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ABSTRACT

A study has been conducted to determine the mechanism of internal soil erosion resistance to soil slope
instability. The common understanding is that higher probability of slopes failure normally occurred
after prolonged heavy rainfall or antecedent rainfall. The infiltration of rainwater through the slope
surface creates a path within the soil mass and/or flowing through crack surfaces which penetrate
meters in depth. When the soil particles disperse into suspension and transported by water along the
flowing movement, the removal particles will lead to internal erosion process. A laboratory study has
been carried out to characterize the soil internal erosion resistance to slope instability due to rainwater
infiltration and the effect of percentage of coarse to fine-grained soils composition. A pinhole test,
crumb test and cylinder dispersion test were conducted to investigate the soil dispersibility
characteristic. A randomly selected soil samples were extracted from soil slopes within UiTM, Shah
Alam Campus. Samples were collected before and after rainfall. Initial result showed that the soil is
prone to disperse near dry or at lower moisture content. Soil samples with higher composition of
coarse-grained particles have higher dispersibility that lead to lower resistance to internal erosion.
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INTRODUCTION

The slope failure geohazard in wet tropical environment has been frequently reported to occur
after rainfall to such an extent that slope failure becomes synonym with rainfall. Most of the
failures occurred after prolonged heavy or antecedent rainfall. Technically there are many factors
that may induce slope failure. Among them is rain water infiltration, degree of saturation, soil
permeability, suction effect and prolonged effect of erosion. Impact of erosion due to rainwater
infiltration can be categorized into two, which are slope surface erosion and internal erosion within
the soil mass. The soil slope degradations due to surface erosion is obviously seen. However,
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internal erosion remains as a silent triggering factor. The wet tropical climate causes the soil slope
mass to be in unsaturated condition. Kinetically, the infiltration of rainwater into the soil slope shall
ideally, saturates the unsaturated soil mass thus gradually reduces its matric suction. The wetting
front of rainwater will continuously seep into the soil mass even after the rain has stopped. The
seepage of rainwater eases off when a steady state condition of soil mass is achieved.

MECHANICS OF INTERNAL SOIL EROSION

The internal erosion has been closely linked to the soil composition and identification of
dispersive clays. Natural clay in a dispersive state has been known as one of the fundamental
factors that contributed to geotechnical problems such as piping phenomena in earth dam, loss in
bearing capacity of road sub-base, the erosion of the compacted soil of landfill clay liner and the
instability of soil slope. The critical mechanism of internal erosion consists of the presence of
tension crack as the open channel of water flow and the gradual scouring of soil particle within the
soil mass.

Tension cracks tend to develop during long dry spell for high plasticity clay soil or due to
lateral ground movement. When a water-filled crack channel develops, the adjacent soil will swell
in the presence of free water thus effective stresses approach zero. At this stage, the behavior of
soil will depend primarily on its true cohesion. The true cohesion is defined as the soil shear
strength at zero effective stress. Three possible true cohesion states can be construed; the true
cohesion may be positive i.e. the soil inter-particle forces are attractive, zero cohesion, or negative
cohesion, in which means that the inter-particle forces are repulsive. At zero cohesion, the pore
pressure in the soil mass is at equilibrium with zero effective stress while soil cohesiveness remains
at positive true cohesion. Whereas, at negative true cohesion, the effective stresses approaches zero
as pore pressure in the soil increases resulting to soil grains to be dispersed into the water. The soil
grains shall gradually detach from the soil mass when the fluid flow velocity is relatively large. The
magnitude and the equilibrium states of the true cohesion in soil depend on the physicochemical
properties of the soil grains, the pore water and the free water.

The phenomenon frequently occurs in conjunction with heavy rainfall which is the extreme
condition of wet tropical climate. Figure 1 shows a case of tension crack appeared at the slope crest
due to lateral ground movement at Wangsa Maju, Kuala Lumpur. The crack has high tendency of
initiating plane of weakness within the soil mass due to infiltration of rainwater and internal
erosion failures.

Figure 1: Tension crack developed at the crest due to slope failure at Wangsa Maju.
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SOIL DISPERSIBILITY

Dispersive soil is the process in which aggregates in the soil break down into their component
particles when wet. The soil particles may be detached from a soil mass and carried off by flowing
water. For example, low plasticity silts are composed of single-grained particles that are much
larger than water molecules, and the ionic materials in their pore water are chemically inert. These
individual particles have little attraction for one another. The erodibility of soils depends on the
inter-particle attraction and unit mass of particles. Whilst, dispersive clays soil differ from ordinary
erosion resistant clays because they have a higher relative content of dissolved sodium in the pore
water. Dispersive clays erode as the individual colloidal clay particles go into suspension in still
water, whereas considerable velocity in the eroding water is required to erode normal clays. Once a
dispersive soil is exposed to water, clay particles may disperse and remain as suspended particles in
water. In appearance, dispersive clays are like normal clays that are stable and somewhat resistant
to erosion, but in reality they can be highly erosive and subject to severe damage or failure
(McCook et. al. 1991).

The common soil classification index tests do not distinguish between dispersive and non-
dispersive clay soils. The recommended tests for the identification of dispersive clay soils are
pinhole test, crumb test and double hydrometer test (Sherard et al. 1976a).

METHODOLOGY

The research work is mainly a laboratory experimental based. Site surveys were carried out
within the Ui TM s university c¢ampenwry dhdosoil t he
sampling. Hand auger was used to extract the soil at about 0.5 to 1.0 m below original ground level
at slope crest, slope face and toe of each slope. The samples were preserved into three different
tighten plastic bags for further laboratory testing. Figure 2 shows the flowchart of the proposed tests
and activities involved.

Feasibility Study

v

Site mnventory

v

Soil Sampling

Site survey and sampling

Experimental Works

v v v

Classification by Particle Size Soil Engineering Properties Soil Dispersibility
Dry Sieving Optimum moisture content Crumb Test
Wet Sieving Permeability Test Pinhole Test
Hvdrometer Test Cvlinder Disnersion Test

Figure 2: Research Methodology Flowchart
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SOIL CLASSIFICATION TESTS

All the representative soil samples were tested and classified according to BS1377:1990. The
standard soil classifications by particle size and soil permeability test were conducted as shown by
Figure 3.

Crumb Test

Crumb test is a quick method for identification of a dispersive clay soil. Dispersive clay soils
are identified by observing the behavior of a few crumbs of soil placed in a dilute 0.001M solution
of sodium hydroxide. Approximately two to three soil crumbs, each about 6mm to 10mm diameter,
were prepared from representative portions of the soil at the natural moisture content. The crumbs
were dropped into 100ml beaker about one-third full of sodium hydroxide solution. The reaction of
the soil crumbs was observed for 5 to 10 minutes as illustrated by Figure 4 (a) and (b). Table 1 was
used as the guidelines for grading the dispersive behavior of soil crumbs.

Figure 3: Standard soil properties tests
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Date : 18/4/2006

Site : Location 1 (Delima-Maintenance 1)

Moisture Content : 24 %

Grade (G) Result
Samples T=0min = T=10mmn iffer 10
min)
1/1 Gl1

(a) Sample from L1

Date : 22/4/2006

Site : Location 3 (Perindu College)

Moisture Content : 16 %

Grade (G) Result
Samples T=0min T=>5min T=10min (Aft.er 1
min)
3/1 G2
G2 G2

(b) Sample from L3

Figure 4: Typical results of crumb test

Figure 5: Pinhole test laboratory set up
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Grade Reaction Categories
G1 -NO REACTION
Sk Crumbs may slake or run out to form a shallow heap on the bottom of the Non-
2 beaker. but there is no sign of cloudiness caused by colloidal in Dispersive
suspension.
G2 - SLIGHT REACTION Non-
Grade 2 A very slight cloudiness can be seen in the water at the surface of the S
Dispersive
crumb.
G3 - MODERATE REACTION
Grade 3 There 1s an easily recognizable cloud of colloidal 1n suspension. usually Dispersive
spreading out in thin streaks at the bottom of the beaker.
G4 - STRONG REACTION
Grade 4 A colloidal cloud covers most of the bottom of the beaker. usually as a Dispersive

thin skin. In extreme cases. all the water becomes cloudy.

Pinhole Test
The pinhole erosion test procedure was carried out according to BS1377: Part 5:1990: Clause
6.2.The test represents a direct, qualitative measurement of the dispersibility and consequent
colloidal erodibility of clay soils. At each constant hydraulic head, the water was allowed to flow
through a 1 mm diameter pierced hole of a specimen. The resistance to erosion of the specimen was
measured by the turbidity of the discharged water, the rates of flow and the final hole diameter.
Figure 5 shows the designed pinhole apparatus used. Table 2 shows the six grading of soil
dispersibility ranging from dispersive soils, categorized as D1 and D2 to non-dispersive soils,
categorized as ND 1 to ND 4 (ASTM D4647). Figure 6 shows the typical pinhole test results.

Table 2: Classification of soils by Pinhole Test (after ASTM D4647)

Test time Final flow

Cloudiness of flow at end of test '
Dispersive Head At constant through I:ﬁoii :if
classification  (mm) head specimen From side From to )
(min) (mL/s) P
D1 50 5 1.0to 1.4 dark very dark =20
D2 50 10 1L0to14  oderately dark > 1.5
dark

ND4 50 10 0.8to 1.0 slightly dark moderately dark =1.5
ND3 180 5 l4t02.7 barely visible  slightly dark =1.5
380 5 1.8t03.2 barely visible  slightly dark =1.5

ND2 1020 5 =3.0 clear barely visible < 1.5
ND1 1020 5 <30 perfectly clear perfectly clear 1.0
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IDate: 18/04/06 Site: Location 1(Delima - Maintenance 1)
Mass: 150 g Before w%:24.12% [ After w%:23.47% | ps: 0.080 g/em®
Location Clock H Colour Hole diameter Remark

(mm) (After 5
min)
(ml/sec)
9.15am 50 Completely Top view
(0.17) clear
LUVI-Il | 920am 180 Completely ND1
(0.20) clear
925am 380 Completely
027 clear
D=10mm
930 am 1020 Completely
(0.52) clear
a) sample L1
Date: 11/04/06 Site: Location 4 (FSPU)
Mass: 150 g Before w %:21.73 % After w%:24.46 % | ©a: 0.084 g/cm’
Location Clock H Colour Hole diameter Remark
(mm) (After 5
q min)
(ml/sec)
9.15am 50 Completely Top view
(2.35) clear
14/1-10 | 9.20 am 180 Completely
(2.63) clear ND3
925am | 380 | Completely | Crosssection —L
(3.31) clear D=2.0 mm
b) sample L4

Figure 6: Typical results of Pinhole test
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Table 3: Physical properties of soil samples
Natural .
Site Location / Soil Classification Moisture Content i{){pmnmn Lo Dry Permeability
: S o o1sture Density
Slope Height / (%) Content k
Slope angle % Coarse % Fine Sunny After o p d {m/s)
: , ) (%) (Mg/m”)
Particles Particles Day Rain
) P 47 33 . 5
L1/15m /17 15 27 11 1.90 734X 10
sandy clayey SILT
49 3l 3
L2 /20m/21° 20 30 12 1.82 320X 10~
sandy clayey SILT
55 43 -
L3/8m/28" 16 30 10 233 864X 10~
sandy clayey SILT
43 37
L4/18m/17° 26 31 8 1.65 105X 10°
sandy clayey SILT
L5/20m/ 29" 63 37 25 28 11 191 402X 107
gravelly clayey SILT
54 46 s
L6/ 18m/ 30° . 25 34 8 235 337X 10™
gravelly clayey SILT
67 33 3
L7/15m/30° , 16 n.a 16 2.05 114X 107
very silty gravelly SAND
16 84 <
L&/ 7m /32" _ 29 nla 7 2.03 541X 107
slightly sandy clayey SILT

Cylinder Dispersion Test

The cylinder dispersion test was recommended by Atkinson et al. (1990) to determine the true
cohesion and dispersion in soils. The sample needs to be specially prepared by consolidation of
sample slurry with water content about twice its liquid limit. The consolidation apparatus consisted
of a smooth cylinder, 38mm diameter and 200mm long with a pair of close fitting but free running
pistons with porous stone filters and hole for drainage. Sufficient slurry was required to produce a
sample with length to diameter ratio equal to two. A dead weight was applied through the sample
hanger. The weights used and the consolidation time were determined by trial and error. It was
reported that the dispersion test will be affected neither by the consolidation load nor by some
incomplete consolidation. The sample was than extruded from the cylinder and gently lowered into
beaker containing water with the required chemical composition. Figure 7 shows the setting up of
the sample preparation process. The sample behavior was observed for one week and classified as
one of the three types as recommended (Figure 8).
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Figure 7: Consolidation test setup

[a) (k]

(a) Type N nou—dispersive. cobiesionless. (b) Type C:
non—dispersive, cohesive (c) Type T: dispersive

Figure 8: Classification by cylinder dispersion test
(Anderson et al., 1990)

RESULTS AND DISCUSSIONS

A comprehensive soil classification tests has been successfully carried out to characterize the
soil samples susceptibility to dispersivity and internal erosion. Table 4 summarizes the test results,
sample identity with respect to slope geometry, soil permeability, and natural and optimum
moisture content. The laboratory soil dispersibility tests data were used to characterize and classify
soil dispersivity with respect to the soil slope gradient, soil-water reaction and the composition of
fine and course particles to the dispersive behavior of soils.

The three sampling locations have been randomly selected. The slope gradient of the locations
ranged from 17 degrees to 32 degrees. The respective slope height ranged from 7 m to as high as 20
meters, as summarized in Table 4 below. Geologically the soil is a sedimentary residual soil. The
characterization by particle size distribution has classified the soil as sandy to gravelly clayey SILT
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or also known as fine-grained soils except for sample L7 which was classified as very silty gravelly
SAND with composition of 67% coarse-grained particles. The typical natural moisture content of
the sites in wet tropical condition ranged from 15% to 34% about 0.5 to 1.0 m below ground level
.The comparative moisture content of the residual soil during sunny day to after rainfall varied as
low as 12.% to as high as 88% indicating that the soil is always in unsaturated condition.

The sedimentary residual soils has an optimum moisture content between 7% to 12 %,
maximum dry density of 1.90 Mg/m? to 2.35 Mg/m"® with average coefficient of permeability 7.72
x 10°° for sandy to gravelly clayey SILT and 1.14x10°° for very silty gravelly SAND. The
coefficient of permeability shall correspond to the velocity of water flow through the pinhole
sample at constant pressure head.

Table 4: Physical properties of soil samples

Natural Optimuim Max. Drv
Site Location / So1l Classification Moisture Content P g Permeability
- ; Moisture Density :
Slope Height / (%) Content - k
Slope angle % Coarse % Fine Sunny After (%) ( MJ‘? .‘:ng) (m/s)
Particles Particles Day Ram ’ g
_ 0 47 53 ; s
L1/15m /17 15 15 11 1.90 734X 10
sandy clayey SILT
49 51 .
L2/20m/21° 20 20 12 182 3.29 X 10™
sandy clayey SILT
. R 55 45 5
L3/8m/28 16 16 10 2.33 53.64% 107
sandy clayey SILT
_ R 43 57 } ~ 4
L4/18m /17 26 26 8 1.65 1.05x 10
sandy clayey SILT
o . 63 37 s
L5/20m /29 25 25 11 1.91 4.02 X 10
gravelly clayey SILT
54 46 5
L6/ 18m/ 30° y 25 25 g 2.35 337X 10™
gravelly clayey SILT
- - 67 33 n 3
L7/15m /30 156 16 16 2.05 114 x 10
very silty gravelly SAND
P 16 84 _ i 5
L8/7m/32 29 29 ] 2.03 541 x 107

slightly sandy clayey SILT

Table 5 further elaborates the soil characteristics from three different soil dispersive tests. From
crumb tests, it was observed that the sandy clayey SILT samples reflect the dispersive characteristic
at 10% maoisture content as well as at 35%, connoted by G3 as moderate and G4 as strong reactions.
On the contrary, the soil samples behaved as non-dispersive soil when the moisture content was in
the range of 15% to 25%, concluded by an average of 20% as tabulated. Subsequently, for the very
silty gravely SAND samples, the results showed a consistent dispersive characteristic of Grade 4.

Besides describing the quality of the discharge, the pinhole test result was further verified by
dissecting the sample as shown by Figure 6. The size of the pinhole was recorded before and after
the test as well as the opening of the flow path marked by the red dotted line (Figure 6a).

Except for sample L7, on the average, pinhole test results concluded that the fine grained SILT
samples fall into non-dispersive categories (ND) where 5 of grade ND1, one grade ND2 and
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another fall into grade ND3. The different dispersive categories were differentiated by the
classification of SILT. Meanwhile sample L7 is highly dispersive, categorized by D1, the worst
case scenario.

Although the cylinder dispersion test seems to be a simple test, the output was not easily
determined. Only three results were recorded from samples L1, L4 and L5, where they were
differentiated by type N and C. Fortunately, the result has helped to validate the soil dispersiveness,
consistent with the pinhole and crumb tests.

Table 5: The Summary for Soil Dispersibility Tests

Sites / Slope Cvlinder Crumb Test ##*
height/Slope Soil Composition Pinhole Test # Dispersion
angle Test +* 10%  20%  35%

L1/15m/17° sandy clayey SILT ND1 Type N G4 G2 G4
L2/20m/21° sandy clayey SILT ND1 - G4 G2 G4
L3/ 8m /28" sandy clayey SILT ND1 - G4 G2 G3
L4/18m/17° sandy clayey SILT ND3 Type C G3 G2 G4
L5/20m /29" gravelly clayey SILT ND1 Type N G2 Gl G2
L6/ 18m / 30° gravelly clayey SILT ND2 - G4 G2 G4
L7/15m/ 30° very silty gravelly SAND D1 - G4 G4 G4
L8/ 7m /32° slightly sandy clayey SILT ND1 - - G2 -

*ND = Non- Dispersive; D = Dispersive; **Type N/C = Non-Dispersive, and G = Grade;
#4% Crumb test result based on percentage moisture content

CONCLUSION

The study has concluded that the sedimentary residual soil is prone to disperse near dry or
minimum moisture as well as at wet condition. Soil with higher composition of coarse-grained
particles has higher dispersibility that lead to lower resistance to internal erosion. The soil particles
composition and the fluctuation in moisture content are the main factors that contributed to the
grade and vulnerability of soil dispersibility. Although from the experimental work, the slope
geometry does show direct correlation but it is expected that as slope height and geometry
increases, the tendency of increasing the gravitational fluid flow through the soil mass thus resulted
to scouring of soil particles. The infiltration of rainwater through the dispersive soil slope has high
likeliness to develop a path within the soil mass creating internal soil erosion. Therefore, the soil
dispersibility values may be used as one of the engineering index to predict the resistance to
internal soil erosion. The internal erosion paths may induce weakness planes in the soil slope mass.
Despite being appeared to be very less significant, they could be the triggering factor to the
instability of soil mass.
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