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A B S T R A C T

Marl was treated with Mg-rich lime to evaluate the effectiveness of lime stabilization for this expansive, clay- and
carbonate-rich material. XRD and TEM analyses revealed very limited dissolution of expandable clay minerals
and neoformation of Mg-enriched smectites. C-(A)-S-H phases formed and initially cemented clay particles.
However, they experienced decalcification and decomposition over time, leading to disaggregation of clay
particles and deterioration of some of the marl's geotechnical properties. Results question the effectiveness of
lime stabilization for marls, especially using Mg-rich lime. Modifications to commonly used treatment protocols
in order to overcome these shortcomings are discussed.

1. Introduction

Lime stabilization has been used to improve the plastic properties of
subgrades for almost a century (Bell, 1996). Generally, lime stabiliza-
tion is performed to reduce the soil's plasticity index and swelling ca-
pacity, both being related to the presence of large amounts of smectites
in highly plastic soils. In the case of clayey soils, lime treatments often
proved successful (Al-Mukhtar et al., 2010; Di Sante et al., 2014).
However, doubts have been recently raised regarding the effectiveness
of lime stabilization for marls, containing important amounts of car-
bonates (Sol-Sánchez et al., 2016). In this case, common lime treatment
protocols may result in premature stabilization failure. To overcome the
shortcomings of lime treatments for marls, alternative stabilization
agents (i.e., fly- and biomass-ash, and Ca-rich industrial or mine waste)
have been tested (Ureña et al., 2015).

The addition of lime to soils provokes several reactions which in-
clude: a) reduction in the soils´ moisture content due to the hydration of
lime (I. CaO+H2O→ Ca(OH)2); b) reduction of intracrystalline swel-
ling due to cation-exchange in soils containing Na-smectites; c) reduc-
tion of osmotic swelling as a result of lower clay particle repulsion in
the presence of an electrolyte (flocculation); d) precipitation of calcium
carbonate and/or binding of soil particles upon carbonation of por-
tlandite (II. Ca(OH)2 (s)+CO2 (g)+H2O (aq)→ CaCO3 (s)+ 2H2O
(aq)+ heat ↑ (74 kJ/mol) (Moorehead, 1986)); e) dissolution of clay
minerals and other mineral phases (i.e., feldspars and quartz) and the
formation of pozzolanic materials (i.e., C-(A)-S-H, calcium (aluminum)
silicate hydrates) with high cementing capacity and mechanical
strength (Bell, 1996).

Mineral dissolution and pozzolanic phase formation are of special
importance in order to achieve particle aggregation and improve the
soil's geotechnical characteristics. Upon dissolution, aluminosilicate
minerals (i.e., clays) provide Al and Si species for the formation of
pozzolanic phases (Gaucher and Blanc, 2006). Clay minerals show
different dissolution rates in alkaline environments, depending on layer
charge, structure, and chemical composition. Generally, illite has been
found to dissolve more slowly than kaolinite and smectite (Carroll and
Starkey, 1971; Jozefaciuk and Bowanko, 2002). From a geotechnical
point of view a reduction of the smectite content due to dissolution
would be highly desirable. However, in our previous study only a very
minor decrease in the smectite content (i.e., smectite being the domi-
nant clay mineral of the tested marl) was detected and permanent
particle aggregation was not achieved in marl treated with calcitic or
Mg-rich lime (Elert et al., 2017). Consequently, initially improved
geotechnical properties started to deteriorate over time (Ureña et al.,
2015).

In order to determine possible mineralogical changes other than the
limited dissolution of clay minerals and formation of C-(A)-S-H, which
could explain the observed stabilization failure, exhaustive additional
analyses were performed. In the current study we focused on the effects
of Mg-rich lime for marl stabilization. Mg-rich lime is widely used for
soil stabilization and is the most common lime exploited in the USA
(Boynton, 1984). It is also very abundant in the area of Granada
(southern Spain), where problems associated with expansive marl have
been reported (Azañón et al., 2010). Furthermore, marl treatment with
Mg-rich lime is more likely to produce detectable compositional
changes in smectites upon neoformation, because Mg2+ is expected to

https://doi.org/10.1016/j.clay.2018.03.014
Received 16 November 2017; Received in revised form 1 March 2018; Accepted 6 March 2018

⁎ Corresponding author.
E-mail address: kelert@ugr.es (K. Elert).

Applied Clay Science 158 (2018) 29–36

0169-1317/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01691317
https://www.elsevier.com/locate/clay
https://doi.org/10.1016/j.clay.2018.03.014
https://doi.org/10.1016/j.clay.2018.03.014
mailto:kelert@ugr.es
https://doi.org/10.1016/j.clay.2018.03.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clay.2018.03.014&domain=pdf


partially replace Al3+ in the octahedral layer of smectites, whereas
Ca2+ from calcitic lime would only enter as an interlayer cation.

The results obtained here point to a transformation, rather than a
destruction of smectite clay minerals. This unexpected finding has im-
portant implications in the field of civil engineering and might lay the
basis for the modification of current treatment protocols, especially in
the case of post-stabilization failure.

2. Materials and methods

2.1. Materials

The marl sample was extracted from clay-rich levels at 32m depth
from the base of the Diezma landslide (southern Spain), responsible for
important structural damage to the A-92 highway back in 2001
(Azañón et al., 2010). This material belongs to a Flysch-type formation
outcropping continuously in the western and central parts of the Betic
Cordillera (Bourgois et al., 1974). According to X-ray diffraction (XRD),
the untreated marl contained clay minerals (predominantly smectite
and small amounts of kaolinite and mica), quartz, calcite and minor
amounts of feldspar and dolomite. Elemental analysis (EA) revealed a
carbonate content of 24.4%, and thermogravimetric (TG) analysis of
ethylene glycol (EG) solvated samples (Nieto et al., 2008) gave an
average smectite content of 30.5 ± 2.0 wt% in the untreated marl
(Elert et al., 2017).

The Mg-rich lime was obtained from residual sludge from the local
extraction of magnesium-rich limestone and marble. This sludge was
calcined and hydrated prior to its use and contained 54.21 wt% CaO
and 25.26 wt% MgO as well as trace amounts of SiO2, Al2O3, and Fe2O3

according to X-ray fluorescence analysis (Elert et al., 2017). Con-
sidering a loss on ignition of 18.60 wt%, it was concluded that the
hydrated lime only contained an insignificant amount of carbonates and
was, therefore, expected to be highly reactive.

2.2. Sample preparation

Hundred fifty grams of dry marl sample was mixed with 15wt% of
dry Mg-rich lime and thoroughly mixed for 10min. A sufficient amount
of water was added until the plastic limit was reached. The sample was
kept in the laboratory exposed to air at room T. Water was added when
needed in order to keep the sample completely covered and to limit
carbonation. Aliquots were taken at 7, 14, 21, 49, 77, 105, and
201 days. The treated marl was stirred prior to the collection of aliquots
in order to obtain a homogeneous sample.

2.3. Analytical methods

pH measurements were performed periodically during the lime
treatment using a pH-meter Stick Piccolo HI 1280 with±0.1 pH ac-
curacy (Hanna Instruments).

A laser particle size analyzer (Mastersizer 2000LF, Malvern
Instruments) was used to determine the particle size distribution of
untreated and treated marl samples dispersed in alcohol.

Surface area measurements (BET method (Brunauer et al., 1938))
were performed on untreated and treated soil samples using a TriStar
3000 analyzer (Micrometrics). Prior to analysis, samples were degassed
at 80 °C for 24 h using a sample degas system (VacPrep 061, Micro-
metrics). Degassing was performed at such a relatively low T in order to
avoid changes in the smectite structure.

Mineralogical changes upon lime treatment were studied with a
PANanalytical X'Pert Pro X-ray diffractometer using disoriented powder
samples. Equipment settings: CuKα radiation, 45 kV, 40mA, 5–70° 2Ɵ
exploration range, 0.008° 2ɵ step size, and 10 s/step counting time.
Xpowder software (Martín-Ramos, 2004) was used to identify mineral
phases.

The smectite content was determined by TG analysis according to

the methodology developed by Nieto et al. (2008), consisting in weight
loss (WL) measurements of EG solvated and Mg saturated samples in a T
range between 100 and 450 °C. The smectite content was calculated
according to the following equation: Sme%=3.96 WL− 4.05.

Field emission scanning electron microscopy (FESEM, Auriga (Carl
Zeiss) was used to determine morphological and microstructural
changes upon lime treatment. Carbon coated samples were analyzed at
3 kV beam accelerating voltage in secondary electron imaging mode.

Transmission electron microscopy (TEM) was performed on un-
treated and treated marl samples using two microscopes. A Philips
CM20 was used for quantitative elemental analysis (TEM-AEM) in
scanning transmission electron microscopy (STEM) mode coupled to an
EDAX solid-state energy dispersive X-ray (EDX) detector. Equipment
settings: 200 kV accelerating voltage and 20×100 nm scan window.
Images and compositional maps were obtained using a Titan (FEI) with
XFEG emission gun, spherical aberration corrector and High Angle
Annular Dark Field (HAADF) detector working at 300 kV. Powdered
samples were dispersed in ethanol, sonicated, and deposited on C-
coated Cu grids. Mineral standards were used to obtain k-factors ac-
cording to the method by Cliff and Lorimer (1975).

3. Results and discussion

3.1. Physical properties and pH evolution

Particle size distribution analyses revealed that the average particle
size of untreated marl was 10 μm. It increased by 70% immediately
after 15 wt%Mg-rich lime was added (Fig. 1). Concomitantly, the sur-
face area of the marl sample decreased from 39m2/g to 14m2/g. These
changes can be attributed to flocculation, which is a pH-independent
process. Actually, no drop in pH was observed at this point. The pre-
sence of an electrolyte, which includes most salts, bases, and acids,
facilitates the flocculation of colloidal clay particles. Flocculation is
achieved by reducing the range of electrical double layer repulsion
between particles (van Olphen, 1987). These particles aggregate into
larger clusters and, consequently, experience a surface area decrease
(Mowafy et al., 1985), as was observed in the marl sample treated here.

After 1 week of treatment, the particle size and surface area in-
creased by 124 and 146%, respectively. Both effects can be correlated
with the formation of C-(A)-S-H phases (Elert et al., 2017). FESEM
images (Fig. 2) confirmed the aggregation of clay particles and the
formation of new phases, possibly C-(A)-S-H), in samples treated for
1 week. C-(A)-S-H phases have high cementing capacity and result in
the formation of large, relatively stable aggregates of clay particles,
leading to the observed particle size increase (Fig. 1). They generally

Fig. 1. pH evolution, particle size and surface area of marl treated with 15 wt%Mg-rich
lime for 201 days. The surface area and particle size of the untreated marl were 39m2/g
and 10 μm, respectively.
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have very large surface areas due to a significant volume fraction of
internal nano-pores (Jennings et al., 2008), which explains the im-
portant surface area increase detected here after 1 week. Upon further
treatment, the surface area showed some variations, but a clear ten-
dency could not be established. Particle size continued to increase until
105 days of treatment, indicating further cementation of clay particles.
More prolonged treatment induced a disaggregation of clay particles
which was manifested by a 20% decrease in average particle size after
201 days of treatment. Note that the trend regarding particle size and
specific surface area evolution was not particular to the soil sample
treated with 15wt% lime but was also observed in samples treated with
10 wt%Mg-rich lime (Elert et al., 2017). Disaggregation was, most
likely, induced by the decomposition of C-(A)-S-H as the pH decreased
(see below).

Our experimental results revealed that the initial pH of the lime-
treated soil decreased from ~12.5 to 10.1 after 201 days (Fig. 1). At this
pH, C-(A)-S-H seemed to be no longer stable, which is in agreement
with (Frizon et al., 2009), who stated that the stability range of most
cement hydrates, including C-S-H, falls between pH 12.5 and 10.5. The
reason for the pH decrease is twofold. On the one hand, Ca(OH)2 reacts
with atmospheric CO2 to form CaCO3 (reaction II), the equilibrium pH
of CaCO3 being 9. On the other hand, dissolution of aluminum silicates
and C-(A)-S-H formation consume OH-groups and, thus, contributes to
the pH decrease (Gaucher and Blanc, 2006). It could be argued that the
remaining Mg(OH)2 in the Mg-rich lime, which is difficult to carbonate,
would sustain a sufficiently high pH as to prevent the decomposition of
C(A)SH phases, and/or to favor clay dissolution. However, the pH of a
saturated Mg(OH)2 solution is only 10.5 (25 °C). A reduction in pH
during lime treatment is inevitable and independent of the soil's mi-
neralogical composition. The high carbonate content in marls, however,
causes a faster pH decrease as compared to clayey soils. According to
Berner (1992), marl-type groundwater resulted in a much faster C-S-H
degradation as compared to pure water. Faster degradation takes place

in the presence of carbonates due to their action as a pH buffer, ham-
pering a pH increase. The lower pH associated with the presence of
carbonates has an important influence on the effectiveness of lime
treatments for soil stabilization. Numerous studies (Köhler et al., 2005;
Huertas et al., 2009) have shown that clay mineral dissolution rates
decrease drastically at pH < 11. Thus, the amount of Al and Si species
available for the formation of pozzolanic phases will decrease as well.
Additionally, C-(A)-S-H phases decompose as pH decreases (Aguilera
et al., 2003; Baston et al., 2012), mostly due to carbonation. A practical
example of the devastating action of atmospheric CO2 or carbonate-
bearing water on C-(A)-S-H phases was brought upon by Hodgkinson
and Hughes (1999) who studied the mortars of the Hadrian's wall, UK.
These authors found that poorly ordered C-(A)-S-H phases were still
detectable in 1700 year old Roman mortar in compact zones which
prevented carbonation. In more porous and more degraded zones,
however, these phases were completely carbonated.

3.2. Mineralogical evolution of lime treated marl

XRD analysis of marl treated with 15wt%Mg-rich lime revealed
that mineral dissolution occurred within the first 7 days, resulting in a
small, but noticeable decrease in intensity of the 001 reflection of
smectite, mica and kaolinite (Fig. 3). A clear change in the intensity of
the general (hkl) reflection of phyllosilicates at 4.46 Å, however, was
not observed. Portlandite was not detected after 7 days of treatment. It
had either transformed into C-(A)-S-H upon reaction with dissolved Al
and Si species or into calcite upon carbonation. Brucite, in contrast, was
still present even after 201 days, indicating a slow carbonation as a
result of its low solubility (Lanas et al., 2006). The intensity of the 104
reflection of dolomite decreased upon treatment, probably due to de-
dolomitization. Dedolomitization involving the reaction of dolomite
with portlandite to form calcite and brucite (III. CaMg(CO3)2+ Ca
(OH)2→ 2CaCO3+Mg(OH)2) has previously been observed in

Fig. 2. FESEM image of a) and c) untreated marl, b) marl treated for 7 days with 15 wt%Mg-rich lime, showing aggregated clay particles, and d) marl treated for 105 days with 15 wt
%Mg-rich lime, showing newly formed, gel-like phases (possibly C-(A)-S-H).
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dolomitic repair mortars (Lanas et al., 2006). Evidence for the presence
of C-(A)-S-H phases could not be provided by XRD analysis, suggesting
an amorphous character of this phase consistent with its gel-like ap-
pearance observed using FESEM (Fig. 2) and TEM (Fig. 4). Overall, XRD
results suggest that only the fine-grained fraction of the marl suffered
dissolution which included clay minerals, quartz, feldspars, and dolo-
mite. This is in agreement with findings by Huertas et al. (1999),
showing a preferential dissolution of fine-grained material in the case of
kaolinite exposed to alkaline conditions. XRD results were confirmed by
TG measurements of EG solvated marl samples, revealing an only in-
significant reduction in smectites from 30.5 ± 2wt% in untreated marl
to 29.2 ± 2.3 wt% in marl treated with 15wt%Mg-rich lime. Note that
this minor change in the smectite content falls within the error of this
technique (Nieto et al., 2008).

3.2.1. Compositional changes in smectites
The smectites of the untreated marl were identified as members of

the beidellite-montmorillonite solid solution series, with some

nontronitic component (Elert et al., 2017). The treatment with 15 wt
%Mg-rich lime for 201 days produced a Mg increase with a con-
comitant decrease in octahedral Al in smectites (Table 1). The tetra-
hedral Si content and the sum of octahedral cations, in contrast, re-
mained basically unchanged. The observed changes indicate a
transformation of smectites as a result of dissolution and precipitation
reactions undergone by the treated marl. Phase diagrams (Fig. 5) re-
vealed that the increase in octahedral Mg occurred after only 7 days of
treatment and further augmented over the course of the treatment,
whereas the reduction in octahedral Al took place more gradually. The
early Mg increase caused an apparent transitory increase in the octa-
hedral occupancy. However, at least part of the excess octahedral oc-
cupancy might actually be attributed to interlayer Mg. In smectites, Mg
can be present both, in the octahedral and in the interlayer positions.
According to Sánchez-Roa et al. (2018), in the case of environments
particularly rich in Mg a coherent formula of smectites can only be
adjusted if part of the Mg is considered as interlayer cations. In the case
of the smectite studied here, Mg entered more easily in the interlayer
space during the first stage of the lime treatment until a reduction in
octahedral Al enabled the entry of Mg in the octahedral sheet.

The presence of Mg is crucial for the formation of smectites.
Kloprogge et al. (1999) stated that even montmorillonite which only
contains a small amount of Mg, would need Mg for its formation. Re-
markably, a reanalysis of TEM-AEM data of marl treated with 15wt%
calcitic lime (data reported in Elert et al., 2017), also revealed a neo-
formation of smectites with increased Mg content. In this case the small
amount of dolomite present in the original marl served as the Mg source
(Fig. 3), following its partial dissolution under the alkaline treatment
conditions (Elert et al., 2017). Our TEM-AEM analyses also show that
even after 201 days of treatment, some smectite particles had a che-
mical composition close to that of the untreated smectite (Table 1).
Note that these analyses also provided evidence for cation exchange
upon lime treatment and the interlayer Ca2+ increased by ~45%,
partially replacing K+ (Table 1). The only partial replacement of K+ is
not unexpected. It is known that K+ is not easily replaced by Ca2+ due
to the higher hydration energy of the latter (Shawney, 1972).

These TEM-AEM results yield important information which helps
explain the deterioration of physical and geotechnical properties ob-
served in lime-treated marls over time (Ureña et al., 2015; Elert et al.,
2017). Apparently, the lime treatment did not only fail to destroy im-
portant amounts of smectites (Elert et al., 2017), but also resulted in the
precipitation of new smectitic clay minerals with higher Mg con-
centration. It might even be speculated that the fine fraction of the non-
swelling clay minerals (i.e., micas and kaolinite) and other phases such
as feldspars were actually transformed into smectites (Churchman and
Lowe, 2011).

3.2.2. Compositional changes of C-S-H phases
C-(A)-S-H phases form relatively rapid in lime treated soils (Al-

Mukhtar et al., 2010; Di Sante et al., 2014). Our previous TEM analyses
revealed the presence of these pozzolanic phases after only 1 week in
marls treated with calcitic lime (Elert et al., 2017). C-(A)-S-H phases
were also detected in samples treated with Mg-rich lime. Fig. 6 shows C-
(A)-S-H interspersed with clay minerals and carbonates in samples
treated with 15 wt%Mg-rich lime for 201 days. The selected area
electron diffraction (SAED) pattern of C-(A)-S-H did not reveal any
well-defined spots or Debye rings but produced diffuse haloes which are
typical for amorphous phases (Fig. 6, inset). Remarkably, the Ca/Si
ratio decreased from 0.55 in samples treated for 49 days (pH=11.8) to
0.37 in samples treated for 201 days (pH=10.1) due to the dec-
alcification (i.e., preferential Ca leaching during dissolution) of C-(A)-S-
H phases, leading to their deterioration. This process has been identi-
fied as a common cause of concrete degradation (Ashraf, 2016). Note
that complete decalcification will lead to the decomposition of C-S-H
into CaCO3 and silica gel, resulting in a strength decrease and the for-
mation of macroporosity (Dauzeres et al., 2016). Results presented by
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Sasaki and Saeki (2007) are in agreement with our data, showing a
similar decrease in the Ca/Si ratio as the pH of the lime-treated marl
decreased. According to Thiery et al. [2011] decalcification is espe-
cially pronounced in the case of C-(A)-Si-H phases with low Ca/Si ratios
as those detected here. After 201 days, the chemical composition of C-
(A)-S-H phases did not differ significantly from those found in samples
treated with calcitic lime for the same period of time by Elert et al.
(2017) and TEM-AEM analyses showed an almost constant Ca/Si ratio
(Table 2). Remarkably, the Mg concentration in these phases was either
very low or zero. This result is in agreement with previous findings,
showing no or very little Mg uptake in C-S-H gel (Lothenbach et al.,
2015). Recent studies (Chiang et al., 2014; Lothenbach et al., 2015)
suggest that the existence of a solid solution series between C-S-H and
M-S-H gel is not very likely due to differences in the structure of C-S-H
and M-S-H as well as in the ionic radius of Ca2+ and Mg2+.

3.3. Implications of mineralogical changes on the geotechnical performance
of lime-treated marl

The neoformation of smectites and the decomposition of C-(A)-S-H
phases upon lime treatment can have important implications on the

geotechnical performance of marls. Ureña et al. (2015) found that the
addition of 2% lime caused an initial improvement in the geotechnical
properties of the tested marl, which however started to reverse after
only 6months when the plasticity index and free swelling increased and
the California bearing ratio (CBR, i.e., penetration test to evaluate
mechanical strength of subgrades) decreased.

The increase in swelling capacity can be explained with the neo-
formation of smectites and, more importantly, with the decomposition
of C-(A)-S-H phases, resulting in clay particle disaggregation.
Disaggregated smectite particles offer a larger surface area for water
absorption and will thus regain part of their swelling capacity. The
reduction in mechanical strength in lime-treated marl is, as in the case
of Portland cement (Huet et al., 2010), related to the decomposition of
C-(A)-S-H, demonstrated here by the decalcification of these phases
detected after 201 days. However, several modifications to the lime
stabilization process might improve the efficacy of the treatment and
overcome some of its shortcomings.

1) The formation of a sufficient amount of pozzolanic phases is
critical in order to achieve a long-term improvement in the marl's
geotechnical properties. Since pozzolanic reactions require water in
order to promote mineral dissolution, additional or prolonged wetting

Table 1
Structural formulae (TEM-AEM) of smectite (based on O10(OH)2) from untreated marl and marl treated with 15 wt%Mg-rich lime for 201 days.

Si AlIV AlVI Mg Fe Ʃ Oct.a K Ca Ʃ Int.b

Smectite from untreated marl
3.68 0.32 1.32 0.21 0.46 1.99 0.46 0.05 0.56
3.56 0.44 1.21 0.26 0.53 2.00 0.44 0.14 0.72
3.81 0.19 1.21 0.36 0.43 2.01 0.24 0.14 0.52
3.56 0.44 1.47 0.12 0.52 2.11 0.09 0.07 0.22
3.63 0.37 1.12 0.28 0.63 2.03 0.31 0.12 0.56
3.77 0.23 1.34 0.21 0.47 2.01 0.16 0.12 0.40
3.82 0.18 1.43 0.19 0.35 1.97 0.29 0.09 0.47
3.90 0.10 1.20 0.19 0.56 1.96 0.00 0.21 0.41
3.71 0.29 1.33 0.21 0.44 1.98 0.42 0.07 0.56
3.89 0.11 1.36 0.30 0.26 1.92 0.47 0.09 0.65
3.70 0.30 1.48 0.17 0.38 2.04 0.16 0.10 0.36
4.02 0.00 1.34 0.19 0.39 1.92 0.10 0.12 0.34
3.74 0.26 1.13 0.30 0.59 2.02 0.24 0.12 0.49
3.81 0.19 1.39 0.24 0.38 2.02 0.17 0.10 0.38
3.84 0.16 1.10 0.24 0.64 1.98 0.17 0.14 0.45
3.98 0.02 1.31 0.29 0.36 1.97 0.21 0.10 0.41
3.99 0.01 1.15 0.31 0.52 1.97 0.12 0.14 0.40
3.76 0.24 1.45 0.23 0.33 2.00 0.24 0.10 0.45

Average 3.79 0.21 1.30 0.24 0.46 1.99 0.24 0.11 0.46
± 0.14 ± 0.13 ±0.13 ± 0.06 ± 0.11 ±0.04 ± 0.14 ± 0.04 ± 0.12

Smectite with changed composition after 201 days of treatment
3.90 0.10 1.03 0.43 0.54 2.00 0.16 0.19 0.54
3.56 0.44 0.85 0.78 0.56 2.19 0.23 0.21 0.65
4.00 0.00 1.10 0.38 0.53 2.01 0.15 0.09 0.33
3.74 0.26 0.83 0.58 0.66 2.07 0.24 0.19 0.63
3.76 0.24 1.29 0.39 0.33 2.01 0.44 0.07 0.58
3.84 0.16 1.11 0.35 0.51 1.97 0.30 0.16 0.61
4.03 0.00 1.16 0.36 0.40 1.92 0.14 0.17 0.48
3.93 0.07 0.89 0.65 0.49 2.03 0.31 0.16 0.63
3.64 0.36 1.54 0.35 0.26 2.14 0.00 0.14 0.28
4.06 0.00 0.97 0.52 0.48 1.97 0.1 0.14 0.38
3.86 0.14 0.92 0.57 0.59 2.08 0.00 0.24 0.48
4.04 0.00 1.07 0.43 0.43 1.93 0.07 0.21 0.48
3.65 0.35 1.17 0.58 0.44 2.19 0.16 0.10 0.37

Average 3.85 0.16 1.07 0.49 0.48 2.04 0.18 0.16 0.50
± 0.17 ± 0.15 ±0.20 ± 0.13 ± 0.11 ±0.09 ± 0.13 ± 0.05 ± 0.12

Smectite with unchanged composition after 201 days of treatment
3.69 0.31 1.37 0.28 0.35 2.00 0.37 0.11 0.58
3.78 0.22 1.61 0.23 0.17 2.01 0.42 0.00 0.42
4.02 0.00 1.16 0.29 0.47 1.92 0.12 0.17 0.47
3.79 0.21 1.66 0.17 0.16 1.98 0.12 0.16 0.43

Average 3.82 0.19 1.45 0.24 0.29 1.98 0.26 0.11 0.48
± 0.14 ± 0.13 ±0.23 ± 0.06 ± 0.15 ±0.04 ± 0.16 ± 0.08 ± 0.07

a Sum of octahedral cations.
b Sum of interlayer charge.
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of lime treated soil would be beneficial to obtain larger amounts of C-S-
H phases. Maintaining sufficiently high soil moisture content during
lime treatment would also reduce carbonation by limiting the diffusion
of atmospheric CO2 in water-saturated pores (Cizer et al., 2010).
Adapting the treatment schedule to seasonal climate conditions, espe-
cially in southern European countries, would also be beneficial to avoid
rapid drying during hot summer months. Treatments during cold winter
months should also be avoided since pozzolanic reactions are halted at
low temperatures (Bell, 1996).

2) Maintaining a high pH is essential to facilitate mineral dissolution
and avoid carbonation of C-S-H phases. Obviously, higher lime con-
centrations will provide additional OH– available for reaction over a
longer period of time (Deneele et al., 2016). However, eventually pH
will drop as a result of mineral dissolution, C-S-H formation, and car-
bonation of Ca(OH)2 and C-S-H. The addition of a small amount of KOH
might overcome this shortcoming. KOH has an equilibrium pH of> 13
and not only enhances mineral dissolution, but also facilitates the for-
mation of non-swelling, relatively stable materials (i.e., zeolites or

zeolite precursors) with cementing properties (Elert et al., 2015). Fur-
thermore, illitization of smectites could be induced in the presence of
potassium, which would reduce the clay's swelling capacity (Drief et al.,
2002).

3) According to results by Hodgkinson and Hughes (1999), C-S-H
phases were protected from carbonation in more compact zones of
1700-year old Roman mortar. Thus, additional compaction during lime
treatment might hinder the access of carbonated ground water and
atmospheric CO2 and prevent C-S-H phases from decomposing into
CaCO3 and silica gel.

4. Conclusions

Analytical results revealed the neoformation of Mg-rich smectites at
an early stage of the lime treatment and the decomposition of C-(A)-S-H
phases over time, which led to the deterioration of the marl's geo-
technical properties (i.e., increased swelling capacity and mechanical
strength reduction).

Fig. 5. Evolution of Mg/AlVI and Si/AlVI ratios in marl samples treated with 15 wt%Mg-rich lime for up to 201 days.

Fig. 6. HAADF-TEM image and element map of C-(A)-S-H interspersed with smectite (Sme) particles, calcite (Cal) and brucite (Brc) in a marl sample treated with 15 wt%Mg-rich lime for
201 days. Inset shows SAED pattern of amorphous C-(A)-S-H.
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The fact that neoformation of smectite is related to the presence of
Mg2+, points to a limited effectiveness of lime treatments for soils
containing dolomite and questions the use of Mg-rich lime for soil
stabilization in general.

It might be argued that destabilization of C-(A)-S-H phases upon pH
decrease, would be especially severe in marl's due to their high car-
bonate content, acting as a pH buffer and not apply to clayey soils.
However, a similar pH decrease due to mineralogical changes (i.e.,
mineral dissolution, formation of C-(A)-S-H, and carbonation of Ca
(OH)2 and C-(A)-S-H)) can also be expected in lime-treated clayey soils,
even though at a lower reaction rate.

Overall the efficacy of lime stabilization treatments for marls (and
clayey soils) might be improved by modifying conventional protocols,
including a prolongation of the wetting phase during treatment, addi-
tional compaction, and the use of additives such as KOH.
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Si Ca Mg Al Fe
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1.00 0.47 0.08 0.13 0.09
1.00 0.61 0.03 0.08 0.04
1.00 0.30 0.10 0.06 0.03
1.00 0.53 0.04 0.09 0.07
1.00 0.55 0.03 0.08 0.04
1.00 0.58 0.04 0.05 0.07
1.00 0.56 0.00 0.04 0.04
1.00 0.53 0.00 0.06 0.03
1.00 0.50 0.03 0.05 0.04
1.00 0.52 0.01 0.04 0.06
1.00 0.54 0.04 0.11 0.07
1.00 0.59 0.00 0.05 0.05
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1.00 0.61 0.04 0.06 0.06
1.00 0.54 0.02 0.07 0.07

Average 1.00 0.55 0.03 0.07 0.05
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1.00 0.34 0.03 0.06 0.13
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