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Abstract — Low water/binder ratio and higher activator content can help to accelerate the setting and strength development of fly-ash
geopolymers cured at ambient condition. This study aims to achieve clay stabilization with fly-ash based geopolymer incorporating
ground granulated blast-furnace slag (GGBFS), to enhance soil strength performance at ambient temperature. Laboratory experiments
were performed on clay samples stabilized with both slag and fly-ash geopolymer and ordinary Portland cement (OPC), including the
soil plasticity, compaction and unconfined compressive strength. The investigation was expanded to include un-activated fly-ash/slag
clay samples used as control mixtures. The results indicated that introducing GGBFS to class (F) fly-ash based geopolymer assists, when
synthesised in certain concentrations, in achieving a setting time and compressive strength comparable to OPC stabilised clay.

Keywords: Soil Stabilisation, Ground Improvement, Fly-Ash Geopolymer, Ground Granulated Blast-Furnace Slag
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1. Introduction

Soft soils are problematic in nature, which can be originally found onsite or borrowed, and may affect the service life of
infrastructure projects. Cement modification, using ordinary Portland cement (OPC), is traditionally utilised to stabilize
problematic soils through chemical reactions. As a percentage of soil, low amount of cement is being usually added to
granular soils and higher amount to plastic soils. However, in the last decades, several environmental issues stemmed from
the use of OPC, and carbon footprint associated with OPC construction industry formed a main environmental limitation
[1]-[5]. Manufacturing of 1 tonne of OPC is usually found to release about 0.8—1 tonne of carbon dioxide (CO2) to the
atmosphere. Consequently, cement industry is responsible for about 7% of the total CO2 emission [6]. Considering the
effect of such an emission problem along with other environmental effects related to the limitation in sourcing of raw
materials, there has been a significant motivation towards finding alternative binders to replace cement.

Through alkaline activation, the bonding characteristics of abended pre-calcined by-products can offer a good
alternative to OPC with the advantages summarized by the fact that all source materials are already calcined which
eliminates the need for any energy in the manufacturing and utilisation process, and this in turn contributes to considerable
reduction in CO2 emission [2], [3], [5]. Geopolymers, among other alkaline activation materials, are derived from low
calcium aluminosilicate materials such as fly-ash, which when activated, form a gel of three-dimensional framework
represented by the chemical structure N-A-S-H [4], [6], [7]. Geopolymers can possess good mechanical properties when
synthesised at certain conditions. Low permeability, high compressive strength, high durability and low shrinkage can be
achieved using geopolymer binders [8], [9]. However, any improvement offered by synthesised geopolymers depends
mainly on several factors including the properties of source materials, chemical composition of activator, curing time and
treatment temperature [1], [5], [7], [10]. Among these factors, curing temperature is the most challenging for onsite
applications and strength gain in fly-ash based geopolymers [11]. Most available research and industrial applications on
geopolymers are limited to steamed or dry heat-cured concrete [12], whereas for ground improvement, elevated heat is not
practically possible. Therefore, soil stabilization by geopolymers has only been investigated at ambient temperature [2],
[13], [14]. In fact, low temperature maintains slow rate of geopolymerisation and strength gain in stabilized soils. To
increase the feasibility of geopolymers for soil stabilization at ambient temperature and make it more comparable to the
cement effect in soil, lower water/binder ratio and higher activator content are required to overpass the delay in the setting
and strength development [4]. To avoid this limitation, the current research is focused on using ground granulated blast-
furnace slag (GGBFS) to enhance the effectiveness of geopolymer at ambient conditions, thus, bringing the strength of soil-
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geopolymer to the economical boundaries. In other words, possibilities are explored using GGBFS to reduce the quantity of
geopolymer required to stabilize the soils. In the alkaline activation literature, GGBFS was introduced as calcium-rich
aluminosilicate slag produced from the steel industry waste, to activate the calcium silicate hydrate cementing gel C-A-S-H.
However, no study in soil stabilization has been reported in detail using hybrid alkaline materials where the combination of
GGBFS gel with N-A-S-H geopolymer gel were introduced in one reaction. Therefore, the current study provides a platform
of understanding and evaluation, based on experimental verification data, of geopolymer performance for clay stabilization.
This paper will thus form the basis for further investigation on this promising soil stabilisation technique in the near future.

2. Materials and Methodology

2.1. Materials

In this study, kaolin clay soil was chosen due to its well defined characteristics, accessibility and availability as a local
subgrade material in several areas. Table 1 presents the chemical composition of the clay used, i.e. Prestige NY clay
commercially available in the form of white coloured kaolin produced in Western Australia. The percentage of fines in this
clay is 99% passing 53u and its specific gravity is 2.62. The plastic limit (PL) and liquid limit (LL) of this clay are
determined using the Australian Standards (AS 1289.3.1.1-2009 and 1289.3.2.1-2009) [15],[16] and found to be 27.1% and
53.6%, respectively. According to the Unified Soil Classification System (USCS), this clay is classified as CH (clay of high
plasticity). The compaction properties (i.e. maximum dry density, MDD, and corresponding optimum moisture content,
OMC) using standard Proctor test carried out in accordance with the Australian Standard (AS 1289.5.2.1-2003) [17] are
found to be 14.95 kKN/m3 and 25.2%, respectively. The fly-ash used to synthesize the geopolymer is a coal fly-ash obtained
from a pulverised coal combustion known as low calcium Gladstone fly-ash (GFA), which was supplied from Gladstone
power station by Cement Australian Limited. This fly-ash conformed to the Australian Standard (AS 3582.1-1998) [18] and
its physical and chemical characteristics are given in Table 1. The slag used as a partial replacement of fly-ash is ground
granulated blast furnace slag (GBBFS), which was supplied by Independent Cement & Lime Ltd. The composition of this
GBBFS is given in Table 1, which complies with the Australian Standard (AS 3582.2-2001) [19]. The alkaline activators
used are Grade D sodium silicate and 14M concentrated sodium hydroxide. Grade D sodium silicate (Na2SiO3) was
supplied by PQ Australia and contains weight dosages of Na20 = 14.7% and SiO2/Na20 = 2. The 14M concentrated
sodium hydroxide solution (NaOH) was prepared in a fume cabinet by dissolving sodium hydroxide pellets in deionised
water for at least 1 day prior to mixing.

Table 1: Chemical compositions of materials.

Material Chemical Composition (%)

SiOz A|203 F8203 Cao MgO K>0 | Na;O SOs LOI
Kaolin Clay 46.10 | 36.50 | 0.90 | 090 | 050 |0.20|0.10 | NA | 143
Fly-ash 51.11 | 25.56 | 12.48 | 4.3 145 | 0.7 |0.77 |0.24 | 057
GGBFS 29.96 | 12.25 | 0.52 | 4545|599 | 0.38 | 0.31 | 3.62 | 2.39
OPC 1990 | 462 | 397 |6427|173 |057|0.15 |256 | NA

2.2. Sample Preparation

The geopolymer binder used in this research is a mixture of fly-ash (FA) and sodium based activator. Stabilization was
achieved by introducing dry components of geopolymer to dry clay as a total dry material (DM), and free water to activator
solution to complete the total moisture of optimum compaction. All mixture components were mixed together in steps. The
GGBFS is denoted herein as (S), was hybrid as a partial replacement of class F fly-ash (FA) to form the geopolymer dry
source material, which is denoted herein as SM, i.e. SM = S + FA. The ratio S/SM was in ranges of 0%, 10% and 20%, and
the amount of SM by weight of DM (i.e. SM/DM) was in ranges of 10%, 20% and 30%. To this end, a fixed weight ratio of
70:30 of sodium silicate to 14M sodium hydroxide solution was used as an alkaline activator denoted herein as (A) with
ratios of A/SM equal to 0.4 and 0.8. It should be noted that the weight ratio of 70:30 of sodium silicate to 14M sodium
hydroxide solution was selected because it was recommended in the geopolymer literature to maximize the strength gain
[20]. As mentioned earlier, to form the ultimate moisture for the optimum compaction, the activator was diluted with free
water before use. A code is used to identify the different mixtures, as follows: M(R1-R2-R3). The letter M is an abbreviation
of the word “Mixture” followed by the three ratios R1, R2 and R3, included inside a bracket and separated by hyphens. The
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first, second and third ratios represent, respectively, SM/DM, S/SM and A/SM. Hence, for example, M(10-0.2-0.4) implies a
mixture that contains 10% SM/DM, S/SM = 0.1 and A/SM = 0.4. Table 2 summarises details of the mixtures used. Directly
after mixing, the effect of stabilizing the additives on the compaction parameters was determined through a series of
standard Proctor compaction tests according to the Australian Standard (AS 1289.5.1.1-2003) [17]. Having obtained the
compaction parameters, the mixtures were gradually added into polyvinyl chloride (PVC) tubes of 42 mm diameter and 84
mm height to attain an aspect ratio of height-to-diameter of 2:1. All samples were compacted at a certain controlled weight
to achieve the desired density. The ends of the PVC tubes were then sealed with plastic lids to avoid moisture loss. This was
followed by a standard curing time of 24 hours at room temperature (20-25 °C) and was then demoulded and covered again
with plastic bags before curing was continued until the samples were tested at the same room temperature. Other samples
were also prepared and stabilised with 3%, 6% and 9% OPC and denoted as OPC3, OPC6 and OPC 9, respectively, as
shown in Table 2. These samples were tested for comparison with the geopolymer stabilised soils.

Table 2: Details of the mixtures used and their corresponding designations.

Mixture No. SM/DM (%) SISM A/SM OPC (%)
M(0-0-0) 0 0 0 -
M(10-0-0) 10 0 0 -
M(20-0-0) 20 0 0 -
M(30-0-0) 30 0 0 -
M(10-0-0.4) 10 0 0.4 -
M(10-0.1-0.4) 10 0.1 0.4 -
M(10-0.2-0.4) 10 0.2 0.4 -
M(20-0-0.4) 20 0 0.4 -
M(20-0.1-0.4) 20 0.1 0.4 -
M(20-0.2-0.4) 20 0.2 0.4 -
M(30-0-0.4) 30 0 0.4 -
M(30-0.1-0.4) 30 0.1 0.4 -
M(30-0.2-0.4) 30 0.2 0.4 -
M(10-0.2-0.8) 10 0.2 0.8 -
M(20-0.2-0.8) 20 0.2 0.8 -
M(30-0.2-0.8) 30 0.2 0.8 -
OPC3 - - - 3
OPC6 - - - 6
OPC9 - - - 9

2.3. Tests Conducted

The compaction tests were performed according to the Australian Standard (AS 1289.5.1.1-2003) [17]. Atterberg limits
were measured for all stabilised clay mixtures at the initial mixing stage in accordance with the Australian Standard (AS
1289.3.1.1-2009 and 1289.3.2.1-2009) [15],[16]. To investigate the samples strength development, several unconfined
compression strength (UCS) tests were performed at curing time of 7, 28 and 90 days. The average of two test results was
reported for each sample mixture. All UCS tests were performed according to the Australian Standard (AS 5101.4-2008)
[21] using a strain rate of 1% per min. All samples were remoulded with the same aspect height-to-diameter ratio of 2:1. For
stabilised samples with either with geopolymer or OPC, care was taken to complete the sampling and tests for compaction
and atterberg limits within 30min after mixing so as to avoid the interaction of the binder hardening. In order to verify
homogeneity and uniformity, the dry densities and corresponding water contents were determined for all tested samples.

3. Results and Discussion

3.1. Physical Properties of Stabilised Clay

Fig. 1 shows the compaction characteristics of stabilised clay in terms of the maximum dry density (MDD) and
corresponding optimum water content (OMC). It should be noted that the results of MDD and OMC for geopolymer
stabilised clay are denoted respectively as MDDke and OMCkg, and were normalised to the kaolin clay maximum dry
density (i.e. MDDk = 14.95kN/m?®) and its corresponding optimum moisture content (i.e. OMCk = 25.2%). Generally
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speaking, SM and A/SM were expected to control the compaction parameters and are thus demonstrated in Fig. 1. It can be
seen from Fig. 1(a) that the ratio (MDDks/MDDk) increases with the increase in SM/DM ratio, for all ratios of A/SM. It can
also be seen that activating the source material using A/SM > 0 confirms the significant role of the activator on the MDD
stabilised mixtures, especially at high SM/DM percentages. For example, an increase in the activator amount up to 80% of
SM (i.e. A/SM = 0.8) increases the ratio of MDDks/MDD« by about 17% for SM/DM ratio = 30%. On the other hand, it can
be seen from Fig. 1(b) that the ratio (OMCxs/OMCk) decreases with the increase in the SM/DM percentages, for all ratios
of A/SM. Again, it can be concluded that activating the source material using A/SM > 0 confirms the significant role of the
activator on the OMC stabilised mixtures, especially at high SM/DM percentages. For example, an increase in the activator
amount up to 80% of SM (i.e. A/SM = 0.8) decreases the ratio (OMCks/OMCx) by 33% at SM/DM = 30%. This means that
the alkaline chemicals presented in the activator seem to play a positive role in the compaction results in the form of
partially reducing some of the moisture needed to reach the optimum compaction. It is interesting to mention that the role of
the activator was detected earlier in this research through an attempt to compact the geopolymer samples in a state
corresponding to MDD and OMC of the un-activated group at A/SM = 0. This attempt indicated a significant volume of air
pockets and poor compaction at higher ratio of SM/DM and activator contents. It should be noted that the results presented
in Fig. 1 are for S/SM = 0.2, and similar results were obtained for S/SM = 0 and 0.1, but are not presented herein.
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Fig. 1: Compaction characteristics of stabilised clay for S/SM = 0.2: (a) maximum dry density; and (b) optimum moisture content.

Liquid limit (LL) and plastic limit (PL) are significant indices quantifying the response of clay to water. Fig. 2 shows
the effect of SM/DM and A/SM on LL and PL of two stabilised mixtures, i.e. activated with A/SM = 0.4 and un-activated
with A/SM = 0, both mixtures have the same S/SM ratio of 0.2. It can be seen that the addition of SM tends to reduce both
the LL and PL of stabilised mixtures, regardless of whether the mixture was activated or not. This reduction in LL and PL
can be attributed to the role of the non-plastic fly-ash and slag particles introduced in the SM content as a partial
replacement of the kaolin clay particles. It can also be attributed to the role of chemicals involved in the activator before the
geopolymer gel formation, which tends to assist the sliding between the dry particles. As an attempt to track the effect of
stabilisation on soil plasticity, the plasticity index (PI) values for stabilised activated and un-activated mixtures were
calculated at different SM/DM concentrations. It was found that the Pl values were reduced and changed the initial high
plasticity state of the clay used towards the low plasticity state, for SM/DM ratio > 10%.
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Fig. 2: Plasticity characteristics of stabilised clay, S/'SM=0.2 and A/SM=0.4 for activated samples.
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3.2. Mechanical Properties of Stabilised Clay

3.2.1. Effect of GGBFS

To investigate and evaluate the effect of GGBFS on strength development of stabilized soil, variable slag percentages
were used through different S/SM (slag-to-source material) ratios = 0%, 10% and 20%, against a fixed A/SM (activator-to-
source material) ratio of 0.4. As can be seen from Fig. 3, the treated soil achieved a significant additional strength gain with
the increase in slag percentage (through S/SM ratio), at both 7 and 28 curing days. For example, replacing 20% fly-ash by
slag increased the strength at S/SM = 20% from 800 kPa to 1400 kPa. To quantify such an increase, the UCS index was
presented in a normalized form, as shown in Fig. 4, by dividing the UCS values of different slag percentages to those of the
non-slag geopolymer (i.e. S/'SM=0). For all samples incorporating slag, the strength index was > 1. Also, increasing S/SM
ratio to 20% achieved a strength gain of up to 70% at 7 days curing and 60% at 28 days. In other words, introducing higher
percentage of slag provides a positive effect on the strength gain of fly-ash geopolymer, regardless of the curing time.
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Fig. 4: UCS of slag to non-slag fly-ash based geopolymer for different mixtures and curing days.

3.2.2. Effect of Activator
Fig. 5 shows the effect of activator in terms of the increase in UCS values of different mixtures for 28 days curing time

and with different A/SM ratios. As can be seen, at A/SM = 0 (i.e. zero activation) no strength improvement was noticed for
the different mixtures considered and this is due to the weak pozzolanic reaction. For A/SM > 0 (i.e. 0.4 and 0.8), an
increase in strength was detected for all mixtures. However, the two mixtures, i.e. M(10-0.2-0.4) and M(20-0.2-0.4) were
found to give a strength range between 1000—2000 kPa, which fulfils most ground improvement applications. Consequently,
these two mixtures are recommended for comparison with OPC treated soils, and presented in the next section.
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Fig. 5: Effect of activator on UCS strength for different mixtures and A/SM ratios.

3.2.3. Comparison between Geopolymer and Cement Stabilised Clay

Figure (6) presents comparison of soil improvement with time in terms of UCS values for different mixtures of
geopolymer and OPC treated soils. It can be seen that at curing time of 7 days, the strength of M(10-0.2-0.4) is equivalent to
that of OPC3, whereas the strength of M(20-0.2-0.4) is comparable to OPC9. At 28 and 90days, the strength for M(10-0.2-
0.4) is almost equivalent to that of OPC6, confirming a higher rate of strength development in geopolymer mixtures
compared to OPC mixtures for 7 days. On the other hand, it can be seen that M(20-0.2-0.4) shows superior development in
the strength gain compared to all OPC mixtures. This geopolymer mixture was found to achieve a strength improvement of
20% more than OPC 9, at 28 days, and more than 60% at 90 days. It should be noted that the higher strength gain for
geopolymer mixtures with time is due to the higher rate of geopolymerisation reaction, which happens more faster at earlier
curing time of 7 days compared to later curing time of 28 and 90 days.
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Fig. 6: Effect of curing time on UCS stabilised geopolymer-clay samples, S/ISM=0.2 and S/M=0.4: (a) Against OPC-clay samples.

4. Conclusions

In this paper, the effects of ground granulated blast-furnace slag (GGBFS) added to geopolymer binder (i.e. fly-ash +
activator) used for clay stabilisation was investigated and quantitatively evaluated at ambient temperature in terms of the
compaction characteristics and unconfined compressive strength at curing times of 7, 28 and 90 days. A set of geopolymer-
clay specimens containing the following mixtures: source material (i.e. fly-ash + slag) to clay = 10% and 20%; slag-to-
source material = 0%, 10% and 20%; and activator-to-source material = 0.4 and 0.8, were investigated and compared. In
addition, these geopolymer-clay mixtures were also compared with un-activated clay mixtures containing only fly-ash and
GGBFS without activator.

ICGRE 141-6



The results indicated that higher percentage of source material and corresponding activator quantity offers an early
enhancement to the stabilised clay through an increase in the maximum dry density and decrease in the corresponding
moisture content required for compaction. It was found that the addition of GGBFS as a partial replacement of fly-ash in the
geopolymer-clay mixtures results in an increase in soil strength, for all curing times. However, at low concentration of slag-
to-source material = 10%, little promise in strength improvement was offered compared to slag-to-source material = 20%,
for the two ratios used of source material-to-clay of 10% and 20%. A mixture contains source material-to-clay = 20%; slag-
to-source material = 20%; and activator-to-source material = 0.4 resulted in soil strength improvement of 70% and 40% at 7
and 28 days, respectively, compared to soil stabilized without GGBFS. This mixture was also found to give soil strength
equivalent to that obtained from soil stabilised with 9% OPC, at a curing time = 7 days. Interestingly, at a curing time > 28
days, the mixture provided superior strength improvement over soil stabilised with 9% OPC. The results obtained in this
study clearly promote the use of geopolymer as an effective alternative binder to traditional OPC in soil stabilisation.
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