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Characterization of residual soil properties for analyses of rainfall-induced slope 

instability

Caracterisation des proprietes du sol residuel pour analyses de I’instabilite des pentes due a la pluie

H. Rahardjo, E.c. Leong & V.Choa -  NTU-PWD Geotechnical Research Centre, School o f Civil & Struc tural Engineering , Nanyang

Technolog ical University, Singapore

ABSTRACT: The paper presents the procedure for characterizing the shear strength and permeability of residual soils. The analyses 

indicate a rapid increase in pore-water pressure or a rapid decrease in shear strength as saturation is approached during rain water 

infiltration. These conditions may lead to sudden slope failures as caused by rainfalls.

RESUME: L’article presente les procedures pour caracteriser la resistance de cisaillement et la permeabilite des sols residuels. Les 

analyses indiquent qu’une augmentation rapide de la pression interstitielle d’eau ou une diminution rapide de la resistance de cisaillement 

se produit, lorsque la saturation est rapprochee a Pinfiltration d’eau pendant la pluie. Ces conditions peuvent conduire les ruptures 

brusques des pentes due a la pluie.

1 INTRODUCTION

Rainfall-induced landslides in residual soils are a common 

occurrence in the tropical regions. Concerns of public safety as a 

result of the frequent landslides urgently demands a better 

stability assessment of slopes against typical rainfall conditions in 

the region. The mechanism associated with rain water infiltration 

into slopes is not clearly understood. The soil conditions, slope 

geometry and rainfall characteristics are the main factors that 

control the rate and extent of infiltration into slopes. These 

factors must be incorporated in the slope stability analyses in 

order to quantify the change in factor of safety due to rainfall.

Many steep residual soil slopes often have a very deep water 

table whose location is very difficult to determine. The soil 

above the water table is unsaturated and its pore-water pressure is 

negative. The negative pore-water pressure when referenced to 

the pore-air pressure (i.e., pore-air pressure minus pore-water 

pressure) is referred to as matric suction. The permeability and 

shear strength of this soil are a function of matric suction. The 

rates of rain water infiltration and matric suction loss during 

rainfall are strongly controlled by permeability of the soil. The 

loss of matric suction reduces the shear strength of the soil and 

consequently results in slope instability. The most significant loss 

of matric suction occurs near the ground surface causing the 

rainfall-induced landslides to be of shallow and translational 

types. The objective of this paper is to present the procedures for 

characterising the permeability and shear strength of residual soils 

for assessing the stability of slopes with respect to rainfall 

loading.

2 STABILITY ASSESSMENT
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where hw = hydraulic head (i.e., elevation plus pore-water 

pressure heads or y + û , /pw g), x and y = cartesian coordinates in 

the x- and y-direction, respectively, u„ = pore-water pressure, pw 

= density of water, g = gravitational acceleration, kw = water 

coefficient of permeability, m" = coefficient of water volume 

change with respect to a change in matric suction (uj-u^), or the 

slope of the soil-water characteristic curve, ua = pore-air pressure 

which is assumed to be atmospheric.

A residual soil slope can be considered as an unsaturated- 

saturated soil system. When the pore-water pressure is positive, 

permeability is equal to the saturated permeability which remains 

essentially constant. However, permeability in the unsaturated 

zone is a function of the negative pore-water pressure or the 

matric suction as described by a permeability function. The 

determination of permeability function for residual soils is 

described in the next section.

Having calculated the possible ranges of pore-water pressure 

changes during rainfall, the pore-water pressure values can then 

be used in the slope stability analyses. Limit equilibrium 

analyses have commonly been used to assess the stability of a 

slope. The factors of safety with respect to moment and force 

equilibriums can be written as follows (Rahardjo and Fredlund 

1993):

Fm =

c 'PR N -  uw (3™ —  }. Rtan<t)' 
tan

E W x -IN f
(2)

Stability assessment of a slope requires field and laboratory 

investigations to determine the geometry of the slope, soil profile 

and properties. The permeability and shear strength of the soils 

involved are required in the seepage and slope stability analyses, 

respectively. The seepage analysis is performed in order to 

calculate the pore-water pressure changes in the slope due to 

rainfall. The governing equation for the flow of water through an 

isotropic soil can be formulated based on Darcy’s law as follows 

(Fredlund and Rahardjo 1993) :

Ff =

c' P c o s a  + <N -  u w P ........ - tan<J)' c o s a
tanib'

(3)

where c' = effective cohesion, P = sloping distance across the base 

of a slice, R = the radius for a circular slip surface or the moment 

arm associated with the mobilized shear force on the base of each 

slice, N = the total normal force on the base of the slice, <J>' =
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Figure 1. Typical soil-water characteristic curves for (a) Jurong Formation soil and (b) Bukit Timah Formation soil.
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Figure 2. Permeability functions for (a) Jurong Formation soil and (b) Bukit Timah Formation soil.
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Figure 3. Coefficient o f water volume change with respect to matric suction for (a) Jurong Formation soil and (b) Bukit Timah Formation soil,
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Figure 4. Relationship o f k^/m™ and matric suction for (a) Jurong Formation soil and (b) Bukit Timah Formation soil
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effective angle of internal friction, <)>b = angle indicating the rate of 

change in shear strength relative to the matric suction change, W 

= the total weight of a slice of width b and height h, x = the 

horizontal distance from the centerline of each slice to the center 

of rotation or to the center of the moments, f  = the perpendicular 

offset of the normal force from the center of rotation or from the 

center of moments, a =the angle between the tangent to the center 

of the base of each slice and the horizontal.

The slope is again treated as an unsaturated-saturated soil 

system. The soil is considered to have three shear strength 

parameters : c', <|>' and <|>b. The c' and <(i' are the shear strength 

parameters associated with the Mohr-Coulomb failure envelope 

for saturated soils. The (j)b angle describes the change in shear 

strength as a result of matric suction changes that can occur 

during a rainfall. The determination of shear strength parameters 

for residual soils, in particularly the 4>b angle, is explained in the 

following section. The (|>b angle is equal to 4>' when the soil is 

saturated or the pore-water pressure is positive. The <j>b angle 

generally decreases when the soil is unsaturated or the pore-water 

pressure is negative. These shear strength parameters together 

with the predicted pore-water pressures from Equation 1 can be 

used to calculate the factors of safety during rainfall using 

Equations 2 and 3. Both equations indicate a decrease in factor of 

safety as the pore-water pressure, uw, increases during rain water 

infiltration.

3 HYDRAULIC PROPERTIES

Two residual soils derived from the sedimentary Jurong and the 

granitic Bukit Timah formations in Singapore will be used to 

illustrate the characterisation procedures and typical residual soil 

properties. The residual soil from the Jurong formation has liquid 

limits between 30 and 60, plastic limits between 15 and 30 and 

plasticity index between 10 and 35. The plasticity index of 

residual soils generally decreases with depth indicating 

decreasing clay contents at deeper depths. The fines content (i.e., 

percent finer than No. 200 sieve size) for this soil ranges from 

50% to 85%. Typical total and dry densities are about 2 and 1.7 

Mg/m3, respectively.

The residual soil from the Bukit Timah formation has liquid 

limits from 50 to 60, plastic limits from 25 to 35 and plasticity 

index from 30 near the ground surface to 15 at a depth around 

10m. In general, the insitu water content of residual soils is 

slightly higher than the plastic limit. Typical total and dry 

densities of this soil are around 1.8 and 1.4 Mg/m3, respectively. 

The saturated permeability measured in the field is usually 

different from the value obtained from the laboratory tests. Field 

measurements involve a larger volume of soil and may include 

effects of fissures and spatial variation of soil properties. In some 

instances, the difference can be as much as two orders of 

magnitude.

The relationship between volumetric water content and matric 

suction, known as soil-water characteristic curve, is obtained in 

the laboratory using pressure plate devices. Typical drying soil- 

water characteristic curves for compacted and undisturbed soil 

specimens from the Sedimentary Jurong Formation are shown in 

Figure la. The undisturbed soil specimen desaturates more 

rapidly than the compacted specimen as reflected by the slope of 

the curves. Drying and wetting soil-water characteristic curves for 

the residual soil from the Bukit Timah Granitic formation are 

shown in Figure lb. As expected, a hysteritic loop is observed. 

The permeability function of unsaturated soil can be obtained 

from the soil-water characteristic curve using a statistical model 

(Fredlund and Rahardjo 1993). The permeability functions for 

soils from the Jurong Formation and the Bukit Timah Formation 

are shown in Figure 2a and 2b respectively.

4 INFILTRATION CHARACTERISTICS

During rain, the infiltration rate of water into a soil depends on 

the insitu soil conditions that are the soil matric suction and the 

corresponding permeability. The effects of these soil properties 

on the infiltration rate can be illustrated using Equation 1.

In Equation 1, the m™ coefficient can be obtained from the 

slope of the soil-water characteristic curve. The relationship 

between m" and matric suction for soils from the Jurong and 

Bukit Timah Formations are shown in Figures 3a and 3b 

respectively. During infiltration or wetting, the matric suction 

decreases while the m" coefficient increases as indicated by the 

arrows in Figures 3a and 3b. At the initial stage of infiltration in 

the Jurong Formation soil (Figure 3a), the m" coefficient 

increases gradually and then rapidly when the saturation 

condition of the soil is approached. The m” coefficient then 

decreases to zero at saturation. It can also be observed that the 

magnitude of the m” coefficient for the undisturbed soil is 

generally higher than that for the compacted soil. For the Bukit 

Timah Formation soil, the m" coefficient also increases 

gradually during infiltration and then rapidly when saturation is 

approached. However, the m* does not decrease to zero as the 

case in the Jurong Formation soil. This is due to the fact that there 

is no discernible desaturation point in the soil-water characteristic 

curve of the Bukit Timah Formation soil ( Figure 2b).

The m” and kw variables in Equation 1 can be used to illustrate 

the effect of soil properties on the infiltration rate. The ratio of 

k^mj in Equation 1 essentially indicates the rate of pore-water 

pressure change during the transient process of infiltration. At an 

instance of time, the values of m" and kw can be considered 

constant with respect to specific pore-water pressures. Plots of 

k^/m” versus matric suction are shown in Figures 4a and 4b for 

the Jurong and Bukit Timah formations, respectively. Both 

figures indicate that the kw/ m" ratio increases rapidly as 

saturation is approached. In other words, the pore-water pressure 

increases rapidly near saturation and this condition may be 

responsible for the many sudden collapse of slopes during 

rainfall. Figure 4a shows that the undisturbed soil experiences a 

more rapid increase in the pore-water pressure as compared to the 

compacted soil and this can be attributed primarily to the lower 

kw value of the compacted soil during infiltration (Figure 2a). 

Figure 4b illustrates that the pore-water pressure changes during 

infiltration ( i.e., following the wetting curve) are more rapid than 

the changes during evaporation ( i.e., following the drying curve). 

This shows that the matric suction loss during rainfall will occur 

rapidly while the matric suction recovery during evaporation 

occurs at a slower rate.

5 SHEAR STRENGTH PARAMETERS

The shear strength parameters c' and <j>’ can be determined from 

consolidated drained triaxial or direct shear tests on saturated soil 

specimens following the conventional saturated testing 

procedures. The <(>b angle is obtained from consolidated drained 

tests using a modified triaxial or a direct shear equipment 

(Rahardjo, et. al. 1995). The equipment allows the control of 

pore-air and pore-water pressures and thus enabling a specified 

matric suction to be applied to the soil specimen during shearing. 

A high air-entry disk is used to control the pore-water pressure at 

the bottom of the soil specimen under the specified matric 

suction. Tests conducted at various matric suctions would give 

the <j)b angle of the failure envelope that indicate the change in 

shear strength due to a change in matric suction.
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Figure 5. Failure envelope of residual soil from the sedimentary 

Jurong formation (from Rahardjo et.al. 1995)

Matric suction (kPa)

Figure 6. Shear strength versus matric suction relationships 

for a compacted residual soil from the granitic Bukit Timah 

formation at a net normal stress of 200 kPa (from Han et.al. 

1995).

Figure 5 shows the failure envelope for residual soil from the 

sedimentary Jurong formation. The c', <)>' and 4>b of the soil were 

found to be 30 kPa, 26° and 24° , respectively. The effective 

cohesion , c' was found to vary from 30 to 45 kPa depending on 

the soil composition and degree of weathering. It is interesting to 

note that despite variation in the c' value, the internal friction 

angle (j)' was relatively constant at 26°. The 4>b angle was found to 

be similar to the (J)' angle because the soil was found to remain 

close to saturation at matric suctions up to 400 kPa. When the <t>b 

angle is similar to the (j)' angle, the effect of matric suction change 

on the shear strength is equally effective as the effect of total 

stress change.

Figure 6 shows the relationship between shear strength and 

matric suction for a compacted residual soil from the granitic 

Bukit Timah formation. The tests were conducted on specimens

that have been subjected to drying and wetting paths. Under the 

same stress conditions, the specimen that followed the drying 

path exhibited a higher shear strength than the specimen that 

followed the wetting path. The c' and ()>' of this compacted 

residual soil were found to be 0 and 33°, respectively. The zero 

effective cohesion could be caused by remoulding effects of 

compaction that destroy any bonding in the residual soil. 

However, this is not the case for undisturbed samples where soil 

bonds vary depending upon the degree of weathering as indicated 

by the large variation in the effective cohesion.

6 CONCLUSIONS

1) During infiltration of an unsaturated residual soil slope, the 

pore-water pressure increases and the shear strength decreases 

rapidly as saturation is approached. As a result, the factor of 

safety decreases rapidly and this leads to many sudden slope 

collapses during rainfall.

2) Compaction of residual soils can reduce the rate of pore-water 

pressure changes during infiltration and thus slow down the 

rate of decrease in shear strength or factor of safety of the 

residual soil slopes.

3) Matric suction loss during rainfall occurs rapidly while matric 

suction recovery during evaporation occurs at a slower rate.

4) The shear strength following the wetting path is lower than 

the shear strength following the drying path indicating more 

unfavourable conditions during rainfall.
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