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Abstract. This research aims to identify the basic properties of ood mud and the
e�ciency of biomass silica (SH85) as a stabilizer to improve the strength of this mud.
Uncon�ned Compressive Strength (UCS) testing was carried out on untreated soil and soil
treated with 2%, 4%, and 9% SH85 contents within three and seven curing days. The
microstructure of SH85 treated ood mud was investigated via Field-Emission Scanning
Electron Microscopy (FESEM) and Energy-Dispersive X-ray (EDX) spectrometry. It was
found that the strength of treated soil increased two to seven times that of the untreated
soil where the highest strength was recorded at 949 kPa following seven-day soil treatment
by 9% SH85 content. A polynomial trend was observed with an R2 value greater than 95%
relationship between SH85 content and UCS in di�erent curing periods. The seven-day
UCS of SH85 treated ood mud met the strength requirement of 0.8 MPa for Malaysian
subgrade material of low tra�c volume roads and the compressibility was signi�cantly
reduced when SH85 content was greater than 4%. According to the FESEM and EDX
results, cementitious products that promoted soil strength �lled the voids of the treated
soil.
© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

On 24 December 2014, several provinces in Malaysia
including Perlis, Perak, Kelantan, Terengganu, and
Pahang were a�ected by heavy rainfall that triggered
ooding [1]. Due to this ood event, layers of mud
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were formed throughout the region as the receding
water left large amounts of material behind. The ood
mud was disposed of without proper management,
hence large amounts of waste. Due to environmental
concerns, sustainable reutilization of mud deposit is
considered for use as a construction material [2,3].
This mud soil can be used as a stabilized subgrade
material for low tra�c volume roads. The stabilized
subgrade material for low volume roads must meet an
Uncon�ned Compressive Strength (UCS) value of at
least 0.8 MPa, as sanctioned by the Malaysia Public
Work Department (PWD) speci�cations [4].

According to Datta et al. [5], roads carrying an
average daily tra�c of less than 400 vehicles per day
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are generally de�ned as low volume roads. It can also
be described as having low cumulative number (80 kN)
of Equivalent Standard Axle Loads (ESALs) over the
design life of the road [6,7]. Usually, low tra�c volume
roads are highly applicable to rural areas or light tra�c
load areas. E�cient road transportation services play
an important role in developing countries and they
improve the quality of life for the rural population.
Low tra�c volume roads serve as one of the key infras-
tructure systems that has become a matter of growing
urgency in community development, intra-community
trade of goods and services, and resource management
activities. Therefore, it is important for this type of
road to be well planned, located, designed, constructed,
and maintained. The performance evaluation of these
roads is an absolute necessity [5].

Chemical and polymer stabilizers such as sodium
chloride, calcium chloride, cement, y ash, and lime are
among the best methods for improving the engineering
properties of natural soil [8{29]. Given that the
stabilization method is very cost e�ective and ensures
rapid soil strength, it is widely used and has become
popular in road construction [11]. Driven by relatively
low cost, simplicity, low carbon dioxide emission, and
shorter curing time, nowadays, non-traditional stabi-
lizers are being developed constantly for better soil
stabilization [19,30,31]. It has become clear by now
that non-traditional additives can properly improve soil
strength in a shorter curing time than conventional
stabilizers (cement and lime) [20,32{34].

Lati� et al. [33] investigated the treated tropi-
cal laterite soil with calcium-based powder stabilizer
(SH85). A series of compressive strength tests were
performed to determine the strength performance of
the treated soil. The strength test results showed
that the SH85 stabilized laterite soil was roughly
�ve times stronger than the untreated soil upon the
seven days of curing period. They also found a
signi�cant increase in the compressibility property of
treated samples within the curing time duration. The
formation of white lumps in the treated soil fabric,
with the cementitious gel �lling the pores in the soil
structure, was observed in the images of Field-Emission
Scanning Electron Microscopy (FESEM), which proved
that a new strength product was developed from the
stabilization process. The same observation was made
by Lati� et al. [31], who found that the strength of
treated montmorillonitic and kaolinitic clays increased
signi�cantly in the early stages of curing. Although
this non-traditional stabilizer signi�cantly improved
the strength of laterite and clay soils, the e�ects of
these products on the chemical composition (stabilizing
mechanisms) and performance prediction are not fully
understood, especially when they are mixed with waste
soil material such as ood mud soil.

Therefore, the main objective of the present work

is to investigate the potential of reusing ood mud
soil from the ooded area at Kuala Krai, Kelantan
for constructing a subgrade layer for the low volume
tra�c roads in the region. In this research, the
physical, mechanical, and micro-structural character-
istics of the ood mud are studied. In addition,
some basic geotechnical parameters such as grain size
distribution and Atterberg's limits of the ood mud are
also determined. The outcomes of these results will
lead to the promotion of application of ood mud to
sustainable pavement.

2. Materials and testing procedures

The ood mud sample was air dried at a laboratory
after removal of the debris from the soil sample. The
soil sample was sieved through a 425 �m sieve to con-
�rm the uniformity of materials [15], and the passing
material was used throughout the experiments. The
biomass silica stabilizing agent, also known as SH85 in
the commercial sphere, was supplied in powder form
by Probase Manufacturing Sdn Bhd, a local company
in Johor state of Malaysia.

Basic soil property tests including speci�c gravity,
grain size, Atterberg limit, and standard proctor com-
paction were conducted using the recommendations of
the British Standard Institution [35]. The coe�cient
of permeability of ood mud sample was measured by
a constant head permeability test. Compressibility of
compacted ood mud sample was determined through
the 1D consolidation test. The UCS tests were carried
out to determine the soil strength of untreated and
treated ood mud samples. The ood mud samples
were investigated using the UCS test, and their Op-
timum Moisture Content (OMC) and Maximum Dry
Density (MDD) were determined using the compaction
test. A set of cylindrical soil specimens characterized
by a diameter of 38 mm and a height of 76 mm was
prepared for the UCS test. These samples were tested
at a constant strain rate of 1.52 mm/min. For the
treated cases, 2%, 4%, and 9% SH85 contents were
mixed with ood mud samples and cured for three
and seven days at room temperature. With these
low SH85 contents, the treated samples were prepared
based on equal OMC and MDD values of the untreated
sample [7]. According to the MDD value, the mixture
was then transferred to a stainless steel UCS mold. The
sample was compressed using a pair of pistons at both
ends of the mold. A steel plunger was used to extrude
the cylindrical samples and then, kept in a polythene
bottle. In order to maintain humidity and temperature
of the sample, the bottle was placed above a water level
in a closed container during the curing period. All the
tests were conducted according to the British Standard
Institution [35].

The microstructure of ood mud samples was
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observed by FESEM and Energy Dispersive X-ray
Spectrometer (EDX). The EDX test was conducted
to determine the elemental composition of individual
points or to map out the lateral distribution of elements
from the imaged area. The FESEM test provides to-
pographical and elemental information with a virtually
unlimited depth of the �eld.

3. Result and analysis

The basic properties of the soil are shown in Table 1.
The liquid and plastic limits were 42% and 26%,
respectively, and the plasticity index was 16%. Based
on the wet sieving and hydrometer analysis test, the
ood mud sample consisted of 0% gravel, 89.31% sand,
10.43% silt, and 0.26% clay. The soil sample was cate-
gorized as Clayey Sand (SC) based on the Uni�ed Soil
Classi�cation System (USCS). MDD and OMC values
were 1.626 Mg/m3 and 18%, respectively (see Figure 1).
The MDD (1.513{1.680 Mg/m3) and OMC (11{19%)
values were within the typical range of the CS materials

Table 1. Basic properties of ood mud sample.

No. Properties Value

1. Proctor density
Optimum moisture content 18%
Maximum dry density 1.626 Mg/m3

2. Speci�c gravity 2.74

3. Atterberg limits
Liquid limit 42.07%
Plastic limit 26.15%
Plasticity Index 15.92%
Group of soil SC (clayey sands)

4. Permeability
Coe�cient of permeability 1:145� 10�5 cm/sec

5. Grain size distribution
% of gravel 0%
% of sand 89.31%
% of silt and clay 10.43% and 0.26%

6.
Uncon�ned compressive
strength (untreated)

117 kPa

7. Consolidation (untreated)
Compressive index, Cc 0.063
Recompressive index, Cr 0.041

Figure 1. The compaction test result on of ood mud.

proposed by AASHTO T99 [36]. A zero-air void curve
was located above the compaction curve so that it can
be con�rmed that the upper limit of dry density of any
moisture content was based on theory [37].

Figure 2 displays the stress-strain curve of the
treated ood mud samples at 0%, 2%, 4%, and 9%
SH85 contents for three and seven days of curing. The
larger SH85 content exhibited higher strength. The
peak strength occurred at large strains between 7%
and 8%. Soil samples with 4% and 9% SH85 contents
tend to increase gradually, compared to the 2% SH85
treated sample. The treated samples exhibited brittle
behavior at their peak strength, followed by a sudden
decrease. The strength of the treated soil increased by
two to seven times more than that of the untreated soil,
where the highest soil strength was recorded at 949 kPa
when treated with 9% SH85 for seven days. The
achieved strength of treated soil was relatively higher
than that of the treated laterite soil in the previous
study conducted by Lati� et al. [33]. They obtained

Figure 2. Stress versus strain curve of SH85 treated
samples after 3 and 7 days of curing.
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Figure 3. Uncon�ned Compressive Strength (UCS) of
SH85 treated samples for di�erent stabilizer stabilizing
contents and curing periods.

soil strength �ve times higher than the previous records
after treating the laterite soil with 9% SH85 content for
a seven-day curing period.

Figure 3 illustrates the relationship between
SH85 content and UCS in di�erent curing periods.
A polynomial trend was observed with an R2 value
greater than 95%. It is evident that during the
treatment process, the shear strength increased
signi�cantly with the addition of 2% SH85 content for
both three and seven days of curing. The three-day
UCS value was 651 kPa for the 4% SH85 treated
sample and it slightly increased to 747 kPa for 9% of
the SH85 treated sample. However, upon seven days
of curing, the UCS increased drastically from 4% to
9% of SH85. The UCS increased up to 949 kPa from
893 kPa. It is of interest that seven-day UCS of the
4% SH85 treated sample meets the requirements set
by PWD, Malaysia. Generally, the UCS tremendously
increased upon an increase in SH85 content and curing
time. Based on the relationship (Figure 3), the SH85
can be reduced from 4% to 3.6% to obtain a seven-day
UCS value of 800 kPa (a straight line arrow).

Figure 4 shows the void ratio, e versus log stress,
and p curve obtained from the oedometer test for both

Figure 4. Graph of e-log p curve for untreated and
treated soils with 4% of SH85 + 7 days cured sample
obtained from Oedometer test.

untreated and treated soils of 4% SH85 treated sample
cured for seven days. This sample was chosen because
its UCS exceeded the requirement (0.8 MPa) of PWD.
The values of compression index, Cc, and recompres-
sion index, Cr, are 0.063 and 0.041, respectively, while
Cc and Cr values of the treated samples are 0.018
and 0.0083, respectively. In other words, compared to
the untreated sample, Cc value of the treated sample
was reduced by 0.045, indicating a signi�cant improve-
ment of the resistance to compressibility due to SH85
treatment. A similar �nding was obtained by Lati�
et al. [33], who concluded that the SH85 treatment
of laterite soil reduced the compressibility properties
of the treated soil. They believed that this reduction
resulted from the formation of new cementing products,
which led to higher resistance to compression stress.

Figure 5 shows the morphology of the untreated
sample and 4% SH85 treated sample on seven days of
curing. The soil structure was enlarged 18000 times.
The circle on the FESEM micrograph in Figure 5(a)
presents the pore spaces and voids on the untreated
ood mud sample. This con�rmed that the soil struc-
ture was looser with weaker interparticle forces before
being treated with SH85. The circle in Figure 5(b)
shows the formation of new cementation products
(white colored lump) in the treated soil samples. In
addition, the porosity is reduced signi�cantly after the
SH85 treatment (comparing Figure 5(a) and (b)) due
to the �lling of cementitious products into the pores of
the soil structure.

Figure 6 shows EDAX patterns of the untreated
and treated samples. Silica and aluminum are dom-
inant elements in the untreated sample (Figure 6(a)).
The concentration of silica was 25.8%, which was higher
than that of aluminum present in the soil structure
at 12.1%. The high amount of amorphous silica (Si)
and aluminum (Al) represents the main source for
pozzolanic reactions to produce high-strength mate-
rial when treated with a stabilizing agent [38]. An
additional mineral composition of calcium was clearly
detected in the soil structure of 4% SH85 treated
sample (Figure 6(b)). The concentration of silica and
aluminum decreased to 11.6% and 9.2%, respectively,
after the treatment. The aluminum to silica ratio
reduced from 2.13 to 1.26 and the calcium element was
found after treatment with SH85 at the calcium-and-
silica ratio of 0.58. Table 2 shows the corresponding
changes in the ratios of Al:Si and Ca:Si for the

Table 2. Al:Si and Ca:Si ratios for untreated and treated
soil by 4% SH85 obtained from EDAX analysis test result.

Al:Si and
Ca:Si

Untreated
soil

Curing periods
7 days

Al/Si 0.47 0.79
Ca/Si 0 0.46
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Figure 5. Field-Emission Scanning Electron Microscopy (FESEM) results for of the (a) Untreated soil sample and (b) 4%
of SH85 treated soil sample after 7 days of curing period.

Figure 6. EDAX patterns for of the untreated and
treated soil samples.

untreated and treated soils. A slight change in Al:Si
ratio and Ca:Si ratio for the SH85 stabilized samples
between the untreated and treated soils proved that
a chemical reaction occurred when the soil sample
was treated with SH85 after seven days of treatment.

A cation exchange and chemical bonding contributed
to the strength development. When the SH85 was
added to a clay-water system, the divalent calcium
cations would be absorbed into the di�use double
layer. A calcium aluminate hydrate product was
therefore developed with the presence of calcium ions
and water [20]. The EDAX pattern analysis result was
consistent with the FESEM analysis result, showing
the viability of the new cementation product due
to the SH85 treatment. The presence of calcium
concentration in SH85 provides free Ca+ ions for the
chemical reaction with silica and alumina present in
the ood mud. This chemical reaction produces new
cementation compounds: calcium silicate hydrates (C-
S-H) and calcium aluminate hydrates (C-A-H). The
same �nding was observed by Lati� et al. [31,33] on the
treated laterite and clay soils, where new compounds
were developed and roughly recognized as Calcium
Aluminate Hydrate (CAH).

4. Conclusions

In conclusion, the ood mud sample obtained from
the ooded area at Kuala Krai, Kelantan was cate-
gorized as Clayey Sand (SC) and could be improved
by SH85. The 4% SH85 was the minimum content
for improving ood mud to be stabilized as a sub-
grade material of a low tra�c volume road (UCS >
800 kPa), as speci�ed by the Public Work Department
of Malaysia (PWD). The resistance to compressibility
of the mud ood soil was signi�cantly enhanced after
treatment with 4% SH85. Field-Emission Scanning
Electron Microscopy (FESEM) results indicated that
cementitious products �lled up the pores in the soil
structure, hence causing a reduction in porosity. These
cementitious products increased the cementation bonds
and interparticle forces, resulting in the Uncon�ned
Compressive Strength (UCS) and compressibility im-
provement. Energy-Dispersive X-Ray Spectrometry
(EDX) micrographs demonstrated the formation of C-
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A-H and C-S-H as cementitious products in the soil
structure. The outcome of this research led to the
utilization of the treated ood mud as the stabilized
subgrade material in low tra�c volume roads, which
is bene�cial in terms of engineering, environment, and
economical perspectives.
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