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Abstract: Susu Dam, in Cameron Highlands, is one of the dams in Malaysia with major fluctuation during operation.  Leryar Village, which is a 
settlement of about 400 aborigines, is located on the bank and a rim slope failure could be catastrophic to the community.  As such, this study 
investigates the landslide hazards due to the fluctuation of the reservoir and intense rainfall by conducting soil investigation, hazard mapping and 
advanced laboratory tests.  Tests were conducted to obtain the hydraulic and mechanical properties of the soil, in the saturated and unsaturated states, 
which are necessary to simulate rapid drawdown and rainfall-induced shallow slides.  Results of the slope stability analyses using this method differ 
greatly from the methods normally used by practitioners.  Conventional methods would conclude that the slopes are sufficiently stable with Factor of 
Safety (FOS) values of at least 1.47, while this method, which involves rigorous testing and numerical modeling, resulted in an FOS of as low as 0.37.  
This implies the need to conduct extensive soil tests and apply the latest theories in soil mechanics to obtain reliable FOS for shallow failures involving 
transient flow conditions, such as rapid drawdown and rainfall infiltration.  Aerial hazard map, using a qualitative approach, also agrees well with the FOS 
of the specific slopes.  This suggests that a qualitative method of estimating landslide hazard could be used as a precursor to the advanced laboratory 
testing and slope stability analysis, which is costly and time consuming. 
 
Index Terms: Landslide, Slope stability, Transient flow, Unsaturated soil, Rainfall-induced slides, Rapid drawdown, Hazard map.   

——————————      —————————— 

 

1. INTRODUCTION 
am failures due to rim slope instability could have extremely 

catastrophic consequences.  An example is the Vajont Dam, 
Italy incident in 1963 where a massive landslide caused a 
mega-tsunami which claimed 1,910 lives [12].  Susu Dam, 
located in Cameron Highlands, Pahang, is one of the dams in 
Malaysia with major fluctuation during its operation. Having an 
operational fluctuation of 5m with a frequency of twice per day 
and an extreme drawdown of 24m, coupled with heavy rainfall, 
increases the probability of slope instability.  The right bank of 
the slope (looking downstream) is currently inhabited with 
approximately 400 people and a rim slope failure could be 
catastrophic to the community especially during an extreme 
event.  As such, this study investigates the probability of slope 
failure due to the fluctuation of the dam and intense rainfall by 
conducting hazard mapping and extensive soil investigation.  
Laboratory tests were conducted to determine the Soil Water 
Retention Curve (SWRC) and the failure envelope in the 
saturated and unsaturated states, which are required to 
conduct numerical simulation of rapid drawdown and rainfall-
induced shallow slides.  Cases such as the Three-Gorges 
Dam in China [4] and Punatsangchhu-I Hydroelectric Project 
in Bhutan [13] are being taken into consideration in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2 SITE LOCATION AND CONDITION 
 

 

2.1 Site Location 
Susu Dam is part of the Ulu Jelai Hydroelectric Project 
undertaken by the national power company, Tenaga Nasional 
Berhad (TNB) which could generate 372MW.  According to the 
United Nations, this project will be able to reduce carbon 
emission by 250,000tons per annum by replacing power plants 
that are using fossil fuel.  The construction works commenced 
in 2011 and was completed in 2016.  Its main dam (Fig. 1) with 
a height of 88m is located about 200km north of Kuala 
Lumpur, (coordinates 4°25'59.05"N, 101°32'27.79"E) and was 
built on the Bertam River using 750,000m

3
 of Roller-

Compacted Concrete (RCC).  It is located within the Ulu Jelai 
and Bukit Jerut forest reserves, near Cameron Highlands-Lipis 
district border [14]. 

 
Fig. 1. Susu Dam which was constructed using roller-

compacted concrete (Utusan Online). 
 
The site is accessible via a federal road constructed by the 
Public Works Department of Malaysia (PWD).  Slopes facing 
the dam, i.e. the right bank looking downstream, have been 
treated with rock revetment to improve stability.  Leryar Village 
which is a settlement of about 400 aborigines is also located 
on the right bank (Fig. 2).  There are concerns on the stability 
of the left bank, which has not been treated and could 
endanger the occupants of this village. 
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Fig. 2. Aerial view of Leryar Village and the road constructed 
by PWD, looking downstream, before the impoundment of the 

dam on 18
th
 January 2016 (TNB Research Sdn Bhd). 

 
2.2 Geology and Subsoil Profile 
Cameron Highlands is located within the central part of the 
main range of Peninsular Malaysia that is underlain by granite.  
It consists, predominantly, of late Triassic intrusive biotite 
granite and roof pendants of lower Paleozoic sedimentary 
rocks intruded by minor quartz dykes.  The main range granite 
crystallized in the late Triassic. Eight boreholes were carried 
out to determine the subsoil profile and obtain samples for 
classification tests.  Standard Penetration Test (SPT) tests at 
every 1.5m depth were also conducted throughout the 
boreholes.  Due to difficulties in obtaining undisturbed 
samples, which is crucial to determine hydraulic and 
mechanical properties, samples were obtained using large 
circular pipes next to the boreholes.  The classification tests 
and SPT-N values from the BHs indicate that the site generally 
comprises of 1.5m to 6.0m, with an average thickness of 4.5m, 
very stiff sandy silt underlain by very hard (SPT-N Values > 50 
Blows) silty sand with traces of gravel. 

 
2.3 Groundwater Conditions and Rainfall Pattern 
Groundwater depths measured from the top of boreholes 
initially range between 3.0m to 6.30m below the ground level.  
Standpipe piezometers, which provided monthly readings, 
show that the groundwater level could drop between 9m to 
27m.  The following water levels for the Susu Dam are 
established by TNB: 

 Maximum Water Level (MWL), dam crest level = 548m 

 Full Supply Level (FSL), spillway crest level = 540m 

 Maximum Operating Level (MOL) = 530m 

 Extreme Minimum Operating Level (EMOL) = 524m 
 

Based on this information, it is possible to have a lowering of 
the water table of 6m during normal operations and 24m 
during an extreme event.  The rate of drawdown greatly 
depends on the dam operations.  As such, 2 drawdown rates 
are assumed in the analyses to cover for the possible ranges 
of drawdown during an extreme event. The nearest automated 
rain gauge is located about 16.7km northwest of the site, at 
Boh tea plantation (Station No 4414037).  The 30-year pattern 
of the annual maximum rainfall intensity since 1985 is depicted 
in Fig. 3.  It indicates that an intensity of more than 
100mm/day is likely to occur once in every 10 years. 
 
 
 
 
 

 
Fig. 3. Maximum daily rainfall intensity between 1985 till 

2016. 
 
2.4 Landslide Hazard Map 
A landslide hazard map is produced for the left bank (looking 
downstream) of the Susu Dam using landslide hazard 
zonation method proposed by Anbalagan et al [1], [2], [3].  
Slopes were first inventoried so that their boundaries and 
properties such as gradient and height could be determined.  A 
total of 263 slopes were identified; 130 are natural terrains, 69 
are cut slopes and 64 are embankments.  Field assessments 
were then conducted and analyses on topography were 
carried out using ArcGIS.  Hazard maps produced using this 
method are as shown in Fig. 4(a) and Fig. 4(b).  A total of 115 
slopes are categorized as very high to high hazard while the 
others are categorized as moderate to low hazard.  Also 
shown, are the maximum and minimum water levels during 
operations and the cross sections selected for the slope 
stability analyses. 

 
 

Fig. 4(a). Hazard map of left bank. 
 
 

Fig. 4(b). Hazard map of left bank (cont’d). 
 

3 HYDRAULIC AND MECHANICAL 

PROPERTIES 
 
3.1 Hydraulic Properties 
A coefficient of permeability of 3.5x10

-5
cm/s, obtained from 8 
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falling head tests conducted on block samples, was used to 
represent the permeability value for the saturated state (ksat).  
In an unsaturated or partially saturated state, however, 
permeability will reduce with moisture content. In an 
unsaturated condition, soil comprises at least 3 phases; solid, 
water and air.  Fredlund and Morgenstern [5] further 
introduced a fourth phase called the air-water interface.  This 
air-water interface, also known as suction, is the natural ability 
of the water to exert a tensile pull, or surface tension.  To 
explain the effect of suction in unsaturated soils, the 
determination of a soil property to describe its ability to attract 
and retain water is essential.  This unique hydrological 
characteristic relationship is normally clarified based upon 
graphical approach, defined as the Soil Water Retention Curve 
(SWRC) or sometimes also known as the Soil Water 
Characteristic Curve (SWCC).  The curve presents the 
relationships between water content and matric suction.  The 
SWRC obtained using the pressure plate apparatus is shown 
in Fig. 5.  It shows a saturated volumetric water content (θsat) 
of 0.43 which reduces to 0.28 after the imposition of 215kPa 
suction.  The derivation of the predicted permeability function 
was then produced using SEEP/W based upon this SWRC, as 
shown in Fig. 6, which was derived using Van Genuchten’s 
[15] equation. 

 

Fig. 5. Soil Water Retention Curve (SWRC). 

Fig. 6. Permeability function based on Van Genuchten’s 
equation [15]. 

 
3.2 Mechanical Properties 
A flat failure envelope, which could be represented with a 
constant cohesion and friction angle, is normally assumed in 
slope stability analyses.  This should suffice for a deep-seated, 
but not for shallow failures.  As such, researchers such as Md 
Noor et al [9], [10] and [11] proposed a curvilinear strength 
envelope instead.  To properly define a bilinear failure 
envelope, 4 sets of triaxial Consolidated Drained (CD) test 

were conducted.  Four samples instead of the normal 3 
samples for each set, were tested.  The effects of long-term 
soaking due to the impoundment of the dam was also 
investigated by conducting another 4 sets of similar tests, but 
with the period of saturation much longer than usual.  This was 
done by maintaining a back pressure slightly lower than the 
confining pressure for 2 weeks.  Table 1 summarizes the 
mechanical properties from the extensive saturated CD tests 
assuming a bilinear failure envelope.  Also shown in the table 
are the average strength parameters from 8 conventional 
triaxial Consolidated Undrained (CU) tests, which would 
normally be used by engineers in their analyses. 

 
Table 1. Summary of conventional CU and extensive CD 

tests. 

Type of Test 

Average Strength Envelope Parameters 

c’ 
(kPa) 

’min 

(degree) 
’max 

(degree) 
’t (kPa) 

Conventional CU 4.5 32.6 - - 

Extensive CD 12.2 27.5 37.7 90.2 

Extensive CD + Soaking 28.5 22.2 37.2 92.5 

c’  = conventional effective cohesion 
’min = minimum / conventional effective friction angle with 

intercept c’ 
’max = maximum friction angle with intercept equals 0 
’t  = transition effective normal stress from curvilinear to 

linear 
 

The results suggest a much different strength parameters 
compared to the conventional CU tests.  Soaked samples 
have a lower friction angle but a higher cohesion when normal 
stress exceeds about 90kPa based on the extensive CD tests.  
However, at lower normal stress, the friction angles for the 
normal and soaked samples are of about the same value.  As 
the thickness of the topsoil layer, which could slide, is at most 
6.5m thick, the effective overburden pressures would mostly 
be less than 90kPa.  A friction angle, ’ of 37

0
 with a cohesion, 

c’ equals zero would therefore be appropriate for slope stability  

Fig. 7. Determination of the total value of C for 300kPa matric 
suction. 

 
analyses. 

With the presence of air components in the soil mass, the 
additional term of pore-air pressure, ua must be included to 
describe the mechanical behavior of unsaturated soil.  
Fredlund and Morgenstern [6] proposed the concept of 
segregating these two stress states independently, known as 
the Extended Mohr-Coulomb failure surface.  Equation 1 
presents the constitutive equation, which is based on the 
independence of the stress state variables. 
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= c’ + -ua)tan

a
 + (ua-uw)tan

b
                      

(1) 
 
where, 

 = shear strength  
c’ = effective cohesion of the soil 

a
 = friction angle with respect to changes of net stress 

b
 = friction angle with respect to changes of suction 

 
Fredlund et al [7] further suggested that 

a
 could be 

assumed to be equal to ’.  The interpretations of the results, 
by fixing 

a
 equals ’, were based upon the graphical method 

reported by [8].  They suggested that the suction term in the 
above shear strength equation, ((ua-uw)tan

b
) for an 

unsaturated soil could be considered as contributing to the 
total cohesion (denoted as C).  This total cohesion of each 
sample is then plotted against matric suction to obtain the 
gradient of the plots that represents 

b
.  The expression for C 

shall be presented as follows: 
 

       C = c’ + (ua-uw)tan
b
                             (2) 

 
And substituting Equation 2 into Equation 1, 
 

 = C + -ua)tan ’                                   (3) 
 

By using Equation 3, the calculation to derive both stress 
ratios can be implemented separately.  Fig. 7 provides an 
example of obtaining the total value of C for each sample 
based on τ against net stress (σ-ua) for a matric suction of 
300kPa.  These graphs show that each line is parallel, 
reflecting a gradient equals to ’, i.e. 37

0
.  Six tests with 

suctions ranging from 50kPa to 300kPa (4 shearing stages 
each) were conducted for this purpose.  The total cohesions 
were then plotted against suction to obtain the best fit gradient 
of the plots that represents 

b
, which indicates an average 

value of 22
0
 (refer to Fig. 8). 

 
 

Fig. 8.  Total cohesion with matric suction (determination of 
average 

b
)  

 

4 SLOPE STABILITY ANALYSIS 
 
4.1 Methodology 
A total number of 10 cross sections, as indicated in Fig. 4(a) 
and Fig. 4(b), were selected for analyses.  Each section is 
different in geometry as well as stratigraphy, which were 

defined based on the nearest boreholes location and survey 
profile.  Also, several series of mesh refinement procedures 
were carried out in order to capture the region with the largest 
displacement on the slope.  This procedure was targeted to 
prevent possible numerical instabilities during iteration.  The 
size of the mesh was set to be 2-meter length for each 
section. There are 3 numerical case studies that have been 
carried out for each cross section.  In each case, the finite 
elements software, SEEP/W was initially used to obtain a 
steady state condition of the groundwater table.  Then, a total 
number of 10 days was set for transient analysis to simulate 
the rapid drawdown and rainfall with time.  Ultimately, 
SLOPE/W (limit equilibrium method) was used for each pre-
defined time stepping in order to investigate the variation of 
Factor of Safety (FOS) against time.  The details of each case 
are as follows: 

 Case 1: fast drawdown (MWL to EMOL in 6.6 days) without 
rain 

 Case 2: fast drawdown (MWL to EMOL in 6.6 days) with 
intense rain 

 Case 3: slow drawdown (MWL to EMOL in 40 days) with 
intense rain 

For cases 2 and 3, the surface boundary condition with rainfall 
was included in the analyses to investigate the cumulative 
effects of infiltration and drawdown process.  A rainfall intensity 
of 100mm/day and duration of 1.5days was assumed for these 
cases.  Table 2 presents the summary of the hydrological and 
mechanical properties used in the analyses.  It should be 
noted that the value for ’ has been reduced from 37

0
 to 35

0
 

for conservative measures. 
 

Table 2. Summary of hydraulic and mechanical properties. 

Soil 
Layer 

Consisten
cy 

Density 
(kN/m

3
) 

ksat 

(cm/s) 

c’ 
(kPa

) 

’ 
(
0
) 

b 

(
0
) 

Sandy 
Silt 

Very Stiff 19 3.5x10
-5

 0 35 22 

Silty 
Sand 

Hard 20 3.5x10
-6

 150 42 22 

 
4.2 Slope Stability Results 
Table 3 presents the summary of the minimum factor of safety 
(FOSmin) for each case.  Also included are FOSmin using 
conventional method for comparison.  From the table, it can be 
seen that section C and section L exhibit low FOS values of 
0.37 and 1.17, respectively; the rest are more than 1.82.  Fig. 
9 shows the variation of slope stability (FOS) against time or 
Section C. 

 
Table 3. Summary of minimum FOS for each case and cross 

section.  

Sectio
n 

Conventiona
l Method 

Steady 
State 

Conditio
n 

Case 1 Case 2 Case 3 

Fast 
Drawdo

wn 

Fast 
Drawdo

wn & 
Rain 

Slow 
Drawdo

wn & 
Rain 

A 3.96 3.51 3.45 3.38 3.48 

B 4.53 3.28 3.22 3.11 3.17 

C 1.47 2.10 2.08 0.38 0.37 

D 4.38 1.99 1.98 1.96 1.98 

E 3.41 2.44 2.39 2.36 2.41 

F 2.86 1.86 1.83 1.82 1.85 

G 3.41 5.55 3.50 3.51 5.35 

L 1.55 1.54 1.38 1.17 1.28 

M 1.66 2.10 1.93 1.93 2.09 

N 1.57 1.93 1.82 1.82 1.91 
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Min 1.47 1.54 1.38 0.38 0.37 

 

 
 

Fig. 9. Factor of safety variation with time for Section C. 
  

5 CONCLUSIONS AND DISCUSSIONS 
Extensive Triaxial Consolidated Drained (CD) tests yield 
different strength parameters from the conventional 
Consolidated Undrained (CU) tests, while CD tests on 
samples soaked or saturated for 2 weeks show lower friction 
angle at high confining pressures.  Assuming a bi-linear 
strength envelope, The CD tests suggest a consistent friction 
angle ’) of 37

0
 for effective confining pressures lower than 

90kPa, regardless of soaking period.  As the site comprised of 
1.5m to 6.5m of completely weathered granite, shallow 
failures, instead of deep-seated failures are most likely to 
occur.  Using this value as the friction angle is, therefore, more 
appropriate. Conventional slope stability method seldom 
considers rapid drawdown and rainfall infiltration due to the 
unavailability of the hydraulic and strength properties of the 
soil in the unsaturated state.  Based on advanced unsaturated 
triaxial tests and the latest theories in unsaturated soil 
mechanics, the average friction angle for matric suction 

b
) 

was estimated to be 22
0
.  The relationship of permeability vs 

matric suction was also deduced based on saturated 
permeability (ksat) value of 3.5x10

-5
m/s and the Soil Water 

Retention Curve. Slope stability analyses on 10 selected cross 
sections of the left bank, assuming 2 rates of drawdown and a 
rainfall intensity with a return period of about 1 in 10 years, 
resulted in a minimum Factor of Safety (FOS) which is much 
lower than the FOS derived from conventional method with 2 
sections having FOS lower than 1.5, i.e. the minimum value 
normally required for dams.  The results also suggest that 
intense rain, instead of rapid drawdown, is the main triggering 
factor of slope instability for Susu Dam. Further assessments 
were carried out to understand the mechanism that could lead 
to this failure state.  The detail analyses show that section C 
could possibly fail even without impoundment and there is only 
slight decrease in FOS with a much lower permeability value 
for section L.  This exhibit the potential hazard exposed for 
both sections.  Although the assumption of having both 
drawdown and rainfall infiltration processes to happen 
simultaneously may be conservative, it would be prudent to 
provide precautionary measures for both sections, so as to 
prevent any catastrophic incident to happen due to extreme 

climate changes.  The treatment used by the Public Works 
Department (PWD) for the right bank, i.e. using rock 
revetment, may be considered for these 2 sections. It is also 
interesting to note that the aerial hazard map produced in this 
study agrees well with the slope specific stability analyses.  
Sections C and L are indicated as high hazard while sections A 
and G, with high FOS, are indicated as moderate hazard.  
Section F, however, has reasonable FOS but is indicated as 
high hazard in the map.  This finding, nevertheless, suggests 
that a qualitative method of estimating landslide hazard could 
be used as a precursor to a detailed slope stability analysis, 
which may not only be costly but also time consuming. 
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