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Abstract

:

Building construction and building operations have a massive direct and indirect effect on the environment. Cement-based materials will remain essential to supply the growth of our built environment. Without preventive measures, this necessary demand in cement production will imply a substantial increase in CO2 generation. Reductions in global CO2 emissions due to cement consumption may be achieved by improvements on two main areas: increased use of low CO2 supplementary cementitious materials and a more efficient use of Portland cement clinker in mortars and concretes. The use of ground granulated blast furnace slag in concrete, as cement constituent or as latent hydraulic binder, is a current practice, but information of concrete with ladle furnace slag is more limited. Specific knowledge of the behavior of mixtures with steel slag in relation to certain properties needs to be improved. This paper presents the results of the shrinkage (total and autogenous) of five concrete mixtures, produced with different percentages of two different slags in substitution of cement. The results show that shrinkage of concrete with the two different slags diverges. These different characteristics of the two materials suggest that their use in combination can be useful in optimizing the performance of concrete.
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1. Introduction


The building and construction sector is a key player that contributes to meeting the needs of housing, hospitals, schools, among others developments, but it is also a large consumer of materials and natural resources. Building construction and building operations have a massive direct and indirect effect on the environment [1,2,3,4,5,6]. Not considering water, concrete may be considered the most used construction material in the world. The most important constituent of concrete is cement. It is produced in a dynamic process including high temperature treatment and a release of approximately 710 kg CO2 per cement ton cement [7].



Cement-based materials will remain essential to supply the growth of our built environment, mainly by those located in the developing world. Without preventive measures, this needed demand in cement production will imply a substantial increase in CO2 generation, further aggravating the environmental aspects and global warming. According to United Nations [8] there are two main areas that can deliver very considerable additional reductions in global CO2 emissions related to cement and concrete production and use (not including carbon capture and storage (CCS)):




	
Increased use of low-CO2 supplements (supplementary cementitious materials) as partial replacements for Portland cement clinker.



	
More efficient use of Portland cement clinker in mortars and concretes.








In fact, the use of industrial and construction waste as raw materials for the production of cement and concrete can be considered not only to reduce CO2 emissions and the amount of embodied energy, but also to contribute to a circular economy and to diminish the environmental threats associated with industrial waste materials. This partial substitution of Portland cement clinker by appropriate composite materials need to feature a certain chemical activity in order to assure cement quality [9]. Moreover, the main problem associated to the iron and steel industry is waste generation and by-products. To promote environmental sustainability and circular economy it is essential to promote the reuse of these by-products. One of these by-products is steel slag. The use of slag in the concrete has been going on for some time all over the world, especially in cement as an addition to the mix of cement manufactured in plant, under certain conditions, to make up the cements CEM II, CEM III and cement V [10]. This subject is relatively well studied and documented for main properties, however, for more specific properties such as shrinkage further studies are needed [11,12,13,14,15].



Depending on different factors, mainly due to the manufacturing process, four types of steel slag can be identified: blast furnace slag (BFS), ladle furnace slag (LFS), electric arc furnace (EAF) and basic oxygen furnace slag (BOFS) [16]. On the other hand, one of the essential aspects in promoting the most efficient use of cement materials in the production of concrete is the maximization of its durability. For good long-term behavior, it is essential to reduce the cracking of reinforced concrete elements. In this sense shrinkage evaluation and shrinkage crack reduction is an important factor. The assessment of time-dependent behavior is still one of the most difficult features in designing a concrete structure [17]. The structural concrete codes dealing with time dependent behavior provide common rules for regular concrete and the confirmation of some established stress-strain-relations have to be confirmed through laboratory tests when special mixtures are used [18,19,20].



Shrinkage is the diminution in either length or volume of a material, after suffering changes in chemical properties or moisture content, and occurs in the absence of external actions applied to the concrete [21]. If moisture transfer with the adjacent environment is not permitted, and temperature is kept constant, this volume variation is called autogenous shrinkage and is attributed to self-desiccation due to binder hydration [22].



Standardization in the field of construction products, and in particular in the field of concrete with hydraulic binders, has been providing an increase in the quality and durability requirements of concrete structures. Indeed, in order to achieve sustainable development in construction, while continuing to use concrete, it is necessary, among other aspects, to maximize the durability of the structures. According to Mehta [23], this solution represents a major step in the optimization of resources in the construction industry. In addition, it is necessary to ensure that the capacities of the materials and elements of the structures that are designed and built are fully exploited and maximized in service, in the respective useful life period [24]. The reduction of shrinkage cracking is very important from the point of view of durability, as well as resistance and behavior in service.



This paper presents the results of the shrinkage (total and autogenous) of five concrete mixtures, produced with different percentages of two different slags in substitution of cement. This information can be useful for minimizing the cracking of concrete elements, due to shrinkage, and improving its performance in service, contributing to the greater use of slag and to a more sustainable construction.




2. Materials and Methods


In this work, five concrete mixtures were prepared, namely, a reference mixture without cement replacement and four mixtures in which 25% and 40% cement replacement (mass), using separately ground granulated blast furnace slag (GGBFS) or ladle furnace slag (LFS). Portland cement, class strength 52.5 R, was used because this cement contains 95–100% Portland cement clinker. Since this research is part of a larger project that is studying the use of landfill slag as a concrete constituent, for the production of precast concrete, the concrete dosage has been designed in order to meet a dry consistency.



The percentages of cement replacement by slag were defined based on the results obtained by Rubio [25].



The mixtures were prepared using the following materials:




	
Cement: Portland Cement CEM I 52.5 R.



	
Slag 1: Ground granulated blast furnace slag (GGBFS), particle size <0.063 µm provided by the company (ESTABISOL S.A.).



	
Slag 2: Unprocessed ladle furnace slag (LFS). This slag was sieved in laboratory in order to increase the particle size <0.063 µm fraction (23%).



	
Aggregates: crushed limestone. Fine sand (0/2), medium size sand (0/4) and gravel (4/12).



	
Chemical admixture: Superplasticizer.



	
Water: Tap water.








Physical and chemical characteristics of the cement and slag used are presented in Table 1.



The grading curves of the used aggregates are presented in Figure 1.



Table 2 presents the concrete mixture proportions. They were named as follow:




	
Mixture 1 (REF): Ordinary concrete without slag;



	
Mixture 2 (25GGBFS): Concrete with 25% cement replaced with GGBFS;



	
Mixture 3 (40GGBFS): Concrete with 40% cement replaced with GGBFS;



	
Mixture 4 (25LFS): Concrete with 25% cement replaced with LFS;



	
Mixture 5 (40LFS): Concrete with 40% cement replaced with LFS








The preparation of the prismatic specimens (160 mm × 40 mm × 40 mm) was performed according to EN 196-1 [26], in a room with a temperature of 20 ± 2 Celsius degrees and a relative humidity of 55% ± 5. It was decided to use small specimens since the ratio between smallest size of the specimen and largest aggregate size is about 3. Nevertheless, the mixture proportions and the aggregates used in this research are different from those indicated in [26].



Aitcin [27] recommends that the shrinkage measurement should be started as soon as possible; otherwise the measurement performed may underestimate the real shrinkage. In this sense the compressive strength of the mixtures in the first hours was monitored, through the procedure described in the EN 196-1, although adapted to concrete. The results are presented on Table 3.



The removal of molds took place about 4 h after mixing. This time delay was defined as the minimum required time to ensure concrete strength between 2 MPa and 4 MPa, in order to avoid specimens damage. At 28 days the compression strength of the REF mixture was 50 MPa [13]. The tests performed on the prismatic specimens were: drying shrinkage, autogenous shrinkage and expansion under water immersion. The samples used for the autogenous shrinkage test were sealed with a plastic film (Figure 2). Samples for autogenous and drying shrinkage tests were placed on two thin supports and the others samples were immersed in water to achieve saturated conditions (Figure 3). Linear deformations of each specimen were measured using a length comparator with the sensitivity of 1 µm (Figure 4). Gage studs were located at the end sections of the concrete prisms (Figure 5). At the ages of 1, 3, 7, 14 and 28 days, and 2, 3, 4, 5, 6, 7, 8 and 9 months, the specimens were weighed and the length variation was measured, using the procedures described in Draft prEN 12390-16 [28]. For shrinkage, the measuring positions were along the principal axis of the specimen.




3. Results


The test results obtained on the five series of specimens allowed comparing their relative performance regarding mass change and shrinkage. Section 3.1 and Section 3.2 are dedicated to the presentation of the results of mass change and shrinkage, respectively, using figures but without discussion. The analysis of the results is presented in Section 4.



3.1. Mass Change


The charts in the following figures (Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10) show the mass variation for the mixtures: REF; 25GGBFS, 40GGBFS, 25LFS, 40LFS, recorded up to 9 months (each value presented is the average of three specimens). The individual results deviation were very small (SD < 0.14%).




3.2. Shrinkage


The following results, presented in the form of graphs (Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15), were obtained using the shrinkage measurements of nine specimens per mixture (three for each condition: air dry, sealed and immersed). For each mixture, the solid curves present the average and the dashed curves present the average plus or minus one standard deviation (SD), recorded up to 9 months of age.





4. Discussions


Regarding mass variation of sealed specimens, in the first month there was almost no mass change. After 30 days, there was a very small loss of mass, but it did not reach even 0.5% at 270 days. The immersed specimens presented mass gain, as expected.



The mass loss in the first 30 days of specimens exposed to air drying is presented in Figure 16. In first 3 days, this figure shows an increase of the mass loss with increasing GGBFS. The lower early age strength of mixtures with increasing GGBFS contents (Table 3) is a consequence of the slower growth of the structural network, leaving the solid body more exposed to drying. However, despite the lower strength, at 3 days, mixtures with LFS did not show higher mass loss than the reference mixture. As the LFS density is lower than the density of cement or GGBFS, the LFS paste has higher solids content, decreasing the porosity when expressed in volume. Thus, the volume of liquid available for evaporation, in relative terms, is smaller, which may be the cause of the initial low loss of mass. In addition, LFS has higher content of CaO than GGBFS. If some of this CaO is in the form of CaCO3, the fine particles of calcium carbonate accelerate the initial hydration reaction and influence the hydrate assemblage of the hydrating cement pastes [29]. At later ages, the influence of the porous structure becomes dominant, and the mass loss of the LFS specimens progressively becomes higher than the mass loss of the reference specimens.



Figure 17 shows the results of the autogenous shrinkage tests. The reference mixture presents a shrinkage of about 100 microstrains at 30 days, which is in agreement with w/c of 0.5, that is, poor conditions to develop desiccation. In fact, autogenous shrinkage depends on internal relative humidity [30], and autogenous shrinkage decreases as w/c increases [31,32]. A paste with w/c = 0.6 may present a swelling behavior in the first month, since the amount of available internal water largely surpasses the strictly required water to full hydration [33]. Additionally, as aggregates act as restrictions to the free paste movements [34], a concrete with w/c = 0.5 is expected to present low autogenous shrinkage values in the first days, in accordance with reference ones. At later ages, the reference shrinkage reaches 200 microstrains, due to further hydration and marginal drying. In the first days, mixtures with GGBFS had lower shrinkage than the reference mixture, due to the delay in the formation of the structural network [35,36], but after 2 weeks the autogenous shrinkage of mixtures with GGBFS is higher than the reference one. This is in agreement with other works [35], indicating that with the increase in the content of GGBFS, the autogenous shrinkage increases. This is not the case of LFS. The results obtained with LFS at later ages suggest absence of more compact microstructure that is expected when using slag [36]. It is well-known that the change of microstructure due to the formation of hydration products usually leads to an increase of the autogenous shrinkage. Indeed, autogenous shrinkage is used as an indirect measure of the degree of hydration [37]. With age, there is a shrinkage increase due to grow of the degree of hydration, which is seen in LFS mixtures. However, the autogenous shrinkage of LFS mixtures is not higher than the autogenous shrinkage of the reference mixture, and the shrinkage values did not increase with increasing the LFS dosage. This indicates that, at later ages, the influence of a large content of LFS in the rate of hydration is small or absent.



Figure 18 presents the expansion of the five mixtures for immersed conditions. The results do not show evidence of presence of deleterious materials. Expansion of 40–160 microstrain at nine months in those conditions may be considered usual values for normal concrete. Considering the total deformation in autogenous shrinkage tests is actually the sum of the “pure” autogenous shrinkage and the swelling [38], specimens underwater with w/c = 0.5 should present very low “pure” autogenous shrinkage, due to the large source of water, prevailing the swelling component. According to [38] hydration always causes expansion, and consequently, higher swelling may indicate higher hydration. However, considering the expansion is caused by growing diameters of C-S-H shells surrounding the remnants of anhydrous cement grains, the swelling depends on contact pressure which is related with solid part configuration differing from paste to paste. Taking into account the accuracy of the test and the low values of expansion, the results does not allow detecting significant variations due to the presence of slag in the mixtures.



Figure 19 presents the results of shrinkage in air-drying conditions. Reference and GGBFS specimens present similar air-drying shrinkage, which is in line with the indication of [39] which suggests that drying shrinkage is similar in Portland-cement concrete and concrete containing slag cement. However, the mixtures containing LFS show higher drying shrinkage, with increasing shrinkage as the LFS dosage increases. This also indicates that LFS contribution to a more compact microstructure is smaller than the contribution of GGBFS.




5. Conclusions


The work presented is dedicated to the evaluation of the influence of steel slag type on concrete shrinkage. For comparison purposes a reference mixture without slag and mixtures with the same content of GGBFS and LFS were also prepared. The results show that shrinkage of concrete with LFS is different from concrete with GGBFS. Concrete with LFS show smaller autogenous shrinkage and higher drying shrinkage than concrete with GGBFS. The swelling underwater of GGBS and LFS mixtures was similar. At very early age, concrete with LFS shows lower mass loss and higher strength than concrete with GGBFS. The tests performed are not enough to support a full rational for this behavior; however, they show that LFS is not improving the hydration at later ages when compared with GGBS. It is speculated that the higher early strength of LFS mixtures may be related with higher CaO content of LFS, when compared to GGBS. As the two materials present different characteristics, their use in combination may be useful in optimizing the performance of concrete, that is, when shrinkage at early age is more relevant, partial replacement of GGBFS by LFS may reduce early age cracking, but the subject deserves further studies.
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Figure 1. Grading curves of used aggregates. 
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Figure 2. Sample for measurement of autogenous shrinkage. 
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Figure 3. Samples immersed in water. 
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Figure 4. Length comparator. 
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Figure 5. Gage studs at the end sections of the specimens. 
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Figure 6. Mass change of mixture REF. 
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Figure 7. Mass change of mixture 25GGBS. 
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Figure 8. Mass change of mixture 40GGBS. 
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Figure 9. Mass change of mixture 25LFS. 
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Figure 10. Mass change of mixture 40LFS. 
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Figure 11. Strain of mixture REF. 
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Figure 12. Strain of mixture 25GGBS. 
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Figure 13. Strain of mixture 40GGBS. 
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Figure 14. Strain of mixture 25LFS. 
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Figure 15. Strain of mixture 40LFS. 
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Figure 16. Mass loss in the first 30 days of specimens exposed to air drying. 
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Figure 17. Autogenous shrinkage—evolution of the five mixtures. 
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Figure 18. Shrinkage of the immersed specimens—evolution of the five mixtures. 
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Figure 19. Shrinkage of the air dry specimens—evolution of the five mixtures. 
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Table 1. Cement and slag chemical composition, density and specific surface area. (Data provided by the suppliers).
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Chemical Composition

	
Density

	
Specific Surface Area




	
Material

	
SiO2

	
AL2O3

	
Fe2O3

	
CaO

	
MgO

	
Σ Others

	

	




	
%

	
%

	
%

	
%

	
%

	
%

	
gr/cm3

	
cm2/gr






	
CEM

	
20–22

	
4–8

	
4–6

	
55–60

	
2–3

	
2–15

	
3.01

	
>2800




	
GGBFS

	
32–36

	
11–12

	
0–2

	
40–42

	
7–8

	
1–10

	
2.91

	
4500–4700




	
LFS

	
20–23

	
8–10

	
0–2

	
55–60

	
7–10

	
5–9

	
2.65

	
2000–2500











[image: Table] 





Table 2. Concrete mixture proportions.
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	Materials
	REF

[kg/m3]
	25GGBFS

[kg/m3]
	40GGBFS

[kg/m3]
	25LFS

[kg/m3]
	40LFS

[kg/m3]





	CEM I 52.5 R
	300
	225
	180
	225
	180



	GGBFS
	---
	75
	120
	---
	---



	LFS
	---
	---
	---
	75
	120



	Sand 0–2
	306
	306
	306
	306
	306



	Sand 0–4
	712
	712
	712
	712
	712



	Gravel 4–12
	1017
	1017
	1017
	1017
	1017



	Water
	150
	150
	150
	150
	150



	Superplasticizer
	3.9
	3.9
	3.9
	3.9
	3.9



	Water/Powder
	0.5
	0.5
	0.5
	0.5
	0.5
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Table 3. Concrete mixtures: early age compressive strength.
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	Mixtures
	2 h
	3 h
	4 h
	5 h
	6 h





	REF
	0.8 MPa
	2.2 MPa
	3.1 MPa
	6 MPa
	7.6 MPa



	25GGBFS
	0.9 MPa
	1.8 MPa
	3.5 MPa
	5.9 MPa
	6.3 MPa



	40GGBFS
	---
	---
	2.2 MPa
	3.4 MPa
	4.0 MPa



	25LFS
	0.9 MPa
	1.9 MPa
	3.2 MPa
	5.8 MPa
	6.4 MPa



	40LFS
	---
	---
	2.1 MPa
	3.0 MPa
	3.6 MPa
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