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Abstract

:

Compositions of fine-grained concrete mixtures that provide the minimum required strength values in 1 day (7.5 MPa) have been developed. A comparison was made of the test results of the properties of samples printed on a 3D printer with samples made according to the same recipes on a vibrating platform. A laboratory printer was designed and constructed to study the properties of extruded mixtures. The method was also proposed for measuring concrete mixes’ structural strength. Analysis of experimental data allowed the establishment of the features of the influence of the mineral additives and slag–alkaline binders for a comparison of basic physical and mechanical properties of concretes for 3D printing. It has been experimentally shown that possible undercompaction of the fine-grained mixtures formed on a 3D printer and decrease of properties are compensated by the introduction of hardening activator and superplasticizer additives. The novelty of this work lies in determining the comparative effect of various products of technogenic origin on the properties of mixtures for 3D printing.
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1. Introduction


The development of new technologies in the construction industry in the near future will make it possible to fundamentally change the views and approaches to the traditional methods of erecting buildings and structures, as well as solve a number of environmental and economic problems. The most urgent problems include reducing the cost and impact on the environment and increasing the speed of construction without losing quality. A rational solution to these problems is using the additive method of erecting buildings and structures. This technology involves using a special 3D printer to apply a plastic concrete mixture layer by layer and building the walls by extrusion. The accuracy, speed, and ability of the 3D printer to build three-dimensional shapes of considerable complexity make this technology increasingly popular [1,2,3].



Fine-grained concretes based on Portland cement have become the most widely used for 3D printing in construction [4,5,6]. They can be attributed to the so-called digital concretes, which mean materials obtained using machines with numerical software control. As a rule, for extrusion molding, mixtures should contain more binder than ordinary concrete mixtures with similar mechanical characteristics [7,8,9,10].



Composites with lower cement consumption, high mechanical characteristics, and good durability can be obtained using active mineral additives [11,12]. In these composites, additives can play the role of cementing, pozzolanic, or filling materials [13,14].



Usually, such active mineral additives include blast furnace slag, fly ash, and microsilica, which are often used in energy-efficient and digital concretes [15,16,17,18,19,20,21].



Limestone as a filler in concrete, consisting mainly of calcium carbonate, causes the formation of monohydrocarboaluminates and hexagonal calcium hydroaluminates [22]. This effect makes it possible to stabilize ettringite by increasing the volume of hydrates and reducing porosity.



Inert materials, such as powders of granite, basalt, and other rocks [23,24], act as nuclei of crystallization that fill the voids in the microstructure of the cement dough and physically stimulate the hydration of cement in the first few days of hardening [14,25].



Cementless or low-cement materials (geopolymers) are promising synthesized compounds based on crystalline aluminosilicate materials and alkaline-activated binders. Hardened geopolymers have a different chemical composition than Portland cement stone and fundamentally differ in structure [26,27].



According to [28], Table 1 shows the corresponding characteristics of typical “standard” concretes compared to some digital concretes, divided into one-component (1K) and two-component (2K) systems. The cement content is much higher for digital concretes, unless they contain significant cement replacement materials.



The development of digital concrete involves increased early strength, including the strength achieved by the previous layer of the concrete mix, before laying the next layer (structural strength).



An essential factor to consider when designing the composition of digital concrete is its durability. In this regard, it should be considered that the dominant technology of extrusion printing can lead to uneven application of layers, the formation of defects, and, as a result, a decrease in adhesion between them (Figure 1). The time interval contour length and printing speed also affect the quality of the layers [37]. The reduction of adhesion between the layers is no less substantial than the strength under compression and bending from the standpoint of durability, while the formed defects create ways for the accelerated penetration of water and aggressive agents, which in turn affects the waterproofness and frost resistance of the multilayer structure. It should be noted that with an increased content of cement paste, there is a greater risk of cracking and shrinkage.



Thus, the analysis of the current state of 3D printing technology in construction allows to state that there are prerequisites for the effective use of industrial waste as mineral additives with the achievement of the optimal mixture composition, which provides the necessary standardized extrusion and mechanical characteristics of digital concrete.



Data from the Status of Construction Report [38] indicate that the construction sector is responsible for 35% of global energy consumption, almost 38% of carbon dioxide emissions, and almost 1/3rd of waste production. These figures confirm the need to transform the construction industry to reduce its environmental impact. The possibility of digitizing production, which, combined with the use of sustainable building materials incorporating recycled raw materials, has the potential for the conventional construction sector to undergo change and modernization towards lower greenhouse gas emissions and waste.



The purpose of this work was to conduct a comparative study of the impact of the most common industrial wastes on the formability (extrudability) and mechanical characteristics of concretes suitable for 3D printing.




2. Materials and Methods


To obtain materials investigated as mineral additives, we used Portland cement (CEM I 42.5 R (EN 197-1)), blast furnace granulated slag (GBFS), fly ash (FA), limestone powder (LP), and granite aspiration dust (GD).



The mineralogical composition of the clinker of used cement was as follows: C3S–57.10%; C2S–21.27%; C3A–6.87%; C4AF–12.19% (EN 196-2). The specific surface area of Portland cement was S = 330–350 m2/kg (EN 196-6). The chemical composition of Portland cement and mineral additives is given in Table 2.



Blast furnace granulated slag had a glass phase content of 75–80%, its specific surface S = 320–350 m2/kg, density—2.9 g/cm3, bulk density—1340 kg/m3.



Granite aspiration dust used with a specific surface S = 230–250 m2/kg, density—2.79 g/cm3, bulk density—980 kg/m3.



Fly ash of type II category B with the size of particles passing through a sieve of 45 μm no more than 25% (class 2) (EN 450-1:2012) was used. The specific surface of ash is 250–280 m2/kg.



Limestone powder had a specific surface S = 450–480 m2/kg;



In addition, the effectiveness of activated slag in the composition of concretes based on slag–alkaline binders was studied, the composition of which was adopted based on the studies of a number of authors [27] and included GBFS, CEM I 42.5 R, and NaOH (85%, 10%, and 5% of the mixture, respectively).



Superplasticizer of the polycarboxyl type, with a water-reducing effect of 30% (EN 934-2), was used.



Sodium hydroxide (NaOH) was used as a hardening activator.



Quartz sand with a fineness modulus of 2.1, and a content of dusty and clay particles up to 1.0% (EN 12620) was used as an aggregate.



In order to study the properties of extruded mixtures, a laboratory printer was designed and constructed, as shown in Figure 2. The head of the nozzle was a rectangle with dimensions of 20 × 40 mm.



The main task in the study of concrete mixtures suitable for a 3D printer is to ensure their necessary shape during extrusion from the printer head with the achievement of the specified strength of the layers (structural strength), as well as the adhesive strength between the layers of extruded concrete without the formation of cracks and other defects [4,37]. To determine the structural strength, a method is proposed that allows measuring the ultimate load on a sample of an extruded layer of concrete, at which it begins to deform (Figure 3 and Figure 4).



The workability of concrete mixtures was determined by cone spreading. The bending, tensile strength at splitting, and compression were determined according to EN 196-1 at 1, 3, and 28 days. The adhesion strength of layers on samples formed by a laboratory 3D printer was determined by measuring the corresponding splitting stress.



The initial setting time of the mixtures was determined according to EN 196-3 from the moment of mixing to the beginning of hardening, at which point further molding using a 3D printer becomes impossible.



The average density of the samples was determined according to EN 1015-11.




3. Results and Discussion


The composition of the mixtures (Table 3) was selected under the condition of using the maximum content of mineral additives, which provides the minimum necessary structural strength after 20 min of mixing and compressive strength at the age of 1 day, by performing several tests, the results of which are shown in Table 4 [4,12,39]. The results in Table 4 represent the average of three trials.



The minimum structural strength of 4500 Pa is calculated on the condition that the structure can withstand nine layers of 25 mm height applied for 20 min.



The minimum required compressive strength of the multilayer structure at 1 day is 7.5 MPa. Such strength is inherent in several wall materials based on ceramic bricks and aerated concrete [4,37].



During further research, for comparison with 3D printing, after vibration compaction, beam samples measuring 160 mm × 40 mm × 40 mm were made on a laboratory vibration platform. For the received samples, the average density, bending, and splitting strength as well as compressive strength were determined. In parallel with this, samples were formed on a laboratory 3D printer (Figure 5), which were also subject to testing. The water content was selected to achieve high-quality formation of the mixture from the printer nozzle without the formation of inflows, delaminations, and breaks. The obtained results are listed in Table 5 and Table 6.



The analysis of the obtained data (Figure 6) makes it possible to conclude that to ensure the formability of mixtures using different mineral additives, the workability of the cone on the shaking table is different. It is the smallest for a cement–ash composition, which is explained by the spherical shape of the fly ash part, which provides the necessary extrudability with the lowest water consumption of the concrete mixture [20,39].



The beginning of the hardening or “printing window” (Figure 7) is the largest when using limestone and the smallest with a slag–alkaline binder; the different speeds of the processes of structuring cement pastes with the use of mineral additives can explain this.



The structural strength of the mixtures for 3D printer (Figure 8) after 20 and 40 min of mixing is the highest when using limestone and slag–alkaline binder, respectively, which is consistent with the beginning of hardening of these mixtures. The most minor structural strength achieved is with fly ash, which can be explained by its spherical parts, which cause the sample to spread under the action of the load from the upper layers.



According to Figure 9, a significant decrease in the average density, up to 140 kg/m3, is observed in the samples obtained with the help of a 3D printer based on slag, slag–alkaline binder, and limestone, which can be explained by the increased water consumption of the mixtures. The lower density of 3D-printed materials compared to samples of vibrated materials is a direct consequence of the compaction of the material during vibration and better packing of sand grains. The direct consequence is a higher density of vibrated materials. Material densification results in higher strength parameters (see Table 6). The decrease in density when using granite dust and fly ash is smaller and achieved at 110 kg/m3 and 100 kg/m3, respectively.



The highest values of bending strength (Figure 10) were obtained when using fly ash and blast furnace granulated slag, and the lowest with slag–alkaline binder, which can be explained by the amount and pozzolanic activity of mineral additives. A similar picture is observed for the effect of compression (Figure 11), splitting (Figure 12) and bending strength (Figure 13).



The nature of the destruction of the samples based on the slag–alkaline (Figure 14a) and the cement–ash binders (Figure 14b), after determining the bending strength, show that in the absence of defects, the destruction of the samples during splitting can occur both on the boundary of the layers (Figure 15a) and on another area (Figure 15b), with high uniformity and adhesive strength between the layers.



A decrease in strength between layers when using a slag–alkaline binder can be caused by accelerated hardening of the mixture and, consequently, the appearance of a non-uniform structure, violation of the integrity, and the possible formation of defects at the boundary of the layers.



According to the graphs in Figure 16, we can observe that samples of the same material composition made on a vibrating platform have slightly higher compressive strength compared to samples made using a 3D printer. This can be explained by a certain lack of compaction of the mixtures during their extrusion molding. The decline in strength is the smallest when using fly ash.



Compensation for an insufficient compaction of mixtures on a 3D printer is possible by introducing additives of hardening activators (up to 4% of the binder) into the composition of such concrete. In the composite cement–ash binder, this allows, with a specific reduced density, to obtain higher compressive and bending strength, which is given in Table 7. The content of the composite binder in these tests is 500 kg/m3 of the mixture. It is possible to increase the strength indicators when using granite dust and limestone powder with the introduction of a superplasticizer additive (0.2…0.5%).




4. Conclusions


	
In this paper, we investigated the comparative effect of dispersed mineral products of technogenic origin on the properties of mixtures suitable for 3D printing.



	
A comparison was made of the test results of the properties of samples printed on a 3D printer with samples made according to the same recipes on a vibrating platform.



	
The initial setting time or “printing window” is most significant when using limestone. The smallest initial setting time observed for the slag–alkaline binder.



	
The structural strength of mixtures for 3D printers 20 and 40 min after mixing is the highest when using limestone and slag–alkaline binder, respectively, and the lowest when using fly ash.



	
The highest values of bending, splitting, and compressive strength were obtained when using fly ash and blast furnace granulated slag, and the lowest for the slag–alkaline binder.



	
Samples of the same material composition made on a vibrating platform have slightly higher compressive strength than those made using a 3D printer, which is explained by the lack of compaction of the mixtures. The slightest drop in strength is shown when using fly ash.



	
Compensation for insufficient compaction of mixtures on a 3D printer is possible due to the introduction of additives of a hardening activator, NaOH (up to 4% of the binder weight), and superplasticizers (0.2…0.5%) into the composition of such concretes, as well as with their complex use.



	
Use of industrial waste in 3D printing should help to manage waste that occurs locally, i.e., waste that does not require the transport of ingredients, or this transport will be significantly limited. Therefore, it is important to adjust the composition and design mixtures appropriate for local waste sources.
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Figure 1. Photograph showing the defects when applying layers. Bonding zone—in red. 






Figure 1. Photograph showing the defects when applying layers. Bonding zone—in red.
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Figure 2. Photograph showing the laboratory 3D printer: 1—electric motor of the extruder; 2—hopper of building mixture; 3—auger; 4—replaceable nozzle; 5—control panel; 6—frequency converter of electricity; 7—reverse motor moving the extruder in the horizontal direction; 8—manual drive moving the extruder in the vertical direction; 9—frame; 10—power cable of electric motors. 
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[image: Applsci 14 03038 g002]







[image: Applsci 14 03038 g003] 





Figure 3. Photograph showing the device for determining the structural strength. 
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Figure 4. An example of determining the structural strength of extruded concrete: (a) the sample withstands the load (structural strength is provided) structural strength > 4500 Pa; (b) the sample is destroyed. 
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Figure 5. Photograph showing the test samples were made using a 3D printer. 
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Figure 6. Graphic depictions of the mobility of mixtures for a 3D printer. 
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Figure 7. Graphic depictions of the initial setting time of mixtures for a 3D printer. 
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Figure 8. Graphic depictions of the structural strength of mixtures for a 3D printer (a) 20 min after mixing and (b) 40 min after mixing. 
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Figure 9. Graphic depictions of the average density of mixtures for a 3D printer. 
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Figure 10. Graphic depictions of bending strength of mixtures for a 3D printer. 
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Figure 11. Graphic depictions of compressive strength of mixtures for a 3D printer. 
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Figure 12. Graphic depictions of the splitting strength of compacted concrete on a vibrating platform and with the help of a 3D printer. 
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Figure 13. Graphic depictions of the bending strength of mixtures produced on a vibrating platform and with the help of a 3D printer. 
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Figure 14. Destruction of samples during the determination of bending strength for slag–alkaline (a) and the cement–ash binders (b). 
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Figure 15. Destruction of samples during the determination of splitting strength: (a) destruction along the boundary of superimposed layers (slag–alkaline binder, composition No. 5, Table 6); (b) destruction beyond the boundaries of superimposed layers (cement–ash binder, composition No. 2, Table 6). 
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Figure 16. Graphic depictions of the compressive strength of samples made on a vibrating platform and with the help of a 3D printer. 






Figure 16. Graphic depictions of the compressive strength of samples made on a vibrating platform and with the help of a 3D printer.



[image: Applsci 14 03038 g016]







 





Table 1. Comparative characteristics of standard and digital concrete.






Table 1. Comparative characteristics of standard and digital concrete.





	

	
Concrete Type/Study Authors

	
Water-Binder Ratio w/b

	
Consumption of Cement, kg/m3

	
Paste Volume, L/m3

	
Cement

Substitution Additives, %

	
Maximum

Aggregate Size. Dmax, mm






	
Standard concretes

	
Normal

	
0.60

	
~250

	
~275

	
~20

	
32




	
Concrete masonry unit

	
0.65

	
~180–250

	
~240

	
~20

	
10




	
Infrastructure

	
0.42

	
~350

	
~325

	
~20

	
32




	
High performance

	
0.35

	
~400–450

	
~375

	
~20

	
8–16




	
Digital concrete–1K

	
Le et al. [17]

	
0.28

	
579

	
532

	
30

	
2




	
Kazemian et al. [29]

	
0.43

	
540

	
489

	
10

	
4.75




	
Tay et al. [30]

	
0.46

	
558

	
639

	
30

	
2




	
Nerella et al. [31]

	
0.33

	
391

	
525

	
45

	
2




	
Chen et al. [6]

	
0.30

	
331

	
532

	
60

	
1




	
Rushing et al. [32]

	
0.44

	
419

	
437

	
10

	
9.5




	
Mechtcherine et al. [33]

	
0.30

	
350

	
438

	
41

	
8




	
Digital concrete–2K

	
Gosselin et al. [34]

	
0.23

	
800

	
612

	
18

	
<1




	
Anton et al. [35]

	
0.42

	
540

	
530

	
23

	
2




	
Boscaro et al. [36]

	
0.45

	
303

	
476

	
50

	
2











 





Table 2. Chemical composition of Portland cement clinker * and mineral additives.






Table 2. Chemical composition of Portland cement clinker * and mineral additives.





	
Name

Material

	
L.O.I.

	
Oxide Content, %




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
SO3






	
Clinker *

	
-

	
21.80

	
5.32

	
4.11

	
66.80

	
0.95

	
0.63




	
Blast-furnace slag

	
0.59

	
39.51

	
6.47

	
0.14

	
47.19

	
3.12

	
1.76




	
Fly ash

	
5.1

	
46.1

	
18.1

	
22.1

	
2.1

	
2.0

	
2.3




	
Granite dust

	
-

	
64.8

	
15.6

	
6.31

	
2.59

	
0.33

	
0.11




	
Limestone

	
43.8

	
0.29

	
0.40

	
0.11

	
54.40

	
0.40

	
0.08








*—The chemical composition of Portland cement based on the used clinker was distinguished by additional SO3 content due to the introduction of gypsum at an amount of 3.1%.













 





Table 3. Investigated compositions of mixtures for a 3D printer.






Table 3. Investigated compositions of mixtures for a 3D printer.





	
No.

	
Type of Mineral Additive

	
Content of Components, kg/m3




	
PC Portland Cement

	
Mineral

Additive

	
Sand

	
Water






	
1

	
Blast furnace granulated slag

	
250

	
250

	
1440

	
290




	
2

	
Fly ash

	
300

	
200

	
1495

	
270




	
3

	
Limestone powder

	
300

	
200

	
1495

	
270




	
4

	
Granite dust

	
350

	
150

	
1480

	
275




	
5

	
Slag–alkaline binder *

	
50

	
450

	
1348

	
295








*—Slag–alkaline binder contains 5% NaOH hardening activator which represents 5% by mass of the total dry binder components.













 





Table 4. Properties of investigated compositions of mixtures suitable for 3D printing.






Table 4. Properties of investigated compositions of mixtures suitable for 3D printing.





	
No.

	
Type of Mineral Additive

	
Content of Components, kg/m3

	
Initial Setting Time, min

	
Structural Strength after 20 min, Pa

	
Compressive Strength at the Age of

1 Day, MPa




	
PC

	
Mineral Additive

	
Sand

	
Water






	
1

	
–

	
500

	
–

	
1534

	
260

	
105

	
4830

	
18.7




	
2

	
Blast furnace granulated slag

	
250

	
250

	
1440

	
290

	
110

	
4510

	
12.3




	
3

	
300

	
200

	
1470

	
280

	
110

	
4630

	
14.4




	
4

	
350

	
150

	
1485

	
275

	
105

	
4720

	
16.1




	
5

	
Fly ash

	
250

	
250

	
1480

	
275

	
120

	
4380

	
10.4




	
6

	
300

	
200

	
1495

	
270

	
120

	
4520

	
12.5




	
7

	
350

	
150

	
1510

	
265

	
115

	
4630

	
14.8




	
8

	
Limestone powder

	
250

	
250

	
1383

	
305

	
140

	
4410

	
8.2




	
9

	
300

	
200

	
1416

	
295

	
135

	
4600

	
11.1




	
10

	
350

	
150

	
1448

	
285

	
130

	
4630

	
13.4




	
11

	
Granite dust

	
250

	
250

	
1444

	
285

	
110

	
4210

	
6.8




	
12

	
300

	
200

	
1462

	
280

	
105

	
4380

	
9.1




	
13

	
350

	
150

	
1480

	
275

	
105

	
4540

	
11.8




	
14

	
Slag–alkaline binder

	
50

	
450

	
1350

	
295

	
90

	
4530

	
7.6











 





Table 5. Results of the study of the influence of the type of mineral additive on the properties of concrete mixtures for a 3D printer.






Table 5. Results of the study of the influence of the type of mineral additive on the properties of concrete mixtures for a 3D printer.





	
No.

	
Type of Mineral Additive

	
Workability, mm

	
Initial

Setting Time, min

	
Structural Strength, Pa




	
after 20 min

	
after 40 min






	
1

	
Blast furnace granulated slag

	
170

	
110

	
4510

	
8475




	
2

	
Fly ash

	
155

	
120

	
4520

	
8200




	
3

	
Limestone powder

	
180

	
135

	
4600

	
8880




	
4

	
Granite dust

	
172

	
105

	
4540

	
8710




	
5

	
Slag–alkaline binder

	
168

	
90

	
4530

	
9120











 





Table 6. Results of the study of the properties of concrete obtained by a 3D printer and vibration.
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No.

	
Type of Mineral Additive

	
Mineral Additive Content, kg/m3

	
Density

kg/m3

	
Tensile Strength at the Age of Days

	
Bending Strength at Age, Days, MPa

	
Compressive Strength at Age, Days, MPa

	
Density,

kg/m3

	
Bending Strength, MPa

	
Split Strength, MPa

	
Compressive Strength, MPa




	
28

	
1

	
7

	
28

	
1

	
7

	
28

	
At the Age of 28 Days




	
Vibroplatform

	
3D Printer






	
1

	
Blast furnace granulated slag

	
250

	
2010

	
4.1

	
3.4

	
5.4

	
6.4

	
12.3

	
22.1

	
36.2

	
1870

	
5.8

	
3.9

	
32.2




	
2

	
Fly ash

	
200

	
2080

	
4.4

	
3.7

	
5.6

	
6.8

	
12.5

	
22.3

	
35.2

	
1980

	
6.3

	
4.8

	
33.8




	
3

	
Limestone powder

	
200

	
1980

	
3.8

	
2.8

	
4.6

	
5.7

	
11.1

	
17.6

	
32.2

	
1860

	
4.4

	
3.6

	
28.8




	
4

	
Granite dust

	
150

	
2070

	
3.7

	
3.4

	
4.2

	
5.6

	
11.8

	
18.1

	
33.7

	
1960

	
4.1

	
3.3

	
30.1




	
5

	
Slag–alkaline binder

	
-

	
2000

	
3.2

	
2.0

	
3.1

	
4.4

	
7.6

	
13.5

	
24.8

	
1860

	
3.7

	
3.1

	
21.5











 





Table 7. Results of concrete strength (MPa) research for a 3D printer.
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No.

	
Type of Mineral Additive

	
Mineral Additive Content, kg/m3

	
Activator

(NaOH)

Content, kg/m3

	
SP Superplasticizer Content, kg/m3

	
Bending Strength

	
Split Strength

	
Compressive Strength

	
Bending Strength

	
Split Strength

	
Compressive Strength




	
At the Age of 28 Days

	
At the Age of 28 Days




	
Vibroplatform

	
3D Printer






	
1

	
Blast furnace granulated slag

	
250

	
20

	
1.5

	
8.4

	
6.1

	
51.2

	
8.4

	
6.0

	
51.0




	
2

	
Fly ash

	
200

	
20

	
-

	
7.3

	
5.2

	
43.6

	
7.3

	
5.3

	
43.8




	
3

	
Limestone powder

	
200

	
-

	
1.8

	
5.7

	
4.5

	
38.2

	
5.4

	
4.6

	
38.0




	
4

	
Granite dust

	
150

	
-

	
1.5

	
6.0

	
4.7

	
40.7

	
6.1

	
4.8

	
41.1
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