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Abstract: This study introduced quicklime (i.e., CaO), reactive magnesia (i.e.,
MgO) and sodium carbonate, together with an early-age oven curing regime as an
approach of kaolinitic clay solidification, and their strength development was
measured and later interpreted by the subsequent tests including pH test, porosity
measurement, Fourier-Transform Infrared Spectroscopy (FTIR), X-ray diffraction
(XRD) and scanning electron microscopy-Energy-dispersive X-ray spectroscopy
(SEM-EDX). Besides, the environmental impacts with respect to the production of
additives for clay solidification were also calculated. The results indicated that the
incorporation of CaO and MgO effectively solidified the clay with acceptable
compressive strength (CaO group: 12.2 MPa; MgO group: 20.3 MPa after 28 days).
Meanwhile, given the strength development of samples investigated in this study,
the morphology of hydration phases could be possibly more important than their
contents and sample porosity. Further, with the 3 days of oven curing introduced,
MgO took advantage over CaO in clay solidification, which can be attributed to the
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formation of fibrous crystals (i.e., nesquehonite) and fewer micro-cracks presented
within the samples. Finally, from a perspective of ‘greenness’ and sustainability,

MgO is a more favorable additive than CaO and PC in soil solidification.

Keywords: Clay solidification; Quicklime; Reactive Magnesia; Microstructure;

Environmental impacts

1. Introduction

To reduce the Portland cement usage, which is one of the major contributors to
the climate change, supplementary cementitious materials (SCMs) including blast-
furnace slag, fly ash, silica fume, calcined clays and natural pozzolans, have been
widely adopted in concrete formulations, either in blended cements or
incorporated separately in the concrete mixer [1]. These materials, when used as
mineral admixtures in concrete, can improve either or both the strength and
durability properties of concrete due to the formation of C-S-H or C-A-S-H [2].
Meanwhile, some natural pozzolans such as kaolinite has also been solidified via
the use of PC, which is employed in the construction of road pavements due to the
considerable environmental and economic benefits [3]. As a result, the strength of
clay is greatly improved through some hydration phases (e.g., C-S-H) produced
within samples [4, 5]. However, the introduction of PC in the clay solidification
raises an environmental concern as PC is produced at a very high temperature
(i.e., 1450 °C) and emits a large amount of CO2 during this calcination [6-8]. At the
same time, some other strong alkali were also been chosen in clay solidification
such as NaOH at a Na/Si ratio of 0.8-1, and this technique has been widely
investigated and applied into the road in some developing countries [9, 10], and
the highest strength (i.e., 32 MPa) revealed in samples with 16% of NaOH mixed,
which was cured at 80 °C for 24 hours [9]. Meanwhile, steam curing may also
facilitate the strength development of alkali-activated calcined clay samples. For
instance, the compressive strength of 6M NaOH-activated samples reached 12.4
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MPa and 20 MPa after 2 days and 28 days respectively with the introduction of
steam curing [11]. Nevertheless, production of strong alkali as well accounts for
heavy environmental burdens owing to its high energy consumption, albeit it is
introduced in clay solidification at a low dosage [12]. Moreover, lime has been
widely adopted as well in the area of soil solidification [13-15], and the process of
clay solidification may sometimes be coupled with the incorporation of ground
granulated blast-furnace slag (GGBS) into clay. For instance, Consoli et al. [16]
indicated that in an ambient temperature, the lowest level of lime with regard to the
clay solidification was 3 wt. %, which led to a great improvement of strength (i.e., >
2 MPa).

Recently, another promising mineral additive, reactive magnesia has also been
proposed in soil solidification [17-23], which is normally derived from the
calcination of magnesite (i.e., MgCO3) at a lower calcination temperature ranging
from 700-1000 °C, thus its production process is more sustainable than PC
production (i.e., 1450 °C) [6, 24]. In addition, involvement of magnesia for soil
solidification is proved to effective. For instance, Yi et al. [18] investigated the
influence of magnesia with different reactivity on GGBS-clay samples and they
reported that the efficiency of clay solidification was greatly enhanced in the
samples containing more reactive MgO, and their strength was greatly enhanced
after 28 days of normal curing (from 0.2 MPa to 1.4 MPa). Meanwhile, several
studies also used CaO and MgO in soil solidification simultaneously, and Gu et al.
[17] demonstrated that with the growth of MgO/CaO ratios, there was also an
increment on the residual strength of clay samples subjected to various soaking

regimes, that is, from < 1 MPa to around 1 MPa.

Instead of the usage of additives, some curing regimes such as a high-temperature
curing have also been widely accepted in soil solidification, which is proved to be
effective [9, 25]. At the meantime, accelerated CO curing was also adopted to
solidify the contaminated soil facilitated by the use of magnesia, and the strength

of contaminated soil were greatly improved with an effective stabilization of heavy
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metals consequently [26, 27]. The steady strength development of samples
through accelerated carbonation can be assigned to the formation of hydrated
magnesium carbonates (HMCs) [28-31]. However, carbonation process only
occurs on the surface of samples, and the dense layer formed on the surface then
inhibits the further procession of carbonation and the corresponding strength

development of samples [32-35].

Given the foregoing, instead of using a large quantity of strong alkali such as NaOH
in clay solidification, this study adopted some mineral additives including quicklime
(i.e., CaO) and reactive magnesia (i.e., MgO), which are also capable of providing
an alkaline environment in clay solidification. Moreover, different from the previous
studies, which introduced an accelerated carbonation curing to promote the
strength development of soil, this study took advantage of the formation of
carbonates via the reactions between COs? ions and Ca?*/Mg?* ions within the
clay samples. The CO3? ions were derived from the dissolution of Na2COs3, which
is externally included in clay at a very low dosage. In addition, the Na>COs in this
study is also capable of providing some OH- ions to promote the dissolution of clay
particles, although its content in clay was quite low. The Ca?*/Mg?* ions in this
study were sourced from the hydration of additives included in clay. Besides, to
fasten the hydration process and strength development within the laboratory, some
MgO- or CaO-based clay samples were then subjected to an oven curing for up to
3 days. The compressive strength of samples up to 28 days was measured, and
the strength results were later interpreted by pH measurement, porosity, x-ray
Diffraction (XRD), Fourier-transform infrared (FTIR) and scanning electron
microscopy (SEM)-Energy-dispersive x-ray spectroscopy (EDX). Finally, a
comprehensive environmental assessment regarding the production of additives,
which are used in soil solidification, is scarce according to the previous literature,

and the detailed assessment was performed in this study.

2. Materials, sample preparation and methods
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2.1. Materials

The kaolinitic clay used in this study was obtained from Poland, and its chemical
formulation obtained from X-ray fluorescence (XRF) spectrometry is shown in
Table 1. Sodium carbonate (Na2CO3) with a purity of > 99% was used, provided
by Sigma-Aldrich, United Kingdom. Two mineral additives, quicklime and reactive
magnesia were used to replace 20 wt. % of clay during sample preparation. The
primary consideration with regard to the selection of this replacement level (i.e.,
20%) is to reduce the usage of magnesia and quicklime, while providing a high
alkaline environment at the same time within the samples. The type and brand of
quicklime (SSA: 0.9 cm?/gram) were Limelite NHL 3.5 acquired from Tarmac,
United Kingdom, and the reactive magnesia (SSA: 0.3 m?/gram) was sourced from

Magnesia GmBH, Germany, with a purity of >95%.

2.2. Sample preparation

To reduce the content of strong alkali used clay solidification, only 10 wt. % of
Na2CO3 compared with total solids was mixed with water, which provides some
COs? ions and an alkaline environment at the same time. A control group was
selected which contained 100 wt. % of clay, whereas for the other two groups, 20
wt. % of clay was replaced by the use of quicklime or magnesia, respectively. The
w/b ratios of all three groups were chosen accordingly to ensure the same
workability of fresh paste. After mixing, the pastes were cast into 50 x 50 x 50 mm?
cubic molds, compacted via a vibrating table and trowel finished. All samples were
demolded after 24 hours, and two curing regimes were adopted: (1) The samples
were cured in a natural environment (i.e., temperature: 25 °C £ 1 °C; Relative
humidity: 60 % £ 5 %) up to 28 days; (2) The samples were cured in an oven (i.e.,
80 °C) first for 3 days and then in a natural environment (i.e., temperature: 25 °C
1 1 °C; Relative humidity: 60 % = 5 %) up to 28 days (i.e., 25 days of natural curing).
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The mix formulations of all groups studied and their curing regimes are shown in
Table 2.

2.3. Methods

2.3.1. pH values

After compression test, the crushed samples were ground to fine powders for
measurement with a calibrated Mettler Toledo pH meter according to ASTM C25
[36]. A solution of 5 grams of sample powders mixed with 100 grams of distilled

water was prepared and mixed for 30 minutes prior to each measurement of pH.

2.3.2. Compressive strength

For each group, three samples were tested and subjected to compression testing
at7, 14 and 28 days in line with ASTM C109/C109M-13 [37]. A 50-kN Instron 5960

universal testing machine was used at a loading rate of 12.7 mm/min.

2.3.3. Porosity

The porosity of selected clay samples was obtained via the calculation of Equation
1, which is derived from ASTM C642 [38], in which the void volume is difference
between Msat and Mary. Msat is the mass of sample saturated in water; Mqry is the
sample mass dried at a temperature of 70 °C to constant mass; V is the volume of

the sample measured by a Vernier scale.

P=Void volume/Total volume=(Msat-Mdry)/V*100% (Eq. 1)

2.3.4. XRD, FTIR and SEM-EDX
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The in-situ microstructural analysis was performed, and samples extracted from
the cubes crushed during the compression test were immediately investigated via
XRD, FTIR and SEM/EDX. The XRD patterns of all samples were obtained using
a Bruker D8-Advance X-ray diffractometer with Cu Ka radiation (A=1.5418 A), an
operational voltage of 40 kV, a current of 40 mA and a scanning rate of 2° 26 /step
from 5 to 80° 28. The Fourier transform infrared (FTIR) curves with spectral
subtraction were obtained in a Shimadzu IRAffinity-1 fitted with a Specac Quest
attenuated total reflectance (ATR) accessory. The curves were recorded from 650
to 1650 cm™" with a 2 cm™ resolution, and a scan count of 25 at a scanning rate
of 5-kHz was used. During the SEM analysis, the chunk samples around 5 mm*5
mm*5mm after compression test were chosen and impregnated with ultralow-
viscosity resin and polished by a series of graded polishing papers and diamond
paste, and the grinder used in this study is PlanarMet 300 from Buehler Esslingen,
Germany. The samples were coated with gold and a high vacuum mode was used
during SEM analysis. The backscattered secondary electron (BSE) images were
acquired using a Zeiss Supra 35VP SEM, facilitated by the use of an energy-
dispersive X-ray (EDX) analyzer.

2.3.5. Environmental impacts

The goal of this section was to obtain the environmental impacts associated with
1 kg of quicklime and magnesia production based on a European case study, and
the outcomes were compared with those of PC production, which is a commonly
used additive in clay solidification. Since there are no inventories of reactive
magnesia in the database, the inputs and outputs owing to the production of
reactive magnesia were obtained from the references [6, 39], as shown in Table
3, while the inventories of quicklime production were acquired from the Ecoinvent
database. The inventories resulting from PC production were sourced from several
European literature [40-44], as indicated in Table 4. A commonly used assessment
approach, Eco-indicator 99, was applied in the evaluation of environmental
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impacts for the additives used in soil solidification, which is capable of gaining a

series of indicators such as climate change.

3. Results

3.1 pH values

The 7-day, 14-day and 28-day pH values of all samples subjected to the natural
and mixed curing regimes are presented in Fig. 1. lrrespective of curing ages,
compared with the pH values shown in the control group (i.e., 12.3~13.0), there is
a distinct increase in the values shown in the CaO- and MgO-based clay samples,
ranging from 13.3 to 14.9. In the meantime, it is clear that the CaO-based samples
produced a more alkaline environment than the MgO-based counterparts, which
could be explained by the following mechanisms: (1) The Ca(OH). formed due to
the hydration of quicklime reveals a greater solubility (i.e., Ks=5.5x10%) than
Mg(OH). (i.e., Ksp=1.5x10"") in room temperature, and the corresponding
reactions are shown in Equation 2-3. Therefore, compared with Ca(OH): in the
L20-OC and L20-NC groups, the smaller quantity of OH" ions released by Mg(OH).
brought about the lower pH values within the clay samples; (2) Another possible
explanation could be related with a higher content of hydration phases formed in
the MgO-based samples (i.e., M20-OC and M20-NC), and these hydration phases
could then consume or absorb more alkali within the clay samples, which led to
the smaller pH values presented in these groups than the CaO-based counterparts
(Fig. 1), and the above findings were also supported in the previous studies [45,
46]. However, the first explanation seems to be a more reasonable interpretation
considering the later results. From the figure, it is also interesting to be noted that,
except for the control group, the mixed curing regime, which introduced an oven
curing at the beginning, also led to the lower pH values shown in these samples
than the natural curing groups, which could be ascribed to the higher content of

hydration phases formed (i.e., more alkali consumed or absorbed) under this
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regime within the samples, facilitated by the faster hydration kinetics resulting from
the elevated temperature, and the outcomes were also well explained by the
subsequent experiments in this study. Besides, from Fig. 1, it is also obvious that
the pH values of all samples fluctuated over time, and a possible interpretation
could be related to the carbonation of samples, which resulted from the reaction
between the hydration phases and atmospheric CO: in the clay samples, thus their

pH equilibrium were influenced correspondingly.

CaO+H0—Ca(OH),—Ca?+20H- (Eq. 2)

MgO+H20—Mg(OH)2¢—>Mg?*+20H- (Eq. 3)

In practice, the high pH of the soil may have an adverse effect on the plant growing
and the activity of the micro-organisms within the soil. However, the main purpose
of using these additives including magnesia and quicklime into clay is to solidify
the clay in the construction of road pavement, where the plant growing or the
activity of the micro-organisms were not considered as important indicators, and
PC and CaO were the most widely used stabilizing agents in the construction of

road pavements[3].

3.2. Compressive strength and porosity

Up to 28 days, the compressive strength of CaO- and MgO-based clay samples is
shown in Fig. 2, where the natural and mixed curing regimes were adopted. The
figure clearly indicated that regardless of the curing regimes adopted, the strength
of control groups without any mineral additives (i.e., the C-NC and C-OC group) is
relatively weak (i.e., close to 0 MPa) even after 28 days of curing, and the C-OC
group performed only slightly better than the C-NC group concerning the strength
development, which is related to their relatively porous structures, as shown in Fig.
3(a). As indicated by a previous study [9], coupled with an elevated temperature

curing, a strongly alkaline environment is required to dissolve the alumino-silicate

9



279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309

in clay, and a Na/Si ratio of 0.8-1 is a necessity in clay solidification, whereas the
Na/Si ratio in this study was only about 0.2, which resulted in a low efficiency of
clay solidification due to the insufficient pH provided by the sole usage of 10 wt. %
Na2COzs in clay, as discussed in Section 3.1. When it comes to the strength results
of samples subjected to the natural curing regime (i.e., L20-NC and M20-NC
group), given the 7-day and 14-day compressive strength, the CaO-based clay
samples outperformed the MgO-based counterparts, and the higher pH values
revealed in L20-NC (Fig. 1) may explain the variations, which resulted in a better
hydration behavior of clay particles and greater strength achieved in the L20-NC
group, however, after 28 days of natural curing, both the CaO- and MgO-based
samples demonstrated similar compressive strength (i.e., 10 MPa), which could
be interpreted by the improvement in the homogeneity of hydration phase
distribution, when a higher content of magnesia replacement was introduced in

clay samples [17].

For the mixed curing regime, Fig. 2 also clearly reveals that the M20-OC group
presents superior compressive strength than that of the L20-OC group. For
instance, after 28 days of mixed curing, the average compressive strength
revealed by the M20-OC group is 20.4 MPa, which is 110% greater than that of
the L20-OC group. It is widely accepted that strength among samples is highly
related to porosity, and the formed hydration phases would fill in the pores within
the mixture, which led to a more compacted structure and better strength of
samples [47]. However, this theory may not be applied in this study, as a quite
similar sample porosity (i.e., around 27 %) was both observed in the CaO- and
MgO-based clay samples, as shown in Table 5. Considering this, a possible
interpretation of strength difference between the M20-OC and the L20-OC groups
could be resulting from the varying morphology of hydration phases, which will be
explained in the later sections. Besides, another cause of inferior compressive
strength observed in the L20-OC group can be assigned to the occurrence of
micro-cracks in samples (Fig. 3(b)) due to the oven curing (or drying), although this
curing regime may also promote the hydration of precursors [48], whereas a

10
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different surface image was observed in the M20-OC group (Fig. 3(b)), which could
be associated with the volume expansion of samples owing to the magnesia
hydration [49], and its delayed hydration, which was resulted from its low solubility,
reduced the probability of micro-cracks formation as a consequence of thermal
shrinkage at a later curing age [50-52]. For the quicklime, although it was also used
as a type of expansive additive, however, the rapid reaction of CaO with water, as
well as its potential hydration during storage even in a natural environment,

reduced its expansion efficiency in concrete [53].

In view of the strength results presented in Fig. 2, some of the mixtures meet the
7-day strength requirement (i.e., 3~5 MPa) stipulated by the Chinese standard [54]

in terms of the construction of roadbases in highway.

3.3 XRD

The XRD patterns of the C-OC, L20-OC, M20-OC and M20-NC groups under the
mixed curing regime were shown in Fig. 4(a) and (b). Within all the groups
investigated, the presence of quartz and kaolinite can be found even after 28 days
of mixed curing, and these phases are derived from the clay, as seen from Table
1. The table also shows that the C-S-H together with the calcite (CaCOs) is
detected (28-29° 20) in the patterns of the L20-OC group, and this finding is also
in line with a previous reference [18]. For the M20-OC group, the peak of 28-29°
20 can be ascribed to the presence of nesquehonite (MgCO3-3H20), yet the
presence of M-S-H in this mixture is still uncertain, which is due to its amorphous
nature and broad hump shown in the XRD patterns [45, 55]. Meanwhile, the clay
used in this study is also almost free of CaO content (Table 1), thus the possibility
of calcium-bearing phases in the M20-OC group could be eliminated, which is also
confirmed by the XRD pattern of the C-OC group in Fig. 4(a) since the peaks of C-
S-H or calcite were both absent. Further, Fig. 4(a) also indicated the absence of
portlandite (CaOH).) or brucite (Mg(OH).) from the patterns, revealing that after 28

11
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days of curing, the Ca?* and Mg?* ions may be completely involved in the formation
of Ca- and Mg-containing phases within the clay samples under an alkaline
environment, and the outcomes were also in accordance with several previous
investigations [56-58]. In addition, the corresponding peaks of Na.CO3 cannot be
identified from all the XRD patterns, showing its complete dissolution within the
samples after 28 days of curing, and the resultant COs? ions in the pore solution

were then involved in the formation of calcite or nesquehonite at a later stage.

The XRD patterns of the M20-OC and M20-NC groups is presented in Fig. 4(b).
The patterns obviously indicate that the oven curing at an early stage facilitated
the formation of nesquehonite (MgCO3-3H20), which could also be assigned to the
better dissolution of magnesia facilitated by elevated-temperature, whose solubility
is quite low in room temperature. Therefore, in comparison with the L20-OC group,
the introduction of oven curing at an early age promoted the formation of more
Mg?* ions, which would readily react with CO3? in the pore solution and a larger
quantity of nesquehonite was produced as a result in the M20-OC group, which
enhanced the strength of samples subjected to the mixed curing, and the details

of nesquehonite formation can be found in the section of Discussion.

3.4. FTIR

The FTIR spectra of clay, quicklime, magnesia and selected clay samples
subjected to the mixed curing regime are presented in Fig. 5(a). The spectra of the
L20-OC and M20-OC groups indicate a peak at 800-1200 cm-', though they
present different shapes and locations (i.e., peak center) when compared with the
C-OC group and precursor, which is mainly attributed to the Si-O bond [59]. In
addition to the stretching vibrations of Si-O, the 870 cm™ bands in the L20-OC and
M20-OC groups can be ascribed to the bending band of CO3? ions, which was
usually reported at around 875 cm™' [60]. In view that the NaxCOs was totally
dissolved in these clay samples after 28 days of curing, the bending band of CO3%

12
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ions also confirms the presence of calcite (CaCOs) or nesquehonite
(MgCO3-3H20), as shown in Fig. 4. In the C-OC, M20-OC and L20-OC groups,
the circled portions between 1070 cm™'and 1210 cm™' are related to the presence
of clay, but the remainders ranging from 800 cm™ to 1070 cm™ display the
presence of some hydration phases produced within the C-OC, L20-OC and M20-
OC groups, which are different from the precursor. Therefore, for a more clear
comparison, the produced phases was conservatively estimated by a spectral
subtraction (with linear baseline correction applied), as indicated in Fig. 5(b). The
figure shows that the produced phases reveal their main peaks between 960 cm’
and 980 cm™!, which can be assigned to the presence of some hydration products
(i.e., C-S-H or M-S-H possibly), and the findings were also in line with the previous
studies [23, 61, 62], although the evidence of M-S-H within the M20-OC group is
not very strong because of its amorphous nature, which will be discussed later.
Further, the relatively low intensity of peaks within the range of 960 cm™' and 980
cm'in the C-OC group reveals a scarce of hydration phases, explaining its porous
structure and negligible compressive strength, which is also confirmed by the XRD
patterns in this study. Besides, from Fig. 5(b), it can also be found that the L20-OC
group may contain a greater quantity of hydration phases than the M20-OC group,
reflected by its stronger peak intensity and larger peak area, yet the M20-OC group
still outperformed the L20-OC group with regard to the compressive strength,
showing that the quantity of produced phase (or porosity) is not the only factor that
dominates the strength of clay samples in this study, which will be elaborated later
in the section of Discussion. Finally, Fig. 5(b) has a clear representation that the
three peak centers of the C20-OC, L20-OC and M20-OC groups differ slightly,
ranging from 960 cm™" and 980 cm', and [63] suggested that this variation could
probably be interpreted by the varying Ca/Si ratios, and a higher Ca/Si ratio in the

samples was accompanied by a lower wavenumber in the FTIR curves.

3.5. SEM-EDX

13
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Some BSE images of selected samples after 28 days of mixed curing were
displayed in Fig. 6. For a fair comparison, the magnification of all SEM images
were kept the same. As expected, in the C-OC group, there is a large content of
unreacted quartz (i.e., SiO2; spherical particles) left, and it is also reported that
dark grey areas on BSE images refer to the presence of C-S-H in the samples [64],
thus very little C-S-H is found from the BSE image in the C-OC group (Fig. 6(a)),
which is also supported by the previous results. For the L20-OC group, the
unreacted particles (i.e., kaolinite and quartz) are connected by some dark grey
areas, which is C-S-H or possibly calcite in Fig. 6(b), and a more dense structure
was seen in the L20-OC group than the C-OC group, accounting for its greater
strength achieved. Besides, through the elemental spectra in Fig. 7(a), owing to
the presence of carbon in the dark area, the presence of calcite (CaCO3) can also
be confirmed, which is intermixed with the C-S-H in the L20-OC group. While the
C-S-H results from the reaction between the clay particles and the Ca?* ions, the
source of Ca?*ions in the formation of calcite may vary, which will be discussed

later.

Different from the L20-OC group, fibrous hydration products are prevailing in the
M20-OC group (Fig. 6(c)), and these crystals resemble the morphology of
nesquehonite (MgCO3-3H20) [65, 66] or natrite (Na2COs3) [67], however, from the
XRD patterns, the possibility of natrite (Na2COs) is eliminated in the M20-OC group.
In addition, the elemental spectra in Fig. 7(b) also indicates the presence of carbon
within the fibrous crystals, consequently, the dominant hydration phases in M20-
OC can be attributed to the presence of nesquehonite (MgCOs3-3H20), which is
also in line with the XRD results. As expected, it is still very difficult to confirm the
existence of M-S-H in the M20-OC group from BSE images, which will also be

discussed later.

4. Discussion

14
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The effects of quicklime incorporation on the clay solidification are pronounced.
The continuous hydration of the L20-OC group led to the C-S-H produced that
connected the clay particles, which resulted in a denser structure than the C-OC
group. It was reported that amorphous C-S-H including C-S-H gel, C-S-H (I) and
C-S-H (ll) is a thermodynamic metastable phase, and the relatively low
temperature led to the formation of amorphous C-S-H, whereas crystalline C-S-H
can be formed including tobermorite and xonotlite at elevated-temperature [68].
Therefore, the 3-day oven curing at an early stage led to the formation of C-S-H
with more crystallized structure in the clay samples. Meanwhile, from the previous
sections, the calcite produced (Equation 4) is also intermixed with the C-S-H in the
L20-OC group. There are two possible Ca?* ion sources, that is, the hydration of
CaO or the leaching of C-S-H in the L20-OC group. However, it is also clear that
the crystalline C-S-H, which is formed in this study, shows greater stability than the
amorphous C-S-H gel, indicating its relatively inferior capacity of Ca?* ions release
owing to its lower solubility [69]. Given this circumstance, it is believed that the
Ca?* ions in Equation 4 was mainly derived from the dissolution of mineral additive
(i.e., Ca0O). Meanwhile, the dissolution of Na2COs3 is supposed to play a major role
for the provision of CO3? ions in Equation 4. Due to the low concentration of CO-
in the air (~0.04%), only a small proportion of atmospheric CO2 would be dissolved
into the pore solution even after 28 days of curing, leading to a negligible CO3z*
ions resulting from the carbonation in the L20-OC group. Another study [46] also
reported that the solubility of crystalline silica (i.e., quartz) that is found in this study
is several orders of magnitude lower than the amorphous silica (MS), which greatly
inhibits the dissolution of clay particles as well as the formation of the C-S-H
correspondingly, reflected by the lower compressive strength in the C-OC and C-
NC groups. Consequently, the calcite may play a more important role than the C-
S-H in the determination of compressive strength in the L20-OC group, which will

be explored in the future.

Ca?*+C03>—CaCO3 (Eq. 4)
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The benefits of magnesia incorporation in the clay solidification are also clear.
Different from the formation of calcite, it is very difficult to produce magnesite (i.e.,
MgCOs3) within the samples [70], and inevitably, the Mg?* ions would readily react
with CO3? ions as well as combine several molecules of H20 to produce a series
of hydrated magnesium carbonates (HMCs) with varying morphology within
samples [32, 65, 66, 71]. In this study, the type of HMC that was found within the
M20-OC group is identified as nesquehonite through the XRD patterns and the

SEM images, and its reaction formula is shown in Equation 5:

MgZ+CO32+3H,0—MgCOs-3H,0 (Eq. 5)

In Equation 5, the Mg?* ions could be either obtained from the dissolution of
Mg(OH). or possibly M-S-H, albeit the presence of M-S-H in the M20-OC group is
still in doubt, which will be investigated in the future. Besides, as aforementioned,
considering the low solubility of quartz in clay, the amount of M-S-H should also
be low as well, which is also confirmed by the low peak density and small peak
area of produced phase than C-S-H through the FTIR curve in the M20-OC group,
provided that the main peak of 960 cm™ and 980 cm™ was assigned to the
presence of M-S-H. Further, [45] also demonstrated that the amorphous M-S-H
presents a higher solubility compared with the crystalline M-S-H such as sepiolite
(Mg4SisO15(OH)2:6H20) or chrysotile (Mgs(Si20s)(OH)a). Therefore, in terms of the
foregoing, even though M-S-H indeed formed at an early stage within the pore
solution in the M20-OC group, after 28 days of curing, the leaching of Mg?* ions
from the M-S-H due to its good solubility may then absorb COs* ions and H20
molecules to produce the HMCs. As a consequence, nesghehonite was formed in
this study. At the same time, compared with the L20-OC group, greater strength
was observed in the M20-OC group owing to the presence of fibrous nesquehonite.
The mechanical performance of brittle samples is determined by several key
factors such as the quantity of hydration phases formed, which resulted in a
reduction of pores and a more compacted structure within the samples. However,
in view of the FTIR curves and the similar porosity results of the L20-OC and M20-
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OC groups, more hydration phases were observed in the L20-OC group than the
M20-OC group, whereas an opposite scenario was found concerning the
compressive strength of the L20-OC and M20-OC groups, which could be
interpreted by the different hydration products formed within these two groups, and
the produced phases present various morphology, in other words, the morphology
of hydration phases within the clay samples could possibly play a more important
role than their content as well as sample porosity for the strength of samples
investigated, and a similar finding was also reported in a previous study [72], where
the mechanical performance of samples was also greatly influenced by the
morphology of hydration phases instead of their quantity. In addition, [32, 73]
proposed that the fibrous and needle-like crystal growths are more useful than the
rounded or tabular crystals concerning the strength development of samples.
Hence, owing to the 3D structures, the fibrous nesquehonite revealed better
microstructural strength than the C-S-H/calcite mixture, and the compressive
strength of the M20-OC group is much higher than that of the L20-OC group
consequently. At the meantime, it is also speculated that the possible effects of
interlocking resulting from the fibrous nesquehonite may further enhance the
compression resistance of the MgO-based clay samples, which is also put forward
in a previous reference [32]. Therefore, in consideration of the above discussion,
it can be concluded that instead of the content, the morphology of hydration phases
could be possibly more crucial in controlling the compressive strength of clay

samples investigated in this study.

When it comes to the effects of early-age oven curing, it may present dual effects
on the compressive strength of the L20-OC group. For one thing, the oven curing
may facilitate the hydration behavior and the subsequent strength development of
clay samples. For another, since the hydration rate of quicklime is very fast, which
causes a low efficiency of expansion, the oven curing (or drying) may bring about
the occurrence of micro-cracking within the samples containing quicklime at a later
curing age, which would deteriorate their overall compressive strength.
Nevertheless, the chances of micro-cracks formation within the M20-OC samples
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were reduced by the delayed volume expansion of magnesia hydration. [51]
reported that the hydration of MgO can be found on the exterior surface of their
particles, inner pore surface as well as boundary, and the Mg(OH). precipitates
adjacent to the MgO particles resulting from the short diffusion distance of Mg?*
ions gradually, then the delayed expansion of magnesia particles can be observed
consequently. Since the expansive process (i.e., hydration) of magnesia particles
occurs within a confined area, which is previously dominated by the initial ones,
the expansive stress is generated owing to the confined expansion, hence, the
cement samples are expanded subsequently. Therefore, considering the absence
of micro-cracks, when magnesia is incorporated in clay solidification, the effect of
oven curing at an early stage on the strength development of clay samples could
be strengthened. An illustration of chemical reactions occurred in the L20-OC and
M20-OC groups is presented in Fig. 8, which also explained the strength variations

between these two groups.

In terms of additives selection in soil solidification, their environmental impacts
associated with the production are of great significance for the decision-makers.
Therefore, an environmental assessment of quicklime, reactive magnesia and PC
production was then performed in this study, which would increase the awareness
of the adoption of more sustainable additives for clay solidification. It is know that
there are several routes to acquire quicklime or reactive magnesia in practice.
Therefore, in this study, the quicklime and reactive magnesia were both assumed
to be obtained via the calcination of minerals, that is, limestone (i.e., CaCOs3) and

magnesite (i.e., MgCO3), and their calcination process are shown in Equation 6-7.

CaC0O3—Ca0+CO2 (Eqg. 6)
MgCO3—MgO+CO> (Eq. 7)

The individual environmental impact owing to 1 kg of quicklime and reactive
magnesia production is presented in Fig. 9, which also consists of the outcomes
resulting from 1 kg of PC production as PC is widely used in clay solidification. The
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figure clearly presents that the overall environmental burdens (i.e., single score)
associated with the production of reactive magnesia is 16.4% and 41.6% lower
than that of quicklime and PC production, respectively, which can be ascribed to
the lower score of fossil fuels resulting from its lower calcination temperature. In
the meantime, a 21.3% and 77.0% increment in the scores of climate change are
demonstrated in reactive magnesia production than quicklime and PC production,
which could be attributed to the higher CO2 emitted by the decomposition of
magnesite. It is widely accepted that the CO2 emissions could be divided into the
direct emission (i.e., from the decomposition of raw materials) and the indirect
emission (i.e., from fuel consumption) [74]. Albeit production of reactive magnesia
consumes less fossil fuels that led to the lower indirect CO2 emissions, the direct
COs. release into air related to 1 kg of reactive magnesia manufacturing is 1.1 kg,
and the value is much greater than the same quantity of quicklime (i.e., 0.78 kg)
and PC production (i.e., 0.78~0.83 kg). As a consequence, compared with the
production of the other two additives, a greater overall CO2 emission (i.e., a direct
plus indirect CO2 emission) and a corresponding higher score of climate change

was revealed owing to the production of reactive magnesia.

5. Conclusions and prospects

This study solidifies the clay via the incorporation of reactive magnesia, quicklime
and sodium carbonate, and the efficiency of clay solidification was further
enhanced by means of an oven curing at an early stage. Overall, the outcomes
obtained will provide some guidance on the solidification of contaminated clay as
well as the manufacturing of clay-based products such as masonry bricks.
Although the mechanical performance of the samples may be the most significant
property, several other properties of the clay-based samples developed such as
the setting time, the durability or the geotechnical properties (e.g., Atterberg limits)
are also of great importance, which will be investigated in the future. Besides, the

major conclusions can be drawn as follows:
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The incorporation of quicklime and magnesia into clay provided additional Ca?*
and Mg?* ions to produce C-S-H/Calcite and nesquehonite (possibly M-S-H). In
addition to its higher sustainability as an additive, introduction of magnesia led to
greater compressive strength in the samples than the CaO-based counterparts,
which could be possibly ascribed to (1) the interlocking effects and a 3D structure
of fibrous nesquehonite produced, indicating the importance of the morphology of
hydration phases; (2) the addition of magnesia reduced the chances of micro-crack

occurrence in the clay samples due to its delayed hydration.
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List of Tables

Table 1 Chemical formulation (wt. %) of clay obtained from XRF

SiO; Al;03 Fe;O3 CaO MgO K;O Na;O Others LOI

61.02 18.85 7.87 1.73 3.03 340 1.27 147 143
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Table 2 Mix formulations of clay samples (wt. %) and curing regimes used in this

study
Curing
Group Clay Na;CO; Quicklime Magnesia wi/b ratio
regimes
10 % of total Natural
C-NC 100 % ) 0 0 0.34 )
solids curing
10 % of total Natural
L20-NC 80 % ) 20 % 0 0.41 )
solids curing
10 % of total Natural
M20-NC 80 % ) 0 20 % 0.41 )
solids curing
10 % of total _ _
Cc-0C 100 % i 0 0 0.34 Mixed curing
solids
10 % of total _ _
L20-OC 80 % ) 20 % 0 0.41 Mixed curing
solids
10 % of total ) )
M20-OC 80 % id 0 20 % 0.41 Mixed curing
solids
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Table 3 Inventories for the production of 1 kg of reactive magnesia

Input/emissions Amount [6, 39]

Raw materials

Magnesite (kg) 217
Water (kg) 0.01
Energy
Coal (kg) 0.27
Electricity (Wh) 8.67
Diesel (kg) 0.54
Emissions
CO2(9g) 1096.54
SO2(9) 4.21
CO (g9) 0.02
NO«x (9) 0.01
Water vapour (m?3) 1E-5
Magnesite dust (g) 0.99
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Table 4 Inventories for the production of 1 tonne of Portland cement in Europe
[40-44]

Raw materials

Limestone (ton) 1.32
Clay (ton) 0.32
Sand (ton) 0.07

Iron ore (ton) 0.01
Gypsum (ton) 0.05
Water (ton) 0.53
Energy
Coal (ton) 5.53*10°
Fuel oil (ton) 1.53*10°
Electricity (kWh) 71.92
Petroleum coke (ton) 0.1
Diesel (ton) 9*10”7
Emissions
CO2 (kg) 832.61
SOz (kg) 0.63
CO (kg) 1.96
NOx (kg) 1.79
Cement kiln dust (kg) 0.87

Particulate matter (kg) 0.03
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Table 5 Porosity of CaO- and MgO-based clay samples

Controlled clay CaO-based clay MgO-based clay
Mixture
samples samples samples

Porosity =¥ 27.7% £ 0.3% 27.9%+2.1%

*The porosity of controlled clay samples cannot be measured as it broken into pieces in water due to its porous structure
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Fig. 3 (a) Images of the control groups under the natural and mixed curing
regimes after 7 days (b) Images of the L20-OC and M20-OC groups under the

mixed curing regime after 28 days
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the MgO-based clay samples under the natural and mixed curing regimes after
28 days
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Fig. 5 (a) FTIR spectra of precursor, quicklime, magnesia and selected clay
samples (b) subtraction of the spectra (i.e., after baseline correction) of the
selected samples under the mixed curing regime after 28 days of mixed curing
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and calcite
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Fig. 6 BSE images of (a) C-OC (magnification: x4000); (b) L20-OC
(magnification: x4000 and x10000); (¢) M20-OC (magnification: x4000) after 28

days of mixed curing
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Fig. 7 Elemental spectra of selected areas in (a) L20-OC (magnification: x10000)
and (b) M20-OC (magnification: x10000) after 28 days of mixed curing
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Fig. 8 lllustration of chemical reactions in the L20-OC and M20-OC groups after 28 days of mixed curing
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