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Abstract

:

Fibers of various origins are of great importance for the manufacture of new generation cement composites. The use of modified composite binders allows these highly efficient building materials to be used for 3D-printing of structures for various functional purposes. In this article, changes in building codes are proposed, in particular, the concept of the rheological technological index (RTI) mixtures is introduced, the hardware and method for determining which will reproduce the key features of real processes. An instrument was developed to determine a RTI value. The mixes based on composite binders and combined steel and polypropylene fibers were created. The optimally designed composition made it possible to obtain composites with a compressive strength of 93 MPa and a tensile strength of 11 MPa. At the same time, improved durability characteristics were achieved, such as water absorption of 2.5% and the F300 frost resistance grade. The obtained fine-grained fiber-reinforced concrete composite is characterized by high adhesion strength of the fiber with the cement paste. The microstructure of the developed composite, and especially the interfacial transition zone, has a denser structure compared to traditional concrete. The obtained materials, due to their high strength characteristics due to the use of a composite binder and combined fiber, can be recommended for use in high-rise construction.
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1. Introduction


It is known that the performances of concrete products are significantly increased when they have dispersed reinforcement [1,2]. Using fibers of various compositions together with a composite polymineral binder, it is possible to produce cement composites of a new generation [3,4]. A careful approach to the calculation and selection of the composition of the grain mixture allowed for the transition to a more efficient technology for the manufacture of composite materials [5,6]. One of the modern effective concreting technologies, 3D printing, is not only in the efficient distribution of the concrete mixture according to the construction object scheme, but also in ensuring high adhesion strength of the structural layers of the mixture, as well as the complete filling of the formwork volumes with high-density concrete [7,8].



These technological parameters can be ensured by efficient work methods and the use of high quality materials. The requirements of 3D building technologies are met by high-strength fine-grained concrete, which includes an aggregate containing fractions calculated taking into account the closest packing factor. This composite has high strength and high durability [9,10]. Obtaining a high-strength material consists in the initial molding of a strong macrostructural matrix with filling larger pores with a plastic mixture and combining them into a single composite monolith. The main difficulty here is the operation of efficient filling of all pores with a plastic mixture [11,12].



The development of 3D-printing is constrained, among other things, by the weak availability of regulations. For the development of building technologies, it is necessary to create new effective materials with the required controllable properties: fast setting, high strength and uniformity [13,14]. The most important aspect of ensuring the constructive reliability and technical safety of additively formed objects is the value of interlayer adhesion. Insufficient bond strength of the layers leads to poor structural stability of the side layers [15,16].



Interlayer adhesion is one of the specific requirements for materials for construction printing. This property is usually not taken into account in traditional technologies and at the same time depends on a number of factors. Portland cement, traditionally used for the production of fine-grained concrete, including for additive construction, is the weak point of this system [17,18]. The totality of its indicators is not favorable for the formation of a set of necessary properties of mixtures for 3D printing. The standard fineness of grinding of ordinary cements, satisfactory for traditional concretes, the main task in the production of which is to achieve the required strength with a minimum consumption of binder, is far from optimal in the case of obtaining compositions for construction printing in terms of water-holding capacity and rate of strength gain. In addition, modern cements for the most part are of high quality, which, with relatively low strength requirements for additive-obtained composites, leads to their overruns due to the need to provide a sufficient amount of cement glue in the mixture, participating in the formation of special properties [19,20].



Creation of composite materials for special purposes requires an individual approach [21,22]. Composites for additive technologies in most cases are multicomponent, containing both mineral and organic components, as a result of complex interaction processes that ensure the formation of a special set of technological properties and performances [23,24,25,26,27,28,29,30].



Fiber is intended to improve the quality characteristics of concrete after it gains its design strength [31,32,33,34]. At the same time, the most common type of fiber is steel [31,32,33,34,35,36,37]. The efficiency of using steel fiber reinforced concrete in structures is achieved by reducing labor costs for reinforcement work, as well as reducing the consumption of mortar and steel [38,39,40,41]. Technological operations can be combined, and as a result, the concrete mass is reinforced, which leads to a decrease in labor intensity by 27% and savings in building materials per 1 m3 of the finished product. Compared to steel fiber, polypropylene is a lighter material, which is important for the construction of high-rise buildings using 3D printing. In addition, polypropylene fiber is resistant to alkalis and the absolute majority of chemicals; therefore, it does not lose its properties when all known additives are added to concrete.



Thus, to create a stable technological process of layer-by-layer synthesis, an integrated approach is required in solving a complex problem such as the creation, on a scientific basis, of formulations of high-quality concrete mixtures and special-purpose composites with the required adjustable properties (fast setting, sufficiently high strength, homogeneity and adhesion strength between different layers), creating a comfortable living environment.



The aim of the work is to develop 3D printing mortars with combined steel and polypropylene fibers. To achieve this aim, it is necessary to solve the following tasks:




	−

	
Formulate and propose a new concept of rheotechnological index (RTI) of mixtures, as well as to develop a device for measuring RTI;




	−

	
Prepare proposals for the regulatory code framework of 3D printed fiber mortars;




	−

	
Develop and research fiber-reinforced concrete based on polymineral binders.










2. Materials and Methods


2.1. Materials


The following materials were used in experimental studies:




	−

	
Portland cement CEM I 42.5 N (Belgorodsky cement, Belgorod, Russia) with factory grinding fineness of 300 m2/kg;




	−

	
Mineral modifier (MM) obtained by joint grinding to a specific surface area of 500 m2/kg of sand, clayey rocks and chalk in a ratio of 2:2:1 (Figure 1).









Screening of crushing quartzite sandstone (SCQS) with a fraction of 2.5–5 mm was used as a fine aggregate. Its interaction with the surface of the modifier particles and Portland cement clinker ensures the creation of a high homogeneity of the structure, a decrease in stresses in the interfacial transition zone (ITZ), and an increase in adhesion to the cement paste;



	−

	
To improve the physical and mechanical properties, quartz sand (QS) with a fraction of 1.5–2.5 mm was introduced into the composition;




	−

	
Polycarboxylate superplasticizer (SP) Melflux 5581 (BASF, Ludwigshafen, Germany) contributing to a significant increase in the water-reducing ability of the molding mix;




	−

	
Steel and polypropylene fiber (Figure 2, Table 1).








2.2. Mix Design


Table 2 presents the developed specimens. It has been suggested that the strength of fine-grained fiber-reinforced concrete can be increased by introducing a combined fiber and a composite binder in comparison with traditional concrete. For uniform distribution of fiber throughout the volume of the mixture without the formation of clots and “hedgehogs”, the introduction of the components of the mixture must be carried out strictly in the following sequence: first, the fine aggregate is mixed with the fiber, and then the binder and water with the superplasticizer are introduced. In any case, it is necessary to control the presence of “hedgehogs” in the mixture and, if they appear, the fiber feed rate should be reduced.




2.3. Methods


The characteristics of the microstructure of the components were determined using an ASAP-2010 N porometer (Micromeritics, Norcross, GA, USA).



The printability metric cannot be determined by any one property and will always be complex. Its components are the rheological characteristics of the mixtures (yield stress and viscosity) and some technological characteristics—the degree of thixotropy, homogeneity at a certain scale level (aggregate size) and the dynamics of changes in properties over time. In this regard, for a numerical assessment of the degree of “printability”, it is proposed to introduce the concept of the rheological technological index of mixtures, the hardware and method for determining which will reproduce the key features of real processes. To determine a RTI value, a device was developed (Figure 3a), which consists of a conical body 1, into which a piston of a certain mass 2 freely enters. Before testing, the body of the device is turned over and filled with the test mixture with a slight excess. The piston has a limiting protrusion that prevents it from leaving the housing during filling with the mixture. After filling (Figure 3b), a special table is installed on the inverted body with holes for the mixture to exit during test 3, through which its excess is also squeezed out, thereby ensuring complete filling. The body and the stage are turned over and connected with each other by spring clips 4. The device prepared for testing is installed on a standard shaking table provided for by the Russian standard GOST 310.4-81. The value of RTI of the mixture corresponds to the immersion depth of the piston after a cycle of 30 shakes at a frequency of 1 Hz.



The extrudability of the mixture, characterized by RTI, is determined by the formula:


RTI = 80 − h + 11








where; 80 is the distance of the maximum possible immersion of the working body of the viscometer, mm; h—immersion value, mm; 11—idle speed, mm.



The indicator of the bearing capacity of the freshly formed layer (plastic strength) is determined by the formula:


  P l a s t i c   s t r e n g t h =  P S  ,   kPa  








where; P is the pressure exerted on the mixture at which the mixture begins to be squeezed out of the mold, kg; S is the area of the stamp used for compression, m2.



The fixation time of the structure is determined for dispersed mortar mixtures for construction printing in minutes from the moment of mixing until the mortar is able to withstand a specific load corresponding to 10 times the average density, determined using a Vik device with special nozzles, with no more than 10% deformation in height. The average density of the mortar is determined for dispersed mortar mixtures for construction printing by the mass of the mixture in a measuring cell of a known volume. The appearance of the system for determining these indicators is shown in Figure 4.



After the end of the printing process, the surplus of the mixture is cut off from the surface of the array using a spatula so that its height is 40 ± 1 mm. Using a ruler, a square and a spatula, the mass is cut into six beams (Figure 5).



The flexural strength was determined in accordance with the Russian standard GOST 30744 as an average value between tests along horizontal layers and perpendicular to these layers (Figure 6).



The halves of the beams obtained after flexural tests were immediately tested for compression (Figure 7). Due to the fact that concretes for high-rise structures have been developed, the frost resistance study was carried out according to the second basic method F2 in accordance with the Russian standard GOST 10060-2012 on samples of 100 × 100 × 100 mm. The samples were immersed in water, first at 1/3 of the height for a day, then at 2/3 of the height for a day, and then completely immersed in water for two days. Then, the samples were placed in a Polair CV-105S freezer at a temperature of −18 °C. Each freezing cycle lasted 2.5 h, the thawing cycle at a temperature of 20 °C—2 h. The frost resistance grade was evaluated by the value of the ultimate strength in compression after a certain number of freeze–thaw cycles, according to the Russian standard GOST 10060-2012, taking into account the number of cycles at which the weight loss does not exceed 2% and there are no cracks, chips, and flaking of the ribs on the samples.



The water absorption of the samples was determined according to the Russian standard GOST 12730. The samples were placed in a container filled with water so that the water level in the container was about 50 mm higher than the upper level of the laid samples. The samples were placed on spacers so that the height of the sample was minimal (the prisms and cylinders were placed on their side). The water temperature in the container should be (20 ± 2) °C. The samples were weighed every 24 h of water absorption on a balance with an error of no more than 0.1%. Samples taken out of water were preliminarily wiped with a wrung out damp cloth. The weight of the water flowed out of the pores of the sample onto the weighing pan was included in the weight of the saturated sample. The test was carried out until the results of two successive weighing differed by no more than 0.1%.





3. Results and Discussion


3.1. Proposals for the Regulatory Code Framework of 3D-Printed Fiber Mortars


The functional purpose of ready-made concrete mixes determines the selection and requirements for raw materials, as well as the patterns of its use for each specific composite material. To create a stable technological process, it is necessary to develop a special composite binder and select aggregates that provide the necessary technological, physical, mechanical properties and performances of the hardened composite. The developed laid mixtures must have such properties as:




	−

	
Pumpability,




	−

	
Ability to extrusion and ease of production,




	−

	
Setting time and temperature change dynamics,




	−

	
Compressive and flexural strength in parallel and perpendicular directions relative to the plane of the contact zone.









Rocks of layer-by-layer formation and layered structure can be considered as natural prototypes of additively obtained structures. In most cases, these rocks have an order of magnitude higher interlayer adhesion index than those of artificially obtained analogs. When analyzing the reasons for this phenomenon, it was revealed that the natural cementing substance in its composition has a significant content of dispersed fragments of the base rock (rock-forming mineral). This leads to the convergence of the compositions and properties of the layers of the base rock and the interlayers that unite them, contributes to the formation of a seam that does not have significant differences at the micro- and macroscopic levels and, as a consequence of the high adhesion strength. According to the main provisions of the law of affinity of structures [26], this phenomenon can and should be artificially recreated in the design and creation of binding compositions originally intended for additively obtained materials.



Another important aspect that requires attention when complementing the development of additive technologies is the control of the technological process and the quality of the resulting products. Taking into account the specifics of the methods of layer-by-layer synthesis, as a rule, giving a time interval between the formation of adjacent layers, there are risks of the occurrence of fields of mechanical stresses in structures, which, with an unfavorable confluence of factors, can lead to the occurrence of significant deformations or even defects.



For the rational use and implementation of 3D printing technology, it is important to conduct a scientific analysis of the potential applications of products obtained using 3D technology. This is determined by the nature of the needs of buildings and structures, as well as by the materials science analysis of the use of various building materials in the construction of buildings.




3.2. Rheological Characteristics of Mortars


For the conditions of 3D technologies, the time indicator of the strength development and hardening of the molding mixture is important. This has a positive effect, as it helps to eliminate cracking during hydration. The results show that the starts of setting for mixes 2, 3 and 4 are 1 h 53 min, 1 h 56 min, and 1 h 59 min, and the ends of setting are 2 h 41 min, 2 h 45 min and 2 h 49 min, respectively.



As you can see from Table 2, the use of the superplasticizer in an amount of 0.5 wt.% by the cement made it possible to reduce water demand by more than 20% and increase the workability of the mixture. In addition to 3D printing, these compositions can be used for the reconstruction and repair of buildings and structures. This corresponds to the indicators of workability of the mixture (Table 3).



Having made up based on the results presented in Table 2 curve of the development of plastic strength over time, it clearly gets the advantages of the developed mortars (Figure 8).



Due to the introduction of the mineral modifier into the composition, the necessary workability of the mixture was achieved with a low water-cement ratio; therefore, it can be considered that this modifier fully meets the requirements for mixtures for 3D printing technologies. The reduction in mixing water consumption due to the use of MM is up to 25%, which reduces the porosity and increases the density of the material and, ultimately, increases the service life of the product or structure.




3.3. Physical and Mechanical Properties


A significant increase in strength indicators was achieved with the use of the developed composite binder, which is clearly demonstrated by the diagram in Figure 9.



As follows from the data obtained, the strength of the prototypes of the developed concrete composition increased: in compression—by 36.5%, in flexion—by 43.4% compared to unreinforced material, which is consistent with previous studies by other authors [4,5]




3.4. Durability


Frost resistance and water absorption of monolithic fiber-reinforced mortar used in 3D additive technologies affect the durability properties. The results of the study of these indicators of the developed fine-grained fiber-reinforced mortar show that this material is characterized by low water absorption and high frost resistance (Table 4).



The frost resistance of fiber-reinforced mortar in comparison with ordinary reinforced concrete is increased by almost seven times [3]. The water absorption of fiber-reinforced mortar is also related to the percentage of reinforcement, and is directly proportional to the content of fiber in the composition of the material. This property of the developed concrete is almost two times higher than that of traditional concrete [1,2]. An increase in the ultimate strength (which was revealed in the previous subsection) and durability of the material reduces the risks of cracking and shrinkage, as well as creep during the operation of the structure.



Of great importance from the point of view of durability are the characteristics of the binder, which creates a reinforcing skeleton in a concrete paste and binds aggregate particles into a single conglomerate. The products of hydration of cement clinker represent the solid phase of cement paste with the mineral modifier and modifier components, a liquid phase that fills non-hydrated pores and capillaries, and a gaseous phase dissolved in water. With dispersed reinforcement, the risk of cracking of the concrete structure during operation is significantly reduced, and, consequently, the possibility of water penetration is reduced. These results are consistent with studies by other authors in recent years [27,28,29].




3.5. Binder Adhesion to Fiber


The indicators of adhesion of fibers to a composite binder with a mineral modifier have also been optimized. The obtained fine-grained fiber-reinforced concrete is characterized by high adhesion strength of the fiber to the hardening cement paste. The interfacial transition zone and the entire structure have a dense structure, compared to conventional fiber-reinforced concrete. The nature of the porosity also differs from the traditional fiber-reinforced concrete. Due to the presence of MM in the composition (with specific area 500 m2/kg, average particle diameter of 12.0 μm and density of 2400 kg/m3), the percentage of total porosity has decreased, the pores are smaller, and more filled with hydrated new growths.



The increase in the strength indicators of the obtained fiber-reinforced concrete is explained by the formation of low-basic calcium silicate hydrates as a result of hydration reactions, which is associated with the optimization of the composition and the ratio of the components of the mineral modifier. By microphotographic studies of the structure of the developed composite, it was found that the structure-forming elements are located more evenly throughout the volume (crystals up to 5 µm in size, Figure 10a). The structure of no additive cement paste is characterized by the predominance of highly basic calcium silicate hydrates and portlandite, in this case, areas of uneven filling of space and crystals of unequal size are noted (Figure 10b).



This is due to the lower energy consumption of the processes of interaction of cement clinker minerals with MM components in the presence of a superplasticizer, which reduces the rate of their formation and the type of products formed. Unreacted modifier particles play the role of microfiller and reduce shrinkage during material hardening. Microcracking is practically reduced to zero due to the use of a mineral modifier. In addition to silicate hydrates, the modifier components form ettringite-like phases as a result of hydration reaction with the gypsum of Portland cement. These processes contribute to the acceleration of hardening and the growth of strength, as well as the uniformity of distribution of new growths throughout the entire volume. New microparticles adhere tightly to the cement clinker grains and fill all the pores and voids. At the same time, the permeability of the composite decreases (Figure 11).



The interfacial transition zone in the obtained fiber-reinforced concrete looks like an adhesive monolith without the presence of any pores and voids, cracks and cavities. It is characterized by strong adhesion of the fibers to the cement matrix, compacted by hydrated new growths. Thus, the mineral modifier significantly increases the adhesion of the hardening binder to the fibers. When the fiber mortar is destroyed, the remains of the composite binder are fixed on the fibers, which indicate a high degree of adhesion of the components of the ITZ (Figure 12).





4. Conclusions


It was established that the physical and mechanical characteristics of fiber-reinforced mortar based on the composite binder are 15–20% higher than those of conventional fine-grained concrete (mortar). The optimal content of components in the composition of high-strength fiber-reinforced mortar provides the required properties in comparison with similar compositions without a mineral modifier. It was found that fiber-reinforced mortar with the addition of a modifier and the densest packing of the aggregate exceeds the strength of ordinary fine-grained concrete by almost 1.5 times. This is due to the effective selection of the composition with a dense spatial packing of particles, as well as the peculiarities of structure formation. When added to the composition of the combined fiber (steel and polypropylene, 1.6% and 0.24%, respectively), there is a significant increase in the indicators of material properties: strength, modulus of elasticity, water absorption and frost resistance.



The use of composite binders with the addition of MM makes it possible to obtain a composite with high construction and technical properties. The achievement of this result is due to the calculation of the amount of combined fiber and the closest packing ratio of fine aggregate, with a different composition of particle fractions. The use of this material in construction will increase the efficiency of construction production, expand the raw material base of the construction industry, and help improve the environmental situation.



Changes to building codes are proposed, in particular, the concept of rheological technological index of RTI mixtures is introduced, the hardware and method for determining that will reproduce the key features of real processes. An instrument was developed to determine the RTI value. The resulting composite, which has a compressive strength of over 90 MPa, and a bending strength of over 10 MPa, and high deformation rates will make it possible to produce effective building structures for difficult operating conditions.



Fiber reinforcement of a mortar structure significantly increases the durability of the structure. Therefore, the frost resistance of fiber-reinforced concrete in comparison with ordinary reinforced concrete is increased by almost seven times. The water absorption of fiber-reinforced concrete is also related to the percentage of reinforcement, and is directly proportional to the content of fiber in the composition of the material. This property of the developed fiber-reinforced concrete is almost two times higher than that of traditional concrete.



Of great importance from the point of view of the resistance of concrete to aggressive environmental influences are the characteristics of a binder that creates a reinforcing skeleton in a mortar matrix and binds aggregate particles into a single conglomerate. The products of hydration of cement clinker represent the solid phase of cement paste with a mineral modifier and modifier components, a liquid phase that fills non-hydrated pores and capillaries, and a gaseous phase dissolved in water.



With dispersed reinforcement, the risk of cracking of the concrete structure during operation is significantly reduced, and, consequently, the possibility of penetration of aggressive substances is reduced. Thus, the resulting fiber-reinforced mortar with a mineral modifier has a higher durability than conventional reinforced concrete. Combined fiber constituting 1.6 wt.% mortars, allows you to create an effective material for monolithic construction.



The characteristics of a fiber-reinforced mortar depend on the complex influence of the properties of the cement matrix and the fiber used (size, shape, material of manufacture, etc.). In this case, in any case, the strength properties of fiber-reinforced concrete will be significantly higher than traditional reinforced concrete reinforced in the usual way (metal meshes, frames, rods), as well as the possibility of cracking, which is more than 80% lower than that of reinforced concrete. The high durability of this material is due to the nature of the porosity. It is minimal due to the presence of fiber, which acts as a mechanical internal vibrator during molding.



The structure of fiber-reinforced mortar on a composite binder with a mineral modifier is characterized by a high degree of adhesion of the cement stone to the fiber. In the process of hydration of a composite binder with a superplasticizer and a mineral modifier, the distribution of new growths throughout the volume is uniform. Based on the main findings of this study, it can be concluded that the resulting fiber-reinforced concrete is recommended for the use in the construction of high-rise buildings using 3D printing technologies.
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Figure 1. Microstructure of the mineral modifier. 
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Figure 2. Appearance of the fibers: (a) polypropylene; and (b) steel. 
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Figure 3. Developed device for determining the rheotechnological index (a) and the sequence for determining the RTI (b). 






Figure 3. Developed device for determining the rheotechnological index (a) and the sequence for determining the RTI (b).



[image: Fibers 09 00079 g003]







[image: Fibers 09 00079 g004 550] 





Figure 4. A set of equipment and devices for determining the bearing capacity of a newly formed layer. 
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Figure 5. Newly formed specimens. 
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Figure 6. Determination of the flexural strength of printed specimens with loading: (a) along horizontal layers; and (b) perpendicular to horizontal layers. 
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Figure 7. Determination of the compressive strength of printed halves specimens with loading: (a) along horizontal layers; and (b) perpendicular to horizontal layers. 
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Figure 8. Development of plastic strength over time. 
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Figure 9. Compressive and flexural strength of developed fiber mortars. 
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Figure 10. SEM images: (a) Mix ID 4, and (b) Mix ID 1. 
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Figure 11. Fiber mortar interfacial transition zone (specimen 4). 
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Figure 12. The nature of the adhesion of the fiber to the binding matrix. 
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Table 1. Mix proportions.
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	Properties
	Polypropylene Fiber
	Steel Fiber





	Tensile strength, MPa
	350
	800



	Fiber diameter, µm
	20
	300



	Fiber length, mm
	6
	30



	Elastic modulus, GPa
	3,5
	200



	Melting temperature, °C
	145
	1500



	Resistant to alkalis, acids and solvents
	high
	high



	Density, kg/m3
	910
	7800
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Table 2. Mix proportions, kg/m3.
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Mix ID

	
Binder

	
SCQS

	
QS

	
Water

	
Fiber




	
CEM I

	
SP

	
MM

	
Steel

	
Polypropylene






	
1

	
680

	
-

	
-

	
1250

	
400

	
258

	
-

	
-




	
2

	
680

	
-

	
-

	
1250

	
400

	
238

	
41.4

	
-




	
3

	
680

	
3.55

	
-

	
1250

	
400

	
216

	
41.4

	
-




	
4

	
680

	
3.55

	
34.3

	
1250

	
400

	
164

	
41.4

	
4.7
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Table 3. Rheological characteristics of mortars.
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Mix ID

	
RTI

	
Plastic Strength, kPa, at the Age in Minutes




	
1

	
15

	
35

	
50






	
1

	
72

	
22.2

	
133.0

	
627.0

	
1444.5




	
2

	
25

	
60.0

	
760.2

	
1744.4

	
1855.6




	
3

	
22

	
112.3

	
1520.3

	
3410.1

	
3520.1




	
4

	
18

	
172.9

	
2251.4

	
5442.2

	
5523.2
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Table 4. Frost resistance and water absorption of the mortars.
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	Mix ID
	Water Absorption, % by wt
	Frost Resistance, Cycles





	1
	3.6
	200



	2
	3.2
	250



	3
	2.8
	250



	4
	2.3
	300
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