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Depending on the soil type, different types of binder have been used to stabilize soft soils nowadays.
An essential criterion in the selection of suitable binder is its capability of achieving the desirable soil
stabilizing function. For peat soil, it was evident that the engineering properties of the soil can be
improved with Portland cement and ground granulated blast furnace slag with siliceous sand acting as
filler. The soil stabilization technique is developed in such a way that the cement, slag and siliceous
sand are dry mixed with in situ peat soil to form columnar reinforcement in the deep peat ground prior
to preloading. When mixed with cement in the soil, the slag which contains silica, alumina and reactive
lime is activated and this can accelerate the reactions of cement in peat and improve the stabilization
effect. This paper highlights the evidence on the positive effects of the binder at stabilizing peat soil
through laboratory mix design and testing investigation. Markedly increase in pH and unconfined
compressive strength and significant reduction in linear shrinkage, compressibility and permeability of
the stabilized peat were discovered from the results of the investigation.
Key words: Peat soil, binder, Portland cement, ground granulated blast furnace slag, siliceous sand.
INTRODUCTION
Problematic deep peat exhibits high compressibility,
medium to low permeability, low strength and volume
instability. Consequently, it is widely regarded as the
worst foundation soil for supporting man-made structures.
Under such circumstances, deep soil stabilization technique is often an economically attractive alternative to
removal of deep peat or use of piles as deep foundation.
With the cost of conventional reinforced concrete piles
continue to increase, economical deep soil stabilization
has become a viable solution to deep peat improvement.
The essential feature of deep soil stabilization is that
columns of ‘stabilized’ material are formed by mixing the
soil in place with a ‘binder’ and the interaction of the
binder with the soft soil leads to a material which has
better engineering properties than the original soil (Hebib
and Farrell, 2003).
It is generally recognized that organic matter and low
pH of peat in the presence of black humic acid tend to
interfere the hydration process if it is to be stabilized by
Portland cement. This is possible due to the fact that the
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acid tends to react with calcium liberated from cement
hydrolysis to form insoluble calcium humic acid making it
difficult for calcium crystallization, which is responsible for
the increase of cement soil strength to take place (Chen
and Wang, 2006). Furthermore, the secondary pozzolanic reaction of the cement stabilized peat is retarded due
to insufficient silica (SiO2) and alumina (Al2O3) that can
react with calcium hydroxide [Ca(OH)2] generated from
cement hydration to form secondary calcium silicates and
aluminates, which are responsible for the long term
strength gain of the stabilized peat soil.
Research findings indicated that the engineering
properties of peat can be improved with the inclusion of
Portland cement and ground granulated blast furnace
slag (a by product of iron manufacturing) with siliceous
sand acting as filler (Axelsson et. al, 2002; EuroSoilStab,
2002; Ahnberg, 2006). When mixed with cement in the
soil, the slag which contains silica, alumina and reactive
lime is activated and this can accelerate the reactions of
cement in peat and improves the stabilization effect.
Siliceous sand can be used as filler to increase the
number of solid particles in peat soil. Basically, the
inclusion of the filler produces no chemical reaction but it
enhances the strength of the stabilized peat by increasing
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Figure 1. Ground water table of Klang peat was about 0.3 m
from the ground surface.

the number of soil particles available for the binders to
unite and form a load sustainable stabilized soil structure.
Furthermore, the filler helps to reduce the void ratio of
the soil by filling the void spaces within the soil during
stabilization. As such, the paper focuses on the study of
the influence of curing under stress on the engineering
properties of peat soil stabilized by cement, slag and
siliceous sand by investigating the pH, linear shrinkage,
peak unconfined compressive stress, undrained shear
strength development, scanning electron micrographs
(SEM) and reduction of compressibility and permeability
of stabilized peat after curing for deep peat stabilization
through laboratory mix design and testing investigation.
EXPERIMENTAL INVESTIGATION
Soil sampling
For laboratory investigation, peat soil was sampled from a site in
Kampung Sri Nadi, Klang, Selangor Darul Ehsan. Trial pits were
excavated to a depth of 1 m below the ground surface in order to
obtain both undisturbed and disturbed soil samples below the
ground water table. Block samplers of 300 mm diameter x 300 mm
height were used to obtain the undisturbed peat soil samples. Close
examination of each trial pit indicated that the ground water table
was about 0.3 m from the ground surface (Figure 1).
This shows that the peat has a very high water holding capacity.
Visual observation on the peat soil indicated that the soil was dark
brown in color. When the soil was extruded on squeezing (passing
between fingers), it could be observed that the soil was somewhat
pasty with muddy water squeezed out and the plant structure was
not easily identified. Based on the visual observation, the soil can
be classified as H4 according to von Post System based on its
degree of humification.
Basic properties of Klang peat
Basic properties of Klang peat are shown in Table 1. Observation
from the table indicates that the peat has initial void ratio ranging
from 7.999 to 9.646. The high initial void ratio with average specific
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gravity and bulk density of the soil of 1.396 and 1037.72 kg/m3
respectively indicates that the soil is loose, porous and light in
nature. While naturally, the peat is acidic with pH as low as 3.51, its
high average natural moisture and organic contents of 668.30 and
96.45% respectively suggest that the soil has a high water retention
capacity and is largely composed of organic coarse particles of
which when fully saturated in their initial state, they can hold a
considerable amount of water due to the hollow, spongy and coarse
nature of the organic particles. With average fiber content of
90.39%, the peat can be classified as fibrous peat. The term fiber
includes all other fibrous structures, such as shrub rootlets, plant
root hairs, rhizoids (root like filaments), etc. (Landva and Pheeney,
1980). According to Karlsson and Hansbo (1981), fibrous peat
differs from amorphous peat in that it has a low degree of decomposition, fibrous structures and easily recognized plant structure in
comparison to amorphous peat. A detail peat classification can be
made using von Post classification system, which classifies peat
according to its degree of humification (Table 2). Since the peat is
classified as H4 in the von Post clasification system, it can be
further affirmed that the peat is fibrous in nature.
Preparation of stabilized soil
Stabilized soil specimen preparation, mixing and curing procedures
adopted in the research were based on the Design Guide of Soft
Soil Stabilization (EuroSoilStab, 2003). The design guide, prepared
as part of the European Soil Stabilization projects, covers the differrent methods of stabilizing soft organic soils, the design approaches
that are normally adopted, the tests methods to determine the
appropriate binder and the site equipment and installation procedure to be used (Hebib and Farrell, 2003).
In accordance with the design guide, isolated roots and coarse
material were removed from wet peat at its natural state before it
was initially mixed with a mixer for homogenization. The wet soil
was later mixed with cement, slag and well graded siliceous sand
for 5 min before placing it in plastic tubes of 50 mm in internal
diameter and 250 mm in height, arranged vertically into the rack,
submerged in water inside water tank and cured under a pressure
of 9 kPa, which is equivalent to 0.5 m sand usually laid on top of the
stabilized soil columns in the field immediately after the columns
formation.
The required dosage of binders and siliceous sand were given in
kg/m3 relative to the wet mass of peat at its natural moisture
content of 668.30%. After curing, specimens from the tubes were
extruded for unconfined compression and oedometer consolidation
tests. Specimens for laboratory vane shear and falling head tests
were prepared in the same manner with exception that they were
placed and cured in steel moulds of sizes 151.80 mm internal
diameter x 127 mm height and 104.2 mm internal diameter x 130
mm height respectively. The top of each mould was attached to
extension collar of 60.3 mm height. When the curing was done, the
extension collar was removed and the specimen trimmed to the size
of the mould before testing.

Laboratory mix design procedure
Laboratory mix design procedure for the research were strictly
adhered to British (BS 1377) and U.S. ASTM standards. The
experimental research focused on laboratory testing investigation to
determine the dosage and composition of binder that can be
economically applied to give effective stabilization to the peat soil. It
started with pH tests to evaluate the alkalinity of untreated and
stabilized peat soils in order to assess the suitability of the binder at
stabilizing peat as the binder’s reactivity in saturated soil increases
at high pH condition. This was followed by linear shrinkage tests to
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Table 1. Basic properties of Klang peat.

Basic peat soil property
Initial Void Ratio
Specific Gravity (BS 1377: 1990, Test 6(B))
3
Bulk Density (kg/m )
pH of peat (BS 1377: 1990, Test 11(A))
pH of ground water (BS 1377: 1990, Test 11(A))
Natural Moisture Content (%) (BS 1377: 1990, Test 1(A))
Organic Content (%) (BS 1377: 1990, Test 8)
Ash Content (%) (BS 1377: 1990, Test 8)
Fiber Content (%) (ASTM D1997-91)

Range
7.999 – 9.646
1.226 – 1.481
1035.66 – 1040.41
572.97 – 690.97
88.61 – 99.06
0.94 – 11.39
90.25 – 90.49

Average
9.329
1.396
1037.72
3.51
4.07
668.30
96.45
3.55
90.39

Table 2. Degree of humification (von Post system) (Landva and Pheeney, 1980)

Degree of
humification
H1
H2
H3

None
Insignificant
Very slight

Easily identified
Easily identified
Still identifiable

Content of
amorphous
material
None
None
Slight

H4

Slight

Not easily identified

Some

H5

Moderate

Recognizable but vague

Considerable

H6

Moderately strong

Indistinct (More distinct
after squeezing)

Considerable

H7

Strong

Faintly recognizable

High

H8

Very strong

Very indistinct

High

H9

Nearly complete

Almost not recognizable

H10

Complete

Not discernible

Decomposition

Plant structure

determine the linear shrinkage characteristics of both soils.
Next, unconfined compression and laboratory vane shear tests
were carried out on both soils to evaluate the effect of dosage and
composition of the binder on the soils undrained shear strength
development with curing time. Small samples were cut from soil
specimens prepared for unconfined compression tests and air dried
for examination under scanning electron microscope to observe the
soils fabric before and after stabilization.
Finally, tests on compressibility and initial permeability of both
soils were done using oedometer consolidation and falling head
apparatus respectively. The tests were done on both undisturbed
peat specimen and stabilized peat specimen prepared based on the
mix design that gave the highest unconfined compressive strength

Material extruded on
squeezing (passing
between fingers)
Clear, colorless water
Yellowish water
Brown, muddy water; no
peat
Dark brown, muddy water;
no peat
Muddy water and some
peat
About one third of peat
squeezed out; water dark
brown
About one half of peat
squeezed out; any water
very dark brown
About two thirds of peat
squeezed out; also some
pasty water

Nature of
residue

Not pasty
Somewhat pasty
Strongly pasty

Plant tissue
capable of
resisting
decomposition
(roots, fibers)

Nearly all the peat
squeezed out as a fairly
uniform paste
All the peat passes
between the fingers; no
free water visible

in unconfined compression tests. Apparatus for the laboratory mix
design are described as follows:
(i) Laboratory digital pH meter (Electrometric method): Electrometric method using laboratory digital pH meter was adopted in the
research to measure the pH of both untreated and stabilized peat
soils. By linking the pH with electric voltage, the device is capable
to measure the pH of soil based on the voltage indicator. The
device can give a direct pH reading to 0.01 pH unit. Tests for the
soil pH were done in accordance to BS 1377: 1990 (Test 11 (A)).
(ii) Linear shrinkage moulds: Linear shringkage ests were
performed using standard semicircular linear shrinkage moulds of
25 mm diameter x 140 mm length in accordance to BS 1377: 1990
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Figure 2. pH of cement, slag, siliceous sand and untreated peat in comparison to those of stabilized soils at
various dosages and compositions of cement and slag

(Test 5). The tests aimed to examine the reduction in linear
shrinkage of stabilized peat in comparison to that of untreated peat.
The tests were also performed to estimate the plasticity index (PI)
of the stabilized peat. Since the peat was stabilized by Portland
cement apart from ground granulated blast furnace slag and
siliceous sand, the soil had small amount of clay content as it is
commonly known that cement is a mixture of compounds made by
burning limestone and clay at very high temperature. For soils with
very small clay content, the liquid and plastic limit tests may not
produce reliable results (Whitlow, 2001). Hence, linear shrinkage
(LS) can be used to approximate the soil plasticity index (PI) with
the following equation:
PI = 2.13 x LS
(iii) Unconfined compression and laboratory vane shear apparatus:
The trend of the unconfined compressive strength gain of the
stabilized peat soil was evaluated using unconfined compression
tests (ASTM D2166) according to different compositions and
dosages of cement and slag at 950 kg/m3 well graded siliceous
sand after 28 curing days. After curing, each plastic tube was
removed from water tank, specimen extruded from the tube to a
height of 100 mm and tested for unconfined compressive strength.
The implication of well graded siliceous sand inclusion into the
stabilized soil on the undrained shear strength gain of the soil was
evaluated using standard laboratory vane shear apparatus
(BS1377:1990, Test 18). Each stabilized soil specimen for the test
was cured for 7, 14 and 28 days before testing in order to
investigate the trend of its undrained shear strength gain with curing
time. For the test, a low dosage of binder of 50 kg/m3 was added to
the soil in order to observe the retardation of strength gain of the
stabilized soil as a result of insufficient binder added to the soil. The
undrained shear strength of the stabilized peat specimens were
also compared to that of undisturbed peat specimen.
(iv) Scanning electron microscope: Microstructures of the stabilized
peat soils (after 28 days of curing) were examined in comparison to
that of undisturbed peat soil specimen using XL40 PHILIPS
scanning electron microscope. Air dried samples of the soils were
mounted under the scanning electron microscope before scanning

electron micrographs (SEM) of the specimens were taken.
Examination of the micrographs is important in order to produce
visual evidence on the presence of primary and secondary calcium
silicate and aluminate hydrates (CSH and CASH) which are the key
elements to form a system of interlocking crystals that bind the
organic coarse particles together in peat in the process of peat soil
stabilization.
(v) Oedometer consolidation and falling head apparatus: Stan-dard
oedometer consolidation tests in accordance to BS 1377:1990
(Test 17) were performed on both of undisturbed peat and
stabilized peat cured after 14 days with the purpose to evaluate the
effect of the binder and siliceous sand at reducing the compressibility of the soil. The diameter and height of each soil specimen
were 49.92 and 19.00 mm respectively.
Loading of each soil specimen was done with a load increment
ratio of 1 and load increment time of 7 days. Comparison between
the initial hydraulic conductivity of both soil specimens were
evaluated using standard falling head apparatus (ASTM D5084-03).
In performing the falling head tests, water was filled into the
standpipes so as to allow it to pass through the test specimen in the
permeability mould. The coefficient of vertical permeability was
determined based on the record of drop of water in the standpipes
at various time intervals.

TEST RESULTS
Tests for pH
After mixing, the pH of each mixture of the test specimens was measured when the pH value reached a
constant reading as indicated in the pH meter. Depending
on the type of material used for the soil stabilization, the
entire process may take time between 4 to 8 h. Results of
pH tests as shown in Figure 2 indicate that in general, the
pH of all stabilized peat specimens were greater than 9.
Highest pH of 9.97 was achieved by the stabilized peat
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Figure 3. Moisture content of natural peat in comparison to those of stabilized peats at various
dosages and compositions of cement and slag at 950 kg/m3 siliceous sand.

Figure 4. Comparison between average linear shrinkage of untreated and cement-slag stabilized
peat specimens.

3

specimen with a binder dosage of 300 kg/m (75%
3
cement and 25% slag in composition) and 950 kg/m
siliceous sand. The soil specimen also yielded the lowest
moisture content after mixing at 58.79% in comparison to
those of other stabilized soil specimens and the natural
moisture content of untreated peat (Figure 3).
Linear shrinkage tests
Figure 4 provides visual evidence of oven dried untreated

and stabilized peat specimens in linear shrinkage
moulds. Clearly, it can be observed from the figure that
linear shrinkage was very significant in untreated peat
specimen as compared to that of stabilized peat
specimen. Excessive linear shrinkage in the untreated
peat specimen is largely attributed to the drying of
organic coarse particles in the soil. Drying of organic
coarse particles causes shrinkage of thin-walled tissues
and collapse of cell structure, thereby decreases particle
porosity and water holding capacity (Tremblay et al.,
2002).
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Figure 5. Relationship between stress and strain of undisturbed and stabilized peats in unconfined
compression tests.

Unconfined compression tests
The 28 days unconfined compressive strength of stabilized
3
peat specimens mixed with 950 kg/m siliceous sand at
different compositions and dosages of cement and slag in
comparison to that of undisturbed peat specimen can be
observed in the soil stress-strain curves in Figure 5.
Observation on the figure indicated that basically, all of
the stabilized peat specimens showed increment in their
unconfined compressive strength if compared to that of
undisturbed peat specimen which was 4.54 kPa.
However, the unconfined compressive strength gain of
the stabilized peat specimen was only significant after a
3
minimal dosage of 250 kg/m binder with 75% cement
and 25% slag in composition was added. At the dosage
and composition of the binder, its unconfined compressive strength reached 142.52 kPa and with the dosage
3
of binder increased to 300 kg/m , the stabilized soil
specimen yielded the highest unconfined compressive
strength of 178.57 kPa as compared to those of other
compositions and dosages of the stabilized soil specimens. The high dosage of the binders and siliceous sand
required to stabilize the peat can be explained by the fact
that the peat has a very low amount of solid particles to
be stabilized and hence, more cement, slag, and
siliceous sand need to be added to the soil to form a
sustainable load bearing stabilized soil.
Laboratory vane shear tests
Figure 6 shows the undrained shear strength development of stabilized peat specimens over curing time at a
3
binder dosage of 50 kg/m in varying compositions of
cement and slag (25% cement: 75% slag, 50% cement:
50% slag, 75% cement: 25% slag) with and without

siliceous sand.
In general, the stabilized peat specimens of all compositions of cement and slag without siliceous sand did not
show significant improvement in undrained shear
strength after 28 curing days. The highest undrained
shear strength of the stabilized peat was achieved with a
composition of 75% cement and 25% slag at 18.96 kPa.
3
With the inclusion of 300 kg/m siliceous sand, the
stabilized peat specimens in all compositions of cement
and slag showed slight increase in undrained shear
strength over curing time. A composition of 75% cement
and 25% slag with siliceous sand yielded the most significant undrained shear strength development with the
strength developed from 20.04 kPa after 7 curing days to
22.21 and 23.12 kPa after 14 and 28 curing days
respectively.
Scanning electron micrographs (SEM)
Microstructure of a stabilized peat is a combination of
peat fabric and cementation bond. Therefore, the fabric
pattern of the soil observed from scanning electron
micrographs can provide reliable visual evidence on the
effect of the cementitious products at binding the soil
particles in peat. Scanning electron micrograph of
undisturbed peat is shown in Figure 7, whereas micro3
graphs of stabilized peat at a binder dosage of 300 kg/m
3
and siliceous sand at 950 kg/m in various compositions
of cement and slag are shown in Figures 8(a), (b) and (c).
In Figure 7, the microstructure of undisturbed peat is
generally characterized by organic coarse particles and
fibers in loose condition and random geomechanical
arrangement with no pronounced micro-structure
orientation.
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Figure 6. Undrained shear strength development of stabilized peats in different binder
compositions with curing time.

Figure 7. Scanning Electron Micrograph (SEM) of undisturbed peat specimen.

Oedometer consolidation tests
Conventionally, determination of coefficient of rate of vertical consolidation, cv of soil is based on two curve fitting

methods, namely logarithm of time and square root of
time methods. However, the accuracy of such determination is very much dependent on the degree of resemblance of a soil compression curve in comparison to that
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Figure 8. Scanning Electron Micrographs (SEM) of stabilized peat specimen at a binder dosage of 300 kg/m3 and 950
kg/m3 siliceous sand after 28 curing days with binder composition of (a) 25% cement: 75% slag (b) 50% cement: 50%
slag (c) 75% cement: 25% slag.

of the theoretical curve. While Figure 9 shows typical log
time-compression curves for both undisturbed and
stabilized peat specimens, Figure 10 illustrates typical
square root of time-compression curves for both soils.
Comparison between the two methods shows that the
compression curves for both soils best fit the square root
of time theoretical curve. As such, the coefficients of rate
of vertical consolidation for both soils are more accurately
predicted using square root of time method if compared
to those of logarithm of time method. Hence, using
square root of time method, the relationship between the
coefficient of rate of vertical consolidation and consolidation pressure of both soils is established in Figure 11.
While coefficient of secondary compression of soil, c 1 is
normally predicted based on the linear relationship of log
time-compression curve after the end of primary
consolidation, its coefficient of tertiary compression, c 2 is
determined from the linear portion of the log time
compression curve after the end of secondary compression.
The trend of coefficients of secondary and tertiary

compressions (c 1 and c 2) for undisturbed and stabilized
peat specimens can be observed in Figure 12.
A typical relationship between secondary swelling and
logarithm of time of both undisturbed and stabilized peat
specimens is shown in Figure 13.
Falling head tests
A comparison between the initial hydraulic conductivity
of untreated and stabilized peat specimens tested using
falling head tests is illustrated in Table 3. In its natural
state, the coefficient of vertical permeability of the peat
-6
was 6.343 x 10 m/s, which was lowly permeable and
comparable to that of very fine and silty sand. However,
3
after the peat was stabilized with 300 kg/m binder
3
dosage (75% cement: 25% slag) and 950 kg/m
siliceous sand under an initial pressure of 9 kPa at 14
curing days, its coefficient of vertical permeability was
-8
reduced to 2.339 × 10 m/s.
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Figure 9. Compression-logarithm of time relationship of undisturbed and stabilized peat
specimens under a consolidation pressure of 400 kPa for 7 days

Figure 10. Compression-square root of time relationship of undisturbed and
stabilized peat specimens under a consolidation pressure of 400 kPa for 7 days.

At the same binder dosage and composition, siliceous
sand quantity and curing time, the coefficient of vertical
permeability of the stabilized soil was further reduced to
-8
4.407 x 10 m/s under an initial pressure of 18 kPa. The
reduction in the hydraulic conductivity in the stabilized
peat in comparison to that of untreated peat is
attributable to the chemical reactions between cement
and slag with increasing curing time, filling of void spaces
within the soil by siliceous sand and the initial pressure
applied immediately after mixing the soil with the binder
and siliceous sand.

DISCUSSION
Tests for pH
High pH of above 9 for all the stabilized soil specimens
proved that formation of cementing products in the soil
was not retarded by the presence of organic matter in
peat due to sufficient binder added to neutralize organic
acids. It appears that organic acids, mixed with soil and
cement that produces pH lower than 9 in the pore
solution, prevent the development of the cementing
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Figure 11. Relationship between coefficient of rate of vertical consolidation, cv and
consolidation pressure, P of undisturbed and stabilized peat specimens.

Figure 12. Relationship between coefficients of secondary and tertiary compression (c
and c 2) and consolidation pressure, P of undisturbed and stabilized peat specimens

products because the pH is too low to allow secondary
mineral formation (Terzaghi et al., 1996). Massive
reduction of moisture content in the stabilized peat
specimens as compared to natural moisture content of
peat shows that a considerable amount of pore water
was consumed to form the cementing products during the
hydration process.

1

Linear shrinkage
Analysis on the average linear shrinkage of both soil
specimens as illustrated in Figure 4 shows that the
average linear shrinkage of stabilized peat specimen was
significantly reduced to 7.47% when compared to that of
untreated peat specimen which was 35.74%. Based on the
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Figure 13. Swelling-logarithm of time relationship of undisturbed and stabilized peat
specimens upon unloading from 800 to 400 kPa consolidation pressure.

Table 3. Initial hydraulic conductivity of undisturbed peat and stabilized peat at a binder dosage of 300 kg/m3 and
950 kg/m3 siliceous sand at 14 curing days in falling head tests.

Type of specimen
Undisturbed peat

Coefficient of vertical permeability, kv at
o
standard temperature of 20 C (m/s)
-6
6.343 × 10
-8

Stabilized peat with 75% cement and 25% slag in
composition under initial pressure of 9 kPa

2.339 × 10

Stabilized peat with 75% cement and 25% slag in
composition under initial pressure of 18 kPa

4.407 × 10

average linear shrinkage of the stabilized peat specimen,
the average plasticity index of the soil was estimated to
be 15.91%. Drastic reduction in the average linear shrinkage of the stabilized peat specimen indicates that the soil
has less moisture sensitivity and better volume stability
after stabilization with the binder and siliceous sand.
Unconfined compression tests
There are indications that in soils with high organic content, the quantity of binder must exceed a certain threshold before any stabilization is obtained (Axelsson et al.,
2002). A possible reason for this threshold effect may be
that sufficient binder must be added to neutralize the
humic acid (Janz and Johansson, 2002). This comple3
3
ments the finding that at 300 kg/m binder and 950 kg/m
siliceous sand, a composition of 75% cement and 25%
slag was sufficient at increasing the unconfined
compressive strength of the soil as a result of adequate

-8

occurrence of hydration and secondary pozzolanic
reactions after mixing due to neutralization of the acid.
Modes of failure of both undisturbed peat specimen and
3
stabilized peat specimen at binder dosage of 300 kg/m ,
3
75% cement and 25% slag in composition and 950 kg/m
siliceous sand (after 28 curing days) in unconfined
compression tests are: the undisturbed peat specimen
exhibited brittle failure of which the failed specimen
sheared on a slip surface where sliding movement took
place and on the other hand, when the stabilized peat
specimen could not sustain the shear stress induced
within its mass as a result of compression, the specimen
exhibited intermediate type between plastic and brittle
failure.
Upon yielding, the specimen bulged laterally before it
underwent shearing on more than one defined slip surface. Based on the unconfined compression tests, it can
be observed that certain stabilized peat mixtures
behaved in rigid manner whereas the rests behaved in
ductile manner. This indicates that the behavior of the each
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test specimen was very much dependent on its unconfined compressive strength. The higher the strength, the
more rigid was the test specimen. This is explainable by
the fact that at high unconfined compressive strength, the
test specimens were hard and therefore exhibited brittle
behavior. At low unconfined compressive strength, the
test specimens were soft and thus, yielded upon failure to
exhibit ductile behavior.
Laboratory vane shear tests
The finding implies that inclusion of siliceous sand
enhances the undrained shear strength development of
peat stabilized with cement and slag. Siliceous sand,
being a chemically inert material does not take part in the
hydration and secondary pozzolanic reactions but rather,
acts as filler that effectively reducing the void ratio by
filling up the void spaces within the stabilized peat. This
produces a denser stabilized peat with higher undrained
shear strength over increasing curing time if compared to
that of stabilized peat without siliceous sand. However,
the low strength gain achieved by the stabilized soils from
3
the tests indicated that addition of 50 kg/m binder was
insufficient at stabilizing peat.
The results point to the fact that when the black humic
acid in peat is not neutralized by sufficient binder, the
acid strongly retards the hydration and secondary pozzolanic reactions because it has a strong chemical affinity to
calcium liberated from cement hydrolysis. Hence, where
calcium is present in solution, humic acid may react with
the calcium and form insoluble calcium humic acid and
such a combination makes it difficult for the calcium
crystallization, which is responsible for the increase of the
cemented soil strength to take place (Chen and Wang,
2006).
Scanning electron micrographs (SEM)
Changes in microstructure with reduced soil pore spaces
are evident in Figures 8(a), (b) and (c) when the peat was
stabilized by cement, slag and siliceous sand. Significant
flocculating effect is visible in Figures 8(a) and (b) where
the formation of cementitious products resembles the one
observed by Choquette et al. (1987). The cementitious
products, with lamellar form, create a trellis-like structure
on and between the aggregates that are mainly calcium
silicate hydrates (CSH), the main cementitious product
responsible for cement setting Choquette et al., 1987).
Cement particles are clearly visible in Figure 8(b) (round
particles in the micrograph).
It can also be observed from the figure that calcium
silicate hydrates (CSH) actually diffused around the
cement and soil particles to reduce the soil pores and
formed interlocking microcrystals that effectively coated
and bonded the particles together. When the peat was
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treated with a composition of 75% cement and 25% slag,
secondary calcium silicate and aluminate hydrates were
sufficiently formed as a result of enough occurrence of
hydration as observed in Figure 8(c). These secondary
hydrates were actually responsible to block the soil pores
within the stabilized peat, thus further strengthened the
soil.
Oedometer consolidation tests
Analysis on the graphs in Figure 9 showed that at 12.5,
25, 50, 100, 200, 400 and 800 kPa consolidation
pressures, the coefficients of rate of vertical consolidation
for undisturbed peat specimen were 50.953, 33.488,
2
20.867, 12.803, 13.494, 16.627 and 13.576 m /year respectively. In comparison to the respective consoli-dation
pressures, the coefficients of rate of vertical consolidation
for stabilized peat specimen were 17.784, 16.872,
2
15.701, 14.521, 13.351, 12.176 and 12.424 m /year respectively. Clearly, the results indicate that there was a
general trend of reduction in the rate of primary
consolidation with increasing consolidation pre-ssure of
stabilized peat specimen in comparison to that of
undisturbed peat specimen.
Analysis on the graphs in Figure 10 indicated that over
a range of consolidation pressures from 12.5 to 800 kPa,
the coefficient of secondary compression of undisturbed
peat specimen ranged from 0.003 to 0.021, whereas, the
range of its coefficient of tertiary compression was 0.010
to 0.053. At the same range of consolidation pressures,
the coefficient of secondary compression of stabilized
peat specimen ranged from 0.008 to 0.011 while its
coefficient of tertiary compression varied from 0.010 to
0.012. It is evident from the results that the rates of
secondary and tertiary compressions were significantly
reduced in stabilized peat specimen in comparison to
those of undisturbed peat specimen. The trend also
provides a clear indication that with increasing consolidation pressure, the rate of tertiary compression
approaches the rate of secondary compression, which
eventually results in the tertiary component of compression merges with secondary compression at high
consolidation pressures.
Interestingly, the small ranges of coefficients of seconddary and tertiary compressions in the stabilized peat
specimen indicate that their rates of secondary and
tertiary compressions were almost constant with consolidation pressure. Also, the low secondary and tertiary
compressions in the stabilized peat show that there was
much improvement in the compressibility characteristics
of the stabilized peat as compared to those of untreated
peat. This implies that compressibility is reduced in the
stabilized peat in comparison to that of untreated peat.
Figure 13 clearly shows that there was an insignificant
secondary swelling in stabilized peat specimen as compared to that of undisturbed peat specimen. This implies

166

Sci. Res. Essays

Figure 14. Relationship between void ratio, e and logarithm of consolidation pressure, P of
undisturbed and stabilized peat specimen.

that if compared to that of undisturbed peat specimen,
the stabilized peat specimen had better volume stability
upon unloading of consolidation pressure since increase
in volume of the soil due to absorption of water within the
voids was very small when the applied pressure was
reduced.
Void ratio - logarithm of time relationship of
undisturbed and stabilized peat specimens
Relationships between the void ratio and logarithm of
consolidation pressure (e-log p curves) of undisturbed
and stabilized peat specimens are shown in Figure 14.
The preconsolidation pressure, pc of undisturbed peat
specimen was found to be 25.50 kPa. Analysis on the
graph in Figure 14 indicated that the compression and
swelling indexes (Cc and Cs) for stabilized peat specimen
were significantly reduced to 0.309 and 0.007 respectively as compared to those of undisturbed peat
specimen at the respective compression and swelling
indexes of 3.928 and 0.135. This implies that there was a
noticeable reduction of compressibility and swelling in the
stabilized peat specimen in comparison to those of
undisturbed peat specimen.
The reduced compressibility of stabilized pear specimen in comparison to that of undisturbed peat specimen
can be observed in both soil specimens after the
oedometer consolidation tests as shown in Figure 15.
Based on the analysis on the e-log p curves in Figure 14,
the coefficient of volume compressibility, mv and coefficient of vertical permeability, kv for both soils were determined over a range of consolidation pressures and the
results are shown in Figures 16 and 17. While coefficient
of volume compressibility of undisturbed peat specimen
2
ranged from 0.655 to 7.807m /MN, the coefficient of

volume compressibility of stabilized peat specimen varied
2
between 0.079 to 0.442 m /MN (Figure 16). While the
application of a consolidation pressure of 12.5 kPa on
undisturbed peat specimen yielded coefficient of vertical
-7
permeability of 1.206 x 10 m/s, the value of the
-10
coefficient was markedly reduced to 2.341 x 10 m/s at
800 kPa consolidation pressure (Figure 17).
At consolidation pressures of 12.5 and 800 kPa, the
coefficients of vertical permeability for the stabilized peat
- 9
-10
specimen were 2.167 x 10
and 3.039 x 10
m/s
respectively (Figure 17). Distinctive reduction in the
coefficients of volume compressibility and vertical permeability in the stabilized peat specimen over a range of
consolidation pressures as compared to those of undisturbed peat specimen is largely attributed to the formation of
primary and secondary calcium silicate hydrates that
effectively block the soil pores in the soil during the curing
process.
Falling head tests
The decrement of the soil permeability is due to the fact
that when cement and slag are mixed with fully saturated
peat soil, calcium silicates in the cement interact with
water to produce major primary cementitious products
known as calcium silicate hydrates (CSH gels) and
calcium hydroxide [Ca(OH)2)]. While CSH gels govern the
primary bondage strength of the cemented soil, calcium
hydroxide [Ca(OH)2)] is required to react with excess
silica (SiO2) and alumina (Al2O3) from the slag under
secondary pozzolanic reaction to form secondary calcium
silicate and aluminate hydrates which fill in the pores
within the soil thereby, creating its secondary bondage
strength (Wong et al., 2007 Huat et al., 2004). Such
blocking of the soil pores reduces the permeability and
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Figure 15. Undisturbed and stabilized peat (300 kg/m3 binder of 75% cement: 25% slag in composition, 950
kg/m3 siliceous sand, 14 curing days) specimens after oedometer consolidation tests.

Figure 16. Relationship between coefficient of volume compressibility, mv and consolidation pressure, P of
undisturbed and stabilized peat specimens.
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Figure 17. Relationship between coefficient of vertical permeability, kv and consolidation pressure, P of
undisturbed and stabilized peat specimens.

increases the strength gain of the soil. Inclusion of siliceous
ceous sand and increasing the initial pressure immediately after mixing further block the soil pores and
consequently, the permeability of stabilized soil is further
reduced with increasing curing time.
Conclusion
Based on the laboratory investigation on the influence of
curing under stress on the engineering properties of peat
soil stabilized by Portland cement, ground granulated
blast furnace slag and siliceous sand, the following
conclusions are made:
(i) pH of all stabilized peat specimens greater than 9
indicated that black humic acid in peat was successfully
neutralized by the binder and thus, it did not prevent the
development of cementing products in the stabilized peat.
(ii) Markedly reduction in linear shrinkage of stabilized
peat as compared to that of untreated peat showed that
the stabilized peat had better volume stability than that of
untreated peat.
(iii) The unconfined compressive strength of stabilized
peat specimen formed by mixing peat with cement, slag
and siliceous sand was significantly higher than that of
3
untreated peat. Stabilized peat at a dosage of 300 kg/m
binder with composition of 75% cement and 25% slag
3
and 950 kg/m siliceous sand after 28 days curing yielded
the highest undrained shear strength of 178.57 kPa

among all the stabilized soils tested in unconfined
compression tests.
(iv) Inclusion of siliceous sand into the cement-slag
stabilized peat yielded higher undrained shear strength if
compared to that without siliceous sand. However, if the
black humic acid in peat is not neutralized by adequate
binder, the acid tend to react with calcium hydroxide
(Ca(OH)2) liberated from cement hydrolysis which in turn
retards the development of undrained shear strength of
stabilized peat over increasing curing time.
(v) Formation of primary and secondary calcium silicate
hydrates (CSH) which bond the soil particles in peat are
evident as observed in the scanning electron micrographs (SEM) of the stabilized peat specimens after 28
curing days.
(vi) Less compressibility and swelling of the cement-slag
stabilized peat after 14 days of curing as compared to
those of undisturbed peat were noticeable when results
of oedometer consolidation tests showed that low
compressibility and swelling indexes (Cc mand Cs) of
0.309 and 0.007 respectively were observed in the compressibility analysis of the stabilized peat as compared to
those observed in undisturbed peat, which were 3.928
and 0.135 respectively.
(vii) The initial hydraulic conductivity of cement-slag
stabilized peat with siliceous sand acting as filler after 14
days of curing under a pressure of 9 kPa was lower than
that of undisturbed peat. At the same binder dosage,
siliceous sand quantity and curing time, the stabilized
peat cured under a pressure of 18 kPa yielded a further
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lower initial hydraulic conductivity.
REFERENCES
Ahnberg H (2006). Strength of Stabilized Soils: A laboratory study on
clays and organic soils stabilized with different types of binder. 16th
Report of Swedish Deep Stabilization Research Centre, Linkoping,
Sweden.
Axelsson K, Johansson SE, Andersson R (2002). Stabilization of
organic soils by cement andpuzzolanic reactions: Feasibility Study,
3rd Report of Swedish Deep Stabilization Research Centre,
Linkoping, Sweden.
Chen H, Wang Q (2006). The behaviour of organic matter in the
process of soft soil stabilization using cement. Bull. Eng. Geol.
Environ. 65(4): 445-448.
Choquette M, Berube MA, Locat J (1987). Mineralogical and
microtextural changes associated with lime stabilization of marine
clay from Eastern Canada. Appl. Clay Sci. 2: 215- 232.
EuroSoilStab (2002). Development of Design and Construction Methods
to Stabilize Soft Organic Soils: Design Guide Soft Soil Stabilization.
CT97-0351. Project No. BE 96-3177, Industrial & Materials
Technologies Programme (Brite- EuRam III), European Commission.
Hebib S, Farrell ER (2003). Some experiences on the stabilization of
Irish peats. Can.Geotech. J. 40(1): 107-120.

169

Huat BBK, Gue SS, Ali FH (2004). Tropical Residual Soils Engineering.
Taylor & Francis Group. ISBN 9058096602.
Janz M, Johansson SE (2002). The function of different binding agents
in deep stabilization, 9th Report of Swedish Deep Stabilization
Research Centre, Linkoping, Sweden.
Karlsson R, Hansbo S (1981). Soil classification and identification, 1st
edn. Stockholm: Swedish Council for Building Research.
Landva AO, Pheeney PE (1980). Peat fabric and structure.
Geotechnique. 17(3): 416-435.
Terzaghi K, Peck RB, Mesri G (1996). Soil Mechanics in Engineering
Practice. 3rd Edition. New York: John Wiley & Sons.
Tremblay H, Duchesne J, Locat J, Leroueil S (2002). Influence of the
nature of organic compounds on fine soil stabilization with cement.
Can. Geotech. J. 39(3): 535-546.
Whitlow R (2001). Basic Soil Mechanics. 4th Edition. Essex: Pearson
Education Ltd.
Wong LS, Hashim R, Ali FH (2007). Chemical reactions of peat soil
stabilization by Portland cement and ground granulated blast furnace
slag, in: Proceedings of the Malaysian Science and Technology
Congress, Holiday Villa, Subang Jaya, Selangor Darul Ehsan,
Malaysia, pp.132-141.

