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Abstract Non-traditional soil stabilizers are widely used
for treating weak materials. These additives are cost- and
time-effective alternatives to more traditional materials
such as lime and cement. It has been well established that
the treatment of natural soil with chemical additives will
gradually affect the size, shape, and arrangement of soil
particles. Furthermore, the degree of improvement is
dependent on the quantity and the pattern of new products
formed on and around the soil particles. In this paper,
unconfined compressive strength (UCS) test was performed
as an index of soil improvement on mix designs treated
with calcium-based powder stabilizer (SH-85). The time-
dependent changes in shear strength parameter and com-
pressibility behavior of treated soil were also studied using
standard direct shear and one-dimensional consolidation
tests. In order to better understand the shape and surface
area of treated particles, FESEM, N,-BET, and particle size
distribution analysis were performed on soil-stabilizer
matrix. From engineering standpoint, the UCS results
showed that the degree of improvement for SH-85-stabi-
lized laterite soil was roughly five times stronger than the
untreated soil at the early stages of curing (7-day period).
Also, a significant increase in the compressibility resistance
of treated samples with curing time was observed. Based
on the results, less porous and denser soil fabric was seen
on the surface of clay particles. FESEM images of the
treated mix designs showed the formation of white lumps
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in the soil fabric with the cementitious gel filling the pores
in the soil structure.
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1 Introduction

The chemical stabilization technology is a chemically
modified method that can stabilize or reinforce soils with
weak engineering properties. Some of the more common
chemical compounds used in various geotechnical appli-
cations are enzymes, liquid polymers, resins, acids, sili-
cates, and lignin derivatives. However, due to the
commercial nature of these brands, their exact chemical
composition has not been disclosed [3, 9, 19, 20, 22, 29,
32]. Reviews of past studies show that the type of soil and
stabilizer play an important role in the stabilization process
[15, 24, 31]. Furthermore, there have been noticeable
important dissimilarities in the stabilization mechanism of
tropical soils from the moderate climates [13].

Residual soils are products of chemical weathering and
thus their characteristics are dependent upon environmental
factors of climate, parent material, topography and drain-
age, and age. Optimization of these factors occurs in
tropical regions where heavy rainfall and warm tempera-
tures are most conducive to chemical weathering and deep
residual soil profiles develop that led to the production of
laterite soil deposits. Laterite soils are highly weathered
reddish tropical soils that have concentrated oxides of iron
and aluminum with kaolinite, the predominant clay mineral
[33]. There are six areas of the globe that this group of soil
is found and they are; Africa, India, Southeast Asia, Aus-
tralia, Central, and South America [34].
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Fig. 1 Particle size distribution of laterite soil

Table 1 Characteristics of the natural laterite clay

Engineering and physical properties Values
pH (L/S = 2.5) 5.35
Specific gravity 2.69
External surface area (m? 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

Laterite soils are widely used as fill materials for various
construction works in most tropical countries. In recent
years, the laboratory tests carried out on chemically sta-
bilized soils have paid much attention to analyzing the
impacts of additives on the engineering properties of
treated soil with little focus on the stabilization process.
Also, in contrast to traditional stabilizers such as lime [27],
study on the morphological changes associated with the use
of non-traditional stabilizers has been rather limited. Fur-
thermore, it was important to carry out a complete
assessment to fully understand the microstructure of soil
treated with commercially available agents. In this paper,
the development of the microstructure of laterite soil
treated with new type of calcium-based powder stabilizer
(SH-85) and its relation to the engineering behavior were
investigated. First of all, unconfined compressive strength
(UCS), standard direct shear, and one-dimensional con-
solidation tests of untreated and treated soil were examined
to find the shear and compressibility properties of samples.
Finally, the microstructure and morphology of SH-85 sta-
bilized laterite soil were examined using field emission
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Table 2 Oxides and chemical composition of laterite soil gained by
EDAX

Chemical composition (oxides) Values (%)

Si0, 25.46
ALO; 31.10
Fe,05 35.53
CO, 7.91

scanning electron microscopy (FESEM), Brunauer,
Emmett and Teller (BET) surface area and particle size
distribution analysis, respectively.

2 Research methodology
2.1 Materials

This study was conducted on the residual laterite soil that is
usually found in tropical areas. Residual soil was obtained
from a depth of 2-3 m below the ground surface. The soil
was air-dried under laboratory conditions, after which
pebbles and plant roots were removed. Soil passing the
2-mm sieve was only used in the experiments. The particle
size distribution, engineering properties, and chemical
characteristics obtained from energy-dispersive X-ray
spectrometry (EDAX) spectra of the natural soil are illus-
trated in Fig. 1, Tables 1 and 2, respectively. In Fig. 2, the
X-ray diffraction (XRD) result indicates that the main
minerals present in the laterite soil 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°) [17].

A new calcium-based powder stabilizer, commercially
labeled as SH-85, was used in this study. The exact
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Fig. 2 XRD patterns for the laterite soil

chemical composition of this stabilizer has not been
released, since it is a commercially registered brand.
Table 3 shows the general chemical properties of this sta-
bilizer based on EDAX result.

2.2 Sample preparation

The results of laboratory studies on the laterite soils have
revealed significant changes in their compaction properties
due to oven-drying [33]. 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: [5].
This step included the determination of the optimum
moisture content (OMC) for natural soil and soils mixed
with different amount of stabilizer. In the second step, 3, 6,
9, 12, and 15 % of stabilizer (SH-85) were added to the soil
and mixed with the optimum water. 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 accom-
modated all the mixtures. The required compaction was
done by a hydraulic jack using persistent compaction based
on clause 4.1.5 of BS 1924: Part 2: [6]. Finally, the
cylindrical samples were extruded using a steel plunger,
trimmed 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-con-
trolled room [35]. The shear strength tests were carried out
by standard direct shear test. Two-layered compaction was
performed on the soil specimens that were 60 mm in
diameter and 20 mm in height. The untreated soil samples
were sheared immediately as control specimen, but treated
samples were only sheared after being cured with a

Table 3 Oxides and chemical composition of SH-85 gained by
EDAX

Chemical composition (oxides) Values (%)

Ca0 68.20
Si0, 9.25
ALO; 12.30
CO, 10.24
pH (L/S = 2.5) 12.65

controlled temperature. One-dimensional consolidation
tests were performed on the untreated and treated soil.
Samples were prepared in three layers in an oedometer ring
(50 mm diameter and 20 mm height) to the required den-
sity using static compaction. This technique was adapted to
avoid possible soil disturbance in the subsequent sample
cutting and fitting into the oedometer ring [11, 22]. Sam-
ples were then placed in a plastic bag and cured inside a
humid room at 27 & 2 °C. It should be noted that all
samples were made by optimum moisture content and
90 % of maximum dry density [1]. A characterized spec-
imen designation scheme was used to ease the presentation
of results. The first and second characters in the mentioned
scheme indicated the soil name and type of treatment,
respectively. The mentioned characters included LC for
laterite clay, UNT for untreated, PST for powder stabilizer
treated, and D for days.

2.3 Testing program

The general characterization studies of the present inves-
tigation were categorized into macro- and micro-charac-
terization analyses. The soil improvement index was
determined by conducting serious of UCS test (BS 1924:
Part 2: [6] on multiple specimens at different time inter-
vals. A rate of axial strength equal to 1 % per minute was
applied to the samples. The acquisition data unit (ADU)
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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.

The shear strength tests were carried out by applying a
constant strain rate of 0.6 mm/min on the soil samples
placed inside standard shear boxes until the soil had failed
or reached a maximum horizontal displacement of 10 mm.
This displacement was chosen based on the capability of
the machine used. The standard procedures used here are
BS 1377: part 7: 1990 and ASTM 3080 (as mentioned in
Head [6]. In addition, three different normal stresses
exerted on those samples were 28, 56, and 112 kPa. Lastly,
based on the several tests on natural soil and treated sam-
ples with the application of different normal stress, rela-
tionship between the applied normal stress and shear
stresses were plotted.

One-dimensional consolidation test was performed in
accordance with BS 1377: Part 5 (BSI, 1990e) using a
50 mm diameter and 20-mm high-consolidation ring. After
curing, each specimen was removed from the plastic bag
and placed into the consolidometer cell with filter paper
and porous stones at both ends of the specimen. The
loading range was from 12.5 to 800 kPa and was applied in
double increments in each stage and unloaded to 100 kPa.
It should be stressed that each loading and unloading stage
was left for 24 h [2, 4, 10, 25].The displacements and loads
were recorded automatically by acquisition data unit
(ADU).

For identifying the mineralogical composition of the lat-
erite soil, powder XRD (Bruker D8 advance diffractometer)
using Cu-Ko radiation (1.540 A) at 40 kV and 100 mA was
employed. The scanning range of (20) was from 10° to 90°
with a 0.02° step size and one second dwelling time for every
single step. Finally, mineralogy analysis was carried out
based on the Bragg data in the standard powder diffraction
file as in JCPDS [17]. To prepare the test samples, they were
grinded using a pestle and mortar to a fine yet homogenous
powder form, placed in an aluminum holder with elliptical
opening, and evenly spread with the help of a microscope
slide to achieve a smooth surface. A minimum number of
three specimens were tested by the XRD test to provide
mineralogy of the soil.

Field emission scanning electron microscopy (FESEM)
is a common technique used to determine the microstruc-
tural properties of soil fabric, providing information on the
size, shape, and the state of orientation and aggregation of
soil particles. This method could be implemented in soil
stabilization studies, in order to visualize the topographical
features and, moreover, to observe the formation of new
cementitious materials that are hard to detect using other
analyzing instruments. In this study, the morphological and
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elemental composition of the samples and their crystal
phase are analyzed through FESEM (JSM-6701F JEOL)
with an attached EDAX. The test samples for FESEM and
EDAX analyses were prepared by drying the soil, placing
them onto an aluminum stub covered with double-sided
carbon tape, and using a vacuum sputter coater to coat the
samples with platinum for 120 s at 30 mA under high
vacuum until they were completely covered and ready to be
used for the microscopic analysis.

The particle surface area is an essential feature to
understand both the physical and chemical properties of the
treated soil. This is because many chemical reactions in
soils occur at the surface [23]. Among the most frequent
approach for evaluating the surface area of solid materials
is that of Brunauer et al. [7], regarded as the BET tech-
nique. The approach depends on gathering isotherm report
for the physical adsorption of an inert gas and modeling the
adsorption figures with the use of BET isotherm equation
[30]. In this study, the surface area was derived through
physical adsorption of nitrogen gas by means of microm-
eritics surface area analyzer (Pules ChemiSorb 2705). It is
also microprocessor controlled and interacts with a XP-
based PC which allows for physisorption investigation. In
this method, small amount of cured sample was placed in
the sample container. Nitrogen gas was pumped in after
degassing for 1 h at 130 °C, and the outer area value was
estimated adopting the single-point BET technique.

The particle size distribution of a soil can be important
in understanding its physical and chemical properties. It
affects the strength and load-bearing properties. The par-
ticle size analyses were carried out using CILAS Particle
Size Analyzer. The CILAS 1180 Particle Size Analyzer
utilizing laser diffraction technique with laser light wave-
length, 4, 635 nm is able to measure particles ranging from
0.04 to 2,500 um. The size distributions of the tested
specimens were determined based on Fraunhofer diffrac-
tion theory by using the software Particle Expert version
5.12. The entire tests were carried out with approximately
0.2 g sample and other test procedures were in accordance
with BS ISO 13320:2009 (particle size analysis—laser dif-
fraction methods). It should be noted that all the experi-
ments in this study were performed in the geotechnic and
chemical laboratory of the faculty of civil engineering and
faculty of science, in Universiti Teknologi Malaysia
(UTM).

3 Results and discussion

Figure 3 shows the results of UCS tests of stabilized
mixture of laterite soil and SH-85 at different time inter-
vals. Apparently, the SH-85 treatment significantly
enhanced the strength characteristics of the natural soil.
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The 9 % SH-85-treated samples with a 7-day curing time
achieved a compressive strength of 1,087 kPa. This was
approximately five times greater than the untreated soil
strength and was gained much faster in comparison with
other calcium-based type stabilizers such as lime which
required a 8-month curing period to achieve a 633 kPa
compressive strength [13]. It should be stressed that the

Fig. 6 One-dimensional compression curves of natural soil and
treated samples at different curing time
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Fig. 7 Variation of compression index and swelling index at
different curing time

rate of strength development was rather limited to the first
7 days of curing (1,087 kPa) and reached a value of
1,364 kPa for 90-day-cured samples. This indicated that
most part of the soil-stabilizer reactions happened at the
early stages of curing. Furthermore, based on the obtained
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results, 9 % of SH-85 was chosen as the optimum value
that was added to the laterite soil for consolidation and
microstructural studies.

Shear strength is another important feature in geotech-
nical engineering or more specifically, the stability of
slopes, shallow foundations, cuts, fills, dams, pavements
design, and the stresses on retaining walls. Generally
speaking, it governs the stability and robustness of a par-
ticular structure under expected maximum loading.
Achieved parameters of shear strength [cohesion (¢) and
internal friction angle (¢)] of untreated and treated laterite
soil with 9 % of SH-85 at different curing time are pre-
sented in Figs. 4 and 5. It should be stressed that the
untreated sample cohesion and internal friction angle
gained 38.6 kPa and 22.3°, respectively. From figures, it is
observed that both cohesion and internal friction angle of
specimens increased greatly after curing. It can be seen that
the cohesion of treated samples increased about three times
than that of uncured samples after 7-day curing period
when added 9 % of SH-85 to the soil. In addition, the
cohesion of 90-day-cured sample gained 131 kPa. Also, it
is observed that the internal friction angle of specimens had
a marginal changed with the increase in SH-85 concen-
tration. However, it is clear that by an increase in the
curing time, both cohesion and internal friction angle of
treated specimens increased, but for both shear parameters,
the most part of changes in shear parameters happened
after first 7 days of curing period which shows the fast
reaction times between soil and SH-85. For example, about
80 % of increment in cohesion happened after 7-day curing
time. The rise in the shear strength parameter of treated
samples was believed to be due to the activities of cationic
exchange as well as the presence of cementitious

Detector = SE2

EHT = 10.00 kV

component which can decrease soil porosity while
increasing its shear strength. Based on the results it seems
that the formation of the new cementation compounds in
soil-stabilizer reactions leads to the increases in bonding
and interlocking forces between soil particles due to the
high rigidity and rough surfaces of the compounds formed
and as a result, the strength, cohesion, and the angle of
internal friction of the soil improved after treatment [8, 16,
18].

The changes in the geotechnical parameters of chemi-
cally treated soils are due to complex short- and long-term
reactions between additive and soil. Figures 6 and 7 show
the results of one-dimensional consolidation test on
untreated and 9 % SH-85-treated samples at different time
intervals. As can be seen from the curves, the compression
index (C.), swelling index (Cs), coefficient of consolidation
(cy), and coefficient of volume compressibility (m,) for
untreated soil were 0.35, 0.042, 8.73-35.9 m%/year, and
0.113 m*MN, respectively. It should be noted that a wide
stress range from 100 to 400 kPa was arbitrarily selected to
observe different consolidation parameters variations. The
results of treated laterite soil showed that the ¢, and m,
values were gradually decreased with curing time [11, 12,
26]. The data presented further indicated a drastic reduc-
tion in C. and C, with time. Hence in general, the SH-85
treatment reduced the compressibility properties of the
treated soil. The reduction in the compressibility behavior
of the treated samples were believed to be due to the for-
mation of new cementing products which resulted in
greater resistance to compression at same stress degrees
[25, 28].

In order to study the morphology of the stabilized soil,
FESEM was used in the present study. Figure 8a—d shows
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«Fig. 9 Spectrums of EDAX for a untreated laterite soil, b SH-85
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Fig. 10 BET results for untreated and 9 % SH-85-treated samples

the results of FESEM for pure SH-85, untreated soil, and
treated soil, respectively. As can be seen, the SH-85 had a
continuous and flake-shaped structure. The presence of big
packets of porous soil particles was evident in untreated
sample. Images of the treated mix designs with the SH-85
stabilizer showed the formation of white lumps and web-
shaped cementitious compounds in the soil fabric (90 days

curing) [8, 14, 27]. Figure 9a— shows the spectrums of
EDAX for the untreated soil, SH-85 additive, and treated
laterite soil with SH-85 after 7-day curing period, respec-
tively. As can be seen from the Fig. 9c, the peak intensities
of the calcium have significant reduction after mixing and
curing. The latter was due to the consumption of calcium in
the newly formed cementing product in SH-85-treated
samples. It should be noted that by means of energy-dis-
persive X-ray spectrometer (EDAX) technique, these
compounds were roughly identified as calcium aluminate
hydrate (CAH) [14, 17].

The specific surface area is an important property in
assessing the physical interaction of clayey soils with
chemical stabilizers. The N,-BET results of untreated and
SH-85-treated laterite soil at 7-, 28-, and 90-day curing
period are presented in Fig. 10. As shown, a considerable
reduction in the surface area of treated samples was evident
at the early stages of curing. With further curing, a rise in
the BET surface area of treated samples was evident. This
was probably due to the action of stabilizer in increasing
the number of accessible pores among the clay particles.
However, after 90-day curing, a reduction in the surface
area of treated sample was observed. The recrystallization
of the cementitious component was believed to be the main
mechanism responsible for this decrease.

e | CUNT e CPST-7D

e | CPST-28D LCPST-90D

100 //
~
&\G/ 80 //
]
=
= 60
> //
[}
2
E 40
=
g
] 20 /
0 - Sp— T T T
0.01 0.1 1 10 100

1000

Diameter (um)

Fig. 11 Particle size distribution of untreated and treated samples with SH-85

Table 4 Particle size distribution of untreated and treated samples

Sample description Effective size [Do (um)] D3p (um) Dgo (pm) Clay size (%) Silt size (%) Sand size (%)
<2 pm 2 <x <63 pm 63 < x < 2,000 pm
LCUNT 0.8 2.2 5 28 72 0
LCPST-7D 0.9 2.4 7.5 26 74 0
LCPST-28D 0.9 2.6 8 25 74 1
LCPST-90D 0.9 2.6 8 24 75 1
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Figure 11 indicates the particle size distribution graphs
of untreated laterite soil and treated samples with SH-85
non-traditional additive at different curing periods. It
should be noted that during sample preparation for this test,
some degree of bond breaking will occur. This will cause a
large flocculated cluster to break down into smaller clus-
ters. Hence, this method is also likely to underestimate the
equivalent particle cluster size of treated soil. However,
Chew et al. [10] mentioned that the underestimation of the
particle size in MIP studies is probably much more serious
than this method. As can be seen, for treated soils, there
was a shift to the right of particle size and their postulated
subsequent cementation by deposition of CAH, which is
consistent with aggregation and cementation that indicated
with FESEM micrographs. Based on the results, the reac-
tion products during the pozzolanic activity were formed
like a cover around the soil particles and led to increase in
its size. Also, it was clear that the development of the
particle size increased with an increase in curing time;
however, this increment was rather small after 7 days. The
later was consistent with the others macro- and micro-
structural tests and could be the reason of increase in the
shear parameter and compressibility resistance of treated
samples at the early stage of curing time. As well as, the
result of the particle size distribution for untreated and
treated sample with SH-85 non-traditional additive at dif-
ferent curing period is listed in Table 4. As can be seen
from the tables, 28 % of untreated laterite soil was in clay
size and after treated with SH-85, the percentage of clay
reduced to 26 % after 7-day curing time. On the other
hand, the silt and sand size of the treated samples increased
by increasing curing period. Also, from the table, it is clear
that the increment in particle size was rather small for the
curing period after 7 days. The latter can confirm the fast
reaction between selected additives and laterite soil.

4 Conclusions

This study was carried out in an attempt to further explain
the effects of SH-85 non-traditional additive on laterite soil
structure. The UCS data for laterite clay mix designs
showed that the stabilization process was rapid for the
selected stabilizer. For instance, 80 % of the strength
improvement happened within the first 7 days. These
improvements in terms of strength were faster and higher
and in terms of execution were more cost- and time-efficient
in comparison with the traditional stabilizers such as lime
and cement. Also, the result of direct shear test indicated
that the shear parameter of treated laterite soil increased
with curing time because of formation of new cementitious
products that filled the porous structure of natural soil. In
addition, the result of consolidation tests showed that the
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SH-85 was effective in improving the compressibility
characteristics of laterite soil and that the treated samples
showed higher resistance to compressibility compared with
the natural soil. This was because of the new cementitious
compounds which coated the soil particles and led to denser
soil fabric with curing time. The latter was in good agree-
ment with the FESEM results. Moreover, the result of BET
analysis indicated that the stabilization process reduces the
external surface area by filling the soil pores. Lastly, the
data of particle size distribution presented that the treated
soil particles covered by CAH have bigger size in com-
parison with the untreated soil particles.
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