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Abstract. This research work represents updated results of cohesive soil
strength improvement with mineral wool fly ash. In the investigations, these
materials were used: Portland cement CEM [ 42.5 R, fly ash obtained from a
mineral wool production process, sand and clay. Mixtures were prepared as
follows: dry mixing of Portland cement and fly ash; dry mixing of sand and clay;
adding water into Portland cement and fly ash; adding sand and clay mixture
into already prepared Portland cement and fly ash suspension. The content of
fly ash replacing Portland cement varied from 0% to 40%, and the content of
sand mixture varied from 20% to 60%. After 24 hours, investigated samples
were taken out from cylinder forms and kept in a desiccator with a humidity of
90% and at 20 °C temperature. Uniaxial compressive strength of the samples
was determined after 548 days and compared to previous research results
obtained after 7, 28 and 183 days. The most predictable compressive strength
is for samples, which composition is 100% cement and 0% fly ash. In these
samples, the highest compressive strength was obtained, comparing them to
the other investigated samples. Compressive strength change is minimal for
samples with a 10-30% amount of fly ash. The most significant decrease in
compressive strength was obtained for samples with a 40% fly ash after 183
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days. Nonetheless, the compressive strength of these samples increased after
548 days and is almost the same as for samples with 100% Portland cement.

Keywords: clay, fly ash, sand, soil, stiffness improvement, Portland cement,
subgrade stabilisation.

Introduction

Soil stabilisation is widely used in many road construction
applications. There is a possibility to apply such methods for soil
stabilisation, which allow to reduce the costs of soil stabilisation and
solve ecological problems. Some methods, like stabilisation using
recycled asphalt (Zarins, 2020), lime (Firoozi et al, 2017) or slag
(Mahedi et al.,, 2018), have become traditional and are often used.
Other methods, like stabilisation using glass waste (Baldovino et al.,,
2021), shredded tire (Behnood, 2018), volcanic ash (Ghadir & Ranjbar,
2018), fly ash (Jalal et al., 2020; Riekstins et al., 2020), or ferric chloride
solution as electronic industry waste for hardening of polymer resins by
soil grouting (Mackevicius et al., 2019) are still being tested, and their
applicability is relatively narrow.

Fly ash (FA) has been used successfully in many projects as a low
cost and environmentally friendly filler and its effect on the properties
of mixed asphalt (Mirkovi¢ et al., 2019; Woszuk et al.,, 2019). Fly ash
also improves strength characteristics of soils, stabilises bases or
subgrades, stabilises backfill, reduces lateral earth pressures, and
stabilises embankments to improve slope stability. Fly ash is also used
as an expansive soil stabiliser (Jalal et al., 2020; Sharman & Sivapullaiah,
2016), curing agent for man-made contaminated soil (Li et al., 2018),
organic soil stabiliser (Nath et al., 2017), cohesive or non-cohesive soil
stabiliser (Binal, 2016; Simatupang et al., 2020; Zakarka et al., 2019), or
for other purposes (Elahi et al., 2020; Khajeh et al. 2020; Luo et al., 2018;
Phummiphan et al., 2016).

It is well known that the fly ash utilisation problem is complicated
because fly ash accounts for 15% of total ash (Pundinaité-Barsteigiené
et al., 2017). Also, the chemical composition of fly ash varies (Bhatt et
al., 2019; Kang et al., 2020) and depends on industry type and provided
products (Cho et al., 2019). Fly ash collected during the production of
mineral wool gain an advantage due to its constant and more predictable
composition (Zakarka et al., 2019). Diversity of the chemical composition
of fly ash allows studying the possibilities for reusing local fly ash and
makes it possible to achieve different soil strengths and increments of
stiffness (Deepak et al., 2020). Due to this reason, fly ash reuse has to
be evaluated on a case-by-case basis, as there are many locally unique
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factors like transportation costs, recycling costs, landfill charges, labour
costs, and environmental costs (Stonys et al., 2016; Vaitkus et al., 2018).
Nevertheless, many countries have promoted the reuse of fly ash waste
in sustainable construction (Amran et al., 2021). Also, it is essential to
understand the behaviour dependence on the lifetime of construction of
soil stabilised with fly ash (Karim et al., 2020). Most often, compression
tests of the soil stabilised with fly ash are performed after 2-7 days
(Graytee et al., 2018), or after 1-2 weeks (Liang et al., 2020), or after
up to 1-2 months (Gu & Chen, 2020; Liang et al., 2020). There is little
information in the literature on the results of the tests of stabilised soil
after 2—-6 months (Chousidis et al., 2016; Jia et al., 2020; Wong, 2015;
Yoobanpot et al.,, 2017; Zakarka et al.,, 2019) or even after 1-2 years
(Giergiczny, 2019; Moon et al., 2016).

This research represents fly ash as a stabiliser for cohesive soil
with the results after 1.5 years compared to previous research
(Zakarka et al., 2019) after 7-183 days. Obtained results allow gaining
understanding about strength increment of stabilised clay with fly ash
in 1.5 years. The sufficient strength after soil strengthening is achieved
when the compressive strength reaches more than 0.5 MPa (State
Enterprise Lithuanian..., 2012). Conforming to the first testing plan, the
investigations were organised after one year, but the COVID-19 pandemic
(Zuperkiené et al., 2021) was delayed, and results were presented only
after 1.5 years. Also, this research provides a possibility to reduce the
amount of mineral wool waste because 2.5 million tons of mineral wool
waste is generated annually in the European Union, which is one of the
most unutilised materials (Yliniemi et al., 2020).

1. Experimental setup

Samples were prepared by mixing these materials:

— Portland cement (C) CEM 142.5 R, which complies with the LST EN
197-1:2011/P:2013 Cement - Part 1: Composition, specifications and
conformity criteria for common cements;

— fly ash (FA) obtained from a mineral wool factory in Vilnius
(Lithuania) as mineral wool production waste, the chemical
composition of which is presented in Table 1;

— sand, which granulometric composition is presented in Figure 1,
was also used in previous research (Zakarka et al., 2019);

— clay powder (CP), which chemical composition is presented in
Table 1, and water.

The granulometric composition of sand was determined in

consonance to LST CEN ISO/TS 17892-4:2017 Geotechnical investigation



and testing - Laboratory testing of soil - Part 4: Determination of
particle size distribution and LST CEN ISO/TS 17892-12:2018 Geotechnical
investigation and testing — Laboratory testing of soil — Part 12:
Determination of liquid and plastic limits. Investigated sand coefficient of
uniformity C,=2.77 and coefficient of curvature C.=0.90. Conforming
to the Lithuanian Geology Survey (2019), investigated sand is assigned
to uniform sand (SaU). For investigated sand and clay mixtures, plastic
(W,) and liquid (W) limits were determined without fly ash additives,
as Trivedi et al. (2013) recommended. When 80% CP and 20% SaU are
mixed, W,=15.1% and W;,=28.4%. After mixing 60% CP and 40%
SaUu, W,=11.6% and W, =20.1%, after mixing 40% CP and 60% SaU,
W,=9.3% and W;=16.3%. As stated in Engineering Geological and
Geotechnical Soil Investigations Classification (Lithuanian Geology
Survey, 2019), all sand and clay mixtures are assigned to sandy low
plasticity clay (saCIL). Depending on the calcium oxide (CaO) content,
fly ash is divided into class C and F (Guo et al.,, 2017; Kim et al., 2003),
which have different effects on mixtures. Fly ash is assigned to class C
if Ca0 15-35% or SiO, + Al,03 + Fe;03250% and assigned to class F if
Ca0~5% or SiO; +Al,03+ Fe;03270%. Investigated mineral wool fly
ash assignment to the class C or F is complicated because the amount
of Si0O, + Al,03 + Fe;03 is 49.65% (could be assigned to class C), and CaO
amount is 3.52% (could be assigned to class F).

Table 1. Chemical composition of investigated fly ash and clay *

Investigated

Chemical composition Fly ash Clay
Stonys et al. (2016) Zakarka et al. (2019)
Silicon dioxide SiO, 40.60% 55.0%-62.1%
Aluminium oxide AlL,O3 2.14% 15.7%-17.7%
Iron (I11) oxide Fe,03 6.91% 61%-7.9%
Calcium oxide CaO - 0.3%-1.8%
Magnesium oxide MgO 11.10% 2.2%-3.2%
Manganese (II) oxide MnO - 0.1%-0.2%
Sodium oxide Na,O 6.71% 0.1%-0.3%
Potassium oxide K,O 6.34% 2.9%-3.5%
Titanium dioxide TiO, 0.23% 0.7%-0.9%
Sulfur trioxide SO;3 2.41% -
Phosphorus pentoxide P,Os - 0.1%-0.2%
Chlorine Cl 4.58% -
Other 4.67% -
LOI 10.79% -

Note: *by Zakarka et al. (2019).
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To each different composition of the mixture, three sets of cylinder
samples were prepared, the diameter of which 4.5 cm, height - 7.0 cm. In
total, 15 different compositions were investigated, which are presented
in Table 2. Mixtures were made as follows (Figure 2):

1) dry mixing of Portland cement and fly ash;

2) dry mixing of sand and clay;

3) adding water into Portland cement and fly ash;

4) adding sand and clay mixture into already prepared Portland
cement and fly ash suspension.
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Figure 1. Granulometric composition of investigated sand
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Figure 2. Flowchart of a research program
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in water ratio made it possible to achieve the maximum compressive ¢
strength of the prepared sample (Fuller et al., 2018).

Table 2. Composition of samples

Sample Quantity, % Water Suspension view Quantity, %
Portland before adding
. Portl fl h
No cement fly ash Portland cement + fly as clay and sand clay sand
1 100.0 0.0 1.0 80.0 20.0
2 60.0 40.0
3 40.0 60.0
90.0 10.0 1.0 80.0 20.0
60.0 40.0
6 40.0 60.0
80.0 20.0 1.0 80.0 20.0
60.0 40.0
40.0 60.0
10 70.0 30.0 1.0 80.0 20.0
1 60.0 40.0
12 40.0 60.0
13 60.0 40.0 1.5 80.0 20.0
14 60.0 40.0
15 40.0 60.0
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All investigated samples after 24 hours were taken out from cylinder
forms (the diameter of which 4.5 cm, height - 7.0 cm) and kept in
desiccators with a constant humidity of 90% and a temperature of 20 °C.
The compressive strength of the samples was determined with a 100 kN
electromechanical universal testing machine (Walter+Bai AG ) after 548
days and compared to previous research (Zakarka et al., 2019) results
obtained after 7, 28, and 183 days. The samples were loaded with the
sanded surfaces contacting the testing machine platens. The top-loading
plate has a spherical hinge. Uniaxial compression ramp 2 mm/min was
applied. Before determining the uniaxial compressive strength, the
density of samples was identified (Figure 3).

The lowest density (1.388 g/cm?®) was obtained for samples of 60%
Portland cement and 40% fly ash with 80% clay powder and 20% sand.
The highest density (1.884 g/cm®) was obtained for samples consisting
of 100% Portland cement and 0% fly ash with 40% clay powder and
60% sand. Sample density tends to increase when the amount of clay
is decreased for the same amount of fly ash, and the amount of sand
increases. Also, it was noticed that density depends on fly ash amount
because fly ash additives decrease total sample density.
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Figure 3. The density of investigated samples



2. Analysis of obtained results

The compressive strength of investigated samples conforming to
their composition is presented in Table 3, including previous Zakarka et
al. (2019) research results after 7, 28, and 183 days (sample number in
Table 3 corresponds to Table 2). Table 3 represent a view of the samples
after compression. It was observed that while increasing the amount of
fly ash, the quality of the mixture becomes worse. Due to the increased
amount of fly ash, the Portland cement conglomerates of poorly mixed
samples appear. The size and the amount of conglomerates depend on
fly ash amount. Nevertheless, after 1.5 years (548 days), each of the
investigated samples reached more than 0.50 MPa compressive strength,
which is assumed as sufficient strength after soil strengthening (State
Enterprise Lithuanian..., 2012).

Based on the sample failure plane, fly ash concentrations were
obtained. When the fly ash in the suspension was increased, larger size
and gaps among fly ash concentrations were observed (Table 3). For
No. 13-15 samples (Table 3) with 60% Portland cement and 40% fly ash
total concentration of 70-90% fly ash in the failure plane was obtained.

Fly ash amount in the suspension proportion was analysed separately
versus compressive strength. The results for different compression
tests periods are presented in Figures 4-7. Results presented in
Figures 4-6 are compiled conforming to Zakarka et al. (2019). Also, such
presentation of results makes it possible to analyse the influence of fly
ash amount on the compressive strength based on different clay and
sand proportions.
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Table 3. Updated compressive strength of investigated samples after*

Sample Compressive strength, MPa Representative view
of sample
No. 7days  28days 183days 548days  gfter compression
1 2.80 2.46 3.83 517
2 3.38 3.21 513 4.29
3 419 5.64 6.85 5.16
4 2.48 1.42 297 4.34
5 2.56 3.67 3.47 5.62
6 3.52 3.34 3.52 5.46
7 2.88 3.32 2.99 3.63
8 3.95 2.52 3.57 5.06
9 3.74 3.25 418 5.10
10 2.09 210 2.39 3.84
11 3.89 2.34 2.90 3.77
12 2.07 2.01 4.46 5.54
13 1.39 1.36 210 3.28
14 1.89 1.86 1.95 512
15 2.35 1.47 2.59 5.26

Note: * Zakarka et al. (2019).
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Figure 6. Fly ash effect on strength after 183 days (Zakarka et al., 2019)
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Itis seen from Figures 4-6 that as the amount of fly ash increases, the
compressive strength decreases. The amount of clay in the sample has a
significant influence on the compressive strength. The test data approve
this fact for compressive strength without fly ash.

After 548 days (Figure 7), for samples composed primarily of sand
(40% clay and 60% sand), the amount of fly ash does not influence
compressive strength. For these samples, the average compressive
strength obtained is more than 5.0 MPa. Samples mainly composed of
clay (80% clay and 20% sand) tend to decrease in compressive strength
as the amount of fly ash in the sample increases. For these samples, the
obtained compressive strength decreases from 5.0 MPa to 3.0 MPa.

Compressive strength obtained from previous research of Zakarka et
al. (2019) after 7-183 days showed that compressive strength decreases
if fly ash increases. Analysing compressive strength results after 548
days, fly ash amount has an uncertain influence on the compressive
strength, except for samples made with 80% clay and 20% sand. A more
significant influence on compressive strength was noticed when sand
was added to the samples compared to fly ash. In samples without fly
ash (here, Portland cement content is 100%), the compressive strength
increased by 77% from day 28™ to day 548™. When samples are with
maximum fly ash amount (40%) and minimum Portland cement amount
(60%), the compressive strength increases by 34% (Figures 8-12).
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Figure 8. Updated compressive strength of samples
(100% Portland cement + 0% fly ash) after Zakarka et al. (2019)
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Figure 13. Compressive strength summary graph after Zakarka et al. (2019)

Analysing the summarised results presented in Figure 13, the most
predictable compressive strength is observed for samples without
fly ash (samples No. 1-3, in Table 3), where the binder is only Portland
cement. Also, these samples obtained the highest compressive strength
compared to other samples. The change in compressive strength is
minimal for samples with 10-30% fly ash. The highest decrease in
compressive strength was obtained after 183 days for samples with 40%
fly ash (samples No. 13-15, in Table 3). Nonetheless, the compressive
strength of these samples increased after 548 days and is almost the
same as for samples without fly ash.

Conclusions

The main objective of this study was to update previous research
results and evaluate the compressive strength in sandy low plasticity
clay when fly ash and Portland cement additives were used. To achieve
such an objective, a series of uniaxial compression tests were conducted
for samples with different Portland cement, fly ash, sand and clay. In
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total, 15 mixtures were investigated. Obtained results were compared
to tests made with a binder of 100% Portland cement and without fly
ash. For this mixture, it was obtained the most predictable compressive
strength. Also, for these samples, the highest compressive strength
was obtained compared to the other samples mixtures. Change in the
compressive strength is minimal for samples with 10-30% fly ash. The
highest decrease of compressive strength was obtained for samples with
40% fly ash after 183 days.

Nonetheless, the compressive strength of these samples increased
after 548 days and is almost the same as for samples without fly ash.
After 1.5 years (548 days), each of the investigated samples reached
more than 0.5 MPa compressive strength, which is assumed as sufficient
strength after soil strengthening. It is rational to limit fly ash quantity
admixture in Portland cement by 30% from the mass of the mixture.
Conforming to results obtained after various test periods, the use of fly
ash to improve the compression of cohesive soil is promising. In addition,
further investigations are needed to create the mixture recipes that
depend on soil type and minimum compressive strength requirements.
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