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a Department of Civil Engineering, Escuela Politécnica Superior, University of Burgos, c/ Villadiego s/n, 09001 Burgos, Spain 
b Department of Construction, Escuela Politécnica Superior, University of Burgos, c/ Villadiego s/n, 09001 Burgos, Spain   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Concrete produced with Ladle Furnace 
Slag (LFS) from two different sources. 

• H-type LFS stabilized before concreting, 
whereas N-type LFS used in original 
state. 

• H-type LFS improved all properties 
except compressive strength, which held 
constant. 

• Up to 10% N-type LFS improved 
compressive behavior, not tensile 
properties. 

• H-type LFS recommended, but differ-
ence significant only at advanced con-
crete ages.  

A R T I C L E  I N F O   

Keywords: 
Concrete 
Ladle furnace slag 
Pre-treatment 
Mechanical performance 
Analysis of variance 
Multi-criteria optimum mix 

A B S T R A C T   

A suitable content of powdery Ladle Furnace Slag (LFS) has to be selected to balance its hydraulic and expansive 
properties when added to concrete. In this study, the performance of concrete containing two powdery LFS is 
studied: H-type LFS, stabilized before use, and N-type LFS, used in its original state. Lower expansiveness was 
observed in the H-type LFS, and strength development was assisted by the formation of calcium-silicate-hydrates. 
Therefore, it increased the modulus of elasticity, the splitting tensile strength, and the flexural strength of 
concrete. Higher hydraulicity and expansiveness were found in the N-type LFS, which improved compressive- 
behavior-related properties up to a content of 10% but reduced tensile-related properties. These aspects were 
confirmed through scanning electron microscopy. In general, the H-type LFS improved the mechanical properties 
and carbon footprint of concrete, and its use is recommended in a multi-criteria approach, although the dif-
ference between both LFS was only statistically significant at advanced ages.   

1. Introduction 

Concrete production activities, widespread in construction and civil 
engineering, are undoubtedly essential, due to the large number of 

applications in which concrete is used [1,2]. However, its production 
also has significant environmental impacts, mainly linked to the pro-
duction of two of its raw materials: aggregate and cement [1,3]. First, 
aggregates are extracted from quarries and gravel pits, which cause, in 
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addition to a great visual impact on the area [4], the loss of flora and 
fauna, the emission of large amounts of noise and the alteration of su-
perficial and subterranean water currents and their erosion and sedi-
mentation patterns [5,6]. Besides, CO2 emissions during cement 
production are estimated at 0.9–1 tons per ton-of-cement produced 
[7,8]. Pollution levels that make the cement industry one of the highest 
polluters worldwide [7]. 

Steel is also among the materials with the widest range of applica-
tions. World production of crude steel, accounting for both integral and 
electric-cycle steelmaking, is currently estimated at two billion tons per 
year [9]. However, mining of iron ore and siderurgical production also 
cause significant damage to the environment. Approximately 2.2 tons of 
CO2 are emitted into the atmosphere in the production of one ton of steel 
[10]. Overall, CO2 emissions from the steelmaking sector currently ac-
count for 5% of the world's total emissions of this greenhouse gas [11]. 
Furthermore, steelmaking activities produce around 250 million tons of 
slag residues [12], waste with no practical use that has usually been 
deposited in landfills [13]. However, the search for greater sustain-
ability in both sectors, concrete and steel, has led to convergence. Hence, 
the current trend to use slag as a raw material in the manufacture of 
concrete [3,14], not only at the research level, but also in real applica-
tions such as building foundations, dams, and submerged concrete 
components [15–17]. Slag is now processed as a concrete raw material 
of increasing added value. 

A detailed study of the steelmaking industry shows that there are 
several types of slag [14,18]. One type is blast-furnace slag, produced in 
blast furnaces in which the smelting of iron ore produces iron, which is 
alloyed with carbon to produce steel [19]. The stony nature of this type 
of slag means that it can be used as an aggregate in concrete [20,21], 
although its cementitious properties also mean that it can be used as a 
substitute or addition to cement when ground to a powder (ground 
granulated blast-furnace slag) [22]. Moreover, there is electric-arc- 
furnace slag, a by-product of electric arc furnaces where scrap steel is 
smelted for reuse [19]. The high density of this slag makes it a very 
useful material as an aggregate when concrete needs to reach very high 
densities [23–25]. Finally, it is necessary, in some cases, to refine the 
steel from either blast furnaces or electric arc furnaces, to obtain a final 
commercial product of higher quality [26]. A process that takes place in 
ladle furnaces [19]. Ladle Furnace Slag (LFS) is obtained during this 
refining process, and its annual production reaches 30 million tons 
worldwide [27]. 

LFS is a powdery white or greyish colored material, although it can 
be found in large sizes, due to the agglomeration of its particles [26]. Its 
very variable chemical composition generally contains between 55% 
and 65% by weight of calcium oxide (lime, CaO) and magnesium oxide 
(magnesia, MgO); compounds that can be found in both a free and a 
combined state [28,29]. Silica (SiO2) and alumina (Al2O3) are also 
generally found in contents between 25% and 35% by weight [28,29]. 
These compounds form Calcium-Silicate-Hydrates (C-S-H) in the pres-
ence of water [13]. However, the expansive properties of both free lime 
and magnesia in the composition of LFS [30] mean that the hydroxides 
that form in reaction with water have a larger volume than the initial 
oxides [31]. Therefore, a recurrent topic in the scarce literature avail-
able on the use of LFS in construction materials is the search for a bal-
ance between the formation of C-S-H gels that develop strength and the 
expansiveness of free lime and magnesia [25,32]. 

The compositions of both LFS and cement are similar [28,29], which 
means that hydraulic behavior and C-S-H formation may also be 
observed in LFS [33]. LFS has therefore been introduced into rigid 
matrices, such as mortars and concretes, generally in substitution of 
cement [34] or as a cementitious addition [35]. On the one hand, the 
hydraulic and binder properties of LFS improve the mechanical perfor-
mance of cement-based materials [36,37]. On the other hand, the 
addition of LFS in such materials is also risky, since if expansive re-
actions of the free lime or magnesia occur, the increase in volume when 
forming hydroxides and carbohydroxides will inevitably result in a 

micro-cracking of the matrix of the cement-based material and, there-
fore, in a worsening of its mechanical behavior [30,38]. Thus, the 
addition of adequate amounts of LFS in concrete mixes is a key aspect, to 
find a balance between improved mechanical performance and expan-
siveness [37]. Nevertheless, LFS can undergo highly variable levels of 
expansion, such that negligible expansiveness may even be seen in some 
cases [26,31]. The variability of the expansive performance appears to 
be linked not only to the chemical composition of the LFS, but also to the 
stabilization treatment that LFS may undergo before its use, which can 
cause expansion of the LFS before its addition to concrete [30]. In view 
of the fact that these aspects are still very scarcely addressed in the 
literature, it is necessary to define the types and the amounts of LFS that 
can be added to cement-based materials for effective improvements of 
their mechanical behavior. 

In this study, the mechanical behavior of concrete made with LFS is 
carefully observed, thus replacing the 0/2 mm aggregate fraction. For 
this purpose, two factors of the LFS were analyzed in this study: LFS 
contents varying between 0% and 20%, with the objective of evaluating 
the effect of LFS content on the mechanical properties, and the source of 
the LFS, which conditions the stabilization process that it may have 
undergone prior to its addition to concrete and, therefore, the risk of LFS 
expansiveness when the LFS is embedded in a rigid concrete matrix 
[26,30]. The main novelty of this paper is therefore to analyze the effect 
of the LFS source on the mechanical behavior of concrete, thus defining 
not only the content but also the source of LFS that yields the best me-
chanical behavior in concrete. The final objective of this research is to 
evaluate whether LFS can be used as a value-added raw material in the 
manufacture of concrete, thus complementing previous research 
regarding this issue [39,40]. 

2. Materials and methods 

2.1. Raw materials 

2.1.1. Conventional raw materials 
Following the specifications of EN 197–1 [41], Portland cement CEM 

II/A-L 42.5 R, with a density of around 3.00 Mg/m3, was used in all the 
mixes. This cement has a characteristic limestone content of between 6% 
and 20%, which increases the sustainability of any resulting concrete, 
and is of standard use in the region where the study was conducted [42]. 

Two different polycarboxylate admixtures were used: a plasticizer 
and a viscosity regulator. Their purpose was to assist the concrete to 
reach the required workability without excessive amounts of water and 
to retain adequate workability over a longer period of time than it might 
otherwise. Successful additions of both admixtures are also described in 
another works of the authors, elsewhere [43]. 

Two different aggregates were used. First, rounded siliceous aggre-
gate 0/16 mm characterized by an adequate continuous gradation 

Fig. 1. Aggregate gradation (EN 933–1 [41]).  
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(Fig. 1) that was supplied by a construction materials outlet. The 
physical properties of both its coarse and the fine aggregate fractions 
(Table 1) met the standard specifications for concrete manufacturing 
[44,45]. Besides, limestone sand 0/2 mm was used to complete the 
granulometry of the siliceous aggregate, providing the fines content 
necessary for optimum strength development [15]. Its particle size and 
physical properties (Fig. 1 and Table 1) met the relevant standard 
specifications [44,45]. 

2.1.2. Ladle furnace slag (LFS) 
Two types of LFS 0/2 mm, labelled type H and type N, according to 

the initial letter of the names of the supplying companies, were used to 
produce the different concrete mixes:  

• A suitable amount of the H-type LFS was supplied from a waste 
management company in the steelmaking sector. It had therefore 
been treated to ensure its stabilization for subsequent disposal at a 
landfill site. Treatment involved exposure to environmental and 
meteorological agents, watering, periodic raking and turning, and 
magnetic removal of any metallic elements. The H-type LFS had 
undoubtedly undergone some hydraulic and expansive chemical 
reactions during this treatment [31], and, therefore, before concrete 
production.  

• Sufficient N-type LFS was obtained directly from a ladle furnace. This 
LFS had not yet been subjected to any type of treatment for stabili-
zation and landfill disposal, having been poured in a molten state out 
of the furnace and briefly sprinkled with water for cooling. There-
fore, this type of LFS was more unaltered, so it was expected to have a 
higher chemical reactivity. 

The densities of both LFS types showed values of around 2.7 Mg/m3, 
slightly higher than the density of the limestone sand, as detailed in 
Table 1. X-ray fluorescence analysis of the chemical composition of the 
N-type LFS presented higher magnesium, iron, and aluminum oxide 
contents (Table 2), indicative of higher expansiveness (higher content of 
free magnesia) and higher levels of metallic elements, partly because 
that slag had not been undergone an aging process. The higher reactivity 
and unaltered state of the N-type LFS also led to higher water absorption 
of this type of LFS (1.4% vs. 0.4%); to lower levels of particle agglom-
eration, which resulted in a lower sand equivalent (Table 1) and a 
gradation with smaller particle sizes (Fig. 1); and to a slightly more 
irregular shape, as can be noted in the images of each LFS type obtained 
through Scanning Electron Microscopy (SEM) that are shown in Fig. 2. 

2.2. Mix design 

First, the amount of cement, water, and aggregate was defined, based 
on the specifications of Eurocode 2 [44], for the design of the control 
mix. Subsequently, as shown in Fig. 3, the proportions of both aggre-
gates, siliceous aggregate 0/16 mm and limestone sand 0/2 mm, were 
determined by adjusting the overall gradation to the Faury curve, 
although defining the content of fines <0.063 mm according to the 
Fuller curve, so as to ensure a concrete of adequate workability and 
strength. Finally, the water content (water-to-cement ratio of 0.46) and 
the amounts of the two admixtures (1.9% of cement mass) were adjusted 
through trial mixes until a slump of 80 ± 20 mm was obtained, which is 
a standard value specified in EN 206 [41] for a conventional vibrated 
concrete. 

Afterwards, the mixes with LFS were prepared. Concrete mixes were 
produced in which 5%, 10%, and 20% of the limestone sand 0/2 mm 
was replaced by each of the two types of LFS 0/2 mm. Thus, it can be 
said that the LFS was treated as an addition to cement and not as a 
substitute, so the amount of cement in all the mixes remained constant. 
The LFS contents were chosen on the basis of experiences from other 
studies and avoiding the addition of very high percentages, which ten-
ded to cause expansion problems in other studies [26,37]. In addition, 
the water content was adjusted when the LFS was added, thus 
compensating for its higher water absorption levels, as detailed in 
Table 1. In this way, the slump remained constant (80 ± 20 mm), and 
the effective water-to-cement ratio never affected the concrete behavior. 
The amount of any other component was not modified when LFS was 
added. 

The mixtures were labelled with the letter V, in reference to the fact 
that they were vibrated concrete. Subsequently, a letter, H or N, was 
used to indicate the type of LFS incorporated. Finally, a number was 
entered referring to the added percentage of LFS. The control mix was 
labelled V-0 (vibrated concrete with 0% LFS). Table 3 shows the 
composition of the mixes. 

2.3. Mixing process and experimental plan 

All the mixes were manufactured using a three-stage mixing process 
[43], so as to maximize the water absorption of the aggregates and the 
effectiveness of the admixtures, and thus the workability of concrete. 
First, the aggregates and half the water were added and mixed for five 
minutes. Next, the cement, LFS and the remaining water were poured in 
and mixed for another five minutes. Finally, the admixtures were 
included, after which the concrete was mixed for another five minutes. 

After completion of the mixing process, three fresh-state tests were 
conducted: slump (EN 12350–2 [41]), fresh density (EN 12350–6 [41]), 
and air content (EN 12350–7 [41]). Subsequently, different types of 
specimens were prepared for the mechanical-performance tests, as 
detailed in Table 4. These specimens were stored in a humid chamber 
(humidity of 90 ± 5% and temperature of 20 ± 2 ◦C) until the test age. 
The mechanical-performance experimental plan was adapted to the 
volume of concrete that could be produced simultaneously in the labo-
ratory, to ensure adequate comparability of the results by manufacturing 
all the concrete specimens at the same time. The results of each me-
chanical test at each age were expressed as the average of the individual 
test results on three specimens. A micro-structural analysis through 
JEOL JSM-6460LV scanning electron microscope was also conducted, to 
support the findings in the mechanical-performance tests. The signifi-
cance of the effect of the factors on the mechanical behavior was also 
analyzed through a two-way ANalysis Of VAriance (ANOVA). Finally, 
the environmental performance of the mixes was evaluated by calcu-
lating their carbon footprint, and the optimum mix was determined 
following a multi-criteria decision-making analysis. 

Table 1 
Physical properties of raw materials.  

Property Standard 
[41] 

Siliceous 
aggregate 0/ 
16 mm 

Limestone 
sand 0/2 
mm 

H-type 
LFS 0/ 
2 mm 

N-type 
LFS 0/ 
2 mm 

4/ 
16 
mm 

0/4 
mm 

Saturated- 
surface-dry 
density 
(Mg/m3) 

EN 
1097–6 2.59 2.70 2.66 2.68 2.74 

24-h water 
absorption 
(%) 

EN 
1097–6 1.8 0.2 0.1 0.4 1.4 

Los Angeles 
coefficient 
(%) 

EN 
1097–2 

27 – – – – 

Sand 
equivalent 
(%) 

EN 933–8 – 82 57 41 33  
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3. Results and discussion: Experimental tests 

3.1. Fresh behavior 

The results of the tests in the fresh state are shown in Fig. 4. Neither 
of the two types of LFS caused a major change in the fresh behavior of 
concrete, as the variations were small. However, some trends were 
discernible:  

• The addition of low LFS contents (≤10%) led to a general decrease in 
the slump of the concrete (Fig. 4a), possibly due to the more irregular 
shape of LFS than limestone sand, which would have increased the 
internal friction between the concrete components [46]. Moreover, 
the higher water absorption of the LFS also contributed to the 
decrease in workability [19]. However, when incorporating higher 
LFS contents (20%), since the water content had to be adjusted, this 
modification offset the previous aspects, and increased the final 
slump (95 mm in the V-H-20 mix). This slump increase may result 
from incomplete water consumption by higher amounts of LFS, 

Table 2 
Chemical composition of LFS through X-ray fluorescence.   

CaO SiO2 MgO Fe2O3 Al2O3 SO3 MnO Others LOI 110/550 ◦C * 

H-type LFS 0/2 mm 51.67 29.62 6.66 2.79 3.63 1.48 0.42 3.73 3.42/4.71 
N-type LFS 0/2 mm 45.58 20.71 15.53 9.67 7.89 2.03 0.31 0.31 0.72/3.95  

* Loss of ignition at 110 ◦C and 550 ◦C. 

Fig. 2. SEM images of H-type LFS (left) and N-type LFS (right).  

Fig. 3. Overall gradation of the control mix.  

Table 3 
Mix design (kg/m3).  

Component V-0 V-H- 
5 

V-H- 
10 

V-H- 
20 

V-N- 
5 

V-N- 
10 

V-N- 
20 

Cement 320 320 320 320 320 320 320 
Water 149 151 152 156 154 156 162 
Plasticizer 4.0 4.0 4.0 4.0 4.0 4.0 4.0 
Viscosity 

regulator 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

Siliceous 
aggregate 0/ 
16 mm 

1750 1750 1750 1750 1750 1750 1750 

Limestone sand 
0/2 mm 

320 304 288 256 304 288 256 

H-type LFS 0/2 
mm 0 16 32 65 0 0 0 

N-type LFS 0/2 
mm 0 0 0 0 16 32 65  

Table 4 
Experimental plan of the mechanical-performance tests.  

Test Standard 
[41] 

Age Specimen type 

Hardened density EN 12390–7 28 
10X10X10-cm cubic 
specimens 

Compressive 
strength 

EN 12390–3 7, 28, 90, 
180 

10 × 20-cm cylindrical 
specimens 

Modulus of 
elasticity 

EN 
12390–13 

28, 90, 
180 

10 × 20-cm cylindrical 
specimens 

Poisson's coefficient 
EN 
12390–13 

28, 90, 
180 

10 × 20-cm cylindrical 
specimens 

Ultrasonic pulse 
velocity 

EN 12504–4 
7, 28, 90, 
180 

10 x 10 x 10-cm cubic 
specimens 

Splitting tensile 
strength 

EN 12390–6 28 10 × 20-cm cylindrical 
specimens 

Flexural strength EN 12390–5 28, 90 
7.5 × 7.5 × 27.5-cm prismatic 
specimens  

V. López-Ausín et al.                                                                                                                                                                                                                           



Powder Technology 434 (2024) 119396

5

which in turn would have increased the workability of concrete 
[28,36].  

• There was no increase in the fresh density of the concrete (Fig. 4b) 
following the addition of LFS, despite its higher density compared to 
limestone sand (Table 1), and it even slightly decreased as the con-
tent of this waste increased. The increase in water content with the 
addition of LFS may explain this behavior.  

• The air content (Fig. 4c) rose approximately linearly with the LFS 
content, from 1.40% in the control mix to 1.90% with 20% H-type 
LFS, and 2.70% with 20% N-type LFS. Nevertheless, it should be 
noted that the air-content increases were consistently minimal, 
below 0.8% in absolute value in almost all the cases, so its effect on 
the mechanical behavior of the concrete is considered to have been 
minimal as well. 

Analyzing each type of LFS, N-type LFS had the most unfavorable 
effect in the fresh performance of the concrete. Thus, the slump of the 
concrete with N-type LFS decreased by between 10% and 30% compared 
to the H-type LFS. In fact, the V-N-10 mix had a slump of exactly 60 mm, 
the minimum value according to the mix design. Likewise, the difference 
between the air content of the mixes made with the N-type LFS was 
always between 0.50% and 0.80% higher, in absolute terms, than the 
mixes with the H-type LFS. The less altered state of the N-type LFS, that 
resulted in more irregular shapes and higher hydraulic activity, wors-
ened its fresh behavior. However, it should be noted that the worsening 
of these properties with the addition of LFS was slight and was much 
better might have otherwise been obtained with other sustainable ad-
ditions and aggregates [47,48]. 

3.2. Hardened density 

The hardened density of concrete is lower than its fresh density, due 
to the evaporation of part of the water during the setting process [48]. 

Thus, the density of the concrete mixes decreased between 2% and 5% 
from the fresh to the hardened state, as shown in Fig. 5. There was no 
clear trend in the decrease in density in relation to the LFS content, 
although the largest decrease occurred in the V-0 control mix, possibly 
because the LFS absorbed water during the hydraulic reactions, thus 
decreasing evaporation [49]. 

Several aspects can be noted when considering the hardened density. 
Firstly, evaporation reduced the influence of water on concrete density, 
so much so that all the mixes with LFS showed a higher density than the 
control mix, unlike their fresh density. A result that can be explained by 
the higher density of both types of LFS compared to the limestone sand 
that they replaced (Table 1). Secondly, the increased content of LFS led 
to an increase in the water-to-cement ratio of the concrete, which 
perhaps slightly augmented concrete porosity [43], and to a higher in-
crease in concrete volume as a consequence of the potential expansion of 

Fig. 4. Fresh tests: (a) slump; (b) fresh density; (c) air content.  

Fig. 5. 28-day hardened density.  
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the LFS [26]. Both aspects resulted in the hardened density decreasing as 
the LFS content increased, so that the addition of 20% of both types of 
LFS led to a hardened density very similar to that of the control concrete 
(2.29 Mg/m3). Finally, it can be pointed out that the N-type LFS pro-
duced the greatest increase in the hardened density of the concrete when 
added at low percentages (density of around 2.35 Mg/m3 for the V-N-5 
and V-N-10 mixes and of around 2.31 Mg/m3 for the V-H-5 and V-H-10 
mixes), possibly due to its higher density (Table 1) and hydraulic 
behavior [19], but it also produced the sharpest decrease in density 
when added at 20%, due to its more expansive nature [50]. 

3.3. Compressive strength 

The compressive strength of the mixtures was measured at 7, 28, 90, 
and 180 days, results that are also presented in part and in less depth in 
another paper for statistical analyses [40]. Both the effect of the LFS at 7 
days (early age) and at 180 days (late age), as well as its strength 
development over time are shown in Fig. 6. After 180 days, all the mixes 
showed a compressive strength higher than 40 MPa, making them 
suitable for use in components designed to withstand high stress levels 
[44,45]. 

The 7-day and 180-day compressive strengths are shown in Fig. 6a 
and Fig. 6b, respectively. Each type of LFS led to different compressive- 
strength evolution trends with the LFS content, although the strength 
variations when N-type LFS was added were greater, presumably due to 
its higher chemical reactivity [26,36]: 

• Additions of 5% and 10% of the N-type LFS increased the compres-
sive strength by 5 MPa with respect to the V-0 mix at both ages. The 
C-S-H forming reactions that occurred in LFS [13] were the most 

relevant for those LFS contents, compensating potential expansive 
phenomena, so LFS therefore increased compressive strength. 20% 
N-type LFS reduced the strength by 5 MPa at 7 days and 2 MPa at 
180 days compared to the control mix. As previously mentioned, LFS 
contains expansive free lime and free magnesia, which can cause 
micro-cracking of the concrete matrix and worsen the mechanical 
behavior of concrete [50,51], effect that was found when this LFS 
type was added in high amounts. This decrease was lower at 180 
days, as it appeared that the formation of C-S-H gel compensated 
concrete micro-cracking due to expansive reactions more effectively 
at advanced ages than at younger ages. In addition, the higher 
strength of the concrete matrix at advanced ages may have also 
decreased the likelihood of micro-cracking [52], so that the LFS 
contributed more effectively to strength development.  

• All the H-type LFS mixes showed very similar compressive strengths 
to the control mix at both 7 days (35–37 MPa) and 180 days (44–46 
MPa). This type of LFS increased or decreased the compressive 
strength by only 2 MPa, minimum variations as per the results 
available in the literature [36,37]. As compressive strength increased 
at 7 days, the micro-cracking of the concrete matrix caused by the H- 
type LFS could be low at early ages, due to its aging prior to concrete 
production, which in turn could result in the strength-development 
reactions being the most important. The compressive strength of 
the concrete with H-type LFS was slightly reduced at 180 days, 
perhaps due to the relevance of the expansive reactions that were 
higher at advanced ages. Nevertheless, the compressive strength 
fluctuations were higher for the N-type LFS at both ages, possibly due 
to both its composition and its higher reactivity caused by its un-
treated state when incorporated in the concrete [30]. 

Fig. 6. Compressive strength: (a) 7-day results; (b) 180-day results; (c) development over time.  
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An analysis of the time evolution of the compressive strength 
(Fig. 6c) shows that the mixes with 5% and 10% LFS experienced an 
increase in compressive strength from 7 to 28 days, mainly due to the 
formation of C-S-H as a consequence of the hydration of the cement and 
the LFS [13]. Thereafter, the compressive strength remained constant up 
to 90 days, possibly due to expansive reactions in the LFS that caused 
micro-cracking in the concrete, which counteracted the effect of hy-
dration [36]. After 90 days, the compressive strength increased again, 
which was likely due to the fact that the expansive reactions never 
affected the concrete matrix so noticeably at those ages, because of its 
higher strength, producing a less important micro-cracking than the 
formation of C-S-H gel [52]. This behavior was supported by the results 
found in literature [26,53], which has generally shown that cement- 
based materials containing LFS are likely to develop higher strength in 
the long term. In contrast, the compressive strengths of the mixes with 
20% LFS exhibited a continuous development of compressive strength. It 
is thought that the increase in the LFS content led to expansive reactions 
mainly affecting concrete strength at early ages. The micro-cracking 
caused by LFS expansion was therefore effectively offset by the hydra-
tion reactions at later ages [52]. In this temporal evolution, it was found 
that the N-type LFS led to the most notable increase in strength at 
advanced ages. Its higher chemical reactivity compared to the H-type 
LFS, caused by its composition and less weathering before its use in the 
concrete, could have caused the longer-lasting chemical reactions over 
time [11]. All these discussed aspects resulted in the V-H-20 and V-N-20 
mixes exhibiting almost the same compressive strength at 180 days. 

3.4. Modulus of elasticity 

The values of the modulus of elasticity at 28, 90, and 180 days are 

depicted in Fig. 7, which are also briefly discussed in another paper as a 
basis for conducting statistical analyses [40]. The N-type LFS had very 
similar effects on both the modulus of elasticity and compressive 
strength, while the effects of the H-type LFS were on the contrary very 
different (Fig. 7a and Fig. 7b).  

• The N-type LFS led to an increase in the elastic stiffness of the mixes 
when added in amounts of 5% and 10%. An increase that was 
consistently 3–4 GPa higher with respect to the V-0 mix, regardless of 
age. Nevertheless, the modulus of elasticity in the mixes with 20% N- 
type LFS decreased by around 2.5 GPa and 5 GPa at 28 and 180 days, 
respectively, compared to the control concrete. The formation of C-S- 
H gels with low additions of LFS was greater than the micro-cracking 
of the concrete matrix, because of the formation of calcium and 
magnesium hydroxides [29,38], whence the improved modulus of 
elasticity of the concrete. However, that micro-cracking was the most 
relevant phenomenon for high LFS contents. Furthermore, the 
aforementioned expansion at advanced ages affected the modulus of 
elasticity, unlike compressive strength; perhaps because of the sig-
nificant effect of micro-cracking within the interfacial transition 
zones, which assisted sliding between both aggregate and matrix 
[52], a key aspect in the elastic modulus of concrete [54].  

• The reduced expansion of the H-type LFS had no effect on the 
modulus of elasticity of the concrete. Instead, it was enhanced at all 
ages when adding this LFS type, due to the chemical reactions of C-S- 
H gel formation [34]. Amounts of 5% and 10% H-type LFS increased 
the modulus of elasticity in similar ways at both 28 and 180 days 
(around 2–3 GPa), but an amount of 20% H-type LFS increased it 
much more at 180 days (increases over the V-H-10 mix of 2 GPa at 28 
days and 4.5 GPa at 180 days). Results that showed the high capacity 

Fig. 7. Modulus of elasticity: (a) 28-day results; (b) 180-day results; (c) development over time.  
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of the H-type LFS to provide elastic stiffness to concrete at advanced 
ages and that fit with other results in the literature, confirming the 
capacity of LFS to improve long-term mechanical behavior [49,55]. 

A comparison of both LFS types revealed that the moduli of elasticity 
of the mixes with the N-type LFS were between 1 GPa and 2 GPa higher 
for the 5% and 10% LFS contents at all ages. On the contrary, the 
modulus of elasticity of the V-N-20 mix was 6.5 GPa lower than that of 
the V-H-20 mix at 28 days and 11 GPa lower at 180 days. It is clear that, 
for both C-S-H gel formation and expansive reactions, the N-type LFS 
showed higher activity, perhaps because of its more unaltered state [52]. 
This effect was more noticeable for the modulus of elasticity than for the 
compressive strength, especially at advanced ages. 

The evolution of the modulus of elasticity from 28 to 180 days is 
shown in Fig. 7c. Unlike for compressive strength, there was no clear 
trend as a function of the percentage of added LFS. Thus, all the mix-
tures, including the control concrete, showed the highest increases of 
their moduli of elasticity between 28 and 90 days (90-day modulus of 
elasticity between 96 and 98% of the 180-day modulus of elasticity), 
remaining practically constant for later ages. Thus, the addition of LFS 
meant that this mechanical property followed a similar temporal 
development to concrete made with Portland cement, as shown for other 
slag types when used as binders [22]. 

3.5. Poisson's coefficient 

Poisson's coefficient can be defined as the ratio between the trans-
verse strain and the longitudinal strain of a material in an elastic regime 
[56]. Thus, at the same time as the longitudinal strain was evaluated for 
determining the modulus of elasticity, the transverse strain was also 

measured. So, the Poisson's coefficient at 28, 90, and 180 days could be 
obtained for all the mixtures, as shown in Fig. 8. 

Minimal levels of transverse strain are common in conventional 
concrete, so an increase in the modulus of elasticity (decrease in longi-
tudinal strain) usually causes a decrease in Poisson's coefficient [44,45]. 
However, no such behavior was observed in the mixes under study. As 
shown in Fig. 7, the modulus of elasticity increased with any amounts of 
H-type LFS and with 5% and 10% of N-type LFS. However, Poisson's 
coefficient increased with raising amounts of both types of LFS (Fig. 8a 
and Fig. 8b). It appears that micro-cracking, due to LFS expansion, 
increased concrete deformability in the transversal direction to the load 
direction [35], which compensated for the reduction in longitudinal 
deformability. Mix V-H-20 was the only mix to follow the conventional 
trend, undergoing a high increase in the modulus of elasticity and, as a 
result, a decrease in the Poisson's coefficient with respect to the mixes 
with lower contents of the H-type LFS. 

Analyzing the effect of each type of LFS, the smallest Poisson's co-
efficients were observed with the H-type LFS. So, the difference between 
the Poisson's coefficients of the H-type and the N-type LFS mixes when 
added at amounts of 5% and 10% was around 0.02 units at 180 days 
(Fig. 8b), although the mixes with N-type LFS were observed to have 
higher elastic moduli. A much lower Poisson's coefficient was observed 
in the V-H-20 mix than in the V-N-20 mix (0.178 vs. 0.202 at 28 days, 
and 0.159 vs. 0.210 at 180 days). This better performance of the H-type 
LFS can be explained by its lower expansivity, which resulted in trans-
verse deformability increasing less [31] and in longitudinal stiffness 
increasing more than in the N-type LFS mixes [56]. Furthermore, it 
appeared that the transverse deformability increased in the N-type LFS 
concrete mixes over time, which meant that the behavior of Poisson's 
coefficient in the H-type LFS concrete specimens was better than in the 

Fig. 8. Poisson's coefficient: (a) 28-day results; (b) 180-day results; (c) development over time.  
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mixes with N-type LFS at advanced ages. 
The temporal evolution of Poisson's coefficient is shown in Fig. 8c. 

The H-type LFS mixtures showed an almost conventional temporal 
evolution of Poisson's coefficient, since a decrease in the value of this 
ratio was found from 90 days onwards. However, the N-type LFS mix-
tures most clearly exemplified the increase in transverse deformability 
as a consequence of LFS expansion, a notable increase in Poisson's ratio 
being observed from 90 to 180 days. 

3.6. Ultrasonic pulse velocity (UPV) 

Ultrasonic Pulse Velocity (UPV) was determined at 7, 28, 90 and 180 
days, as shown in Fig. 9. Generally, this non-destructive measure of 
concrete quality is related to density, compressive strength, and the 
modulus of elasticity [57], so UPV can be used for their estimation [58]. 
In this case, the variation in UPV between the different mixes was 
minimal (differences between 0.05 km/s and 0.10 km/s). However, the 
differences in both the compressive strength and, especially, the 
modulus of elasticity, were appreciable, as detailed in previous sections, 
so that the UPV would not be an adequate indicator for their estimation. 
It can be explained by the high variability associated with this non- 
destructive measurement [57] and because neither the micro-cracking 
that the concrete matrix may have undergone as a consequence of LFS 
expansion, nor the additional generation of C-S-H gels notably affected 
the value of the UPV [26]. Therefore, it is possible that the UPV readings 
were more conditioned by the concrete density, after adding the LFS, 
which also presented minimal variations (Fig. 5). 

The increase in the content of both types of LFS led to a decrease in 
the UPV with respect to the value of the V-0 control mix (4.67 km/s at 7 

days and 4.83 km/s at 28 days) at all ages (Fig. 9a and Fig. 9b), although 
slightly higher values were obtained with the addition of 5%, possibly 
because of the way LFS affects concrete strength and stiffness [13]. 
Similarly, the addition of the N-type LFS resulted in a decrease of the 
UPV of around 0.03 km/s compared to the H-type LFS mixtures (Fig. 9a 
and Fig. 9b) for all LFS amounts. Both aspects can be fundamentally 
linked both to higher micro-cracking caused by the increased LFS con-
tent and to the higher reactivity of the N-type LFS [31], although both 
aspects only caused minor UPV variations. Furthermore, it is important 
to note that 5% and 10% N-type LFS led to higher compressive strengths 
and moduli of elasticity, but to lower UPV readings. An aspect that once 
again underlines the absence of a strong correlation between these 
properties for LFS mixtures of this type. 

Finally, the temporal evolution of this property (Fig. 9c) shows that 
the UPV readings of all the mixes increased continuously, albeit mini-
mally, over time. The increase in the UPV readings over time can be 
attributed to the increase in the stiffness of the cementitious matrix of 
the concrete, an aspect that explained this same UPV behavior when 
other alternative binders were used [58,59]. Quite unlike the trend for 
compressive strength (Fig. 6c) which, for example, remained constant 
between 28 and 90 days for various mixtures. Results that confirmed the 
extent to which UPV is not a suitable property with which to estimate 
how LFS alters the mechanical behavior of concrete. 

3.7. Splitting tensile strength 

The results of the 28-day splitting tensile strength are detailed in 
Fig. 10, which along with the flexural strength test results enabled the 
evaluation of the effect of the LFS under tensile stresses [43]. The 

Fig. 9. Ultrasonic pulse velocity: (a) 7-day results; (b) 180-day results; (c) development over time.  
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behavior obtained in relation to the increase in the LFS content was 
largely similar to that of the modulus of elasticity (Fig. 7), the only 
difference being the effect of the N-type LFS for a 10% content.  

• Increasing amounts of the H-type LFS led to approximately linear 
increases of splitting tensile strength values. Thus, the splitting ten-
sile strength was 3.21 MPa for the V-0 control mix and 4.12 MPa for 
the V-H-20 mix. As indicated for other mechanical properties, the 
treatment of this type of LFS prior to its use in the manufacture of 
concrete could cause it to present low expansiveness [34]. It could 
mean that the strength-development reactions through C-S-H for-
mation were the most relevant and compensated the negative effect 
of micro-cracking within the concrete matrix [58], thus increasing 
the splitting tensile strength.  

• Splitting tensile strength is highly dependent on aggregate-and- 
cementitious-matrix adherence, so it is greatly reduced whenever 
loading causes aggregate detachment [43,46]. It is thought that the 
increase in the content of N-type LFS and its remarkable expansive-
ness led to greater micro-cracking concentrated within the interfacial 
transition zones and favored the detachment of the aggregate, which 
resulted in a significant decrease in the splitting tensile strength from 
contents of 10%, so a splitting tensile strength of only 2.14 MPa was 
obtained for the V-N-20 mix. This behavior supported the conclu-
sions of the analysis of the modulus of elasticity and related trends, 
the results of which underlined that the N-type LFS could cause 
micro-cracking concentrated in the interfacial transition zones. 
Nevertheless, it is important to note that the modulus of elasticity 
was increased with respect to the control mix when both 5% and 10% 
of the N-type LFS were added. However, the splitting tensile strength 
increased only minimally in the V-N-5 mix (3.47 MPa) and then 

decreased. It appears that the micro-cracking caused by the N-type 
LFS was more negative under tensile stresses. 

Finally, when both types of LFS were compared, the unfavorable 
effect of micro-cracking associated with the N-type LFS could once again 
be detected. The splitting tensile strength of the N-type LFS mixtures was 
only equal to that of the mixtures with H-type LFS for a content of 5%. 
For the rest of contents, N-type LFS provided significantly low splitting 
tensile strength, reaching a difference of 2 MPa for a content of 20%. 
Higher moduli of elasticity of the N-type LFS mixes with additions of 5% 
and 10% LFS were observed, which can be explained by the fact that the 
effect of this type of LFS is more unfavorable under tensile stresses. 

3.8. Flexural strength 

Flexural strength was also measured at 28 and 90 days, as detailed in 
Fig. 11, to corroborate the behavior of the mixtures under tensile 
stresses. Regardless of the LFS content, the evolution of the flexural 
strength was identical in all the concrete mixes, so LFS never influenced 
this performance. The behavior found in the flexural strength at both 
ages was very similar to that of the splitting tensile strength:  

• The H-type LFS led to an approximately linear increase in flexural 
strength with the LFS content, so for the V-H-20 mix a flexural 
strength between 10% and 25% higher than that of the V-0 mix was 
measured. Again, the reduced expansivity of this type of LFS led to 
strength-development reactions through the formation of C-S-H gels 
that increased concrete strength [37,53].  

• The N-type LFS with additions of 5% led to an increase in flexural 
strength, with the V-N-5 mix showing the highest flexural strength at 
both 28 days (6.59 MPa) and 90 days (7.39 MPa), although flexural 
strength notably decreased at higher contents. As for the splitting 
tensile strength, it appeared that the strength development was more 
remarkable than the expansive micro-cracking for small amounts of 
the N-type LFS [13,31], a performance that was reversed for higher 
contents. 

A comparison between both types of LFS showed that flexural 
strength depended on both the compressive and the tensile behavior of 
the concrete specimens [43]. Therefore, the expansivity of the N-type 
LFS, which had a completely unfavorable effect on the splitting tensile 
strength, could be compensated here by the formation of C-S-H gel for 
low LFS contents, so that it provided 0.6–1 MPa higher flexural strengths 
the H-type LFS for a 5% LFS content. A result quite unlike the splitting 
tensile strength values, in which 5% additions of the N-type LFS only 
provided equal strengths than the H-type LFS and lower strengths for the 
other amounts. This behavior confirmed that the micro-cracking caused 
by the N-type LFS was more unfavorable under tensile stresses. 

Fig. 10. 28-day splitting tensile strength.  

Fig. 11. Flexural strength: (a) 28-day results; (b) 90-day results.  
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3.9. Micro-structural analysis 

As noted in the analysis of the different properties, the micro-cracks 
that appeared in the cementitious matrix as a consequence of LFS 
expansion had a significant negative influence on the mechanical 
behavior of the concrete. Nevertheless, the creation of additional C-S-H 
gel when adding LFS was beneficial for the mechanical performance of 
concrete. Fragments of different concrete mixes, extracted from the 
interior a cylindrical specimen, were subjected to an SEM analysis, in 
order to test these hypotheses and to confirm the extent of the micro- 
cracking and additional C-S-H gel formation. The most representative 
images are provided in this section. 

In Fig. 12, the existence of several micro-cracks can be observed in 
the interfacial transition zones of the V-N-20 mix, as well as other cracks 
within the cementitious matrix that emerged from the pores. These 
micro-cracks promoted aggregate sliding and a weaker matrix [30]. On 
the contrary, the hydration of the LFS allowed creating new C-S-H gel 
and CH plates, as can be observed in the comparison between the V- 
0 and V-H-20 mixes in Fig. 13. Furthermore, almost no voids appeared 
between the compounds formed because of LFS hydration. Joining both 
dimensions, when micro-cracks appeared and could not be compensated 
by the formation of C-S-H gel due to the hydration process of LFS, they 
led to a worsening of the mechanical properties of concrete, but in some 
case the new C-S-H improved the mechanical performance. 

3.10. Two-way ANalysis of VAriance (ANOVA) 

A two-way ANOVA was performed at a 95% confidence level, in 
order to evaluate whether the variations of the fresh and mechanical 
properties caused by the addition of different contents and types of LFS 
(two factors) were significant. Through the ANOVA, homogeneous 
groups were also determined for each factor, i.e., factor values for which 
the mechanical properties were statistically equal. All the ANOVA re-
sults are shown in Table 5. 

The ANOVA showed that the variations in slump, density, and UPV 
readings caused by LFS addition were not significant. Thus, the same 
properties were observed in the concrete regardless of the amount and 
the type of LFS that was incorporated. The LFS had significant effects on 
all the other properties of the concrete:  

• Air content was the fresh property most influenced by LFS additions. 
Thus, each amount and type of LFS led to a statistically different 
result. The only situation in which there was no noticeable difference 
was with additions of either 5% or 10% of the same type of LFS.  

• In relation to the compressive-behavior-related properties, it was 
noted that the performance provided by both LFS types was statis-
tically similar up to 28 days, at which point both types of LFS no 
longer constituted a homogeneous group. As explained in the liter-
ature, LFS undergoes expansion and strength-development reactions 
mainly in the long term [18,26], which means that both types of LFS 
produce statistically different results. The LFS content was less 
relevant, although in general the addition of 20% LFS produced a 
concrete that was comparable to the control mix, while the differ-
ence caused by either 5% or 10% LFS was minimal.  

• The effect of LFS on Poisson's coefficient was similar to its effects on 
compressive strength and the modulus of elasticity. Hence, neither 
the LFS content nor type affected the value obtained at both 28 and 
90 days, while at 180 days the type of LFS did have an influence. The 
higher expansivity of the N-type LFS at advanced ages increased 
Poisson's coefficient [30], unlike the H-type LFS, whose remarkable 
development of elastic stiffness caused a decrease in the same 
coefficient.  

• Finally, the ANOVA also showed that the effect of each LFS content 
and type on splitting tensile strength and flexural strength was, in 
general, completely different. As discussed throughout the study, the 
H-type LFS increased both properties as a consequence of the hy-
dration reactions that produced C-S-H gel [6], whereas micro- 
cracking caused by expansion was the predominant phenomenon 
when the N-type LFS was added [51]. Thus, the tensile-behavior- 
related mechanical properties were the most significantly affected 
by the addition of LFS. 

4. Results and discussion: Carbon footprint 

Steel slags can be used as a raw material for the production of 
cement-based materials of very different nature [60,61], one of its main 
advantages being the increase in sustainability they provide [60–62]. To 
address this aspect, the carbon footprint of each mix of the study was 
determined. This calculation was made for comparative purposes, based 
on the composition of the mixes (Table 3) and the carbon footprint of 

Fig. 12. SEM image of the V-N-20 mix.  
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each one of its raw materials, sourced from other research [63,64]. The 
results, depicted in Fig. 14, show that both types of LFS effectively 
reduced the carbon footprint of concrete. The extent of the reduction 
was more pronounced with higher added contents of this by-product. 
Specifically, N-type LFS exhibited a slightly superior effectiveness in 
improving the environmental performance of concrete. 

5. Results and discussion: Selection of the optimum mix 

A multi-criteria decision-making analysis was conducted using two 
common algorithms for the optimum selection of concrete, TOPSIS and 
PROMETHEE, and the average ranking was subsequently calculated, in 
order to determine the optimum type and content of LFS to be used in 
the production of concrete from the point of view of its mechanical and 
environmental behavior [65,66]. This analysis considered all the prop-
erties evaluated throughout this article, all of them with the same 
importance. The preference ranking obtained for the different mixes, in 
Fig. 15, shows the best performing mix as the first and the worst overall 
performance as the last one. 

The multi-criteria analysis showed that the V-N-5 mix, made with 5% 
N-type LFS, had the best overall performance, immediately followed by 
the V-H-20 mix (20% H-type LFS); both showing a better overall me-
chanical performance than the V-0 control mix. Nevertheless, it can also 
be perceived that the H-type LFS mixtures occupied 2nd, 3rd, and 5th 
places in the preference ranking (V-H-20, V-H-5 and V-H-10 mixes, 
respectively), while the V-N-10 and V-N-20 mixes occupied the last two 
places. 

These results clearly recommend the H-type LFS for concrete pro-
duction, as its use guarantees a similar or even better mechanical 
behavior to concrete produced without this industrial by-product. This 
recommendation is based on the capacity of this LFS type to provide 
adequate strength to the concrete without undergoing significant 
expansion. Therefore, the mechanical and environmental performance 
of concrete can be successfully improved when the LFS has undergone a 
prior stabilization process. 

6. Conclusions 

In this study, the mechanical properties of concrete made with Ladle 
Furnace Slag (LFS) of two different origins has been evaluated: H-type 
LFS, which was previously subjected to a stabilization process at a 
steelmaking-waste-management company prior to its landfilling, and N- 
type LFS, which was supplied directly from a ladle furnace, and was 
therefore in a more unaltered state. In addition, the composition of N- 
type LFS revealed that it had a higher risk of expansion. Contents of 5%, 
10%, and 20% in concrete mixes were considered for both LFS types. 

The following conclusions can be drawn from the tests that have been 
performed:  

• The concrete slump and fresh density were not affected when adding 
LFS, regardless of amount and type, thanks to the increase in water 
content, which compensated for the irregular shape and water con-
sumption, due to chemical reactions. However, air content did in-
crease with the addition of LFS, especially with N-type LFS, due to its 
more irregular shape and higher hydraulic activity.  

• The H-type LFS had a minimal effect on compressive strength, as the 
mixes that incorporated it showed a similar compressive strength to 
the control mix (0% LFS), regardless of the LFS content and concrete 
age. However, the N-type LFS caused an increase in compressive 
strength with contents up to 10% and a large decrease for higher 
contents. Thus, it seems that the micro-cracking caused by expansive 
phenomena was adequately compensated through the formation of 
Calcium-Silicate-Hydrates (C-S-H) for all the H-type LFS contents, 
whereas both phenomena were more extreme when adding the N- 
type LFS, one or the other predominating, depending on the LFS 
content. Regardless of the type of LFS, its addition caused more 
delayed strength development over time.  

• The modulus of elasticity was also noticeably modified by adding 
LFS. Therefore, the increase in the content of H-type LFS led to an 
increase in the modulus of elasticity, due to the development of 
elastic stiffness by forming C-S-H. Furthermore, the N-type LFS 
increased the modulus of elasticity for 5% and 10% contents, but 
decreased it markedly with the addition of 20%, in a similar way to 
the behavior of compressive strength. The LFS expansion and related 
concrete micro-cracking accentuated transversal deformability to 
the load direction and, therefore, the Poisson's coefficient. This in-
crease was higher for the N-type LFS, while the Poisson's coefficients 
of the H-type LFS mixes decreased at advanced ages, due to their 
higher elastic-stiffness development.  

• The variations of the ultrasonic pulse velocity with the addition of 
any type of LFS were minimal. The UPV was not affected by the 
micro-cracking or strength development that this steelmaking slag 
by-product can cause. Thus, this non-destructive measurement is not 
suitable for estimating the compressive-behavior-related mechanical 
properties of LFS mixes.  

• The effect of the addition of each type of LFS was shown most clearly 
in the tensile-behavior-related properties. Increasing the amount of 
the H-type LFS caused a continuous increase in splitting tensile 
strength and flexural strength, due to the formation of C-S-H gels. 
However, the micro-cracking due to additions of the N-type LFS 
provoked a decrease in both properties for all contents except for 
additions of 5%, with which a behavior similar to that obtained with 

Fig. 13. SEM images of the mixes V-0 (left) and V-H-20 (right).  
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5% H-type LFS was achieved. Micro-cracking in the concrete matrix 
might perhaps be associated with the N-type LFS that favored 
aggregate detachment. These aspects were verified through Scanning 
Electron Microscopy. 

Through a global perspective, it can be concluded that the H-type 
LFS, which underwent a stabilization treatment prior to its use, 
improved the mechanical properties and carbon footprint of the con-
crete. Therefore, this type of LFS is preferable in the production of 
concrete with respect to non-pretreated LFS (N-type LFS), as is also 

reflected by a multi-criteria decision-making analysis. However, it 
should also be noted that the difference in the mechanical properties of 
the concretes produced with both types of LFS was only significant at 
advanced ages as per the analysis of variance conducted. 
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Víctor López-Ausín: Writing – review & editing, Visualization, 
Validation, Software, Methodology, Formal analysis. Víctor Revilla- 
Cuesta: Writing – original draft, Validation, Methodology, Investiga-
tion, Formal analysis, Conceptualization. Marta Skaf: Writing – review 
& editing, Supervision, Methodology, Investigation, Funding acquisi-
tion, Data curation, Conceptualization. Vanesa Ortega-López: Writing 
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Table 5 
Two-way ANOVA (95% confidence level).  

Property p-values of the factors Homogeneous groups 

LFS 
content 

LFS 
type 

Interaction LFS content LFS 
type 

Slump 0.2245 0.2637 0.7826 
0%, 5%, 10%, 
and 20% 

H 
and 
N 

Fresh density 0.9973 0.9610 1.0000 0%, 5%, 10%, 
and 20% 

H 
and 
N 

Air content 0.0001 0.0005 0.0260 5% and 10% – 

28-day hardened 
density 0.9510 0.7723 0.9947 

0%, 5%, 10%, 
and 20% 

H 
and 
N 

7-day 
compressive 
strength 

0.0007 0.8844 0.0032 
0% and 20%; 
5% and 10% 

H 
and 
N 

28-day 
compressive 
strength 

0.0004 0.0315 0.0005 0% and 20%; 
5% and 10% 

H 
and 
N 

90-day 
compressive 
strength 

0.4188 0.0079 0.0005 
0%, 5%, 10%, 
and 20% – 

180-day 
compressive 
strength 

0.0129 0.0067 0.0499 
0% and 20%; 
0%, 5%, and 
10% 

– 

28-day modulus 
of elasticity 0.0313 0.3388 0.0089 

5% and 10%; 
10% and 20%; 
0% and 20% 

H 
and 
N 

90-day modulus 
of elasticity 

0.0249 0.1997 0.0032 
0% and 20%; 
0%, 5%, and 
10% 

– 

180-day modulus 
of elasticity 0.1429 0.0290 0.0007 

0%, 5%, 10%, 
and 20% – 

28-day Poisson's 
coefficient 0.3095 0.4321 0.5815 

0%, 5%, 10%, 
and 20% 

H 
and 
N 

90-day Poisson's 
coefficient 

0.1369 0.7527 0.6402 
0%, 5%, 10%, 
and 20% 

H 
and 
N 

180-day 
Poisson's 
coefficient 

0.1429 0.0290 0.0007 0%, 5%, 10%, 
and 20% 

– 

7-day UPV 0.9187 0.8707 0.9981 
0%, 5%, 10%, 
and 20% 

H 
and 
N 

28-day UPV 0.9770 0.9705 0.9832 0%, 5%, 10%, 
and 20% 

H 
and 
N 

90-day UPV 0.8756 0.9049 0.9960 
0%, 5%, 10%, 
and 20% 

H 
and 
N 

180-day UPV 0.7970 0.8190 0.9986 
0%, 5%, 10%, 
and 20% 

H 
and 
N 

28-day splitting 
tensile 
strength 

0.0252 0.0000 0.0000 – – 

28-day flexural 
strength 

0.0001 0.0000 0.0000 – – 

90-day flexural 
strength 

0.0012 0.0080 0.0000 0% and 10% –  

Fig. 14. Carbon footprint of the concrete mixes.  

Fig. 15. Preference order for concrete mix selection.  
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[24] A. Santamaría, A. Orbe, M.M. Losañez, M. Skaf, V. Ortega-Lopez, J.J. González, 
Self-compacting concrete incorporating electric arc-furnace steelmaking slag as 
aggregate, Mater. Des. 115 (2017) 179–193, https://doi.org/10.1016/j. 
matdes.2016.11.048. 
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