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Abstract. The results of studies aimed at increasing the resistance to weathering of building products based on magnesia cement are presented. This goal was achieved by the use of mine burnt rock as a modifying additive and the use of molding sands compaction pressing method. The influence of the modifier on the compressive strength change of compressed composites in dried and water-saturated state, the softening and air resistance coefficients, as well as the linear deformations of the control samples after a specified number of alternating wetting and drying cycles, was investigated. The physical and mechanical characteristics of the control samples were determined according to the standard and generally accepted methods. The formation of a complex combined structure of modified magnesian composites, containing coagulation, condensation and crystallization phases with a clear predominance of the first, has been confirmed by the physicochemical analysis methods. It is shown that modification of magnesian cement with burnt rock purposefully changes the processes of structure formation and causes an increase in water and air resistance of pressed composites based on it. The proposed method for modifying pressed magnesia products prevents loosening of their structure under alternating stresses, reduces linear deformations and, as a result, slows down fatigue failure. The involvement of a secondary resource in the composition of molding sands as an active mineral additive leads to a decrease in the cost of products and allows the method of their production to be attributed to the best available technologies. The developed compositions of pressed magnesia composites are recommended for the production of small-piece products used in building envelopes, as well as for flooring in the rooms with more than 60% humidity.
Introduction

Modern building materials must have high structural characteristics, be aesthetic, non-combustible and environmentally friendly. All these requirements are met by the construction products based on magnesia cement, which is advantageously characterized by fast hardening, sufficiently high strength, and the ability to reliably bind organic and inorganic aggregates. However, a significant drawback of products based on magnesia cement, which significantly limits the area of ​​their application in construction, is insufficient durability, and specifically water resistance, which manifests itself in a significant decrease in strength when wetted.

The problem of increasing the water resistance of materials and products based on magnesia cements has been in the attention focus of domestic and foreign researchers for many years [1-4]. The variety of approaches can be classified according to several positions. The possibility of changing the properties of caustic magnesite, which directly depends not only on its genesis, but also on the temperature and duration of firing, has been sufficiently studied [5, 6]. Magnesia cements are sensitive to the type of grouting fluid. In addition to solutions of chloride and magnesium sulfate, the possibilities of using a composition containing 10% concentrated phosphoric acid, ammonium dihydrogen phosphate, and ferrous sulfate have been studied [7]. A simple and effective way to protect the products based on magnesia cements from moisture is water repellency treatment of their surface [8, 9]. In our opinion, the most effective way to increase water resistance of magnesia cements is directed structure formation of magnesia stone with the introduction of active additives. Numerous studies are devoted to the study of the phosphate and sulfate additives effect, finely ground fired clay, amorphous silica [10-12]. Such additives make it possible to improve the physical and mechanical properties of products, but the presence of sparingly soluble compounds among the hardening products does not completely eliminate the cause of low water resistance and does not prevent efflorescence formation on the surface of products made of magnesia cement [13, 14]. However, a decrease in the quantitative content of chloride ions in the grout solution (bischofite) leads to a decrease in the strength and water resistance of the products. This is due to the fact that in order to ensure the normal hardening of magnesia cement, the concentration of MgCl2 in the grouting fluid is not less than 15% [1]. A decrease in the liquid content in the molding sand impairs the workability of cast and vibration-compacted sands. Therefore, it became necessary to use more intensive methods of their compaction, for example, pressing, which is widely used for the manufacture of products with increased strength and water resistance based on gypsum binder [15]. Earlier, we found that pressed composites based on magnesia cement modified with silica fume have increased water and air resistance [16]. In our opinion, burnt rock is an effective hydraulic additive for obtaining pressed magnesia composites with increased water and air resistance. Burnt rocks contain active alumina in the form of dehydrated clay minerals radicals, as well as active silica and ferruginous compounds. Unlike slags and ash, they almost do not contain vitreous components and are used as active mineral additives for lime-clay and sulfate-clay binders [17].

Thus, one of the promising directions for the production of small-piece products intended for building envelopes and flooring in rooms with a humidity of more than 60% may be the modification of magnesia cement with burnt rock with compaction of molding sands by pressing. At the same time, in our opinion, the water resistance of the obtained pressed composites does not fully characterize their durability. The assessment of the proposed materials resistance to atmospheric influences (air resistance), assessed by carrying out rather stringent tests for alternating moistening and drying is of considerable interest.

The purpose of this work is to study the possibility of obtaining pressed composites based on magnesia cement modified by burnt rock with increased resistance to weathering.
Materials and methods
In the experimental studies, caustic magnesite grade PMK-75 (GOST 1216-87 “Caustic magnesite powders”. Specifications), the activity of which was 40 MPa in compression and 18 MPa in bending, was used. A solution of natural bischofite with 1.28 g/cm3density and burnt rock from mines in the Rostov region - a product of oxidative self-firing of rocks extracted together with coal from mine waste heaps - with a clay-ferruginous module Мc.f. = 0.49 was used as a modifying additive in magnesia cement.
The preparation of the studied raw mixtures was carried out on a laboratory runner mortar mixer by mixing the components for 5 min. The assessment of the materials resistance to alternating moistening-drying was carried out on specimens-cylinders with a height and diameter of 50.5 mm. The samples were made by the casting method from a dough of normal density and by pressing under a pressure of 40 MPa in special molds from molding mixtures of several compositions. Before testing, the samples are had been hardened in air-dry conditions for 28 days.

The resistance of the samples to alternating wetting-drying was studied as follows. First, the samples were kept in water for 3 h at a temperature (20 ± 2) °C, and then dried for 15 hours at the same temperature. After that, they were dried for 6 hours in a drying oven at a temperature 60–65 °C. The indicated water saturation and drying operations were taken as one test cycle. The duration of holding the samples in water taken in the experiments was determined from the condition that during this time their water saturation reaches approximately 85 % maximum possible value. After every 10 cycles, 10 samples were taken for physical and mechanical tests, half of which were tested for ultimate compressive strength in a state dried to constant weight, and the rest in a water-saturated state. The liquefaction Кl and air resistance Ka ratio was calculated according to the strength indicators. The first was calculated as the ratio of the compressive strength of the samples in the water-saturated and dry states, and the second - as the quotient of the strength division of the dried samples that passed N test cycles to the strength of the control samples (at the “zero” test cycle). It was considered that the material passes the tests if the air resistance coefficient remains at least 0.75.

The emergence and development of irreversible deformations during alternating wetting-drying was studied on the prism samples with a size 40×40×160 mm, at the ends of which, during the molding process, the steel plates of size 40×40 mm with anchors were fixed. The deformations were measured using a tripod with a dial indicator with a graduation of 0.01 mm. The indentations made by the cores in the geometric centers of the anchor plates provided strain measurements at the same points. Measurement reliability control and temperature errors were taken into account using a steel standard having the same geometric characteristics as the prototypes. The measurement reference was counted before measuring the deformations, after which the latter was placed in water, where the samples to be measured had been placed. At the end of the deformations’ measurement of all samples, the standard was removed from the water and a second data was taken. The difference in size before and after placing the standard in water was taken into account when calculating the amount of deformation. The samples were measured every 10 cycles of alternating wetting-drying. 
Discussion and results
Resistance evaluation of compacted composites based on modified magnesia cement to alternating wetting and drying was carried out using the control samples molded from the mixtures, the compositions of which in preliminary experiments showed the best results in compressive strength and water resistance. The studies were carried out with the ratio MgO / MgCl2, equal to 0.072. The compositions of the studied molding mixtures and the physical and mechanical characteristics of the samples molded from them are given in Table 1. 
Table 1. Compositions of molding compounds; physical and mechanical characteristics of modified magnesia composites
	Composition
	Content,

[%] by mass
	Ultimate compressive

strength of samples, [MPa]
	Liquefaction ratio
	Average density, [kg/m3]
	Water absorption,

[%] by mass
	Effective porosity, [%]

	
	magnesia cement
	burnt rock
	dry
	water-saturated
	
	
	
	

	1
	100
	‒
	44.1
	22.1
	0.54
	2000
	13.9
	27.80

	2
	100
	‒
	46.1
	26.3
	0.57
	2065
	8.9
	18.38

	3
	90
	10
	48.1
	39.1
	0.81
	2110
	8.0
	16.88

	4
	85
	15
	49.0
	41.8
	0.85
	2138
	7.3
	15.61

	5
	80
	20
	49.3
	44.3
	0.89
	2160
	7.1
	15.34

	6
	75
	25
	46.2
	36.9
	0.80
	2172
	8.8
	19.11


The change nature in compressive strength of the samples in dry and water-saturated state with an increase in the number of cycles of alternating wetting-drying is shown in Figure 1.

It can be seen from the data obtained that the compressive strength of the samples of all compositions is decreased as the number of test cycles increases. However. the decrease in strength is most noticeable in this case for samples of compositions that do not contain a modifying additive and are made from a dough of magnesia cement of normal consistency by the casting method (composition 1) and pressing (composition 2). If we accept the permissible decrease in the initial strength of the material in a dry state by no more than 25%. then the samples molded from the compositions 1 and 2 withstood only 35 and 40 test cycles. respectively. The resistance to alternating wetting and drying of the pressed samples made of magnesia cement with the addition of burnt rock (compositions 3-5) turned out to be 2 times higher. However. the introduction of an additive in excess of the optimal value. as expected. negatively affects the air resistance of the material. So. dried samples molded from the composition 6 with the maximum amount of burnt rock withstood only 45 cycles of alternating wetting-drying.
A 25% decrease in the samples’ strength in water-saturated state for all compositions is recorded with a smaller number of moistening-drying cycles: for the samples 1 and 2 of the compositions after 25 cycles. 3 and 4 compositions after 70 cycles. 5 compositions after 65 cycles. and for the samples 6 of composition after 35 test cycles. It should be noted that the samples 1 and 2 of the compositions completely collapsed. having sustained. respectively. 60 and 80 cycles of alternating moistening-drying. At the same time. the control samples of 3-6 compositions (with the addition of burnt rock in an amount of 10-25%) withstood 120 test cycles of alternating moistening and drying without destruction.

As can be seen from Figure 1. The strength of dry and water-saturated samples of 3-6 compositions after the first 20 test cycles is slightly increased. and for the dry samples of 3 and 4 compositions. the increase in strength continues in the next 20 cycles. In the water-saturated state. for the samples 4 and 5 of the compositions. an increase in strength is observed up to 50 test cycles. For the samples 6 of composition. the increase in strength in dry and water-saturated state after 20 test cycles is insignificant. and after 40 cycles a sharp drop in strength was recorded.

The noted increase in the samples’ strength of the above-mentioned compositions in the initial period of testing is a consequence of complex physicochemical processes of magnesia cement hardening modified by burnt rock.
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  a)                                                                              b)
Fig. 1. Dependence of the samples’ compressive strength in the dried (a) and water-saturated (b) condition on the number of alternate wetting/drying cycles: 1-6 – composition numbers
With alternating wetting-drying of the pressed material. additional hydration of magnesium oxide occurs with the formation of sparingly soluble hydro-silicates. hydro-aluminates. and also magnesium hydro-alumina-silicates. There is also a partial transition of the amorphous phase of the neoplasms to the crystalline one. The ongoing processes are accompanied. apparently. by an increase in the specific surface of the neoplasms. which leads to the compaction of the hardened stone structure and a decrease in its open porosity. In our studies. this is in good agreement with the change in water absorption by weight of samples presented in Figure 2 as the number of cycles of alternating wetting-drying increases.

Comparing the data on changes in the samples’ strength (Figure 1) and their water absorption by mass (Figure 2) with an increase in the number of test cycles. the following pattern can be traced: the greater the increase in the strength of the material in the first 20 test cycles. the more noticeably its water absorption decreases. 
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Fig. 2. Dependence of water absorption on the number of alternate wetting/drying cycles in terms of the samples mass: 1-6 – composition numbers

The composition 1samples. characterized by a sharp increase in water absorption after 40 test cycles. completely collapsed after 60 cycles. It should be noted that for the composition 2 samples made by pressing. as well as for cast composition 1 samples. after 40 test cycles. there is a sharp increase in water absorption and after 80 cycles. complete destruction occurs. This is due to the fact that the hardening of magnesia cement without additives practically ends after 28 days. In this case. a sufficiently strong. but non-water-resistant cement stone is formed. With alternating saturations with water and drying. already in the first test cycles. the excess free magnesium chloride is washed out first. and then bound in oxo-chlorides. which leads to efflorescence emergence on the samples’ surface. Such processes are accompanied by a noticeable decrease in strength and an increase in water absorption. Pressing. as a method of compaction of molding sands (composition 2). makes it possible to reduce the open porosity of the hardened magnesia cement stone and reduce water absorption. but after 40 cycles of alternating wetting-drying it is increased by 1.5 times.

Modification of magnesia cement with burnt rock reduces water absorption of the samples (compositions 3-6) and the destruction of the samples does not occur even after 120 cycles of alternating wetting-drying. The hardening of modified magnesia cement is slower. The formed hydro-silicates. hydro-aluminates and hydro-alumina-silicates of magnesium. due to their low solubility. screen well soluble solidification products. preventing liquid phase penetration. When the hardened material is moistened. water. getting into microcracks and wedging them. exposes the unreacted (active) surfaces of the cement components. and when the temperature rises to 60 °С (at the stage of drying) hydration reactions are accelerated and partial or complete elimination of microdefects occurs. which is accompanied by an increase in the density and strength of the samples. As the number of moistening-drying cycles increases. the material’s ability to "self-heal" defects due to the exhaustion of the activity reserve decreases. and. accordingly. the material’s resistance to cyclic tests decreases. Destructive processes begin to prevail over the constructive ones and cause a rapid increase in water absorption and a decrease in strength. 

The change in the properties of the studied compositions is accompanied by the linear deformations of prism specimens. which are shown in Figure 3. They are associated with the above-described physicochemical processes occurring in the structure of materials. as well as with the development of defects and microcracks of a fatigue nature. As a result of the studies carried out. it was found that the samples made by pressing from modified cement (compositions 3-6) are characterized by lower irreversible linear deformations than the samples from magnesia cement without additives (compositions 1 and 2). It should be noted that for the samples of composition 1 after 40 cycles of alternating wetting-drying. efflorescence appears on the surface. and after 60 test cycles with a deformation of 8.8 mm / m. they break. The composition 2 samples (pressed without addition of burnt rock) fail after 80 test cycles at a deformation level of 7.8 mm/m. Pressed composites of 3-6 compositions do not collapse. withstanding 120 test cycles with linear deformation of 7.6. 7.0. 6.9. 9.5 mm/m. respectively. In our opinion. the obtained regularities are associated with the compaction of molding sands by pressing at high pressure and the structure peculiarities of composites formed during complex physicochemical processes of hardening of modified magnesia cement.

With the highest rate. linear deformations of the 3-5 compositions samples increase after 40 cycles of alternating wetting-drying. and then. after 80 test cycles. the rate of their increase decreases. Earlier. we noted that during this period. compositions 3-6 showed an increase in mechanical strength and a decrease in water absorption by weight. This is caused by additional hydration and crystallization of neoplasms in the structure of the hardened cement stone: amorphous hydro-silicates. hydro-aluminates and magnesium hydro-alumina-silicates. occurring in the first cycles of alternating moisture-drying and accompanied by some volumetric expansion. 
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Fig. 3. Linear deformations of the samples in the course of wetting and drying: 1-6 – composition numbers

A sharp increase in linear deformations in the composition 6 samples (containing 25% of burnt rock) is observed after 20 test cycles. This nature of the deformations’ accumulation is associated with an excess content of burnt rock. which does not participate in the formation of hardly soluble new formations and. due to the formation of an additional amorphous phase. increases the stresses in the stone of the modified cement during alternating wetting and drying.

The above-described changes in the mechanical strength of the material in the dry and water-saturated state with an increase in the number of cycles of alternating wetting-drying can be most clearly seen in Figure 4. which shows the change in the calculated softening coefficients Кl and the air resistance KA of the investigated compositions.

As it can be seen from Figure 4 (a). the liquefaction ratio for 1. 2 and 3 compositions with alternating moistening-drying does not change monotonously.
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a)                                   



                 b)
Fig. 4. Dependence of liquefaction (a) and airproof performance (b) ratios on the number of alternating wetting/drying cycles: 1-6 – composition numbers
The samples of the composition 1 are characterized by the lowest initial liquefaction ratio (Кl = 0.54). the value of which after 40 test cycles decreases to 0.27. and after 60 cycles of wetting-drying increases to 0.45. but the samples begin to break down. The samples of the composition 2 have a minimum value Кl that is reached after 50 test cycles. then after 80 cycles the liquefaction ratio increases to 0.59. but the samples are destroyed. When testing the samples of composition 3-6. the liquefaction ratio first increases and then decreases monotonically. This type of change in the liquefaction ratio is associated with a different rate of loss of strength in the dried and water-saturated state at the initial stages of the test. With an increase in the number of test cycles in the stone of magnesia cement. fatigue stresses accumulate. which do not allow them to restore strength upon drying. therefore. the samples’ destruction occurs even with a relatively large value of the liquefaction ratio.

The change in the coefficient of air resistance of all compositions is also consistent with the change in physical and mechanical characteristics during alternating wetting-drying (Figure 4 (b)). All studied formulations showed a slight increase after the first 10 test cycles КA. After 60 test cycles. the coefficient of air resistance of samples 1 of the composition decreases to 0.28. while they are destroyed. For specimens of composition 2 with an air resistance coefficient of 0.18. destruction occurs after 80 test cycles. Samples of pressed magnesia composite with optimal consumption of burnt rock (compositions 3 and 4). even after 40 test cycles. are characterized by an air resistance coefficient exceeding 1.0. Modification of magnesia cement with burnt rock allows the samples of compositions 3-6 with air resistance coefficient values ​​of 0.32. 0.37. 0.35 and 0.23. respectively. to withstand 120 test cycles without destruction.
Summary
The conducted studies have shown that compressed composites of modified magnesia cement have high resistance to weathering. The structure of the hardened cement stone contains not only magnesium hydroxide and oxo-chlorides. but also hardly soluble hydro-silicates. hydro-aluminates. and magnesium hydro-alumina-silicates. Hydro-silicate films. shielding highly soluble magnesium oxo-chlorides. protect them from the destructive action of water. The proposed method for modifying magnesia cement with mine burnt rock prevents the structure loosening of the pressed stone-like material made from it during alternating wetting and drying. reduces linear deformations and. as a result. slows down its fatigue destruction.

It was found that pressing. as a method of compaction. allows to more than halve the magnesium chloride content in the grouting fluid composition. which ensures a decrease in the resulting oxo-chlorides. Hydro-silicates and hydro-alumina-silicates of magnesium solubility. As a result of this. an increase in the water resistance of the hardened stone as well as the efflorescence elimination are achieved. 

It has been established that the hardening of pressed magnesia composites modified with burnt rock in an optimal amount (15-20% by weight) is accompanied by the formation of a complex combined structure containing coagulation. condensation and crystallization phases with a clear predominance of the former.

The presented compositions of pressed magnesia composites are recommended for the production of small-piece products used in building envelopes. as well as for flooring in the rooms with a humidity of more than 60%.

The involvement of a secondary resource in the composition of building composites as a mineral additive leads to a decrease in the cost of products and allows the method of their production to be attributed to the best available technologies [18].
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