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Abstract This study assesses the laboratory investigation

to evaluate the feasibility of using alkaline activation

technique for engineering improvement of soils. The

originality of this paper stems from the novel two-stage

approach. The first stage investigates the effectiveness of

locally available precursor in the alkaline activation pro-

cess by focusing on soil strength improvement. As such, in

presence of high alkali solutes (Na-based and Ka-based

alkaline activators), palm oil fuel ash (POFA) was used as a

precursor due to its amorphous nature and high silica-to-

alumina ratio. In the second stage of this study, geotech-

nical model procedure of interaction between a strip foot-

ing model and stabilized soil by column technique and the

most effective percentage of POFA was performed.

According to the test results, applying alkaline activators to

soil induced low strengths of up to 159 kPa after 7 days

curing. When the POFA content used in alkaline activation

increased from 0 to 15%, the UCS values increased up to

226% after similar curing duration. This assertion reflects

the fact that the addition of POFA enriched the reactive Si

and Al in the matrix, which allowed stronger Si–O–Si and

Al–O–Si bonds to form. Curing condition, type and

quantity of the alkaline activators were also shown to have

significant strengthening effects on the treated soil. In this

respect, the use of moderate 10 M NaOH and 10 M KOH

were found to be viable as the best concentration for

strength improvement of investigated soil when economy

and practicality were considered. In terms of using alkali-

activators, the use of the NaOH for soil treatment is ben-

eficial in terms of lower cost, since the price of KOH

solution is higher than that of the NaOH solution. Results

of the second phase showed that a considerable settlement

reduction up to 192% of treated columns by means of

alkaline activation could be achieved.

Keywords Soil stabilization � Alkaline activation � Waste

materials � Deep mixing method

Introduction

A variety of soil stabilization techniques have been applied

to improve the bearing capacity of soft soil, such as granular

and prefabricated vertical drains, vacuum consolidation,

granular column reinforcement (sand compaction piles,

vibrated stone columns), and stabilising techniques (deep

mixing, pre-mixing and lightweight treated soil) [1, 2]. Of

the soil stabilising techniques, the inclusion of treated soil

columns using the deep soil mixing has been among themost

popular, after it was initiated thirty years ago [3, 4].

In a broad perspective, deep stabilisation of soils is an

in situ soil modification technique using a stabilizing agent

to improve bearing capacity, reduce settlement, prevent

shear deformation of soils, and treat contaminated soils

[5–8]. According to the literature, this method has several

advantages: (1) speed of construction, (2) strength cali-

bration, (3) reliability, (4) variety of applications, and (5)

effective use of resources [6, 9, 10].

Due to their robustness and easy adoptability, calcium-

based binders (i.e., cement and lime) were employed as

stabilizing agents in this method to produce stronger and

firmer ground namely soil–cement/lime columns [11, 12].

Although such traditional chemical binders can improve
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many engineering properties of soils, they have several

shortcomings, especially when viewed from an environ-

mental perspective.

In order to minimize these problems, the development of

new soil binders with mechanical performance equal to or

better than that of cement and other traditional calcium-

based binders but lower environmental ill effect and pro-

cessing costs seems to be of great interest. In this respect,

recent years have seen great developments around the

world regarding the development of a new type of high

performance inorganic material: alkali-activated binders.

Essentially, the synthesis of alkali-activated binders, which

are formed by the reaction of any amorphous Si–Al pri-

mary material, involves the dissolution of mineral alumi-

nosilicates, hydrolysis of Al and Si components, and

condensation of specific Al and Si species. After the initial

and high-pH dissolution phase, a decrease of the alkalinity

of the medium below 13.5 starts the poly-condensation

process. This is the followed by the formation of a three-

dimensional, essentially amorphous, aluminosilicate gel.

Throughout the development of reactions, the constitutive

water is gradually consumed, originating a well-structured

aluminium silicate hydrate (A-S-H) framework [13, 14].

The process of stabilization in alkali-activated binder and

traditional calcium-based binders is vastly different, as they

use totally different reaction pathways in order to attain

structural integrity. Utilization of calcium-based binders

depends on the presence of calcium silicate hydrate (C-S-H)

and calcium aluminium hydrate (C-A-H) gels for matrix for-

mation and strength [15, 16], whereas in alkali-activated bin-

ders, strong alkali solutions are needed to start the dissolution

process and subsequent formation of A-S-H gel [17, 18].

Review of literature reveals that in limited attempts,

geotechnical researchers investigated the effectiveness of

the alkaline activation from various precursors such as

metakaolin [19, 20], fly ash [21–23], and mixture of fly ash

and blast furnace slag [24] for the purpose of soil stabiliza-

tion. These studies were conducted by thoroughlymixing the

abovementioned precursors with soft soils in the presence of

sodium hydroxide and a silica-rich source (sodium silicate)

as the alkaline activator. A significant body of these studies

validate the proposition that the alkali-activated binder is a

successful method of deep soil stabilisation.

Despite such positive findings, several issues were not

well recognised, such as type and quantity of alkaline

solute, use of precursor, and curing condition. Other than

that, the current lack of adequate knowledge of the appli-

cation of alkali-activated binder in deep mixing projects

highlights the importance of laboratory study on stabilized

soil columns with the aim of better understanding of their

performance under compression.

Moreover, to derive the economic benefits of this

promising method for the purpose of soil treatment, there is

a high need to explore the locally available materials,

especially the materials that contribute to the volume of

waste. Framed by this context, among the possibilities of

utilizing various by-products and natural prime materials in

the process of alkaline activation, the use of palm oil fuel

ash (POFA) deserves a special attention. POFA is a well-

known agricultural residue widely produced in large

quantities in East Asian (Indonesia, Thailand, and Malay-

sia) and West African countries (Benin Republic, Ghana,

and Nigeria) by the oil palm industry. From geotechnical

and geoenvironmental points of view, utilizing such a

locally available by-product along with alkali-activated

binder would pave the way for other potential uses of low

value by-products in this promising technique as efficient

soil binders.

The first stage of this study aims to investigate a pos-

sibility of using a POFA based alkali activated binders (Ka-

based and Na-based activators solution) to stabilise a

problematic soil based on compressive strength improve-

ment. In this stage, the unconfined compressive strength

(UCS) was used as a practical indicator to investigate the

strength development.

In the following stage experiments were conducted the

experimental tests by preparing and installing groups of

columns with the most effective percentage of precursor

(POFA) in presence of highly alkali solutes beneath a rigid

steel plate to model the behaviour of foundation rest on a

stabilized soil columns. Here, key aspects of the study are

ultimate bearing capacity (qult) of group of stabilized col-

umns with different replacement area ratio.

Experimental Investigation

Materials

The physical properties and chemical composition of

clayey soil used in this experiment are listed in Tables 1

and 2, respectively. It is important to mention that,

according to the Unified Soil Classification System ASTM

D2487 [25], the original soil is classified as high-plasticity

clay (CH). Strength of this type of soil is often not enough

to enable its use in earth works or foundation layers, and

thus constitutes an ideal challenge.

Table 1 Physical and chemical characteristics of clayey soil

Basic soil property Standard Value

Specific gravity (Gs) BS 1377: part 2 2.6

Liquid limit (%) BS 1377: part 2 60

Plastic limit (%) BS 1377: part 2 31

Optimum water content (%) BS 1377: part 4 32

Maximum dry unit weight (kN/m3) BS 1377: part 4 12.65
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The POFA (precursor) used in this study was collected

from a factory in Johor in the southern state of Malaysia.

From the chemical analyses of POFA (Table 2), this agri-

cultural residue has high amounts of silica in amorphous

phase. Thus, this by-product can be a suitable alternative

for use in the alkaline activation system as a soil stabilizer.

However, the limiting factors which may hinder the use of

POFA in the alkaline activation process are its low reac-

tivity with residual carbon as the major impurity and other

trace elements such as P and K.

To achieve a suitable chemical composition along with a

favourable size and shape, the POFA was first subjected to

a pre-treatment, which included calcination and grinding.

After drying the POFA in an oven for 24 h, at 105 �C, the
In the next step, in order to remove any unburned carbon,

the ground POFA was heated at 440 �C in an electric

furnace, for about 1 h. After the pre-treatment procedure,

X-ray fluorescence (XRF) spectrometry was used for ele-

mental analysis (Table 2). The same pre-treatment process

has recently been adopted by other researchers [26–30],

whom reported the method to be effective in terms of

increasing the specific surface and consequently, the

reactivity of the POFA.

Sodium hydroxide (NaOH) and potassium hydroxide

(KOH), containing Na? and K? alkaline cations, respec-

tively, were selected as alkali-activators in the current

study due to their well-known efficiency in alkaline acti-

vation process. Both reagents were supplied in pellet form

by the company R & M Chemical, and were previously

diluted in distilled water to achieve a pre-designed

concentration.

Laboratory Tests

Unconfined Compressive Strength

Compressive strength (qu) is defined as the compressive

stress at which an unconfined cylindrical specimen of soil

will fail in a simple compressive test. In addition, in this

test method the unconfined compressive strength (UCS) is

taken as the maximum load attained per unit area, or the

load per unit area at 15% axial strain, whichever occurs

first during the performance of a test. In this study, the UCS

tests were conducted in accordance with Part 7:Clause 7 of

the BS 1377 standard [31] and the results were accepted

only if deviated less than 5% from the average.

The UCS tests defined as the stress corresponds to the

peak stress condition. Stress values were measured at

specified ages in three specimens for each mixture and all

data points deviated less than 5% from the average.

As shown in Table 3, for the UCS tests, excluding a

predesigned activator concentration (Na-based and Ka-

based alkali activators) to dry solid content, a total of 10

mixes were prepared using two activators, with and without

varying POFA dosages (by dry mass of soil).

To prepare the samples, in the first step, different

alkaline activators were dissolved in the solution at pre-

determined concentration. In this step, distilled water was

used to dissolve activator pellets to avoid the effect of

unknown contaminants in the mixing water. Since this

reaction is highly exothermic and to avoid increasing the

plasticity of the host soil, the alkaline solutes were pre-

pared and cooled down for 24 h before being used in the

mixture. Meanwhile, the needed amount of natural soil was

air dried for 24 h. In the next step, the required dosage of

air dried soil was mixed by adding the cooled alkaline

solution with the specified weights of POFA (percent by

dry weight of soil) and extra distilled water until a uniform

blend was produced. Note that the distilled water value

used in the mixing procedure included both the water in the

first and second steps to meet the optimum water content of

host soil. Also, it should be mentioned that the dry unit

weight value of 12.65 kN/m3 was adopted for all mixes.

The specimens were prepared directly after the afore-

mentioned mixing procedure, by manual compaction, in a

cylindrical mold with 50 mm in diameter and 100 mm

high, using a 45 mm diameter steel rod to apply a static

load in three similar layers. Since NaOH and KOH are

strong bases, compacted specimens in the presence of such

activators were not strong enough to be remoulded.

Therefore, the cylinder samples were extruded with

extreme caution. Immediately after extrusion, all speci-

mens were tightly wrapped in polythene covers to avoid

water loss and cured in a laboratory ambient environment

under selected curing times (7, 14 and 28 days of curing)

prior to testing.

Note that in an effort to investigate the role of the curing

temperature on the improved strength of treated soil, soon

after mixing process, a few cylinder specimens (6 mixes)

were heated at 100 �C for around 1 h in an electric furnace.

After heating, these specimens were closely wrapped in

polythene covers to avoid water loss and cured in a labo-

ratory ambient environment for 28 days.

Table 2 Chemical composition of natural soil and POFA

(percentage)

Constituent (%) Natural soil Natural POFA Treated POFA

Silica (SiO2) 30.98 46.042 55.78

Alumina (Al2O3) 18.35 19.391 17.29

Iron oxide (Fe2O3) 12.8 6.10 4.17

Calcium oxide (CaO) 0.2 13.874 11.93

Potash (K2O) 6.67 8.615 7.79

Magnesia (MgO) 0.5 – –

Loss on ignition – 9.68 1.5
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Preparation of Physical Model

A scaled model of the ground was prepared in a rigid rect-

angular box attached to a steel loading frame that was built

specifically for the plane–stress condition. The steel box had

a dimension of 800 mm 9 380 mm in area and 320 mm in

depth (Fig. 1). One side of the box had a removable 20 mm-

thick rigid Perspex panel to provide real-time monitoring of

the deformation of the model soil ground during the tests.

The size of the rigid box was large enough to fit the columns,

and no interference developed between the walls of the box

and the failure zone of the columns.

To prepare the scaled model of the ground, native soil

(clay with high plasticity) was first air-dried under labo-

ratory conditions. While waiting for the soil to air-dry,

water was carefully poured into a mixing drum. Subse-

quently, the air-dried soil was carefully added and allowed

to submerge underwater before starting to mix to avoid the

spreading of dust. At just over two times the liquid limit

(120%), the slurry was made up to produce a homogeneous

sample as suggested by Kitazume [32] and Bouassida and

Porbaha [33]. The slurry was mixed for 10 min and then

placed inside the steel box in three equal layers.

After creating the scaled model of the ground, in the first

stage, a rigid rectangular steel plate with a diameter of

410 mm in width, 790 mm in length, and 20 mm in

thickness, was utilized for consolidation. In the following

stages, vertical stress was applied from 2 to 12.5 kPa by

hydraulic jack.

After the consolidation procedure, treated columns were

prepared and installed in a group column-type arrangement

using the most effective percentages of precursor (POFA)

and alkaline activators concentration obtained from the

UCS tests.

The diameter and length of the treated columns were

decided by considering the geometry of soil-stabilizer

columns in practice. In practice, the diameter of single soil-

cement columns typically ranges from 0.5 to 0.8 m and the

length is between 10 and 30 m [34]. By considering the

length and the diameter of the soil-stabilizer columns as 15

and 1.76 m respectively, the height of the column and the

diameter of the column were designed conveniently to be

200 mm and 23 mm.

Several attempts were made to install in situ columns. In

the first trial, stabilized soil slurry with moisture content of

120% was poured into pre-augered holes formed in the

consolidated clay. This was then cured for 12 days. It was

found that a region of clay with high moisture content was

created around the improvement clay area which resulting

in inaccurate measurements of soil settlement during the

test.

Another trial was conducted with the moisture content

decreased to half (around 60%). This procedure was similar

to that conducted by Chan [35]. The column was installed

by compacted it in a pre-drilled hole using a small hammer.

It was observed that the column was subject to breakage

and after dissecting the model, it contained high volume of

air void.

Table 3 The testing groups of samples

Group Mixture Sample Activator concentration (M) Curing time (days)

S group S Soil 0 –

N–KS group NS NaOH ? soil 5, 10, 12.5, 15 7, 14, 28

KS KOH ? soil 5, 10, 12.5, 15 7, 14, 28

N–KSP group NSP15 NaOH ? soil ? 15% POFA 10 7, 14, 28

NSP20 NaOH ? soil ? 20% POFA 5, 10, 12.5, 15 7, 14, 28

NSP25 NaOH ? soil ? 25% POFA 10 7, 14, 28

NSP30 NaOH ? soil ? 30% POFA 10 7, 14, 28

KSP15 KOH ? soil ? 15% POFA 10 7, 14, 28

KSP20 KOH ? soil ? 20% POFA 5, 10, 12.5, 15 7, 14, 28

KSP25 KOH ? soil ? 25% POFA 10 7, 14, 28

KSP30 KOH ? soil ? 30% POFA 10 7, 14, 28

Heating group (Heating 1 hour) NSP15 NaOH ? soil ? 15% POFA 10 28

NSP20 NaOH ? soil ? 20% POFA 10 28

NSP25 NaOH ? soil ? 25% POFA 10 28

KSP15 KOH ? soil ? 15% POFA 10 28

KSP20 KOH ? soil ? 20% POFA 10 28

KSP25 KOH ? soil ? 25% POFA 10 28
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Thus it was decided to install pre-cast group of treated

columns in predrilled holes and to re-consolidate the soil

after this operation was completed. This procedure is

similar to that described by Kitazume [32] and Bouassida

and Porbaha [33]. In this procedure, columns were pre-

pared by pouring and compacting of soil in three equal

layers inside a thin-wall steel mould having a constant

diameter of 23 mm and a length of 200 mm.

To prepare the columns, in the first step, the dry native

soil and POFA (the most effective percentage obtained in

UCS tests) were mixed by hand. Meanwhile, alkaline

activators were dissolved in the solution at a predetermined

concentration (the most effective concentration). Subse-

quently, the cooled alkaline solution and extra distilled

water were added into the mixture and mixed thoroughly

until a uniform blend was produced.

The compaction was conducted manually using a

22 mm-diameter steel rod to eliminate air pockets, so as to

improve the homogeneity of the specimens. Note that

because of the difficulty in predicting the density of the

constructed stabilized soil columns, the value of the dry

unit weight to be used in compaction process assumes a

significant importance.

A possible option was to adopt the values obtained in

the Proctor compaction test. This test is particularly

adequate for measuring compaction parameters in

geotechnical application projects, in which the com-

paction energy used is similar to the compaction energy

used in the field. However, no compaction energy is

involved in the mixing procedures for the construction of

columns, it seemed reasonable to assume that the density

of the prefabricated stabilized columns is lower than the

density of the Proctor samples. As such, the dry unit

weight established for all the stabilized soil columns were

10% lower than that of the Proctor test value for natural

soil (12.65 kN/m3 for natural soil). The water content was

also reduced to values between 29 and 30% (relatively to

the desired Proctor value). Note that the water content

included both the water in the mixed alkali activator and

the extra water added to the mixture to achieve the

desired value.

Model Design

Three thin aluminium guiding plates were made, and each

steel plate had different numbers of circular holes with a

diameter of 23 mm spaced equally to give a specific

replacement area ratio. Figure 2 illustrates the aluminium

guiding plates, the number and distribution of holes in each

plate, and the corresponding replacement area ratio.

Practically, a range of 10–30% for replacement area

ratio was proposed for common treatments [10]. Hence, in

this study, the utilized guiding plates have a number of

holes of 10, 12, and 16, which are corresponding to

replacement area ratios of 9.9, 11.9, and 15.82%

respectively.

Fig. 1 Schematic of

experimental setup
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After the aluminium guideline plate was placed at the

centreline and above the model ground, a smooth steel

pipe, which acts as an extruder with an inner diameter of

23 mm and an outer diameter of 28 mm (Fig. 3), was

pushed vertically into each hole at predetermined locations

identified by the thin aluminium guiding plates. Then, the

inner soil was taken out. In the next stage, the cylindrical

stabilized soil columns inserted inside the holes and in the

thin aluminium plate were carefully removed (Fig. 4).

In the process of inserting the columns, a small gap may

exist between the column and the surrounding soil. In this

situation, a slim plastic pipe with a diameter of approxi-

mately 3 mm was extended to the bottom of the column-

soil gap. Thereafter, the gap was filled with diluted soil

slurry (with moisture content of around 120%) using a

medical injector that was connected to the slim pipe.

In the loading stage, a mattress of sand with an

average particle size of 160 lm and thickness of 15 mm

was first laid on top of the scaled ground overlaid by a

square rigid aluminium plate of 420 mm in length,

100 mm in width, and 15 mm in thickness. This alu-

minium plate modelled the behaviour of a strip footing

on the improved ground (Fig. 4).

The loading procedure was conducted using a hydraulic

jack under the stress control condition with an increment of

5 kPa per minute, and the procedure continued until it

reached a normalized vertical displacement of nearly 20%,

at which small increments in the applied load result in

relatively big increase in the settlement, which indicates

that the soil has reached the failure condition (Fig. 5).

Fig. 2 The aluminium guiding

plates used to arrange and align

the treated soil columns

Fig. 3 Parts of extruder

extension

Fig. 4 Columns installation
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Measurement of Bearing Capacity

The ultimate bearing capacity (qult) was determined on the

basis of the classical double tangent method. The qult was

obtained at the intersection of two tangents, one at the

beginning and the other at the point of the plot when three

successive equal incremental loads resulted in increasing

incremental settlement in the log–log plot (vertical stress

against displacement graphs). To eliminate the scale effect,

the vertical displacement of the footing was normalized by

the width of the footing. This procedure followed those of

Kitazume [32] and Bouassida and Porbaha [33] which

presented physical modelling tests for qult analysis of

cement-treated columns.

Results and Discussion

Strength Development

In this stage, the influence of factors including the use of

precursor, curing condition, and type and quantity of

alkaline activator on the strengthening performance of soil

is evaluated.

Effect of Alkaline Activator Concentration on Strength

Performance

Based on the UCS test results, irrespective of alkaline

activator type, the strength development in NSP20 and

KSP20 increased with the increase in quantity of both

alkaline activators to a certain extent but reversed in the

presence of excess activators. As shown in Figs. 6 and 7, at

5 M alkaline activators, the dissolution of Si and Al pres-

ence in POFA was low due to relatively low base condition

and as expected, insufficient strength behaviour achieved

by poor reactivity of alkaline activators.

For 10 and 12.5 M alkaline activators, the base condi-

tion was higher, easily moulded and the UCS values,

therefore, increased significantly. This correlates with the

finding of Lee and Van Deventer [36] that when alkaline

activator solutions of sufficient molarities were utilized,

dissolution was greatly enhanced followed by a gel-phase

framework.

However, 15 M and higher activators concentration

found not to be viable because the viscosity of the solution

and thereby plasticity of parent soil increased substantially

and thus, led to semi-plastic mixture and the poor UCS

results. In view of these results, although the 10 and

12.5 M results exhibit virtually similar strengths, use of

moderate 10 M NaOH and 10 M KOH were found to be

viable as the best concentration for strength improvement

of investigated soil when economy and practicality were

considered.

Effect of Precursor and Curing Condition on Soil Strength

Performance

Applying alkaline activators to soil induced low strengths

of 179 and 159 kPa after 7 days curing for NS and KS

respectively (Figs. 8, 9). This was expected, but it must be

noted that there was a slight increase in the UCS values of

soil specimens in the presence of highly alkaline solutes

(N–KS group) over the testing period, which could only

happen because alkaline activators were able to dissolve

some of the Si and Al present in natural soil for the reac-

tions to occur [21].

However, the increase in the development of the

strength of NS and KS was not significant due to the low

reactivity of Si and Al present in the host soil. In contrast,

the strength increased progressively when some POFA was

added to the mixture. As shown in Figs. 8 and 9, when the

Fig. 5 Loading procedure

Fig. 6 Effect of potassium hydroxide concentration on soil strength

development in presence of 20% POFA
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POFA content used in alkaline activation increases from 0

to 15%, compared with NS and KS, the UCS value

increases by about 226% in NSP15 and 96% in KSP15

after 7 days curing.

This assertion reflects the fact that the addition of POFA

enriched the reactive Si and Al in the matrix, which

allowed stronger Si–O–Si and Al–O–Si bonds to form.

Therefore, utilizing POFA with highly reactive Si and Al

content in the presence of alkaline solutes (N–KSP group)

contributes to the much higher strength development

compared to that of KS and NS (alkali-activated soil in the

absence of source binder).

Besides, it is clearly seen from Figs. 8 and 9 that after

low strength development of the alkali-activated samples at

early age (7 days of curing), a higher strength gain was

exhibited at a later ages (14 and 28 days of curing and

higher). It is well documented that through the alkaline

activation system, initial reactions are formed by the dis-

solution and precipitation of Si and Al present in the

mixture [37, 38]. Insufficient activation time increases the

quantity of unreacted source binder (POFA) within the

system; it then acts as a filler in the soil mixture rather than

as a binding product. Therefore, short curing times at

ambient temperature lead to low to moderate strength in

the treated specimens. By extension, the duration of curing

time has a direct effect on the amount of activated Al and

Si present in POFA that is transformed into the binding

products (Figs. 8, 9). From these figures, alkali-activated

samples (NSP and KSP) showed a notable increase in

strength after 28 days curing at ambient temperature,

regardless of the POFA content.

With regard to precursor dosage, the most effective

POFA content appeared to be in the range of approximately

20–25%, varying slightly with the activator type and curing

time, which resulted in the formation of very dense and

compacted matrix. As shown in Figs. 8 and 9, when higher

percentages of POFA were incorporated (KSP30 and

NSP30), the plasticity of soil increased and led to a loss in

strength of the treated soil samples.

Besides the ambient curing condition, the curing tem-

perature seems to be another means of developing higher

strength in the presence of such alkaline solutions [39, 40].

As can be seen in Fig. 10, if specimens are cured at higher

temperatures, particularly during the first hours of curing, the

reaction rate increases even further, leading to even higher

strength levels of the treated samples than that of cured at

ambient temperature. Compared to N–KSP group (cured at

ambient temperature), as the water content in the heating

samples decreases (heating group), the activator concentra-

tion in the aqueous phase increases sharply. Increasing the

activator concentration causes acceleration of the dissolution

reactions, promoting the process of alkaline activation. From

another angle, the sharp decrease of the sample moisture

content directly favours the polycondensation and hardening

process to give the final treated soil structure.

However, the practicality of applying such heating

conditions on a construction site might be limited and also

Fig. 7 Effect of sodium hydroxide concentration on soil strength

development in presence of 20% POFA

Fig. 8 Effect of precursor on soil strength development in presence

of sodium hydroxide at different curing times

Fig. 9 Effect of precursor on soil strength development in presence

of potassium hydroxide at different curing times
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could potentially be financially and environmentally costly,

thereby defeating the aim of this study of achieving cost

effectiveness and sustainability.

In terms of using different types of alkaline activators, it

must be noted that the use of the Na-based activator

(NaOH) for soil stabilization is beneficial in terms of lower

cost, since the price of KOH solution is higher than that of

the NaOH solution. On the other hand, as shown in Figs. 8

and 9, after long curing time (28 days of curing), higher

UCS values gained when the K-based activator (KOH) was

used during the alkaline activation process. This is caused

by the fact that K? has a smaller hydration sphere than the

other alkaline metal cation, and therefore allows more

dense and intimate polycondensation reactions, which

substantially increase the overall long-term strength

(28 days of curing) of the treated soil [41].

Bearing Capacity of the Stabilized Soil

Seven laboratory model tests were conducted in this

research to study the bearing capacity and settlement cri-

teria of a strip foundation model loaded over stabilized soil

columns, as listed in Table 4. As shown in this table, there

are three series of laboratory model tests, namely S,

NSP1–3, and KSP1–3 groups under the effect of different

factors. In this table, N indicates the number of columns, a
is the replacement area ratio, S is the native soil, NSP1–3 is

the treated soil columns using NaOH as an activator, and

KSP1–3 is the stabilized soil columns using KOH as an

activator. The vertical stress–displacement/footing width

curves for NSP1–3 and KSP1–3 groups are shown in

Figs. 11 and 12 respectively. Furthermore, for comparison

purpose, the vertical stress–displacement/footing width

curve of unimproved soil (S) is shown in these figures.

Note that the bearing capacity and settlement were mea-

sured two times for each test group (NSP1–3 and KSP1–3).

Untreated Case

It can be seen in Figs. 11 and 12 that the vertical load in

untreated ground (S) increases rapidly with the increase of

settlement at first and reaches a plateau at about 0.09 of

displacement/footing width. The stress corresponding to

the plateau was taken as the qult of the footing. Also, as

shown in this figure, the vertical stress–displace-

ment/footing width curve of untreated soil possessed the

ductile behaviour.

It is noted that the average UCS values for the natural

clayey soil (S) was 11.6 kPa, and 12.8 kPa for the top, and

bottom positions of model ground respectively. Also, the

native soil in the physical model test was in a nearly

undrained condition since the drainage valves were closed

during the loading procedure. With respect, undrained

shear strength of equal to zero was adopted for natural soil.

Therefore, Cus of the natural soil was between 5.8 and

6.4 kPa.

Treated Cases

It can be clearly seen in Figs. 11 and 12 that increasing the

replacement area ratio, a, results in more improvement in

the qult of treated columns (N–KSP1–3), irrespective to the

alkali activator type. Other than that, as shown in these

figures, compared to untreated soil (S), the qult increased

sharply in treated cases (N–KSP1–3). This behaviour is

believed to have been due to the use of alkaline activation

process in treated cases (N–KSP1–3). In this respect,

compared to unimproved soil (S), in the case of NSP1–3,

the qult of the model ground at replacement area ratio of

9.9, 11.9, and 15.82% increased up to 87, 125, and 175%

respectively. An even higher enhancement was achieved in

the case of the KSP3, for which higher increased values of

bearing capacities up to 192% was observed at replacement

area ratio of 15.82%.

The mechanism of reaction in treated cases (N–KSP1–3)

is driven by the ability of highly alkaline solutes, including

either NaOH or KOH, to dissolve amorphous silica and

alumina source materials (mainly from POFA and possibly

from the colloidal fraction of soil) into the matrix. In such a

condition, a poly-condensation process (a reaction that

chemically integrates minerals through alkaline activation)

occurs to form a three-dimensional structure [42–44]. The

formation of this new structure is responsible for the high

qult values in all treated soil columns (N–KSP1–3).

From Figs. 11 and 12, in treated cases (N–KSP1–3), the

vertical stress increased rapidly at first, and then the model

ground exhibited progressive softening since the bearing

pressure decrease gradually after the peak. Similar labo-

ratory observations in the case of cemented columns were

reported by several other researchers [32, 45].

Fig. 10 Role of curing condition on soil strength development
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As shown in Figs. 11 and 12, the slope of the stress

normalized displacement graphs in the case of KSP1–3 was

higher compared to NSP1–3, which showed failure at

lower displacements. This is caused by the fact that K? has

a larger size than the other alkaline metal cation (Na?), and

therefore allows more dense and intimate polycondensation

reactions, which substantially increase the strength and

stiffness of the treated columns (KSP1–3). With respect, it

can be concluded that the size and charge density of the

alkaline activator play significant roles in controlling the

rate and extent of the activation process in treated columns

during a loading procedure.

Conclusions

Based on the laboratory and physical model tests presented

in this paper, the following conclusions were reached.

• Through alkaline activation process, the addition of

POFA (precursor) enriched the reactive Si and Al in the

soil matrix, which allowed stronger Si–O–Si and Al–

O–Si bonds to form. In this respect, the highest

compressive strength value of 1200 kPa after 28 days

curing was recorded for the KSP mixture, which was

242% higher than that obtained for the similar mixture

without precursor (KS group). With regard to precursor

dosage, the most effective POFA content appeared to

be in the range of approximately 20–25%, varying

slightly with the activator type and curing time.

• Curing time was shown to have a significant strength-

ening effect on the treated soil. For the NSP and KSP

mixtures, and after 28 days of curing, UCS values of

990 and 1200 kPa were observed, respectively. The

results revealed that the duration of curing has a direct

effect on the amount of activated reactants transformed

into the binding products.

• Heating process has significant effect on soil strength

development during alkaline activation. The UCS of

the KSP20 mixture reached value of 2550 kPa at

28 days, which is 112% higher than that obtained with

the similar mixture in absence of heating process. As

the water content decreases during heating process, the

alkaline activator concentration in the aqueous phase

increases sharply. Increasing the activator concentra-

tion causes acceleration of the dissolution reactions,

promoting the process of alkaline activation.

• The type and quantity of alkaline activators are crucial

factors to consider in explanations of the strengthening

Fig. 11 The relationship between vertical stress and displacement in

NSP1–3 group

Fig. 12 The relationship between vertical stress and displacement in

KSP1–3 group

Table 4 Mixture proportions of

various series of test specimens
Group series Test no. Samples N a

S Natural soil – –

NSP1–3 group NSP1 10 M NaOH ? soil ? 20% POFA 10 9.9

NSP2 10 M NaOH ? soil ? 20% POFA 12 11.9

NSP3 10 M NaOH ? soil ? 20% POFA 16 15.82

KSP1–3 group KSP1 10 M KOH ? soil ? 20% POFA 10 9.9

KSP2 10 M KOH ? soil ? 20% POFA 12 11.9

KSP3 10 M KOH ? soil ? 20% POFA 16 15.82

N and a designate number of columns and replacement area ratio respectively
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effect. In terms of using alkaline activators, higher UCS

values at 28 days can be observed when the K-based

activator (KOH) was used for alkali activation.

• Depending on both the replacement area ratio and the

alkali-activator type, physical model test results indi-

cated that a considerable bearing capacity increment of

up to 192% of treated columns could be achieved.
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