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ABSTRACT. In this paper, fly ash, ladle furnace slag and limestone filler were
utilized in concrete used as material for additive manufacturing (3D printing).
Fly ash and ladle furnace slag were used as a replacement of cement (30% wt.)
and limestone filler as a replacement of siliceous aggregates (50% wt.). Work-
ability of fresh concretes that contained these by-products was measured 0, 15
and 30 minutes after mixing. Three different workability tests were conducted
and compared: flow table, ICAR rheometer and an experimental method that
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measures the electric power consumption of the motor that rotates the screw
extruder. Workability parameters that were measured were evaluated regarding
printability of mixtures. Density, ultrasonic pulse velocity, compressive and
flexural strength were measured on hardened concrete. Additionally, relative
likelihood of cracking of different concrete mixtures was estimated by per-
forming restrained shrinkage test (ASTM C1581). Results showed that use of
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fly ash or ladle furnace slag as binder, and limestone filler as aggregate decreases
slightly the mechanical properties of concrete but improve its durability re-
garding cracking potential. Monitoring of electric power consumption of screw
extruder motor was found to be an effective method for measuring easily
real-time workability and define if a mixture is printable or not.
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INTRODUCTION

-D printing technology is an additive manufacturing technique in which a structure is built layer by layer with various
printing materials, based on a three dimensional (3D) model data. The first to introduce this technology in the con-
struction industry using concrete as printing material was Khoshnevis who invented the technique of contour crafting
[1]. There has been a growing interest over the past decade upon 3D printing for civil engineering applications due to the ad-
vantages this method has compared to traditional concrete placing, such as the ability to construct freeform geometry with-
out the need of formwork, construction speed and minimization of waste material and labour cost. Today there are many
research groups and industries working on the topic with successful applications (LLoughborough University [2], D-Shape [3],
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ApisCor [4], WASP [5], CyBe Constructions [6], WINSUN [7]), however daily practice still seems far away. This comes from
the fact that construction industry is risk adverse and conservative in its practice but also because there are technical some
challenges that need to be overcome to unlock and trigger all opportunities from 3D printing in building sector [8].

Perhaps the greatest challenge of 3D printed concrete is to have a successful printing, meaning that the printed structure has
the desired shape and material properties. Printing system (type of printer, pump, printhead) and concrete fresh properties
are the two factors that affect significantly printing quality. There are not any commercially available printers for concrete
so researchers and industries have developed different types of prototype printers and printheads and propetly configure
mix design. Focusing on the material, it must be flowable enough so that it can be extruded through the nozzle, meaning
that the pump exerts enough stress to exceed the yield stress of concrete, causing it to flow and extrude through the nozzle.
But once the layer is extruded, the concrete yield stress should be higher than the stress due to self weight in order to resist
deformation. Furthermore, the yield stress of the extruded concrete should increase even more in order to support the up-
coming layers through thixotropy and cement hydration. Therefore, concrete yield stress that can be measured using Self
Compacting Concrete (SCC) tests becomes the most important parameter for mixture design and has an optimum range
in which the material is both extrudable and buildable [9]. There are vatious research works studying fresh properties of
3D printed concrete using different tests. Kazemian et al. [10] proposed a framework for accepting on not a mixture as
printable. Workability of a fresh printing mixture was tested using the flow table test and studied in terms of print quality
and shape stability using measures of surface quality and dimensions of printed layers. Perrot et al. [11] used a rotational
rheometer to measure yield stress and compare the critical stress related to the plastic deformation with the vertical stress
acting on the first printed layer. However, regardless the test adopted, testing procedure requires a sample of the material
in order to be performed, meaning that printing procedure must be stopped for testing. For a given printing system, real
time monitoring and active control of rheology during production by adding automatically chemical additives seems to be
the most robust approach in order to address this challenge [8].

Mixture proportions of concrete for 3D printing differ from ordinary one. Regarding aggregates, in most cases only fine
natural or crushed aggregate is used in order to allow the material to pass through the small pipes and nozzles at the printing
head. While in ordinaty conctete cement quantity is 270-350 kg/m?, concrete mixtures for 3D printing use higher amounts
of cement (600-900 kg/m?) in order to improve consistency and strength [12]. Howevet, increased cement content in
combination with the absence of formwork that protects the freshly placed concrete against desiccation make the concrete
volume more prone to shrinkage cracking compared to conventionally placed concrete. The use of supplementary cement-
itious materials (SCM) such as fly ash, silica fume or slag as partially replacement of cement can improve crack resistance of
concrete at early age [13]. Chemical additives are also used to control workability and open time of fresh concrete for 3D
printing which are related to printability and buildability [14]. Printability can be defined as the capacity of concrete to pass
through the small pipes and nozzles at the printing head and extrude continuously without blockage or fracture occurs, and
buildability as the capacity to maintain its shape once deposited and not collapse under the load of subsequent layers [10].
The use of by-products in the production of 3D printed concrete has not been studied in the literature. The scope for
using such alternative materials in concrete production is twofold; it can provide some technical improvements to the final
product, but it is also expected to be beneficial from an environmental point of view [15]. This paper aims at developing
effective and eco-friendly concrete mixtures for 3D printing by using by-products as binders and aggregates, measure
fresh properties of these mixtures, correlate them with printability and buildability and finally, test mechanical properties
and durability of hardened concretes in order to obtain the optimum materials and proportions.

EXPERIMENTAL PROGRAM

Materials and printing system
he industrial by-products that were used were high calcium (CaOge. content~10% wt.) Fly Ash (FA), Ladle Furnace
I Slag (LFS) and Limestone Filler (LF). FA is produced in lignite fire power plants, LFS during steel production
process and LF comes as a by-product from crushing of limestone. FA and LFS can be used as SCMs and increase
durability of concrete [16,17,18], while LF is successfully used in self compacted concrete as filler material [19,20].
Two sets of mixtures were produced in the laboratory, one with 500 kg/m? and one with 830 kg/m? total binder quantity.
10% of the binder was silica fume and 90% was cement type 11 52.5N. In some mixtures, 30% wt. of cement was replaced
by FA or LFS passing from the 100um sieve, while in others, LF replaced 50% wt. of siliceous river sand aggregates. The
granulometry of LF, river sand and combination of both is given in Fig.1. The proportions of all the mixtures produced are
presented in Tables 1 and 2, along with the type of by-products used in each mixture. From preliminary tests conducted,
optimum superplasticizer and water quantities were obtained in order to have adequate and similar workability for all
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mixtures. Superplasticizer addition rate ranged from 2-3.4 % of binder and water to cement ratio 0.47-0.57 and 0.34-0.37
for the mixtures with 500 and 830 kg/m? binder respectively.
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Figure 1: Granulometry of aggregates used.
Materials (kg/m?) CL1 FL1 F1 LL1 L1
Cement I152,5N 450 350 350 350 350
Silica fume 50 50 50 50 50
Fly Ash - 100 100 - -
Ladle Furnace slag - - - 100 100
Limestone filler 667 667 - 667 -
Siliceous sand 667 667 1333 667 1333
Water 289 280 242 280 237
Superplasticizer 17 16 14 16 14
By- Binder - Fly Ash Fly Ash LES LES
products A . Limestone Limestone Limestone
used sgregate filler filler ) filler ]
Table 1: Mixtute propottions for 500 kg/m? binder.
Materials (kg/m?) CL2 FL2 F2 112 1.2
Cement 1152,5N 747 582 582 582 582
Silica fume 83 83 83 83 83
Fly Ash - 165 165 - -
Ladle Furnace slag - - - 165 165
Limestone filler 550 550 - 550 -
Siliceous sand 550 550 1100 550 1100
Water 308 308 281 308 281
Superplasticizer 17 20 17 19 16
By- Binder - Fly Ash Fly Ash LES LES
products Acorcoat Limestone Limestone Limestone
used seregate filler filler ) filler )

Table 2: Mixtute proportions for 830 kg/m? binder.
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A prototype printhead was introduced to extrude the mixtures. The diameter of the nozzle was 2 cm and a screw-kind
extrusion system was selected for the extrusion process due to some of the advantages and easiness it offers in com-
parison to other extrusion methods (syringe extrusion) [21].

Concrete tests

Fresh concrete properties were estimated using a rotational rtheometer [22,23] and the flow table test according to EN
1015-3 [24]. These tests were conducted 0, 15 and 30 min after mixing in order to determine the rate of which the work-
ability is lost for the given 3D printing system and materials. However, performing of these tests requires extracting an ad-
equate quantity of the material from the printing system and results are obtained after the test is completed. For this reason, a
new method was implemented in order to estimate real-time workability of fresh concrete during printing by recording real
time energy consumption of screw extruder motor. The method was calibrated with the rotational theometer ASTM C1749
test [23] for measuring rheology characteristics of SCC mixtures and the flow table test. The rotational rheometer test uses
a rotating four-bladed vane. A strain gage measures deformation of the shaft rotating the vane and transforms it to torque
and finally, yield stress. With the proposed method, the vane is substituted by the screw extruder and the complex strain
gage recording apparatus fitted on the rotating shaft by a much simpler wattometer that records the Watts of the motor
that rotates the extruder. The same principle is used in ready-mix concrete plants where the power consumption of the
mixer motor is recorded during mixing, making possible for the operator to adjust water quantity in order to obtain desired
workability. By measuring real-time workability of mixture, it is possible to alter it manually or automatically by adding
chemical additives in the print-head (superplasticizer, viscosity modifier, retarder etc.), using appropriate equipment as pro-
posed by Gosselin et al. [25]. The final workability parameters that were measured are presented in Table 3.

Standard Test apparatus Parameter tested

ASTM C 1749 Rotational Rheometer Static Yield Stress (Pa)

EN 1015-3:1999  Flow table Expansion (mm)
i Real time monitoring of  Electric power consumption of electric
workability motor rotating screw extruder (W)

Table 3: Testes for measuring workability of 3D printing concrete.

The threshold values of the above parameters were obtained in order to characterize the concrete mixture as printable,
meaning that it can be extruded from the nozzle, and buildable. Buildability was estimated by the number of layers of the
printing specimen that can be achieved without collapse. Malaeb et al. [26] proposed that 5 layers were considered to be
the target and this was the method that was adopted. Additionally, shape stability was another criterion for buildability
and was estimated by measuring the dimensions of the first and fifth layer. The height ratio of the first layer versus fifth
layer should be kept around 1 in order to accept the mixture as printable. Final criteria for printability and buildability are
given in Table 4.

Characteristics of 3D Accepted Not accepted
printing concrete
1. The mixture is extruded through
the nozzle

Printability 2. Good printing quality meaning no If1or2
) . . - do not apply

voids, no dimensional variations of
extruded material
3. Five layers of printing material can

Buildability be achlivedf\;zit}llout collapsil _— If3 or 4
4. Height of 13t layer versus height o do not apply
5t Jayer ~ 1

Table 4: Criteria for accepting concrete mixture as printable or not.

Regarding hardened concrete, compressive strength was measured on 40x40x40 mm cubes and 3-point flexural strength
on 40x40x160 mm prisms after 28 days of curing in the humidity chamber. Additionally, density and Ultrasonic Pulse
Velocity (UPV) of concretes were also recorded. Volume stability of mixtures, which is very important since shrinkage
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problems can be severe in 3D printing concrete due to high cement paste quantity, was also tested according to ASTM
C1581-04 [27]. The procedure can be used to determine the effects of variations in the proportions and material
properties of mortar or concrete on cracking due to both drying shrinkage and deformations caused by autogenous
shrinkage and heat of hydration. The advantage of this test is that is more realistic since it measures concrete shrinkage
under restrained conditions which occur in real applications. The apparatus consists of a steel ring with an outside
diameter of 330 mm and height 152 mm and two strain gages at midheight locations on the interior surface of the steel
ring along a diameter. The base, the outside steel ring surface and another outer ring with inner diameter 406 mm are
used as a mould and concrete is poured. As concrete shrinks, it applies stress on the inner steel ring which is recorded in
the form of deformation measured from the strain gages attached, until cracking occurs. Results of the test are the age of
concrete at cracking (days) and the stress rate at cracking ((MPa/day). In Fig.2, a crack formed on concrete can be seen
while Fig.3 shows a typical diagram of age versus ring strain obtained from the measurements.

0 T T T 1
.

O’a -15 -
A
£
<
2 30 -
an
£
3
45 A

-60 -

0 50 100 150 200
Specimen age (Hours)

Figure 3: Age versus steel ring stress obtained from the restrained shrinkage test.

Results

Results of workability 0, 15 and 30 minutes after mixing are given in Tables 5 and 6. For the given printing system, it was
soon realized that flow table expansion values, in order the mixture to be printable, should be between 18 and 24 cm.
From the other tests, accurate threshold values could not be obtained. In Figs.(4,5), flow table expansion versus the other
parameters is given along with least squares regression lines and printable window (blue area with expansion 18-24 cm).
For expansion less than 15 cm measured in some mixtures, no further testing was conducted since the mixtures were very
stiff and could not be extruded. For the series of mixtures with low binder content (Table 5), three out of five were
considered as printable only for 0 minutes after mixing. After 15 minutes, all of the mixtures were considered as not
printable. On the other hand, mixtures with high binder content (Table 6) could be extruded but collapse 0 minutes after
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mixing, however printable mixtures were observed after 15 and even after 30 minutes. Comparison of binder quantity
with the workability parameters tested shows that when binder content increases, values of expansion and yield stress are
increased. Power consumption however is decreased and this can be attributed to the fact that higher quantity of cement
renders to lower quantity of aggregate in a given volume of concrete and consequently, less friction induced by the
aggregates in the moving parts of the screw extruder. Mixtures with FA seem to lose more rapidly workability compared
to mixtures with cement or cement and LES as binder. No clear results were observed regarding the type of aggregates.

CL1 FL1 F1 LL1 L1
0 21 22 16.5 155 20.5
Expansion 15' 16.5 17,5 - - 17
30" - 15,5 - - -
0 120 90 970 730 120
Yield stress 5 1170 410 . . 1170
(Pa)
30" - 610 - - -
Power 0 732 680 741 812 694
consumption '
of screw 15 773 740 - - 790
extruder ,
motor (W) 30 - 784 - - -
Table 5: Workability results for mixtures with 500 kg/m? binder.
Cl.2 FI.2 F2 112 1.2
0 30 28 29 22 23,5
Expansion 15' 26 25 24 16,5 21
30" 235 18 19 15 185
0 90 0 0 30 90
Ylelg);ress 15' 260 730 690 700 260
30" 440 1020 980 730 440
Power 0 615 605 605 651 643
consumption '
of screw 15 631 633 647 679 669
extruder 30
motor (W) 647 684 665 698 683

Table 6: Workability results for mixtures with 830 kg/m? binder.

In Fig.6, mixture F2 with river sand as aggregate and part of binder FA, can be seen 0 (left) and 15 minutes (right) after
mixing. The mixture on the left, even though it fulfills criteria 1,2 and 3, does not meet criteria 4 regarding buildability,
since height ratio of 1st layer versus 5th is 0.3, so it is characterized as not printable. On the other hand, the right
specimen fulfills all 4 criteria and is characterized as printable.

Regarding hardened concrete properties, density of concretes with 500 and 830 kg/m?® binder was 2100 and 2225 kg/m?,
respectively. Compressive and flexural strength of mixtures is given in Figs.(7,8). Mixture with no SCMs as binder reached a
compressive strength of 70 MPa. Substituting 30% of cement with SCMs reduces compressive strength to 55 MPa and
flexural strength from 12.1 to 8.7 MPa. Similar strength development was observed for both FA and LFS mixtures. Slightly
lower strength was measured only in mixtures with FA, when limestone filler substituted 50% of natural sand. As expected,
higher binder content showed increased strength. UPV, a non destructive method to estimate strength, was also measured
on specimens with the same moisture conditions and correlated with experimental results of compressive strength (Fig.9).
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Figure 4: Yield stress versus expansion along with printable window (blue area).
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Figure 5: Power consumption of screw extruder motor versus expansion along with printable window (blue area).
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Results of the measurements of restrained shrinkage according to ASTM C1581 are given in Figs.(10,11). Mixtures with
FA showed the best results since they lasted longer before crack formation occurs. For 830 kg/m? binder, the mixture
with FA cracked after 7.64 days while the mixture with no SCMs only after 4.88 days. Mixtures with LFS had again better
performance compared to one with no SCMs as binder, but not as good as FA based mixtures. Use of LF as aggregate
improves the time at cracking compared to mixtures with no LF. Similar results were obtained from the stress rate
calculation. Mixtures with no SCMs induced higher stress to the ring compared to the other mixtures.
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Figure 7: Compressive strength of mixtures with different binder content and materials used.
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Figure 8: Flexural strength of mixtures with different binder content and materials used.
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Figure 9: Ultrasonic Pulse Velocity versus compressive strength of mixtures.
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Figure 10: Time from molding to cracking for different mixtures.
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Figure 11: Stress rate at cracking for different mixtures.
CONCLUSIONS

concrete that can be applied with the 3D printing technique. Workability and rheology of fresh concrete was

measured by three different tests. The flow table expansion test described in the EN 1015-3 was the most consistent
one, and values of expansion between 18 and 24 cm were the optimum in order the mixture to be printed with the printing
system used. Electric power consumption of the motor that rotates the screw extruder was the method used for measuring
real-time workability of the mixtures, making it possible to modify it on time in real scale applications by adding chemical
additives during printing. Regarding the type of materials used, mixtures with FA seem to lose more rapidly workability
compared to mixtures with cement or cement and LFS as binder. However, this reduction of workability could possibly
be addressed by using retarder admixtures.
Regarding hardened concrete, ultrasonic pulse velocity showed very good correlation with compressive strength measured
experimentally, proving that it can be a reliable non-destructive testing of estimating strength of concrete on 3D printed
concrete structures. However, for 3D concrete performance testing, the engineers must take into account the interface zone
between layers.
Concerning the alternative binders used, when FA or LES substituted 30% of cement, compressive strength dropped 20%
and flexural strength 32%. Natural sand substitution by LF had minimum effect on strength development. On the contrary,
shrinkage of concrete under restrained conditions was lower for mixtures produced with FA, LFS and LF. FA showed
the best results (57% improvement compared to mixture with no SCMs) followed by mixtures with LEFS (22% improve-
ment compared to mixture with no SCMs). Utilization of LF again improved shrinkage behaviour, since time required for
cracking increase by 12.5 to 20.5%. Overall, lower cracking potential of the mixtures with the by-products can compensate
lower strength performance, especially in case of 3D printing plain concrete, where there is no steel reinforcement to bear
tensile loads induced under restrained concrete shrinkage and further research is suggested.

) I { hree by-products, Fly ash, Ladle Furnace Slag and Limestone Filler, were used successfully in the production of
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