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ABSTRACT

The development of unsaturated soil mechanics stemmed from the inadequacies of
classical soil mechanics in addressing the partial pore spaces found in real-world soil
systems. However, assessing soil parameters under partial saturation is resource-
intensive. To streamline this, the Soil-Water Characteristic Curve (SWCC) theory was
introduced. Widely applied across geotechnical engineering, water resources, and
agriculture, SWCC predicts parameters of unsaturated soil systems. In geotechnical
engineering, SWCC is vital for designing systems near the Earth's surface, like slopes,
clay liners and foundations. Furthermore, most of conventional soil improvement
techniques pose a lot of environmental concerns. thus, emergence of green
construction materials widely known as bio mediated and bioinspired soil
improvement techniques like Enzymatic induced calcite precipitation (EICP). EICP, an
emerging eco-friendly as it employs use of simply chemical compound that reduces
carbon footprints, bioinspired technique as it mimics natural forming process, was
applied to stabilize tropical soil for SWCC determination. SWCC parameters were
derived by subjecting EICP-treated soils at varying concentration of cementation
solutions (0 — 1.00 M) using pressure plate method. Results revealed that saturated
water content Bs, retention water content Or, and air entry value Wa increased with
higher cementation solution concentration. The values of 8s, 6r, and Wa improved from
of 0.663, 0.23405, and 3.4832 at 0 concentration of cementation solution to 0.701,
Keywords: 0.22864, and 7.7086, respectively upon treatment with 1.00 M cementation solution.
Soil water characteristics curve (SWCC);  Finally, it has been demonstrated EICP is capable of improving the SWCC parameters
Enzymatic induced calcite precipitation of residual soil, thus the EICP technique can be exploited in stabilization of residual for
(EICP); Soil stabilization construction of compacted clay liner.

1. Introduction

The conceptual framework of unsaturated soil mechanics has been established for almost 30
years in order to address the problems associated with classical soil mechanics. In classical soil
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mechanics, laboratory experiments, analysis of geotechnical engineering structures, and studying the
behaviour of soil were all based on the assumptions that soil systems are fully saturated [1]. The
assumptions that soils are fully saturated in classical soil mechanics led inaccurate prediction of soil
behaviour that could potentially compromise the integrity and safety of structures and soil systems
[2]. Therefore. Unsaturated soil mechanics has become essential tool for determining behaviour of
soils that are partially saturated, especially soil systems that situated in the vadose zone [3].

In comparison with the classical saturated soil mechanics, laboratory evaluations of soil
parameters in unsaturated soil mechanics are expensive and labour intensive. However, the use of
soil water characteristics curve make the analysis in unsaturated soil mechanics simpler and
practicable [4]. Soil water characteristic curve or soil water retention curve (SWRC) is central in
understanding and predicting behaviours of unsaturated soil systems. SWCC is a model for assessing
and determining hydro-mechanical properties of unsaturated soils [5]. The concept of SWCC has
been applied in the field of geotechnical engineering, water resources engineering, irrigation
engineering, and agricultural science [6].

In geotechnical engineering, SWCC has been applied in the analysis and design of slope stability
[7,8], seepage and infiltration in dams [9], compacted soil liners in landfills [10,11], capillary barrier
systems [12], and bearing capacity of foundations [13]. SWCC is also important studying the
existence and movement of soil water in predicting the hydrological cycle characteristics and runoff
generation mechanism. Zhang et al., [14] emphasis the significance of using SWCC as a tool for
estimating hydrological parameters of runoff in pervious and impervious surfaces. SWCC measure
the relationship between matric suction and volumetric water content of soils which are mostly
applied to systems that are situated near ground surface or vadose zone [6]. Thus, the concept of
SWCC is highly recommended in the study of the behaviour of both natural and stabilized
unsaturated soils [6,15].

As stated above, SWCC are applied to near ground surface soil systems, therefore its values are
likely to be influenced by parameters related to the soil [5] and environmental factors [15]. The
parameters that are found to influence the shape SWCC as identified by [5] were soil structure, soil
type, initial water content, void ratio, mineralogy, pore sizes and distribution, clay content, and
amount of organic matter. The environmental factors that affect SWCC were identified by [15] are
temperature, physicochemical factors such as pH, surface conductance and chemical stabilizers. Eyo
et al., [6] had also compiled the lists of various factors such as chemical stabilizers, soils types and
suction measurements technique on the SWCC parameters. Based on their report, most (about two-
third) of the studies investigated the effect of lime, while only one-sixth determined the influence of
cement on SWCC parameters of various soil types.

Considering the adverse effect linked to cement production, such as carbon dioxide emissions,
and the potential harm caused by chemical additives like acrylamide, epoxy resins, conventional
methods of soil improvement are seen as environmental threats [16]. Consequently, research efforts
are currently directed toward embracing eco-friendly and sustainable materials for soil improvement
[17]. Among these advancements, enzymatic induced calcite precipitation (EICP) stands out as an
emerging, inventive, and environmentally friendly bio-inspired approach for enhancing soil quality
[18-20]. The technique involves decomposing urea via the application of urease enzyme to produce
calcium carbonate (CaCOs) in the presence of Ca?* ion [21]. EICP technique has finds many
applications in geotechnical engineering. The technique was applied in enhancing shear strength
property of sandy soil [22], improvement of shear strength of compacted clay liner [23], erosion
control [24], retention of heavy metals [25]. However, literature search, has shown a few or no record
on the use of EICP technique for stabilizing residual soil in the field unsaturated soil mechanics.
Therefore, this research is aim at investigating, the effect varying the concentration of cementation
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solution on the SWCC of residual soil stabilized via enzymatic induced calcite precipitation (EICP)
technique.

2. Materials and Methods
2.1 Materials
2.1.1 Soils

This study was performed on natural and EICP stabilized residual tropical soil sampled at about
1.5 m deep from a location (1033’35” N, 103038’38”E) at Universiti Teknologi Malaysia — Johor
Campus. The sampling location has typical tropical rainforest climatic condition and the area is under
lain by granite geologic formation. The sampled soil has reddish brown colour and was found to be
dominated by kaolinite clay mineral.

2.1.2 EICP solution

The solution was prepared by first dissolving two chemical compounds, urea (CO(NH2)2), and
calcium chloride (CaCl2) in distilled de-ionized water. Subsequently, free urease enzyme sourced
from jack bean (Canavalia ensiformis) was then added to the dissolved mixture of urea-calcium
chloride in order to catalysed the decomposition of urea into ammonia and carbon dioxide. The EICP
solution, known as cementation solution were prepared at 0, 0.25, 0.5, 0.75 and 1.00 M equimolar
concentration of CO(NH2)2 and CaCl2. The same procedure for the preparation of EICP solution was
reported by [19].

2.2 Methods
2.2.1 Soil characterization and compaction test

Laboratory tests that include particle size distribution (PSD), Atterberg limits (Liquid Limit LL,
Plastic Limit PL, and Linear Shrinkage SL) and specific gravity were performed on the natural residual
soil in order to determine its index properties as well as classify the soil in accordance with the British
Soil Classification System (BSCS). All the tests conducted for soil characterization were conducted
based on the procedure enshrined in [26]. The compaction test performed on the natural residual
soil was based on British Standard Light (BSL) as described in [27]. The index properties of the soil
determined from the characterization tests and the result of compaction test are tabulated in the
Table 1 below. As illustrated in the table, the original soil sample comprises 58% fines, approximately
24.16% gravel, and 17.16% sand fractions. The liquid limit, plastic limit, linear shrinkage limit, and
plasticity index of the natural soil are recorded at 79, 30, 16, and 49, respectively. According to the
British Standard Classification System (BSCS), the soil is categorized as sandy silts with very high
plasticity (MVS). Additionally, a visual examination indicates that the soil possesses a fine-grained
texture and exhibits a reddish-brown coloration.
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Table 1
Index Properties of the Natural Soil
Property Quantity
Natural Moisture Content (%) 32.72
Percentage Passing 63 um Sieve (%) 58.00
Gravel Fraction (%) 16
Sand Fraction (%) 26
Silt Fraction (%) 52
Clay Fraction (%) 6
Liquid Limit (%) 79
Plastic Limit (%) 30
Plasticity Index (%) 49
Linear Shrinkage (%) 16
Specific Gravity 2.63
Loss on Ignition (LOI) (%) 12.28
BSCS Classification MV (Silty Sand of Very High Plasticity)
Colour Reddish Brown
Clay Minerals Kaolinite

Maximum Dry Density (MDD) (Mg/m3) 1.48
Optimum Moisture Content (OMC) (%) 28

2.2.2 EICP treatment of the residual soil

The residual soils were treated with EICP solutions that are prepared at different molarity of urea-
CaCl; of 0,0.25,0.50, 0.75 and 1.00 M. The EICP solutions were first prepared following the procedure
described in section 2.1.2. The EICP solutions equivalent to water content at optimum moisture
content were mixed with the dry residual soil and then compacted in a Proctor mould. SWCC samples
(50 mm diameter and 20 mm height) were extruded from the compacted soil using static compaction
machine. The SWCC were wrapped in polythene bags, and then cured for 3 days in humidity chamber
operating under 2512 °C.

2.2.3 Pressure plate test

Cured samples were immersed in distilled water for 24 hours to achieve saturation. Extractor
plates were also saturated similarly. Saturated specimens were then placed in the extractor's plates
and subjected to varying matric suctions from 1 to 1500 kPa. For each suction level, tests continued
until sample outflow ceased (usually around 24 hours). The specimens were then removed, weighed
to find gravimetric water content, and this was repeated until 1500 kPa suction. The test setup is
shown in Figure 1. Finally, the specimens were dried at 105°C to determine dry weights for calculating
volumetric water contents.
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3. Results and Discussion
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Fig. 1. SWCC Experimental Setup

3.1 Effect of EICP Treatment on Soil Water Characteristics Curve (SWCC)

Figure 2 shows the measured soil water characteristic curve (SWCC) for various EICP treated soils
obtained by plotting volumetric water content against matric suction. As can be seen in the figure,
SWCC plots of EICP treated residual soils were higher than that of untreated soil. The plots were also
seen to become higher with the increase in the concentration of cementation solution. As explained
by [28], soils with large particles and void spaces is plotted at lower position than those with smaller
void spaces. In other words, soils with higher fine contents or less void spaces are plotted at higher
position than those with less fine content or large number of void spaces [29]. Therefore, SWCC graph
of untreated soil sample is plotted at lower position, followed by plots of 0.25 M, 0.50, 0.75 and 1.00
M in increasing order. Furthermore, some previous studies conducted by [30,31] reported similar
trend of results. They all found that, SWCC graphs of specimen with higher fine content were plotted
higher than those with less fine content.

0.900

Volumetric Water Content (%)
© © o © o
S a1 D ~l (0]
o o o o o
o o o o o

—o— Untreated
Sample

10 Matric Sl@flon (kPa) 1000
Fig. 2. Measured SWCC for Various EICP Treated Residual Soil

—0—0.25 M Sample

18



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 55, Issue 1 (2026) 14-23

3.2 Brooks-Corey Model of Soil Water Characteristics Curve Parameters of EICP Treated Soils

Various models are employed in practice to determine best fit of SWCC based on the laboratory
measured values and also obtained fitting parameters. The most common models normally used for
fitting SWCC plots include [32-34]. In this study “SWRC Fit” — a nonlinear web interface program
written by [35] and accessed at https://seki.webmasters.gr.jp/swrc/ was adopted to determine the
SWCC curve fitting parameters based on Brooks-Corey model. Figure 3(a-e) showed SWCC plots of
the untreated and EICP treated residual soils at various concentration of cementation solution.
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The fitting parameters for the Soil-Water Characteristic Curve (SWCC), namely the fully saturated
volumetric water content (Bs), the retention water content (8r), and the air entry value (Wa), have
been summarized in Table 2. Table 2 illustrates a consistent upward trend in the values of 8s, 8r, and
Wa as the concentration of the cementation solution increases. For example, untreated residual soils
exhibited Bs, Or, and Wa values of 0.663, 0.23405, and 3.4832, respectively but following treatment
with an EICP solution containing 0.25 M cementation, the corresponding values rose to 0.701,
0.22864, and 7.7086, respectively. The most pronounced increments in 8s, Or, and Wa were observed
in soils treated with a 1.0 M EICP solution. The heightened values of 8s, 8r, and Wa are attributed to
the formation of cementitious matter (calcium carbonates) within the residual soil's matrix. Previous
research has established that the creation of CaCOs particles due to EICP treatment leads to a
reduction in pore spaces within the soil matrix [36], thus yielding an increase in Bs, Or, and Wa values.
The findings presented in [37], demonstrate that the existence of CaCOs resulting from Microbially
Induced Calcium Carbonate Precipitation (MICP) contributes to an increase in the saturated and
retention water contents. They attributed the increase in saturated and retention water content to
the formation of CaCOs. Likewise, the detected rise in saturated and water retention capacity in soils
treated with EICP in this study can be attributed to the formation of calcite precipitates. This increase
signifies enhanced soil stability, thus reinforcing its structural integrity.

Regarding the rise in air entry values associated with the increase in cementation solution or, in
an indirect sense, the precipitation of CaCOs in this study, a similar pattern of findings was observed
in the research conducted by [38]. They investigated the influence of cement dosage on the Soil-
Water Characteristic Curve (SWCC) of clay soil and arrived at analogous results.

Table 2

SWCC Fitting Parameters
Molarity of Cementation Measure SWCC Parameters
solution (M) 0s (%) 6r (%) W. (kPa)
Untreated Soil 0.663 1E-10 3.3134
0.25 0.700 0.22864 7.7086
0.50 0.726 0.40044 7.8442
0.75 0.760 0.51684 9.1918
1.00 0.799 0.54423 9.4356

4. Conclusion

The impact of enzymatic induced calcite precipitation (EICP) bio cementation on the parameters
of soil water characteristic curves (SWCC) in residual soils was examined. Five samples with different
cementation concentrations — 0, 0.25, 0.50, 0.75, and 1.00 M urea-CaCl,—were prepared and
subjected to SWCC tests using a pressure plate apparatus. The results demonstrated that the
presence of CaCOs resulting from EICP treatment significantly influenced the SWCC of the residual
soil. Specifically, the formation of CaCOs led to heightened levels of saturated and retention water
content, along with improvements in air entry values. Eventually, it has been proven that EICP has
the ability to enhance the SWCC parameters of residual soil. Therefore, the utilization of the EICP
technique can be employed in stabilizing residual soil for the construction of a compacted clay liner.
Thus, it is imperative if research will be conducted on the use of EICP technique to improve hydraulic
conductivity of residual soils for solid waste containment systems.
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