
Vol.:(0123456789)1 3

Environmental Science and Pollution Research (2023) 30:101317–101342 
https://doi.org/10.1007/s11356-023-29375-y

RESEARCH ARTICLE

Strength performance of low‑bearing‑capacity clayey soils stabilized 
with ladle furnace slag

Ana B. Espinosa1,3  · Víctor Revilla‑Cuesta2 · Marta Skaf1 · Roberto Serrano‑López2 · Vanesa Ortega‑López2

Received: 2 June 2023 / Accepted: 13 August 2023 / Published online: 30 August 2023 
© The Author(s) 2023

Abstract
In this paper, the performance of ladle furnace slag (LFS), a by-product of secondary steel refining, is evaluated as a binder 
to stabilize clayey soils of low bearing capacity. The aim is to define whether additions of this by-product to clayey soil can 
stabilize the soil in accordance with the technical specifications of Spanish standards. To do so, three different soils stabilized 
with 5% LFS were compared with the same soils stabilized with 2% lime and with no stabilization, in order to investigate 
their different behaviors. The chemical and mineralogical characterizations of all the soil mixes were conducted using X-ray 
fluorescence, X-ray diffraction, and scanning electron microscopy. The Atterberg limit test was used to study the plastic 
behavior of the soils, and the results of compaction, bearing capacity, unconfined compressive strength, and direct shear 
strength (cohesion and friction angle) tests defined their strength characteristics. The analysis was completed with the pH 
monitoring of the mixes along the curing time in order to relate the pH changes with the strength evolution. The addition 
of LFS to the soils has resulted in an increase in the liquid limit and plastic limit, causing therefore a slight decrease in the 
plasticity index. All the soils showed increases between 30% and 70% in their California Bearing Ratios immediately after 
mixing with 5% LFS, and after 90 days of curing, improvements of 30–188% in their unconfined compressive strength were 
noted in comparison with untreated soil, which were higher than the lime-stabilized soils. The cohesion of soils stabilized 
with LFS at 28 days of curing obtained improvements ranging from 40 to 300% depending on the type of soil. However, the 
friction angle showed a slight increase of 10% in two of the soils and zero in another. The high initial pH in LFS-stabilized 
soils was maintained during the curing time, which favored the development of pozzolanic reactions that improve the soil 
strength. These results confirmed that the substitution of lime with LFS is a feasible option for soil stabilization.

Keywords Soil stabilization · Ladle furnace slag · Clayey soil · Bearing capacity · Recycling · Road construction

Introduction

The siderurgical industry is among the most important 
global economic activities. In 2022, world crude steel pro-
duction amounted to 1831.5 million tons (Mt) (World Steel 
Association 2023). The main waste generated during iron 
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and steel production is slag, formed from metallic oxides 
that rise to the surface of the molten metal as it cools and 
solidifies (Yildirim and Prezzi 2011). In 2022, global pro-
duction of slag, estimated at around 10–15% of crude steel 
production, was within the region of 190 Mt and 290 Mt 
(USGS 2023).

Steel-production processes differ from country to country, 
but can currently be divided, in a simplified way, into two 
types. On the one hand, there is an integral iron and steel 
industry, in which iron ore is converted into a raw material in 
a blast furnace (BF), which is followed by a decarburization 
process, generally in blown oxygen converters (basic oxy-
gen furnace-BOF). On the other hand, scrap iron is usually 
melted in electric arc furnaces (EAF) in an electric cycle. 
After this “primary metallurgy,” a second refining process 
is required to obtain high-quality steel that consists of sub-
jecting the liquid steel to a dephosphorization process in 
an EAF or BOF, which is subsequently poured into a ladle 
where it is deoxidized, desulfurized, and alloyed under the 
protection of a basic slag (Setién et al. 2009). Then, the slag 
is poured from the ladle in a liquid state, cooled to ambient 
temperature, and piled up in large slag heaps outside. This 
steelmaking by-product is ladle furnace slag (LFS).

Utilizing these by-products for new applications, such 
as construction (Akinmusuru 1991; Geiseler 1996; Motz 
and Geiseler 2001) and the agriculture sector (Proctor et al. 
2000), is a sensible approach that aligns with the principles 
of the circular economy, effectively mitigating the environ-
mental impact arising from the significant volumes of slag 
generated in iron and steel processes. Previous experiences 
have explored the reuse of certain by-products from the 
steel industry, mainly at an experimental level. The primary 
focus has been on reusing blast furnace slag (BFS) (Wild 
et al. 1998), electric arc furnace slag (EAFS) (Yildirim and 
Prezzi 2017), and converter slag or basic oxygen furnace 
slag (BOFS) (Kambole et al. 2017). However, research into 
the reuse of ladle furnace slag (LFS) is less widespread 
(Serjun et al. 2013; Santamaría et al. 2021). Although the 
global annual LFS production is set at about 30 Mt per year 
(Mahoutian and Shao 2016), this type of slag is usually 
deposited in landfills due to the wide variability in its chemi-
cal composition and crystalline structure depending on its 
origin (Setién et al. 2009), which complicates its feasibility.

Over recent years, greater ecological awareness in all of 
its social dimensions, the need to reduce the use of natural 
resources, and the economic opportunity of reusing poten-
tially useful co-products for other industrial materials have 
prompted several investigations aimed at finding feasible 
and economically profitable applications of LFS, such as 
aggregate in the manufacture of structural mortars (Adolfs-
son et al. 2011; Santamaría et al. 2016; Rosales et al. 2017), 
masonry mortars (Rodriguez et al. 2009; Manso et al. 2011), 
vibrated concrete (Papayianni and Anastasiou 2010; Polanco 

et al. 2011) and self-compacting concrete (Anastasiou et al. 
2014), cement production (Richardson and Cabrera 2000; 
Akin Altun and Yilmaz 2002), soil stabilization (Kanagawa 
and Kuwayama 1997; Montenegro et al. 2013), and envi-
ronmental engineering (Herrmann et al. 2010; Radenović 
et al. 2013) and granular material for backfills (Maghool 
et al. 2017a).

The stabilization of low-quality clayey soils is a crucial 
civil engineering practice enhancing the performance of 
road infrastructures, foundations, and slope stability. This 
process aims to improve various aspects, such as strength, 
stress-strain properties, volumetric stability, permeability, 
and durability (Bell and Coulthard 1990). These improve-
ments can be achieved through a range of methods, includ-
ing mechanical, biological, physical, chemical, or thermal 
procedures (Ortega-López et al. 2017). Among the diverse 
stabilization techniques available, chemical stabilization 
stands out as the most widely used method in the geotech-
nical sector, primarily due to its cost-effectiveness (Katz 
et al. 2001). Traditionally, chemical stabilization has relied 
on additives like cement (Consoli et al. 2007), lime (Bell 
1996; Boardman et al. 2001; Dash and Hussain 2012; Gho-
badi et al. 2014), and fly ash (Kim et al. 2019; Manh Do 
et al. 2019). Non-traditional agents encompass additional 
additives that undergo chemical reactions with the soil and/
or other additives. These materials include industrial by-
product materials, other waste products with calcium oxide 
content, such as waste paper sludge ash, sulphonated oils, 
ionic compounds, and polymers (Petry and Little 2002; 
Ikeagwuani and Nwonu 2019).

By incorporating industrial by-products, economic ben-
efits are provided, and they also contribute to a more sustain-
able approach to soil stabilization, effectively reducing the 
carbon footprint (Behnood 2018; Xu and Yi 2019). There-
fore, numerous new research challenges have been under-
taken to develop environmentally friendly stabilizers based 
on these innovative materials (Nidzam and Kinuthia 2010; 
Wilkinson et al. 2010a, b, James and Pandian 2016; Brand 
and Fanijo 2020), such as ground granulated blast furnace 
slag (GGBFS) (Obuzor et al. 2012; Hossein Rafiean et al. 
2020; Seco et al. 2021), basic oxygen furnace slag (BOFS) 
(Poh et al. 2006; Mahieux et al. 2009; Kambole et al. 2017), 
button fly ash (Yoon et al. 2009), and cement kiln dust 
(Mosa et al. 2017).

Several studies have highlighted the potential of LFS 
in improving problematic soils, enhancing their plasticity, 
strength, and drainage properties (Akinwumi 2014; Mon-
tenegro-Cooper et al. 2019). Understanding the complete 
range of chemical, mineralogical, and morphological proper-
ties of slags is crucial, as their mechanical and cementitious 
characteristics play a vital role in successful soil stabilization 
(Manso et al. 2005; Setién et al. 2009; Yildirim and Prezzi 
2011; Marinho et al. 2017). Considering the composition of 
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LFS and its pozzolanic properties, which are similar to lime, 
several research groups have explored the substitution of 
lime with LFS (Manso et al. 2013; Montenegro et al. 2013; 
Ortega-López et al. 2017; Brand et al. 2020) and their com-
bined use (Shen et al. 2019; Xu and Yi 2019). The primary 
constituents of LFS are calcium oxide and magnesium oxide, 
both being of a basic nature and accounting for over 60% 
of the total weight. Other components, comprising around 
30% of the weight, are oxides of an acidic nature such as 
silica and aluminum oxide. Additionally, LFS contains vari-
ous other components in smaller proportions (less than 10% 
in weight), including calcium fluoride, sulfide, and oxides 
of iron, manganese, titanium, and alkaline elements (Setién 
et al. 2009).

The expansive properties of LFS cause great limitations 
to its direct use as a granular material for civil engineer-
ing applications (Papayianni and Anastasiou 2006; Setién 
et al. 2009; Maghool et al. 2017b), so many researchers have 
therefore analyzed the unstable character of this material 
(Wang et al. 2010; Montenegro-Cooper et al. 2019). The 
hydration and carbonation of the free-CaO (lime) and free-
MgO (periclase) contained in LFS provoke the appearance of 
portlandite (Ca(OH)2), calcite  (CaCO3), brucite (Mg(OH)2), 
and magnesite  (MgCO3), among others. These compounds 
are associated with significant volumetric expansion, espe-
cially remarkable for MgO reactions, whose swelling can in 
the long term reach values of up to 40% or more (Ortega-
López et al. 2014). These possible expansive reactions must 
therefore be considered in the applications of this industrial 
by-product.

In this paper, an experimental program designed to 
evaluate the applicability of LFS in the stabilization of 
low-bearing-capacity clayey soils is presented. Three 
soils of different origin and composition were selected, 
all of them classified as unsuitable for their direct use as 
filler material in civil works. A fixed content of 5% LFS 
was established, based on previous studies of the authors 
(Manso et al. 2013; Ortega-López et al. 2014). Moreo-
ver, since soil stabilization with lime has been one of the 
oldest and most widespread techniques, it was decided to 
prepare control samples of each soil with a lime percent-
age of 2%. The main research objective of this study was 
to verify that the use of LFS in low-bearing-capacity soil 
stabilization yielded satisfactory geotechnical results, 
comparable to conventional stabilization results with 
lime, with the subsequent environmental benefit. To do 
so, the tests defined in current Spanish standards (Minis-
terio de Fomento 2015) were performed on all the mixes 
to corroborate their behavior, focusing on their mechani-
cal properties and volumetric stability and comparing 
the experimental soil-LFS results with those of control 
soil-lime mixes. Hence, an exhaustive test program was 
developed, in which the plasticity, compaction, bearing 

capacity, unconfined compressive strength, and volumetric 
stability of the mixes were analyzed. Moreover, another 
contribution of this research was the analysis and evolu-
tion of the shear strength parameters determined with the 
direct shear test, in order to obtain the necessary analytical 
values required for the bearing capacity calculation based 
on traditional geotechnical formulas (Das 1999) or using 
finite element software. The evolution of the pH over the 
curing time was analyzed in order to correlate its variation 
with the strength development. Furthermore, a detailed 
study of chemical, mineralogical, and microstructural 
characterization of the stabilized soils was conducted with 
advanced techniques such as X-ray fluorescence (XRF), 
X-ray diffraction (XRD), and scanning electron micros-
copy (SEM), in order to ascertain the main changes that 
lead to improved soil performance after mixing the soils 
with LFS. In this research, it was found that small per-
centages of LFS stabilizer generated improvements in the 
plastic and strength behavior of the treated soil.

Materials and methodology

Raw materials

Natural soils

Three clayey soils of low bearing capacity were selected 
that were not acceptable in terms of the Spanish technical 
specifications (PG-3) (Ministerio de Fomento 2002) on the 
use of soil in civil works such as road embankments, bases, 
and subbases. The samples were collected during earthworks 
at three different locations in the province of Burgos (Spain), 
identified as SA (Soil Argaño), SB (Soil Bakimet), and SV 
(Soil Villalonquejar), according to their origin. Their real 
final destinations all differed: SA was reused as embank-
ment filler following stabilization with lime; SB was used 
as filler within a landscaped area; and SV was removed to a 
temporary storage area for future applications.

In Article 512 of the Spanish regulation PG-3 (Ministerio 
de Fomento 2015), two categories of lime-stabilized soils 
are defined: soil type 1, where the California Bearing Ratio 
(CBR) of the mix at 7 days is no less than 6 and the lime 
content must be under 2%; and soil type 2, where the CBR of 
the mix at 7 days is no less than 12 and the lime content must 
remain above 3%. In addition, this regulation establishes 
that natural soils can be stabilized in situ with lime, if they 
satisfy several specifications:

• Regarding its granulometry, 100% should pass through 
an 80-mm sieve and more than 15% through a 0.063-mm 
sieve.
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• Concerning its chemical composition, the organic-matter 
content must not exceed 2% to obtain a type 1 stabilized 
soil and 1% for a type 2 stabilized soil.

• In both soil types, the soluble-sulfate content should be 
less than 0.7%.

• With respect to plasticity, soils must have a plasticity 
index (PI) higher than 12% for a type 1 stabilized soil 
and between 12 and 40% for a type 2 stabilized soil. If 
the value of 40% is exceeded, the soil must be mixed with 
lime in two stages.

Table 1 shows a summary of the main physical and chem-
ical soil properties, together with their classification accord-
ing to Unified Soil Classification System (USCS) and Span-
ish classification regulation (Ministerio de Fomento 2002). 
Following this characterization, three soils were suitable 
for stabilization according to the PG-3 Spanish regulation 
(Ministerio de Fomento 2015). Although the SB soil did 
not fulfill the plasticity requirement, it met the rest of the 
criteria, so it was also considered appropriate for its experi-
mental stabilization. According to the Spanish classification, 
all the clays were marginal soils. According to USCS, the 
SA and SV soils were classified as CL, indicating that they 
were inorganic clays of medium plasticity, and the SB soil 
was classified as SC-SM, indicating silty-clay sands with a 
high percentage of fine material.

Apart from the physical properties of the soils, a series 
of tests were performed to determine their chemical, min-
eralogical, and micro-texture characteristics through X-ray 
fluorescence (XRF), X-ray diffraction (XRD), and scanning 
electron microscopy (SEM).

• A Thermo Electron Corporation, ARL ADVAT XP 
Sequential X-Ray Fluorescence spectrometer was used 
for the chemical evaluation of the soils. The UNI-

QUANT 5.47 program was used to determine the con-
centration of the oxides, and the results were expressed 
in % (limit of detection 10 ppm). Table 2 contains the 
results obtained in the XRF test for the natural soils 
under study.

• A Bruker D8 Discover Davinci X-Ray Diffractometer 
was used for the mineralogical characterization of the 
soils. The equipment had the following technical speci-
fications: LynxEye XE_T detector, Cu radiation, voltage 
40 kV, intensity 30 mA, scanning range 5° 2θ–80° 2θ, 
step size of 0.05° 2θ, and time per step 1 s. The main 
mineralogical components and their concentration in the 
three natural soils are shown in Table 3 and Fig. 1, which 
contains their diffraction patterns.

• A JEOL JSM-6460LV Scanning Electron Microscope 
(SEM) with backscattered electron, secondary electron, 
and X-ray energy dispersive detectors was used to per-
form the SEM analysis for the morphological charac-
terization of the materials. The SEM equipped with a 
high vacuum system produces images at a magnification 
power of times 300,000 and analysis of elemental chemi-
cal composition. Figure 2 shows SEM images of the three 
soils.

All the three soils had quartz, calcite, and muscovite 
in their composition. In fact, the SA soil was only com-
posed of those three minerals. The SB soil also had illite 
and kaolinite, small concentrations of rutile, and traces of 
vermiculite. In contrast, the SV soil presented, in addi-
tion to quartz, calcite, and muscovite, dolomite, and small 
concentrations of aluminum oxide. SEM images revealed 
the discontinuous structure of the three soils, with smooth 
morphologies, dispersed small-sized particles, where the 
voids between them could be appreciated.

Table 1  Properties and classification of soils

*CL, clays; SC, clayey sands; SM, silty sands

Properties SA SB SV

Particle size distribution ISO 17892-4:2016 % passing # 80 mm 100 100 100.0
% passing # 5 mm 97.7 91.7 89.7
% passing # 0.08 mm 79.3 45.8 67.7

Specific gravity of particles (Mg/m3) ISO 17892-3:2015 2.69 2.69 2.72
Organic matter content (%) UNE103 204:2019 0.96 0.89 0.94
Soluble sulfates (%  SO3) UNE 103 205:2019 0.02 0.16 0.06
LL (%) ISO 17892-12:2012 31.00 21.20 46.40
PL (%) ISO 17892-12:2012 16.10 16.20 23.30
PI (%) 15.00 5.00 23.10
USCS classification* CL SC-SM CL
Spanish classification Marginal Marginal Marginal
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Lime

The hydrated lime CL90-S, identified as C, was manufac-
tured by Cementos Tudela Veguin (Oviedo, Spain). The 
chemical composition of this material is shown in Table 2.

Ladle furnace slag

The ladle furnace slag (LFS) used in this research (labelled 
E) was a by-product obtained from the metallurgical activ-
ity at Acería Tubos Reunidos (Amurrio, Spain). It was a 
powdery material whose composition, similar to cement 
and/or limes, contained calcium and magnesium silicates 
and aluminates, and it was therefore expected to be suitable 
for use in soil stabilization (Ortega-López et al. 2017). The 
LFS fraction used was smaller than 1 mm in size. Table 2 
contains the chemical composition of the LFS, determined 
by XRF, and Table 4 contains its main mineralogical phases 
obtained by XRD (Fig. 3), using the same procedures and 
equipment as for the natural soils.

The hydraulic index (i) can be determined on the basis 
of the LFS chemical composition obtained by XRD. The 

index is defined as a ratio between the acidic and the basic 
oxides that compose a material (Eq. (1)). The slag in use 
yielded a hydraulic index of 0.4, a typical value for a hydrau-
lic lime, so it was classified as standard hydraulic (hydraulic 
indexes: air lime 0–0.1; weakly hydraulic 0.1–0.16; aver-
agely hydraulic 0.16–0.31; standard hydraulic 0.31–0.42; 
strongly hydraulic 0.42–0.5) (Coutinho and Gonçalves 1988; 
Marinho et al. 2017).

The presence of reactive  SiO2 and Ca(OH)2 in LFS implies 
that it can show self-cementing properties and pozzolanic 
properties as a binder (Malhotra and Mehta 2004), as several 
researchers have confirmed (Shi 2002, 2004; Adolfsson et al. 
2011; Belhadj et al. 2012; Papayianni and Anastasiou 2012). 
The cementitious capacity of slag is defined by its alkaline 
character, according to the ratio (CaO+MgO)/(SiO2+Al2O3) 
(CEDEX 2013). Taylor (1997) indicated that steel slags must 
have a basic character greater than 1.8 points to be used as 
cementitious materials. The alkalinity of the LFS, as per its 

(1)i =
%SiO2 + %Fe2O3 + %Al2O3

%CaO + %MgO

Table 2  XRF results of natural 
soils and binders (% by weight)

*LOI, loss on Ignition 110 °C/550 °C, calculated from the mass loss obtained in ignition analysis, mainly 
corresponding to  H2O and  CO2

Weight (W %) SA (W %) SB (W %) SV (W %) LFS (W %) Lime (W %)

CaO 59.58 12.83 26.82 56.7 92.3
SiO2 20.52 69.06 45.25 17.7 1.20
MgO 1.93 1.16 8.25 9.60 1.40
Fe2O3 3.15 3.26 3.51 2.20 0.30
Al2O3 8.27 11.41 10.85 6.60 2.10
SO3 0.29 0.08 0.25 0.92 0.10
TiO2 0.25 0.63 0.38 0.34 0.80
K2O+Na2O 1.68 2.59 2.55 0.10 0.90
F 1.89 N.D. 0.15 N.D. N.D.
LOI 110* 2.18 1.72 2.84 - -
LOI 550* 5.64 3.99 6.62 - -

Table 3  Main mineralogical 
phases of natural soils obtained 
through XRD

Mineral Chemical formula Concentration level

SA SB SV

Quartz SiO2 Major Major Major
Calcite CaCO3 Major Major Major
Muscovite KAl2(AlSi3O10)(OH)2 Major Major Major
Illite-2M2 (K,H30)Al2(Si3Al)O10(OH)2·H2O - Major -
Vermiculite-2M Mg3.41Si2.86Al1.14O10(OH)2(H2O)3.72 - Trace -
Kaolinite Al2(Si2O5)(OH)4 - Major -
Rutile TiO2 - Minor -
Dolomite CaMg(CO3)2 - - Major
Aluminum Oxide Al2O3 - - Minor
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Fig. 1  XRD diffraction pattern of natural soils: a SA; b SB; c SV
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bulk composition in Table 2, was 2.73, which is indicative of 
high reactivity (Shi and Qian 2000), so it can be considered 
as a low-strength Portland cement clinker (Shi and Day 1999).

Finally, hydration and carbonation of free lime (CaO) 
and magnesia (MgO) are the main causes of the volumetric 

expansion of LFS that is also the main drawback for its 
use in civil-engineering applications (Motz and Geise-
ler 2001). Exposure to natural weathering is an efficient 
technique to minimize the deferred formation of expan-
sive oxides that can cause problems in the long term 
when using LFS (Diniz et al. 2017). A problem that can 
be minimized when most of the free lime in the LFS has 
already been partially hydrated, in the form of portlandite, 
Ca(OH)2, and even slightly carbonated, in the form of cal-
cite,  CaCO3. However, although magnesium oxides were 
present in lower concentrations than calcium oxides, they 
led to slow carbo-hydration reactions, which resulted in 
their expansion in the medium to long term. Such behavior 
must therefore be controlled during application (Manso 
et al. 2013).

Design of soil‑stabilized mixes

The three natural soils were mixed with 5% LFS, in order 
to evaluate the potential use of LFS as a stabilizing agent, 

Fig. 2  SEM images of natural soils: a SA; b SB; c SV, at different magnifications (scale bar: 10 μm)

Table 4  Main mineralogical phases of LFS

Mineral Chemical formula Concentration level

Periclase MgO Medium
Fluorite CaF2 Minor
Portlandite Ca(OH)2 Medium
Calcium–olivine Ca2SiO4 Major
Calcite CaCO3 Medium
Mayenite Ca12Al14O33 Medium
Aluminates A3C5 Traces
Jasmundite Ca11(SiO4)4O2S Minor
Hydrated calcium 

aluminates
Ca3Al2[(OH)4] Traces

Fig. 3  XRD diffraction pattern of LFS
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considering previous studies of this research group (Manso 
et al. 2013; Ortega-López et al. 2014). As a reference mix, 
the soils were also mixed with 2% lime, which is the mini-
mum binder content according to the standards (Ministerio 
de Fomento 2015), aiming to reduce the consumption of raw 
materials that are also non-sustainable. Previous research, such 
as studies conducted by Eades and Grim (1966), Bell (1996), 
Dash and Hussain (2012) and Ghobadi et al. (2014), indicated 
that stabilizations with low percentages of lime (1–3%) also 
lead to significant strength improvements over the curing time. 
In that way, it was expected to compare both types of stabiliza-
tions with a conventional binder (lime) and with an alternative 
binder (LFS), with the purpose of obtaining mixes of similar 
quality to be used in road sub-bases. Furthermore, the perfor-
mance of the non-stabilized soils was also evaluated.

The identification of the mixes in the study were as 
follows:

• Soil SA mixed with 2% lime (SAC2).
• Soil SA mixed with 5% LFS (SAE5).
• Soil SB mixed with 2% lime (SBC2).
• Soil SB mixed with 5% LFS (SBE5).
• Soil SV mixed with 2% lime (SVC2).
• Soil SV mixed with 5% LFS (SVE5).

Experimental methodology

A series of physical and chemical characterization tests were 
performed on the 9 soil samples (3 natural soils, 3 soil-lime 
mixes, 3 soil-LFS mixes) as per Spanish standards (Ministe-
rio de Fomento 2002). The following tests were conducted: 
plasticity, modified compaction, bearing capacity, unconfined 
compressive strength, direct shear strength, volume stability, 
and pH evolution Euronorm (n.d.), the experimental processes 
of which are detailed below. In addition, XRD and SEM anal-
yses were also conducted on the stabilized mixes after curing 
for 90 days following the same procedures and using the same 
equipment as in the raw-material analysis. Most of the chemi-
cal reactions were thought to occur during the medium-term.

Atterberg limits

Atterberg limit tests were performed to determine both 
the liquid and the plastic limit and the plasticity index, 
according to ISO 17892-12 (ISO 2012). These tests were 
performed immediately after mixing with the established 
binder percentages, with no time to start complex chemical 
processes, in order to verify the effects of the binders on 
the plasticity of the mixes.

2.3.2. Modified compaction test
The Optimum Moisture Content (OMC) and Maximum 

Dry Density (MDD) were determined for each soil sample, 
which were the reference values for further determinations 

and tests. The Modified Proctor (MP) test was performed, 
according to ASTM D1557-12 (2012), whose compac-
tion energy was 2,632 J/cm3. A minimum of 5 points was 
obtained to define the compaction curves.

Unconfined compressive strength test

Unconfined compressive strength (UCS) is one of the most 
common tests to estimate the stiffness of materials used 
in pavements. In fact, it is an index value that determines 
the applicability of a material in the different areas of a 
pavement structure. This test consists of applying an axial 
vertical load on a cylindrical specimen without lateral con-
finement, controlling the stress-strain conditions, accord-
ing to EN ISO 17892-7 (ISO 2017). UCS is defined as the 
maximum unit strength supported by the specimen in the 
loading process at a constant speed. The cylindrical test 
specimens were prepared in a Harvard mold (3.8-cm diam-
eter and 7.6-cm height) with MP compaction energy. The 
specimens were cured in a moist chamber at a temperature 
of 20 ± 3 °C and a relative humidity of 95% ± 5% until 
the testing ages: 0, 3, 7, 28, and 90 days. Three specimens 
were tested for every soil sample at every age. The uniform 
breaking speed in the press was 1 mm/min.

California Bearing Ratio (CBR) test

The California Bearing Ratio (CBR) index is an indirect 
measure of the soil shear strength and depends on the 
moisture content and level of compaction. The CBR test 
is therefore used to evaluate the bearing capacity of com-
pacted soils such as embankments, pavement layers, and 
subgrade, and its results define the bearing capacity of soil 
samples, as well as swelling after a period of immersion in 
water, according to ASTM D1883-21 (2021). After mixing 
the sample and determining its OMC and MDD with the 
Proctor Compaction Test, it was dynamically compacted 
in a standard mold in three layers of similar thickness by 
applying 15 blows per layer with a 2.5 kg rammer. Subse-
quently, the specimens were immersed in water for 96 h 
with a surface overload of 4.5 kg, taking strain readings 
with dial gauges every 24 h. The CBR test was then per-
formed with an automatic press, whose maximum load cell 
force measurement and penetration piston speed were 50 
kN and 1.2 mm/min, respectively.

Volumetric stability tests

Spanish regulations (Ministerio de Fomento 2015) approve 
the use of stabilized soils in the foundation and the core of 
embankment fillings, if their free-swelling is not in excess 
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of 1.5%. Therefore, with the aim of evaluating the volumet-
ric stability of the 9 soil samples, free-swelling tests were 
conducted in an oedometer according to ASTM D4546-21 
(2021). This test consists of measuring the deformation 
experienced by a laterally confined soil specimen subjected 
to a vertical pressure of 10 KPa and inundated with water, 
until the strain reaches the equilibrium. The free swelling 
is expressed as the percentage increase in height of the 
specimen with respect to its initial height. Specimens with 
a diameter of 4.95 cm and a height of 2 cm, compacted with 
MP conditions were used.

Direct shear test

This test consists of determining the strength parameters, 
cohesion (c′), and internal friction angle (Φ'), of a soil sam-
ple subjected to shear stress, according to EN ISO 17892-
10 (ISO 2018). The test was performed on three cylindri-
cal specimens, 20 mm in height and 50 mm in diameter, of 
each soil sample. These specimens were compacted with the 
MP conditions and then subjected to a primary consolida-
tion process for 24 h with a predetermined vertical pressure 
to facilitate drainage. Later, the specimens were placed in 
the direct shear box, in which vertical pressure was main-
tained, and a horizontal shear force was applied in such a 
way that the specimens were broken along a predefined hori-
zontal plane. The shear speed was determined according to 
the consolidation-phase results. The test was repeated for 
three different vertical pressures: 100 KPa, 200 KPa, and 
300 KPa. In each determination, both the vertical and the 
horizontal strains and the vertical and the shear load cell 
data were measured, so the applied tangential and normal 
stresses were determined. A consolidated-drained test was 
performed in this research, in which drainage took place in 
both the primary consolidation phase and the failure phase. 
For this purpose, the rupture velocity was sufficiently slow, 
so that no interstitial pressures were generated.

pH evolution

pH measurements were performed over the curing time of 
the soil samples according to EN ISO 10390:2021 (ISO 
2021) to determine their pH evolution. Two test specimens 
of each mix were prepared with the OMC and MP compac-
tion energy to perform this test. Subsequently, the specimens 
were preserved in a moist chamber during different curing 
ages (0, 3, 7, 14, 21, 28, 56, and 90 days). After these curing 
periods, 5 g of soil, which were obtained from the produced 
specimens, and 25 ml of distilled water were mixed and sub-
jected to agitation for 1 h, and subsequent repose during 
another hour. After these times, the pH measurements were 
taken. The pH-determination samples were prepared with 
a mortar and pestle to obtain the maximum specified size, 
avoiding the use of an oven, due to the fact that water con-
tent or temperature variations can affect the products formed 
during the hydration reactions and, therefore, their physical 
behavior (Boardman et al. 2001).

Results and discussions

Atterberg limits

The results obtained for the liquid limit (LL), the plastic 
limit (PL) and the plasticity index (PI) are depicted in Fig. 4. 
The control mixes with 2% lime showed an increase in LL of 
13 percentage points for SAC2 and 8 points for SBC2, while 
SVC2 exhibited a reduced LL by 3 points. In all cases, the 
PL increased with the addition of lime, obtaining values of 
31%, 25%, and 36%, for the SAC2, SBC2, and SVC2 mixes, 
respectively. As a result, the plasticity index of the mixes 
was slightly reduced, trend also found in other studies (Wild 
et al. 1998; Boardman et al. 2001; Rahmat and Kinuthia 
2011; Manso et al. 2013). The plasticity reduction was more 
prominent in the SV soil, in which the PI was reduced in 16 

Fig. 4  Atterberg limits of natu-
ral soils and their mixes with 
lime and LFS
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percentage points as the PI decreased from 23 to 7% when 
stabilizing with lime (SVC2 mix).

The reduction of the PI when lime was added was due 
to cation exchange that occurs when the cations in the dou-
ble diffuse layer of the clay particles can be replaced with 
calcium ions  (Ca2+) present in the lime cation exchange, 
which led to a decrease in the LL and an increase the PL of 
the clay. However, depending on the mineral structure of 
the clay, an increase in the liquid limit (LL) could indeed 
be possible, as observed in kaolinite and quartz soils (Bell 
1996; Boardman et al. 2001; Rahmat and Kinuthia 2011). 
Dash and Hussain (2012) proposed that the LL behavior in 
lime-treated soils can be categorized into three phases: ini-
tially, a decrease due to rapid reduction in the thickness of 
the diffuse double layer; secondly, flocculation result in a LL 
increase, and finally, pozzolanic reactions generate gelati-
nous material that retains water, leading to an improvement 
in LL. Those short-term reactions meant that any changes 
can be immediately appreciated after mixing the binder with 
the soil. As a result of these modifications, an improvement 
in the workability of the soil is obtained (Sherwood 1993).

The tendencies of both the LL and the PL were similar 
both for the LFS mixes and for the soils stabilized with lime, 
which increased with respect to the LL and the PL of the 
natural soils, which in turn led to a slight decrease in the 
PI. However, the LL reduction of the SVC2 mix differed 
in trend from the other mixes, which could be due to a low 
percentage of lime addition for this soil and without curing 
time, so the changes could be attributed to cation exchange 
alone. Dash and Hussain (2012) obtained similar results with 
a residual soil having similar plastic characteristics than SV. 
Less plastic soils, such as the SB soil, with compounds such 
as kaolinite or illite, showed neither rapid nor important 
changes. The more plastic the soil, and higher its specific 
surface and the faster the changes it underwent (Bell 1996; 
Boardman et al. 2001), as with the SA and SV soil mixes.

Modified compaction test

Table 5 shows the results of the Optimum Moisture Content 
(OMC) and Maximum Dry Density (MDD) obtained in the 
Modified Proctor (MP) test.

It was found that the binders slightly modified the reference 
values obtained for the natural soils, because low substitution 
percentages were used and the fact that the determination was 
conducted immediately after mixing, which represented little 
or no variation in relation to the natural soil. The results for 

the mixes with lime and LFS were identical to each other and 
showed, in general, a decrease in the MDD and an increase 
in the OMC compared to the values for natural soils, which 
in turn translated into a light flattening of the Proctor curve. 
These results were in accordance with the existing literature 
(Bell 1996; Rahmat and Kinuthia 2011; Ghobadi et al. 2014; 
Diniz et al. 2017). The increase in the OMC was 0.5 percent-
age points higher compared to the untreated soils in the SAC2, 
SAE5, SBC2, and SBE5 mixes (10.80% and 8.90%, compared 
to 10.30% and 8.40%, for the SA and SB soils, respectively). 
There was a 1% increment of the OMC (14.50%) with respect 
to the SV natural soil (13.50%) in the SVC2 mix. The MDD 
variations were not very significant, with reductions of 0.02 
Mg/m3 in all mixes.

The slight changes arising from the addition of lime 
may be attributed to the flocculation that occurs when 
the diffuse double layer in the cation exchange decreases, 
which is eased by the existing high electrolyte concen-
tration and the high pH induced by lime addition. Floc-
culation and agglomeration generate an increase in void 
volume and thus a reduction in the MDD (Rahmat and 
Kinuthia 2011). This decrease in MDD can also be attrib-
uted to the formation of cementitious products, which 
reduce the compactability of a treated soil (Abdelkader 
and Hamdani 1985).

Different investigations on LFS-stabilized mixes have 
a priori exposed contradictory results. Montenegro et al. 
(2013), who carried out studies with two types of soils, 
found that the trend of one of the soils mixed with LFS 
was similar to the trend recorded for lime, while the other 
soil, with a higher percentage of fines and higher PI, pre-
sented a slight increase in the MDD and an OMC decrease 
when the percentage of LFS was increased. Nevertheless, 
Brand et al. (2020) proved that an increase in the per-
centage of LFS generates increments in OMC and MDD. 
Manso et al. (2013) obtained results similar to the ones 
of this study, with minor variations in the OMC and the 
MDD when adding both lime and slag. Finally, Lopes 
et al. (2022), who worked with a clayey soil and a sandy 
soil, found that in both cases the increase in the percent-
age of LFS in the mixes led to a decreasing tendency in 
the OMC and a small increment in the MDD, which was 
attributed to the filler size, caused by the lower size of the 
LFS particles and their morphology. It therefore appears 
quite clear that the variations in the OMC and the MDD 
when stabilizing with LFS depend on the nature of the 
soil and the LFS.

Table 5  MP test of natural soils 
and lime- and LFS-stabilized 
soils

Mixes SA SAC2 SAE5 SB SBC2 SBE5 SV SVC2 SVE5

MDD (Mg/m3) 1.86 1.84 1.84 2.05 2.03 2.03 1.75 1.73 1.73
OMC(%) 10.30 10.80 10.80 8.40 8.90 8.90 13.50 14.50 14.50
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Unconfined compressive strength

Figure 5 shows the evolution of the unconfined compres-
sive strength (UCS) over time of all the mixes tested at 0, 
3, 7, 28, and 90 days. The UCS of a stabilized soil mainly 
depends on four different factors, which must also be con-
sidered when stabilizing with LFS:

• First, the mineralogical composition of clay is a funda-
mental factor in the strength development of stabilized 
soils (Eades and Grim 1960). The mineralogical struc-
ture conditions the level of activity on the surface of the 
clay particle, which is called cation exchange capacity. 
Clay soils such as kaolinite have a relatively low cation 
exchange capacity compared to other expansive clay 
soils, such as montmorillonite, which have a high cation 
exchange capacity (Bell 1996). This property affects the 
short-term behavior of the mixes, but Bell (1996) sug-
gested that it is not an important factor in terms of long-
term strength development. With respect to chemical 
composition, clay soils with higher percentages of  Si2O3 
react more strongly with lime or other stabilizers. For 
example, reactions with montmorillonite clay are faster 
than with kaolinitic clays, while illite and chlorite are 
much less reactive than montmorillonite (Bell 1988).

• Second, the percentage of stabilizer added to the clayey 
soil is also a determining factor. In the various studies 
conducted on lime-stabilized soils (Eades and Grim 
1960; Bell 1988; Rogers and Glendinning 2000), it has 
been found that when lime is added to the soil in the pres-
ence of water, the first thing is to satisfy the soil’s affinity 
for lime. The calcium ions in lime are adsorbed by the 
clay minerals, so they are not available for pozzolanic 
reactions until that affinity is satisfied (Bell 1988). The 
percentage of lime at which this process is completed 
is called the fixation point, and its effects improves the 
workability of the soil. However, only the excess lime 
over the fixation point is used in the cementation pro-
cesses that confer increased strength (Bell 1996). In pre-
vious research (Eades and Grim 1966; Boardman et al. 
2001), it has been suggested that an insufficient amount 
of lime may mean that cation exchange remains incom-
plete and that the physical effects of flocculation are not 
forthcoming in the short-term, or that there is insufficient 
lime for pozzolanic reactions to occur in the long-term 
(Rahmat and Kinuthia 2011).

• Third, the curing process has also to be considered. It is 
clear that the effect of the stabilizing binder on strength 
development is a function of time, temperature, and rela-
tive humidity (Mitchell and Hooper 1961). Time-depend-
ent pozzolanic reactions lead to progressive strength 
development throughout the curing time (Bell 1996). In 
the short term, strength improvement is attributed to the 

formation of poorly ordered cementitious products sur-
rounding the clay particles. The strength gain in the long 
term is however associated with the gradual crystalliza-
tion of new structurally ordered minerals (Bell and Coul-
thard 1990). This crystallization is caused by cementing 
processes, due to the slow hydration of di-calcium sili-
cate and pozzolanic reactions between the clay fraction 
of soils and lime. Therefore, all samples have to be kept 
under the same curing conditions to exclude their effect 
on the comparative strength analyses.

Finally, the moisture content of the soil is another fac-
tor to be controlled. According to Bell (1988), soil-lime 
mixes compacted at moistures above the OMC, for short 
curing periods, develop higher strengths than those com-
pacted below the OMC. On the other hand, Bell (1988) also 
indicated that, if the amount of mixing water is insufficient, 
the hydration processes necessary for the cementitious reac-
tions do not occur, and in that case, the maximum strength 
increases are developed after a few days. Therefore, the com-
paction of the samples was based on the OMC, so that the 
moisture content had no effect on the strength results.

Figure 5a shows the null effect on UCS of lime in the SA 
soil, regardless of the curing time. The observed changes in 
LL and PL indicated that the cation exchange was initiated, 
which produced the changes in the plastic properties of the 
mixes in the first curing ages. Small amounts of lime, gener-
ally between 1 and 3% depending on the amount and type 
of clay minerals present in the soil, are sufficient to cause 
these plasticity changes (Bell 1996). However, low percent-
ages in certain soils never achieved significant strength 
improvements, as can be noted in the work of Eades and 
Grim (1966). This behavior may in the case of the SA soil be 
explained in terms of its chemical composition (Table 2). SA 
had a low percentage of  Si2O3 (20.52%) and a not very high 
percentage of  Al2O3 (8.27%), apart from the fact that the 
alkalinity conditions were not the most optimal (pH never 
exceeded 11.72 points, as shown in the “California Bearing 
Ratio (CBR)” section). Both aspects point to a very low poz-
zolanic reaction and no formation of calcium silicate hydrate 
(CSH) and calcium aluminate hydrate (CAH) cementitious 
gels, which might otherwise have strengthened the mixes. 
In contrast, the addition of LFS to the SA soil resulted in a 
continuous improvement of the UCS from 7 days (875 KPa), 
so UCS values of about 1096 KPa were reached at 90 days, 
which were 1.6 times higher than those of the untreated soil. 
In this case, the development of high strengths required long 
curing times for the cementitious reactions to occur, mainly 
related to the periclase contained in LFS (Table 3). It is 
remarkable that the strength of the soil-LFS mix increased 
by 32% after 7 days of curing, a trend that increased up until 
90 days of curing when improvements of almost 62% were 
reached.
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The addition of stabilizers to the SB soil resulted in an 
improvement of UCS since the first day, both with LFS and 
lime (Fig. 5b), with a slight upward trend up until 28 days 
of curing. The UCS of the SBE5 mix (1612 KPa) presented 
a 188% higher strength at 90 days than the UCS of the 
untreated soil (559 KPa), which was also higher than the 
improvement of 92% for the SBC2 mix (945 KPa). This soil 
with minerals such as kaolinite and illite exhibited remark-
able and quick increases in UCS, which are similar to the 
results of other studies (Bell 1996; Boardman et al. 2001), 
indicating that the cementitious reactions were properly pro-
duced. In particular, the SBE5 mix obtained very successful 
results due to the reaction of lime, alumina, and silica gener-
ated slight hydrated cementitious products, such as CSH and 
CAH, which were responsible for the increased long-term 
strength of the mix.

The SV soil presented a high percentage of  SiO2 
(45.25%),  Al2O3 (10.85%), and MgO (8.25%), all com-
pounds that in an alkaline environment and in the presence 
of water lead to improvements of the mix when adding a sta-
bilizer. Thus, the strength behavior of the SV soil mixed with 
lime improved considerably with respect to the natural soil 
(Fig. 5c). This improvement was mostly notable on the third 
day of curing, when it experienced an improvement of 33%, 
as the improvement trend subsequently softened, reaching 
a maximum of 840 KPa at 90 days, which represents an 
increase of 44% with respect to the untreated soil (585 kPa). 
When the amount of lime is small, strength improvements 
are not significant, even for long curing periods. In these 
situations, lime is mostly used to satisfy the initial require-
ment of the soil, the cementation is quite weak, generating 
little strength gain (Eades and Grim 1966; Dash and Hussain 
2012). With respect to the LFS-stabilized mix, the improve-
ment was much higher, registering an increase of 34% on the 
same day of mixing, increasing progressively throughout the 
curing time, to reach a value of 1114 KPa at 90 days, which 
represents an improvement of over 90%. These results dem-
onstrate the cementitious capacity of LFS, which involves 
aggregating particles and providing higher strength (Papay-
ianni and Anastasiou 2012; Diniz et al. 2017). The strength 
improvements observed over the curing time are associated 
to the slow hydration processes and pozzolanic reactions of 
the clay with the lime present in LFS (Manso et al. 2013; 
Lopes et al. 2022).

It has been found that the improvement in strength is 
highly dependent on the type of soil to be stabilized, the 
importance of the curing time to allow the development of 
pozzolanic reactions to acquire maximum strength, and the 
need to determine the optimum binder content for a better 
stabilization response. Based on the results of this study, 
the use of LFS shows a better strength performance than the 
use of lime, with the added advantage of the environmental 
benefit of reusing a waste material.

California Bearing Ratio (CBR)

Figures 6 and 7 show the CBR results obtained for the 9 soil 
samples after 4 days of immersion in water. Their deforma-
tions were measured every 24 h during this period of time.

All the soils under study showed significant increases 
in CBR when mixed with both 2% lime and 5% LFS. The 
improvements in the SB and SV soils were more remarkable 
than in the SA soil. These values are concordant with the 
values reported in the existing literature, which indicated 
that the CBR index increased immediately after adding lime/
LFS to the soil and continued to increase with the curing 
time (Bell 1996).

In the SA and SB soils mixed with lime, the CBR 
increases (49.5% for SA and 105% for SB) were higher than 
when LFS was used as a stabilizing agent (31.3% for SA and 
51.5% for SB). The results for the SV soil were very similar 
for both binders (70.4% with lime and 74% with LFS). Simi-
lar results were reported in other comparative works on sta-
bilization with lime and LFS (Manso et al. 2013) and in soil 
stabilization with basic oxygen furnace slag (BOFS) (Diniz 
et al. 2017), in which the CBR results for stabilizations with 
lime were in general slightly higher than for stabilizations 
with slag. This performance is fundamentally attributed to 
the fact that the reactions in the mixes with slag require 
lengthier curing times than 4 days (Boardman et al. 2001; 
Manso et al. 2013; Diniz et al. 2017; Lopes et al. 2022).

It can be stated that the stabilization with 5% LFS resulted 
in adequate increases in CBR which exceeded the minimum 
soil bearing capacity values required by the regulations for 
soil stabilization and the formation of road embankments 
(Thompson, 1969; Ghobadi et al., 2014). While the results 
in some cases are slightly inferior to those obtained in sta-
bilization with conventional binders, they remain compara-
ble and offer the distinct technical advantage of providing 
a more sustainable solution for soil stabilization. Previous 
studies have reported that the main effects of LFS on the 
CBR index of soils were attributed to the hydration of alu-
minates and the reaction of free lime and periclase with the 
clay fraction, improving soil compaction and flocculation 
(Manso et al. 2013). Additionally, during the hydration and 
carbonation processes of the lime and magnesia present in 
the LFS, products such as portlandite, brucite, calcite, and 
magnesite appear, which are larger in volume than the for-
mer, filling the pores and generating a denser soil matrix, 
thereby improving the compaction and bearing capacity of 
the mixes (Ortega-López et al. 2014; Lopes et al. 2022).

Volumetric stability tests

The volumetric properties of the soils and their stabilized 
mixes were evaluated in oedometer free-swelling tests 
(Fig. 8) and in CBR-swelling tests, during which the soil 
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Table 6  Direct shear results of 
the 9 soil samples

Curing age Soil A c′ (KPa) Φ′ (°) Soil B c′ (KPa) Φ′ (°) Soil V c′ (KPa) Φ′ (°)

0 days SA 19 34 SB 42 29 SV 45 29
7 days SAC2 59 30 SBC2 83 24 SVC2 49 27
28 days SAC2 59 32 SBC2 84 27 SVC2 63 22
7 days SAE5 54 28 SBE5 49 36 SVE5 51 41
28 days SAE5 79 34 SBE5 76 32 SVE5 76 32

Fig. 5  UCS vs. curing time: a 
SA mixes; b SB mixes; c SV 
mixes
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samples were immersed in water at room temperature for 4 
days (Fig. 9).

The free swelling (Fig. 8) of natural soils SA (1.37%) and 
SB (2.11%) measured in an oedometer was lower than the 
maximum value recommended (3%) in the Spanish stand-
ards for soils directly stabilized with lime or cement (Minis-
terio de Fomento 2015). In case of exceeding this maximum, 
the regulations establish that the free-swelling test should be 
performed on the stabilized soil after 24 h in a moist cham-
ber. This procedure was followed with the SV soil, with an 
initial free swelling of 3.02%.

The SA and SB soils showed a greater swelling reduction 
when mixed with lime (0.83% for the SA soil and 1.30% for 
the SB soil) than when using LFS (1.28% for the SA soil and 
1.73% for the SB soil). As the free-swelling measurements 
were conducted immediately after mixing, without curing 
time, most chemical reactions were not present, especially 
those related with the MgO of LFS, which usually require 

more curing time. Therefore, the swelling decrease in the 
LFS-stabilized mixes (SAE5 and SBE5 mixes) was not high 
(Ortega-López et al. 2014; Santamaria et al. 2018; Monte-
negro-Cooper et al. 2019).

However, the SV mixes, that were in moisture chamber 
24 h prior to the test, as per the reference standard (Ministe-
rio de Fomento 2015), resulted in higher swelling decreases 
both in its mix with lime (1.22%) and with LFS (0.67%). 
It seems that this short curing period clearly favored the 
stabilization reactions (Seco et al. 2021; Lopes et al. 2022).

The CBR swelling (Fig. 9) of natural soils (2.14% for SA, 
1.31% for SB, and 2.47% for SV) was reduced with both 
types of binders, the most outstanding decrease being that 
of the SV soil (0.17% and 0.44% for SV mixes with lime 
and LFS, respectively). Furthermore, the reduction in the 
CBR swelling was slightly more pronounced for the three 
soils within the lime-based mixes rather than the LFS mixes, 
which can be justified due to the longer curing times needed 

Fig. 6  Penetration vs. load 
results in CBR tests of the 9 soil 
samples

Fig. 7  CBR results of the 9 soil samples
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for LFS-based stabilization reactions (Boardman et al. 2001; 
Manso et al. 2013; Diniz et al. 2017; Lopes et al. 2022).

The results of this study are similar to previous results 
obtained by other authors. They concluded that, in spite of 
the expansive nature of LFS (Manso et al. 2013; Monte-
negro et al. 2013; Ortega-López et al. 2014; Montenegro-
Cooper et al. 2019; Lopes et al. 2022), the use of LFS in 
small quantities in flexible matrices, such as a soil, caused 
no expansion problems, although the lime and magnesia of 
the LFS helped to flocculate the clay particles, which led 
to decreased plasticity and swelling in the first curing ages. 
For a more complete evaluation, free swelling may be evalu-
ated at different curing ages, as in the study of Lopes et al. 
(2022), or through an accelerated-aging test, as reported in 
Ortega-López et al. (2014).

Direct shear test

Table 6 and Fig. 10 show the results obtained from the direct 
shear test of natural soils and their respective mixes with 
lime and LFS: cohesion (c′) and effective angle of shearing 
resistance (Φ′). Initially, high values of cohesion and effec-
tive angle are indicative of good shear strength or resistance 

to shearing stresses, especially for soil cohesiveness. Never-
theless, when the soil is a clay, with high cohesion, such as 
the soils presented in this study, there are other parameters, 
shown in previous sections, rather than only the direct shear 
results, which must be considered for determining its final 
behavior. As M.R. Thompson concluded (Thompson 1969), 
the shear strength parameters used in the design of lime-soil 
mix pavement layers were not probably critical.

In the case of the SA soil (c′ = 19 kPa; Φ′ = 34°), the 
addition of 2% lime (SAC2) implied an increase in effec-
tive cohesion (59 kPa for both 7 and 28 days) and a slight 
decrease in the friction angle (30° and 32°, for 7 and 28 
days, respectively). However, the addition of LFS led to a 
considerable increase in cohesion over time (54 kPa and 79 
kPa for 7 and 28 days, respectively), mainly related with the 
cementation processes. With respect to the friction angle, 
although in the first days it decreased (28° at 7 days), it 
recovered its initial values at 28 days (34°).

The behavior of the SB soil was similar. The natural soil 
had a high cohesion value (42 kPa) and a medium friction 
angle (29°). When lime was added to the soil, the cohesion 
increased by 69% (83 kPa), and the friction angle decreased 
(24°) after seven days, although the cohesion (84 kPa) and 

Fig. 8  Free-swelling results of 
the 9 soil samples

Fig. 9  CBR-swelling results of 
the 9 soil samples
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the friction angle (27°) values after 28 days were almost 
identical to those obtained after 7 days. With respect to the 
LFS-stabilized mix, the changes followed the same trend. 
After a curing period of 7 days, the cohesion and the friction 
angle had increased by 17% (49 kPa) and 24% (36°), respec-
tively. When the curing period was extended to 28 days, 
the cohesion reached a value similar to lime-stabilized mix 
(76 kPa) and the friction angle underwent a slight decrease 
(32°).

The strength parameters of the SV natural soil showed a 
high cohesion value (45 kPa) and a medium internal fric-
tion angle (29°). The cohesion (49 KPa) improved slightly 
at 7 days of curing and even more at 28 days (63 KPa) when 
adding lime. On the contrary, the friction angle suffered a 
little reduction at 7 days (27°), but after 28 days of curing, 
its value dropped by 25% with respect to the value of the 
natural soil (22°). The behavior of this SV soil when mixed 
with LFS was analogous to that of lime. Cohesion slightly 
increased in the first 7 days (51 kPa), and at 28 days, it had 
increased 69% with respect to the untreated soil (76 kPa). 
Friction initially increased by 41% (41°), and after 28 days, 
it tended to decrease (32°), so only a slightly higher value 
(10% better) than that of the natural soil was reached.

There are few previous publications on the evolution of 
shear strength parameters in soils stabilized with either lime 

or some type of slag, and the results are often contradic-
tory. Thompson (1969) analyzed the evolution of the shear 
strength properties of four soils stabilized with 3 and 5% 
lime, and concluded that mixes substantially increased the 
shear parameters, determining large improvements in cohe-
sion and small increases in friction angle, and that these 
improvements were greater as the curing period increased. In 
the study of Ghobadi et al. (2014) on soil stabilization with 
7% lime, the effects of pH on the shear strength parameters 
at 30 days were analyzed. The author found that the cohe-
sion of the mix decreased and the friction angle increased 
with respect to the untreated soil. However, Boardman et al. 
(2001) measured the evolution of undrained shear strength 
with a shear vane apparatus, determining that the cohesion 
value increased in stabilized soils with the curing time, 
regardless of the percentage of lime in use. The results 
obtained in the lime-soils mixes in the present investiga-
tion (Fig. 10a) are in line with those in the aforementioned 
study, as cohesion increased with respect to the value of the 
untreated soil and the friction angle slightly decreased after 
a curing period of 28 days.

Regardless of the results of the LFS-stabilized mixes 
(Fig. 10b), the final trend after 28 days of curing was a sub-
stantial increase in cohesion, while the friction angle also 
moderately improved. However, the temporal evolution of 

Fig. 10  Evolution of c′ and Φ′ 
over curing time: a lime-sta-
bilized soils; b LFS-stabilized 
soils
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those parameters was variable depending on the natural soil, 
which decreased or increased in the intermediate stages of 
curing (7 days), results also observed in lime-stabilized 
mixes. These results are in accordance with the studies of 
Akinmusuru (1991), who showed the evolution of the shear 
strength parameters with respect to the percentage of blast 
furnace slag (BFS) added to the mix. In that study, the higher 
percentage of fines, due to the increased addition of BFS, led 
to an important improvement in cohesion, but to a smooth 
decrease in the friction angle. Mahesh Bhat and Nayak 
(2021) also studied the 28-day strength parameters in soils 
stabilized with lime, GBFS, and with a mix of GBFS and 
lime. In all cases, there was a large increase in the cohesion 
values and a notable increase in the friction angle.

pH evolution

The evolution of pH over time can be interpreted as an index 
of the rate of pozzolanic fixation of lime and magnesia in 
clays (Manso et al. 2013). In fact, Bell (1988) indicated that 
the strength increase of stabilized soils is proportional to the 
reduction in their pH value over the curing time. The com-
bination of water and lime in adequate quantities generates 
a highly alkaline environment that favors the decomposition 
of the clay particles and the liberation of silica and alumina. 
A pozzolanic reaction cannot occur without the release of 
silica and alumina from the clay. Consequently, it is evident 
that the study of pH and its evolution over time provides 
information on the chemical reactions within the soil.

The addition of lime or LFS to a soil usually increases 
the pH to values above 11.5. In this high alkaline medium, 
clays are unstable and can solubilize their components. The 
pH value of the interstitial fluid in the voids should remain at 
around 12.4 to achieve the best reactivity results of soils with 
stabilizers, because, at these values, the solubility of silica and 
alumina ions is very high (Bell and Coulthard 1990). In this 
way, silica and alumina are released and react with calcium 
from the lime to form CSH and CAH, which will continue to 
form as long as high alkalinity conditions persist in the soil 
(Diniz et al. 2017; Lopes et al. 2022). For these reasons, a 
study was performed on the evolution of pH in the 9 soil sam-
ples to correlate the pH and UCS values (Fig. 12). Table 7 
contains the pH of the natural soils and the two binders (lime 
and LFS), and Fig. 11 shows the pH of the 6 soil-stabilized 
mixes during the curing period.

It can be noted from Table 7 that the three soils were alka-
line and both LFS and lime had an extremely basic character. 
In all cases, the soil stabilization with both binders therefore 
resulted in an increased pH of 11.6 (Fig. 11). None of the pH 
readings reached 12.4 points, a value established by Eades 
and Grim (1966) as the target for determining the optimum 
percentage of lime in soil stabilization. This result indicates 
that the amounts of lime or LFS added in this study were, in 

general, less than the optimal amount. Goodarzi and Salimi 
(2015) tested the pH increase in soils stabilized with different 
percentages of granulated blast furnace slag (GBFS) and basic 
oxygen furnace slag (BOFS) and found pH values above 12.5 
in mixes with 30% BOFS. However, this evolution varied with 
the type of slag, the hydraulic index of which was determined 
by its chemical composition.

The tendency of pH evolution over time was quite clear 
(Fig. 11), but pH and UCS results were different for lime and 
LFS:

• On the one hand, as can be observed in Fig. 12a, when soils 
were initially mixed with lime, the mixes increased their 
pH by around 3 points (pH values of 11.72 for SAC2, 11.68 
for SBC2, and 11.83 for SVC2), which indicated that there 
was a basic environment necessary to activate the chemi-
cal processes. From that point, the pH continued decreas-
ing until values of around 9.25 at 90 days. The SBC2 
and SVC2 mixes showed similar trends, as in the first 7 
days, they showed a pronounced decrease, with a slope of 
around 17%, which subsequently moderated, with slopes 
close to 10%. In parallel, these mixes showed the great-
est improvement in strength in the first 7 days, confirming 
that the highest strength increases, as Bell (1996) affirmed, 
occurred in this period when the cementitious reactions 
were most active. Nevertheless, the behavior of the SAC2 
mix is different. Between the beginning of the process and 
up to 14 days, the pH underwent a staggered decrease, 
with periods of almost no variation, between 0 and 3 days 
and between 7 and 14 days, and periods with pronounced 
peaks. From day 21 of curing, the pH decreased with simi-
lar slopes in all the other mixes (10%). Based on these pH 
results and the above-mentioned plasticity variations, it 
could be stated that exchange cations and possibly some 
flocculation were produced. However, the low increase in 
strength (3%) in the SAC2 mix with respect to the untreated 
soil, SA, throughout the curing time, might make it reason-
able to think that the cementing process was not initiated. 
This could be justified by the low percentage of  SiO2 and 
 Al2O3 in the system (Bell 1988). These results are in con-
trast with the study of Boardman et al. (2001), who noted 
pH values that were almost maintained (small variations 
for 300 days) in two different types of soils mixed with dif-
ferent percentages of lime. In the study of Eades and Grim 
(1966) where soils were stabilized with different percent-
ages of lime, it was noted that the increase in UCS was high 
with high percentages of lime (5%, 7%, and 9%), while the 

Table 7  pH of natural soils and binders

Soil SA Soil SB Soil SV Lime LFS

pH 8.65 8.58 8.88 12.67 12.62
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pH values remained above 11.35. For low percentages of 
lime (1% and 3%), the final increase of strength was also 
low, but with a constant upward tendency, maintaining a 

pH value above 11.05, a result that corroborates the need 
to maintain a high pH, so that the cementitious processes 
can continue and the strength of the mixes can increase.

Fig. 11  Evolution of pH over 
the curing time

Fig. 12  Evolution of pH and 
UCS over the curing time: a 
lime-stabilized soils; b LFS-
stabilized soils
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• On the other hand, the evolution of pH and UCS in the 
LFS-stabilized mixes, shown in Fig. 12b, was very dif-
ferent. In this case, although the initial pH values (at 
0 days) were similar to those obtained with lime, the 
decrease in pH over time was much lower. There was 
an extremely slight downward trend in the three mixes, 
presenting a slope of 1.8% for SAE5, 1.7% for SBE5, and 
2.2% for SVE5. The highly alkaline initial environment 
was maintained over time with values above 11.2, which 
suggests the notable presence of calcium and magnesium 
oxides that favor the initiation and the development of 
pozzolanic reactions that improve strength. Strength 
improvement was especially noteworthy in the SBE5 
mix (1612 kPa at 90 days). The soil stabilization experi-
ences of Manso et al. (2013) with a similar LFS gave rise 
to a more pronounced decrease in pH over the 54 days 
of the control period. The interactions between soil and 
LFS were more complex than between soil and lime and 
the pozzolanic reactions involved the binding of calcium 
oxide and magnesium oxide (Manso et al. 2013), so a 
continuous increase of strength in all the LFS-stabilized 
mixes over time was noted.

X‑ray diffraction (XRD)

The changes caused by the LFS in the geotechnical proper-
ties of the soils can be explained by referring to the micro-
structural analysis of the LFS-stabilized soils. As with the 
untreated soils (the “Natural soils” section), XRD and SEM 
analyses were performed on the different mixtures stabilized 
with LFS.

XRD was used to identify the mineralogical components 
present in the samples when LFS was added to the clay 
materials, which depended on the intensity of the reactions 
that occurred during the different stabilization processes. 
Figure 13 shows the XRD patterns of the three soils mixed 
with 5% LFS after 90 days of curing to prompt those reac-
tions. The analysis of the results is presented alongside the 
images of the untreated soils (Fig. 1).

The samples of the three soil mixes have practically the 
same mineralogical composition as the untreated soils. Nev-
ertheless, the relative decrease of the quartz peak intensity 
is remarkable in all the mixes, which indicated that quartz 
was gradually consumed to form other compounds during 
the curing process, such as silica gels, responsible for the 
strength improvement of the stabilized soils. For instance, 
at 2θ value of 26.63° (3.34 Å), the quartz peak intensity 
decreased from the values of the untreated soils (1065 cps 
in SA, 20,301 cps in SB and 11,655 cps in SV, Fig. 1) to 543 
cps in SAE5, 19,304 cps in SBE5, and 10,481 cps in SVE5 
(Fig. 13). With respect to the calcite peaks of the SAE5 and 
SVE5 mixes, there was a decrease in the intensity of the 
different positions in which it was detected.

The most significant changes occurred in the SBE5 mix-
ture. Vermiculite with very low presence in the soil sample is 
not detected in this sample, and the concentration of kaolinite 
became minor. In the positions where illite was detected in the 
soil sample SB at 2θ value of 8.872° (9.959 Å), 17.789° (4.982 
Å), 25.516° (3.488 Å), and 45.416° (1.995 Å), in the mixture 
SBE5, muscovite was detected, as both of them have very simi-
lar structure and compositions. Therefore, the intensity of the 
calcite peak intensity increased, i.e., at 2θ about 29.45° (3.03 
Å), which was attributed to calcite and CSH (Wang et al. 1995). 
There was also an increase in peak intensity from 3570 cps in 
the untreated soil to 5001 cps in the LFS-stabilized soil, which 
pointed to the formation of CSH gels. In addition, a higher 
percentage of albite and traces of ettringite were also detected, 
which indicated that the pozzolanic reactions were taking 
place. All these changes were in accordance with the strength 
improvements found in this soil sample in the UCS tests.

Scanning electron microscopy (SEM)

With the aim of both evaluating the interaction of the clay parti-
cles with the stabilizers and verifying the formation of cementi-
tious components, natural soils and the soil mixes stabilized with 
binders (2% lime or 5% LFS) were also studied by SEM analy-
sis after a curing period of 90 days. Figure 14 shows the SEM 
images of the samples that were analyzed: a and b, for the SA 
mixes; c and d, for the SB mixes; and, e and f, for the SV mixes.

The type of clay (kaolinite, illite, montmorillonite…) 
clearly influences the reactions that can occur during the 
stabilization treatment when treated with lime (Eades and 
Grim 1960). In kaolinite, there is only a surface coating 
of the particles of a new phase where lime is present in 
kaolinite, while replacement of the exchange cations for 
the calcium within the lime occurs in montmorillonite and, 
in general, in other clays within the smectite group. The 
products resulting from the hydration of the components 
cover the surface of the soil particles, strengthen the bonds 
between them, and fill the pores of the amended soils, 
yielding more compact structures and, ultimately, improv-
ing mechanical strength (CBR, UCS) (Wu et al. 2019; 
Hossein Rafiean et al. 2020). The intensity and number 
of bonds that are formed will also depend on curing time 
and temperature. These microstructural changes within the 
stabilized soils are invariably in agreement with the results 
of the mechanical tests (Lopes et al. 2022).

The agglomeration of particles and a slight development 
of pozzolanic compacted minerals are visible in the SAE5 
image, a fact related with the good UCS for this mix (1095 
kPa). The image of mix SAC2 shows clustered agglomerated 
microstructures, although there was no increase in UCS in 
this mix (686 kPa), which was very similar to the UCS of the 
untreated soil. This observation indicated a dearth of poz-
zolanic reactions, confirmed by the low pH levels, shown in 
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Fig. 13  XRD patterns of LFS-stabilized soils at 90 days of curing time: a SAE5; b SBE5; c SVE5
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the “Volumetric stability tests” section, suggesting that the 
percentage of lime was insufficient to achieve the chemical 
reactions required for stabilization to take place (Eades and 
Grim 1966).

The SEM image showed a relatively compact microstruc-
ture for the SBE5 mix with particle agglomerations, and 
with almost no voids between the newly formed materials. 
Moreover, XRD pattern of SBE5 mix (Fig. 13) suggested 

Fig. 14  SEM images of mixes a SAC2; b SAE5; c SBC2; d SBE5; e SVC2; f SVE5 (scale bar: 10 μm)
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the presence of CSH that confirms a behavior in accordance 
with its high UCS (1612 kPa) after 90 days of curing. The 
SBC2 mix showed a similar micro-structure to the SBE5 
mix, although its strength at 90 days (944 kPa) was slightly 
lower than that of the SBE5 mix. Furthermore, this strength 
was maintained constant from the third day of curing. These 
constant UCS values at early curing ages confirmed that the 
development of strength depended on the amount of free 
lime available (Eades et al. 1962), which greatly decreased 
with curing time, as the pH values confirmed.

In the SVE5 image, some acicular elements associated 
with the growth of pozzolanic bonds can be observed. The 
micro-structure shows evidence of a flocculated structure 
and the formation of cementitious products, probably CSH, 
but XRD pattern (Fig. 13) did not verify this. Based on the 
evolution of its strength over time (1114 kPa after 90 days 
of curing), most of the cementitious chemical reactions had 
already occurred when this image was taken, as no large 
increases were experienced at 28 days of curing. The SVC2 
mix also showed particle agglomerations, with some macro-
elements, but without clearly distinguishable pozzolanic 
bonds, related with its positive improvement in UCS (840 
kPa), albeit slightly lower than in the SVE5 mix.

Conclusions

The application of LFS for stabilizing low-bearing-capacity 
soils can be regarded as a sustainable solution to enhance 
their engineering properties. This approach accomplishes 
a dual objective. Firstly, reuse this industrial by-product, 
as LFS use in soil stabilization reduces the environmental 
impact by minimizing the volume of this waste destined to 
landfill. Secondly, the substitution of conventional binders 
(such as lime or cement) presents a promising solution to 
decrease  CO2 emissions associated with their production. 
Nevertheless, the technical viability of this solution has to 
be evaluated, aspects that in addressed in this paper through 
an experimental campaign. Based on the results collected in 
this research, the following points can be concluded:

• The addition of LFS to the clay soils resulted, in gen-
eral, in an increase of the LL and the PL, and, there-
fore, in a reduction of the PI, which meant that the mixes 
showed better in situ workability. Furthermore, the sta-
bilizer binders reduced the Maximum Dry Density and 
increased the Optimum Moisture Content, determined 
through the Modified Proctor test.

• After a curing period of 90 days, the soil+5%-LFS 
mixes achieved greater UCS than the soil+2%-lime 
mixes. The highest UCS values were obtained in the soil 
with the highest silica content (69.06%), in which UCS 

three times higher than the value of the natural soil was 
reached. More strongly pozzolanic reactions could be 
expected because of the high silica content.

• The bearing capacity of the soil+5%-LFS mixes accord-
ing to the CBR index underwent increases of 8 and 14 
times higher than those of the natural soils. However, 
they were slightly lower than those of the soil+2%-lime 
mixes.

• The application of lime to reduce free swelling in these 
clayey soils proved more effective than the use of LFS. 
Moreover, short curing times significantly promoted sta-
bilization reactions and led to reduced free swelling.

• Shear strength parameters, cohesion, and friction angle 
showed the best performance for soil+5%-LFS mixes 
than for soil+2%-lime mixes at day 28 of curing. When 
LFS was used as a stabilizing agent, cohesion gradually 
increased over time to reach a high value after 28 days. 
However, the internal friction angle in comparison with 
the original soil only acquired a slightly higher value.

• The study of pH evolution over the curing time confirmed 
that the basic environment generated by the binders, both 
with lime and LFS, favored the development of pozzo-
lanic reactions. It resulted in adequate development of 
UCS.

• The mineralogical (XRD) and microstructural (SEM) 
characterization of the LFS-stabilized mixes after 90 
curing days confirmed the consumption of silica and 
the presence of compounds resulting from cementitious 
processes, such as calcium silicate hydrate gels. Both 
aspects were related with the physical and mechanical 
soil improvements, such as void reduction, more compact 
structure, and good strength.

In summary, the use of LFS as a stabilizer for low-bear-
ing-capacity soils achieved a significant improvement in 
UCS, especially in the medium and long term, surpassing 
the results obtained with lime. Both binders contributed to 
reducing plasticity and significantly enhancing cohesion, 
which became more pronounced with increased curing 
time. The CBR index showed considerable improvement 
with both materials, although lime provided remarkable 
values. The lime treatment presented a better performance 
in reducing free swelling, but the importance of curing 
time was confirmed for both binders. Considering all these 
factors, LFS is a feasible technical solution for stabilizing 
clayey soils.

However, certain limitations were encountered in this 
study due to the fact that all the tests were performed with a 
single LFS content and type. In a similar way, a more exten-
sive study of the evolution of cohesion with a longer curing 
time and with different percentages of LFS would provide 
a more rigorous knowledge of this feature. Future lines of 
research could therefore focus on evaluating the effect of 
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different percentages of LFS, thus investigating its implica-
tions in the improvement of strength and reduction of plas-
ticity. In addition, it would be a great challenge to analyze 
the importance of soil and LFS compositions in the perfor-
mance of stabilization process, varying the soil typologies 
and introducing slags from different origins. The objective 
would be to propose effective working formulas for potential 
applications of LFS for in situ soil stabilization. Currently, 
the feasibility of incorporating other types of waste into soil 
stabilization is under investigation, exploring the potential 
inclusion of various industrial wastes in the process.
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