
SDPS-2014 
Printed in the United States of America, June, 2014

2014 Society for Design and Process Science 

EFFECT OF FLOCCULATED AND DISPERSED MICROFABRICS 
ONMECHANICAL PROPERTIES OF RECONSTITUED KAOLIN SOILS

Steven Tung-Yew Wong1, Dominic Ek-Leong Ong1, Arul Arulrajah2

1Swinburne University of Technology, Sarawak Campus, Malaysia
2Swinburne University of Technology, Melbourne, Australia

ABSTRACT 

Mechanical properties of kaolin clay and silt with 
different geometric arrangements of microfabric, namely 
being flocculated and dispersed, are investigated. The 
samples were prepared and consolidated to 100 kPa by 
reconstituting commercially available kaolin powder with 
different pore fluids. A series of Ko consolidated 
undrained triaxial tests with different effective vertical 
stresses and axial strain rates were performed on the 
kaolin specimens to study its behaviour in shear and 
subsequently its shear strength parameters. 
Compressibility of kaolin was explored through tests 
carried out using the one dimensional consolidation test. 
The results show that the arrangement of microfabric will 
affect the mechanical properties of kaolin. For the 
normally consolidated dispersed samples at 300 kPa 
effective vertical stress, when ‘peak’ deviatoric stress 
occurs, the shear resistance of kaolin has shown a 
continuously reduction (termed strain softening). 
However, flocculated and dispersed microfabrics under 
normal consolidation showed no distinct peak strength up 
to axial strain of 20.0%. Such observation is useful to 
relate to the clayey soils most likely found at the transition 
regions between river and sea, where they tend to behave 
more like a dispersed sample studied herein due to 
appropriate concentration of salt in the ambient pore fluids 
and the presence of cations sodium. The (dispersed) 
clayey soils at those areas also tend to experience strain 
softening than those (flocculated) clayey soils along the 
riverbank with fresh water.

NOMENCLATURE 

Cc = Compression index
Cr = Recompression index

Ko
= At rest lateral earth pressure 

coefficient
Kv = Vertical permeability (m/s)
LL = Liquid limit (%)
LI = Liquidity index (%)
LS = Linear shrinkage (%)
OCR = Overconsolidation ratio
p’ = Mean effective stress (%)

P’c = Preconsolidation ratio
q = Deviatoric stress (kPa)
qf = Deviatoric stress at failure (kPa)
w = Sample moisture content (%)

a
= Axial strain during shear 

deformation (%)
af = Axial strain at failure (%)
v = Volumetric strain (%)

' = Effective angle of internal
friction (°)

'1 = Major principal stress (kPa)
'3 = Minor principal stress (kPa)
'1 '3 = Effective stress ratio

INTRODUCTION 

Background 

Riverine infrastructures namely jetties, ferry ramps, 
wharves and bridges are commonly constructed in 
riverbanks to facilitate movement of people and goods 
along the many rivers in Sarawak. Many damages and 
failures to riverine infrastructures have been reported due 
to detrimental riverbank soil movements.  Prime suspect is 
the lack of in-depth technical knowledge of complex soil-
structure interaction caused by the ever-changing river 
geomorphology as a result of large tidal fluctuations and 
soft riverbank deposits. The possible sustainable solution 
is to increase the life cycle of riverine infrastructures by 
developing proper design guidelines.

Few researchers have performed the triaxial tests on 
the kaolin specimens with different microfabrics and 
analysed the relationship of microfabric of the specimen 
with its mechanical properties (Ajanta and Dayakar, 
2007). In order to simulate a more precise riverbank soil-
pile interaction finite element model (not in the scope of 
this paper), it is proposed that the mechanical properties of 
clay and silt with particle sizes of smaller than 2 m and 2 

m - 75 m respectively shall be studied first. This is 
because the soil particle sizes along the downstream 
riverbanks, especially at river mouths, tend to be finer
than the soil particle sizes at upstream riverbanks as the 
finer soil particles are usually transported further 
downstream than the larger soil particles due to the slower 
river water flow at the river mouth. 
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Through understanding mechanical properties of 
kaolin such as shear strength and friction angle, 
compressibility and permeability, the measured 
mechanical properties will form a baseline or benchmark 
data for the future collected real riverbank soils of 
Sarawak which are dominated by clays and silts. As the 
tested flocculated or dispersed samples are pure kaolin, it 
will for now, greatly reduce the complexity of analyzing 
the real clayey soil and silty soil, which may be 
heterogeneous in nature i.e. contains a combination of 
gravel, sand and/or decayed organic matter. 

Objective 

The objective of this paper is to investigate the effect 
of flocculated and dispersed microfabrics on mechanical 
properties of kaolin. The investigated mechanical 
properties shall include compressibility, deviatoric stress 
at failure, effective angle of internal friction and stress-
strain behavior. 

SAMPLE PREPARATION 

Specimen 

Commercially available KM20 kaolin powder was 
used to prepare the flocculated and dispersed kaolin 
specimens. KM20 was mined from Perak, Malaysia at 4.5 
m – 6.0 m below the ground and the chemical 
composition was tabulated in Table 1. The chemical 
composition of kaolin KM20 was predominantly 
aluminum silicate. The flocculated microfabric kaolin 
specimens were obtained by mixing the kaolin powder 
with distilled water as the pore fluid at a weight ratio of 1 
kg of kaolin powder to 1.2 kg of distilled water. For the 
dispersed microfabric kaolin specimen, 67 g of Sodium 
Oxalate was dissolved in every litre of the distilled water. 
A similar procedure was adopted previously by Rakesh et 
al. (2011). The compositions of flocculated and dispersed 
kaolin soil are summarized in Table 2. 

The abovementioned materials were thoroughly 
mixed in the kaolin mixer unit (Figure 1) for about 30 
minutes while drainages were closed and a suction pump 
(Figure 2) was used continuously throughout the mixing 
process to eliminate possible air voids within the slurry. 
Then, the kaolin slurry (Figure 3) was consolidated using 
dead weight of 100 kg for about 2 days before the kaolin 
slurry was loaded on hydraulic press unit up to a vertical 
consolidation pressure of 100 kPa as per Rakesh et al. 
(2011). Once the consolidation stage was over, the 
samples were obtained using a thin wall sampling tube 
(Figure 4). The universal extruder (Figure 5) was used to 
extrude the sample from the thin wall sampling tube. After 
that, the samples were trimmed to specimen size of 38 
mm diameter and 76 mm height (Figure 6). 

Ko Consolidated Undrained Test 

Ko condition was imposed by regulating the volume 
change of the specimen so that the volume change is 
equivalent to the change in the axial strain (Wanatowski 
and Chu, 2012). In other words, there is no lateral 
movement in Ko condition. Ko consolidated undrained 
triaxial tests (CKoU) were conducted by using Geocomp 
TRIAXIAL (see Figure 7). Saturation of samples was 
ensured by applying back pressure until the B value 
obtained was greater than 0.95. Then, both dispersed and 
flocculated kaolin specimens were subjected to different 
effective confining pressures of 50, 100, 200, and 300 kPa 
respectively. In order to equalize the excess pore water 
pressure in undrained condition, the dispersed samples 
were sheared at an axial strain rate of 0.008%/min while 
flocculated samples were sheared at an axial strain rate of 
0.05 %/min. This is because the time of 100% primary 
consolidation of dispersed microfabric was found to be 
larger than the flocculated microfabric (Ajanta and 
Dayakar, 2007).

RESULTS AND DISCUSSIONS 

Soil Classification 

The Atterberg limits are based on the moisture 
content of the soil. The plastic limit is the moisture 
content that defines where the soil changes from a semi-
solid to a plastic state. The liquid limit is the moisture 
content that defines where the soil changes from a liquid 
to a viscous fluid state. From Atterberg limit tests, the 
liquid limit and plastic limit of dispersed kaolin samples 
are 48.80 % and 35.98 % respectively which are relatively 
lower than the liquid limit and plastic limit of flocculated 
kaolin samples which are 51.75 % and 44.10 % 
respectively. The dispersed kaolin sample has also a lower 
linear shrinkage than flocculated kaolin sample as 
summarized in Table 3. Based on the ASTM D2487-00
(ASTM Standard D2487 2000), the dispersed kaolin was 
categorized as low plasticity CLAY (CL) while 
flocculated kaolin was categorized as high plasticity SILT 
(MH). 

Even though the dispersed and flocculated samples 
are reconstituted from the same source of kaolin powder, 
the dispersed kaolin has shown reduction in both of the 
liquid limit and plastic limit. As a result, the dispersed 
kaolin has also shown a relatively higher plasticity index 
(12.82%) than the plasticity index of flocculated kaolin 
(7.66%). The implication is that the presence of dispersing 
agent or sodium cations will have effect on the 
classification of the soils as it will alter the plasticity index 
of the soils. 
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Scanning Electron Microscope (SEM) 

SEM was used to magnify and investigate the 
dispersed and flocculated microfabrics of kaolin, after 
consolidation of vertical pressure of 100 kPa. The SEM 
micrographs are shown in Figure 9 and Figure 10 for 
dispersed and flocculated kaolin specimens, respectively. 
The photographs show flaky kaolinite particles. For the 
flocculated samples (see Figure 10), the particles 
contacted, stacked and adhered one another, forming 
clusters or flocks of a larger size, and the flocculated 
samples would then seem to be more permeable due to 
drainage paths in between the kaolinite particles. The 
drainage paths seem more stable with less movement and
less blockage. On the other hand, dispersed samples (see 
Figure 9) were dispersed in the material mix and the 
kaolinite particles seem to be relatively more mobile and 
tended to clog soil pores and formed layers of low 
permeability (Rakesh et al., 2011). 

1D consolidation test 

The void ratio versus vertical effective stress 
relationship were observed during the 1D consolidation 
test on dispersed and flocculated kaolin specimens. Figure 
11a shows that the preconsolidation pressures (p’c) of 
flocculated and dispersed samples were 100 kPa which 
were coincident with the applied vertical pressures of 100 
kPa during the consolidation of kaolin slurry. The figure 
also shows that the compressibility of flocculated and 
dispersed microfabrics was almost identical. The 
compression index (Cc) and the recompression index (Cr)
of flocculated kaolin were 0.407 and 0.085 respectively 
while the Cc and Cr of dispersed kaolin were slightly 
higher than the flocculated kaolin samples, at 0.403 and 
0.085 respectively.  

The back-calculated vertical permeabilities (kv) at 
different applied vertical stresses of dispersed and 
flocculated samples from the 1D consolidation test are 
shown in Figure 11b. Both vertical permeabilities of the 
dispersed and flocculated samples range between 1.00 × 
10-8 and 5.86×10-8 m/s for applied vertical stresses 
between 100 and 800 kPa. Moreover, the dispersed 
samples have relatively smaller vertical permeabilites at 
the same applied vertical stresses than the flocculated 
samples. The dispersed samples have shown lower 
vertical permeabilities most likely due to the arrangement 
of kaolinite particles being relatively more mobile and 
tend to clog or impede the flow of pore fluids than the 
kaolinite particles of the flocculated samples.  

The mobility of kaolinite particles of dispersed 
samples is higher as the attractive forces between the 
kaolinite particles or Van der Waals’ forces are reduced 
by the cations of the dispersing agent sodium oxalate 

(Na2C2O4). The cations of sodium oxalate (Na+) tend to 
form a shell surrounding the kaolinite particles and reduce 
the attractive forces between the kaolinite particles. In
other words, the kaolinite particles will transform from 
flocculated to dispersive behavior with the right 
concentration of salty solutions when the cations sodium 
present in the solution. This is also why relatively higher 
liquid limit and plastic limit have been recorded from the 
flocculated kaolin than the dispersed kaolin due to 
dispersed kaolin particles are more mobile at the same 
moisture content. These transformation phenomena can be 
expected when we go closer to the river mouth where the 
salty sea water mixes with the river fresh water and forms 
a right concentration of salty solutions. The clayey soils 
near the transition riverbank regions from river to sea may 
tend to behave more like dispersed samples. However, the 
soils tend toward salt-type flocculation when the 
electrolyte concentration or the salt concentration 
increases and exceeds certain limit at the regions closer to 
the sea where the sea water has higher salt concentration. 

Ko Consolidated Undrained Test 

From the CKoU tests, only the dispersed kaolin 
sample that was tested under 300 kPa effective vertical 
stress normally-consolidated, has shown strength 
softening after reaching the peak deviatoric stress as 
shown in Figure 12 and a clear Roscoe surface has also 
been recorded in q-p’ stress path plots as shown in Figure 
13. Other than 300 kPa dispersed tests, both dispersed and
flocculated kaolin samples did not show clear peak 
deviatoric stresses. The dispersed kaolin samples have 
shown slightly higher effective friction angle ( ’) than the 
flocculated kaolin samples which are 35.71° and 34.91°
respectively as shown in Figure 14. 

The criteria for the stress condition at failure are as 
follows: (a) maximum deviatoric stress; (b) maximum 
effective stress ratio ( '1/ '3); (c) when shearing continues 
at constant pore pressure for undrained test (BS 1377-8, 
1990). The axial strains at failure of flocculated and 
dispersed kaolin samples are tabulated in Table 4. The 
axial strains at failure are selected by maximum effective 
stress ratio for all CKoU tests. Comparatively, dispersed 
kaolin samples are having higher axial strains at failure 
than the flocculated kaolin samples. 

At Rest Lateral Earth Pressure Coefficient (Ko) 

Ko values or the ratio of the effective horizontal stress 
to the effective horizontal stress ( ’3/ ’1), of the kaolin 
samples at different effective vertical stresses during the 
consolidation process have been captured by regulating or 
altering the effective horizontal stress by the software’s
close loop control adjustment system so that the horizontal 
strain of the samples shall be equivalent to zero. The 
software will ensure that the volumetric strain ( v) shall 
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always equal to the vertical axial strain ( a). Ko of both 
dispersed and flocculated kaolin samples at different 
effective vertical stresses during Ko consolidation shall be 
lying close to 0.42 according to back calculation from 
Jaky’s (1948) relation of K0 = 1-sin ’ (see Figure 15). For 
the tests with 100 kPa effective vertical stress, the Ko
values are bigger due to the rates of applied pressure 
during the Ko consolidation stage were fast where some 
lateral deformations have taken place. The appropriate 
steps of applied pressures shall be  

’i+1 = 2 × ’i, where i = 1, 2, 3...n  (1) 
’1 = ’n , where ’1≤ 10 kPa    (2) 

 2n

For example, in order to achieve effective vertical 
stress of 400 kPa. From equation (2), the initial effective 
vertical pressure ( ’1) shall be 6.25 kPa and followed by 
using the equation (1) the steps of effective vertical
pressure shall be 12.5 kPa, 25 kPa, 50 kPa, 100 kPa, 200 
kPa and 400 kPa. The rates of reaching target pressures at 
each step shall be  

’i= ’i - ’i-1  for i = 1, 2, 3…n and t = 8-12 hrs (3) 
t          t 

From equation (3), the rate for 100 kPa effective 
vertical stress shall be 0.069 ~ 0.104 kPa/min. After 
achieving the target pressures, the effective vertical 
stresses shall be maintained for at least 8 hours to ensure 
90% consolidation and final consolidation pressure is 
allowed to remain for 24hrs.  

For the consolidated undrained (CU) triaxial test, the 
Ko is normally kept to 1.0 as the triaxial apparatus has no 
close loop adjustment system. The implication of the CU 
test is that the effective vertical and effective horizontal 
stresses are maintained from start till the end of the tests. 
In other words, the CU test may not able to produce the 
behavior of the samples that is closer to the in-situ at rest 
condition due to the Ko not correctly assigned. 

CONCLUSIONS 

From the preceding results and discussions, different 
microfabrics will have effects on the mechanical 
properties of dispersed and flocculated kaolin samples. 
The dispersed kaolin samples, generally, have slightly 
higher effective friction angle and compression index, 
lower at rest lateral earth pressure coefficients and lower 
vertical permeability than flocculated kaolin samples. 

For the normally consolidated dispersed samples at 
300 kPa effective vertical stress, when ‘peak’ deviatoric 
stress occurs, the shear resistance of kaolin has shown a 

strain softening. However, other flocculated and dispersed 
microfabrics under normal consolidation showed no 
distinct peak strength up to axial strain of 20.0%. 

The CKoU test is able to simulate the behavior of the 
soil samples that is closer to the in-situ at rest condition as 
the no horizontal strain is allowed by the control of close 
loop control adjustment system. CU test may not able to 
produce the behavior of the samples that is closer to the 
in-situ at rest condition due to the Ko is not correctly 
assigned.  

The clayey soils near to the transition regions from 
river to sea or downstream of river may tend to behave as 
dispersed samples due to appropriate concentration of salt 
in the ambient pore fluids and the presence of cations 
sodium. As such, the (dispersed) clayey soils at those 
areas may also tend to experience strain softening in 
contrast to those (flocculated) clayey soils along the 
riverbank with fresh water.
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