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Database of soil properties
Incorporating organic content
from roots and soil organisms for
regional slope stabilisation
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The effectiveness of using vegetation to reinforce slopes is influenced by the soil and vegetation
characteristics. Hence, this study pioneers the construction of an extensive soil database using
random forest machine learning and ordinary kriging methods, focusing on the influence of plant
roots on the saturated and unsaturated properties of residual soils. Soil organic content, which
includes contributions from both soil organisms and roots, functions as a key factor in estimating

soil hydraulic and mechanical properties influenced by vegetation roots. This innovative approach

of using organic content to estimate soil properties performs well when applied to machine learning
models for soil database development. The results reveal that organic content markedly affects

the hydraulic properties of soils, more than their mechanical properties. The finding illustrates the
importance of exploring the hydraulic effects of vegetation on slope stability in addition to the
traditional emphasis on mechanical reinforcement. This rooted soil database has practical applications
in GIS-based analyses for mapping regional slope stability, incorporating the role of plant roots. A case
study demonstrated the database’s utility, showcasing that vegetation effectively limited rainwater
infiltration and improved slope stability. Therefore, this research offers a valuable approach to
improving slope stability through informed vegetation strategies.
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Rainfall-induced landslides pose increasingly significant threats to public safety and infrastructure stability,
especially in areas where rainfall tends to become more intense as a result of climate change!~>. Most failed slopes
consist of residual soils which are the in-situ products of the parent rocks*. Residual soils commonly exist in an
unsaturated condition when the groundwater table (GWT) is deep>S. Unsaturated soils have additional shear
strength contributed by matric suction (i.e., the negative pore-water pressure), which decreases with an increase
in moisture content’. Slope failures triggered by rainfall are attributed to the decrease in matric suction and the
consequent decrease in soil shear strength when rainwater infiltrates from the soil slope surface’. The largest
change in matric suction and shear strength occurs near the ground surface where infiltration starts to occur. As
a result, rainfall-induced residual soil slope failure surfaces are typically shallow and generally have a depth of
less than 2 m3-!!. Moreover, Rahardjo et al.'? found that slope geometry and GWT positions are the secondary
controlling factors for slope instability as compared to the soil permeability and rainfall characteristics (i.e.,
intensity and duration). Therefore, soil properties at shallow depths are of great importance in slope stability
evaluation under varying rainfall conditions.
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Furthermore, the necessity for conducting 3D analysis of slope failure becomes evident when there are
lateral alterations in slope geometry. Emphasizing its paramount significance, the preferred and recommended
approach for assessing slope stability involves employing a 3D analysis!3>-!¢. Beyond just geometry, various
factors influencing slope stability, including soil characteristics, rainfall patterns, and groundwater table depths,
exhibit considerable spatial variability within a given region!”. Recent research endeavours have aimed to
account for these variations by incorporating them as input map layers in physically based models integrated
with geographic information systems (GIS)!®-22. As seepage and slope stability analyses largely rely on the
availability of soil properties, the development of a database for shallow depths of soil is therefore important for
developing regional slope susceptibility maps®.

Compared to saturated soils, the presence of air in unsaturated soils results in their different hydraulic and
mechanical properties. The unsaturated permeability and shear strength vary with matric suctions. As the loss of
shear strength contributed by the matric suction has been proven to be the main cause of rainfall-induced slope
failures, many studies have highlighted the importance of incorporating unsaturated soil properties in seepage
and slope stability analyses?**-?8, In summary, the important saturated and unsaturated soil properties for
seepage and slope stability analyses include saturated permeability (k5), soil-water characteristic curve (SWCC)
which describes the relationship between the soil water content and the matric suction, effective cohesion (c/)
, effective friction angle (¢’) and an additional unsaturated shear strength parameter (¢®) which indicates the
rate of change in shear strength with respect to the matric suction?”. However, a thorough search of the relevant
literature yielded only a very limited number of studies that worked on the database incorporating unsaturated
soil properties. This is because the development of a soil database usually involves laboratory testing data from a
large number of soil samples. The measurements of unsaturated soil properties are much more costly and time-
consuming than measurements of saturated soil properties in the laboratory*’.

The most representative database is the Unsaturated Soil Hydraulic Database (UNSODA) which collected
unsaturated hydraulic data from countries around the world and is free for downloading®'. However, UNSODA
contains very little data from regions other than Europe and North America. This limitation has given motivations
for the use of pedotransfer functions (PTFs) to estimate the unsaturated hydraulic properties from the basic soil
data®. The Global Soil Hydraulic Properties (GSHP) database® is a recently developed global database that has
applied PTFs on a collection of soil databases such as UNSODA and the hydrophysical database for Brazilian
soils (HYBRAS)*, as well as additional data searched from available publications. GSHP has greatly increased
data coverage to span all continents. However, there are still many areas such as tropical regions with poor
data availability and data reliability. Nevertheless, the PTFs used to develop GSHP only considered soil texture
while ignoring the effect of clay minerals and vegetation. This resulted in a low accuracy when predicting soil
properties in tropical regions based on a large amount of temperate soil measurements***. Moreover, the linear
regression PTFs may fail to capture the complicated relationship among the variables. Therefore, as computing
capacities increase, machine-learning methods have attracted more attention in predicting both saturated and
unsaturated hydraulic and mechanical soil properties such as ks, SWCC, ¢/, ¢', and @P10:36-39,

Based on the soil properties of samples extracted from the field and tested in the laboratory, researchers
have trained a random forest machine learning model and used it to predict the soil properties at additional
locations where only basic soil properties are available in tropical areas'’. The developed soil database includes
the important saturated and unsaturated soil hydraulic and mechanical properties (i.e., ks, SWCC, c, ¢, and
#°). In addition to collecting and predicting soil properties at scattered locations, Li et al.'® further adopted the
ordinary kriging method to interpolate the values of each soil property at unsampled locations in Singapore.
However, although the grain size distribution (GSD) and Atterberg Limits were considered in their machine
learning model, the possible effect of vegetation on soil properties was ignored in the prediction of the soil
properties.

Vegetation can be used to reinforce soil slopes mechanically and hydrologically’®-*3. Research comparing
the soil-water characteristic curves (SWCCs) of bare and vegetated soils demonstrates alterations in soil water
retention and saturated permeability**~*¢. Additionally, investigations into vegetation’s impact on soil shear
strength reveal varying degrees of enhancement”*8, When comparing soil and soil with roots, researchers found
that soil with roots has a substantially higher organic content (OC) than soil without roots**?. Furthermore, Shi
et al.! found that root development increases the OC in the soil. Another study by Ni et al.>* which investigated
the effect of plant roots on soil hydraulic properties found that the OC in the soil increased after 15 months of
plant growth. Hence, results from previous studies demonstrate that as the root content in the soil increases, the
organism content in the soils also rises, leading to an overall increase in OC. Therefore, the OC derived from
igniting oven-dried soil with root samples in a furnace, comprising both root biomass and other organisms in
the soil, is one of the factors that influence soil properties®®. Higher OC typically leads to increased soil water
retention capacity, especially in sandy soils>**>. On the other hand, the effect of OC on soil shear strength has
conflicting results from the literature on peat soils. Gui et al.> found that an increase in the OC resulted in a
decrease in the soil shear strength with an increase in ¢’ and a decrease in ¢'. In contrast, researchers found
that both ¢’ and ¢’ increased with OC though the study claimed that the data were not enough to establish a
reliable relationship between organic content and ¢’>’. This is congruent with the previous findings based on
a comparison of shear strength parameters between bare soil and root-soil mixtures in which roots showed
more impacts on ¢’ but very limited and inconsistent effects on ¢'*%. The conflicting results from the previous
studies can be explained by the reduction in soil density when OC increases®”>%. Therefore, the change in soil
density should be considered when predicting soil properties for root-soil mixtures with different OC. Hence,
studies have shown that OC influences soil properties and should be incorporated as an input parameter when
estimating soil properties using machine learning model. The application of OC in correlating soil properties
with machine learning models and further developing a database for residual soils with roots is a novel approach
to the best of the authors’ knowledge. This pioneering method not only evaluates vegetation’s impact on various
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soil properties but also addresses a critical gap in understanding how vegetation influences slope stability in the
context of climate change. Recognizing the significant influence of vegetation on soil properties and the crucial
role of unsaturated soil properties in water balance and slope stability analyses, this study embarked on creating
a pioneering database. This database encompasses unsaturated soil properties of residual soils with varying levels
of OC categorized as low, medium, and high. Figure 1 illustrates the scope of this study. This study first predicted
soil properties for root-soil mixtures using the random forest (RF) method with the incorporation of OC and
dry density in addition to GSD and Atterberg limits as input parameters. Then the spatial distributions of each
soil property at the three OC levels were mapped using the ordinary kriging method (OK) and consequently
a database for residual soils with roots was developed. A spatial map (Fig. 2) illustrates the slope locations
with actual measurements obtained from laboratory testing of soil samples and predictions obtained from the
machine learning model. The Kriging-estimated locations integrate both datasets, offering a more comprehensive
representation of the spatial variability. Furthermore, this research incorporates a case study in a specific region
of Singapore, focusing on regional water balance and slope stability analyses. The case study plays a pivotal role
in the research by providing a comprehensive evaluation of the influence of vegetation on regional slope stability.
It addresses a critical gap identified by Li and Duan®, where traditional regional analyses have prioritized
mechanical reinforcement while often neglecting the hydrological impacts of vegetation on soil properties.

The effect of vegetation on soil properties and slope stability varies significantly depending on the type of
residual soil slopes and the OC levels. In some instances, even with substantial root presence and high OC levels,
factor of safety of slope may not improve significantly due to the unique characteristics of the vegetation and soil.
Conversely, other residual soil slopes may respond effectively to stabilisation efforts. These variations underline
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Scientific Reports |

(2025) 15:1066 | https://doi.org/10.1038/s41598-025-85250-5

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

103°35'E 103°40'E 103°45'E 103°50'E 103°55'E 104°E

1°25'N

O'N

I

Measurements

®  Predictions
|| Bukit Timah Granite (BTG)
D Jurong Formation (JF)
:] Kallang Formation (KF)
[ ] 0ld Olluvium (OA)

1°15'N

Fig. 2. Locations of measurements and predictions used in machine learning and ordinary kriging. (software:
ArcGIS Pro; version number: 3.1; URL: https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview).

the need for more informed and adaptable slope stabilisation strategies, particularly under changing climatic
conditions. By integrating this innovative approach, the study aims to illuminate the broader, multifaceted impact
of vegetation on slope stability. It emphasizes the importance of considering both hydraulic and mechanical
factors in regional slope stability assessments, paving the way for more holistic and effective strategies.

Soil properties prediction

Description of predicting properties

Given the importance of both saturated and unsaturated soil properties in water balance and slope stability

analyses, the saturated permeablhty (ks), soil-water characteristic curve (SWCC), effective cohesion (c’)
, effective friction angle (¢') and an additional unsaturated shear strength parameter (¢®) from laboratory

experiments were collected. The soil samples include both residual soil and residual soil with roots. To present

the SWCC, one of the most used best-fit equations proposed by Fredlund and Xing® (Eq. 1) was adopted in this

study:

In(1+ ) 0.
In(1+22) | | {in e+ (L)"]}"

0= |1- (1)

where 0 is the calculated volumetric water content for a specified matric suction, 6, is the saturated volumetric
water content, 1 is the matric suction, 1), is the parameter related to residual suction and recommended to be
1500 kPa for most residual soils®! and a, n, and m are fitting parameters.

Using SWCC and the saturated permeability (ks), the permeability function of unsaturated soils can be
estimated?. On the other hand, the shear strength of unsaturated soils can be calculated using Eq. 27:

7 =¢ 4 (0 — ua) tang’ + (g — uy)tang” (2)

where u, is the pore-air pressure, ., is the pore-water pressure, (0 — uy) is the net normal stress, and
(4 — uq) is the matric suction.

Therefore, the saturated and unsaturated hydraulic properties for both residual soils and residual soils with roots
can be represented by 05, a, n, m and ks and are used for water balance analyses. The saturated and unsaturated
mechanical properties for both residual soils and residual soils with roots can be represented by ¢/, ¢’ and ¢°
, and are used for slope stability analyses. ¢° does not have to be obtained from laboratory tests and can be
estimated based on the unsaturated shear strength equations which do not require the ¢#” angle®2-%4,

For some samples without ¢* measurements from the laboratory, unsaturated shear strength was estimated
based on ¢, ¢, SWCC and plasticity index (PI)®2. From the shear strength curve that plots shear strength versus
matric suction, mean ¢” was calculated over a range until 100 kPa (when air entry value is larger than 100 kPa)
or from the air entry value (AEV) to 100 kPa (when air entry value is smaller than 100 kPa). The maximum
suction was limited to 100 kPa to keep consistent with the suction range used in the past laboratory tests to
obtain the shear strength of soils. A past study measuring the soil suction across various sites in Singapore
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found the maximum suction to be less than 75 kPa®%. Furthermore, past studies involving seepage analysis
for residual soil slopes in Singapore, have limited the maximum suction to less than 100 kPa®®®”. Thus, in the
regional analyses, the initial maximum suction was also limited to 100 kPa to avoid unrealistically high suctions
in shallower depths resulting from a deep GWT.

The studied soil properties include saturated permeability, shear strength parameters, and SWCC, with 46,
40, and 58 records, respectively. The soil samples were obtained from distributed residual soil slopes in Singapore
that are located on four main geological formations in Singapore (Fig. 2). In particular, the four formations
are Jurong Formation (JF) which consists of mainly sedimentary rocks and locates in the west and south-west,
Bukit Timah Granite Formation (BTG) which consists of mainly igneous rocks and is located in the north and
central-north, Old Alluvium (OA) and Kallang Formation (KF) which mainly consist of quaternary and alluvial
deposits and are located in the east®®. Due to the coverage of a wide range of values, the saturated permeability
ks and SWCC fitting parameter a were transformed to log(k) and log(a) respectively, to achieve a better model
performance!’. To predict these properties, five basic soil properties (i.e., dry density, sand and fines fractions, PI,
and OC) were incorporated as inputs. Figure 3 presents the boxplots for the five basic properties of soil samples
from the different formations. Though dry density of soil could be ignored in the prediction for unsaturated
properties for residual soils without roots', it could be an important factor and was incorporated in this study
to consider the significant variation of dry density for residual soils with and without roots®”*%. For rooted
samples, soil was collected from a depth of less than 30 cm below the soil surface. In contrast, for residual soil
samples without root presence and no OC measurements, an OC value of 0 was assigned to represent negligible
contributions from roots and organic matter.

Before establishing the relationship between the input and output soil properties, Pearson correlation
analyses were carried out to quantify the strength of the correlation between each input and output. A correlation
coefficient that is closer to 1 or —1 shows a stronger correlation while a value closer to 0 reflects a weaker
correlation between the two parameters. A positive correlation indicates the two variables tend to increase or
decrease together while a negative correlation implies an increase in one variable is likely to be observed with a
decrease in the other variable. However, some correlations do not have a confidence level of 95% and may not be
statistically significant, thus the obtained correlations are not meaningful. The resulting correlation coefficients
for each input and output are summarised in Table 1.

Table 1 shows that only sand or fines fractions are significantly correlated with log(ks). The correlation
between either of them and SWCC or shear strength parameters is weak and insignificant. In comparison, PI
or OC has a stronger and more significant correlation with SWCC than with the shear strength parameters or
log(ks). Masi et al.® also claimed that OC had no significant correlation with the saturated permeability. In
comparison, the correlation between OC and the saturated volumetric water content 6, is very strong with
a coefficient of 0.7, which agrees with the existing findings that indicated soils with roots had a higher water
retention capacity than soils without roots”*72. On the other hand, compared to other inputs, dry density or
OC have a stronger and more significant correlation with ¢’. An increase in OC is correlated to a decrease in
¢', which seems to contradict the findings that OC had a weak but positive correlation with ¢’*° or roots had
a very limited impact on the friction angle as compared to the cohesion of soil*”*8. However, Khaboushan et
al.” also claimed that shear strength parameters ¢’ and ¢° had a negative correlation with OC and a positive
correlation with ¢/, though none of these correlations were statistically significant. Nevertheless, it should be
noted that correlation does not provide any insight into causation and a negative correlation between OC and ¢’
does not imply that higher OC results in a lower ¢'. The correlation only examines the relationship between two
variables or univariate data while ignoring the change in other variables such as dry density at the same time.
An increase in dry density was also observed with a decrease in ¢’. Overall, by evaluating the linear relationship
between each input and output, it was found that all the inputs have a strong correlation with some of the outputs
(i.e., saturated permeability, SWCC or shear strength parameters). Meanwhile, the correlation between any of
the inputs and ¢’ or ¢” was observed as weak and insignificant in general. Thus, further investigations on the
multivariant and nonlinear relationship are required.

Random forest model performance

To investigate the nonlinear relationship between input and output soil properties, RF machine learning model
was used in this study as it was the recommended regression model for a limited data volume and has shown
good performance when predicting soil properties in previous studies'®’%. RF is an ensemble method with a
collection of decision trees as estimators and the final prediction is the average of the predicted values from
all the estimators that work in parallel’”>. As user-defined hyperparameters were involved in establishing the
model, a five-fold cross-validation method was used in the hyperparameter tuning process to select the most
appropriate settings for better generalisation performance on unseen data.

When predicting SWCC, a multioutput model was used as suggested by Li et al.!? to take the fitting parameters
into account simultaneously. When predicting shear strength parameters and saturated permeability, single
output models were established. In total, four single output models and a multioutput model were trained using
the available data to detect the relationship between the output soil properties and the five input parameters
(i.e., dry density, sand and fines fractions, PI, and OC). The training data consisted of 80% of the total data
while the remaining 20% was used for testing the trained model. To evaluate the model performance, the mean
absolute error (MAE), the root mean square error (RMSE), and R? were calculated. Figure 4 compares the
predicted and measured soil properties. A 1:1 reference line was also plotted in each subplot to indicate a perfect
prediction which is equal to the measurement. The MAE, RMSE, and R2 metrics were also summarised in the
plots. The figure shows that the data points are in trend with the reference line and the predictions are close to
the measurement values. The MAE and RMSE of ¢° are relatively high, at 3.1° and 4.1°, respectively, with an
R? value of 0.59, indicating its inherent variability. This variability arises because the relationship between shear
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Fig. 3. Soil basic properties of samples from different formations.

strength and matric suction is not linear. The value of ¢” is therefore not a constant but dependent on matric

suction. Consequently, Vanapalli et al.®> suggested using normalised water content (i.e., [( 99:_09’;‘ )(tan¢’)] )

and effective friction angle to estimate shear strength instead of using ¢”. In this study, #° was included in the
database as a reference value. For the slope stability analyses conducted with Scoops3D software in the case
study, normalized water content and the effective friction angle was employed. The 95% confidence interval
bounds, shown alongside the true and predicted values in the appendix (Figure A1), highlighting the prediction
reliability. The predicted values largely fall within these bounds, reflecting the model’s ability to capture data
variability and ensuring confidence in its accuracy.

Database development for residual soils with roots

With the established RF models, soil properties (i.e., saturated permeability, SWCC, and shear strength
parameters) were then predicted for residual soil with roots. Three levels of OC (low, medium, and high) were
defined based on the available OC measurements from soil samples containing roots. The 1st, 2nd, and 3rd
quartiles of the OC measurements (OC =4.1%, 6.2%, and 10.8%, respectively) were used to represent these three
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Input parameters
Sand | Fines | PI ocC Dry density
o —0.2 02 -01 |0 03
Shear strength parameters | ¢’ 0 0 -0.1 | —04* |0.6*
@° 01 | -01 |0 0.2 -02
log(a) | —0.2 | 0.2 0.5* 0.3* 0
Output parameters
n 0.2 -02 | —-05%|-03"|0
SWCC
m —0.1 (0.1 0.4* 0.4* -0.1
0 0.2 -02 |02 0.7* —0.6*
log(ks) 0.3* -03*| -01 | =02 |0.1

Table 1. Correlation coefficients between each input and output. *Statistics are significant at a 95% confidence
level.

levels. Each of the three OC values, along with the other measured parameter values were used as the inputs
to predict the soil properties. In this study, the changes in parameter values were predicted based on varying
OC levels while keeping other basic soil properties constant, using the trained and validated machine learning
model. The residual soil samples from 0 to 2 m depth with input soil properties available were filtered out. The
saturated and unsaturated properties of residual soil with roots were then predicted. The database was developed
for soils with roots at shallow depths given that the rainfall-induced slope failures mostly have a depth of less
than 2 m®-1L,

As the predicted properties of soils with roots are only at the discrete locations where the input properties are
available, the ordinary kriging method”® was used to spatially interpolate the predicted soil properties to obtain
continuous distributions of soil properties within the region. This approach employed a spherical model and
was implemented using the Geostatistical Wizard in ArcGIS Pro. Cross-validation was conducted during the
interpolation process to enhance accuracy and reliability. Based on the similarity of soil properties for residual
soils from 0 to 2 m depth, the entire region was divided into a total of 97 zones'?, The same 97 zones were
adopted in this study to develop the database for soil with roots. From the distribution of each soil property that
was obtained using the ordinary kriging method, the mean value of each zone was calculated to represent the
corresponding property for residual soil with roots. Specifically, the mean values for each zone at different OC
levels are displayed in Fig. 5. Additionally, a detailed summary of the mean properties for each zone is provided
in Appendix A, Table Al.

Regional analyses

Study area

To evaluate the impact of the vegetation as represented by the OC in the soil on the pore-water pressure changes
and factor of safety of slopes, regional seepage and slope stability analyses were carried out on a zone (i.e., Zone
38) located in Bukit Timah Granite formation as a case study. Regional seepage analyses were performed using
the distributed three-dimensional (3D) water balance model, GEOtop’”’8, The GEOtop model incorporates the
principles of energy and water fluxes to perform a regional water balance analysis while incorporating the effect
of rainfall infiltration, subsurface water flow and surface run-off. The volumetric water content and pore-water
pressure results from the water balance analyses were then imported to Scoops3D’° for the three-dimensional
(3D) slope stability analyses. The Scoops3D software was developed by U.S. Geological Survey (USGS) and has
the ability to calculate the slope stability using 3D limit equilibrium methods such as Bishop’s Simplified method
for complex topographies.

A rainfall intensity of 22.2 mm/hour was applied for 24 h in the water balance analyses following the guidelines
from the Public Utilities Board (PUB) Code of Practice on Surface Water Drainage®’. Thereafter, another 24 h
of no rainfall was applied. There are four input maps (i.e., Digital Elevation Model (DEM), Slope angle, Aspect,
Groundwater table) with a resolution of 5 m by 5 m presented in Fig. 6 that are required to define the three-
dimensional topography and the groundwater table configuration of Zone 38 in the water balance analysis. The
slope angle and aspect maps were generated using the Spatial Analyst tools in ArcGIS using the DEM®!. The
DEM was used for the slope stability analysis has a resolution of 1 m by 1 m. A lower resolution of 5 m input
maps had to be used for the water balance analysis due to the computational limitation of the GEOtop model.

Soil properties for Zone 38

The Fredlund and Xing SWCC parameters from the developed database for residual soils with roots were
best fitted to obtain the van Genuchten®? best-fitting parameters ag and 1,4 which are necessary inputs to
define the van Genuchten SWCC and permeability function in the GEOtop model. Table 2 summarises the
respective hydraulic and shear strength properties of Zone 38 required for the numerical analyses. Comparing
the percentage increase between low and high OC, the increased presence of roots resulted in a decrease in
saturated permeability of the soil by 23.3%. However, the shear strength properties such as the effective cohesion
increased by a smaller percentage of 7.4%. Therefore, the soil database results for Zone 38 demonstrates that the
OC in the soil has a greater influence on the hydraulic properties rather than the mechanical properties of the
soil. In Scoops3D, the shear strength equation from Vanapalli et al.>* was utilised to estimate the shear strength
contributed by the matric suction based on the normalized water content instead of using ¢° angle (Eqs. 3 and
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a (low OC) (kPa)
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B1. Mean » for soils with low OC in each zone B2. Mean » for soils with medium OC in each zone
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I 0.69-0.75
I 0.76 - 0.85
I 0.86 - 0.95
[ 0.96 - 1.00
[]101-110

B3. Mean n for soils with high OC in each zone

Fig. 5. Mapping the developed database of saturated and unsaturated soil hydraulic and mechanical properties
in each zone of Singapore. (software: ArcGIS Pro; version number: 3.1; URL: https://www.esri.com/en-us/arcgi
s/products/arcgis-pro/overview).
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Figure 5. (continued)
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Figure 5. (continued)

Scientific Reports |

(2025) 15:1066

| https://doi.org/10.1038/s41598-025-85250-5

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

phi' (low OC) (degree)
I 27.00 - 28.00
I 25.01 - 29.00
I 29.01 - 30.00
[ 30.01 - 31.00
[ 31.01-32.00

G1. Mean ¢’ for soils with low OC in each zone

phi' (high OC) (degree)
I 27.00 - 28.00
I 25.01 - 29.00
I 29.01 - 30.00
[ 30.01 - 31.00
[ 31.01-32.00

G3. Mean ¢’ for soils with high OC in each zone

phib (low OC) (degree)
I 17.35 - 18.60
I 18.61 - 20.20
N 20.21 - 21.80
[ 21.81 - 23.40
[]23.41-25.00

H1. Mean ¢? for soils with low OC in each zone

phib (high OC) (degree)
I 17.35 - 18.60
I 18.61 - 20.20
I 20.21 - 21.80
[ 21.81 - 23.40
[123.41-25.00

H3. Mean ¢? for soils with high OC in each zone

phi' (med OC) (degree)
I 27.00 - 28.00
I 28.01 - 29.00
I 29.01 - 30.00
[ 30.01 - 31.00
[ 31.01-32.00

G2. Mean ¢’ for soils with medium OC in each zone

phib (med OC) (degree)
I 17.35 - 18.60
I 18.61 - 20.20
N 20.21 - 21.80
[ 21.81 - 23.40
[]23.41 - 25.00

H2. Mean ¢? for soils with medium OC in each zone

Figure 5. (continued)
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0 05 1 2 Kilometers

Fig. 6. Input Maps of Zone 38 for Water Balance Analyses (a) DEM; (b) Slope Angle; (c) Aspect; (d)
Groundwater table. (software: ArcGIS Pro; version number: 3.1; URL: https://www.esri.com/en-us/arcgis/prod
ucts/arcgis-pro/overview).

ks(m/s) 3.66E—07 | 3.38E—-07 2.81E-07 | —23.3

0, 0.454705 | 0.461465 0.471778 | 3.8

Fredlund and Xing- a (kPa) 474.4 489 549.9 15.9
Hydraulic soil properties Fredlund and Xing- n 0.931 0.918 0.918 -14

Fredlund and Xing- m 2.81 2.88 3.1 10.3

van Genuchten- a, 4 (mm™) | 9.68E-05 | 9.95E—-05 9.56E—05 | —1.2

van Genuchten-7, 4 1.54 1.53 1.54 0

¢’ (kPa) 5.99 6.11 6.42 7.1
Shear strength soil properties

¢’ (deg) 304 30.3 30.3 -0.2

Table 2. Soil Properties for Zone 38.

Scientific Reports|  (2025) 15:1066 | https://doi.org/10.1038/s41598-025-85250-5 nature portfolio


https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview
https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

4). Total cohesion C' was used to represent the sum of the effective cohesion and the additional cohesion due
to the matric suction” (Eqgs. 4). As the soil reaches a saturated state, the total cohesion will equal the effective
cohesion as matric suction is zero.

7=C+ (0 — uq) tang’ (3)
cC=¢ + (ua — Uw) |:(00 ieer )(tan¢/):| (4)

0—0,
0s—0,

where and 0, is the residual water content and ( ) is the normalized water content.

Pore-water pressure and slope stability changes

The pore-water pressure results from the water balance analyses are presented in Fig. 7. The difference in pore-
water pressures between the different OC levels is minimal at the start of the rainfall (i.e., at 1st hour). However,
the difference between low, medium and high OC becomes more apparent after a 24-h continuous rainfall.
When rainfall stops, the difference in pore-water pressures between different OC levels decreases and is minimal
again at the end of the drying period (i.e., at 48th hour). The high and medium OC soils have a smaller change
in pore-water pressure than the low OC soil, especially at the end of the rainfall at 24th hour. Moreover, the high
and medium OC soils remain unsaturated between the 0.75 m depth to the groundwater table while the low
OC soil experiences positive pore-water pressures throughout the entire soil layer. This is due to the saturated
permeability of high and medium OC soils being lower than those of the low OC soil as seen in Table 2. The
low permeability of high and medium OC soils reduces the amount of rainfall infiltration, resulting in a smaller
increase in pore-water pressure at the end of the rainfall at the 24th hour.

The factor of safety (FOS) is a number that represents the stability of slopes and is calculated by taking
the ratio of the resisting moment over the driving moment. A factor of safety less than 1 would indicate slope
failure as the resisting forces are less than the driving force. The percentage of pixels with a low factor of safety
(FOS<1.5) was calculated for the three different OC soils. This was achieved by calculating the number of
pixels having a FOS less than 1.5 and thereafter dividing by the total number of pixels of Zone 38. The results are
presented in Fig. 8. There is an increase in the number of pixels with a low factor of safety (FOS < 1.5) during the

Pore-water pressure (kPa)

20

- Low OC lhr
——Low OC 24hr
-Hl-Low OC 48hr
O Med OC lhr
—6—Med OC 24hr
—0-Med OC 48hr
A High OC lhr
——High OC 24hr

~ A -High OC 48hr

6

Fig. 7. Pore-water pressure profiles from water balance analyses.
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rainfall period between the 1st and 24th hour and thereafter it decreases during the no rainfall period between
the 24th and 48th hour as observed in Fig. 8. This is due to the increase in pore-water pressures during the 1st
and 24th hour and a decrease in pore-water pressure between the 24th and 48th hour as observed in Fig. 7.

Discussion

Influence of organic content on slope stability in Zone 38

Generally, the percentage of pixels with a low factor of safety (FOS < 1.5) is lower as the OC is higher with the
high OC soil having the lowest percentage of pixels with FOS < 1.5. The high OC soil has the lowest increase
in the percentage of pixels with low FOS at the end rainfall (from 0.2 to 1.2%) as compared to those of the low
(from 0.3 to 2.8%) and medium OC soils (from 0.2 to 1.5%). This trend can be attributed to the increase in total
cohesion and decrease in saturated permeability as the OC of the soil increases. The total cohesion, C (Eq. 4) was
calculated for the different OC soils as seen in Fig. 9. The total cohesion for the high OC soil is always higher
than the total cohesion for low and medium OC soil. Moreover, the total cohesion for the high OC soil at the
end of the rainfall is higher for depths between 0.75 and 6 m as compared to that of the low OC soil. Therefore,
the shear strength and factor of safety for high OC soil is higher resulting in a lower percentage of pixels with a
low factor of safety. In terms of soil properties between low OC and high OC (Table 2), the increased presence
of roots in the soil led to a 23.3% decrease in the saturated permeability while effective cohesion experienced a
comparatively smaller increase of 7.1%. Hence, the 56% reduction in percentage areas with low factor of safety
between low OC and high OC can be attributed to the decrease in permeability of the soil. As the permeability
decreases, the amount of rainfall infiltration decreases, thus reducing the changes in pore-water pressures and
shear strength of the soil. As such, it can be concluded that soils with high OC level are more effective in limiting
rainfall infiltration thus improving the stability of slopes.
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Fig. 8. Percentage of pixels with factor of safety (FOS) less than 1.5.
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Fig. 9. Total cohesion calculated using volumetric water content results from water balance analyses.

Influence of input parameters on output soil properties
With the established RF models, further sensitivity analyses were carried out by calculating the SHapley Additive
exPlanations (SHAP) values to estimate the change in the output soil properties resulting from a change in the
input®. The SHAP values are different from correlation coefficients which only represent the strength of a linear
relationship between two variables. A strong correlation does not give any insights into the impact of one on
the other. An input may have a strong correlation with the output but has a very limited impact on the output
at the same time. In comparison, the SHAP values reflect the different impacts of each input parameter on the
output soil properties. The advantage of SHAP is that it can incorporate the interactions among the inputs which
provide a more reliable evaluation of the impact. For example, SHAP incorporates the concurrent change in
fines fraction with an observed change in sands fraction instead of solely changing the value of one input while
ignoring the concurrent changes in other parameters.

The calculated SHAP values of each input parameter on the output soil properties are illustrated in Fig. 10.
A higher impact is represented by a higher SHAP value. The two correlation coefficients for input parameters
that most strongly affect each output soil property were bolded in Table 3 together with the correlation results.
Overall, the input parameters that have stronger correlations also have higher impacts on the output soil
properties. For example, PI and OC have a stronger correlation with and a higher impact on SWCC. However,
there are some cases when two variables have no linear correlation detected, but one has a high impact on the
other. In particular, there is no correlation between sand fraction and ¢’ but sand fraction has a high impact on
¢'. The correlation between the two variables failed to be captured because changes in other variables were not
considered. A higher sand fraction was observed together with a higher ¢’ when the dry density was higher and
alower ¢’ when the dry density was lower. If only sand fraction and ¢’ were incorporated, no linear correlation
could be found since ¢’ may increase or decrease with an increase in sand fraction. Therefore, SHAP values
provide more significance in terms of parameter impact. Among all the input parameters, OC has a high impact
on most of the output soil properties (i.e., 65, a, n, m ks, and ¢b). Therefore, in addition to the identified key
inputs like PI, dry density, as well as sand and fines fractions, incorporating the influence of roots on residual
soil properties is important.

Impact of organic content on soil properties across four geological formations in Singapore

Figure 11 illustrates the boxplots comparing changes in each property across different OC levels for the zones
in the four formations. In general, an increase in OC leads to an increase in a, m, s, ¢b, a slight increase in d
, a decrease in ks, and a negligible reduction in ¢’. Specifically, the SWCC fitting parameter a was observed to
increase with higher OC levels, particularly when OC increased from medium to high (Fig. 5A). Fredlund and
Xing® found that a was closely related to the air-entry value (AEV) of soil, which is the suction when air starts
to occupy the largest pores in the soil during desorption. Therefore, the increase in a with OC is consistent
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Input parameters
Sand | Fines | PI oC Dry density

¢ -02 0.2 -0.1 |0 0.3
Shear strength parameters | ¢’ 0 0 -0.1 | -0.4* |0.6*

¢b 0.1 -0.1 0 0.2 -0.2

log(a) | -0.2 | 0.2 0.5% 0.3* 0

Output parameters

n 0.2 -02 | -0.5* | -0.3* |0
SWCC

m —-0.1 | 0.1 0.4* 0.4* -0.1

0, 0.2 -02 |02 0.7* -0.6*
log(ks) 0.3* | -03* | =01 | -0.2 |0.1

Table 3. Correlation coefficients between each input and output. *Statistics are significant at a 95% significance
level. Two Significant values with higher SHAP impact are in bold.

with previous research findings in which soil with roots had a higher air-entry value (AEV) compared to the
residual soils’"%4. Nevertheless, a reduction in a was also identified in several JF zones in the southwest and
a similar reduction in AEV was also found by Jotisankasa and Sirirattanachat®®. At the same time, the fitting
parameters m, as well as the saturated volumetric water content §s, also increased with OC in general. Due to
the existence of roots that occupied some pore spaces, there was less space for water flow and a decrease in the
saturated permeability ks was found as OC increased, which was also reported by Rahardjo et al.*® and Ni et
al.52. Regarding shear strength parameters, soils with higher OC levels or more roots exhibited a slight increase
in effective cohesion ¢’. However, OC had minimal impact on ¢’, consistent with findings in the literature’+3.
Notably, an increase in ¢° was observed when OC increased from low to medium levels. Some studies also found
a higher ¢" for soils with roots than soils without roots.

Limitations and recommendations

This study identifies OC as a critical factor influencing soil hydraulic and mechanical properties, derived from
both root biomass and other organic matter present in the soil. It assumes that higher root biomass corresponds
to greater contributions from other organic sources. Consequently, for residual soil samples without root
presence and no OC measurements, an OC value of 0 was assigned to represent negligible organic contributions.
This approach introduces limitations, particularly in areas where soil conditions may vary significantly beyond
the assumed parameters.

Additionally, the study assumes homogeneity of soil properties across depths. Variations in root architecture
and root distribution with depth, which are critical factors influencing soil behaviour, were not considered,
potentially simplifying the results. Furthermore, the study is focused on Singapore’s tropical climate, characterised
by minimal seasonal variations, making the findings more applicable to plants with persistent foliage rather than
those with higher proportions of decayed leaves. While this regional specificity limits the generalisability of the
results to regions with differing climatic or seasonal conditions, the methodology presented offers a valuable
framework that can be adapted and applied to other parts of the world.

Moreover, the dataset included 19 samples from JE, 11 from BTG, 37 from OA, and 3 from KF, with an uneven
distribution across geological formations. This imbalance in sample representation may impact the machine
learning model’s ability to accurately predict soil properties in zones with fewer data points. Additionally, not
all samples underwent comprehensive laboratory testing; some included only one or two parameters, such as
saturated permeability ks, shear strength, or SWCC. This variability in the available data across soil properties
could reduce the overall reliability of the results.

To address the identified limitations, future studies should collect a more balanced and extensive dataset that
includes an even representation across geological formations and a broader range of OC levels. Comprehensive
laboratory testing of all samples to measure a complete set of hydraulic and mechanical properties is
recommended to improve data consistency. Additionally, incorporating detailed analyses of root architecture and
root distribution with depth would provide a more accurate understanding of their influence on soil behaviour.
Expanding the study to regions with varying climatic and seasonal conditions could enhance the generalisability
of the methodology. Furthermore, integrating advanced machine learning techniques and refining the model
with a larger dataset would improve the predictive accuracy of soil properties in zones with limited data.

Conclusions

This study successfully developed a comprehensive database for soils within a depth of 0-2 m in Singapore,
encompassing both saturated and unsaturated hydraulic and mechanical properties. It incorporates the novel
use of OC as an influencing factor in estimating soil properties using machine learning models. The OC consists
of both root biomass and soil organisms, both of which increases with vegetation. This reflects the effect of
vegetation on the soil properties and can be used as an input parameter to estimate and influence soil properties.
The database includes key parameters such as saturated permeability, SWCC, and shear strength parameters,
categorized across three OC levels. Utilizing RF machine learning method, the study first estimated these soil
properties at various locations. The ordinary kriging method was then employed to interpolate these properties
for continuous spatial distributions across Singapore. The inclusion of OC and dry density, along with GSD
and PI, underscores the multifaceted impact of roots on soil properties. OC emerged as a highly influential
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Fig. 11. Variations in soil properties with OC levels across different formations.
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factor, affecting most soil properties. The mean properties of soil with roots at the three OC levels from each
of the divided 97 zones were calculated to represent the zonal soil properties in the database. Soils with higher
OC levels tend to have higher water retention capacity, lower permeability, higher ¢’ and ¢° but a similar ¢’
. The database’s distinct feature is its ability to integrate the influence of root biomass on soil hydrological and
mechanical properties, offering new insights into vegetations role in altering pore-water pressure and slope
stability. This is particularly evident in the case study focusing on a specific zone in Singapore, where increased
OC levels corresponded to reduced saturated permeability and enhanced total cohesion, leading to improved

slope stability, especially in high OC soils.

Scientific Reports|  (2025) 15:1066 | https://doi.org/10.1038/s41598-025-85250-5

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Therefore, by implementing a database that incorporates the influence of vegetation on soil properties
in regional analyses, users can gain valuable insights into the extent to which vegetation can act as a slope
stabilisation measure, or whether its effects are limited, suggesting the need to consider other measures for slope
stability. Moreover, it is possible that the extent of the influence of OC level on slope stability could vary for
different zones with different soil properties. To create effective guidelines for using vegetation to stabilize slopes
in a region, it is important to map the potential impact of vegetation on slope stability in that specific area. The
case study has shown a successful implementation of the developed database for soil with roots in the regional
slope stability assessment. Similar workflows can be used for database development for soils with roots in other
regions as well. The regional mapping of the potential effect of vegetation on slope stability will play an important
role in the guideline on how vegetation should be used as an effective measure for regional slope stability. This
regional mapping will provide valuable information that can be used to determine the most effective ways to
utilise vegetation for slope stabilisation purposes.

Data availability
The datasets used and/or analysed during the current study will be made available from the corresponding au-
thor on reasonable request.
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