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Abstract

:

Nowadays, huge amounts of refractory materials are generated around the world. The majority of them lack valorization methods. This study analyzes the ability of a doloma and two magnesia spent refractory wastes as soil stabilizers on their own, as well as when combined with Ground-Granulated Blast Furnace Slags (GGBS). These materials showed a limited ability for the soil’s plasticity modification from a plasticity index of 15.6 to a minimum of 12.7. The high pH of the additives increased the soil’s pH from 7.88 to values in the range of 10.94–11.25 before the 28 days, allowing the development of the pozzolanic reactions. Unconfined compressive strength (UCS) increased along the curing time, reaching a maximum value of 5.68 MPa after 90 days. Based on the UCS, the optimum refractory GGBS ratios oscillate between 30:70 and 50:50. The UCS values after soaking samples reduced the unsoaked results between 68.70% to 94.41%. The binders considered showed a low effect against the soil swelling and the lack of delayed expansive effects because of the MgO hydration. Finally, X Ray Diffraction (XRD) tests showed that the stabilization only slightly modified the combinations of mineralogy and the formation of Magnesium Silicate Hydrate (MSH) gels.
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1. Introduction


Stabilization is an effective way to increase the bearing capacity of soft soils. The term stabilization usually refers to the addition of chemical admixtures for the geotechnical soil enhancement. Among them, calcium-based additives like lime or cement, used on their own or combined with other substances, are nowadays the most common binders [1]. Khazaei and Moayedi [2] analyzed the improvement of the properties of an expansive soil stabilized with waste from a petrochemical plant and quick lime. They observed the improvement of the bearing capacity of the treated soil samples. Okeke [3] studied the engineering behavior of an expansive soil stabilized with lime and waste ceramic dust. They observed the early strength development that occurred in the soils mixed with lime and the ceramic waste and the decrease in the soil plasticity index. Hozatlıoğlu and Yılmaz [4] stated the improvement of lime compared to fly ash and gypsum on the stabilization of swelling soils. Baldovino et al. [5] stated the improvement in the microstructure and mechanical properties of a soil treated with dolomitic lime and recycled-glass powder. Chenarboni et al. [6] investigated the effect of different percentages of cement and zeolite for the stabilization of an expansive soil. They found that the substitution of 30% of cement by zeolite reached the highest unconfined compressive strength (UCS) results.



Soil stabilization requires huge amounts of cement and lime whose manufacturing processes generate high environmental impacts in terms of raw materials consumption, energy spending and CO2 emissions [7]. A possible alternative to the calcium-based soil stabilizers are the magnesium-based ones. Magnesium-based binders have demonstrated in recent years to be effective and more sustainable alternatives to lime and to cement. Yi et al. [8] stabilized two clayey soils with binders based on reactive MgO and Ground-Granulated Blast Furnace Slag (GGBS). They found that the optimum UCS were obtained with binary MgO-GGBS binders whose ratios were generally in the range of 19:1–4:1. At the age of 28 days, these binders reached UCS values that exceeded the cement results by 1.3–4 times. Seco et al. [9] stabilized five soils containing sulfates with a low-grade MgO on its own at first, and then combined it with GGBS. They demonstrated the ability of the low-grade MgO for diminishing the soils’ swelling, and its convenience for the five soils’ stabilization and for the activation of GGBS. Li et al. [10] investigated the stabilization of a gypseous soil with binders based on high-grade and low-grade MgO products, combined with GGBS at different ratios. They stated the convenience of the MgO-GGBS binary binders for the stabilization of their gypseous soil and the better efficiency of the high-grade MgO compared to the low-grade MgO for the GGBS activation. The lower environmental impact of the magnesium-based binders is due to two main factors: (i) The lower manufacturing temperature of the MgO compared to the one of the calcium-based additives, and (ii) the use of recycled sources of reactive silicon and aluminum like GGBS or pulverized fuel ash [11]. Despite its demonstrated technical convenience and its higher sustainability compared to lime and cement, reactive MgO manufacturing shows some drawbacks: (i) Its production consumes magnesite rock, which is a scarce material [12], (ii) its manufacturing is based on the magnesite decarbonation that consumes huge amounts of energy and releases CO2 [8] and (iii) calcined magnesite is an expensive material, making the use of MgO uneconomical compared to lime or cement [13]. These reasons make the discovery of new economical and more environmentally friendly sources of reactive MgO for the soils’ stabilization necessary.



In the European Union (EU), the production of spent refractories is estimated between 1.42 and 2.66 million tons per year. Although many efforts are being conducted, these debris are an economic and environmental concern as they lack effective ways of valorizing the huge volumes generated [14,15,16]. Of these wastes, 26% are doloma and magnesia recycled refractory materials (DMRR) from the steel industry [17]. This is a potential availability of 0.43 to 0.80 million tons per year only in the EU. DMRR could become constituents for the production of MgO binders based on their high pH and their reactive MgO, free lime (CaO) and dicalcium silicate (C2S) contents [17,18].



The objective of this work is to state the ability of spent refractory wastes as constituents of sustainable binary hydraulic binders for the stabilization of clayey soils. These materials could become recycled sources of reactive MgO and CaO that could replace commercial additives like lime or calcined magnesia. Thus, soils’ stabilization would become an effective way for the valorization of the huge amounts of spent refractories generated around the world, contributing to decrease the environmental impact of the soils’ stabilization. Thus, this article analyzes the ability of three kinds of spent refractories, on their own as well as when combined with GGBS at different ratios, for the stabilization of a clayey soil. A laboratory investigation was carried out to analyze the effect of the DMRR considered in a clayey soil as well as their ability for the activation of GGBS. The potential of these binders was evaluated by means of the analysis of the physical, mechanical and chemical properties of soil samples stabilized with these binders.




2. Materials and Methods


2.1. Materials


The soil used in this investigation was a sample of clay, collected in Pamplona (Spain). This clay soil is generated by in situ weathering processes of the local Tertiary marly rock. In order to carry out this experiment, one ton of clay was extracted, and, after homogenization of the sample, it was air-dried, crushed and sieved to a maximum particle size of 2 mm. Table 1 contains the characterization of the soil sample considered.



Three types of DMRR were considered in this work: Two magnesia refractory wastes named P2B and P2-12 respectively, and a doloma refractory waste named doloma lime (DL). Both P2 wastes come from the demolition of tundishes of a steel foundry: P2B is the denomination of the material recovered from the outer part of the refractory covering. This fraction is in contact with the molten metal and the slag. This fact modifies its chemical composition and sinters the refractory material that is recovered in the form of big blocks after the tundish demolition. P2-12 is the inner part of the spent magnesia refractory that is recovered in dust form. As this material is not in contact with the molten metal or the slag, it maintains a chemical composition close to that of the raw refractory. DL is made of the spent refractory of ladle furnaces. It shows higher CaO and SO3 contents than P2 wastes due to its direct contact with the ladle slag. The DMRR samples considered in this investigation were ground to reduce their granulometry and increase their surface-specific area. GGBS is a byproduct obtained during the manufacturing of pig iron. It has a large pozzolanic activity as a result of its richness in reactive calcium, silicon and aluminum oxides. GGBS is formed by rapid water cooling of molten iron slag that maintains an amorphous structure. After cooling, GGBS is dried and then ground to increase its specific surface area and thus increase its reactivity. Table 2 shows the chemical composition and reactivity parameters of these wastes. Figure 1 depicts the ground granulometric curves of the DMRRs used in this investigation.




2.2. Samples’ Manufacturing and Testing


The samples’ manufacturing was carried out as follows: dried soil and additives were mixed together in a laboratory mixer for 5 min. After that, water corresponding to the optimum moisture of the soil, in accordance with the Standard Proctor (SP) test, was added slowly. An additional wet mixing was carried out for 5 min to guarantee a complete homogenization of the soil, additives and water. Once the quality of each mixture was verified visually, samples were collected for pH and Atterberg limits tests. Specimen pH values were determined according to the standard UNE-ISO 10390 by using a laboratory pH meter with an accuracy of ±0.01. Atterberg limits were stated based on the Spanish Standards UNE 103103 (Liquid Limit) and UNE 103104 (Plastic Limit). The samples’ Plasticity Index (PI) was defined as the difference between Liquid and Plastic Limits.



For the mechanical strength testing, cylindrical samples of 65 mm in diameter were prepared: 450 g of the wet mixes were pressed to 1.5 MPa into a mold, at a constant velocity of 50 mm/min. This was the pressure required to get the SP maximum density. Once compacted, samples were immediately demolded and wrapped in a polyethylene sheet in order to avoid dehydration. Specimens were cured in a wet chamber at 20 °C and 100% of relative humidity to the testing ages of 7, 28, 56 and 90 days. The mechanical properties of the samples were characterized according to the UCS test as defined in the Spanish standard UNE 103400. The UCS tests were conducted at the ages of 56 and 90 days, with two sets of samples: one without any conditioning of the curing ages, and the other after 24 h of moisture conditioning, as defined in Li et al. [10]. After testing, representative fragments of the specimens were crushed and used for the determination of the cured samples’ pH values as previously defined. At the ages of 28 and 90 days, sample fragments were crushed and dried for 1 week at 40 °C in a desiccator with silica gel and a CO2 sorbent. This conditioning was carried out to completely stop the cementation reactions. Fifty grams of each combination were ground and homogenized prior to the X-ray diffraction (XRD) analysis of these samples. A swell strain test after prolonged exposure to moisture was carried out to prevent any expansive effect of the treated soil samples. For this test, after the combinations’ mixing, samples of 63 mm in diameter and 20 mm in height were prepared at SP test maximum density and optimum moisture content, inside oedometer sample rings. The mixing as well as the sample compaction were performed manually, in accordance with the Spanish standard UNE 103601. Samples were maintained in water immersion for 15 days and linear expansion was registered daily by means of dial gauges with an accuracy of 10−5 m. Table 3 shows the 13 combinations of soil and additives considered for the experimental investigation.



In Table 3, samples constituents are expressed as percentages of dry mass, considering total dosages of 5%.





3. Results and Discussion


3.1. Soil Plasticity


Table 4 shows the Atterberg limits and Plasticity Index of the combinations considered in the laboratory investigation.



When P2B, P2-12, DL and GGBS were added, the LL of the soil decreased from 38.4 to 34.2, 36.1, 38.3 and 32.8, respectively. The LL decreases could be a consequence of the addition of the additive particles and their lower affinity for water compared to clay ones, in accordance with Subbarao et al. [26]. Soil PL of 22.8 decreased in the combinations with additives to 20.0 for the P2B, to 20.8 for the P2-12, to 21.7 for the DL and to 19.9 for the GGBS. The 15.6 PI of the natural soil decreased to 14.2, 15.3 and 12.9 for the P2B, P2-12 and GGBS combinations respectively, whereas it increased to 16.6 for DL. These plasticity variations were attributed to different physical and chemical processes between the soil and the additives that would overlap each other. Among them are the modification of the soil granulometry by the additive particles’ addition, the filling of voids in the soil structure, the soil flocculation or the occurrence of cementitious hydration reactions [26,27,28]. These effects were also observed in the combinations of the DMRRs with GGBS at different ratios, where the small LL and PL variations produced low plasticity variations.




3.2. pH


Figure 2 depicts the evolution of the samples’ pH along the 90 days of curing time.



Combinations containing P2B, P2–12 and GGBS showed pH increases from day 7 to day 28. Beyond that point, there was a slight pH decrease up to day 90. On the other hand, DL combinations showed slight pH decreases all along the curing time. These observed behaviors are the consequence of the additive-free CaO and MgO contents as well as of the hydration, dissolution and precipitation mechanisms of the pozzolanic reactions [29,30]. At the earlier curing time, the pH values are explained by the presence of free CaO and MgO in the additives. These oxides hydrate in the presence of water to form portlandite and brucite respectively, that increase the combinations’ pH even for low contents of these oxides [31]. This hydration depends on the amount and availability of free CaO and MgO in the additives. In the case of the additives considered in this investigation, for P2B, P2-12 and GGBS, the pH increases were observed between day 7 and day 28. The slowness of the process and the small pH increases demonstrate low availability of free CaO and MgO. For these additives, the highest pH values reached were 11.25, 11.19 and 11.14, respectively. No pH increase was observed for DL, which after 7 days displayed the highest value of the laboratory investigation, with 11.15. This evidenced that this additive contained appreciable contents of available free lime that hydrated before 7 days. These results agree with those of other authors who observed that with high-grade MgO and CaO, the pH increases occurred between 0 and 14 days [30,32,33]. The alkaline environment is required to break the covalent Si-O and Al-O bonds in GGBS and clay particles. There is not a consensus about the pH necessary for this activation process, considering that different authors state that the required pH values are in the range of 11–12 [30]. Afterwards, Ca2+ and Mg2+ react with Si–O or Al–O to form calcium silicate hydrated (CSH), calcium aluminate hydrated (CAH), magnesium silicate hydrated (MSH) and magnesium aluminate hydrated (MAH) cementitious gels. This process consumes OH–, producing the pH decrease of the samples observed [29].




3.3. Mechanical Strength


Figure 3 and Figure 4 respectively show the results of the UCS testing of the unsoaked and soaked samples.



Seven day specimen showed strength results slightly better than the 0.62 MPa achieved by the soil sample. For all the combinations, a direct correlation between the curing time and the combination strengths was observed for the above curing periods. This demonstrated that the additives used had low reactivity that developed over time. When the combinations of the unmixed additives were considered, GGBS showed a better cementitious ability compared to P2B (100/0) and P2-12 (100/0), but lower than DL (100/0), that reached the highest UCS values at all the curing ages. This fact was attributed to the higher richness of reactive CaO in the GGBS, and reactive CaO and MgO in the DL. These oxides from the additives acted as activators of the pozzolanic reactions and combined with their own silicon and aluminum, or with the clay aluminosilicates, to form cementitious compounds. The different amount and reactivity of these oxides present in the additives justify the UCS differences among the unmixed combinations.



Among P2B combinations, P2B (30/70) and P2B (50/50) showed very close UCS results at all the curing ages, overcoming those obtained in P2B (70/30), P2B (100/0) and GGBS combinations. These achieved final UCS values of 4.02, 4.20, 3.46, 2.62 and 3.46 MPa, respectively. This demonstrated the ability of P2B for the activation of the GGBS in the treated soil and the existence of an optimum beneficial effect of the substitution of GGBS by P2B in the range of 30% to 50%. These results agree with the behavior observed between a high-grade MgO and GGBS by Yi et al. [34] and Yi et al. [8]. They found that the optimum content of MgO in the MgO-GGBS binder was close to 20%. The optimum content of P2B in the P2B-GGBS binder obtained in this investigation was between 30% and 50%, highlighting the lower reactivity of P2B compared to a high-grade MgO. P2-12 combinations showed a similar behavior to P2B ones. In this case, all the combinations containing any P2-12-GGBS binders showed close UCS values to those of the GGBS ones at the ages of 7 and 28 days, reaching UCS values in the range of 0.66 to 0.87 MPa and 1.53 to 1.65 MPa, respectively. At 56 days, P2-12 (30/70) had the highest P2-12 UCS result at that stage, with 2.89 MPa. At 90 days, P2-12 (50/50) reached the highest strength among the P2-12 combinations, with 4.36 MPa. This would show a lower reactivity of the P2-12 compared to the P2B, in accordance with its lower effect for the soil plasticity modification. DL (100/0) combination showed improved UCS results compared to GGBS at all the curing ages, demonstrating its higher reactivity and its ability to form cementitious compounds with the soil aluminosilicates. DL (30/70), DL (50/50) and DL (70/30) improved the GGBS and the DL (100/0) UCS results at all the curing ages, evidencing the ability of DL to activate the GGBS. At 90 days, UCS results were 5.68 MPa for the combination DL (30/70), 4.57 MPa for the DL (50/50), 4.64 MPa for the DL (70/30) and 4.28 MPa for the DL (100/0). All of them improved the GGBS result of 3.46 MPa at 90 days. Considering the final UCS results, the optimum DL ratio in a DL-GGBS binder is 30%. This result was the highest UCS of all the combinations considered.



After soaking, UCS results showed strength losses in all the combinations at 56 days as at 90 days, in the range of 68.70% to 94.41%. These losses of strength were attributed mainly to the additive dosages considered in the laboratory investigation and probably to the low UCS results obtained for the unsoaked samples [10]. In spite of the loss of strength, GGBS was the only combination that increased its soaked UCS results at 90 days compared to those at 56 days from 0.04 to 0.05 MPa. On the other hand, the samples containing DMRR reduced their strength after soaking between these curing ages. These results demonstrated that, as expected, water plays a significant role in the loss of strength of the stabilized soils. This behavior is attributed to factors like the change in the soil’s pore water pressure, the affinity and the ability to hold water of the cementitious gels, or the soil’s plasticity reduction produced by the clay flocculation [35,36,37].




3.4. Swell Stress


Figure 5 depicts the swell stress results after prolonged exposure to moisture of the soil and the stabilized combinations.



The maximum free swelling index of the un-stabilized clay was 0.48%. Three days of testing were required to reach this value. GGBS combination reached a total swelling of 0.45% that stabilized at 2 days of testing. This additive showed a very low effect against the clay swelling that was attributed to its low free lime content. P2B (30/70), P2B (50/50), P2B (70/30) and P2B (100/0) reduced the soil swelling to 0.15%, 0.28%, 0.30% and 0.00%, respectively. These swelling reductions did not show any correlation with the ratio P2B: GGBS of the binder, probably due to experimental uncertainties and the low swell index of the soil and the stabilized combinations. In all of them, the maximum swelling was reached before 3 days of testing, remaining stable afterwards. This demonstrated the nonexistence of possible delayed swelling cases due to the hydration of any P2B constituents. P2-12 (30/70), P2-12 (50/50), P2-12 (70/30) and P2-12 (100/0) combinations reached their final swellings of 0.38%, 0.48%, 0.03% and 0.28% respectively, during the first 3 days of testing. As in the P2B combinations, the swell index obtained in P2-12 combinations did not show any correlation with the ratio P2-12:GGBS. DL (30/70), DL (50/50), DL (70/30) and DL (100/0) combinations respectively obtained final swellings of 0.00%, 0.00%, 0.80% and 0.35%. The general behavior of these combinations was similar to those of the other DMRRs. Among them, only DL (70/30) increased the natural soil’s swelling (9 days of testing were required to reach its maximum value). The good results obtained by the combinations DL (30/70) and DL (50/50) were attributed to their close to optimal proportions between the binder constituents. This generated cementitious compounds, preventing any swell. The existence of a delayed hydration processes in binary MgO-GGBS binders was observed by Li et al. [10], but in this case, considering the low swelling values of the DL combinations and the low swelling increase (0.1%) between days 6 and 9, this fact was attributed to experimental uncertainties.




3.5. X-ray Diffraction


XRD tests were carried out in all the treated soil combinations at the ages of 28 and 90 days to identify mineralogy differences among them. The existence of peaks in the stabilized samples that do not appear in the soil diffractogram would be due to the different additive compositions or to chemical changes in the samples because of the cementation process. The intensity of the peaks would be related to the additive dosages or to the formation or destruction of minerals. At the age of 28 days as well as at 90 days, only small differences between the treated samples’ mineralogy and the soil were observed. Figure 6 shows the diffractograms of the soil and the P2-12 (30/70) combination at the ages of 28 and 90 days, as an example of the results obtained in these tests.



In all the cases, the crystalline phases of the samples showed the soil mineralogy, which was composed mainly of calcite, quartz, halloysite and albite. The more intense peaks corresponded to calcite and quartz [38]. P2-12 (30/70) samples showed these main peaks, but their intensity decreased slightly due to the presence of the additives that reduced the soil’s content in the samples. No minerals from DMRR or GGBS were observed as a result of the low degree of crystallinity of these materials, the low dosage considered and the overlapping of their peak with those of the soil minerals [8,39]. The only hydration product was observed as a peak at 2 theta (35°) that was attributed to the formation of MSH gels based on Reference [38].





4. Conclusions


The goal of this study was to analyze the ability of the DMRR as a source of reactive magnesium for the stabilization of soils, by means of the characterization of physical and chemical properties of samples of clay treated with these products alone and combined with GGBS. Based on the results obtained, the following conclusions were drawn:




	
DMRR and GGBS showed a low effect against the soil’s swelling because of their low free CaO and free MgO. The modification of the plasticity observed was attributed to the soil particles’ substitution and to a lesser extent to flocculation and cementation processes because of the low reactivity of the additives.



	
The pH values at earlier ages of the stabilized samples are related to the free CaO and MgO provided by DMRR and GGBS, reaching values adequate for the occurrence of pozzolanic reactions. The pH evolution is consistent with hydration and cementation processes.



	
Unsoaked samples increased the UCS results during all the curing time. DMRR demonstrated their ability to stabilize the soil as well as to activate GGBS. The optimum DMRR:GGBS ratio oscillates between 30:70 and 50:50. Based on its chemical composition, DL was the more effective DMRR, as expected.



	
The UCS decreases observed in the stabilized samples after soaking demonstrated that the soil, after the treatment, keeps high affinity and water-holding capacity that diminishes its bearing capacity.



	
The binders considered have demonstrated a low effect against the soil swelling, depending mainly on the DMRR free CaO content. No swelling processes related to delayed MgO hydration were observed.



	
XRD showed that the mineralogy changes in the stabilized samples were mainly due to the particles’ soil substitution and the MSH cementitious products’ formation.








This work has demonstrated the ability of spent refractory wastes to act as a source of low-grade reactive MgO for the soil stabilization. Although the findings of this investigation are promising, more studies with other refractory materials and other soils are required to increase the knowledge available to date. This way, many of these wastes that so far lack effective valorization methods would become a recycled source of MgO for the manufacturing of low-impact construction binders.



Highlights




	
Spent refractories showed low effect against soil plasticity and swelling



	
Spent refractories show some reactivity due to their pH and free lime and MgO contents



	
Spent refractories stabilized the soil and activated GGBS



	
Stabilized soil keeps high affinity and water-holding capacity



	
No delayed swelling processes related to MgO hydration were observed
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Figure 1. Granulometric curves of the DMRRs and GGBS samples used in this investigation. 
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Figure 2. Samples’ pH variations along the curing time. (a) P2-B combinations, (b) P2-12 combinations and (c) DL combinations. 
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Figure 3. Unconfined compressive strength (UCS) test results before samples’ soaking. (a) P2-B combinations, (b) P2-12 combinations and (c) DL combinations. 
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Figure 4. UCS test results after samples’ soaking. (a) P2-B combinations, (b) P2-12 combinations and (c) DL combinations. 
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Figure 5. Swell stress test results. (a) P2-B combinations, (b) P2-12 combinations and (c) DL combinations. 
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Figure 6. Diffractograms of the soil and the P2-12 (30/70) samples: (a) at the age of 28 days and (b) at the age of 90 days. 
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Table 1. Characterization of the soil sample.
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Extraction Coordinates




	
X: 612.110 Y: 4.740.296 (UTM 30 ETRS89):




	
Soil Mechanic Properties

	
Chemical Properties






	
Atterberg limits (UNE 17892-12) [19]:

Liquid Limit: 38.4%

Plastic Limit: 22.8%

Plasticity Index: 15.6%

	
Organic matter (UNE 103204) [20]: 0.32%




	
Soluble sulfates (EN 1744-1) [21]: 0.05%




	
pH in water: 7.88




	
Mineralogy (X-ray diffraction):

Calcite

Quartz

Halloysite

Albite




	
Standard Proctor (UNE 103500) [22]:

Maximum density: 1.76 g/cm3

Optimum moisture content: 18.5%




	
Unified Soil Classification: CL

	
Chemical composition (X-ray fluorescence):




	
Unconfined Compression Strength (UNE 17892-7) [23]:

Before soaking: 0.619 MPa

After soaking: 0.000 MPa

	
Element:

Ca

Si

Al

Fe

K

Mg

S

	
%

50.41

23.92

10.81

7.78

3.39

1.92

0.09




	
Free Swelling (UNE 103601) [24]: 0.5%




	
Califorfia Bearing Ratio index (UNE 103502) [25]: 2.44




	
Color

(based on the Munsell Soil Color Chart):

	

	




	
10YR 7/4
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Table 2. Chemical composition and reactivity parameters of the doloma and magnesia recycled refractory materials (DMRRs) and the Ground-Granulated Blast Furnace Slags (GGBS) samples.
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Chemical Composition (X-ray Fluorescence)




	
%

	
P2B

	
P2-12

	
DL

	
GGBS






	
SiO2

	
12.45

	
10.53

	
12.38

	
32.18




	
CaO

	
10.89

	
9.8

	
29.37

	
43.94




	
Fe2O3

	
12.13

	
3.31

	
2.54

	
0.33




	
Al2O3

	
6.51

	
5.32

	
5.53

	
10.40




	
SO3

	
0.36

	
0.32

	
1.17

	
2.00




	
Cr2O3

	
0.42

	
0.1

	
0.08

	
-




	
P2O5

	
0.11

	
0.06

	
0.13

	
-




	
MnO

	
0.26

	
-

	
0.00

	
-




	
MgO

	
53.75

	
63.55

	
42.88

	
0.25




	
Reactivity




	
Loss of ignition at 1050 °C

	
6.02

	
4.26

	
5.91

	
0.46




	
Free lime (%)

	
0.60

	
0.71

	
3.69

	
0.28




	
Reactivity (min)

	
>240 min

	
>240 min

	
>240 min

	
>480 min




	
pH in water

	
11.62

	
11.73

	
12.07

	
9.54
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Table 3. Soil and additive combinations considered in the laboratory investigation.
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	COMBINATION
	CODE
	SOIL
	P2-B
	P2-12
	DL
	GGBS





	SOIL
	SOIL
	100
	
	
	
	



	SOIL + P2B
	P2-B (100/0)
	95
	5
	
	
	



	SOIL + P2-12
	P2-12 (100/0)
	95
	
	5
	
	



	SOIL + DL
	DL (100/0)
	95
	
	
	5
	



	SOIL + GGBS
	GGBS
	95
	
	
	
	5



	SOIL + P2B + GGBS (30/70)
	P2-B (30/70)
	95
	1.5
	
	
	3.5



	SOIL + P2B + GGBS (50/50)
	P2-B (50/50)
	95
	2.5
	
	
	2.5



	SOIL + P2B + GGBS (70/30)
	P2-B (70/30)
	95
	3.5
	
	
	1.5



	SOIL + P2-12 + GGBS (30/70)
	P2-12 (30/70)
	95
	
	1.5
	
	3.5



	SOIL + P2-12 + GGBS (50/50)
	P2-12 (50/50)
	95
	
	2.5
	
	2.5



	SOIL + P2-12 + GGBS (70/30)
	P2-12 (70/30)
	95
	
	3.5
	
	1.5



	SOIL + DL + GGBS (30/70)
	DL (30/70)
	95
	
	
	1.5
	3.5



	SOIL + DL + GGBS (50/50)
	DL (50/50)
	95
	
	
	2.5
	2.5



	SOIL + DL + GGBS (70/30)
	DL (70/30)
	95
	
	
	3.5
	1.5
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Table 4. Atterberg liquid limit (LL), plastic limit (PL) and Plasticity Index (PI) of the combinations considered in the laboratory investigation.
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	COMBINATION
	LL
	PL
	PI





	SOIL
	38.4
	22.8
	15.6



	P2B (100/0)
	34.2
	20.0
	14.2



	P2-12 (100/0)
	36.1
	20.8
	15.3



	DL (100/0)
	38.3
	21.7
	16.6



	GGBS
	32.8
	19.9
	12.9



	P2B (30/70)
	33.1
	20.4
	12.7



	P2B (50/50)
	33.1
	19.4
	13.7



	P2B (70/30)
	35.3
	19.5
	15.8



	P2-12 (30/70)
	34.1
	20.3
	13.8



	P2-12 (50/50)
	35.2
	20.7
	14.5



	P2-12 (70/30)
	35.8
	20.0
	15.8



	DL (30/70)
	37.2
	22.1
	15.1



	DL (50/50)
	38.0
	22.0
	16.0



	DL (70/30)
	38.5
	23.0
	15.5
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