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Abstract

:

Improving the environmental situation and obtaining cement composites with new properties for various operating conditions is possible with the use of secondary resources. The paper is devoted to the criteria for evaluating the impact of clinker-free cement on the environment. The methodological approach to the selection of a functional unit for comparative assessment of the ecological footprint of clinker-free cements is justified. The results of studying the properties determining the concrete durability in the aggressive environment of livestock farms and in transport construction are given. The results will contribute to the development of an ecological approach to the components selection for clinker-free cements and to the adoption of design decisions in construction, as well as to the expansion of the field of using clinker-free cements in transport and industrial construction.
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1. Introduction


Issues of environmental protection through the development of technologies, with low carbon dioxide emissions, using secondary resources, are becoming global [1,2,3,4,5,6]. The production of cements and building materials is an industry that can make a significant contribution to the integrated processing of secondary resources [7,8,9,10,11,12]. Cement composites account for the main share in the production of materials. The involvement of secondary resources in their production allows for improving the environmental situation, as well as for obtaining composites with new or improved properties [13,14,15,16].



Clinker-free cements are mainly represented by alkali-activated cements. Alkali-activated binders consist of two components: inorganic powder and an alkaline activator of hardening [17,18]. Water solutions of calcinated soda, sodium sulfate, sodium hydroxide, liquid glass, and so forth, can be used as an alkaline activator [19,20,21,22,23,24,25].



At present, the study of clinker-free cements is aimed at the theoretical and practical justification of obtaining new compositions, based on multicomponent mineral raw materials of secondary resources for durable cement matrices, at the expense of increasing the reactivity of binders, reducing their water demand, directing regulation of the processes of phase and structure formation, and their correlation with the processes that determine the internal corrosion of the matrix [26,27,28,29,30,31]. This leads to increasing the physical and mechanical properties that determine the matrix durability [32,33,34]. However, high strength is not the only condition for ensuring matrix durability [31,35]; it is necessary to consider other properties that determine the material durability in the required operating conditions.



There are instances of using alkali-activated slag concrete in difficult operating conditions, such as concrete for railway sleepers and floor structures of livestock farms [36,37,38]. This makes it possible to discuss the environmental impact of these cements below.



Assessment of the environmental impact of binders is an important criterion when developing compositions of these binders and selecting the components [39,40,41,42]. The technology of clinker-free cements should combine issues such as saving Portland cement clinker, recycling industrial wastes, and obtaining concrete with new and improved properties [43,44,45,46,47].



At present, there are not enough published data related to the quantitative assessment of the impact of clinker-free cements on the environment. This can be explained by several reasons. First, there is insufficient data confirming the successful use of these cements in complicated operating conditions and, accordingly, justifying their durability. Second, there is little information available about the specifics of producing new cements on an industrial scale, and it is also rarely subjected to independent impartial assessment of environmental indicators, mainly due to commercial restrictions. It should be noted that manufacturers of clinker-free cements face barriers such as regulatory restrictions, slow adaptation of standards, and unwillingness to use materials with less studied properties, despite the technical and environmental advantages of clinker-free cements compared to Ordinary Portland cement (OPC). Hence, the choice of construction material and technology should be justified not only on the basis of technical and economic comparison but also on their environmental impact.



Existing studies on the assessment of environmental impact of cement are based on the process-based life cycle assessment (LCA). The ISO14067 standard was developed for the quantitative assessment of the carbon footprint (CF) of products, and is based on greenhouse gas emissions normalized to the carbon dioxide equivalent (eCO2) and on LCA methodology. The results of the quantitative determination of the CF are expressed in mass of eCO2 per functional unit.



Published results on the quantitative assessment of the CF of cement vary significantly [48,49]. The environmental advantage in these studies is given to various binders: сlinker-free cements, low-clinker cements, and OPC. This leads to ambiguous conclusions regarding the CF from the use of supplemental cementitious materials in binders. As a rule, this is explained by the difference in production technology (for example, by the use of alternative fuels) or the need for transporting the components using transport with a high CF. These factors make significant changes to the CF of products.



According to ISO14067, the product CF is assessed in order to compare the environmental impact of a product on the climate and make strategic or design decisions. For comparability of the results obtained, the product evaluations should be carried out using identical methods. This, in turn, may call into question the published comparative results on estimating the CF of cements obtained from various sources.



Most studies that assess cement CF use a functional unit based on mass measurement units (kgs or tons). However, researchers show that taking other characteristics into account is an equally important approach. The authors [50,51] have shown that accounting for the cement compressive strength in a functional unit affects the results of the LCA study. Cements with less clinker will always show less environmental impact when using mass as a functional unit, although much lower values of strength or service life of the cement concrete could be obtained [52]. Therefore, there are some doubts concerning the actual environmental performance of cements since most LCA studies of cement production use a functional unit based on mass measurement units.



It is important to take into account the main properties of cement (i.e., compressive strength and concrete durability) in order to evaluate and compare its environmental characteristics. This will contribute to the development of clinker-free cements, paying more attention to the cement properties than its composition [53]. The need for revising the functional unit based on mass measurement units was indicated in the papers [52,54] for a meaningful comparison of cements and concretes, taking into account certain properties such as compressive strength, service life, and thermal conductivity.



The authors of this paper hypothesize that the selection of a functional unit for a quantitative assessment of the carbon footprint of concrete should be performed, taking into account the concrete properties for the required operating conditions. It should be a comparative assessment using an identical methodology to justify the choice of the kind of cement (Portland cement, clinker-free cement, etc.) for a specific construction object. This choice should be based both on the feasibility study of the choice of cement and its environmental impact.



At present, the standards of designing in construction provide for the selection of cement and concrete for a certain object based on a feasibility study. However, the assessment of the comparative environmental impact of concrete should be provided in the regulatory documentation. With this environmental assessment, the projects in which concretes are used, on the basis of clinker-free cements, can benefit in many severe operating conditions.




2. Materials and Methods


The cements CEM III 22.5, CEM I 32.5, and CEM I 52.5 were used. Ground granulated blast furnace slags of metallurgical plants located in the Southern Ural were used (Table 1). These slags are slightly acidic according to a basicity modulus of Mo = 0.8–0.91, with an increased amount of alumina of 14–16% and a crystallization degree of 5–8%.



A study of wastes in the chemical industry of the Southern Ural region showed the presence of a number of materials that can be used as lime- and sulfate-containing hardening activators for slag binders without significant technological processing (Table 2 and Table 3). Phosphogypsum of Joint Stock Company JSC “Meleuzovskie mineral fertilizers”, used in experiments as a sulfate-containing activator, has the following composition: CaSO4·2H2O—94.6%, СаНРО4—traces, Са3РО4—1.31%, Н3РО4 and Са(Н3РО4)2—0.47%.



The concrete water resistance was determined according to EN 12390.8.2009—“Testing hardened concrete—Part 8: Depth of penetration of water under pressure”. The concrete frost resistance was determined according to EN 12390.9—“Testing hardened concrete—Part 9: Freeze-thaw resistance with de-icing salts—Scaling”.



The following studies were performed to obtain the data on changes in the strength properties of concrete during operation in livestock complexes. Samples-prisms of a 25 × 25 × 100 mm3 size were made with the ratio of binder-to-sand equal to 1:3, and with fine aggregate fraction <2.5 mm. Samples were placed into tap water and the aggressive media of a livestock farm after the 28-day curing period under normal conditions.



The chemical composition of the aggressive media formed during the life of the animals depends on the type and number of animals, as well as on the method of their maintenance and the system of manure removal. The liquid media in this study was composed of 95.7% water and 4.3% dry substance: 2% urea, 0.05% uric acid, 0.35% sodium ion, 0.15% potassium ion, 0.04% magnesium ion, 0.06% calcium ion, 0.27% chloride ion, and 0.78% sulfate ion. The microflora saturation was 8 × 107 bacteria per 1 cm3.



The resistance of samples to the aggressive media of the livestock farm was determined by the resistance coefficient Kr as the ratio of the value of the average limit of bending strength after 105 and 150 days of storage in the aggressive media to the value of the average limit of bending strength after storage in tap water.




3. Approaches to Assessing the Impact of Clinker-Free Cements on the Environment


Concrete durability based on clinker-free cements in the required operating conditions is an important criterion, along with the involvement of wastes and by-products of the industry of cement production. For example, clinker-free cements can be produced from waste materials with a very low CF but the concrete based on it will have a short service life in comparison with the concrete based on OPC. On the other hand, OPC-based concrete can have a very short service life under certain operating conditions compared with clinker-free cement. It should also be taken into account that some components, such as hardening activators or superplasticizers, can be produced by using a technology with a considerable CF.



The authors [48] found that the CF from the production processes of alkaline activators (hydroxides and alkaline silicates) varied from 0.9 t/t to 1.8 t/t (dry base). The production of these synthetic products is associated with industrial processes with a considerable CF. However, these activators are added into clinker-free cements in small amounts (a small percent of the binder mass), so their total contribution to the CF of clinker-free cement production cannot exceed 0.05 t of eCO2 per cement ton [48]). This is much lower than the CF of producing one ton of OPC. Clinker-free cements may contain natural alkaline salts or industrial by-products as hardening activators. In this case, the CF from producing one ton of clinker-free cement is reduced.



The CF of a product is calculated per ton of cement or a cubic meter of concrete in the majority of the published studies [48,49,50,55]. However, as it was noted above, it is necessary to take into account the concrete properties that determine its durability in specific operating conditions, that is, the field of concrete application. Accordingly, it is advisable to compare the CF of concretes based on OPC and clinker-free cement taking the main concrete property (or properties) under these operating conditions (namely, the measurement unit of this property) as a functional unit. For example, compressive strength, impact strength, and frost resistance of concrete are equally important characteristics for the concrete of railway sleepers, in accordance with the requirements of regulatory documentation in transport construction. Compressive strength, flexural tensile strength, and resistance to corrosion are equally important characteristics for the concrete of livestock farm flooring. Thus, all normative characteristics, depending on the purpose and operating conditions of the concrete, must be taken into account when assigning a functional unit.



The CF reflects the sum of emissions and removals of greenhouse gases, expressed as the eCO2, by products that are associated with the stages of obtaining raw materials, production, use, and disposal of wastes from the products at the final stages of their life cycles. When comparing concretes based on OPC and clinker-free cement, it should be noted that there may be significant differences in the amount of eCO2 at the stage of obtaining raw materials for concrete (namely, obtaining a binder) and at the stage of its use (namely, the duration of concrete operation). The other stages, such as fresh concrete production and concrete wastes re-use, can have almost a similar partial CF for both concretes based on OPC and clinker-free cement, within the framework of the same construction project.



Thus, the comparison of compositions and properties of concrete is advisable to perform for the comparative assessment of CF of various kinds of cements. It is necessary to distinguish such terms as the carbon footprint of cement production (process) and the carbon footprint of cement (product). The second term should be used to assess the CF of cement in concrete composition.




4. Selecting the Functional Unit for Assessing the Environmental Impact of Clinker-Free Cement


A common functional unit is required to compare two products, such as OPC-based concrete and clinker-free cement-based concrete. Most researchers focus on comparing the CF of component production only for the cement matrix of both concretes, since both kinds of equal-strength concretes have the same type of aggregates within the same construction site. The cement mass required to provide the equal compressive strength at the age of 28 days for concrete based on OPC and on clinker-free cement is taken as a functional unit. The choice of a functional unit has an essential impact on the results of a quantitative assessment of the CF [56,57,58].



Analysis of the eCO2 normalized for compressive strength at the age of 28 days, depending on the mixture compositions based on Portland cements CEM I 32.5 and CEM I 52.5, has shown that the optimum concrete strength exists (usually about 60 MPa) when the value of eCO2 per 1MPa of strength is minimal [58]. It is necessary to increase the Portland cement amount as well as to use a superplasticizer for increasing the concrete strength. This leads to a considerable increase of eCO2 per 1MPa of concrete strength. Hence, it is necessary to look for technological ways to increase the concrete strength without increasing eCO2 per 1MPa, for example, the method of using microsilica.



The authors [51] have considered the environmental impact of concrete compressive strength by introducing a bi criterion that is the ratio of cement mass per cubic meter of concrete to 28-day compressive strength. However, in this case, only one functional property of cement (compressive strength of concrete at the age of 28 days) was considered.



The study [59] is directed to the introduction of a new functional unit (FU) for the assessment of the CF at the concrete mix production stage. For this purpose, the new FU includes the functional properties of cement, namely the compressive strength and service life of the concrete. In this case, the FU is defined as the binder mass (kg) per 1 MPa of strength and 1 year of concrete service life (kg·MPa−1·year−1). According to this approach, the cements with a low environmental impact are those that lead to producing the concrete with the highest compressive strength and service life at the lowest cement amounts.



It should be noted that in the case of developing new compositions of clinker-free cements, it is difficult to determine their service life because of the lack of data on their operation in construction. It is possible to obtain the required characteristics of concrete based on clinker-free cements depending on operating conditions and to predict the concrete service life using software products. However, this will add uncertainty to the result.



The authors of the papers [17,60,61] note that it is necessary to take into account the cement impact on the environment based on concrete durability. It is the values of the concrete characteristics in specific operating conditions that should be compared with the values of the same characteristics of concrete based on OPC in identical conditions.



Results supporting the importance of using service life in the CF estimation are shown in paper [62,63,64], where data on the chloride diffusion coefficient, the aging coefficient, and the chloride threshold for seven concrete mixtures with OPC, OPC + FA (fly ash) and limestone-calcined clay cement (LC3) are presented. The service life was then modeled using this data. It was found that the service life of a typical bridge pier and beam based on FA and LC3 concrete was much higher than that of OPC-based concrete of the same strength. Based on the results of LCA, it was found that the CF of concrete with FA and LC3 was much lower than the CF of concrete based on OPC of similar strength.



Thus, it is necessary to justify the choice of a FU for comparative analysis of the CF from cement production and the CF of using the multicomponent cements in concrete since the assessment of CF per 1 kg of cement and 1 MPa of strength is insufficient for making strategic or design decisions.



The authors of this paper suggest the following methodological approach for the selection of an FU for comparative assessment of the CF of concrete products (presented in Figure 1).



Three general approaches to reducing the cement impact on the environment by decreasing the carbon footprint should be highlighted. The first approach is used at the stage of cement production by replacing clinker with mineral components, and by using alternative fuels, and so forth. The second approach is used at the stage of fresh concrete production by reducing the cement amount and by optimizing the transportation of components for mixing, and so forth. The third approach is used at the stage of production of reinforced concrete structures by reducing the structure size while increasing the strength characteristics of concrete, replacing steel fiber with synthetic ones, and so forth.



The compositions and characteristics of concretes based on OPC, slag Portland cement, and alkali-activated slag binders are shown in Table 4. The studied concretes are used in transport construction. The requirements for frost resistance, along with compressive strength, are imposed for railway sleepers and, additionally, the water resistance for road slabs.



Concretes based on alkali-activated slag (Compositions 8 and 13) meet the requirements for the concrete of railway sleepers because the compressive strength and the frost resistance were 70 MPa and F600, respectively, by using the granulated blast furnace slag with a basicity modulus of 0.8, and 78 MPa and F700, respectively, by using the granulated blast furnace slag with a basicity modulus of 0.9. These concretes have almost similar characteristics with concrete based on CEM 52.5 (Composition 2), for which the values were 60MPa and F600. Besides that, the alkali-activated slag concretes had increased impact strength [65].



Compositions 4, 6, and 11 meet the requirements for road concretes (namely a B30 or B35 compressive strength class and frost resistance of not less than F300) and have almost similar characteristics with Composition 1 on Portland cement (Table 5). Using the approach from Table 4 and choosing the concrete grade of frost resistance (or both indicators such as frost resistance and water resistance) for equal-strength concretes as a functional unit, it may be concluded that clinker-free cements can have a CF lower than that of OPC.



Local natural aggregates are used for producing the concrete for railway sleepers. The choice of aggregates for the concrete based on OPC should be carried out, taking into account the exclusion of the alkali-silica corrosion of concrete. However, the availability of such natural aggregates is limited in many regions. This fact indicates the necessity of using cements with alkaline activation. Alkali-silica corrosion, namely, the formation of substances of greater volume as a result of reactions, leads to the concrete cracking. It is less intense in alkali-activated cements than in OPC since all the alkalis are consumed for the activation of aluminosilicates in slag. Advantages of alkali-activated cements over OPC, such as high frost resistance, impact strength, and resistance to alkali-silica expansion on local aggregates, have been confirmed by the experience of using the reinforced concrete sub-rail structures based on the alkali-activated slag concrete for several decades [36].



The second example is that the use of supersulfated slag binder for floorings in livestock complexes shows that the service life of floorings in the aggressive environment considerably increases in comparison with the service life of floorings built from concrete based on OPC [37]. The compositions and properties of concrete based on supersulfated slag binders are presented in Table 5 and Table 6.



The resistance of samples to the aggressive media of the livestock farm was determined by the resistance coefficient Kr after 105 and 150 days of storage in the aggressive media (Table 7). The aggressive environment significantly worsened the strength indicators of concrete based on OPC.



One can see in Table 7 that the concrete based on OPC has the least resistance to the aggressive media since the bending strength was reduced almost twice after 150 days. CEM III 22.5 and supersulfated slag binder had better values of the resistance coefficient. The binder of Composition 6.1, which contains 10% of cement dust as an alkaline activator, had the highest resistance with Kr = 0.90. It should be noted that the destruction process and reduction of strength characteristics of samples based on OPC progress until their complete destruction. Conversely, the strength characteristics stabilized over time in samples with supersulfated slag binder, which shows the attenuating nature of the corrosion process. This is an example in which the exclusion of clinker can improve the physical and mechanical properties of concrete and increase its service life in specific operating conditions.



Thus, the selection of a functional unit for a quantitative assessment of the carbon footprint of concrete should be performed, taking into account the concrete properties for the required operating conditions.




5. Conclusions


The need to consider all the properties of concrete that determine its durability in order to assess the environmental impact of clinker-free cements is discussed in this paper. The selection of a functional unit for quantifying the carbon footprint of Portland cement and clinker-free cement, in order to compare their environmental impact, must be carried out, taking into account all the properties of concrete for the required operating conditions. The high strength of concrete is not the only condition for ensuring its durability. Accordingly, it is not sufficient to consider only strength as a functional unit. It is necessary to take into account other properties that determine the durability of the material under the required operating conditions.



Concretes based on сlinker-free binders that confirmed the required durability by operating in real construction projects, namely as flooring structures of livestock complexes and prestressed reinforced concrete sub-rail structures on the railway, were considered to justify the choice of a functional unit.



The results of laboratory tests show that concrete based on OPC had the least resistance since the bending strength was reduced twice after 150 days of storage in the aggressive media. CEM III 22.5 and supersulfated slag binder had better values of the resistance coefficient. The highest resistance with K = 0.90 was seen in the supersulfated slag binder of the following composition: ground granulated blast furnace slag of 80%, phosphogypsum of 20%, and cement kiln dust as an alkaline activator in a quantity of 10% from the mass of slag and phosphogypsum. It should be noted that the destructing process and reduction of strength characteristics of samples based on OPC progress until their complete destruction. Conversely, the strength characteristics stabilized over time in samples based on supersulfated slag binders, which indicates the attenuating nature of the corrosion process. This is an example in which the exclusion of clinker can improve the physical and mechanical properties of concrete and increase its service life in specific operating conditions. Thus, all four characteristics of concrete durability (compressive strength, flexural tensile strength, frost resistance, and corrosion resistance) should be taken into account as part of the functional unit that will lead to a decrease in the carbon footprint of concrete of clinker-free cement, which is used in flooring structures of livestock complexes.



Concrete based on alkali-activated slag had the compressive strength 70MPa, frost resistance of F600, and water resistance of 2.2 MPa, using the granulated blast furnace slag with a basicity modulus of 0.8, and 78MPa, F700, and 2.5 MPa, respectively, using the granulated blast furnace slag with a basicity modulus of 0.9. These concretes had comparable characteristics with concrete based on CEM 52.5, for which the values were 60 MPa, F600 and 2.1 MPa, respectively. These results also indicate that as a functional unit for comparative quantification of the carbon footprint of cements, it is necessary to take into account the generalized functional unit, which includes three characteristics of concrete (compressive strength, frost resistance, and water resistance) for the studied case of concrete application.
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Figure 1. Methodological approach for selection of functional unit (FU) for comparative assessment of the carbon footprint (CF) of concrete products. 
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Table 1. Chemical composition of slag, %.






Table 1. Chemical composition of slag, %.





	
Slags

	
SiO2

	
А12О3

	
СаО

	
MgO

	
SO3

	
FeO

	
Fe2O3

	
MnO




	
TiO2






	
Beloretsky slag (No.1)

	
37.00

	
16.00

	
39.30

	
3.00

	
0.62

	
1.00

	
-

	
1.00




	
Magnitogorsky (No.2)

	
35.68

	
14.32

	
40.09

	
5.54

	
1.17

	
-

	
0.84

	
0.80
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Table 2. Chemical composition of lime-containing wastes of Joint Stock Company JSC “Bashkir soda company”, %.






Table 2. Chemical composition of lime-containing wastes of Joint Stock Company JSC “Bashkir soda company”, %.





	Waste
	SiO2
	СаО
	MgO
	К2О + Na2O
	А12О3
	Fe2O3
	SO3
	(СаО + MgO)free
	Сr





	Solid residue of sodium carbonate production

(SRS)
	5–12
	40–50
	1.8–2.6
	0.2–1.0
	2.8–4.7
	1–3
	1–5
	5–12
	3–12



	Waste of slaking the lime (WSL)
	2–4.5
	58–62
	1.0–2.5
	0.15–0.25
	2.0
	1.3–4.0
	2–3
	22–35
	0.3–0.5



	Cement kiln dust (CKD)
	13–15
	42–45
	2–3
	1.0–1.5
	3–6
	2.5–4.0
	0.7
	6–7
	0.3–0.5
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Table 3. Chemical composition of phosphogypsum of JSC “Meleuzovskie mineral fertilizers”, %.
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	СаО
	SO3
	Н2С
	Р2О5
	R2O3
	R2O





	31.5
	46.76
	18.9
	0.89
	0.24
	0.42
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Table 4. Compositions and properties of concretes based on various binders.
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No.

	
Binder

	
Compressive Strength, МPа

	
Frost Resistance, Cycles

	
Water Resistance, MPa






	
1

	
CEM 32.5

	
40

	
300

	
1.5




	
2

	
CEM 52.5

	
60

	
600

	
2.1




	
3

	
Slag Portland cement CEM III32.5

	
37

	
300

	
2.0




	
4

	
Slag Portland cement

CEM III42.5

	
41

	
400

	
2.0




	
Slag No.1 (Мo = 0.8)




	
5

	
Only slag

	
2

	
25

	
0.5




	
6

	
Slag + Na2CO3 *

	
40

	
300

	
1.5




	
7

	
Slag + NaOH *

	
35

	
150

	
1.5




	
8

	
Slag + Na2SiO3 *

	
70

	
600

	
2.2




	
9

	
Slag + K2CO3 *

	
40

	
180

	
1.7




	
Slag No.2 (Мo = 0.9)




	
10

	
Only slag

	
3

	
30

	
0.3




	
11

	
Slag + Na2CO3 *

	
50

	
400

	
2.0




	
12

	
Slag + NaOH *

	
40

	
200

	
1.0




	
13

	
Slag + Na2SiO3 *

	
78

	
700

	
2.5








Мo—slag basicity modulus. *—an alkaline additive taken in the amount of 5% of slag mass.
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Table 5. Compositions of supersulfated slag binders.
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No.

	
Binder Composition




	
Slag

	
Sulfate Component

	
Activator




	
Type

	
Specific Surface Area, сm2/g

	
Mass, %

	
Type

	
Specific Surface Area, сm2/g

	
Mass, %

	
Type

	
Mass, %






	
6.1

	
No.2

	
3200

	
80

	
FG

	
6000

	
20

	
SKD

	
10




	
6.2

	
No.2

	
3200

	
80

	
FG

	
6000

	
20

	
WSL

	
5




	
6.3

	
No.2

	
3200

	
80

	
FG

	
6000

	
20

	
SRS

	
10




	
6.4

	
CEM I32.5




	
6.5

	
CEM III22.5








FG—phosphogypsum; the abbreviations of SKD, WSL and SRS—see in Table 2.
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Table 6. Cement and concrete properties.
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No.

	
Setting Time of Cement Paste, h–min

	
Water/Binder

	
Strength at 28 Days, МPа

	
Frost Resistance, Cycles




	
Begin

	
End

	
Tensile Strength in Bending

	
Compressive Strength






	
6.1

	
2–40

	
7–00

	
0.48

	
5.1

	
36.2

	
70




	
6.2

	
2–20

	
6–10

	
0.47

	
4.8

	
35.0

	
65




	
6.3

	
3–30

	
9–10

	
0.47

	
4.4

	
28.0

	
60




	
6.4

	
2–20

	
5–20

	
0.38

	
5.6

	
42,0

	
150




	
6.5

	
2–40

	
6–10

	
0.41

	
4.6

	
31.7

	
110
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Table 7. Changes of bending strength.






Table 7. Changes of bending strength.





	
No.

	
Tensile Strength in Bending (MPa) after Storage:




	
105 Days

	
150 days




	
In Tap Water

	
In Aggressive Media

	
Resistance Coefficient Kr

	
In Tap Water

	
In Aggressive Media

	
RESISTANCE Coefficient Kr






	
6.1

	
7.2

	
6.8

	
0.94

	
8.4

	
7.5

	
0.90




	
6.2

	
6.8

	
6.1

	
0.90

	
7.7

	
6.7

	
0.87




	
6.3

	
6.1

	
5.1

	
0.83

	
7.0

	
5.6

	
0.80




	
6.4

	
8.8

	
5.8

	
0.66

	
9.7

	
5.1

	
0.53




	
6.5

	
6.9

	
5.4

	
0.78

	
7.6

	
5.7

	
0.75
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