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Abstract Although the effects of nontraditional stabi-
lizers on the geotechnical properties of tropical soils has
been the issue of investigation in recent years, the micro-
structural characteristics of nontraditional soil additives
and in particular selected additive (TX-85) have not been
fully studied. Nontraditional soil stabilization additives are
widely used for stabilizing marginal materials. These
additives are low-cost alternatives to traditional construc-
tion materials and have different compositions. They also
differ from one another while interacting with soil. In line
with that, it was the objective of this research to investi-
gate the strength properties and physicochemical mecha-
nisms related to tropical laterite soil mixed with the liquid
stabilizer TX-85. Macro-structure study, i.e., compaction,
and unconfined compression strength test were used to
assess the engineering and shear properties of the stabi-
lized laterite soil. In addition, the possible mechanisms
that contributed to the stabilization process were discussed
using various spectroscopic and microscopic techniques
such as X-ray diffractometry (XRD), energy-dispersive
X-ray spectrometry, scanning electron microscopy, and
Fourier transform infrared spectroscopy. From engineering
point of view, the results indicated that the strength of TX-
85 stabilized laterite soil improved significantly. The
degree of improvement was approximately four times
stronger than natural soil after a 7-day curing period. The
XRD showed no crystalline products (gel form). More-
over, weathering effects were obvious in TX-85 treated
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samples in most of clay minerals’ peak intensities. These
effects were reduced especially for kaolinite mineral
inside the soil with curing time.

Keywords Laterite soil - Non-traditional additives -
Sodium silicate - UCS - SEM - FTIR

Introduction

In recent years, increasing population and rapid develop-
ment of construction industry necessitate acquiring suffi-
cient knowledge and information about methods of
improving current soil surfaces for geotechnical applica-
tions. Nowadays, among the different methods of soil
improvement, chemical soil stabilizers are commonly used
to increase the soil strength and workability. Soil stabil-
ization is the process of improving the physical and engi-
neering properties of soil to obtain some predetermined
targets. This popularity is due to their low cost and con-
venience, particularly in the geotechnical projects that
require a high volume of soil. However, it should be noted
that each type of stabilizer is suitable for a specific type of
soil and climate. There have been noticeable important
dissimilarities between tropical soils from the more
ordinary soils of moderate climates. Rock weathering in
these areas is very rigorous that can be described by fast
disintegration of feldspars as well as ferromagnesian raw
materials, the displacement of bases including Na,0, K,O,
and MgO and silica, and the absorption of aluminum and
iron oxides (Mitchell and Soga 2005). This procedure
which includes leakage of silica and decomposition of iron
and aluminum oxides is called laterization (Gidigasu
1972). In misty regions, Laterite can be considered as a soil
type rather than a properly-explained resource. In these
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regions, dense rainfall in presence of efficient drainage
systems and warm temperatures develop substantial layers
of lateritic soil group with reddish color. This soil category
is affluent in aluminum, iron, and kaolinite clays (Town-
send 1985). The existence of iron oxides makes the color of
laterite soils red, beginning from light through bright to
brown shades (Syafalni et al. 2012).

The stabilizers of soils are categorized into two main
groups as traditional and nontraditional stabilizers (Eisa-
zadeh 2010). Traditional stabilizers such as cement, lime,
fly ash, and bituminous materials are widely studied, and
their essential stabilization techniques have been recog-
nized (Kassim and Chow 2000; Kassim et al. 2005; Hafez
et al. 2008; Eisazadeh et al. 2011). A number of nontra-
ditional soil stabilizer products which are not calcium
based are potentially effective alternatives for treating
soils. These nontraditional chemical stabilizers are usually
sold as concentrated liquids diluted with water at the
construction site, then either spread on the soil before
compaction or pressure injected to treat deeper soil layers.
However, nontraditional additives comprise of many dif-
ferent chemical agents that are varied in their components
and in the manner they react with the soil. Regrettably, not
much has been reported about their reaction with geo-
technical resources or their basic stabilization mechanisms.
As a result of the proprietary character of the viable sta-
bilization additives, their precise chemical components are
not revealed. Hence, contrary to the traditional stabilizers,
efforts to explain the strengthening mechanisms of non-
traditional stabilizers have been hindered.

The majority of laboratory and field testing with non-
traditional stabilizers have relied on performance evalua-
tion rather than mechanism recognition. There are
comparatively few studies regarding stabilization mecha-
nisms of nontraditional additives. As reported in previous
studies, the scanning electron microscopy (SEM), energy-
dispersive X-ray spectrometry (EDAX), X-ray diffrac-
tometry (XRD), and Fourier transform infrared spectros-
copy (FTIR) tests have been useful for micro-structure
study of soil mixed with different type of stabilizers (Eis-
azadeh et al. 2011). The result of previous study indicated
that the nontraditional liquid additives can help to increase
soil strength with curing time (Santoni et al. 2002, 2005;
Tingle and Santoni 2003; Marasteanu et al. 2005; Zhu and
Liu 2008; Fon 2010; Ou et al. 2011; Liu et al. 2011; Ali
2012; Marto et al. 2013). It should be noted that, each type
of additives have different influence and mechanism on soil
stabilization. For example, the literature showed that the
ionic stabilizers increase the strength of soil by cationic
exchange and flocculation, Enzymes by organic molecule
encapsulation, Polymers by physical bonding and cemen-
tation, and salts by hygroscopy, cation exchange, and
flocculation or crystallization and cementation (Scholen
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1995; Tingle and Santoni 2003; Eisazadeh 2010; Liu et al.
2011; Ojuri and Ogundipe 2012; Solanki and Zaman 2012).

It was important to carry out a complete survey to fully
understand the microstructure and mineralogy of soil stabi-
lized with selected stabilizer TX-85. In this paper an effort
was made to recognize the mechanisms responsible for the
enhancement of laterite soil stabilized with the domestic
liquid additive. The engineering properties of untreated and
treated soil, i.e., unconfined compression strength (UCS) and
compaction were monitored with curing time. Furthermore,
the possible mechanisms that contributed to the stabilization
process were discussed based on the results obtained from
the microscopic and spectroscopic techniques involving
XRD, SEM, EDAX, and FTIR.

Materials and experimental program
Materials

This study was conducted on residual laterite soil that is
usually found in tropical areas. The color of this clayey soil
is reddish due to high amount of iron oxides. Tables 1 and
2 presents the physical and chemical properties of this soil,
respectively. The liquid stabilizer was sold with the com-
mercial name ‘TX-85° by the Probase factory located in
Johor province of Malaysia. The exact chemical compo-
sition of this stabilizer has not been released yet, since it is
a commercially registered brand. The result of inductively

Table 1 Characteristics of the natural laterite soil

Engineering and physical properties Values
pH (L/S = 2.5) 5.35
Specific gravity 2.69
External surface area (rn2 gfl) 41.96
Liquid limit (LL) (%) 75
Plastic limit (PL) (%) 41
Plasticity index (PI) (%) 34

BS classification MH
Maximum dry density (mg m™>) 1.31
Optimum moisture content (%) 34
Unconfined compressive strength (kPa) 270
Table 2 Oxides and chemical Chemical Values

composition of laterite soil .. .
P composition (oxides) (%)

Si0, 25.46
ALO3 31.10
Fe,05 35.53
CO, 791
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coupled plasma mass spectrometry (ICP-MS) performed on
the liquid stabilizer indicated that Na, Al, Si, and Fe were
the major elements present. Also the pH value (12.54) of
TX-85 revealed its highly alkaline nature.

Sample preparation

The results of laboratory studies of Eisazadeh (2010) on the
laterite soils revealed significant changes in their com-
paction properties due to oven drying. In order to avoid the
mentioned changes, air-drying method was used for all soil
specimens. The specimens were sieved by a 2 mm mesh to
confirm the uniformity of the soil. In order to prepare
various mix designs, a standard protocol was used. The first
step was conducted based on clause 3.3.4.2 of BS 1377:
Part 4: British Standards Institution (1990a). This step
included the determination of the optimum moisture con-
tent (OMC) for natural soil and soils mixed with different
amount of stabilizer. In the second step, specified amount
of stabilizer was added to water and mixed with the soil. In
order to prepare a homogeneous mix, irregular hand mixing
with palette knives was done. Then after, the target dry
density and moisture content were reached by compressing
the samples in a steel cylindrical mold fitted with a collar
that accommodated all the mixtures. The required com-
paction was done by a hydraulic jack using persistent
compaction based on clause 4.1.5 of BS 1924: Part 2:
British Standards Institution (1990b). Finally, the cylin-
drical samples were extruded using a steel plunger, trim-
med, cleaned of releasing oil and placed in a plastic bottle
and wrapped in several runs of cling film. These samples
were cured for 3, 7, 14, 28, and 90 days in a 27 + 2 °C
temperature controlled room (Zhang et al. 2012). In order
to simplify the presentation of results, a specimen desig-
nation scheme was employed. The first and second char-
acters indicated the soil name and type of treatment,
respectively. The other characters included LC for laterite
clay, UNT for untreated, LST for liquid stabilizer treated,
and D for days.

Testing program

The general characterization studies of the present inves-
tigation are categorized into macro-structure characteristic
and micro-structural analyses. A standard compaction test
was employed to define the compaction properties of the
natural soil and soil mixed with different amount of sta-
bilizer based on BS 1377: Part 4: British Standards Insti-
tution (1990a, b) (clause 3.3.4.1). This was achieved by
compacting the soil into a 1L Proctor mold by applying 27
blows of a 2.5 kg circular faced (50 mm diameter) hammer
on each of the three equal layers. Then based on the
moisture-density relationship curve obtained for each mix

design, the OMC and its corresponding dry density were
determined. In order to find the optimum amount of liquid
stabilizer, five concentrations of diluted additive, i.e., 3, 6,
9, 12, and 15 % of dry weight of soil were used in pre-
paring mix designs. The untreated soil specimen was also
used as a control sample. These samples were made by
OMC and 90 % of maximum dry density (Ahmad 2004).
The soil improvement index was determined by conducting
serious of UCS test (BS 1924: Part 2: British Standards
Institution 1990a, b) on multiple specimens at different
time intervals. A rate of axial strength equal to 1 % per
minute was applied to the samples. The acquisition data
unit (ADU) was used to record the applied load and axial
deformation automatically. The failure of each specimen
was defined by its peak axial stress. The failed specimens
were dried and weighted in the end of each test to calculate
their moisture content.

In the present study, XRD technique was used to
achieve two goals: first, involving the measurement of
mineralogical changes of soil structure due to the presence
of liquid stabilizer, and secondly, to find newly formed
crystalline cementitious compounds. A Bruker D8 advance
diffractometer was employed for the analysis of cured
samples. The Cu-Kao radiation (k = 1.54 A) at an angle
scan (26) of 6-90°, step size of 0.02°, and 1 s lodging at
each step was used for scanning. The high resolution
images of fabric of the soil prior and after the treatment
were captured by a SEM that was equipped with EDAX. In
order to prepare the samples, they were completely covered
by platinum under highly vacuum environment. Moreover,
the EDAX method was used to find the major elemental
composition on the surface of treated particles. The results
were presented based on the ratios of Al:Si and Na:Si at
varying time intervals. The analysis of FTIR was applied
on treated samples to determine their molecular structural
changes. In order to measure the absorption bands of the
prepared KBr disk, a 2 mg sample of grounded dried soil
was mixed with 200 mg KBr. The sample was scanned by
a Perkin FElmer Spectrum 2000 gadget in the
400-4,000 cm ™" infrared spectrum range.

Results and discussion

The main aim of compaction is to maximize soil density.
The soil compaction properties can significantly be chan-
ged by adding a single anion or cation introduced by the
stabilizers. Therefore, it is rational to suggest that soil-
stabilizer reactions are affected by the initial compactive
effort, since this had direct influence on the particle spacing
and the subsequent crystallization process. Compaction
tests were performed on pure laterite soil and the soil
mixed with 3, 6,9, 12, and 15 % liquid stabilizer (TX-85).

@ Springer
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Fig. 1 Result of the compaction test on laterite soil, and mixed with
different percentage of TX-85
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Fig. 2 Strength gained for TX-85 treated laterite soil with different
stabilizer content and curing time

As can be seen in Fig. 1, adding TX-85 into the laterite soil
reduced the dry density and increased the OMC for the
same compactive effort, however, the amount of observed
changes was rather small. This decrease in the dry density
can be due to the particle flocculation and agglomeration
caused by the rapid cation exchange in the soil-stabilizer
mixture. Also, the increase of the moisture content was
probably because of the rapid and exothermic nature of the
reaction between soil and additive which led to loss of

Fig. 3 XRD patterns for the 2000
natural and TX-85 treated 1800
samples with different curing 1600
time
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water. The data obtained was in good agreement with the
results reported by Sukmak et al. (2013a) which studied the
stabilization behavior of silty clay soil (a mixture of soil,
fly ash, sodium silicate solution, and sodium hydroxide
solution). It should be added that the less noticeable
changes observed in the OMC of stabilized soil could have
been due to the fact that in low swelling silty clays the
OMC is mainly controlled by the liquid limit (Horpibulsuk
et al. 2009).

Figure 2 shows the results of UCS tests of stabilized
mixtures for different time intervals. Apparently, a signif-
icant increase in the strength properties of the natural soil
was occurred due to the TX-85 treatment. The enhance-
ment in the compressive strength of 9 % TX-85 treated
samples was 984 kPa after 7 days curing. This was
approximately four times greater than the untreated soil
strength and was gained much faster in comparison to other
liquid type stabilizers such as phosphoric acid which
required an 8 months curing period to achieve a 800 kPa
compressive strength (Eisazadeh 2010). It could be noted
that the rate of strength increment was rather limited after
7 days curing period which reached a value of 1,075 kPa
after 90 days cured samples. This indicated that most part
of the soil-stabilizer reactions happened within the first
7 days. On the other hand, it was clear that for the samples
treated with higher liquid stabilizer content (more than 9 %
TX-85) a lower compressive strength was achieved. The
latter was probably due to the increase in the positive
surcharge and the subsequent repulsion of soil particles
inside the mixture (Eisazadeh 2010; Tingle and Santoni
2003; Katz et al. 2001; Rauch et al. 2002; Tingle et al.
2007). The degradation of strength could also have been
due to the amount of alkaline stabilizer (pH value = 12.54)
which exceeded the requirement for chemical reaction in
the samples (Sukmak et al. 2013b). Hence, based on the
obtained results, 9 % of TX-85 was chosen as the optimum
value that was added to the laterite soil for micro-structural
studies.

Figure 3 shows the XRD patterns for natural and
chemically treated laterite soil. A comparison was made
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Fig. 4 EDAX spectrums of 3600 22

a untreated laterite soil, b 9 %

TX-85 treated laterite soil after
7 days, and ¢ 9 % TX-85 treated
laterite soil after 90 days
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between the resultant patterns and the standard dataset
from Joint Committee for Powder Diffraction Standards
(JCPDS 1995). The main existed minerals in the laterite
clay specimens were kaolinite (20 = 12.5°, 20°,35°, 38°,
46°, 55°), quartz (20 = 27°, 36.5°, 42.5°, 50°), geothite
(20 = 21.5°, 36.5°, 41°, 53°), and gibbsite (20 = 18.5°,
20°, 27°, 38°) (Brown 1961; Ahmad 2004; Eisazadeh

(c)

Feo

10.00

2010). Comparisons of the XRD results for the treated and
untreated samples in Fig. 3 showed that quartz was unaf-
fected by the treatment. However, there was a noticeable
change in the XRD results for the kaolinite spectra. Gen-
erally, in all of the treated samples, few peaks were
diminished and reduced slightly. This was because of the
stabilizer effect and its weathering action on the clay
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Table 3 Al:Si and Na:Si ratios of 9 % TX-85 and various curing
time obtained from EDAX analysis

LCUNT LCLST9 LCLST9 LCLST9
%-7D %-28D %-90D

AUSi=1.17  AlSi=093  AlUSi=089  Al/Si=0091

Na/Si = 0 Na/Si=0.14  Na/Si=007  Na/Si=0.03

minerals. However, no new peaks due to the gel-form
(amorphous) structure of formed reaction products were
obtained (Katz et al. 2001; Tingle et al. 2007; Fernandez
et al. 2011; Brough and Atkinson 2002).

In order to better understand the surface composition of
treated particles, EDAX analysis was performed on cured
samples. Figure 4a—c represents the EDAX spectrums of
the natural laterite soil and the treated soil with 9 % TX-85.
The time-dependent variations in the ratios of Al:Si and
Na:Si for different mix designs is shown in Table 3.
Comparison of the results revealed a noticeable change in
the surface composition of clay particles after treatment.
Micro-analyses of the treated samples in the SEM were
also performed at different time intervals. Figure Sa—c
present the SEM results of untreated and treated soil
samples. The existence of free oxides within the untreated
soil (LCUNT) covered and bonded the soil particles toge-
ther in a big packet fabric. On the other hand, the formation
of new white layers of reaction products on the surface of
clay particles in 90 days cured samples (Fig. 5¢) was evi-
dent. It should be noted that by means of an energy dis-
persive X-ray spectrometer (EDAX), these compounds
were roughly identified as sodium aluminosilicate hydrate
(N-A-S—H) (Brough and Atkinson 2002; Fernandez et al.
2011; Rajasekaran and NarasimhaRao 1997; Cai et al.
2006; Eisazadeh et al. 2011; Tingle et al. 2007; Katz et al.
2001; GarciaLodeiro et al. 2009).

The FTIR analysis is used to measure the absorption
bands at characteristic wavelengths of bonds that vibrate
independently of one another in order to define the functional
groups of soil minerals. Figure 6 shows the FTIR spectrums
for the natural and chemically stabilized samples. The
common features of FTIR spectrums involved the follow-
ings: the bands at 1,111 and 1,028 cm ! indicated the per-
pendicular and in-plane Si—O stretching, respectively. The
peaks at 3,615 cm™" corresponded to inner OH-stretching
vibrations and band at 3,692 cm~! was inner-surface
hydroxyl groups (Eisazadeh et al. 2011). The latter was a
typical band of kaolinite mineral, while the former was a
characteristic of various phyllosilicate minerals. Moreover,
the band at 910 and 792 cm™" indicated the existence of
hematite, respectively (Gadsen 1975) and quartz (Marel and
Beutelspacher 1976). The other bands including the Si—O
vibrations observed at 535, and 466 cm™! mostly defined the
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Fig. 5 SEM images of a untreated laterite soil, b 9 % TX-85 treated
laterite soil after 7 days, and ¢ 9 % TX-85 treated laterite soil after
90 days

existence of kaolinite mineral. A stretching vibration was
identified at 3,446 cm ™', while the 1,637 cm ™' band was an
H-O-H flexible band of water with an overtone happening at
3,378 cm ™. The results of FTIR spectrum for 7, 28, and
90 days cured samples confirmed that the chemical
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Fig. 6 FTIR spectrums for untreated and TX-85-treated laterite soil with different curing time

treatment was able to make a noticeable difference in the Si—
O functional groups of soil particles. Also, in general the
peaks intensities reduced with curing time. This was because
of the weathering action of the stabilizer on the clay minerals
(Nacamoto 1970; Eisazadeh et al. 2011; Phair and Van De-
venter 2002; Garcia-Lodeiro et al. 2008; Eisazadeh et al.
2012).

Conclusion

In this paper, different analytical technique related to the
strength behavior and micro-structural characteristics of
laterite soil treated with sodium silicate-based liquid sta-
bilizer was studied. The main aim was to understand the
mechanisms that accelerated the stabilization process. The
UCS data for various mix designs indicated a significant
and rapid (7 days) strength improvement for the selected
nontraditional stabilizer. Also, it was found that for the
samples treated with higher liquid stabilizer content (more
than 9 % TX-85) a lower compressive strength was
achieved. The latter was probably due to the increase in the
positive surcharge and the subsequent repulsion of soil
particles inside the mixture. Hence, 9 % of TX-85 was
chosen as the optimum value that was added to the laterite
soil for micro-structural studies. Based on the SEM and
EDAX results the new formed gel-like cementitious com-
pounds of sodium aluminosilicate hydrate (N-A-S-H)
were believed to be the main cause of strength

development. The XRD results also revealed a general
reduction in the clay mineral peaks with curing time.
However, no new peaks due to the gel-form (amorphous)
structure of formed reaction products were obtained. The
results of FTIR spectrum for different curing periods
indicated few noticeable changes in the Si—O functional
groups of soil particles. Also, in general the peaks inten-
sities reduced with curing time. This was because of the
weathering action of the stabilizer on the clay minerals.
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