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Abstract

Ground granulated blast-furnace slag (GGBS), activated with olivine (Mg,Si0,4) and sodium hydroxide (NaOH), was used
to stabilise a clayey soil. Mechanical and microstructural properties of the stabilised soil were assessed through uniaxial
compression strength (UCS) tests, X-ray diffraction, scanning electron microscopy and energy-dispersive X-ray spec-
troscopy (EDS), after curing periods of 7, 18 and 90 days. The UCS of the GGBS-treated soil (without activation with
NaOH), even at the highest slag dosage (G;oS), after 90 days, showed only a slight increase (142 kPa) relatively to the
original soil. When olivine was added to the GGBS-treated mixture (O,0G,(S), the UCS increased to 444 kPa, after
90 days. However, when NaOH was used as an activator, the UCS of the olivine-GGBS-treated soil (NO,yG,(S) increased
to more than 6000 kPa, after 90 days. This significant strength increase was attributed to the higher reaction degree
provided by the NaOH, which enabled a more effective exploitation (dissolution) of the Ca and Mg present in the slag and
olivine, respectively, forming a mixture of C—S—-H and M-S-H gels.
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1 Introduction
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. Among the several ground improvement techniques now
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available, soil stabilisation with cement and lime is mostly
and extensively used in road and railways, airport pave-
ments, shallow foundations, embankments and deep soil
stabilisation [3, 14, 15, 24, 25]. Although such traditional
binders can improve many engineering properties of the
original soils, they also possess several shortcomings,
especially when viewed from an environmental perspec-
tive. In the case of Portland cement (OPC), its production
requires high energy inputs and generates around 7% of
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anthropogenic CO, emissions [11]. It is estimated that
every ton of cement produces nearly an equivalent amount
of CO,, a greenhouse gas that plays a major role in global
warming [18, 20]. In addition to the CO, emissions,
another by-product of cement production is NO,. Indeed, a
very significant volume of nitrogen oxides are produced in
cement kilns, which can also contribute to the greenhouse
effect and acid rain [28].

To reduce the environmental impacts associated with
soil stabilisation, efforts are often focused on the
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development of new soil stabilisation methods that reduce
the need for lime and, especially, cement. An interesting
alternative are microbial biopolymers (i.e. excretions)
capable of significant soil strengthening with as low as
10% of the equivalent cement content [6], or the better-
known microbially induced carbonate precipitation tech-
nique, used to bind soil particles either for strength increase
or pore filling [33]. This technique is already moving to the
next evolution stage, as solutions for application of a single
all-in-one shot are being successfully tested [7, 30].
Another popular route for developing new and environ-
mentally friendly binders is based on industrial by-products
and wastes, preferably those which are mostly constituted
by amorphous aluminosilicates and exhibit pozzolanic
properties. A wide variety of by-products was already
successfully tested, including ground granulated blast-fur-
nace slag (GGBS), which proved to be a promising option
for the replacement of traditional binders in soil stabilisa-
tion [8, 21]. Apart from the strong environmental benefit of
reusing GGBS for soil stabilisation applications, there are
also technical and economic reasons and advantages
[17, 37].

According to the study conducted by Fasihnikoutalab
et al. [29], a layer of Si—Al-O forms on the GGBS particle
surfaces, when in contact with water. This layer can absorb
H* ions, resulting in an increase of OH™ ions as well as on
the pH of the solution. However, this can be insufficient to
efficiently break the Si—O and Al-O bonds, thus limiting
the formation of calcium silicate hydrate (CSH) and cal-
cium aluminate hydrate (CAH) compounds. Therefore, the
hydration of GGBS can be enhanced via chemical activa-
tors. Most common activators used for this purpose are
lime (calcium oxide, CaO) and calcium hydroxide
(Ca(OH),) [21]. Previous applications of lime-GGBS
mixtures in ground improvement included the treatment of
sulphate-bearing soils [13, 31, 32] and flooded low-ca-
pacity soils [22, 23].

Recent evidence suggests reactive magnesia (MgO) can
also act as a sustainable GGBS activator in ground
improvement applications. Yi et al. [38] investigated the
use of reactive magnesia (MgO) and carbide slag (CS) as
sustainable activators for GGBS in clayey soil stabilisation,
concluding that the MgO-GGBS stabilised marine clay
developed a substantially higher 90-day compressive
strength than the corresponding CS-GGBS stabilised
marine clay. Also, the 90-day UCS of MgO-GGBS sta-
bilised soil doubled the strength of the same soil stabilised
with cement. In a different study, Yi et al. [35] compared
the activating efficiency of a MgO-GGBS paste with a
GGBS-hydrated lime paste and concluded that reactive
MgO could act as an effective alkali activator of GGBS,
achieving higher 28-day strength than the corresponding
GGBS-hydrated lime system.
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Despite these findings, an important obstacle in the
widespread application of MgO-GGBS in soil stabilisation
is related to environmental and economic issues. Given the
fact that global production of MgO is around 20 million
tonnes per year, the price of the MgO that is suitable for
GGBS activation varies between 180$ and 350$ per ton
[1]. Moreover, MgO is usually produced by heating mag-
nesium carbonate, which releases CO, into the atmosphere
[9]. A possible solution is the substitution of the MgO by
olivine (Mg,Si0O,4), a magnesium silicate mineral contain-
ing 45-49% of magnesium oxide (MgO) and 40% of sili-
con dioxide (SiO,), which can be considered a valid
alternative source of MgO, to be used in soil improvement
[3, 10, 16, 25].

This study investigates the effectiveness of olivine (i.e.
individually and in the presence of NaOH) for GGBS
activation and for soil stabilisation applications. To achieve
this, the UCS test was used as a practical indicator of
strength development. The influence of GGBS and olivine
contents, as well as curing age, on the mechanical perfor-
mance of stabilised soil samples is discussed. These out-
comes were further supported with microstructural analysis
to identify the mechanism responsible for strength
development.

2 Experimental work
2.1 Materials

The geotechnical properties and chemical composition of
the clayey soil used in this experiment are listed in
Tables 1 and 2, respectively. The soil was classified,
according to the Unified Soil Classification System [2], as a
‘high-plasticity clay’ (CH).

The chemical composition of the olivine mineral,
obtained from Maha Chemicals Asia, is also listed in
Table 2, showing MgO and SiO, contents of 48% and
40%, respectively. In its original state, olivine had a sig-
nificant volume of larger particles, thus requiring ball
milling, for 24 h at 60 rpm (around 65% of the critical

Table 1 Geotechnical characteristics of the clayey soil

Basic soil property Value Standard

Specific gravity (Gs) 2.6 BS 1377: part 2
Liquid limit (%) 60.2 BS 1377: part 2
Plastic limit (%) 30.1 BS 1377: part 2
Optimum water content (%) 32.0 BS 1377: part 4
Maximum dry density (Mg/m®) 1.3 BS 1377: part 4

Unconfined compressive strength (kPa) 80-100 BS 1377: part 7
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Table 2 Chemical composition of the soil, olivine and GGBS

Compound Soil (%)  Olivine (%) GGBS (%)
Silica (SiO;) 30.98 40.32 34.10
Alumina (Al,03) 18.35 1.37 13.50

Iron oxide (Fe,03) 12.80 8.90 0.36
Calcium oxide (CaO) 0.20 1.13 42.70
Magnesium oxide (MgO)  6.67 48.28 0.20

Loss on ignition - 9.68 1.40

speed), to decrease and homogenise the particle size dis-
tribution, both presented in Fig. 1. This approach was in
line with the pre-treatment process reported in earlier
studies [3, 25] to increase the specific surface area and,
consequently, the reactivity of the olivine.

The GGBS, whose chemical composition is also listed in
Table 2, was obtained from the company YTL Cement.
Sodium hydroxide (NaOH), supplied in pellets, was
employed as an alkali activator after dissolution in distilled
water, to a pre-designed concentration of 10 M.

2.2 Specimen preparation and testing

Table 3 presents the composition of the mixtures submitted
to the UCS tests. Six distinct groups were defined, each
composed by different combinations, namely:

Soil (S).

Sodium hydroxide and soil (NS).

GGBS and soil (GS).

Olivine, GGBS and soil (OGS).

Sodium hydroxide, GGBS and soil (NGS).

Sodium hydroxide, olivine, GGBS and soil (NOGS).

The dry soil was initially mixed with the GGBS and,
whenever necessary, with the olivine. For the NGS and

100 A d
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Fig. 1 Particle size distribution of the olivine, after milling for 24 h at
60 rpm

NOGS groups, the NaOH solution was added to the solids
and thoroughly mixed until a uniform blend was achieved.
During this stage, additional water was added to the mix-
ture to meet the optimum moisture content of the stabilised
samples.

Standard Proctor compaction tests were conducted for
each mixture to obtain the moisture—density relationship of
the mixtures [4]. The maximum dry density (MDD) and
optimum water content (OWC) of each mixture are pre-
sented in Table 3.

Once mixing was completed, the specimens were man-
ually compacted in cylindrical moulds of 50 mm in
diameter and 100 mm in height, using a 45 mm diameter
steel rod to apply a static load, in three layers. After
compaction, the specimens were extruded and immediately
wrapped in plastic film and polythene covers to prevent
moisture loss. The curing occurred at room temperature
(24°) for 7, 28 and 90 days. In order to achieve a state of
near saturation, thus avoiding any suction effects, the
specimens were unwrapped and submerged in water for the
24 h prior to the UCS test. The exception to this saturation
procedure were the S and GS groups, due to the loss of
structural integrity of these samples when submerged.

The UCS test was conducted in accordance with Ball
et al. [5]. An Instron 3366 universal testing machine, fitted
with a 100 kN load cell, was used for the test, which was
carried out under monotonic displacement control, at a rate
of 0.2 mm/min. The entire stress—strain curve was obtained
for each test. Three different specimens were used for each
data point.

The effect of the different activators and mix designs on
sample development were further investigated via energy-
dispersive X-ray spectroscopy (EDS), scanning electron
microscopy (SEM) and X-ray diffraction (XRD).
Suitable samples for these analyses were extracted from the
UCS specimens, after testing. Specimens for SEM/EDS
analysis were prepared by crushing the treated soil speci-
mens and then mounting them on Al stubs with double-
sided carbon tapes prior to sputter coating with a thin layer
of platinum. Analysis was performed on a field emission
scanning electron microscope (JSM 5700) coupled with an
energy-dispersive X-ray spectrometer. XRD was per-
formed on a Bruker D8 ADVANCE X-ray diffractometer,
with CuK, radiation, at 40 kV and 40 mA emission
current.

3 Results
3.1 Mechanical performance

The stress—strain behaviour of the olivine—-GGBS-treated
soil, containing different percentages of olivine and GGBS

@ Springer
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Table 3 Summary of the mixtures considered

Group ID Soil NaOH GGBS Olivine Olivine/GGBS Stabiliser/solids Water content  Dry density
(Wt%)  (molar) (Wt%) (Wt%) (wt. ratio) (wt. ratio)? (Wt%)° (g/em®)°
S S 100 - - - - - 32.0 1.35
NS NS 100 10 - - - - 29.0 1.38
GS GsS 95 - 5 - - 0.05 31.5 1.36
Gi0S 90 - 10 - - 0.10 31.0 1.38
GooS 80 - 20 - - 0.20 30.0 1.38
OGS  0;5GsS 80 - 5 15 3.0 0.20 30.0 1.42
015G10S 75 - 10 15 1.5 0.25 27.5 1.54
015G20S 65 - 20 15 0.75 0.35 25.8 1.68
0,0GsS 75 - 5 20 4.0 0.25 28.3 1.50
050G oS 70 - 10 20 2.0 0.30 26.0 1.63
0,0G20S 60 - 20 20 1.0 0.40 23.5 1.84
NGS NGsS 95 10 5 - - 0.05 28.5 1.40
NGoS 90 10 10 - - 0.10 26.0 1.40
NG,,S 80 10 20 - - 0.20 24.0 1.42
NOGS NO;5GsS 80 10 5 15 3.0 0.20 28.0 1.55
NOsG,oS 75 10 10 15 1.5 0.25 26.4 1.67
NO;5G5S 65 10 20 15 0.75 0.35 24.0 1.75
NO,;GsS 75 10 5 20 4.0 0.25 22.3 1.82
NO»,G1oS 70 10 10 20 2.0 0.30 20.0 1.87
NO»0G2S 60 10 20 20 1.0 0.40 18.3 1.94

*Stabiliser’ and ‘solids’ were defined as GGBS + Olivine and Soil + GGBS + Olivine, respectively
Obtained from standard Proctor tests

1400
—S 7d curing 28d curing 90d curing
—v— G5
1200 1" —v— G1os
—¥— G208
1000 4 —&— O15G5S
—8— 015G10S
—©— 015G208
£ 8007 _a 020Gss
= —m— 020G10S
& —&— 0206208
= 600
400 -
200
T

Strain (%) Strain (%) Strain (%)
Fig. 2 Stress—strain behaviour of the soil (S), the GGBS-treated soil (G) and the olivine-GGBS-treated soil (OG), after 7, 28 and 90 days curing
(OGS group), at curing periods of 7, 28 and 90 days, is  presented in these figures, for comparison purposes. The

shown in Fig. 2. The stress—strain behaviour of the natural ~ 7-day UCS values of the GS group specimens improved
soil (S) and the GGBS-treated soil (GS group) is also  slightly with the increase in GGBS content, which is most
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likely related to a higher volume of calcium silicate hydrate
(C-S-H) gel, resulting from the soluble calcium present in
the GGBS. The UCS of the mixtures that included olivine
in its composition (OGS group) achieved higher values
than the corresponding mixtures without olivine (GS
group). The presence of olivine creates a source of partially
dissolved MgO, allowing the formation of a magnesium
silicate hydrate (M—S—H) gel that coexists with the main
C-S-H gel.

Regarding the UCS evolution with curing time, as pre-
sented in Fig. 3, the data indicate that an increase in GGBS
content enhances the influence of curing time on com-
pressive strength, even if the short-term improvement is
very similar for all three contents. This effect was also
observed for the O15GS and O20GS groups, although only
for the 90-day curing period, since the differences after 7
and 38 curing were practically neglectable. The 90-day
UCS of the GS and OGS groups was approximately 2 x and
11x times higher than the UCS of the natural soil (S),
respectively. In short, these results indicate that, for longer
curing periods (28 days and, especially, 90 days), the MgO
potentiates the GGBS performance.

Figure 4 shows a comparative analysis of the stress—
strain behaviour of the NaOH-GGBS—olivine-treated soil
(NOGS group), after 7-, 28- and 90-day curing. The stress—
strain curves of the natural soil (S), of the soil activated
with NaOH (NS) and of the NaOH-GGBS-treated soil
(NGS group) were also included in these figures. The
sodium hydroxide, as expected, did not produce any effect
on the original compressive strength of the soil, showing a
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Fig. 4 Stress—strain behaviour of the soil (S), the NaOH-treated soil
(NS), the NaOH-GGBS-treated soil (NG) and the NaOH-olivine—
GGBS-treated soil (NOG), after 7-, 28- and 90-day curing

very similar stress—strain path during the test, which did not
evolve with curing time. After 7-day curing, the UCS of the
NGS mixtures slightly increased with higher GGBS con-
tents, suggesting that the presence of GGBS in the NaOH
solution formed an aluminium-substituted calcium silicate
hydrate gel, commonly known as C-A-S-H gel. The
existence of Al ions resulted in a higher degree of poly-
merisation and, also, on more efficient crosslinking
between the C—S—H chains. This finding is consistent with
the work of Fasihnikoutalab et al. [27], who found that the
availability of Al ions results in the formation of stronger
C-S—H chains. Further strength development was achieved
by the addition of olivine to the mixture (NOGS group),
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—S 7d curing —A— NOISGSS 28d curing 90d curing
— NS —&— NOI15G10S
6000 - —v— NG5S —6— NOI15G20S
—¥— NGI10S —&— NO20G5S
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5000 A
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3000 4

2000 -

1000 1

—

—@— NO20G20S
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Strain (%)

1.0 1.4 1.8 0.2 0.6 1.0 1.4 1.8
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Fig. 3 Influence of curing time on the UCS of the soil-stabiliser mixtures without sodium hydroxide
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Fig. 5 Influence of curing time on the UCS of the soil-stabiliser
mixtures with sodium hydroxide

reaching a maximum value of 6.1 MPa for the highest
GGBS and olivine contents. The different UCS obtained by
the NGS and NOGS groups was probably due to the higher
amount of MgO dissolved by the NaOH.

The influence of the curing period on these pastes
activated with sodium hydroxide is clearly lower than that
shown for the no-NaOH pastes (Fig. 5), even though the
90-day curing represented the highest UCS values, with the
exception of the NO15G20S paste. Nevertheless, the curing
period has to be considered a significant variable in the
UCS of these pastes, since an increase between 20 and
100% was obtained when the curing period was extended
between 7 and 90 days.

3.2 Microstructural analysis

SEM images of the olivine—~GGBS-treated soil (O,0G20S
and NO,(G,oS mixtures), after 90-day curing, are pre-
sented in Fig. 6. The microstructure reveals the formation
of a binding gel, resulting from the reactions between the
olivine and GGBS precursors and the water or alkaline
activator, connecting the unreacted olivine and GGBS
particles and the clay particles. However, the use of water
alone showed less dense formations (Fig. 6a) than those
obtained with an alkaline activator (Fig. 6b), suggesting
that the resulting gel and the subsequent crystallisation,
produced by the latter, were more effective at occupying
the initial voids of the soil, generating a more compact
microstructure. This is probably a consequence of a higher
dissolution rate of the amorphous species present in the
olivine and GGBS [34]. This also explains the higher UCS
values obtained by the mixture NO,yG50S, as shown in
Fig. 6.

The EDX data obtained from mixtures O,yG,oS and
NO,0Gy0S, also shown in Fig. 6 (only two points per
image, out of six, are presented) allowed the comparison
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between the composition of the gels developed with and
without NaOH. Ideally, this elemental analysis would have
been made using back-scattering, guaranteeing enhanced
reliability and precision. Since such option was not avail-
able, the spectra obtained can still be used to detect gel
areas, by comparison. This semi-quantitative elemental
analysis (Na, Si, Al, Ca and Mg) was used in the calcula-
tion of the Na/Al, Si/Al, Ca/Al, Mg/Si and Ca/Si atomic
ratios, as presented in Table 4.

Differences in the nature of the gel are easily identifiable
between the mixture fabricated with a highly alkaline
activator and the mixture fabricated with water. With the
addition of NaOH, the Si/Al ratio increased, as a result of a
more effective capacity, shown by the NaOH-based mix-
ture, to dissolve the Si present in the olivine and GGBS.
(Both precursors had originally a significantly lower con-
tent in Al than Si.) However, and according to Provis [26],
the soil particles could also have reacted with the alkaline
solution, thus contributing to the Si released into the ion
‘soup’ that later resulted in the binding gel. The Mg/Si and
Ca/Si ratios also increased with the inclusion of sodium
hydroxide in the mixture (from 0.031 to 0.063 and 0.124 to
0.133, respectively), suggesting that the Ca from the GGBS
and the Mg from the olivine were also more effectively
dissolved with the NaOH, favouring the development of a
combination of C—S—-H and M-S—H gels. The idea that the
dissolution of Al was hindered by the presence of NaOH,
comparing with the remaining species, is reinforced by the
fact that the increase in the Mg/Al and Ca/Al ratios, from
OGS to NOGS mixtures (from 0.046 to 0.162 and 0.182 to
0.291, respectively), was significantly higher than the
corresponding Mg/Si and Ca/Si increases.

The crystalline phases formed in mixtures O,0G,oS and
NO,0GyS, as determined by XRD analysis, are shown in
Fig. 7. The main phases observed in the O,(Gy,S sample
were quartz, kaolinite, magnesium and magnesium oxide,
while calcium oxide and calcium silicate hydrate were also
detected. All these are common phases in olivine-GGBS
stabilised clayey soils, with intensities varying only with
the type of clay mineral. The same main phases were
observed in the NO,iGyoS mixture, although part of the
kaolinite phase appears to have been dissolved in the
reactions promoted by the alkaline activator. The XRD
data supported the presence of gel-like or reticular C—S—H
fume in sample O,0GyoS, as a result of the hydration pro-
cess, which is in line with the findings reported by Porbaha
[9], Riemer [9] and Higgins et al. [19]. The intensity of the
magnesium-based peaks is lower in the NO,¢G,oS mixture,
revealing that the olivine is more effectively incorporated
with NaOH than water. Haha et al. [12] demonstrated that
increasing the MgO content in MgO-GGBS mixtures
resulted in a higher volume of hydration products and
higher strength development in slag pastes activated by
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Fig. 6 SEM images of mixtures O,0G,0S (a) and NO,(,GoS (b), after 90-day curing

Table 4 Average atomic ratios for mixtures O,0G,oS and NO,oG0S,
after 90-day curing

Ratio 020G20S NO2G20S
Si/Al 1.38 1.661
Me/Si 0.031 0.063
Ca/Si 0.124 0.133
Mg/Al 0.046 0.162
Ca/Al 0.182 0.291

NaOH. Therefore, these findings could explain the high
strength developed in OGS and NOGS groups presented in
Figs. 2, 3,4, 5,6 and 7.

4 Discussion

The UCS as a function of the stabiliser/solids ratio, after 7,
28 and 90 days, is presented in Fig. 8. The terms °‘sta-
biliser’ and ‘solids’ were defined as the sum of components
of the stabiliser, in dry form (GGBS + Olivine), and as the
sum of these components with the soil (Soil + GGBS +
Olivine), respectively.

Both the OGS group (without NaOH) and the NOGS
group (with NaOH) are represented. Two observations can
easily be drawn: an increase in curing time (up to 90 days)
yielded higher compressive strength; and an increase in the
stabiliser content was also highly beneficial for strength
development. This second observation was particularly
valid for the mixtures activated with sodium hydroxide,
which showed R-squared values not lower than 95%. The
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Fig. 7 XRD diffractograms of mixtures O20G20S and NO20G20S,
after 90-day curing (legend: qg—quartz; c—calcium silicate hydrate;
k—kaolinite; mg—magnesium; mgo—magnesium oxide; m—mul-
lite; cao—calcium oxide)

strength gain rate of these mixtures was also superior to
that of the OGS mixtures, further highlighting the role of
the alkaline activator. The R-squared value for the 90-day
curing of the mixtures without NaOH was relatively low
(64%), mostly due to the UCS values registered by the
mixtures prepared with a stabiliser/solids ratio of 0.35,
which are clearly lower than the 0.30 and 0.40 UCS values.
This is a possible consequence of the fact that such mix-
tures were prepared with the lowest olivine/GGBS ratio
(0.75) of the whole experimental campaign.

The highest UCS values obtained by the 15% olivine
mixtures (either in the OGS and NOGS groups), after
90 days, were inferior to the lowest UCS obtained by the
20% olivine mixtures. However, the latter group also had a

higher stabiliser/solids content than the former. In order to
better assess the effect of the olivine on the quality of the
mixtures, the UCS values obtained with mixtures with the
same stabiliser/solids content (0.20 or 0.25) are compared
in Fig. 9. The positive influence of the MgO is especially
clear with the increase from 0 to 15%, and especially when
sodium hydroxide was used. Note that this increase in
olivine represented a decrease in the GGBS content, from
20 to 5%, suggesting that the MgO plays a more relevant
role than the Ca from the slag. The reason behind the
favourable effect of the olivine in the overall mechanical
strength of the mixtures is probably related to the capacity
of the MgO to reduce porosity [38]. Nonetheless, the
increase in olivine from 15 to 20% did not produce such a
positive effect, indicating there is an optimum ratio olivine/
GGBS.

Other authors, studying the stabilisation of a marine soft
clay with GGBS activated by carbide slag [37], found a
maximum UCS value of 3.8 MPa (after 28 days) for a
carbide/GGBS ratio of 0.15, after which the UCS steadily
decreased, reaching a value of 2.5 MPa for a 0.40 ratio.
These values were obtained for a GGBS/soil ratio of 0.30.
When the GGBS/soil ratio decreased to 0.20, the peak
UCS, after 28 days, decreased also to 2.8 MPa, obtained
with a carbide/GGBS ratio of 0.25. During the present
research, similar GGBS/soil ratios were used (values of
0.053, 0.111 and 0.250), although with very different
activator/GGBS ratios (the activator, in this case, was oli-
vine), ranging from 0.75 to 4.0. Nonetheless, the results are
comparable and consistent with those presented by other
authors, since the UCS, after 28 days, starts at approxi-
mately 0.4 MPa and 0.5 MPa, for olivine/GGBS ratios of
0.75 and 1.0, respectively. These values are in line with the

750 7500
O 7d curing (R*=10.92) O  7d curing (R*=0.96)
O 28d curing (R*=0.81) O 28d curing (R* = 0.95)
600 1O 90d curing (R*=0.64) O 90d curing (R*=0.97) - 6000
o o
T 450 o) - 4500 B
=3 o) <
7 o 7
&) O
D 300 - L3000 D
150 - - 1500
0GS NOGS
0 T T T T T T T T T T 0

0.15 020 025 030 035 040 045

Stabiliser / Solids (wt. ratio)

015 020 025 030 035 040 045

Stabiliser / Solids (wt. ratio)

Fig. 8 UCS evolution of the OGS and NOGS groups as a function of the stabiliser/solids ratio, at different curing times (the terms ‘stabiliser’ and
‘solids’” were defined as the ‘GGBS + Olivine’ dry sum and ‘Soil + GGBS + Olivine’ dry sum, respectively)
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Fig. 9 UCS evolution with curing time and olivine content for two different stabiliser/solids ratios (0.20 and 0.25)

findings of the research mentioned above, assuming that
the UCS values would continue to decrease with the
increase in the activator/GGBS ratio.

A similar study, from the same authors, tested the
effectiveness of lime to act as the GGBS activator [39].
The results showed a similar trend, i.e. the existence of an
optimum activator/GGBS dry weight ratio, although, in
this case, lower UCS values were obtained: approximately
1.8 MPa and 1.6 MPa, for quicklime and hydrated lime,
respectively, both with an activator/GGBS ratio of 0.20 and
a GGBS/soil ratio of 0.20.

Yi et al. [36] also studied the effect of binders made
from GGBS activated either with lime or MgO on the
stabilisation of two soils. The results are in accordance
with those presented above. The MgO-based UCS results
were, once again, far superior to the lime-based results, and

the activator (MgO or lime)/GGBS ratio proved also to
have an optimum value which, in this case, was again 0.20.
Further increase in this ratio was detrimental to the UCS
development, even if the binder contents tested are sig-
nificantly lower (only up to 0.10) than the ones used in the
current study.

Based on the results and subsequent discussion and
comparison with similar studies, it is possible to assume
that the increase in stabiliser content improves the
mechanical behaviour of the soil and that the inclusion of
olivine has a positive effect on the formation of hydration
gel, but also that such olivine content has an optimum
value to potentiate the quality of the binding gel formed.
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5 Conclusions

The present study focused on the use of olivine, as a reli-
able and sustainable source of MgO, to enhance the
effectiveness of alkali-activated ground granulated blast-
furnace slag. The resulting binder was applied to the sta-
bilisation of a clayey soil, which was then assessed through
uniaxial compression strength tests, X-ray diffraction,
scanning electron microscopy and energy-dispersive X-ray
spectroscopy, after curing periods of 7, 18 and 90 days.
The following conclusions were drawn:

The high alkalinity of the NaOH promoted a more
effective dissolution of the olivine and GGBS precur-
sors, leading also to higher strength development of the
stabilised soil mixtures, compared with the water-based
mixtures.

UCS results demonstrated that the addition of olivine to
the GGBS—soil combinations improved strength devel-
opment, as demonstrated by the UCS values obtained
with 15% and 20% olivine.

The olivine/GGBS ratio should be optimised, as an
increase in such ratio produces a strength decrease, for
all curing periods, but only up to a certain level.
There was a clear strength increase with curing time, at
least until 90 days, regardless of the composition
considered.

The UCS clearly increased with the stabiliser/solids wt.
ratio. Since this ratio increase represented also a
decrease in the olivine/GGBS wt. ratio, it was necessary
to establish which of these two factors was responsible
for the strength increase.

A combination of C-S-H gel and M-S-H gel was
observed in the SEM/EDS analysis, as a result of the
addition of olivine (MgO) to the GGBS (CaO)
precursor.
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