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Abstract: Although previous research has significantly enhanced our understanding of problematic and unsaturated soil 
behaviour and interaction with structures, there is still an urgent need to address the difficult scenarios that are met with 
problematic and unsaturated soils. This study examines the effects of tree water uptake at different depths and distances 
on the improvement of induced water uptakes caused by transpiration via mature Alstonia Angustiloba tree. This study is 
performed to examine the tree water uptake profile in a vegetated slope with the existence of mature Alstonia Angustiloba 
tree at the top and the stability of the slope during various precipitation penetration events by which the data of the 
tree water uptake produced within this section of the slope is recorded and implemented to evaluate the factor of safety 
(FOS). Slope stability analysis is further conducted to explore how plant transpiration affects slope stability. The results 
indicate that higher tree water uptake lead to the greatest increase of FOS of the slope up to 53% (from 2.17 to 4.57). 
The highest tree water uptake recorded was at the slope station with Alstonia Angustiloba tree with a depth of 0.25 m 
and a distance of 1.1 m from the tree. The tree water uptake utilized in this study can contribute to a carbon-free and 
eco-friendly approach which can be implemented globally to prevent slope failures.
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INTRODUCTION 
In most nations around the globe, residual soil 

exists commonly in equatorial locations, where frequent 
precipitation and mild climate are beneficial to erosion, 
which culminates in profound residual soil profiles (Schiavon 
et al., 2019; Zaini et al., 2019, 2020a). Mineralogical 
composition and microstructure (Hasan et al., 2021a; 
Zaini et al., 2022a; Zaini et al., 2023) are the two key 
factors that might contribute to the distinctive properties of 
residuals. In this type of soil, geological disasters such 
as landslides are highly to occur. Avalanche is one of the 
greatest catastrophic geological disasters found in steep 
places, that has drawn significant interest in geological 
and geotechnical engineering investigations (Goh et al., 
2020; Zaini et al., 2020b) due to the considerable economic 
repercussions (Hasan et al., 2021b; Hasan et al., 2021c; 
Zhang et al., 2022). Landslide encompasses exterior and 
downward motions of slope particle formation owing 
to attraction stress via a range of movements such as 
collapsing, slipping, running and any amalgamation of the 
above (Pradhan & Siddique, 2020; Zaini & Hasan, 2023). 

Recurrent slope collapse along biological and 
constructed slopes is of relevance as it endangers lives, 

inhibits economic development, and degenerates the 
environment (Chen et al., 2013; Awang et al., 2021; Zaini et 
al., 2022b).  Regional populations, visitors and pilgrims are 
under continuous risk of different environmental disasters, 
for instance, seismic activity, avalanches, overflows, deluges, 
and forest fires (Ishak & Zaini, 2018; Pradhan & Siddique, 
2020; Zolkepli et al., 2021a). In both the geological 
engineering profession and academia, the topic of slope 
stability (Zolkepli et al., 2019) has been a focus of inquiry 
for the last seventy years. Numerous approaches suggested in 
compliance with the existing computational techniques have 
been refined to attain matureness and acquired the support 
of the engineering field (Bastola et al., 2020; Zolkepli et al., 
2021b; Bouzid, 2022). No universally agreed explanation 
of the factor of safety (FOS) subsists. For most bearing 
capacity problems, the FOS is commonly determined on 
the premise of the maximum load-bearing capacity (Wang 
et al., 2021). However, for slope stability calculations, it is 
more convenient that the FOS is connected to the typical 
strength characteristics of the soil (Basahel & Mitri, 2017; 
Oberhollenzer et al., 2018; Yue et al., 2019). 

Verdure is contemplated useful to slope stability not 
only through mechanized soil fortification (Zolkepli et al., 
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2018; Zhu & Zhang, 2019) but also through root water 
uptake (Zhu et al., 2018). Throughout the uptaking manner, 
plant roots assimilate dampness via chemical change and 
expiration (Rees & Ali, 2012), which, resulted in desiccating 
the soil encompassing the plant roots (Rees & Ali, 2006) 
and consequently actuating soil suction (Zhu & Zhang, 
2015; Feng et al., 2020). The fortification impact of plant 
roots has been well acknowledged around the world, 
whereas root-water uptake has not however been completely 
examined (Ni et al., 2018; Liang et al., 2020). Root-water 
uptake is a vital component that significantly influences the 
temporal-spatial water substance conveyance in shallow 
verdure soil (Nyambayo & Potts, 2010; Ai et al., 2020). 
Nevertheless, this process and its intelligence with soil are 
not so much realized owing to the inalienable changeability 
of root engineering and inherent challenges of perceiving 
below-ground stream forms (Woodman et al., 2020; Zaini 
et al., 2020a). As examined by Ishak et al. (2021a, 2021b) 
soil states (e.g. water powered conductivity and entrance 
resistance), and sorts of verdure (e.g. root dissemination). 

Biddle (2001) has concluded that soil moisture transfer 
from various species of tree can affect the changes in the 
pattern of soil deficit contour. He also discovered that 
regardless of soil types, there are significant changes in soil 
moisture contour due to the different type of trees. Malaysia 
is a tropical country with the tropical monsoon rainfall and 
dry period can reflect the patterns of the soil moisture (Hasan 
et al., 2021d). The result and analysis that will be gained 
is expected to reveal the effect of tree by correlation with 
the meteorological data. Root of a tree plays an important 
role in preventing landslides event to occur either it is by 
modifying the soil moisture regime via evapotranspiration 
or providing root reinforcement within the soils (Ishak et 
al., 2021b). To prevent the debris flow and landslides from 
occurring during an extensive rainy season, the first factor 
is very important especially in the tropics and sub-tropics 
country where within a year, the evapotranspiration is high. 
On the other hand, Ishak et al. (2021a) had conducted the 
same research but on different type of tree and tree location 
which is at the toe of the slope. He found that through the 
tree water uptake process at the toe of the slope, the FOS 
of the slope significantly increase up to more than 60%. 

Recently, broad exploratory ponders have been 
investigated to measure intake enticed by distinctive verdure 
species amid the evaporation and transpiration process. 
The universality of root geomorphology is fundamental 
for evaluating the hydrodynamic execution of stagnated 
frameworks. In addition, recognizable proof of the pattern 
of root geomorphology that improves soil water intake 
viably attracts specific consideration. Thus, this study 
aimed to investigate and monitor the soil water intake 
dispensation owing to the tree induced suctions created at 
the top of the soil slope. The modifications of the soil water 
intake were analyzed to gain the soil moisture profiles near 
the tree. In addition, we hypothesized that: 1) soil matric 

suction of the Alstonia Angustiloba tree may contribute to 
enhancing the stability of the tropical residual slope; 2) the 
moisture variation or the matric suction has been altered via 
transpiration process in a tropical residual soil slope, and; 
3) the tree induced suction may affect the factor of safety 
(FOS) projected to different weather conditions. Thereby, 
the goals of the current study were to 1) ascertain soil 
matric suction at a slope with a mature tree existing at the 
top of the slope, 2) establish a soil water intake contour 
dispensation at the active root zone of the tree and; 3) analyze 
the effect of tree induced suction on factor of safety (FOS) 
at the chosen slope. 

 
EXPERIMENTAL DESIGN AND 

MEASUREMENTS
Description of study site   

Figure 1 illustrated the location of the study conducted. 
As illustrated in the figure, the tropical residual soil slope 
with the existing Alstonia Angustiloba mature tree is situated 
in Pahang, Malaysia (3° 48’ 45.36”N, 103° 19’ 32.16”E). 
The tropical residual slope studied is uniform and appears 
to be a cut slope. The area of the slope was about 15 m 
wide (measured across the slope) and 3 m height (measured 
down to the slope) with a single mature tree (Alstonia 
Angustiloba) which was located at the top of the slope 

Figure 1: Location of field monitoring of the tree water uptake.
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with the tree height reaching up to 11 m. There is a total 
of thirty (30) tensiometers installed in the study area with 
thirty (3) gypsum blocks to measure the suction of the tree.  

Determination of physical properties of the tropical 
residual soil   

There are three (3) physical properties investigated 
in this study which comprises of particle size distribution, 
Atterberg limit, and specific gravity. The particle size 
distribution for fine-graded soil passing sieve size 63 µm 
was performed according to ASTM D6913-04 for sieve 
analysis and ASTM D7928 for hydrometer analysis. Besides, 
by using the cone penetration or the cone penetrometer 
method, the Atterberg limit test was conducted according to 
ASTM D4318-17. The specific gravity of tropical residual 
soil was examined by carrying out the small pycnometer 
test by referring to ASTM D792-20. The specific gravity 
is calculated by using Eq. 1.

  Gs =  (m2- m1)           
                        (m4- m1)-(m3- m2)  (1)

Where m1 is the mass of the empty pycnometer, m2 is 
the mass of the pycnometer with dry soil, m3 is the mass of 

the pycnometer with soil and water, m4 is the mass of the 
pycnometer and water and Gs is the specific gravity. The 
experimental setup for the physical properties of tropical 
residual soil is shown in Figure 2(a).

Determination of shear strength parameters of the 
tropical residual soil   

The calculation of bulk and dry density (ρb & ρd) and 
moisture content (ω) of the soil sample was performed 
before Consolidation Isotropic Undrained (CIU) test. The 
test was conducted based on the techniques described 
in ASTM D7263-21 to acquire the correlation between 
moisture content with dry density. Figure 2(b) demonstrates 
the experimental setup in determining the shear strength of 
the tropical residual soil. 

Three (3) soil samples (38 mm diameter with 76 
mm height) using a simple soil splitter were prepared to 
perform the Consolidated Isotropic Undrained (CIU) triaxial 
compression test as shown in Figure 2(b). Various confining 
pressures of 100 kPa, 150 kPa, and 200 kPa to determine 
both saturated (c’, φ’) and unsaturated (φb) shear strength 
parameters via GDS Fully Automated Triaxial System 
(GDSTAS) were conducted. The CIU triaxial compression 
test was conducted in order to acquire the shear strength 

Figure 2: Experimental setup in determining: a) physical properties of tropical residual soil; and, b) shear strength parameter of tropical 
residual soil.
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under different confining pressure for the tropical residual 
soil. Based on Ishak et al. (2021a), in Malaysia, the CIU test 
is more suitable for examining the shear strength parameters 
of the soil owing to most of the soil being in consolidated 
and undrained condition. The CIU triaxial compression test 
was performed according to ASTM D4767.

Field monitoring work   
The tensiometers and gypsum moisture block were used 

to evaluate the water uptake in soil which is less than 100 
kPa and more than 100 kPa respectively. A combination of 
tensiometers and gypsum moisture blocks was utilized to 
evaluate the tree water uptake in exploration to view the 
considerable matric suction induced by the transpiration 
process. In this study, six (6) stations of tensiometers and 
gypsum moisture blocks were placed at the slope area and 
at the flat area, namely as Slope Area 1 (SA 1), Slope Area 
2 (SA 2) and Slope Area 3 (SA 3) together with Flat Area 
1 (FA 1), Flat Area 2 (FA 2) and Flat Area 3 (FA 3) as 
shown in Figure 1. Each station consists of a top, middle 
and bottom of the root zone to monitor the profle of the 
matric suction changes in both areas (Kardani et al., 2021; 
Ishak et al., 2021b). Figure 4 shows the calibration and 
capability of tensiometer and gypsum block.

According to Zaini et al. (2020a), each station of 
tensiometers was located at a distance of 1.1 m (0.1h), 2.2 
m (0.2h) and 4.4 m (0.4h) from the tree. The distance of 
the tensiometers was set based on the height of the tree (h 
= 11.0 m). Therefore, the distance from the tree for each 
area (Slope Area and Flat Area) were 1.1 m, 2.2 m and 4.4 
m from the tree trunk and were embedded vertically in the 
soil down to the depth of 0.25 m, 0.5 m, 1.0 m, 1.5 m and 
2.0 m as shown in Figure 3. 

The gypsum block (Delmhorst Instrument Co. Model 
5KS-D1 G-Block) was utilized owing to measure the higher 
range of suction which is beyond 100 kPa up to 1000 kPa. 
A total of thirty (30) units of the instruments were installed 
at different depths which were at 0.25 m, 0.5 m, 1.0 m, 1.5 
m and 2.0 m at the vicinity of the trees at the top of the 
slope to measure the in-situ soil matric suction. Each station 
(FA 1, FA 2, FA3, SA 1, SA 2 and SA 3) was installed with 
five (5) gypsum blocks considered as the top, middle and 
bottom of the root zone according to Biddle (2001) and 
the active root zone were assumed has extended until to a 
depth of 2.0 m. 

The Jet-fill Tensiometer Model 2725 with a total number 
of thirty (30) units were installed at different depths which 
were at 0.25 m, 0.5 m, 1.0 m, 1.5 m and 2.0 m to measure 
the in-situ soil matric suction. Biddle (2001) and Rees & 
Ali (2012) measured the moisture content and changes of 
moisture content in the tree proximity by using a neutron 
probe and found that the influence of the plant root was 
intensively related to the depth of not more than 2.0 m. 
Hence, it is assumed that the set-up tensiometers at the 
greatest deepness of 2.0 m should be adequate to allow a 

good evaluation of the alterations in tree water uptake in 
the study area.

At the corner of about 20 m from the tree in the 
study area, the bucket of rain gauge was placed on tripod 
staph. The model of Rainew (see Figure 3) with a current 
counter-logging rain gauge with a tipping bucket was set 
up at the study area to evaluate the continuous real-time 
precipitation rate. 

Determination of soil suction contour at the 
active root zone

The 2-Dimensional and 3-Dimensional soil matric 
suction contour was developed via GiD software and Surfer 
software respectively using the definition of materials, 
geometry, parameter, solution information and conditions. 
The software generates a mesh for finite elements and 
generates details of a mathematical simulation of the 
typical geometrical slope of the study area. Hence, the field 
monitoring data monitored for six (6) months were applied 
in this software and was presented to visualize the results 
and analysis of the tree water uptake.  

Assessing the slope stability of the unsaturated 
tropical residual soil slope

Through the commercial software of SLOPE/W version 
7.03, 2007, the initial basic checks of the slope stability 
results were generated and compared to the previous 
approach equation. Besides, the critical slip surface found 
by trial and error was also determined using the SLOPE/W 
software. There are 64 possible failure surfaces that were 
examined to find the critical slip surface as demonstrated 
in Figure 5. In the study, to evaluate the weight of the soil 
bounded utilized to Eq. 2 (Ishak et al., 2018; Zolkepli et al., 
2018), the critical slip surface was separated into fifteen (15) 
slices. The real slope arithmetic completed with the critical 
slip surface moved through the top of the slope, the position 
of each slice and slope elevation were shown in Figure 5. 

 F = (∑c'lR+(W cos β)R tan ϕ'+SRl tan ϕb)
  (∑WR sin β)      (2)

Where, c’ is the cohesion, l is the slip arc length, R is 
the radius of circular failure surface (m), W is the surcharge 
load (kN), β is the angle between the tangent to the centre 
of the base of each slice and the horizontal, ϕ’ is the internal 
friction angle of the saturated soil and ϕb is the internal 
friction angle of the unsaturated soil. 

The lowest FOS of 1.868 was evaluated by using 
SLOPE/W software through the traditional method of slices. 
To examine the differences and percentage differences of 
FOS with other selected methods, the FOS of 1.868 was 
utilized as a referenced value. This specific slip surface 
coincides with a radius of 3.88 m and origin x = 5.00 m, 
y = 7.88 m from the marked point at the studied tropical 
residual soil slope. The result acquired for this specific 
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slip surface were implemented from Eq. 2 in contrast to 
the multiple approaches accessible in SLOPE/W software. 
Figure 5 shows the variations between various approaches 
ranging from 1% to 4% in contrast to the manual evaluation. 
The difference between the Eq. 2 and the Ordinary method 
(Fellenius Method- SLOPE/W) usage was small owing to 
the fact that these two (2) methods were adopted from a 
very similar formula in approach and equation.

Statistical analysis
Numerical interpretations were performed using 

Microsoft Excel 2010. One-way analysis of variance 

(ANOVA) was conducted to collate the rainfall intensity and 
the soil matric suction. Fisher’s least significant difference 
(LSD) was used to identify significant differences between 
means separation at a level of p< 0.05. Furthermore, 
Pearson’s correlation analysis was used to determine the 
correlations between the rainfall intensity, distance of 
tensiometers from the tree, depth of the slope and station 
area. The error bars were used to indicate whether the results 
obtained are significantly different as discussed in detail in 
the following section. 

RESULTS AND DISCUSSION
Physical properties of tropical residual soil

The main physical property performed in this study 
comprises sieve analysis, Atterberg limits, and specific 
gravity. According to the British Soil Classification System 
(BSCS), the tropical residual soil was categorized as having 
very high plasticity of sandy SILT (MVS) soil. The result 
of sieve analysis from a portion of 100 g soil specimen 
comprises 4.2 % greater than 2 mm (gravel), 27.9 % within 
the size of 2 mm to 0.063 mm (sand), 45.1 % within 0.063 
mm to 0.002 mm (silt), and 22.8 % is lower than 0.002 mm 
(clay). Figure 6 demonstrates the particle size distribution of 
the tropical residual soil for the unsaturated slope studied. 
Besides, the Atterberg Limit of tropical residual soils from 
the study area suggested that the liquid limit (LL) of the 
soil was 70.0 %, the plastic limit (PL) was 31.0 % and the 
Plasticity Index, (PI) was 39.0 %. According to the British Figure 4: Calibration and capability of tensiometer and gypsum block.

Figure 5: Slope geometry of the tropical residual soil with the comparison of FOS by various analysis.
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Figure 6: Particle size distribution graph of tropical residual soil.

Soil Classification System (BSCS), the soil at the site study 
at the field can be categorized as SILT of high plasticity 
(MHS) with a relative density of 2.74. As stated by Zaini 
et al. (2020a), owing to a wide modification of metallurgy, 
the relative density of tropical residual soils is commonly 
low or uncommonly high. The physical properties values 
obtained in this study are coherent with the investigation 
performed by Ishak et al. (2021a) and Zolkepli et al. (2018).

Unsaturated shear strength of tropical residual 
soil

As reported by Ishak et al. (2021b), the latest criterion 
presented was the unsaturated friction angle, f b which is 
always smaller than or equivalent to the saturated friction 
angle, f ’. Rees & Ali (2012) deduced the shear strength of 
soil is rectilinearly proportionate to the tree water uptake 
(where f b=f’), where the tree water uptake is smaller 
than the air-entry value. Table 1 shows the experimental 
shear strength values of unsaturated soil friction angle, 
f b at multiple places in Peninsular Malaysia including 
the studied unsaturated friction angle, f b of the tropical 
residual soil. Based on Table 1, the unsaturated friction 
angle, f b was assumed lower than or equivalent to the 
saturated friction angle, f ’ (Rahardjo et al., 2004; Huat 
et al., 2005; Zolkepli et al., 2018; Zaini et al., 2020a; 
and Ishak et al., 2021a). 

An investigation performed by Fredlund et al. (1996) 
explained that the value of the unsaturated friction angle, 
f b is lower or equivalent to the saturated friction angle, f ’ 
at a lower or high value of tree water uptake, the value of 
the unsaturated friction angle, f b will decrease to a lower 
value. More water will expel out from the pores of the 
soil with no further increase of net stress when the matric 
suction increases (Ishak et al., 2021a). Figure 7 illustrates 
the Mohr’s Circle and the effective stress failure envelope 
for samples 1, 2 and 3. Based on Figure 7, the effective 
friction angle (f ’) and the effective cohesion (c’) are 25o 

and 9 kPa respectively.

Effects of single respond event to the soil 
suction distribution pattern of the tropical 
residual soil slope
Effects of intense rainfall on the soil suction 
distribution pattern of the tropical residual soil slope

Researchers such as Biddle (1979), Fredlund et al. (1996) 
and Ishak & Zaini (2018) investigated the response of tree 
water uptake dispensation owing to a single rainfall pattern 
on the slope with further diminishing the secular period in the 
examination. The central to their investigation was insulating 
precipitation patterns during observation time intervals as 
multiple precipitation patterns were signified by intense 
precipitation and prolonged precipitation. Coherent to that, 
the tree water uptake dispensation patterns for the tropical 
residual slope without the existing mature tree and with the 
existing Alstonia Angustiloba mature tree were displayed as 

Table 1: Experimental values of unsaturated friction angle, f b of the tropical residual soil at various locations in Peninsular Malaysia.

Researcher Location f’ (o) f b(o)
Zaini et al. (2022) Pahang 25 21 
Ishak et al. (2021a) UTM 23 20
Zaini et al. (2020a) Pahang 25 20
Zolkepli et al. (2018) Pahang 25 17
Huat et al. (2005) Sepang 26 26
Rahardjo et al. (2004) Singapore 25.1 24.3

Figure 7: Mohr’s Circle and the effective stress failure envelope 
of tropical residual soil.
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per findings performed by the previous researcher with a 
further comparison of the slope with and without a tree at the 
top of the slope. The explanation of the precipitation pattern 
of intense rainfall occurred subsequent to a prolonged dry 
period. From February 2022 to March 2022, the slope without 
trees faced the driest states throughout the site observation 
period which was without any rainfall for ten (10) days. 
The highest suction recorded at the depth of 0.25 m, 0.5 
m, 1.0 m, 1.5 m and 2.0 m were 60 kPa, 62 kPa, 62 kPa, 
64 kPa and 66 kPa respectively. These results show that the 
greatest tree water uptake value by the tropical residual soil 
is 66 kPa, even during the protracted dry period. However, 
a normal intense and short tropical precipitation that took 
place on 24th February 2022 induced the tree water uptake 
at 0.25 m to 2.0 m depth to dramatically fall to the lowest 
value as demonstrated in Figure 8.

Figure 8(a) shows the plotted of mean tree water uptake 
with profiles at slope without tree, demonstrating that 
substantial tree water uptake can establish during protracted 
desiccated time intervals even though the tree water uptake 
has been immediately dissipated with the occurrence of 
short and intense precipitation events. However, the worst 
pore-water pressure states did not reach positive pressures 
at all deepness. The mean tree water uptake profile with 
depth at slope without tree highlighted that substantial tree 
water uptake has been readily dissipated with the events of 
the precipitation with a value of 8.4 mm on 24th February 
2022. The suction pattern at 0.25 m, 0.5 m, 1.5 m and 2.0 

m depth dropped to the minimum value of 14 kPa, 18 kPa, 
26 kPa, 36 kPa and 45 kPa respectively. For a prolonged dry 
period with sudden intense rainfall events continuously for 
about ten (10) days without any precipitation, the greatest 
tree water uptake was observed at the top of the unsaturated 
slope with the presence of Alstonia Angustiloba tree at a 
depth of 0.25 m, 0.5 m, 1.0 m, 1.5m and 2.0 m were 110 
kPa, 96 kPa, 90 kPa, 84 kPa and 66 kPa respectively. The 
results show that the greatest tree water uptake value of the 
soil is 110 kPa. The mechanism of high matric suction was 
identical to the matric suction condition recorded during 
the prolonged dry period which will be discussed later. 
Eventually, pursued by the intense precipitation event, the 
tree water uptake fell but did not achieve the lowest value 
of tree water uptake at the slope without a tree.

The tree water uptake at the deepness of 0.25 m and 
0.5 m dropped from 110 kPa to 84 kPa and from 96 kPa to 
80 kPa respectively, while it dropped uniformly at the depth 
of 1.0 m from 90 kPa to 88 kPa. Subsequently, the matric 
suction at 1.5 m and 2.0 m depth dropped to a small value 
only which were from 84 kPa to 79 kPa and from 66 kPa to 
60 kPa respectively. The suction at depths 0.25 m and 0.5 
m were delicate to intense precipitation events compared 
to the depth of 1.0 m, 1.5 m and 2.0 m which were not 
greatly affected. Although both of the slopes obtained an 
equal quantity of precipitation but the variation responses 
in tree water uptake value can be certainly demonstrated at 
a slope with a tree at the top (See Figure 8(b)).

Effects of antecedent rainfall on the soil suction 
distribution pattern of the tropical residual soil slope

The tree water uptake demonstrated periodic variation 
during desiccated time intervals mainly due to the periodic 
variation in solar emission during day and night. The result 
insinuates that other than the precipitation penetration, the 
earth’s surface surrounding such as the breeze, climate, 
dampness and solar emission could alter the tree water uptake 
as well. When both of the slopes received moderate rainfall 
on 18th April 2022, the suctions at 0.25 m down to 1.5 m 
dropped gradually while the suction at 2.0 m dropped not as 
greatly as other depths. Figure 9(a) and 9(b) show the tree 
water uptake profiles on the tropical residual slope with and 
without trees as a result of antecedent precipitation. The tree 
water uptake at 2.0 m was only altered by the intense rainfall 
that occurred on 20th April 2022. The results suggested that 
the arrangement of the rainfall act as a crucial parameter 
in the propagation of infiltration of water on both slopes. 
Both profiles also revealed that the continuous low intensity 
of rainfall that occurred from 17th April 2022 to 18th April 
2022 has no significant effect in reducing the matric suction. 
In the period of the antecedent rainfall pattern, the lowest 
suctions were encountered at 0.25 m, 0.5 m and 1.0 m on 
19th April 2022. Nonetheless, the antecedent rainfall from 
18th April 2022 to 19th April 2022 on both slopes shows 
significant effects on the distribution of the suction.

Figure 8: Soil matric suction with respect to the intense rainfall 
precipitation at: a) slope without the tree; b) slope with Alstonia 
Angustiloba mature tree.
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Additionally, the comparison of the rainfall pattern 
illustrated in Figure 9 shows a good agreement of suction 
distribution pattern in the period of rainfall pattern in both 
slopes has been achieved. It can be summarized that a 
canopy interposing was trivial owing to the moderately and 
antecedent intense quantity of precipitation that occurred 
and there was no significant difference in terms of the tree 
water uptake between the slope with a tree at the top and 
the slope without a tree (Hongde et al., 2021).

Effects of prolonged antecedent rainfall on the soil 
suction distribution pattern of the tropical residual soil 
slope

In the period of continuous daily rainfall from 20th June 
2022 to 26th June 2022 for both of the slopes, owing to the 
greater precipitations, the tree water uptake was substantially 
diminished as demonstrated in Figures 10(a) and 10(b). Based 
on the amalgamation of intense and antecedent precipitation, 
the lowest tree water uptake at 0.25 m, 0.5 m and 1.0 m were 
encountered on 23rd June 2022 due to the highest rainfall 
amount on 20th June 2022 (60 mm/day). From the results, it 
can be summarized that the lowest tree water uptake in the 
soil in both of the tropical residual soil slopes in the study 
area was controlled by the precipitation intensity jointly with 
the antecedent precipitation. At all depths, the worst pore-
water pressure did not reach the saturated state which was 
at 0 kPa value. Therefore, the canopy interposing was trivial 
owing to the event of moderately and antecedent intense 

quantity of precipitation which allowed rainfall to blow on 
the soil under the canopy of the tree (Alstonia Angustiloba).

During the wet period which was at prolonged and 
antecedent rainfall, the matric suction decreased due to 
the high precipitate of water in the soil. At this condition, 
the results show no substantial variations between matric 
suction within the proximity of the tree and without the tree 
at the slope. During the no rainfall period, the matric suction 
on the slope without a tree increased slower compared to 
the slope with a tree at the top. Moreover, the preserved 
mature tree (Alstonia Angustiloba) would expedite the tree 
water uptake and serve as an effective method to reduce 
soil moisture. During the dry period, the matric suction 
within the vicinity of the tree was remarkably higher than 
the tree water uptake subjected to the distance of the mature 
tree. The dry soil with high matric suction would lead to 
an increment of soil strength within the proximity of the 
mature tree.

Effects of prolonged dry condition on the soil suction 
distribution pattern of the tropical residual soil slope 
at different stations

The response of suction distribution of various rainfall 
patterns during eight (8) months of field monitoring at the 
study area shows that the soil lost its moisture intake regularly 
after undergoing normal minor and major precipitation 
events. The intense and short precipitation and precipitation 
amount tend to be one of the leading factors to the water 

Figure 9: Soil matric suction with respect to the antecedent rainfall 
precipitation at: a) slope without the tree; b) slope with Alstonia 
Angustiloba mature tree.

Figure 10: Soil matric suction with respect to the prolonged 
antecedent rainfall precipitation at: a) slope without the tree; b) 
slope with Alstonia Angustiloba mature tree.
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intake alteration at a slope without a tree but not at a slope 
with a tree at the top. The tree canopy can be a component 
to effect the tree water uptake alteration at the slope with 
the tree as the canopy interposing will diminish the amount 
of precipitation infiltration into the soil. The antecedent and 
prolonged rainfall were identified as the major dominant 
factor to a suction variation on both of the slopes (with and 
without trees) in the study area. In the period of this field 
monitoring, a period without rainfall was encountered from 
13th February 2022 to 22nd February 2022. These conditions 
were recorded to represent the tree water uptake profile at 
all locations which were at SA 1, SA 2, SA 3, FA 1, FA 2 
and FA 3. Coherently, the tree water uptake profiles right 
after the antecedent and prolonged precipitation on both 
slopes which were at slope without a tree and slope with a 
tree at the top were recorded as presented in Figures 11(a) 
and 11(b). The data collected on 13th February 2022 was 
identified as the lowest matric suction value which was 
determined as the initial condition.

Figures 12(a) and 12(b) show the results on 18th February 
2020 of the continuing increment value of matric suction 
after ten (10) days without rainfall. Due to the exposure to 
the dry period, the tree water uptake at the top of 2.0 m 
depth has greatly increased. In addition, the highest matric 
suction was encountered at SA 1 and FA 1 at the deepness 
of 0.25 m and 0.5 m respectively with a value of 66 kPa, 

Figure 11: Soil matric suction with respect to the prolonged dry 
condition on 13th February 2022 in: a) slope area; b) flat area.

Figure 13: Soil matric suction with respect to the prolonged dry 
condition on 22nd February 2022 in: a) slope area; b) flat area.

Figure 12: Soil matric suction with respect to the prolonged dry 
condition on 18th February 2022 in: a) slope area; b) flat area.
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56 kPa; and 56 kPa, 48 kPa respectively compared to the 
slope without a tree.

The data collected on 22nd February 2022 illustrates 
in Figures 13(a) and 13(b) show the maximum value of 
the tree water uptake during the desiccated condition. The 
changes in tree water uptake dispensation arrangements 
were produced in various states. After ten (10) days without 
rainfall, the tree water uptake at the top of 2.0 m increases 
constantly to the right. Besides, the tree water uptake at 
1.1 m from the Alstonia Angustiloba mature tree at SA 1 
and FA 1, particularly at the deepness of 0.25 m and 0.5 m 
were higher than at slope without the Alstonia Angustiloba 
mature tree with a matric suction of 110 kPa and 96 kPa 
(SA 1) and 90 kPa and 88 kPa respectively (FA 1).

The comparison of the matric suction between the slope 
with a tree at the top and the slope without a tree was done 
by the previous researcher such as Zhu & Zhang (2015) and 
Feng et al. (2020). Based on the investigation performed by 
the previous researchers, the tree water uptake created in bare 
and vegetated soil columns in the site and physical prototype 
in the soil laboratory yielded a result that proved 100% of 
tree water uptake produced in the stagnated pillar was greater 
than the barren soil pillars. Coherent to that, the evaluated 
tree water uptake at the slope without a tree was ascribed to 
the evaporation process which was lowered than at the slope 
with a tree at the top as it was engendered by the transpiration 
process. As clearly shown in Figures 13(a) and 13(b), the 
dispensation of the tree water uptake at 1.1 m from tree was 
significantly greater than the tree water uptake at 4.4 m from 
the tree and with the slope without a tree. The comparison 
of the matric suction distribution at SA and FA for both 13th 
February 2022 and 22nd February 2022 demonstrates that 
the tree water uptake at SA was higher than FA owing to the 
growth of active roots in a lateral position that the underneath 
growth with better focused at SA (Ishak et al., 2021b).

Representation of field monitoring at the tropical 
residual soil slope corresponding to the various 
rainfall events 

The model of slope illustrated in Figure 14 consists of 
86 elements of quadrilateral mesh with 90 nodes for the 2D 
model generated using GiD software and 120 nodes for the 
3D model using Surfer software. The matric suction was 
presented according to the mesh and nodes in revealing a 
typical drying pattern or soil moisture deficit which was 
considered as moisture migration effected by a single mature 
tree at the top of the slope. By assuming the root region 
to an extent of 2.0 m depth and a radiated distance of 4.4 

m symmetrical for both right and left from the focal point 
of the tree. The consideration of the root region extends 
laterally and beneath the top of the slope. Hence, some drying 
patterns with high matric suction from the top of the tree to 
the slope crest can be expected from this situation. At 0.25 
m and 0.5 m depth of antecedent rainfall, the lowest water 
uptake recorded were 56 kPa and 60 kPa on 13th February 
2022 respectively. The volume of rainfall penetration on 
the sloping surface was small owing to the water runoff. 

The field monitoring result of 18th February 2022 
showing an increment in tree water uptake produced by the 
tree water uptake was applied on a mesh model as shown in 
Figure 14. Figure 14 also revealed that the changes of the tree 
water uptake modifications or soil moisture loss proximity 
of the mature tree within the slope have occurred. The figure 
also showed the presence of the greatest suction of 80 kPa 
produced at the bottom of the Alstonia Angustiloba mature 
tree at the top of the unsaturated slope in the soil matric 
suction contour. Figure 15 shows the tree water uptake on 
22nd February 2022 which indicated a rapidly developed 
tree water uptake compared to 18th February 2022. The 
greatest water uptake value of 110 kPa was greatest at the 
bottom of the tree at the top of the slope with the lowest 
water uptake value of 64 kPa. The absence of rainfall for 
ten (10) days has developed the soil suction contour which 
obviously indicated that the matric suction of the observed 
slope decreased with the increment of distance from the 
tree. After several days of the antecedent rainfall event, 
the soil matric suction remarkably decreased owing to the 
high amount of rainfall infiltration. From the cycle, the soil 
matric suction shows a significant increase owing to tree 
water uptake during the dry period. It can be summarized 
that the existence of the Alstonia Angustiloba tree help to 
enhance the soil matric suction which increased the level 
of water expelled from the soil through the active root tree 
which is coherent with the research conducted by Hongde 
et al. (2021).

Effects of soil matric suction on the stabilization 
of the tropical residual soil slope  

As highlighted in the previous section, ϕb angle was 
one of the parameters that differ with the tree water uptake 
increment. This parameter is significantly important to 
influence the overall calculation of the FOS for the slope 
as shown in Table 2. From Table 2, it can be analysed that 
the magnitude of ϕb angle varies with the matric suction 
increment. As an example, for soil matric suction from 
saturated condition range to residual water content matric 

Table 2: Non-linear value of ϕb angle at several suction ranges.

Soil Type
γ, 

(kN/m3)
At suction 0-80 kPa 

ϕb, (°)
At suction 80-100 kPa

ϕb, (°)
At suction 100-300 kPa

ϕb, (°)

Sandy SILT 19 20 14 10
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Figure 14: Soil m
atric suction (kPa) contour corresponds to the low

est soil m
atric suction throughout eight (8) m

onths of field m
onitoring on the tropical residual soil slope.
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suction (0-80 kPa), ϕb= 20°, at residual water content 
matric suction (80-100 kPa) ϕb= 14° and beyond residual 
water content matric suction (> 100 kPa) ϕb= 10°. Based 
on the remaining moisture content of matric suction, the 
soil shear strength envelope shows a constant value beyond 
the residual water content of matric suction. Figure 16(a) 
shows how the FOS responds to various matric suction 
for the values of the ϕb angle. The increment of FOS was 
due to the value of matric suction and ϕb angle increased 
with almost the same pattern as non-linear variation as 
indicated in Figure 16(a). The FOS was performed using a 
matric suction profile which corresponds to the maximum 
value encountered from the field monitoring program and 
the calculations of the FOS were performed by using the 
range of the actual value of matric suction obtained from 
the field monitoring.

In assessing the actual slope stability in the study 
area, the matric suction profiles that were presented in 
the previous section are discussed in this section. The tree 
water uptake profiles encountered from the site observation 
work were implemented for FOS calculations. The location 
of the critical slip surface with slices that were integrated 
directly with the soil matric suction coherent to the 2D 
contour plot was illustrated (see Figure 16(b)). The effect 
of the transpiration process from a tropical mature tree in 
order to induce the soil matric suction in the vicinity of 
the tree was used to perform the slope stability analysis 
through eight (8) months of field monitoring. The field 
data provided useful information on the soil matric suction 
changes generated by the drying process of the tropical 
mature tree at the base of each slice.

Figure 17 demonstrates the modifications in values of 
the FOS against catastrophe during eight (8) months of site 
observations which included the combination of rainfall 
precipitation and FOS data. The relationship of FOS with the 
tree water uptake of the tropical residual soil from February 
2022 to September 2022 was presented in Figure 17. The 
primary FOS saturated slope was 1.868 which was lowered 
than the unsaturated slope with the nonexistence of Alstonia 
Angustiloba mature tree and the FOS differ with time and 
tree water uptake. The increment in FOS trending owing to 
several shifting upward of the line during the drying period 

can be clearly seen in Figure 17. These arrangements of 
drying were separated in various circumstances, initiating in 
the month of February 2022 to March 2022, May 2022 to 
June 2022 and July 2022 to September 2022. Within these 
time intervals, soil moisture loss has taken place on the 
soil to sustain a high tree water uptake. As the tree water 
uptake abruptly dropped due to higher precipitation which 
reduced the FOS through the one-day infiltration process. 

Moreover, the increment in FOS value will gradually 
increase within a time of one (1) to two (2) weeks after the 
heavy rain events occurred via the evaporation process as 
demonstrated in Figure 17 (FOS without tree). Coherently, 
the protection of the tropical tree can greatly enhance the 
tree water uptake which will affect the stabilization of the 
unsaturated slope. On 19th February 2022 the FOS of the 
slope with the Alstonia Angustiloba mature tree at the top 
achieved up to 53% greater than the FOS of the slope without 
the existence of the Alstonia Angustiloba mature tree. The 
increment of the tree water uptake on the slope with the 
Alstonia Angustiloba mature tree at the top substantially 
enhanced the stability of the unsaturated slope compared 
to the slope with the absence of the Alstonia Angustiloba 
mature tree. The existence of the tropical mature tree has 
a great effect in accelerating the tree water uptake after the 
rainfall event and acts as a practical tool to eliminate water 
from the tropical residual soil which can directly poise the 
tropical residual soil slope.  

Statistical analysis via standard error, analysis 
of variance (ANOVA), Fisher’s Least Significant 
Difference (LSD) and Pearson’s Correlation 
Coefficient 

The error bars indicate the standard error of the 
parameters observed in this study. The error bars were 
evaluated based on the overlapping bars between the 
data and the length of the error bars within the same and 
different groups (at p < 0.05) of studies (see Figure 8 to 
Figure 13 and Figure 17) coherent to the investigations 
made by Hasan et al. (2021a) and Zaini et al. (2022). The 
overlapping error bars indicate the insignificant differences 
between the data while the data that is not overlapped 
indicates the significant differences in the data. Based on 
Figure 8(a), at the unsaturated slope without a tree with 
respect to the intense rainfall, the soil matric suction on 
25th February 2022 at various depths shows significant 
differences with the soil matric suction on 22nd February 
2022 to 24th February 2022 as the error bars at different 
depth is not overlapped with each other. However, there are 
insignificant differences between the soil matric suction on 
22nd February 2022 to 24th February 2022 as the error bars 
overlapped with each other at the depth of 1.0 m to 2.0 m. 
There is a smaller difference between the soil matric suction 
between 22nd February 2022 to 24th February 2022 at the 
depth of 0.25 m and 0.50 m. At the unsaturated slope with 
the existence of Alstonia Angustiloba mature tree, the soil 

Figure 16: Relationship between a) Proportionality of matric 
suction with FOS; (b) Matric suction with critical slip surfaces for 
FOS calculations.
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Figure 17: Soil matric suction variations with a critical slip surface and slices on tropical residual soil slope with and without the existence 
of Alstonia Angustiloba mature tree.
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matric suction on 22nd February 2022 to 25th February 2022 
shows insignificant differences due to the overlapping of 
the error bars. However, the soil matric suction recorded at 
the slope with the existence of Alstonia Angustiloba mature 
tree is higher collated to the slope without a tree. Based on 
Figures 9(a) and 9(b), both of the unsaturated slope with or 
without the existence of Alstonia Angustiloba mature tree 
coherent to the antecedent rainfall event shows insignificant 
differences in soil matric suction on 16th April 2022 to 20th 
April 2022 as the error bars do not overlap with each other. 
However, the soil matric suction value recorded for the slope 
without the tree is slightly lower than the slope with the 
existence of the mature tree. The scenario is the same for 
the soil matric suction with or without the existence of the 
mature tree during the prolonged antecedent rainfall (see 
Figures 10(a) and 10(b)) that occurred on 20th June 2022 
to 26th June 2022. 

 Based on the soil matric suction recorded during the 
prolonged dry condition (13th February 2022, 18th February 
2022 and 22nd February 2022) presented in Figures 11 to  
13, the data were analyzed based on the various soil matric 
suction at a different depth, distance and station with the 
existence of Alstonia Angustiloba mature tree and without 
the existence of the mature tree. On 13th February 2022 
(Slope Area), there is a significant difference between the 
soil matric suction of the slope without a tree at various 
depths with the soil matric suction at different depths and 
distances of the slope with the existence of mature trees on 
the top as the error bars did not overlap with each other. At 
the flat area (FA), there are no significant differences between 
the tree water uptake due to the overlapping of the error 
bars at various depths and distances. On 18th February 2022 
(Slope Area), there is significant differences in tree water 
uptake between the slope with or without a tree at the top 
at a different distance except at the deepness of 1.5 m and 
2.0 m as the data overlapped with the soil suction of 4.4 m 
distance. At the deepness of 0.25 m to 2.0 m with various 
distances from the mature tree, the soil matric suction is 
significant, except at the deepness of 1.5 m to 2.0 m as the 
tree water uptake of the slope without the tree is overlapped 
with the tree water uptake of the slope with the existence 

of the mature tree at the distance of 4.4 m with a deepness 
of 1.5 m and 2.0 m. At the flat area (FA), the soil matric 
suction without the existence of a mature tree is significant 
to the soil matric suction at various depths and a distance 
of 2.2 m and 1.1 m. However, coherent to the overlapping 
error bars between the soil matric suction at the deepness of 
0.5 m to 2.0 m, the soil matric suction of the slope without 
the tree is not significant to the slope with the presence of 
the tree at the distance of 4.4 m. 

On 22nd February 2022, at the SA and FA, the tree water 
uptake at the slope without a tree is significantly different 
from the tree water uptake of the slope with the existence 
of the mature tree at the deepness of 0.25 m to 2.0 m for 
all depth except at the deepness of 1.5 m and 2.0 m (1.1 
m and 4.4 m distance from the mature tree). Based on 
Figure 17, most of the FOS value of the slope without the 
existence of the Alstonia Angustiloba mature tree for eight 
(8) months of field monitoring shows significant differences 
with the FOS value of the slope with the existence of the 
mature tree as most of the data did not overlap with each 
other except when the rainfall precipitation is high which 
reduce the FOS of the unsaturated slope. 

The one-way ANOVA was conducted to examine 
the mathematical significant difference between the four 
(4) independent variables (rainfall precipitation, distance 
of tensiometer from the tree, depth of slope and station 
area) observed in this study at various conditions (intense 
rainfall, antecedent rainfall, prolonged antecedent rainfall 
and prolonged dry condition). Based on the one-way 
ANOVA, there is a significant difference between the four 
(4) independent variables (at P<0.05, P-value = 2.25x10-70). 
Therefore, to specify which parameters contributed to the 
difference between the means, the Fisher’s Least Significant 
Difference (LSD) was performed as tabulated in Table 3 
coherent with the one-way ANOVA conducted. There are 
six (6) analyses conducted for the LSD; all of the analyses 
accepted the H0 (Accept the H0 claim at Average Difference < 
LSD, where the LSD = 0.4147). The analysis that contributed 
to the existence of the statistically significant difference 
is tabulated in Table 3. In reference to Table 3, there is a 
significant difference between the rainfall intensity with the 

Table 3: Determination of specific parameters that affect the soil matric suction based on Fisher’s Least Significant Difference.

Mean
Absolute Mean Difference Remarks

Mean Diff. Value
x̄1 x̄1-x̄2 5.83

Difference is significant at p = 0.05, LSD = 
0.04147

x̄1-x̄3 7.35
x̄1-x̄4 7.90

x̄2 x̄2-x̄3 1.52
x̄2-x̄4 2.07

x̄3 x̄3-x̄4 0.55
Note: x̄1, Rainfall Precipitation; x̄2, Distance of tensiometers from Tree; x̄3, Depth of Slope; x̄4, Station Area.
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distance of tensiometers from the tree, depth of the slope 
and the slope station at a mean difference of 5.83, 7.35 and 
7.90 respectively. Moreover, at a mean difference of 1.52 
and 2.07, there are also significant differences between the 
distance of the tensiometers with the depth of the slope and 
the station area respectively. The differences between the 
depth of the slope and the station area are also proved at a 
mean difference of 0.55. The LSD was suggested by Xue 
et al. (2021) and Ai et al. (2021) for the mean separation.            

Table 4 shows the Pearson’s correlation coefficient 
performed to determine the correlation between the variables 
observed in this study. Ai et al. (2022) investigated that 
a correlation value which is below 0.4 is considered as 
weak correlation, above 0.4 is a strong correlation and 
no correlation exists with the correlation value reaching 
zero. Based on the table, there is a very weak correlation 
exists among the three (3) independent variables (rainfall 
precipitation, distance of tensiometers from the tree and 
depth of slope) observed in this study as the correlation 
value is reaching zero except for the station area showing 
no correlation exits with the other variables.      

CONCLUSIONS
This investigation examined the effect of an Alstonia 

Angustiloba tree at the top of a slope on the tree water 
uptake dispersions on tropical residual soil. Results showed 
that changes in climatic conditions resulted in variations in 
tree water uptake profiles, especially on a slope with a tree 
at the top. The normal range of cutting slope arithmetic and 
the tree location at the top of the slope were considered, and 
the matric suction profiles at a certain depth and distance 
from the tree were presented and illustrated. These results 
showed that a single mature tree can greatly contribute to 
water extraction from the residual soil. The comparison of the 
FOS value of a tropical residual soil slope with and without a 
tree showed that mature trees induced acceleration to increase 
tree water uptake, leading to a 53.00% increase in the FOS 
value. Pearson’s correlation coefficient showed no correlation 
between rainfall intensity, distance of tensiometers from the 
tree, depth of slope and station area. The use of the Alstonia 
Angustiloba mature tree contributed to the improvement of 
the FOS up to 53.00% from 2.17 to 4.57.
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