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slope subjected to (1) rainfall only and (2) rainfall and 
estimated evaporation. The data from the field instru-
mentation was compared with pore-water pressure 
variations in residual soil. It was observed that actual 
evaporation should be incorporated in the numeri-
cal analyses as a flux boundary condition in addition 
to rainfall loading since both actual evaporation and 
rainfall have a significant effect in generating accurate 
factor of safety variations and pore-water pressure 
distribution within soil layers.

Keywords Unsaturated soil · Landslides · Finite-
element modelling · Seepage

1 Introduction

The boundary interchange of water between the 
ground and atmospheric air usually takes place due 
to two procedures: rainfall evaporation and infiltra-
tion (Pierre et al. 2019; Rahardjo et al. 2014). Shifts 
in the boundary conditions of flux produce a flow 
with unsteady-state unsaturated/saturated parameters, 
which lead to an adjustment in the shear strength of 
the soil and pore-water pressure, and subsequently, 
stability of slopes (Fredlund and Rahardjo 1993; Ip 
et al. 2021; Satyanaga and Rahardjo 2020). To avoid 
greater unpredictability in their analyses of pore-
water pressure and slope stability, many researchers 
consider only rainfall as the flux boundary condition 
(Ng et al. 2008; Li et al. 2005; Fredlund et al. 2012). 

Abstract Tropical countries like Singapore are 
associated with high relative humidity, high tem-
perature, and high amount of rainfall throughout the 
year. Therefore, flux boundary conditions of slopes 
are affected by rainwater infiltration and evaporation 
rate. The research aims to examine the stability of a 
residual soil slope under arid and damp period con-
ditions. The actual evaporation was utilized in com-
bination with rainfall as flux boundary conditions in 
the mathematical investigations to study the impact of 
actual evaporation on the distribution of pore-water 
pressure and factor of safety variation in residual soil 
slope. The significance level of actual evaporation in 
the stability analysis of residual soil slope was tested 
by performing two instances of seepage analysis on a 
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However, other researchers included the effect of 
evaporation and rainfall infiltration on the forecast of 
pore-water pressure variation in soil slopes (Gitirana 
et al. 2006; Raj et al. 2017).

Evaporation in the natural environment is one of 
the main phases of the hydrological cycle. Evapo-
ration rate can be measured directly or predicted 
based on climate data. In the past few decades, many 
researchers have studied the mechanism of evapora-
tive flow in different ways. The relationship between 
evaporation, solar radiation and other heat flux com-
ponents in an energy budget context was also implicit 
in the previous works by accepting the energy budget 
concept. Three major factors that affect surface evap-
oration (Newson and Fahey 2003) are the availability 
of water within the evaporation surface, the energy of 
the evaporation and the aerodynamic function. The 
availability of water is a function of the water per-
meability and the water content of the soil (Newson 
and Fahey 2003; Zhai et al. 2019a, b). To date, many 

climatological methods have been used to predict the 
potential evaporation. Those theories commonly only 
require typical climatic data: i.e., relative humidity, 
temperature and net radiation. These theories were 
established based on saturated soil surface or free 
water surface with certain limitations in applying it to 
the unsaturated soil surface. However, they still can 
be used as a reference to estimate the evaporation of 
the soil surface, that is considered suitable for many 
geotechnical applications (Table 1).

The objective of this research paper is to investi-
gate the influence of rainwater infiltration and evap-
oration on pore-water pressure and factor of safety 
distributions for the residual soil slopes in Singapore. 
Seepage analyses were conducted on an instrumented 
slope at Orchard Boulevard Singapore utilizing flux 
boundary conditions from rainfall only and a com-
bination of rainfall and actual evaporation calculated 
using Tran et al. (2015). Pore-water pressure informa-
tion that was gathered from the instrumented slope 

Table 1  Different theories to calculate potential evaporation

Equation Theory Definition of parameters Equation No

PE = 0.44(1 + 0.118u)
(

pv − pa
v

)

Mass transfer Rohwer (1931) u = wind speed (miles/hour); pa
v
 = vapour pres-

sure above surface unaffected by evaporation; 
 pv = vapour pressure at the surface;

1

PE(xo ,yo) = Cu0.76
2

x0.88
0

yo
(

pv − pa
v

)

Thornthwaite and Holzman 
(1942)

xo,  yo = evaporating area (m); C = constant 
related to temperature;  u2 = wind seed at 2 m 
(miles/day)

2

PE = 1.6
(

L

12

)(

N

30

)(

10Ta

30

)a Thornthwaite (1948) N = frequency of days every month; L = dura-
tion of daylight (hours);  Ta = air temperature 
every month (°C); a = 6.75 ×  10−7  I3 − 7.71 ×  
10−5  I2 − 1.79 ×  10−2 I − 0.492; I =  (ta/5)1.514

3

PE =
ΓQn+�Ea

Γ+�
Penman (1948) Γ = slope of saturation vapor pressure;  Qn = net 

radiation (m/s); � = psychrometric con-
stant (mmHg/°C);  Ea = (0.35*1 + 0.15Ww) 
( pair

vsat
− pa

v
) (m/s);  Ww = wind speed (km/h)

4

PE = (0.457T + 8.13)p Blaney and Criddle (1950) T = mean daily temperature (°C); p = mean 
annual fraction of day which is in daylight

5

PE = (0.025T + 0.078)
Rs

59
Jensen and Haise (1963) Rs = incident solar radiation (mm/day) 6

PE = 1
�

[

ΓA+�acpD∕ra
Γ+η(1+rs∕ra)

]

Monteith (1965) A = Rn-G(MJ/m2day); �a = air vol heat capacity 
(MJ/m3 °C); D = portion in one day which 
is covered by sun;  rs,  ra = ratio between 
vapour transfer and canopy and aerodynamic 
resistance (day/m);  cp = the deficit in vapour 
pressure (kPa)

7

PE = �
Γ

Γ+�

(

Rn − G
) Priestley and Taylor (1972) G = heat flux of soil (mm∕day);� = empirical 

constant;  Rn = radiation of sun (mm/day)
8

PE = 0.0023So
√

ST (T + 17.8) Hargreaves et al. (1985) ST = the range of mean monthly minimum and 
maximum of temperature (°C); So = radiation 
of sun (mm/day)

9
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was utilized to evaluate the results from numerical 
analyses. Stability analyses were performed to evalu-
ate the relationship between pore-water pressures 
and the slope’s factor of safety. The extensive review 
on different method to calculate evaporation and the 
detailed development of procedure for analysing the 
actual evaporation are presented in this paper.

2  Theories of Evaporation

Researchers found that the actual evaporation (AE) 
from a surface of a soil corresponds to the soil rela-
tive humidity at the ground surface. The study by 
Sattler and Fredlund (1991) concluded that AE is 
approximately 70% of the potential evaporation (PE) 
in Saskatchewan, Canada. It is difficult to determine 
the relative humidity at the surface of the soil; how-
ever, it could be overcome if the overall suction and 
temperature of the soil at the ground surface are 
known. To date, there are two approaches developed 
by researchers to appraise the AE from uncovered soil 
bodies. The primary methodology depends on soil 
temperature and suction at the ground surface (Wil-
son et  al. 1997; Blight 2009). The second depends 
on the actual vapor pressure and the ground surface’s 
resistance (Tran et al. 2015). Different theories to cal-
culate actual evaporation are summarized in Table 2.

The geo-environmental and geotechnical engi-
neers started accepting soil suction more broadly 
when dealing with predictions of the rate of evapo-
ration from ground surfaces. The results of the thin 

soil area (with a thickness of 0.5–1  mm) analysis 
demonstrated that the actual evaporation is equiva-
lent to the potential evaporation until soil suction 
surpasses the indicator around 3000 kPa of the total 
suction (Tran et al. 2015). Attempts have been made 
(Tran 2013) to find the soil suction where the AE 
from a ground surface starts to decrease from the 
PE. This is related to essential boundaries of an 
unsaturated soil (for example, the residual suction 
and the air-entry indicator) determined from SWCC.

The idea of "surface resistance" to the diffu-
sion of vapor water was initiated by calculating the 
transpiration from the stomata of leaves and a tree 
shelter (Monteith and Szeicz 1961). In understand-
ing and portraying the accurate evaporation resist-
ance, the research works related to determination of 
surface resistance were growing rapidly. A method 
developed by Van de Griend and Owe (1994) esti-
mates the resistance of the surface to the diffusion 
of vapor in drying soil at the soil near the ground 
surface. It was comprehended that surface resist-
ance of fine sandy loam during the drying process 
began to increase at 15% soil volumetric water con-
tent within 0–1  cm depth. When soil cover water 
content and surface temperature are known, the soil 
cover moisture and surface resistance relationship 
can be expressed in an exponential form as the Pen-
man equation for calculating the potential evapora-
tion (PE). Equation 4 was suggested by Tran et  al. 
(2015) to measure the Actual Evaporation using the 
moisture of the topsoil layer:

Table 2  Different theories to calculate actual evaporation

Equation Theory Definition of parameters Equation No

AE =
ΓQn+�Ea

Γ+�A
Modified Penman (Wilson 1990) AE = actual evaporation; 

 Ea = 0.35(1 + 0.15Ww) pa
v
 (B −A) 

(m/s);  RHair = relative humidity of air; 
B = 1/RHair; RH = relative humidity; 
A = 1/RH

10

AE = PE

[

RH−(pairvsat
∕pvsat)RHair

1−(pairvsat∕pvsat)RHair

] Limiting function (Wilson et al. 1994) pvsat = saturated vapour pressure; 
pair
vsat

 = vapour pressure at soil surface 
under saturated condition

11

AE∕PE = exp

(

−�g�v

�(1−RHair)�wR(T+273.15)

)

Wilson et al. (1997) R = universal gas constant; �v = 
molecular weight of water; � = total 
suction; T = soil temperature at the 
ground surface; � = 0.7; g = accelera-
tion of gravity; �w = unit weight of 
water

12
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where A is the inverse of the relative humidity of 
the soil, rs = surface resistance at the top depth of 0 
– 1 cm (s/m); rav is the aerodynamic resistance to tur-
bulent diffusion which is equal to 52 s/m; θtop = volu-
metric water content in the 0–1 cm depth of top layer 
(in %); θR = volumetric water content corresponding 
to the reduction of the evaporation rate (in %). Origi-
nally van de Griend and Owe (1994) proposed that 
θR = 15% but a further study by Tran (2013) showed 
that θR is a function of soil properties and might be 
related to the SWCC curve of topsoil, hence θR could 
be calculated from the total suction associated with 
the reduction of evaporation rate.

(4)AE =
Qn +

f �(u)

f (u)
Ea

+A
f �(u)

f (u)

(5)
f �(u)

f (u)
= 1 +

rs

rav

(6)rs = 10e0.3563(�min−�top)

(7)R =

⎧

⎪

⎨

⎪

⎩

aev

res
a
res
×(1−a)
aev

where ψaev = air-entry value (kPa); a = empirical fac-
tor varying between 0 and 1; θres = residual suction 
(kPa); Tran (2013) suggested to use a = 0.6 for sand 
and 0.75 for silt.

3  Field Observation

A slope located at Orchard Boulevard in Singapore’s 
central areas was instrumented and monitored for six 
months period (1st July 2016–31st December 2016). 
The slope comprised of residual soil derived from 
Bukit Timah Granite with a height of 4 m and a slope 
angle of approximately 35°. Among the field meas-
urements are climatic data (rainfall, air temperature, 
solar radiation, relative humidity, and wind speed), 
temperature and moisture of soil, and pore-water 
pressure distribution. The meteorological station for 
the measurements of the climatic parameters (Fig. 1) 
was situated near the toe of the slope. Soil tempera-
ture measurement was conducted at depths of 0.1 m, 
0.15  m, 0.2  m, and 0.25  m. The slope was instru-
mented with soil moisture sensors and tensiometers 
which were installed at 2 m depth on the crest and at 
0.4  m and 2.4  m of horizontal distances from slope 
face. Suction and soil moisture data at 0.4  m from 
slope face (a perpendicular distance of 0.23 m) were 
used as input to calculate actual evaporation in this 
study. There was no past record of slope failure in the 

Fig. 1  Residual soil slope 
and instrumentation
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region. Figure 1 shows the slope with the instrumen-
tation locations.

Figure  2 shows the daily rainfall data at Orchard 
Boulevard from 1st July until 31st December 2016. 
The rainfall data collected from the slope during 
October were used in this study. The period was 
selected because there was a distribution of drying 
and wetting periods between 7 and 16th October. 
Besides, the highest intensity of rainfall and high 
rates of evaporation was observed within this period. 
This scenario was used to represent a cyclic period 
between drying and wetting in which evaporation was 
believed to have an important role. The wet period 
was identified on 7th, 9th, 13th, and 14th October, 
while the dry period was identified on 8th October, 
10th to 12th October, and 15th to 16th October. The 
rainfall started at 6 am on 7th October and lasted for 
about 10 h with 20.8 mm/h of maximum intensity and 
50.7  mm of total rainfall. There was no rain on 8th 
October. The rain started again at 6 am on 8th Octo-
ber and lasted only for one hour with an intensity of 
16.3  mm. After about three days of no rain, which 
resulted in more significant negative pore-water pres-
sures recorded by TM4, the slope was then exposed 
again to rainfall at 8 am on 13th October for an hour 

with an intensity of 2.3  mm/hour. Lastly, the rain 
started again on 14th October with a total intensity 
of 54.2 mm/day which was the highest daily rainfall 
intensity used in this study.

The climatic data between July and December 
2016 are presented in Table  3. It indicates that the 
highest air temperature was recorded in October 
2016. The range of air temperature was between 25 
and 35  °C. The maximum relative humidity of 99% 
was observed in November 2016. The range of rela-
tive humidity is between 64 and 99% from July to 
December 2016. The 2.5  m/s of maximum wind 
speed was observed in October 2016. The range of 
wind speed is between the lowest value of 0.84 m/s 
and the maximum value of 2.5  m/s from July to 
December 2016.

Figure 3 shows the plot of hourly rainfall from 7 
to 16th October 2016. The cumulative rainfall during 
this period was 123.6 mm. The mean daily air tem-
perature is shown in Fig.  4a, while the wind speed 
and relative humidity for this period are indicated in 
Fig.  4b. In addition, the climatic data, near-surface 
soil temperature, suction, and soil moisture were used 
to calculate actual evaporation following the Tran 
et al. (2015) method.

Fig. 2  Monthly and daily 
cumulative rainfall indica-
tors from 1st July 2016 to 
31st December 2016

Table 3  Climatic data at 
Orchard between 1st July 
2016 and 31st December 
2016

Jul Aug Sep Oct Nov Dec

Total rainfall (mm) 217 98 22 272 311 214
Max Mean air temperature (°C) 32.5 32 31 35 30 31
Min Mean air temperature (°C) 26 25 26 27 25 29
Max Mean daily solar radiation (MJ/m2/day) 12 14 12 12 12 12
Min Mean daily solar radiation (MJ/m2/day) 2.0 4.0 1.0 1.5 1.1 1.7
Max Mean relative humidity (%) 96 90 92 97 99 91
Min Mean relative humidity (%) 74 70 64 69 73 66
Max daily wind speed (m/s) 1.22 1.30 2.08 2.50 1.58 4.51
Mean daily wind speed (m/s) 1.11 1.15 1.12 1.6 0.84 2.30
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The variation of soil temperature from 7 to 16th 
October is presented together with the variation 
of air temperature in Fig.  4a. The soil tempera-
ture was based on measurements at depth of 0.1 m 
since the soil temperature sensor was installed at 
this depth. The variations of potential and actual 
evaporations from 7 to 16th October are presented 
in Fig. 5. The maximum potential and actual evapo-
rations were 8.2  mm/day and 7.1  mm/day, accord-
ingly, as observed on 10th October 2016. The mini-
mum potential and actual evaporations were 7 mm/
day and 5 mm/day, correspondingly on 1st October 
2016. As mentioned above, the calculation of actual 
evaporation using the Tran et  al. (2015) equation 
required the establishment of the SWCC of surface 

soil. The SWCCs of the topsoil (representing sur-
face soil) and residual soil were obtained from the 
laboratory tests and the curves are indicated in 
Fig.  6. The air-entry value of the residual soil is 
90  kPa whereas the air-entry value of the topsoil 
is 30  kPa. Measurements of the SWCC were car-
ried out using Tempe cell (for suction values under 
100  kPa) and Pressure plate (for suction values of 
100–1500  kPa) (Rahardjo et  al. 2019) by utilizing 
the axis translation technique as described in Saty-
anaga et  al. (2019a). The drying curve of SWCC 
was used in this study since the results from Kristo 
et  al. (2019) indicated that analyses using drying 
SWCC generated more conservative results. The 
best fitting procedure of the measured SWCC follow 

Fig. 3  Daily rainfall for the period from 7 to 16th October 
2016

Fig. 4  Variation of a Air and Soil temperature b Wind speed and Relative humidity for the period from 7 to 16th October 2016

Fig. 5  Actual Evaporation calculated using Tran et al. (2015) 
equations for the period from 7 to 16th October 2016
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the method explained in Satyanaga et al. (2017) and 
Zhai et al. (2020).

4  Numerical Model

The numerical model of seepage (SEEP/W) (Saty-
anaga and Rahardjo 2019a, b) was utilized to mimic 
the pore-water pressure variation obtained from the 
field measurements. Sections of flux were taken to 
find the rate of infiltration in the numerical model. In 
this study, two instances of transient seepage investi-
gations were conducted. In Case 1 (the first instance), 
the rainfall was applied on the slope by assum-
ing no evaporation was taking place during the dry 
weather days, while in Case 2 (the second instance), 
the actual evaporation together with rainfall infiltra-
tion was applied on the slope. Pore-water pressure 
measurements obtained from the instrumented slope 
were utilized to check the outcomes of the seepage 
analyses. The limit equilibrium slope stability analy-
ses (SLOPE/W) (Satyanaga et  al. 2019b) were used 
to calculate how the change in pore-water pressure 
impacted the safety factor of a slope. Bishop’s simpli-
fied model (Rahardjo et al. 2016a) was used to deter-
mine the factor of safety variation. The unsaturated 
shear strength properties were determined based on 
method proposed by Satyanaga and Rahardjo (2019b) 
. The model of slope for slope stability and seepage 
analysis of the residual slope at Orchard Boulevard is 
shown in Fig. 7.

The SWCCs of topsoil and residual soil from the 
slope, as shown in Fig. 6, and the permeability func-
tion of the topsoil and residual soil from the slope 
as presented in Fig.  8 were utilized in the seepage 
analyses. The saturated permeability of the soil from 

Orchard Boulevard as obtained from the laboratory 
experiment was 6 × 10

−7 m/s, while the permeability 
functions of the analysed soils were computed from 
the SWCC curves utilizing the statistical model as 
explained by Rahardjo et al. (2016b).

The underlying condition for the slope model in 
Cases 1 and 2 was established by utilizing a spatial 
function (in the Seep/W program) for the first esti-
mated pore-water pressures from the tensiometer 
recordings on 7th October 2016 when the rainfall 
started utilizing a spatial function (following proce-
dures explained in Rahardjo and Satyanaga 2019a). 
The applied flux boundary conditions for Cases 1 and 
2 are shown in Fig. 7. The distance between the edge 
of the slope model and the actual slope was specified 
to 3 times the slope height to prevent the effects of 
the side boundary conditions on the results of analy-
sis. The soil layer from the ground surface down to 
a depth of 0.35 m was modelled as topsoil material. 
The finite element model in this region had a finer 
mesh size than those in other regions of the slope in 

Fig. 6  SWCCs of residual soil and topsoil

Fig. 7  Slope model for slope stability and seepage analysis

Fig. 8  Permeability function of topsoil and residual soil
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order to acquire precise outcomes inside the infiltra-
tion area.

5  Results and Discussions

Figures 9 and 10 show the pore-water pressure vari-
ations measured by tensiometers between 7th Octo-
ber and 16th October 2016. The range of pore-water 
pressures between − 20 and − 50 kPa was observed 
around the soil surface on 11th October 2016. This 
might be attributed to the maximum evaporation of 
8.1 mm/day that occurred on that day. The significant 
decrease in negative pore-water pressure occurred on 
13th October 2016 from − 50 into − 25 kPa within 
the depth of 2.5 m from the surface of the slope. This 
happened due to the heavy rainfall of 54.2  mm/day. 
The field monitoring results were correlated with the 
results from the numerical analyses of Case 1 and 
Case 2. It was observed that the profiles of pore-water 
pressure from the numerical analyses of Case 2 were 
closer to the field monitoring results in comparison 
with those from the numerical analyses of Case 1. 
The comparison shows the importance of incorporat-
ing the actual evaporation in numerical experiments.

The variations in factors of safety from the numeri-
cal analyses of Cases 1 and 2 are indicated in Fig. 11. 
These are generated according to the incorporation of 
negative pore-water pressures from the seepage anal-
yses of both cases. It can be noticed that the overall 
factors of safety for Case 1 were much lower as com-
pared to those for Case 2 at all the times. The signifi-
cant differences in the factor of safety between Case 1 
and Case 2 were observed on t = 7 days (13th October 
2016). The minimum factor of safety on 13th Octo-
ber 2016 for Case 1 was 1.15, whereas the minimum 

factor of safety on 13th October 2016 for Case 2 was 
1.35. These differences were attributed to the high 
evaporation rate at the Orchard slope before 13th 
October 2016.

Figure 11 demonstrates the importance of incorpo-
rating the actual evaporation in calculating the factor 
of safety for residual soil slopes. The exclusion of the 
actual evaporation in the stability analyses may lead 
to unnecessary rectification measures for the slope. 
The other factors which may influence the pore-water 
pressure distributions and factor of safety variations 
obtained from the numerical analyses are the vari-
ability of SWCC from laboratory testing. Zhai and 
Rahardjo (2013) concluded that the SWCC from the 
experimental works using the same equipment, speci-
men size, testing duration and same method of testing 
may vary. They suggested to carry out experimen-
tal works of SWCC based on the maximum matric 
suction and the minimum number of data points to 
obtain an acceptable SWCC. The experimental works 
in this study were conducted following the required 

Fig. 9  Pore-water pressure variations from field data and 
numerical analyses without actual evaporation

Fig. 10  Pore-water pressure variations from field data and 
numerical analyses with actual evaporation

Fig. 11  Variations in the factor of safety based on numerical 
analyses with and without evaporation
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maximum suction and minimum number of data 
points as suggested by Zhai and Rahardjo (2013) 
to generate reasonable results of SWCC. Different 
methods in the determination of actual evaporation 
may also affect the results of seepage and stability 
analyses. Review of different theories on the deter-
mination of actual evaporation has been conducted 
in this study. Tran et  al (2015) method was consid-
ered the best method to estimate the actual evapora-
tion. Therefore, the pore-water pressures and factor of 
safety variations from this study are considered rea-
sonable. In addition, the results from the numerical 
analyses were in agreement with the results from the 
field instrumentation.

6  Conclusions

The results of this research can be summarised as 
follows:

1. Tran et  al. (2015) technique can be utilized to 
quantify the actual evaporation since the calcu-
lated results were reasonable as compared to the 
potential evaporation (PE) based on the Penman 
method.

2. The numerical analyses incorporating the actual 
evaporation generate more representative pore-
water pressures variations as compared to the 
analyses ignoring the actual evaporation

3. A realistic variation of the factor of safety of a 
residual soil slope can be obtained by incorpo-
rating the actual evaporation and rainfall in the 
slope stability and seepage analyses.
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