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Abstract. The use of alkali-activated fly ashes (AAFA) to improve engineering
properties of clayey soils is a novel solution, alternative to the widely diffused
improvement based on the use of traditional binders such as lime and cement.
An experimental investigation on chemo-physical evolution of alkali-activated
binders and their use for soil improvement has been developed. Treated samples
were prepared by mixing soil and fly ash with water and alkaline solution and
dynamically compacted. Mechanical behaviour has been investigated by means
of triaxial tests performed on treated samples compacted at optimum water
content. Addition of alkali activated binder increased stiffness and shear strength
of treated samples, whose extent depends on binder content and curing time.
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1 Introduction

The use of novel and efficient binders for improving the engineering properties of
natural soils not suitable for construction purposes is a promising issue for geotechnical
applications in terms of sustainability since it reduces the carbon footprint and allows
reusing secondary by-products such as artificial pozzolans. These by-products can be
involved in soil improvement as cementing agents if properly activated, inducing a
mechanical improvement of soils. Furthermore, recycling of waste materials such as
by-products from industrial process to synthesize a new binder favors a closed loop of
material use, which minimizes waste generation and reduces production costs.

It is widely accepted that use of traditional binders such as lime and cement has a
strong impact on the physical and hydro-mechanical properties of soils as a result of
reactions taking place after the treatment (Uddin et al. 1997; Miura et al. 2001;
Boardman et al. 2001; Vitale et al. 2016a; Vitale et al. 2016b; Vitale et al. 2017a;
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Guidobaldi et al. 2017; Guidobaldi et al. 2018; Vitale et al. 2019). A sustainable
alternative to the use of ordinary stabilising agents for soil improvement is given by
alkali activated binders (Wilkinson et al. 2010; Vitale et al. 2017b; Coudert et al. 2019).
Alkali activated binders are formed by alkaline activation of an aluminosilicate source,
containing precursor materials like artificial pozzolans (e.g., fly ash, silica fume, steel
sludge), which react with an alkaline solution (i.e. sodium hydroxide, sodium silicate).
The reaction mechanism is promoted by the alkaline solution, which enables the dis-
solution of the aluminosilicate source (precursor) and the subsequent precipitation of
gel phases, which condense in a three-dimensional aluminosilicate network (Duxon
et al. 2007; Provis and van Deventer 2014).

Experimental research about the use of alkali activated binders in soil improvement
is still limited (Sargent 2014); nevertheless, recent studies highlight the relevant
potential of novel binders for geotechnical purposes. Cristelo et al. (2011) researched
the optimum fly ash—based alkaline activated binder for the improvement of soil to be
used in rammed earth construction through a parametric analysis using laboratory tests.
Rios et al. (2016) compared the mechanical behaviour of samples of sand improved by
alkali activated fly ash binder and by cement, highlighting the effective increase of
shear strength soil properties induced by alkali activated binders. In the present study,
an insight into alkaline activation of a fluidal bed combustion fly ash and its effects on
the improvement of mechanical behaviour of a clayey soil have been reported. Chemo-
physical evolution of binder has been monitored at increasing curing times by means of
X Ray Diffraction and Scanning Electron Microscopy (SEM). Microstructural features
and mechanical behaviour have been investigated by means of MIP and triaxial tests
performed on treated samples compacted at optimum water content. The effects of
binder content and curing time on compaction characteristics and mechanical perfor-
mance of treated samples have been considered.

2 Materials and Experimental Procedures

The artificial pozzolan used in the present work is a fluidal bed combustion fly ash
supplied by a power plant located in Italy. Raw material is composed by vitreous and
crystalline phases which include calcium-containing minerals such as anhydrite, calcite
and other minerals like quartz and hematite.

Sodium silicate solution was supplied by Woellner (Germany) with a SiO,/Na,O
mass ratio of 1.7, a density at 20° of 1,55 g/cm3, a pH value of 12,5 and viscosity at
20° of 450 mPas.

Speswhite kaolin from deposits in the South West of England was the soil con-
sidered for the experimental investigation. The specific gravity Gy is 2.6 and its surface
area, determined by BET, is 14 m%/g. The pH value is 4.6 and plastic limit and liquid
limit are respectively 32% and 70%, with a plasticity index IP equal to 38%. Soil is
manly composed of kaolinite clay minerals with small amounts of quartz and
muscovite.

Particle size distributions of Speswhite kaolin and fly ash, obtained from laser
particle size analysis, are shown in Fig. 1. Chemical composition of soil and fly ash is
reported in Table 1.
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Fig. 1. Cumulative and density particle size distribution of Speswhite kaolin and fly ash

Table 1. Chemical composition of fly ash and Speswhite kaolin.

Chemical composition | Spwt kaolin | Fly ash
Si0, 53.80 19.80
AlLO; 43.75 39.40
CaO 0.02 5.20
K,O 1.45 1.8

Alkali activated binder (FA100% in the following) was prepared by mixing fly ash,
alkaline solution and water in fixed proportions. Alkaline solution/fly ash mass ratio
was kept constant and equal to 0.5. Additional deionized water was provided to the
system in order to guarantee an effective mixing and a sufficient liquid phase amount
for the dissolution of aluminosilicate source. The deionised water/solid ratio, by mass,
was selected equal to 0.5. Soil samples treated with alkali-activated binder (KA-FA)
were prepared by considering increasing fly ash percentages equal to 10% (sample
KFA10%), 15% (sample KFA15%) and 20% (sample KFA20%) by dry weight of
solids (soil + fly ash) and alkaline solution/fly ash mass ratio equal to 0.5. Compaction
characteristics of not treated sample, clay-fly ash mixtures (sample KFA) and alkali-
activated fly ash treated samples (KA-FA) were determined according to ASTM D698-
91 using a Standard Proctor test. With reference to compaction curves, optimum initial
moisture content was selected for both not treated and treated samples. Treated samples
were then sealed in plastic bags and cured at increasing curing times of 24 h, 3, 10 and
60 days before performing microstructural and mechanical tests.

Mineralogical composition of samples was investigated by X Ray diffraction
analysis performed on randomly oriented powder using a Brucker AXS D8 Advance
Diffractometer with CuKa (A = 0.154 nm) radiation and a step size of 0.021°. Samples
were dehydrated before testing by freeze-drying technique.

Surface state modifications of samples due to alkaline activation process have been
examined through Scanning Electron Microscopy by using Hitachi SUS000 micro-
scope. Raw and treated samples have been dehydrated by freeze-drying technique.
A pre-treatment gold coating has been applied for SEM observations.
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MIP tests were performed by a double chamber Micromeritics Autopore III
apparatus. In the filling apparatus (dilatometer) samples were outgassed under vacuum
and then filled by mercury allowing the increase of absolute pressure up to the ambient
one. Using the same unit, the intrusion pressure was than raised up to approximately
200 kPa by means of compressed air. The detected entrance pore diameters range
between 134 pm and 7.3 pum (approximately 0.01 MPa—0.2 MPa for a mercury contact
angle of 139°). After depressurisation to ambient pressure, samples were transferred to
high-pressure unit, where mercury pressure was increased up to 205 MPa following a
previously set intrusion program. MIP tests were performed on alkali-activated fly ash
treated samples at different binder contents (KA-FA10% and KA-FA20%) and curing
times (namely 24 h, 7 and 28 days).

Drained triaxial compression tests have been performed on saturated samples by
means of a controlled stress-path triaxial cell. Saturated samples have been isotropically
compressed at mean effective stress of 50 kPa and 300 kPa. Deviatoric stages in
drained conditions have been then performed at deformation rate of 0.5%/h up to
failure. Treated samples have been tested at increasing curing times (namely 24 h, 3, 10
and 60 days) and increasing binder contents (i.e. KA-FA10%, KA-FA15% and KA-
FA20%).

3 Results

X Ray diffraction patterns of raw and alkali activated fly ash binder (FA100%) are
shown in Fig. 2. Mineralogical composition of fly ashes is modified by alkaline acti-
vation process. Consumption of crystalline phases such as anhydrite (CaSQO4) and
aluminate phases (MgAl,O,) is evidenced by disappearance of their characteristic
peaks after 60 days of curing. Precipitation of new mineralogical phases such as
thernadite (Na,SO,) seems to be consistent with the release of sulphate from anhydrite
dissolution and its subsequent reaction with sodium provided by silicate solution.
A broad reflection between 25° and 35° corresponding to new poorly crystalline
compounds resulting from alkaline-activation reactions was observed in alkali activated
fly ash after 60 days of curing. SEM observations on raw and alkali activated fly ash
after 60 days of curing are shown in Figs. 3 and 4. Raw sample is characterised by
particles of different shape and size. The vitreous phase is made of some bigger grains
(Fig. 3a, b-2, c), spherical particles (Fig. 3b-1) and aggregate of small particles
(Fig. 3b-3). A coating of gel hydrates on particles surface is observed at 60 days of
curing (Fig. 4a, b). After the treatment, surface state of the sample is clearly modified.
Alteration of glassy/vitreous phases induced by the alkaline environment is clearly
evidenced by SEM on raw and alkali activated samples at higher magnifications
(Figs. 3d and 4d).

Compaction curves of samples treated with increasing fly ash (KFA) and alkali
activated fly ash (KA-FA) contents are reported in Fig. 5. For increasing fly ash per-
centage, compaction characteristics of clay-fly ash mixture are approximately the same
at the optimum water content (Fig. 5a). The maximum dry density of not treated and fly
ash treated soil is almost constant. A slight dispersion of data is observed for the dry
and wet side of optimum (Fig. 5a). Changes of grain size distribution of treated
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Fig. 2. X Ray diffraction patterns of raw and alkali activated fly ash (FA100%) at 60 days of
curing.

Fig. 3. SEM observations of raw fly ash.

samples induced by addition of increasing fly ash contents (up to 20%) does not
relevantly affects compaction efficiency at the optimum. Soil matrix is ruled by fine
grained particles; the space between coarser particles is filled with the clay fraction that
form a relatively uniform matrix.

A different behavior is observed for samples treated with increasing alkali-activated
fly ash contents (Fig. 5b). Compaction curves show a reduction of optimum water
content and a relevant increase of maximum dry density as binder content increases.
The viscosity of alkaline solution plays a key role in improving compaction charac-
teristics of treated soil, acting as a lubricant among soil particles and favoring therefore
a higher compaction efficiency.

Microstructural features of samples treated with alkali-activated fly ash compacted
at optimum water content have been investigated by means of MIP. Cumulative
intruded void ratios and pore size distributions of samples treated with 10% and 20% of
binder (KA-FA10% and KA-FA20%) at 24 h of curing are shown in Fig. 6. A decrease
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Fig. 5. a) Compaction curves of soil treated with increasing fly ash contents; b) Compaction
curves of soil treated with alkali activated fly ash at increasing binder contents

of cumulative intruded void ratio is observed as the binder content increases, which is
consistent with a reduction of porosity of the sample. Pore size distributions are
characterised by modal diameter pore size ranging between 0.04 pm-0.4 pm. Addition
of alkali-activated fly ash does not modify the modal pore size of treated samples and
the frequency of pores in the small diameters. Whereas, a decrease of frequency in the
largest pore range (i.e. entrance pore diameter >0.5 pm) is observed for higher binder
content.

MIP results on alkali-activated fly ash treated samples (KA-FA20%) as function of
curing time are shown in Fig. 7. Cumulative intruded void ratio decreases as curing
time increases, highlighting a gradual overall reduction of porosity over time (Fig. 7a).
Pore size distribution showed a decrease of frequency of main pore entrance diameters
and an increase of frequency of pores entrance diameters in the small range (between
0.008 pm-0.02 um). Modal pore size is shifted towards smaller sizes as a consequence
of formation of a well-connected network of gel hydrates over time, which increases
small pores frequency and contributes to the progressive decrease of main pore
entrance. Frequency of large pores (i.e. pore entrance diameter 1 um—80 um) is not
affected by curing condition.
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Fig. 6. a) Cumulative intruded volumes and b) Pore size distributions of samples treated with
10% and 20% of binder at 24 h of curing
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20% of binder at increasing curing time

Results of triaxial drained compression tests on raw kaolin and alkali activated
binder treated samples (KA-FA20%) at increasing curing times (namely 24 h, 3, 10 and
60 days) are reported in Fig. 8a.

A ductile and contractile behaviour is observed for kaolin, whereas treated samples
exhibit an overall increase of stiffness and shear strength. The improvement of the
mechanical behaviour of treated sample is due to bonding effects induced by precip-
itation of gel phases resulting from development of alkaline activation process. As
shown in Fig. 8b, both peak resistance (qpeax) and end-of-test resistance (qeo) are
increased as curing time increases. Precipitation of cementitious compounds, whose
amount increases over time, is responsible of brittle and dilative behaviour upon
shearing. Effects of binder content on mechanical response of treated samples are
highlighted by stress-strain curves after 10 days of curing reported in Fig. 9. As
showed in Fig. 9a, increasing binder content results in a progressive increase of stiff-
ness and shear strength, coupled with a transition from contractile to dilative behaviour
of samples treated with higher binder content. FA-KA20% treated sample showed a
stress-strain curve typical of cemented materials (Rios et al. 2014, 2016), with a peak
stress attained at low strain levels, followed by an abrupt strain softening due to bonds
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degradation. The evolution of peak resistance (qpear) and end-of-test resistance (qeor) as
function of binder content is reported in Fig. 9b. The amount of new mineralogical
phases formed in the system, proportional to the amount of added binder, affects the
mechanical response of treated samples. The strength increase resulting from treatment
with alkali-activated fly ash can be quantified in terms of Mohr-Coulomb failure cri-
terion, namely from the resulting strength parameters ¢’ (friction angle) and ¢’ (co-
hesion). Mohr semi-circles of failure at different effective confining stresses and failure
envelopes of not treated and 20% treated samples at 10 days of curing are shown in
Fig. 10. Addition of binder leads to a relevant increase of cohesion of treated soil. The
values of cohesion range from 3,11 kPa for raw soil to 181,7 kPa for treated samples
after 10 days of curing. Conversely, no evolution of the friction angle is detected after
the treatment (¢’ = 22,9° for not treated soil and ¢’ = 21,2° for treated soil).
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Fig. 10. Mohr circles of not treated and 20% treated soil (KA-FA20%) at 10 days of curing

4 Conclusions

In the present study, an experimental multiscale investigation on the effects induced by
alkali activated binders on microstructural features and mechanical behavior of a clayey
soil has been developed. Test results on chemo-physical evolution of alkali activated
fly ash binder highlighted a high reactivity of binder to promote dissolution of ash
particles and formation of alumino-silicate gel with cementitious properties. The
addition of alkali activated fly ash to a clay soil improves compaction characteristics of
treated samples leading to higher dry unit weight as binder content increases as a
consequence of the lubricant effect induced by the high viscosity of alkaline solution.
From a microstructural point of view, the progressive increase of maximum dry density
of samples treated with higher binder contents resulted in reduced size of larger pores
and total porosity, as detected by MIP results. At increasing curing time, the pro-
gressive dissolution of ash particles and corresponding precipitation of network of gel
phases due to alkaline activation process resulted in a reduction of porosity of treated
samples over time with an increase of small pores frequency and a progressive decrease
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of main pore entrance. At volume scale of the sample, triaxial tests highlighted the
effectiveness of the binder to promote the improvement of mechanical behavior of
treated soil as a result of bonding effect induced by new cementitious phases formed.
An increase of stiffness and shear strength was observed since the very short term,
whose extent depends on curing time and binder content. The interpretation of results
in terms of shear strength parameters evidenced a relevant increase of cohesion of
treated sample with no significant effects on the friction angle value.
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