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Abstract: Soil stabilization using cementing materials is a well-known procedure for earth-based
building blocks preparation. For the selected binding materials, innovation usually focuses on low
carbon systems, many of which are based on alkaline activation. In the present paper, blast furnace
slag (BFS) is used as a mineral precursor, and the innovative alkali activator was olive stone biomass
ash (OBA). This means that the most important component in CO2 emissions terms, which is the
alkali activator, has been replaced with a greener alternative: OBA. The OBA/BFS mixture was used
to prepare compacted dolomitic soil blocks. These specimens were mechanically characterized by
compression, and water strength coefficient and water absorption were assessed. The microstructure
of blocks and the formation of cementing hydrates were analyzed by field emission scanning electron
microscopy and thermogravimetry, respectively. The final compressive strength of the 120-day cured
blocks was 27.8 MPa. It was concluded that OBA is a sustainable alkali activator alternative for
producing BFS-stabilized soil-compacted blocks: CO2 emissions were 3.3 kgCO2 /ton of stabilized soil,
which is 96% less than that for ordinary Portland cement (OPC) stabilization.
Keywords: compressive strength; microstructure; water absorption; soil stabilization; FESEM;
waterproofing behavior; thermogravimetry

1. Introduction
Fabrication of earth blocks and soil stabilization are procedures in which ordinary Portland cement
(OPC) is normally used as a cementing component [1]. Despite the low OPC proportion added to soil
(5–10%), the consumption of this cement type has major environmental consequences: the cement
industry is responsible for more than 7% of global CO2 emissions and 12–15% of the total energy
consumed by industrial activities worldwide [2]. In some cases, supplementary cementing materials
have been added to enhance soil stabilization: Basha et al. [3] demonstrated that the addition of rice
husk ash (RHA) to OPC increases the compressive strength of stabilized soil. Additions of 6% of RHA
and 8% of OPC yielded 18–25-fold compressive soil strength [4]. The use of pozzolans, such as RHA,
reduced the CO2 emissions associated with the binder, although this value is still very high.
In recent years, special focus has been placed on developing new binders with a lower
environmental impact [5]. Alkali-activated cements (AACs) are promising substitutes for OPC. These
new cements are prepared by mixing a precursor (Al-Si- or Ca-Al-Si-based mineral admixtures, such as
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fly ash, metakaolin or blast furnace slag) and a highly concentrated alkaline solution (sodium/potassium
carbonates, hydroxides and silicates). Blast furnace slag (BFS) activation is a very interesting proposal
because this precursor requires a small amount of chemical activator and it performs very well
mechanically [6]. It is worth noting that these chemical activators are normally synthetic products,
and high CO2 emissions are associated with their production.
Some interesting data have been reported on replacing these chemical activators with alternative
and more sustainable by-products or waste. For instance, alkali silicates (K2 SiO3 , Na2 SiO3 ) have
been replaced with mixtures of KOH or NaOH and biomass ashes like RHA [7,8], sugarcane bagasse
ash [9], sugarcane straw ash [10], or industrial waste, such as spent diatomite from the wine and
beer industries [11], glass waste [12] or soda residue from ammonia soda process for Na2 CO3
synthesis [13,14]. Very recently, some examples of AACs have been reported in which no commercial
reagents are used. For instance, high-calcium content wood ash (61%CaO, 12%K2 O) activates coal fly
ashes [15]. Peys et al. [16] reported alkaline ashes (30%K2 O) from stalk and cob corn for activating
metakaolin. Soriano et al. [17] demonstrated the feasibility of preparing alkali-activated BFS by adding
almond-shell biomass ash.
Soil has been used for several thousands of years as a construction material and is still widely
used today, especially in developing countries. Using soil as raw material in construction has several
advantages: recyclability, no toxicity, no pollution, low energy use in manufacturing, cheaper than
other alternatives and local production (avoiding transport), good hygrothermal behavior, among
others [1]. Obviously, there are some facts that limit its use: few specific regulations, low level of
training for engineers, very intensive labor technique during the construction process, seismic behavior,
durability in wet climates, and water erosion, among others.
Addition of OPC to soil enhances some properties of stabilized soil blocks, mainly strength
and durability. Alternatives are being proposed that employ alkali-activated cement: a significant
number of reports/papers have been published in which BFS and coal fly ash were used as precursors.
In many cases, the activating solution is highly concentrated: 3–18 M NaOH solution for activating
precursors [18]. This has one major consequence from the sustainability point of view: the consumption
of reagents and their carbon footprint. It has been reported [19] that employing NaOH in BFS activation
is more sustainable than Portland cement for soil stabilization (23% less CO2 emissions).
The aim of this research is to use an alternative and more sustainable activator to prepare soilcompacted blocks: the selected activator is the olive stone biomass ash (OBA). This waste, which
derives from the combustion of olive stones, has been tested previously in BFS activation, and very good
results were obtained in the strength and microstructure development of OBA/BFS mortars [20–22].
The chemical composition of OBA presents high proportions of CaO and K2 O, and it has been
reported [21] that the compressive strength for 4 M NaOH-activated BFS is equivalent to the 15.8%
replacement of BFS with OBA.
In this research, the preparation of dolomitic soil blocks and the mechanical, chemical, physical,
microstructural and waterproofing characterization were carried out by comparing OPC and OBA/BFS
soil-compacted blocks. The OBA/BFS blocks yielded excellent performance as regards to mechanical,
waterproofing and environmental characteristics.
2. Materials and Methods
Soil was dolomitic in nature and was supplied by Pavasal Company (Quart de Poblet, Spain).
This soil was dried at 105 ◦ C for 48 h before being used. The main mineral phases were dolomite and
calcite, and the minor components were quartz and muscovite. The largest particle size was 4 mm,
and it had a granulometric distribution (% passing), as shown in Figure 1a. The blast furnace slag
(BFS) was supplied by Cementval (Puerto de Sagunto, Spain). It was ground in a laboratory mill
for 30 min, its mean particle size was 26.0 µm and Figure 1b shows its granulometric distribution.
Chemical composition of BFS is summarized in Table 1. Olive stone (OS) was supplied by Sahuco
Aceites S.L. (La Gineta-Albacete, Spain). This sample was dried at 105 ◦ C for 48 h. Olive stone biomass
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Chemical composition of BFS is summarized in Table 1. Olive stone (OS) was supplied by Sahuco
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Table 1. Chemical composition of BFS.
Table 1. Chemical composition of BFS.
Oxide

by Mass
Oxide % by%Mass
NaNa
2 O2O
0.87 0.87
MgO
7.43
MgO
7.43
Al2 O3
10.55
Al2O3
10.5530.53
SiO
2
SiO
30.530.26
P2 O
5 2
SO
P32O5
0.26 1.93
K2SO
O 3
1.93 0.57
CaO
40.15
K2O
0.57
Fe2 O3
1.29
CaO
40.155.53
LOI
Fe2O3
1.29
LOI
5.53
The binder (BFS+OBA) had the proportion summarized in Table 2. The amount of water in the
mixed soil was determined by means of the mini Harvard modified proctor (ASTM STP479, [23]) and
in accordance with Spanish standard UNE 103501 [24] (compaction energy 2632 J/cm3 ). The maximum
dry density of the mixture was obtained for ca. 8% of moisture, as Figure 1d shows.
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Microscopic studies were carried out by field emission scanning electron microscopy (FESEM) in
a ZEISS Supra 55 equipment. The stabilized soil samples were carbon-coated and observed using 2
kV. Energy dispersive spectroscopy (EDS) analyses were carried out with an extra tension of 15 kV
(working distance of 6–8 mm). Thermogravimetric studies were done with a Mettler-Toledo 850
ultrabalance: the 65 ◦ C dried samples were placed inside aluminum crucibles (sealed with pin-holed
lids). A heating rate of 10 ◦ C/min with an air flow of 75 mL/min were the conditions established for the
thermogravimetric test.
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3. Results and Discussion
3.1. Olive Stone (OS) Biomass: Starting Raw Material
During olive oil production, olives are crushed to extract liquid [28]. The olive stone is the
fruit endocarp (innermost part) and encloses the seed. After different processes in which olive pulp
is removed, small dry pieces of OS are obtained [29], as in Figure 3a. The organic-based waste is
usually valued by combustion because it has high calorific power [30]. Figure 3b shows the FESEM
micrographs of this endocarp, a hard and woody tissue composed of sclereids. These cells, also known
as stone cells, come from the sclerenchyma and are lignified. This means that most of the material is
organic in nature. When OS were calcined at 600 ◦ C for 3 h, the organic material was removed and the
reduction in mass exceeded 99%. The remaining ash was 0.77% compared to the starting dried OS.
Figure 3e shows what the ash prepared by calcination in an oven at 600 ◦ C looks like and Figure 3f
depicts a micrograph of ash.
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3.2. Characteristics of the Olive Stone Biomass Ash (OBA)
Figure 4 shows four FESEM micrographs of OBA. The morphology of particles was very irregular.
The diameter of many particles was smaller than 20 µm (see Figure 4a,b), which corresponds to the
particle distribution of OBA (Figure 1c). Some particles were compacted (Figure 4c), but most were
porous and formed by twinned structures (Figure 4d). Chemical composition was analyzed by EDS.
Chemical composition (see Table 3) is based principally on calcium and potassium, and both elements
are alkaline in nature. The sum of both (K2 O+CaO) reached 75%, which indicates that this ash will
show alkalinity when mixed in water. In fact, when OBA was dispersed in water, pH was higher
than
13.
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This sample type showed [31] a strength of 14 MPa. This means that the reaction for OPC was faster
and more effective than the alkaline reaction of BFS with OBA. After 28 curing days, the Rc of the
OBA/BFS blocks was 18.5 ± 2.0 MPa, a significantly lower value than that obtained [31] for the OPCstabilized block (24 MPa). However, for longer curing times (120 days), the Rc for the OBA/BFS

Sustainability 2020, 12, 9824

7 of 14

3.3. Mechanical Properties of Soil-Compacted Blocks
The compacted blocks containing OBA were cured after demolding and sealed with plastic
film. The previous tests carried out demonstrated that if cubic specimens were left under laboratory
conditions (ca. temperature 22–25 ◦ C and RH 40–60%), most of the water used in the mixture would
evaporate, which would imply that cementing gel development would not be optimum. Apparently,
the reaction rate of OBA and BFS was low, and water evaporation must be minimized to complete
the alkali activation of the precursor. Specimens were cured for 7, 28 and 120 days. The density of
specimens after removing plastic film was 2364 ± 33 kg/m3 (mean value of 18 specimens). Cubes were
left in a laboratory atmosphere for 2 days and water evaporation took place: density reduced by 2.66%
(2301 ± 35 kg/m3 ). After this process, cubes were tested in compression (Rc values, in MPa).
After 7 curing days, Rc was 12.5 ± 1.3 MPa: this is a very high value and such behavior was
attributed initially to the high-energy compacting process. Under the same conditions, soil was
compacted with no cementing component [31] and strength went below 3 MPa. This means that
the reaction between OBA and BFS was effective in cementing contribution terms. For comparison
purposes, the soil/OPC samples (1000 g of soil, 100 g of CEM I 42.5R and 97 g of water) were prepared.
This sample type showed [31] a strength of 14 MPa. This means that the reaction for OPC was faster and
more effective than the alkaline reaction of BFS with OBA. After 28 curing days, the Rc of the OBA/BFS
blocks was 18.5 ± 2.0 MPa, a significantly lower value than that obtained [31] for the OPC-stabilized
block (24 MPa). However, for longer curing times (120 days), the Rc for the OBA/BFS system was
27.8 ± 1.9 MPa. This behavior showed very good development of the cementing gel structure over a
Sustainability
2020,
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loss for the 35–200 °C and 200–400 °C ranges was greater for the 120-day cured sample, which
suggests an increase in the cementing gel with the chemical reaction.
Table 4. Thermogravimetric data for the OBA/BFS soil-compacted samples after 28 and 120 curing
days.
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The FESEM studies were carried out to confirm the formation of cementing gels and EDS
Mass Loss (%)
analysis data were summarized in Table 5. Figure 7 shows the selected micrographs of the OBA/BFS
◦
◦C
◦C
Curing
Time
35–200
200–400general
35–600
soil-compacted
blocks
after 28 curing
days. C
Figure 7a,b depict
views of
soil particles
(dolomite
28 days by cementing1.09
2.25 characterized by3.97
and calcite), surrounded
gel. These phases were
the EDS analysis (see
120 days
1.20CaO, the dolomite2.65
4.49 and 35.7% MgO),
Figure 7a). The calcite
particle had 82.5%
particle had 60.2% CaO
and gels Ga and Gb had the following compositions of the main elements: for Ga, Al2O3 = 14.6%, SiO2
= 28.6%,
= 38.6%,
K2Owere
= 6.31%
and MgO
= 7.8%;
for Gb,
2O3 = 16.4%,
2 = 35.4%,
CaOand
= 26.0%,
The CaO
FESEM
studies
carried
out to
confirm
the Al
formation
of SiO
cementing
gels
EDS
K2O = 9.8%
MgO
= 3.8. These
agree
with the
the selected
presencemicrographs
of gel C(K)-A-S-H,
similarly,
analysis
dataand
were
summarized
incompositions
Table 5. Figure
7 shows
of the OBA/BFS
to gel C(N)-A-S-H
[35].
soil-compacted
blocks
after 28 curing days. Figure 7a,b depict general views of soil particles (dolomite
and calcite), surrounded by cementing gel. These phases were characterized by the EDS analysis (see
Figure 7a). The calcite particle had 82.5% CaO, the dolomite particle had 60.2% CaO and 35.7% MgO),
and gels Ga and Gb had the following compositions of the main elements: for Ga, Al2 O3 = 14.6%,
SiO2 = 28.6%, CaO = 38.6%, K2 O = 6.31% and MgO = 7.8%; for Gb, Al2 O3 = 16.4%, SiO2 = 35.4%,
CaO = 26.0%, K2 O = 9.8% and MgO = 3.8. These compositions agree with the presence of gel
C(K)-A-S-H, similarly, to gel C(N)-A-S-H [35].
Table 5. Chemical composition (in mass %, from EDS analysis) of the cementing hydrates and aggregate
particles observed in FESEM micrographs.
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Figure 8 shows some detailed views of the microstructures of the cementing gel. Figure 8a,b
depict that the gel is composed of 1 µm-diameter discs surrounded by twinned discs. A more detailed
EDS analysis (spots) of these gels revealed that the composition contained a significant amount of
magnesium. BFS usually contains a moderate quantity of magnesium, and this element is found in
the cementing gel after BFS alkali activation [36]. It has been reported that limestone is dissolved
during its alkali activation by means of NaOH and NaOH/waterglass [37]. Thus, in the cementing gel
observed in Figure 8a, a significant quantity of magnesium is probably attributed to its dissolution
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observed in Figure 8a, a significant quantity of magnesium is probably attributed to its dissolution from
dolomite and its inclusion in the gel as the C(K,M)-A-S-H product. The chemical composition of the
gel ranged as follows: MgO = 19.5–27.0%, Al2 O3 = 17.5–20.2%, SiO2 = 13.7–20.7%, K2 O = 4.8–7.4% and
CaO = 28.7–35.7%. Figure 8c shows two different microstructures of the gel: the previously described
one and a new one. This new gel is worm-like (Figure 8d). Its chemical composition (EDS spots)
showed that it presented a higher proportion of magnesium: MgO = 29.8–34.2%, Al2 O3 = 21.3–23.9%,
SiO2 = 15.2–15.3%, K2 O = 6.8–8.0% and CaO = 13.3–17.2%. In this case, the quantity of MgO was
notably higher than CaO, which suggests that this gel preferably forms when dolomite dissolution
is considerable.
3.5. Behavior of the OBA/BFS Soil-Compacted Blocks in a Humid Environment
The durability of the soil stabilized blocks is usually assessed by partially or completely soaking
in
water,
capillary absorption, wet-drying and freeze-thawing procedures, among others [38].
In our
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After soaking in water, the OBA/BFS cubes showed a low increase in mass (5.77 ± 0.34% after
After soaking in water, the OBA/BFS cubes showed a low increase in mass (5.77 ± 0.34% after 1
1 h; 5.79 ± 0.32% after 2 h). This means that the total porosity was low, which agrees with the strong
h; 5.79 ± 0.32% after 2 h). This means that the total porosity was low, which agrees with the strong
cementing effect of the OBA/BFS alkali-activated system and the compaction energy while preparing
cementing effect of the OBA/BFS alkali-activated system and the compaction energy while preparing
the block. The total water absorption after 24 h was significantly lower than 15% (maximum value
the block. The total water absorption after 24 h was significantly lower than 15% (maximum value
recommended [40]). After 72 h of water soaking, the mass only increased to 6.16 ± 0.30%. Some
recommended [40]). After 72 h of water soaking, the mass only increased to 6.16 ± 0.30%. Some cubes
cubes were tested after 2 h of soaking, and the compressive strength after soaking was 13.01 ± 0.62
were tested after 2 h of soaking, and the compressive strength after soaking was 13.01 ± 0.62 MPa.
MPa. The calculated water strength coefficient (WR-2h ) was 0.70. This result is extremely positive
The calculated water strength coefficient (WR-2h) was 0.70. This result is extremely positive because it
is similar or higher to previously reported results [40] for 15MPa static-compressed blocks stabilized
with different cementing systems (8% cement, 12% lime, mixtures of 8% cement and 4% lime). Some
additional cubes were water-soaked for 72 h and compressive strength was 13.65 ± 1.18 MPa, which
yielded a water strength coefficient WR-72h of 0.74. This excellent result confirms that the cementing
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because it is similar or higher to previously reported results [40] for 15MPa static-compressed blocks
stabilized with different cementing systems (8% cement, 12% lime, mixtures of 8% cement and 4%
lime). Some additional cubes were water-soaked for 72 h and compressive strength was 13.65 ± 1.18
MPa, which yielded a water strength coefficient WR-72h of 0.74. This excellent result confirms that the
cementing gel is not water soluble and its stability is high despite immersion in water. During the
long-term immersion, the alkali activation of BFS was probably completed because water was largely
available. The binding effect of the formed gel suggests that soil particles strongly adhered despite the
extreme environmental conditions.
3.6. Sustainability and Practical Considerations
Despite the low percentage of OPC used in soil stabilization, this component has an intense
environmental impact, specifically in carbon footprint terms. Replacing OPC with alternative
components to increase technical soil performance is a critical aspect to evaluate and test. The use of
waste to prepare the stabilizer component makes the final product more sustainable. Salim et al. [41]
reported increasing by 65% the compressive strength of compressed earth bricks vs. non-stabilized
earth, by adding up to 10% of sugarcane bagasse ash. This is good behavior, but the technical
performance of the prepared blocks was not excellent, compressive strength was limited after 28 curing
days (less than 4 MPa) and shrinkage cracks were observed in blocks. This result indicates that a
more effective binder must be used in stabilization. The development of alkali-activated cements is
an interesting alternative because CO2 emissions are sometimes associated with cement, which is
significantly lower than that for pure OPC or pozzolan/OPC systems. However, for alkali-activated
systems, the main contributing factor to CO2 emissions is related to the nature and composition of
the activating solution [5]. The grinding process of BFS and OBA must be taken into account for the
environmental evaluation of the OBA/BFS soil-compacted blocks. Grinding involves relatively low
energy use [7,42] when preparing cement and, therefore, low CO2 emissions. Values related to the
CO2 emission in the preparation of a ton of soil/OPC (10% of binder) and a ton of soil/OBA+BFS are
summarized in Table 6. Gate-to-gate procedure was established, analyzing only the value added
process of selection/use of raw materials. If we bear in mind that fabrication of OPC entails 0.907 tons
of CO2 emissions per ton, CO2 emissions per ton of stabilized soil is 0.082 tons. For OBA, the CO2
that derives from the grinding process is calculated; for BFS, apart from the grinding contribution,
the environmental emission factor (EF) must be taken into account [43]. For each ton of OPC-stabilized
soil, 82.5 kg of CO2 are emitted; interestingly, for each ton of OBA/BFS-stabilized soil, there are 3.3 kg
of CO2 . This means a reduction of 96% in the CO2 associated with the final product in component
terms, except soil.
Table 6. Energy parameters and CO2 emission related to the preparation of soil/OPC and
soil/OBA+BFS systems.
Parameter

Energy

CO2 emission (kg/ton)
CO2 emission (kg/kWh)
Grinding process(kWh/ton)
CO2 emission (kg/ton)

OPC

OBA

0.907

BFS

Soil/OPC *

Soil/OBA+BFS #

82.5

3.3

0.0192

0.272
35.4

35.4

#

* 10% OPC in respect to soil; 10% BFS and 4% OBA in respect to soil.

One practical aspect must be taken into account: alkali-activated cement is usually a
two-component (two-part) system and presents difficulties with handling caustic, corrosive and
dangerous reagents (alkali hydroxides and/or silicates) when putting into practice this technology
within the same scope as OPC [44]. For this reason, many researchers are showing much interest in
developing one-part alkali-activated cements (“just add water” cement). The OBA/BFS system is a
good candidate for producing one-part cement: a dry mixture is prepared by mixing both ground
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solids: the solid activator (OBA) with the precursor (BFS). Alternately, the co-grinding of OBA and BFS
can be carried out to synthesize one-part cement. Additionally, these construction material types have
a promising future in developing countries as they involve lower economic and environmental costs,
and also contribute to Sustainable Development Goal number 13 (Climate Action).
4. Conclusions
The following conclusions can be summarized:
(a)
(b)

(c)

(d)

(e)

(f)

(g)

The energetic valorization of OS yields alkaline ash, known as OBA, which presents a sum of
CaO and K2 O higher than 75% per mass.
Dolomitic soil stabilization was conducted by adding 10% BFS, 4% OBA and 8% water with
excellent compressive strength (Rc = 27.8 MPa) for the 40 mm cubic specimens obtained at 120
curing days.
The cementing gel formed by the reaction of OBA and BFS was characterized by thermogravimetry:
the identification of the decomposition peaks in DTG curves showed the formation of C-S-H,
C-A-S-H and hydrotalcite phases.
The FESEM study revealed the formation of the cementing gel-binding calcite and dolomite
particles of soil: the chemical composition of the gel revealed the presence of magnesium and
potassium and the formation of the C(K,M)-A-S-H gel.
The OBA/BFS soil-compacted blocks had a higher water absorption rate than the corresponding
OPC ones, which is disadvantageous behavior in durability terms. However, the water strength
coefficient for the OBA/BFS blocks was 0.70 for the 2-h immersion and 0.74 for the 72-h immersion,
which indicates the strong adhesion of soil particles and the high insolubility of the cementing gel.
If we focus on the material components, the use of OBA/BFS cement reduced CO2 emissions by
96% compared to the OPC soil-compacted blocks: OBA is an excellent activator of BFS from the
mechanical and environmental points of view.
The use of OBA as an activator allowed the preparation of one-part BFS-based cement, which is a
good characteristic from the practical point of view.
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