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Abstract

Water treatment sludge (WTS) is an abundant by-product of water treatment plants, typically disposed of in
landfills or open fields, which poses both environmental and land-use issues. Therefore, it is a burning issue to
figure out the alternatives to applying WTS in construction. In the context of sustainable and resource-efficient
engineering practices, this study investigates the performance of WTS in the improvement of soil properties. To
evaluate the applicability of water treatment sludge (WTS) for soil modification, it is essential to investigate its
index and compaction properties in combination with various soil types. This study assesses the geotechnical
performance of WTS, natural soils, and soil-sludge mixtures by analyzing their index properties, including specific
gravity, particle size distribution, and Atterberg limits, along with compaction characteristics. The WTS and soil
samples were respectively collected from the Madunaghat Water Treatment Plant and Quaish, Chittagong. The
mentioned properties were determined for two types of soil, one type of WTS, and the mixture of soil with 0% to
50% of sludge. The results show that the addition of WTS to both types of soil increased the liquid limit (LL),
plastic limit (PL), and optimum moisture content (OMC), while the plasticity index (PI) remained within a
moderate range. The maximum dry density decreased progressively with higher sludge content due to the low
specific gravity and high water-holding capacity of the sludge. These trends are consistent with findings reported
in the existing literature. This study will contribute to the understanding of the engineering properties of the soil
by aligning experimental results with established literature.

Keywords: Water Treatment Sludge (WTS), Soil Stabilization, Index Properties; Compaction Characteristics;
Chittagong

1 Introduction

Rapid population growth worldwide has led to an increasing demand for safe drinking water. To meet this demand,
large volumes of water are treated daily in water treatment plants (WTPs). Chattogram is no exception. Numerous
WTPs in Chattogram provide drinkable water, among which Madunaghat WTP is prominent. These plants generate
substantial amounts of sludge as a by-product of the treatment process, which is often disposed of openly without
proper reuse or management. The accumulation of sludge in landfills contributes to groundwater contamination,
unpleasant odor and significant consumption of usable land. Over time, these impacts can threaten ecological
stability (Fiore et al., 2022).

With increasing global focus on sustainability and cost reduction, engineers and researchers are seeking ways to
reuse water treatment sludge (WTS). One promising direction is its use in construction. Several studies have
attempted to explore the utilization of WTS in construction materials. For example, it has been used as a partial
replacement of cement in concrete and mortar to assess its mechanical and environmental performance (Arsh et
al., 2025). However, some researchers investigated to reuse the WTS as geotechnical stabilizer. For instance,
(Coban & Cetin, 2022) evaluated the reuse of lime sludge (LS) for stabilizing losses soil and found that LS alone
significantly improved unconfined compressive strength. As a result, the reuse of WTS in geotechnical engineering
for soil improvement is particularly relevant, where its mineral-rich and fine-grained composition may change the
compaction and index behaviour of soils (Takao et al., 2024) (Mazzutti et al., 2023). According to earlier studies,
adding WTS to soil mixtures can lower maximum dry density while raising liquid limit, plastic limit, and optimum
moisture content. This pattern holds for a variety of soil types and sludge compositions (Mazzutti et al., 2023;
Takao et al., 2024). To strengthen early stabilization and mitigate potential long-term weaknesses, WTS is often
mixed with chemical additives such as lime or cement. That can moderate plasticity and enhance strength and
durability. Because of the differences in sludge composition depending on origin and treatment approach, the
geotechnical behavior needs to be evaluated individually (Boscov et al., 2021; Fiore et al., 2022).

This study evaluates the geotechnical performance of two natural soils modified with WTS and a constant addition
of 2% lime. Samples of WTS were collected from the Madunaghat Water Treatment Plant, and soils from the
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Quaish area of Chittagong. Index parameters such as specific gravity, particle size distribution, and Atterberg limits
are included in the study, along with compaction qualities like maximum dry density (MDD) and optimum
moisture content (OMC). This research supports the useful reuse of WTS in geotechnical applications and adds to
the expanding body of literature on sustainable soil stabilisation approaches by analysing the trends in these
properties as the sludge content increases.

2 Methodology

The main objective of this study was to assess the geotechnical behavior of natural soils modified with water
treatment sludge (WTS) and lime. Two types of natural soils and one type of WTS were collected from Chittagong,
Bangladesh. The soil samples were obtained from the Quaish area, and the sludge was collected from the
Madunaghat Water Treatment Plant. Before mixing, all components were sieved and allowed to air dry.

Twenty different soil-sludge-lime mixes were made by increasing the amount of sludge by 5% by weight, ranging
from 0% to 50%. Lime was added according to the air-dry weight of the soil and maintained at 2% in all mixes.
The sludge content replaced the equivalent percentage of natural soil in each mixture. The mixtures were
thoroughly blended to ensure homogeneity before testing. The experimental investigation focused on the index
and compaction properties of the materials. The following tests were performed according to relevant ASTM
standards: specific gravity (ASTM D854), particle size distribution (ASTM D422), Atterberg limits (ASTM
D4318), plastic limit (ASTM D4318), and compaction characteristics, like optimum moisture content (OMC) and
maximum dry density (MDD) using the standard Proctor test (ASTM D698). All tests were carried out in the
geotechnical laboratory, using standard equipment that complies with ASTM specifications.

The soil and sludge were individually classified according to the Unified Soil Classification System (USCS) based
on their particle size distribution and plasticity characteristics. For every mixed configuration, only one sample
was examined. Plasticity index (PI) was calculated directly as the difference between liquid limit (LL) and plastic
limit (PL). During the trial, room temperatures ranged from 32 to 35°C, and the laboratory testing was carried out
in an ambient environment. Following laboratory testing, Microsoft Excel was used to process and visualize the
results. To examine the trends in LL, PL, PI, OMC, and MDD as the sludge content increased, graphs were created.
These trends were later compared to existing findings in the literature to assess the compatibility of WTS as a soil
stabilizing agent. This study did not account for potential chemical interactions between lime and sludge; the focus
remained on the physical changes in geotechnical properties. This approach was chosen to simplify interpretation
and emphasize practical applicability in early-stage material screening.

3 Result and Discussion

The results are divided into index properties and compaction characteristics. These highlight the impact of WTS
on soil plasticity, moisture affinity, and compactability. Trends across varying sludge contents are analyzed and
compared with existing literature to evaluate the potential of WTS as a sustainable soil stabilizer.

3.1 Geotechnical Properties and Classification of Natural Soil

The geotechnical properties of the natural soil, including Atterberg limits, specific gravity, grain size distribution,
OMC, and MDD, were evaluated and are presented in Table 1. Based on these properties and by the Unified Soil
Classification System (USCS), sample Q1 is classified as silty sand (SM), whereas sample Q2 is categorized as
clayey sand (SC). Madunaghat WTS is mentioned as MS.

Table 1. Geotechnical properties of natural soil

Sample  w% LL PL PI OMC MDD SG Dio D3o Dso Cu C.
MS 5.5 49 N/A  N/A N/A N/A 2.49 0.012 0.028 0.14 11.67 0.47
Q1 27.02 37 26 11 18.2 1600 2.56 0.0015 0.018 0.17 113.33 1.27
Q2 22.8 32 21 11 19.5 1682 2.56 0.006 0.022 0.17 27.42 0.46

3.2 Index Properties of Soil-Sludge Mixture

The effect of WTS on the index properties of two natural soils (Q1 and Q2) was investigated by adding sludge in
increments of 5%, from 0% to 50%, with a constant 2% lime content. The properties evaluated include the liquid
limit (LL), plastic limit (PL), and plasticity index (PI)
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3.2.1 Liquid Limit (LL) and Plastic Limit (PL)
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Figure 1. Variation of Atterberg limits with sludge content

As illustrated in Figure 1, the LL consistently increased as the WTS content increased for both Q1 and Q2 soils.
The LL of Q1 increased from 37% (0% sludge) to 49% (50% sludge), while Q2 showed an increase from 32% to
48% over the same range. This pattern is explained by WTS's fine-grained and hydrophilic characteristics, which
improve the soil combinations' ability to retain water. Similar results were reported by Fiore et al., 2022 and
Mazzutti et al., 2023, who found that the addition of sludge greatly increased LL because of the sludge particles'
larger surface area and clay-like characteristics.

Likewise, the plastic limit (PL) also exhibited an increasing trend with higher sludge content. For Q1, the PL
increased from 26% to 37%, while Q2 showed an increase from 21% to 38%. This rise indicates an enhanced
moisture absorption capacity before the mixtures transition to a plastic state. Similar observations were reported
by Takao et al., 2024, who found that increasing sludge content improved the workability of treated soils. These
findings further support the potential of WTS as an effective modifier for enhancing plasticity in clayey or silty
soils.

3.2.2 Plasticity Index (PI)
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Figure 2. Variation of plasticity index (PI) with sludge content

Figure 2 demonstrates that, unlike LL and PL, the PI values fluctuated within a moderate range without a clear
linear pattern. In Q1, PI varied between 10 and 17, while in Q2, it ranged from 10 to 14. This variation might result
from the combined action of sludge and lime, since sludge tends to increase plasticity while lime may decrease it
through flocculation. This conclusion is supported by Coban & Cetin, 2022, emphasis on the regulating function
of lime in stabilizing soils that include additives with a high moisture content.

Overall, the index properties indicate that WTS improves soils' moisture affinity and plastic behavior, although the
lime addition helps maintain plasticity within acceptable engineering limits. These combined effects support
findings from Boscov et al., 2021, who emphasized the importance of balancing additives in sludge-soil mixtures
to ensure usability in geotechnical applications.
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3.3 Compaction Characteristics of Soil-Sludge Mixture

The compaction behavior of the soil-sludge—lime mixtures was evaluated using optimum moisture content (OMC)
and maximum dry density (MDD) values obtained from Standard Proctor tests.These values provide important
information about the mixes' capacity to store moisture and their compactability.

3.3.1 Optimum Moisture Content (OMC)
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Figure 3. Variation of optimum moisture content (OMC) with sludge content

Figure 3 reveals that the OMC values for both soils increased progressively with the incorporation of WTS. OMC
increased for Q2 from 19.5% to 25%. Over the same sludge increment, OMC increased for Q1 from 18.2% at 0%
sludge to 23.8% at 50% sludge. This trend reflects the high water-holding capacity of WTS, which is explained by
its porous structure and sizable percentage of tiny particles. Similar findings were reported by Mazzutti et al., 2023,
where WTS-treated soils showed a marked increase in OMC, attributed to the hydrophilic minerals and amorphous
alumina/silica gels present in sludge.

The incremental increase in OMC also aligns with the rise in LL and PL values. It appears that the sludge-modified
soils need a higher moisture content to reach maximal compaction, which is a common feature of fine-grained,
clay-like stabilizers (Takao et al., 2024).

3.3.2 Maximum Dry Density (MDD)
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Figure 4. Variation of maximum dry density (MDD) (kg/m?) with sludge content
In contrast to OMC, the MDD values for both soils declined consistently with increasing sludge content, which is
shown in Figure 4. Q1 decreased from 1600 kg/m?* at 0% sludge to 1580 kg/m? at 50%, while Q2 decreased more
significantly from 1682 kg/m?* to 1565 kg/m? over the same range. This reduction can be explained by two primary
factors. One is the sludge's lower specific gravity (2.49) in comparison to natural soil (2.56). And the other one is
predominance of particles causes poor grain interlocking, which prevents densification during compaction.
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These findings are consistent with the observation of Fiore et al., 2022 and Boscov et al., 2021, who demonstrated
that MDD reduction is a common outcome when replacing coarse or granular soil fractions with lightweight, high-
void materials like WTS.

Moreover, clayey sand (SC) like Q2 contains more cohesive fines that, when replaced by lightweight sludge,
prevent interparticle bonding and reduce compactability more significantly. This phenomenon leads to a steeper
drop in MDD. In contrast, silty sand (SM) such as CNB, being less cohesive and already fine-dominated. As a
result, it experiences less structural disruption upon sludge addition, hence MDD remains comparatively stable.
This type of trend was also noted by Mazzutti et al., 2023 and Fiore et al., 2022 in sludge-treated soils of varying
gradations. Furthermore, the consistent addition of 2% lime to all combinations may have lessened excessive
moisture sensitivity by encouraging partial flocculation and decreasing plasticity (Coban & Cetin, 2022).

4 Recommendation

Future research should examine a wider range of engineering features, such as unconfined compressive strength
(UCS), California Bearing Ratio (CBR), and shear strength parameters, in order to further validate the use of WTS
in geotechnical engineering. To evaluate long-term performance, durability in various climatic conditions, such as
wet-dry or freeze-thaw cycles, should also be evaluated. To comprehend possible leachate behavior and
environmental effects, chemical analysis of WTS is advised. Mechanisms of soil-sludge interaction may be
revealed by microstructural investigations employing SEM or XRD. For improved stabilization, the effects of
sludge in combination with other binders, such as fly ash or cement, can also be investigated. Lastly, field
experiments to expand the study would promote practical implementation in real-world projects and help validate
laboratory results.

5 Conclusion

This study highlights the possibility of reusing water treatment sludge (WTS) as a soil stabilizing agent in
conjunction with 2% lime in order to investigate the geotechnical characteristics of natural soils from Chattogram,
Bangladesh. To evaluate differences in index and compaction qualities, two different soil types, clayey sand (SC)
and silty sand (SM), were treated with increasing sludge content (0—50%). The results showed that WTS addition
increased the liquid limit (LL), plastic limit (PL), and optimum moisture content (OMC) of both soils, while the
plasticity index (PI) remained within a moderate range. Maximum dry density (MDD) decreased more significantly
in the clayey sand (Q2) due to greater cohesion loss and reduced particle interlocking, compared to the more stable
response of the silty sand (Q1). Both the index property and the compaction results support the feasibility of reusing
WTS as a soil amendment in road construction and land reclamation, particularly when paired with minor lime
stabilization. These variations align with prior studies by Fiore et al., 2022 and Mazzutti et al., 2024
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