacting concrete (SCC) and spray concretes 
(shotcrete) that remove the compacting process. Those two use 
high volumes of cementitious paste and admixtures [16]. It fills 
smooth-graded aggregate particles to create high flowability in 
SCC. However, this concrete requires formwork that demands 
the time and cost to install it. Meanwhile, the shotcrete was 
extruded with high pressure to cast it on the vertical surface. 
Similar to SCC, the shotcrete requires high amount of cemen-
titious paste and high amount of accelerator to enhance the 
bond on the surface [17,18]. These mixes often achieve high 
compressive strength that inspired some studies to use the high-
performance concrete (HSC) for 3DPC. Özalp used 800 kg/m3 
of cement with 0.3 water to binder ratio that achieved 60 MPa 
compressive strength at 28 days on 100×100×100 mm cube 
[19]. The cube specimen was cut from the stacked layer and 
tested on three direction which achieved similar value. The 
HSC provided high interlayer adhesion between two layers. Le 
obtained a well printed stacked layers using a HSC that achieved 
102 MPa compressive strength at 28 days [20]. Gosselin also 
recommended to use ultra-high-performance concrete (UHPC) 
as a 3DPC to create a challenging geometrical structure [21]. 
Therefore, this study used HSC as a basic composition to obtain 
the 3DPC mix design. 

A HSC used silica fume and reactive powder to enhance its 
strength [22]. It also used 0.9 silica sand to binder ratio. Silica 
fume is an amorphous byproduct material that has high silica 
content [23]. Meanwhile, the reactive powder is an amorphous 
pozzolanic material that has high silica content and fine par-
ticle [24]. It has higher pozzolanic reactivity than silica fume 
[25]. Both materials enhance strength and durability of concrete 
with or without special treatment [26-28]. It is mandatory to 
use these materials to achieve high compressive strength and 
durability [29,30]. 

The weakness of HSC is its high shrinkage due to the very 
low water to binder ratio (w/b) and high cement content [31]. 
When the concrete is cured, the water is absorbed by the hydra-

tion reaction which is called self-desiccation [32]. It reduces the 
relative humidity and leaves the void on fine capillaries. Thus, 
inward stress occurs causing autogenous shrinkage [33]. This 
shrinkage has a high correlation with the relative humidity inside 
the concrete which continually lowers over time [34]. While the 
autogenous shrinkage is relatively small, lower w/b inside the 
concrete can visibly shrink the cross-section of the specimen.

The main purpose of polyvinyl alcohol (PVA) fiber in 
concrete is to reduce the crack of concrete [35]. its dispersion 
gives dense distribution inside the concrete matrix that resists 
the tensile load controlling the propagation of micro-cracks and 
increasing the tensile strength of concrete [36]. This capability 
has a potential to improve the green strength of fresh concrete in-
creasing buildability. However, the tensile modulus is decreased 
when the PVA fiber is added to more than 0.3%. Besides, increas-
ing its volume fraction drops the workability [37]. Accordingly, 
this study uses PVA fiber by 0.2% volume fraction of concrete 
to limit its effect on flowability. In addition, it has less than 1% 
of water absorption [38].

A HSC mix design from a previous study that had a 128 MPa 
compressive strength at 28 days was selected as a base composi-
tion [22]. It had high early strength which is necessary to retain 
its shape and support stacked layers during its fresh state [7]. 
It also had high workability. This paper adjusts the HSC as 
a 3DPC material using four parameters that were measured with 
ASTM standard test to determine its compatibility with a 3D 
concrete printer.

2. Materials and mix design

Four mixtures used in this study are presented in TABLE 1 
with the HSC as a base. The chemical content of Portland ce-
ment, silica fume, reactive powder and silica sand is presented in 
TABLE 2. PVA fiber by 0.2% of the concrete volume was added. 
It had a 42 µm diameter, 8 mm length, and specific gravity of 
1.3 gr/cm3. It also had a tensile strength of 1600 MPa, flexural 
strength of 40 GPa, and less than 1% water absorption. Then, 
the performance of 3DPC was examined with early compressive 
strength, splitting tensile strength, and shrinkage.

Table 1
Mix design with different w/b

Material Mix Design (kg/m3)
HSC W14 W14F* W16

Portland cement 712 712 712 712
Silica fume 231 231 231 231

Reactive powder 211 211 211 211
Silica sand 1020 1020 1020 1020

Superplasticizer 31 31 31 31
Accelerator 30 30 30 30

Water 129 162 162 185
PVA fiber — — 2.58 —

Total 2,364 2,396 2,399 2,420
w/b 0.11 0.14 0.14 0.16
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Table 2

Composition of each material

Parameter
Chemical content (%)

Cement Silica 
fume

Glass 
powder

Silica 
sand

Silicon dioxide (SiO2) 19.19 81.4 71.73 99.05
Iron (III) oxide (Fe2O3) 3.11 9.3 0.54 0.04

Aluminum oxide (Al2O3) 5.42 — 1.73 0.21
Calcium oxide (CaO) 63.08 — 7.87 0.02

Magnesium oxide (MgO) 1.77 — 4.59 0.05
Sodium oxide (Na2O) 0.22 9.3 12.45 0.02

The mix design was determined to comply with the se-
quence of tests in a flowchart in Fig. 1. Those tests approach 
the ASTM standard to determine the characteristic of 3DPC on 
a 3D concrete printer. There are four parameters: flowability, 
extrudability, open time, and buildability. Extrudability is the 
most crucial part because the 3DPC has to be printable out of 
an extruder smoothly. However, each study has its own extruder 
design that provided different parameter [2,3,7,13,39]. 

The flowability test was conducted using slump and flow 
table tests according to ASTM C1437 and C143, respectively 
[4,40]. The slump test used a mini slump cone which has a scale 
of ¼ standard cone as presented in Fig. 2. This was set to ap-
proximate the actual filament size. Meanwhile, the flow table 
test used a standard flow table following ASTM C230 [41]. The 
parameter followed Tay’s result which had a 4-8 mm slump from 
a 50 mm height cone and 150-190 mm slump flow [3].

A mini 3D concrete printer shown in Fig. 3 was used for 
the extrudability, open time, buildability, and printing tests. 
It has a size of 1×1×1 m. Its printing range is 500×500×400 mm. 
The extruder consists of a feeder and Archimedes screw that 
is attached on the x-axis. The cylinder nozzle has a diameter 
in the range of 20-40 mm. The maximum printing speed and 
angular velocity of the screw were 10 mm/s and 80 rpm. Before 
conducting the printing, the 3DPC was mixed first using 7 L 
professional mixer machine for 20 minutes. After cooling down 
for 10 minutes, it was inserted to the feeder. 

The extrudability used the SRF test to examine the quality of 
filament and the open time. The SRF test was performed directly 
on a mini 3D concrete printer to determine the compatibility of 
the mixture with the extruder. The SRF is the ratio of the nozzle’s 
diameter and layer’s width that is extruded out of a 3D concrete 
printer [10]. The printing speed and angular velocity of the screw 
were 10 mm/s and 80 rpm. To examine the SRF, this study used 
a 20 mm cylinder nozzle. The concrete was printed as presented 
in Fig. 4. Then, the width of three long horizontal filaments was 
measured using the Vernier scale. This experiment was repeated 
every 5 minutes until the clogging occurred or the filament was 
discontinuous that indicated the end of the test. 

Fig. 1. A flowchart for finding the mix design of 3DPC conforming to 
the current standard 

(a) Mini slump design in mm (b) Actual mini slump 
 Fig. 2. Mini slump
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The open time was obtained from the SRF test. It measured 
the duration of printable 3DPC. The duration was calculated 
from the start of the mixing until the discontinuous filament was 
occurred. Then, the result was compared with the penetrometer 
test which was conducted according to ASTM C403 [42]. The 
mixture was cast into the mold with a size of 15×15×15 cm. 
The penetrometer was pricked on the surface of the concrete 
every 15 minutes.

The buildability test consists of green strength that is not 
simple to perform as the concrete is in a fresh state. This paper 

introduces a new way of measuring the green strength on fresh 
concrete using a simple instrument which is adopted form 
splitting tensile strength from ASTM C496 [43]. The diamet-
ric compressive load along the length induces tensile stresses 
on the plane containing the applied load. The loaded areas are in 
a state of longitudinal direction rather than uniaxial compression 
making the tensile failure occur. It allows them to resist higher 
compressive stresses than would be indicated by the uniaxial 
compression test result. The tensile failure on fresh concrete is 
indicated by how much the deformation is allowed. The tensile 
stress that retains the shape until the determined deformation 
is called the green strength. The setting of the green strength 
instrument is presented in Fig. 5.

The fresh concrete was extruded from a 3D concrete printer 
through a 40 mm nozzle. The maximum printing speed and angu-

Fig. 3. A 1×1×1 m 3D concrete printer

(a) Component of green strength (b) Ballast loaded the filament 

(c) Measuring width using Vernier scale 
 Fig. 5. Green strength instrument

Fig. 4. Design of filament for SRF test
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Wi is not acquired, it can be interpolated with WU and WL as 
presented in Fig. 7 using Eq. (1). Then, Wi is used to calculate 
the green strength of fresh concrete with Eq. 2. This equation 
divides the load into diametrical stress of ellipse along the length.
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Where:
	 fgreen	 –	 Green strength, 
	 Wi	 –	L oad o0.8 SRF, 
	 L	 –	L ength of filament, 
	 a	 –	 Vertical diameter of the ellipse of filament cross-

section,
	 b	 –	H orizontal diameter of the ellipse of filament cross-

section.

Fig. 7. Interpolation of Wi on 0.8 SRF

After obtaining the qualified mix design, the concrete was 
printed into a 100×400 mm cylinder shell. The printing process 
was conducted at ambient temperature which was 32°C. Each 
layer had a height of 10 mm and a width of 20 mm; thus, 40 layers 
were required. The printing method was layer by layer that prints 
a complete layer before the head printer rise at the z-axis. The 
printing speed and angular velocity of the screw were 10 mm/s 
and 80 rpm, respectively. The printing test started at 30 minutes 
after mixing.

After obtaining the suitable mix design, the mechanical 
properties of suitable concrete were analyzed. The test of com-
pressive strength, splitting tensile strength, and shrinkage were 
conducted. The early compressive strength was used to obtain 
3DPC performance in an early state. It was conducted following 
ASTM C39 [44]. The test specimen was a 50×100 mm cylinder. 
The early compressive strength test was conducted for up to 

Fig. 6. Sequence for measuring green strength

lar velocity of the screw were 3 mm/s and 80 rpm. The concrete 
was printed longitudinally on the instrument shown in Fig. 5(a). 
The slicers cut and constrain both ends of 120 mm long filament. 
Then the filament was loaded as shown in Fig. 5(b). The proce-
dure for measuring the green strength of fresh concrete is shown 
in Fig. 6. It obtains the total load Wi on 0.8 SRF. The range 
0.8 was used as a deformation limit of filament width following 
the minimum SRF that was recommended by Panda [10]. If the 
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24 hours. The samples were immediately tested as soon as the 
samples were able to be extracted from the mold. The test in-
strument with a capacity of a 500 KN universal testing machine 
(UTM) was used for the mechanical test.

The splitting tensile strength test used the same mold and 
testing machine. This test was compared with the green strength 
test which originated from it. The test was conducted 24 hours 
following ASTM C496 after the concrete was cast [43]. 

The shrinkage test was conducted following the previous 
study which used a strain gauge embedded into the center of the 
concrete cylinder [34]. The change of length was recorded by 
the data logger every 30 seconds interval. The HSC was molded 
into a 50×100 mm cylinder. The polytetrafluoroethylene (Teflon) 
sheet was inserted between the mixture and the mold to allow 
the concretes to move without restraint. A 3 cm long embedded 
strain gauge type KM-30-120-H1-11Y3M2 with a resistance of 
120Ω ± 1% was used. The strain gauge was inserted into the 
center of the cylindrical specimen immediately when the mixture 
was molded. The shrinkage setup is presented in Fig. 8. Then, 
the mold was closed tightly to ensure the measurement was 

in sealed condition without the influence of external moisture 
during hardening. The room temperature was kept constant at 
20°C when the concrete hardens in less than a day, the mold was 
dismantled to measure the concrete shrinkage without curing. 
The shrinkage was conducted for 7 days.

3. Results and discussions

The flowability results which consisted of a slump and flow 
table test are presented in Fig. 9. The higher w/b the higher the 
slump (marked in red dots) and flow table (marked as bars). 
However, adding PVA fiber reduced slump value and flow di-
ameter. Based on Tay’s, the optimum flow table for printing was 
150-190 mm [3]. The slump was recommended to reach 0 mm 
to achieve shape stability of solid-like filament. However, no 
sample achieved a 0 mm slump. The nearest sample was HSC 
which was 15 mm. the change of w/b increased workability 
only. Adding PVA fiber on W14F slightly decreased the slump 
because of the increasing viscosity [36].

(a) specimen seetup (b) an actual specimmen in mold

Fig. 8. shrinkage test
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Fig. 9. Mini slump and flow table test result

SRF test was conducted and placed side by side in Fig. 10 
to determine the effect of a mini slump on SRF. Mini slump 
presented shape stability by holding its own weight. However, 
the low slump in HSC, which was 15 mm, clogged the printer 
causing the discontinuous filament. W14 had a 35 mm slump 
that produced smooth filament. Adding 0.2% PVA fiber only 
reduced slump by 5 mm that also had smooth filament. W16 had 
the highest slump, which was 70 mm, but unprintable because 
it was too flow. Tay recommended that 4-8 mm of 50 mm cone 
was the optimum slump flow for 3DPC, which is close to zero 
slump [3]. This study found that 30-35 mm of 75 mm mini cone 
was sufficient to produce smooth SRF, thus W14 and W14F were 
selected. It also found the compatibility of 3DPC by printing 
it directly on 3D concrete printing.
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The selected mix designs were tested every 5 minutes to 
observe how long the filament quality last which is presented in 
Fig. 11. The SRF of W14 was 0.79 at 35 minutes. It had smooth 
printed filament which could be repeated for up to 110 minutes 
before clogging. W14F had a shorter printability time than W14, 
which was 85 minutes. The Each final open time was determined 
by the discontinuity of filament that occurs on the next 5 minutes 
interval. Its SRF in the range of 1.1-1.2 means that the width of 
the filament was shorter than the nozzle diameter. The filament 
did not flatten by self-load indicating that W14F had higher 
load resistance than W14. Meanwhile, W16 was unprintable 
due to SCC characteristics which flowed out continuously  
from 3DPC.

All SRF result had the range of 0.73-1.2 and was printable 
on the 3D printer. This result differs from another study that rec-

(a) Mini sl

(c) Mini sl

(e) Mini slu

(g) Mini s

lump of HSC

lump of W14

ump of W14

lump of W16

 
C (15 mm) 

 
4 (35 mm) 

4F (30 mm)

 
6 (75 mm) 

) 

(b

(d

(f)

(h

b) SRF of HS

d) SRF of W

) SRF of W1

h) SRF of W

 
SC 

 
W14 

 
14F 

 
W16 

Fig. 10. The connection of mini slump and SRF form of each sample
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ommended the optimum SRF range was 0.76-0.91 [11]. It points 
out that SRF is determined by the specification of a 3D printer.

The comparison of the open time of SRF and penetrometer 
is presented in Fig. 12. The initial setting time of the penetrom-
eter was longer than SRF. The shorter time of W14F than W14 
was caused by PVA fiber that increased viscosity and reduced 
workability [36]. The penetrometer was unable to represent the 
open time better than the actual test on the 3D printer due to 
its long initial setting time. This result was in accordance with 
Kazemian’s that found no correlation between open time and 
setting time [12]. Therefore, it is recommended to use the SRF 
test to determine the open time of the 3DPC mixture.

The green strength test of W14 and W14F presented in 
Fig. 13 gradually increased over time. Adding PVA fiber rapidly 
increases the green strength of fresh concrete due to its ability to 
withstand the filament splaying. In addition, PVA fiber increases 
the tensile and splitting strength of concrete as well as prevents 
the cracks caused by the autogenous shrinkage [32]. In a fresh 
concrete, the PVA fiber also increases green strength providing 
the ability to retain the shape of fresh concrete and increase the 
load resistance. Those results stopped at 75 minutes because 
the filaments were discontinuous during printing. The test time 
was stopped before the open time because of different nozzle 
diameter. Bigger filament diameter caused early clogging due to 

the big volume extruded on the constant screw speed although 
the printing speed was reduced. Thus, the 3D printer of this 
study was capable to flow out the fresh concrete with the green 
strength up to 7 KPa in 75 minutes. 

The early compressive strength result is presented in Fig. 14. 
W14 achieved 0.4 MPa of compressive strength in 5 hours. 
In 24 hours, its compressive strength reached 18.6 MPa. Despite 
the reduced compressive strength in one day due to the increase 
of w/b, W14 had high early compressive strength which poten-
tially withstands the load of the upper filament. The silica fume 
and reactive powder also gave a huge contribution to the high 
early strength [45]. reactive powder is an amorphous material 
that increases calcium silicate hydrate (C-S-H) reaction [46]. 

Despite high compressive strength at early age, it is not 
associated directly with the green strength of the filament. PVA 
fiber in W14F reduced the compressive strength by up to 15%. 
At an early age, the 0.2% PVA fiber slightly reduced the com-
pressive strength. However, a previous study found that adding 
PVA fiber increased the compressive strength at a later age [36].
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The splitting tensile strength test result expressed in Fig. 15 
shows that adding PVA fiber increased the splitting tensile 
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strength. In the fresh state, adding PVA fiber increased the green 
strength at 75 minutes by 43%. In addition to a tensile load 
resistance, it increased the shape retention which showed on its 
SRF in the range 1.1-1.2. This range presents that the width of 
the filament was smaller than the nozzle.
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The printing test result of W14 and W14F is presented 
in Fig. 16. W14 (left) only produced 18 layers and 140 mm 
in height. Many cracks that appeared on the underlayers were 
caused by the shrinkage and worsened by the self-load on it. 
The shrinkage was caused mainly by autogenous shrinkage but 
worsened by drying shrinkage because the printed layers were 
exposed to ambient temperature. The underlayers were com-
pressed which indicated that the green strength was not enough 
to retain the shape and withstand the load. The upper layers had 
big filaments caused by the high standoff between the printed 
layer and the nozzle that distorted the shape. W14F (right) us-

ing PVA fiber greatly reduced the cracks and increase its green 
strength which printed 40 layers of 100×400 mm cylinder shell 
in 22 minutes successfully. PVA fiber increased green strength 
that provided a consistent shape throughout all layers. This result 
confirms with another studies that fiber is required to enhance 
the performance of the filament [7,11,47].

The printing test was conducted for 22 minutes. In addition 
of 30 minutes from the mixing, the total open time conducted was 
52 minutes. It was lower than actual open time of each sample 
in Fig. 12. The open time was limited due to the height limit at 
z-axis of 3D concrete printer which was 400 mm. W14F was 
possible to print more layers as it has remaining open time by 
up to 85 minutes. 

The shrinkage test measures the longitudinal change of 
shrinkage on the specimen. Fig. 17 is the shrinkage test results 
on closed and open condition. In the closed condition, W14 
shrank up to 900×10–6 in 10 hours, while W14F was 800×10–6. 
This phenomenon is called the autogenous shrinkage which com-
monly occurs on the concrete with low w/b due to the chemical 
reaction at an early age [33]. Moreover, because of low w/b, the 
autogenous shrinkage is increased by self-desiccation. It occurs 
when the water is absorbed by cement hydration which low-
ers the humidity of concrete pores causing the microcrack to 
emerge [32]. This microcrack was caused by developed inner 
tensile stresses resulting in significant contraction [31]. After 
demolding, W14 fell into 2200×10–6 in 20 hours, while W14F 
was 2000×10–6. The difference even gets larger in seven days 
between these two mixtures, where the highest shrinkage of W14 
and W14F are 2800×10–6 and 2400×10–6, respectively. After 
demolding, the shrinkage was larger because of the concrete 
was exposed to open air without curing that greatly reduced the 
concrete moisture. 
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Fig. 17. Shrinkage test result of W14

This high shrinkage of W14 is the main problem that ap-
peared in the printing result in Fig. 16. While its green strength 
was low, the cracks on the exposed filament were appeared 
immediately before the concrete sets. Adding PVA fiber greatly 
reduced the shrinkage, which is the main purpose of using the 
fiber [48]. It also increased the green strength preventing the un-Fig. 16. Printing test results of W14 (left) and W14F (Right)
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derlayer from cracking and reducing deformation when stacking.
3DPC mix design in this paper was obtained by modifying 

HSC from a previous study that achieved 57 MPa and 128 MPa 
of compressive strengths at 1st and 28th days, respectively [22]. 
Based on the test results it was found that W14F was the suitable 
mix design that was printed 100×400 mm cylinder shell suc-
cessfully. It had a 30 mm slump, 110 mm flow, 3 KPa of green 
strength in 30 minutes, and 85 minutes of open time. It achieved 
15 MPa in a day although it was lower than W14. 

Even though W14 had smooth filament during the SRF 
test, it failed to print because of a flattened underlayer due to 
insufficient green strength. Using equation 1, a 10×20 mm layer 
had a load of 0.16 KPa, which in total was 6.4 KPa that printed 
in 22 minutes. During the same start time, which was 30 min-
utes, the concrete should sustain this load after 50 minutes. W14 
only had 2 KPa while W14F had 4.8 KPa. This great distinction 
caused the underlayer of W14 to flatten causing a standoff with 
the nozzle and disorienting extruded layer.

This suggested sequence provided the capability of a 3D 
concrete printer. In extrudability, this printer was able to print 
the concrete with the slump up to 30 mm and slump flow up 
to 110 mm as presented in Fig. 10(e) and (f), which is different 
from Tay’s parameter. The buildability parameter determines 
the minimum strength required for 3DPC to sustain the load on 
the printing test. It also determines the 3D printer limit such as 
W14F that clogged the extruder at 70 minutes resulting in 7 KPa 
of green strength as the limit. W14, however, was stopped due to 
the discontinuous filament. It also indicated that the 3D printer 
can print more mix design variation that satisfies the parameters. 

4. Conclusions

Herein, a 3DPC material obtained from the suggested 
sequence has been discussed. The most critical factor was the 
SRF test, which determines the ability of 3DPC to be extruded 
before determining its performance. Then, the green strength 
determines the load capacity of the fresh concrete. Here is the 
summary of this study.
1.	T he 3DPC mix design consisted of cement, silica fume, 

and reactive powder as a binder with a ratio of 3:1:1. The 
ratio of sand and binder was 0.9. The water to binder ratio 
(w/b) was 0.14 with the addition of a 4% superplasticizer 
and 4% accelerator. 0.2% polyvinyl alcohol (PVA) fiber 
was added by concrete volume. 

2.	T his suggested sequence uses four parameters which are 
flowability, extrudability, open time, and buildability. 
Flowability consists of a mini slump and flow table tests. 
Extrudability and open time use SRF test. Buildability uses 
a green strength test. It determined each test parameter for 
mini 3D concrete printing with Archimedes screw attached 
directly to the extruder. The maximum slump was 35 mm. 
The slump flow range was 110-150 mm. The printable 
SRF was 0.8-1.2. The maximum green strength was 7 KPa 
obtained in 75 minutes.

3.	A  method how to measure the green strength test was pro-
posed. This test uses a simple instrument that is adopted 
from the splitting tensile strength test from ASTM C496. 
The green strength of fresh concrete is measured based on 
the deformation of filament at SRF of 0.8.

4.	 Water to binder ratio controlled the flowability of 3DPC. 
However, it was unable to achieve good extrudability and 
green strength. It is required to insert additional material 
to enhance its performance.

5.	T he open time using SRF as compared with setting time 
with a penetrometer. There was no correlation between these 
two methods. Therefore, it is recommended to determine 
the open time on the 3D concrete printer directly.

6.	T he mechanical property of 3DPC was determined by 
buildability as one of the parameters. However, only green 
strength represents its property. The recommended green 
strength formula in this paper can be used as a benchmark 
to determine the strength of fresh concrete.

7.	T he effect of PVA fiber in the printing test of a 100×400 mm 
cylinder was observed. Concrete without fiber produced 
only 18 layers and 140 mm in height with cracks on under 
layers. Adding fiber repaired the mixture which achieved 
40 layers and 400 mm height successfully. The fiber reduced 
the shrinkage and enhanced the green strength because of its 
ability to increase tensile strength controlling the propaga-
tion of micro-crack. However, it decreased the open time 
and compressive strength at an early age. 

8.	T he autogenous shrinkage of W14 and W14F occurred at 
900×10–6 and 800×10–6 in 10 hours, respectively. When 
the concrete was exposed, the shrinkage fell to 2400×10–6 
and 2100×10–6, respectively. This shrinkage was caused by 
the low water/binder ratio, which was only 0.14. The great 
shrinkage in open condition resulted apparent crack on the 
printed W14. Alternatively, the fiber enhanced the green 
strength and reduced the shrinkage producing the smooth 
filaments on the printed W14F.
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