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A B S T R A C T

This study examines effects of mixing municipal solid waste incineration bottom ash (MSWI-BA)
with reddish laterite clay (RLC), evaluating factors such as vertical stress, mixing ratio, curing
period, and the addition of lime. A total of 153 direct shear tests were conducted to thoroughly
assess the mixture’s strength characteristics. Vertical stress levels of 85.5 kPa, 172.4 kPa, and
259.3 kPa were used to simulate varying stress conditions, while mixing ratios of 40 %, 80 %,
100 %, and 120 % were applied to explore potential applications of recycled MSWI-BA with
clayey soils. A fast-curing approach was employed, with curing periods of 24, 48, and 72 h, to
investigate the time-dependent strength development under controlled conditions. A three-way
ANOVA analysis confirmed that mixing ratio, curing period, and vertical stress significantly
impacted both peak and residual shear strength. The 100 % MSWI-BA mixture, with or without 1
% lime, exhibited optimal performance, providing the pronounced shear strengths and dilative
behavior. The study found that MSWI-BA significantly improved shear strength ratios compared
to the RLC, with improvement ratios ranging from 1.439 to 2.460 across stress levels. Addi-
tionally, upper and lower bound equations for peak and residual strength ratios were developed,
providing predictive tools for mixture design. Cohesion values in the range of 8.3–128.9 kPa and
friction angles from 40.6◦ to 44.1◦ were achieved, surpassing or matching those reported in
similar research. The study employed Bolton’s (1986) dilatancy model, finding α values between
0.61 and 0.71, comparable to those in studies of granular materials. These results highlight the
effectiveness of adding MSWI-BA and lime in enhancing reddish laterite soil stabilization through
both chemical and mechanical means, making it a sustainable and cost-effective approach for
civil engineering projects by improving material strength, reusing local soils, recycling waste, and
reducing carbon footprints.
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Incineration); MSWI-BA(Municipal Solid Waste Incineration Bottom Ash), MSWI-FA(Municipal Solid Waste Incineration Fly Ash); MSWI-BA-RLC
((Municipal Solid Waste Incineration Bottom Ash and Reddish Laterite Clay), RLC(Reddish Laterite Clay); UHI (Urban Heat Island), USCS (Unified
Soil Classification System).
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1. Introduction

Solid waste, including municipal solid waste (MSW), is managed through various strategies, with waste incineration being a key
approach. Municipal solid waste incineration (MSWI) addresses this problem by converting waste into ash, flue gases, heat, and en-
ergy, thereby reducing the need for landfills. Taiwan is one of the most densely populated countries in Asia, leading to a substantial
amount of waste generation. According to the statistical data from Environmental Protection Administration in Taiwan, the total
amount of MSW generated in 2021 was approximately 10.05 million tons. Of this amount, approximately 5.6 million tons were
recycled, and 247 thousand tons were disposed in landfills. In 2022, there were in total of 25 waste incineration plants in Taiwan. The
total amount of municipal solid waste (MSW) received and incinerated was 6.2 million tons, resulting in 1.1 million tons of residues
from the incineration process. Despite these efforts, Taiwan is still facing significant challenges in managing its waste. In recent years, a
circular economy has been promoted globally, including in Taiwan, to reduce the consumption of natural resources. Municipal solid
waste incineration (MSWI) has emerged as a recycling strategy of interest in civil engineering, owing to its favorable engineering
properties. This approach not only helps reduce waste but also contributes to supporting the circular economy. For our research, the
focus is on the design purposes of the roadway system by using MSWI waste materials. To fully realize the benefits of incorporating
MSWI residues in engineering projects and to support a sustainable circular economy, it is essential to investigate the strength
characteristics of mixtures containing MSWI residues. This includes studying properties such as cohesion, friction angle, shear
strength, and dilation angles. Understanding these properties will ensure the safe and effective application of MSWI materials in
construction, optimizing their performance and contribution to sustainability.

Reusing MSWI residues in the construction industry with local soils aligns with the goals of a sustainable circular economy. The
construction industry significantly contributes to CO2 emissions through the life cycle of buildings [1,2], including material pro-
duction, transportation, and construction activities. The CO2 emissions of the construction industries vary globally, with substantial
contributions from the production systems in different countries. For example, the construction industries in Russia, India, and China
have notably high CO2 intensities [3]. Transporting raw materials to a concrete plant and then to the construction site can account for
approximately 80 % of the embodied energy and CO2 emissions in concrete production [4]. Emissions from construction sites,
including those from fuel-consuming processes and machinery, contribute significantly to the overall carbon footprint [5]. Transport
during the construction of new buildings is the largest source of emissions on construction sites [6]. When a building is retired and
enters the demolition and rebuild phase, this process significantly contributes to emissions [6].

By replacing these materials with MSWI Bottom Ash (MSWI-BA) andMSWI Fly Ash (MSWI-FA), the carbon emissions frommaterial
production are significantly reduced [7,8]. Additionally, utilizing these waste materials helps divert them from landfills [8,9], pro-
moting a circular economy [10,11], thus contributing to overall carbon footprint reduction. Utilizing MSWI residues, including
MSWI-BA and MSWI-FA, offer numerous benefits when used in construction projects. These materials are by-products of waste
incineration processes, making them readily available and cheaper compared to traditional construction materials [7,12]. The
reduction in the need for natural aggregates [13], coupled with decreased transportation costs due to local availability, further
contributes to cost savings [14]. This makes MSWI residues an economically attractive option for construction projects [7,9,15].

MSWI residues possess favorable characteristics as granular materials, demonstrating strong structural properties due to their high
temperature incineration process. Zekkos et al. (2013) [16] performed soil index tests, including grain size distribution, specific
gravity, and surface morphology. Laboratory investigations were conducted such as compaction, shear velocity, direct shear testing,
and triaxial testing on MSWI-FA and MSWI-BA. The geotechnical characterizations of these materials indicated that their shear
strength can exceed that of sandy soils. Lee et al. (2017) [17] conducted a series of triaxial tests to investigate the mechanical
properties of MSWI-BA. The study concluded that the behavior of MSWI-BA was similar to that of dense sands. Huang et al. (2020) [18]
conducted a series of laboratory tests, including direct shear tests and California bearing ratio (CBR) tests, with varying water contents
and dry densities. Their findings suggested that MSWI-BA can serve as a viable alternative to subgrade materials. Juarez et al. (2023)
[19] presented the shear strength parameters of dry MSW post-mechanical sorting, which found strain hardening behavior and varying
friction angles and cohesion values. Dehdari et al. (2021) [20] utilized a large direct shear device to test MSW samples, finding friction
angles of 31.4◦ (consolidated-drained tests) and 38.6◦ (consolidated-undrained tests) with near-zero cohesion.

To evaluate the granular effect of the MSWI-BA, dilatancy behavior is a significant factor to consider when examining the strength
behavior. Dilatancy is the tendency of granular soils to expand in volume when subjected to shear stress. Dilatancy affects the strength
and stiffness of granular soils and is influenced by factors such as morphology, particle shape, size, density, and moisture content
[21–23]. Rowe (1962) [24] presented experiments on randommasses of materials and established the relationship between the rate of
dilatancy and the maximum stress ratio. Bolton (1986) [25] studied 17 different types of sand, focusing on the friction angle differ-
ences between peak and critical state conditions, linking the difference in dense sand to dilatancy during shearing. This research
extended to examining dilatancy in cemented sand and clayey soils, beyond just granular materials. Chu et al. (2004) [26] examined
the experimental data and confirmed that the stress-dilatancy behavior of sand and clay can be both described by the stress path and
strain path. Wang and Leung (2008) [27] found in triaxial tests that increased shearing strain in cemented sand leads to peak strength
and bond breakage. During the post-peak strength stage, the shear strength diminished, corresponding with a reduction in material
friction, and concentrated along the shearing band at higher strains.

In addition to its granular behavior, the chemical stabilization properties (pozzolanic reaction) of MSWI-BA greatly influences
mixture strength. With a high content of calcium oxide (CaO), MSWI-BA can neutralize acidity, reduce soil plasticity, and enhance
material strength whenmixed with clayey soils. MSWI-BA generally contains around 20%–40% of CaO [13,28–31], with some studies
reporting as low as approximately 10 % [13,32] and others as high as approximately 50 % [13,31]. The CaO in MSWI-BA reacts with
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water to form calcium hydroxide (Ca(OH)2), which reacts with soil particles to form a cementing effect. For example, with high level
content of CaO, MSWI residues can be used as a partial replacement for cement in concrete mixtures, which can provide sufficient
engineering characteristics of construction materials [33–36]. Singh and Kumar (2017) [37] experimented the mixture of cement with
MSWI ash in various curing periods. Results indicated that the combinations can be used as a lightweight material with satisfactory
strength characteristics. In soil stabilization approaches, it is common to incorporate lime into soils due to its advantage from
pozzolanic reaction. Lime, containing components of CaO typically contains approximately 50 % (or higher) of CaO [28,38], and
exhibit pozzolanic properties that react with the soil’s silica and alumina components. This reaction produces cementitious compounds
and establishes cohesive soil structures. This pozzolanic reaction provided by added lime can effectively enhance the strength char-
acteristics [38–40]. Zang et al. (2020) [41] investigated the effect of temperature and time on the reactivity and strength of lime-soil
mixtures. The results showed that unconfined compressive strength significantly increased after 7 days of curing period. Feng et al.
(2020) [42] studied how lime and cement treatments enhance sandy lean clay stability in highways, finding improvements in un-
confined compression strength, California bearing ratio (CBR), and resilient modulus over untreated soils, influenced by curing periods
and additive amounts.

The construction and operation of roadway systems contribute CO2 emissions and exacerbate the urban heat island effect [43]. The
use of materials such as asphalt and concrete in roadways is associated with significant CO2 emissions during their production and
installation [44,45]. Incorporating MSWI residues into pavement systems for roadways and parking projects can effectively balance
CO2 emissions and reduce overall environmental impact. Additionally, using MSWI residues in asphalt and base materials leverages
waste reuse, reduces reliance on long-distance transportation, and utilizes local resources, further enhancing sustainability. While
considering the environmental benefits, it is necessary to maintain or increase the strength characteristics for engineering purposes.
MSWI can serve as an alternative material in roadway construction, offering both granular behavior and chemical stabilization [30,
46–50], which can reduce the amount of virgin soil required for construction projects. Townsend et al. (2020) [51] evaluated using
MSWI in commercial aggregates for road construction, revealing improved uniformity and bearing capacity, suggesting MSWI’s
viability as road-base material. Spreadbury et al. (2021) [52] researched MSWI-BA as a base course, examining thickness and water
content in lab and field tests. They assessed performance through resilient modulus and deformation under cyclic loading, finding
compaction, thickness, and water content as key performance factors. Shi et al. (2022) [53] conducted research on cement-stabilized
MSWI BA in pavement base construction to improve mechanical properties and frost resistance, promoting carbon peaking and carbon
neutrality in highway engineering. Joumblat et al. (2022) [54] suggested that using MSWI-FA as a partial or full replacement for fine
aggregates and mineral filler in asphalt mixtures improved performance while reduced rutting and fatigue cracking potential.
Kyungwon et al. (2023) [55] concluded that using 20 % MSWI-BA and 5 % recycled asphalt shingles in hot mix asphalt improved
mechanical performance and sustainability. Gowda et al. (2023) [56] investigated the incorporation of MSWI-BA in rubberized asphalt
mixtures to enhance mechanical properties and environmental benefits.

Clayey soils are poorly suited for roadway construction due to their susceptibility to volume changes, leading to instability and
frequent maintenance. Additionally, their low shear strength, plasticity, and poor workability complicate construction processes and
increase costs [57,58]. When using local clayey materials, constructing transportation systems with clay can be problematic due to its
high water absorption, causing instability and potential damage. MSWI residues with local clayey soils in construction projects
supports the goals of a sustainable circular economy [59–61]. This approach not only reduces the dependency on natural rawmaterials
but also diverts waste from landfills, effectively managing waste and conserving natural resources. By using locally available soils
combined with MSWI-BA or MSWI-FA, the transportation emissions and costs associated with long-distance material transport are
significantly minimized [62]. The incorporation of MSWI residues with local soils in construction projects can substantially lower the
carbon footprint associated with roadway construction [53,63]. Furthermore, MSWI residues can enhance the mechanical properties
of construction materials, making them suitable for enhancing the strength of materials [64–66]. The addition of MSWI residues to
local clayey soils enhances the characteristics of mixtures and benefits the overall performance of the civil engineering projects
[67–71]. The enhanced mechanical properties of the resulting materials contribute to the durability and longevity of construction
projects. Huang et al. (2021) [72] performed unconfined compression tests on MSWI-BA and RLC (MSWI-BA-RLC) mixtures, studying
the impact of mixing ratio, curing time, and grain size on their mechanical and chemical properties. Results showed that adding
MSWI-BA notably increases mixture strength, with higher MSWI-BA ratios transforming the material from clayey to granular. Sun and
Sun and Yi (2022) [73] investigated the use of marine clay and MSWI-BA mixtures as fill materials for transportation construction.
They found that these mixtures transformed into semi-solid or solid granular materials with improved unconfined compression
strength. Zimar et al. (2022) [74] examined the incorporation of MSWI-FA into expansive clay for road pavement, finding that it
mitigated swelling and shrinkage issues while improving compressive strength and CBR. Qiu et al. (2023) [75] developed a
multi-source solid-waste-based soft soil solidification material, achieving significant increases in unconfined compressive strength for
sandy soil, silty clay, and organic clay. The study found the optimal solidifying agent content to be 17 %, yielding compressive
strengths of 3.16 MPa, 2.05 MPa, and 1.04 MPa, respectively.

In Taoyuan City, Taiwan, high water content in soil posed construction challenges. Stabilizing clay with lime or concrete reduces
plasticity but increases costs and carbon footprint, while using granular materials like sand or gravel has better strength but similar
drawbacks. To address this, the authors’ teammixed local RLC with MSWI-BA in previous construction projects, achieving compaction
and sustainability in pavement subbases while reducing costs and environmental impact. This method enhanced workability and
resource efficiency, aligning with sustainable construction practices. To encourage the further utilization of MSWI-BA-RLC, engineers
would need the strength parameters associated with the most favorable mixing ratio for their designs. This study aimed to examine the
performance of MSWI-BA-RLC mixture based on previous successful field performance experiences. By exploring various factors that
could affect the mixture’s performance, the findings aimed to contribute the design process and to improve construction experience.
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The knowledge gained from this study could be applied to future projects, promoting the use of this mixture in a wider range of
construction applications. To assess the impact of MSWI-BA addition on strength parameters for design purposes, this study conducted
direct shear tests to evaluate peak and residual shear strength, peak and residual shear strength ratios, cohesion, friction angle, and
dilatancy behavior of the mixture.

2. Methodology

2.1. Materials

The Taoyuan platform in northern Taiwan features gently sloping hills and plains with sedimentary rocks. Its top layer, rich in iron
and aluminum oxides, is composed of RLC, varying in depth up to 10 m and overlaying a mix of laterite and boulders. The area’s
groundwater table depth ranges widely due to topographical and climatic factors. This study uses reddish laterite from near Chung
Yuan Christian University as a base material to mix with MSWI-BA.

MSWI-BA was collected from a waste incineration plant located within Taoyuan City. The MSWI-BA, primarily derived from
household waste, underwent a pre-scanning process to remove larger objects and metal. Field Emission Scanning Electron Microscope
(FE-SEM) analysis revealed the MSWI-BA particles had an angular shape (Fig. 1(a)), providing excellent interlocking mechanics for
improved shear resistance. The particles also had a flaky and uneven surface (Fig. 1(b)), allowing for effective water absorption and
dissipation. When exposed to sunlight, the MSWI-BA quickly dried out, which was advantageous for reducing the water content of the
mixture and absorbing water from the surrounding clay.

Table 1 and Fig. 2 show the soil properties and grain size distribution for the materials used in this study. According to the Unified
Soil Classification System (USCS), RLC and MSWI-BA are classified as CH and SW, respectively. Table 2 presents a summary of the
chemical composition obtained from the two sample batches collected for this study. The analysis revealed that the values CaO content
in the samples were 23.73 % and 22.85 %.

2.2. Development of procedure for this study

This article comprises four major sections focused on exploring how MSWI-BA affects the engineering strength properties when
combined with RLC. Fig. 3 outlines the study’s content flow, with each major step detailed in the following sections.

2.2.1. Mixture design
In this study, the mixture design was based on the moist weight of the materials, taking into account the practical conditions

experienced during construction. To evaluate the influence of adding MSWI-BA, different weight percentages were considered in the
mixture design. These percentages included 40 %, 80 %, 100 %, and 120 % of MSWI-BA mixed with 100 % of RLC in moist weight. By
varying the proportion of MSWI-BA, the study aimed to observe the corresponding changes in the mixture’s behavior and performance,
allowing for a comprehensive analysis of both the chemical and mechanical effects induced by the incorporation of MSWI-BA.

Adding lime to soil with high water content is a common practice in construction for soil stabilization purposes. However, this can
lead to increased construction costs and a higher carbon footprint. To enhance the workability and strength characteristics essential for
optimal field performance, this study examined the effects of adding a minimum of 1 % lime (by moist weight) to a MSWI-BA-RLC
mixture. The primary objective of this investigation was to comprehensively understand the impact of this minimal lime addition
on the strength characteristics of the mixture. This modest 1 % lime addition aimed to provide a practical and effective solution to the
challenges posed by excessive water content, while simultaneously promoting the efficient and sustainable use of MSWI-BA as a

Fig. 1. Particle and surface of the MSWI-BA, magnified (a) 25 times and (b) 5000 times using FE-SEM.
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valuable construction resource. A comparison was made between mixtures with and without the addition of lime to assess any en-
hancements or alterations in the strength performance.

2.2.2. Sample preparation
The sample preparation procedure for mixing MSWI-BA with RLC followed a systematic approach to ensure the representative

nature of the samples. In civil engineering projects, achieving a sufficient level of compaction was crucial to ensure the stability and
durability of the constructed sub-base. TheModified Proctor test based on ASTMD1557 was adopted to provide guidance on achieving
the desired relative compaction. In this study, the target relative compaction was determined as 90 %. However, to account for any
construction errors or inconsistencies, a higher relative compaction value of 92 %was adopted to all the sample preparation processes.

After compaction, the samples were extracted and prepared for further testing. They were placed in the designated curing con-
ditions, allowing for the pozzolanic reactions to occur and for further development of the mixture’s strength properties. To accelerate
the curing process and simulate the effects of long-term curing at normal temperature conditions, a fast-curing approach was adopted.
This approach involved subjecting the samples to an elevated temperature and high humidity condition for a shorter duration. Terrel
et al. (1979) [76] and Transportation Research Board [38] advocated an approach for testing the strength characteristics of lime-soil

Table 1
Index properties of RLC and MSWI-BA.

Test Item RLC MSWI-BA

Specific gravity (Gs) 2.75 2.46
Liquid limit (LL) 59–60 –
Plastic limit (PL) 20–23 –
Plasticity index (PI) 37–40 –
Uniformity coefficient (Cu) – 8.9–10.0
Coefficient of gradation (Cc) – 0.8–2.1
Natural water content (w) 13.8%- 20.2 %

Fig. 2. Grain size distribution of RLC and MSWI-BA.

Table 2
Chemical composition of MSWI-BA in this study.

Chemical Composition Batch 1 content in % Batch 2 content in %

Silicon dioxide (SiO2) 29.24 30.25
Aluminum oxide (Al2O3) 6.82 7.14
Sodium oxide (Na2O) 3.36 3.33
Potassium oxide (K2O) 1.15 1.1
Magnesium oxide (MgO) 1.9 1.96
Calcium oxide (CaO) 23.73 22.85
Titanium oxide (TiO2) 1.12 1.15
Ferric oxide (Fe2O3) 7.58 8.02
Sulfur trioxide (SO3) 2.62 2.43
Phosphorus pentoxide (P2O5) 5.54 5.11
Manganic oxide (Mn2O3) 0.33 0.21
Chlorine (Cl) 2.44 2.46
Loss on ignition N/A N/A
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stabilization. The lime-soil specimens were placed in a sealed chamber for a duration of 48 h. This chamber sustained a curing
environment with 95 % humidity and a temperature of 48.9 ◦C (120 ◦F). The choice of 48 h was based on the premise that this
accelerated curing period could simulate the strength development and chemical reactions equivalent to 30 days at 21.1 ◦C (70 ◦F). In
addition to adopting this approach in this study by using the 48-h curing period, two other curing periods of 24 h and 72 h were chosen
to examine the effect of different curing durations on the properties of the mixture.

2.2.3. Direct shear tests
The direct shear test was utilized in this study to investigate the shear strength properties of soils. Following the standards of ASTM

D3080, soil samples were subjected to a controlled horizontal shearing displacement rate to evaluate their strength behavior. By
applying different levels of vertical stress values, data were collected to determine the peak and residual shear strength behaviors. The
peak shear strength corresponded to the maximum resistance offered by the soil to resist shearing deformation. The residual shear
strength represented the soil’s shearing resistance at a large horizontal strain condition. By examining the data at the peak and residual
conditions, under various vertical stress testing results, cohesion and friction values were estimated to formulate the Mohr-Coulomb
failure criteria. In addition to stress-strength relationships, the direct shear test provided insights into the soil’s dilation behavior.

To simulate possible applications of the usage of MSWI-BA mixed with RLC, the designated vertical stress levels included 85.5 kPa,
172.4 kPa, and 259.3 kPa. These values were designed to represent low, intermediate, and high stress conditions, respectively. These
simulated stress conditions replicate potential applications in pavement sub-grade systems and a range of ground improvement
scenarios.

When a mixture was subjected to vertical stress, the materials could experience both elastic and consolidation settlement. While
elastic settlement could occur within a short period, the initial consolidation process might require sufficient time for the clayey
materials within the mixture to reach a stable condition. To confirm that the specimen had reached a stable condition and to terminate
this initial consolidation process, the termination criterion was defined as a vertical displacement of 0.05 mm within a 10-min time.
Once the initial condition was deemed complete, the shearing process began. In the case of mixtures containing both clayey and
granular materials, a slow shear rate was selected to capture the shearing behavior of the mixture. A shear rate of 0.04 mm per minute
in the horizontal direction was employed in this study. The entire shearing process typically lasted for approximately 200 min, or
approximately minimum 10 % of the horizontal shear strain reached.

2.2.4. Number of testing samples
Several factors were considered in this study, including the curing periods, mixing ratios MSWI-BA-RLCmixture, vertical stress levels,

and the presence or absence of 1 % lime in the mixtures. The test program was divided into two main groups. Group 1 consisted of tests
with MSWI-BA and 0 % lime added, while Group 2 included tests with MSWI-BA and with 1 % lime added. Within each group, different
weight ratios were tested, specifically 40 %, 80 %, 100 %, and 120 %. For Group 1, each weight ratio had 2 test sets, and within each test
set, tests were conducted under 3 different initial vertical stresses: 85.5 kPa, 172.4 kPa, and 259.3 kPa. Additionally, for each test set in
Group 1, 3 curing times were considered: 24 h, 48 h, and 72 h. However, for the 40 % weight ratio, only a curing time of 48 h was used.
Group 2 followed a similar structure but included 3 test sets for each weight ratio, except for the 40 %weight ratio, which had only 2 test
sets. Like Group 1, each test set in Group 2 was subjected to 3 initial vertical stresses. The curing times for Group 2 were also 24 h, 48 h,
and 72 h, except for the 40%weight ratio, which used only a 48-h curing time. Additionally, for the RLC, 2 test sets were conducted for 3
different initial vertical stresses. As indicating in Table 3, a total of 153 direct shear tests were conducted in this study.

Fig. 3. Components of this article.
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3. Results and discussion

3.1. Peak and residual shear strength

According to the 153 direct shear test results conducted in this study, Tables 4 and 5 present the average peak and residual shear
strength values. Each averaged value represents the mean shear strength derived from 2 or 3 test sets in each vertical stress and curing
period conditions. To investigate the influence of mixing ratio, curing period, and vertical stress on the average peak and residual shear
strength, a three-way ANOVA analysis was conducted to assess their statistical significance. As shown in Table 6, with a p-value
threshold of less than 0.05 indicating statistical significance, the factors of mixing ratio, curing period, and vertical stress in both Group
1 and Group 2 exhibit the significant effect on results of average peak and residual shear strength. Conversely, the interactions between
mixing ratio and curing period, mixing ratio and vertical stress, and vertical stress and curing time were less significant, suggesting that
these three factors produced independent effect to each other.

3.2. Behaviors of mobilized shear strength and strain

This section presents the results and analysis of the influence of various mixing ratios and the presence of lime on the behavior of
the MSWI-BA-RLC mixtures. To provide illustrative examples from the overall results, Fig. 4 (results with absence of lime) and Fig. 5
(results with 1 % lime added) illustrate the testing data for various mixing ratios, considering curing period of 48 h and the vertical
stress of 172.4 kPa. The figures demonstrate the mobilization of shear strength with increasing horizontal strain, accompanied by the
corresponding vertical strain values. For each mixing ratio, 2 testing specimens were conducted as shown in Fig. 4, while 3 testing
specimens were conducted as depicted in Fig. 5. For comparison purposes, the results of the RLC, without any MSWI-BA or lime added,
are illustrated in Figs. 4 and 5 as 0 % Test 1 and 0 % Test 2.

In this study, the horizontal strain is defined as the ratio of the horizontal displacement to the dimension along the shearing di-
rection, which corresponds to the diameter of the direct shear specimen. The vertical strain is defined as the ratio of the vertical
displacement to the initial height of the specimen before applying horizontal force. The initial height for the shearing process should
consider any settlement that occurred during the initial consolidation process. To account for this settlement, the initial height of the
specimen for the shearing process is determined as the height measured at the completion of the initial consolidation stage.

Fig. 4(a) showed that the RLC without lime had no distinct peak shear strength, with an average residual strength of 79.3 kPa at
172.4 kPa vertical stress. Shear strength increased with higher MSWI-BA mixing ratios: peak strengths rose from 164.929 kPa (40 %
ratio) to 229.584 kPa (80 % ratio), and residual strengths from 159.509 kPa to 189.320 kPa. At 100% and 120 % ratios, peak strengths
increased more modestly, from 251.953 kPa to 276.560 kPa, and residual strengths remained similar at 169.315 kPa and 162.304 kPa.
This suggests a plateau in strength improvement beyond a 100 % mixing ratio, indicating that further increases in MSWI-BA may not
significantly enhance strength.

In the demonstration of the vertical strain versus horizontal strain behavior, Fig. 4(b) showed that the RLC had noticeable
contraction behavior. Without lime, increasing the mixing ratio to 40 % led to initial compression transitioning into slight dilation. At
80 % and 100 % ratios, specimens showed dilative behavior, which lessened when the ratio reached 120 %. Specifically, at 12 %
horizontal strain, vertical strains were 0.4 %, 2.3 %, 4.3 %, and 3.5 % for 40 %, 80 %, 100 %, and 120 % mixing ratios, respectively.
This suggests that the 100 % mixing ratio achieved the maximum dilative behavior, influenced by both chemical and mechanical
effects of MSWI-BA addition.

Fig. 5(a) explores shear strength behavior with increased shear strain in mixtures with 1 % lime. Increasing the mixing ratio from
40 % to 120 % shows little difference in shear strength mobilization. Peak shear strengths for 40 %, 80 %, 100 %, and 120 % ratios
fluctuates around 334.891 kPa, 307.911 kPa, 280.110 kPa, and 291.142 kPa, respectively. Residual strengths also vary, with averages
of 176.931 kPa, 190.997 kPa, 167.478 kPa, and 180.031 kPa for these ratios. Generally, 1 % lime mixtures had higher peak and
residual strengths than those without lime, indicating significant impact of 1 % lime addition on shear strength mobilization for
different ratios in this study.

Fig. 5(b) shows the vertical versus horizontal strain behavior in 1 % lime-added mixtures. All mixing ratios displayed noticeable
dilative behavior, with no significant differences in dilation extent. However, variations were observed, such as larger dilation in test 1
of the 40 % ratio and test 2 of the 100 % ratio. The mixtures, due to the cementation effect of MSWI-BA and lime, showed fragmented

Table 3
Test program in this study.

Mixing ratios Group1: 0 % Lime Group 2: 1 % Lime

24 Hours 48 Hours 72 Hours 24 Hours 48 Hours 72 Hours

40 % – 6 – – 6 –
80 % 6 6 6 9 9 9
100 % 6 6 6 9 9 9
120 % 6 6 6 9 9 9
0 % 6
“6” represents 2 test sets with 3 vertical stress levels.

“9” represents 3 test sets with 3 vertical stress levels.
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materials (~1mm–2 mm in size) along the shear plane, indicating fragmentation under shearing forces. This fragmentation is believed
to contribute to the observed dilation behavior during testing.

For the sustainable design and construction purposes, mixing approaches aim to maximize the use of local clayey soils with MSWI-
BA. However, higher mixing ratios, implying less on-site clay, may not be practical and economical for real-world engineering ap-
plications. In this study, the influence of various mixing ratios of MSWI-BA-RLC mixture, with and without 1 % lime, was analyzed to
assess their effects on shear strength and strain behavior. The results indicated that a 100 % mixing ratio of MSWI-BA, both with and
without the addition of 1 % lime, provides the best performance in terms of shear strength and dilative behavior. Without lime, the 100
% mixing ratio demonstrated the highest peak and residual strengths, as well as maximum dilative behavior, compared to lower or
higher mixing ratios. This suggests that the 100 % ratio strikes an optimal balance between the mechanical and chemical contributions
of MSWI-BA, enhancing both peak and residual strengths. When 1 % lime was added, the 100 % mixing ratio continued to show
favorable performance, although peak and residual strengths were generally higher across all ratios compared to mixtures without
lime. The lime addition contributed to increased shear strength and improved the material’s behavior under strain, confirming the
effectiveness of this combination.

Table 4
Results of shear strength for Group1 (0 % lime added) test program.

Group 1: 0 % Lime Average peak shear strength ratio Average residual shear strength ratio

Mixing Ratio Vertical Stress (kPa) 24 h 48 h 72 h 24 h 48 h 72 h

40 % 85.5 – 113.437 – – 93.305 –
172.4 – 164.929 – – 159.509 –
259.3 – 228.810 – – 224.551 –

80 % 85.5 132.220 158.735 131.486 91.819 93.305 90.350
172.4 180.700 229.584 192.821 147.278 189.320 146.177
259.3 248.279 280.302 247.545 196.493 246.619 210.083

100 % 85.5 152.153 158.297 151.766 94.467 81.536 93.692
172.4 215.259 251.953 230.746 167.639 169.315 163.380
259.3 271.784 291.986 308.177 219.518 240.200 230.746

120 % 85.5 142.871 175.926 150.951 83.005 95.492 85.943
172.4 221.835 276.560 234.323 156.093 162.704 162.337
259.3 278.029 317.695 301.902 217.428 276.560 233.221

Table 5
Results of shear strength for Group 2 (1 % lime added) test program.

Group 2: 1 % Lime Average peak shear strength ratio Average residual shear strength ratio

Mixing Ratio Vertical Stress (kPa) 24 h 48 h 72 h 24 h 48 h 72 h

40 % 85.5 – 209.839 – – 117.309 –
172.4 – 334.891 – – 176.931 –
259.3 – 372.445 – – 282.625 –

80 % 85.5 188.933 202.870 232.119 88.788 99.370 80.801
172.4 284.948 307.919 306.064 178.608 190.997 167.968
259.3 356.443 345.602 376.826 250.620 272.300 226.488

100 % 85.5 192.698 219.142 235.302 97.206 95.492 85.208
172.4 259.787 280.110 311.451 159.130 167.478 161.847
259.3 337.160 346.220 380.989 236.526 227.712 243.627

120 % 85.5 173.704 219.647 217.918 89.304 91.369 83.494
172.4 269.719 291.142 301.412 168.542 180.931 172.865
259.3 340.698 375.542 387.355 255.782 266.106 216.204

Table 6
Three-way ANOVA analysis p-value results.

Three-way ANOVA p-values Group 1: 0 % Lime Group 2: 1 % Lime

Average peak shear
strength

Average residual shear
strength

Average peak shear
strength

Average residual shear
strength

Mixing ratio 0.001 0.0008 0.001 0.0006
Vertical stress 0.014 0.021 0.013 0.015
Curing period 0.011 0.012 0.01 0.011
Mixing ratio vs. vertical

stress
0.093 0.113 0.092 0.102

Mixing ratio vs. curing
period

0.115 0.140 0.113 0.12

Vertical stress vs. curing time 0.165 0.183 0.161 0.182
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3.3. Behaviors of shear strength ratio

The peak and residual shear strength values were averaged based on 2 (for Group1 with 0 % lime added) or 3 (for Group 2 with 1 %
lime added) specimens tested for each vertical stress level. For the RLC, since no apparent peak shear strength was observed, only
residual shear strength values were averaged from 2 specimens at each vertical stress level. These averaged values were then used to
determine the shear strength ratio, calculated by dividing the shear strength value by the corresponding vertical stress value. The
results of these calculations are presented in Table 7, Tables 8, and Table 9, representing the testing groups with RLC, Group 1 and
Group 2, respectively.

Comparing the Group 1 and 2, Group 2 with 1 % lime generally exhibited higher peak and residual shear strength ratios compared
to Group 1 with 0 % lime. For example, at a mixing ratio of 80 %, the peak shear strength ratio for Group 2 was 2.210 at 24 h, while for
Group 1 it was 1.546. This suggested that the addition of lime had a positive effect and enhanced the shear strength of the mixtures.
When lime is combined with fine-grained soils, the introduction of lime to fine-grained materials can quickly exhibit cation exchange
and flocculation-agglomeration reactions in the existence of water [38]. The increased strength ratios observed in Group 2 could be
attributed to the effect provided by lime, which improved the interlocking and bonding among mixture materials.

By examining the influence of mixing ratios, the data showed that higher mixing ratios resulted in improved shear strength ratios
for both groups. As the mixing ratio increased from 40 % to 120 %, there was a general trend of increasing peak and residual shear
strength ratios. For instance, at a stress level of 85.5 kPa and a curing period of 48 h, the peak shear strength ratio increased from 1.327
for a mixing ratio of 40 % to 2.058 for a mixing ratio of 120 % in Group 1. Similarly, the residual shear strength ratio increased from
1.091 to 1.117 for the same mixing ratios and curing period. This indicated that a higher proportion of MSWI-BA in the mixture
contributed to enhanced shear strength.

Furthermore, the stress levels exerted on the specimens had a significant influence on the shear strength ratios. Higher stress levels
resulted in lower peak and residual shear strength ratios across different mixing ratios and curing times. For example, at a mixing ratio
of 100% and a curing period of 72 h, the peak shear strength ratio for Group 1 at a stress level of 259.3 kPa was 1.188, while for a stress
level of 85.5 kPa, it was 1.775.

Fig. 4. Selected results from test group of 0 % lime added: (a) horizontal strain versus shear stress mobilized and (b) horizontal strain versus
vertical strain.
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Fig. 5. Selected results from test group of 1 % lime added: (a) horizontal strain versus shear stress mobilized and (b) horizontal strain versus
vertical strain.

Table 7
Results of shear strength ratio for the RLC.

Vertical Stress (kPa) 85.5 172.4 259.3

Shear strength ratio 0.739 0.460 0.411

Table 8
Results of shear strength ratio for Group1 (0 % lime added) test program.

Group 1: 0 % Lime Peak shear strength ratio Residual shear strength ratio

Mixing Ratio Vertical Stress (kPa) 24 h 48 h 72 h 24 h 48 h 72 h

40 % 85.5 – 1.327 – – 1.091 –
172.4 – 0.957 – – 0.925 –
259.3 – 0.882 – – 0.866 –

80 % 85.5 1.546 1.857 1.538 1.074 1.091 1.057
172.4 1.048 1.332 1.118 0.854 1.098 0.848
259.3 0.957 1.081 0.955 0.758 0.951 0.810

100 % 85.5 1.780 1.851 1.775 1.105 0.954 1.096
172.4 1.249 1.461 1.338 0.972 0.982 0.948
259.3 1.048 1.126 1.188 0.847 0.926 0.890

120 % 85.5 1.671 2.058 1.766 0.971 1.117 1.005
172.4 1.287 1.604 1.359 0.905 0.944 0.942
259.3 1.072 1.225 1.164 0.839 1.067 0.899
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The results revealed that curing period affects the shear strength ratios of both Group 1 and Group 2. Comparisons across 24-h, 48-
h, and 72-h curing times showed variations in peak and residual shear strengths, with extended curing enhancing pozzolanic reactions
and strength. However, the impact of curing time may plateau or decrease after a certain period. For example, Group 1’s peak shear
strength ratio increased from 24 to 48 h but slightly declined at 72 h. Conversely, Group 2’s peak shear strength consistently rose from
24 to 72 h.

Comparing the shear strength ratios among the RLC and the other groups, the values for the RLC were generally lower. This in-
dicates that the addition of MSWI-BA, with or without the extra 1 % lime, significantly elevated the shear strength at various stress
levels. Table 10 presents the improvement outcomes of 48-h curing period when MSWI-BA (Group 1) or 1 % lime (Group 2) were
added, in comparison to the RLC. Since the RLC did not exhibit a significant peak shear strength, only the residual shear strength is
compared below. The improvement ratio is defined as the residual shear strength ratio values after 48 h of curing period, divided by the
corresponding values of the RLC at each stress level. The average improvement ratio is calculated as the mean value across the three
stress levels. According to the average improvement ratios, the addition of MSWI-BA and lime significantly increased the shear
strength ratios compared to the ratios of the RLC. Notably, the improvement effect became more pronounced with increasing vertical
stresses. According to Table 10, the average improvement ratios ranged from 1.439 to 2.460 across vertical stresses ranging from 85.5
kPa to 259.3 kPa.

Based on the data in Tables 8 and 9, Figs. 6–9 visualized fitting curves and equations with R2 values. The R2 values generally
indicate good model fitting. However, some values fluctuated within a small range, resulting in poor R2 values. This was observed, for
instance, across all weight ratios of the residual stress ratio in Group 1 with 0 % lime added.

By observing the established curves, in Group 1, the curves of the 48-h curing period generally provide higher values compared to
other curing periods, while the curves of the 24-h generally represent the lowest values. For Group 2, the highest values are generally
provided by the 72-h fitting curves, while the 24-h fitting curves generally represent the lowest values. The information above provides
a suitable approach of upper bound and lower bound shear strength ratio values for the corresponding vertical stress levels, sum-
marized in Tables 11 and 12. The upper and lower bounds are determined based on the equations that relate the input vertical stress
values (represented by “x” in kPa) to the corresponding peak or residual shear strength ratio value (represented by “y”).

Note that, due to the data limitation of the vertical stress ranging from 85.5 kPa to 259.3 kPa, predictions made outside this vertical
stress range may not be applicable. The mixing ratios utilized in this study were constrained to a range between 40 % and 120 %.
Additionally, the lime content in the mixtures was either excluded (0 % lime) or included at a minimal level (1 % lime). These

Table 9
Results of shear strength ratio for Group 2 (1 % lime added) test program.

Group 2: 1 % Lime Peak shear strength ratio Residual shear strength ratio

Mixing Ratio Vertical Stress (kPa) 24 h 48 h 72 h 24 h 48 h 72 h

40 % 85.5 – 2.454 – – 1.372 –
172.4 – 1.943 – – 1.026 –
259.3 – 1.436 – – 1.090 –

80 % 85.5 2.210 2.373 2.715 1.038 1.162 0.945
172.4 1.653 1.786 1.775 1.036 1.108 0.974
259.3 1.375 1.333 1.453 0.967 1.050 0.873

100 % 85.5 2.254 2.563 2.752 1.137 1.117 0.997
172.4 1.507 1.625 1.807 0.923 0.971 0.939
259.3 1.300 1.335 1.469 0.912 0.878 0.940

120 % 85.5 2.032 2.569 2.549 1.044 1.069 0.977
172.4 1.564 1.689 1.748 0.978 1.049 1.003
259.3 1.314 1.448 1.494 0.986 1.026 0.834

Table 10
Comparing the 48-h curing period improvement ratios on shear strength ratios of Group 1 and 2 to the RLC.

Vertical Stress (kPa) Mixing Ratio Group 1: 0 % Lime Group 2: 1 % Lime

Improvement Ratio Average Improvement Ratio Improvement Ratio Average Improvement Ratio

85.5 40 % 1.476 1.439 1.857 1.597
80 % 1.476 1.572
100 % 1.291 1.512
120 % 1.512 1.447

172.4 40 % 2.387 2.240 2.230 2.258
80 % 2.387 2.409
100 % 2.135 2.111
120 % 2.052 2.280

259.3 40 % 2.107 2.318 2.652 2.460
80 % 2.314 2.555
100 % 2.253 2.136
120 % 2.596 2.496
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parameters had been strictly adhered to in order to maintain consistency and reliability of the experimental results for future
applications.

3.4. Behaviors of cohesion and friction angle

This section aims to establish the strength parameters of the mixtures, including cohesion and friction angle. These parameters are
determined using the widely employed Mohr-Coulomb failure criterion model. The goal is to ensure that the designed mixture has the
strength and stability required to withstand anticipated loads in geotechnical design applications. For the RLC, based on 2 test sets for
each of the 3 stress levels, the cohesion and friction angle values at residual conditions were 40.0 kPa and 14.0◦, respectively. Tables 13
and 14, presented below, provide summaries of the cohesion and friction angle values at both peak and residual shear strength
conditions for Group 1 and Group 2. Note that, the results of 40%mixing ratio with a 48-h curing period in Group 1 show no significant
peak shear strength development.

Fig. 6. Plots of peak shear strength ratio versus vertical stress of test Group 1 with of 0 % lime added: (a) 80 % mixing ratio, (b)100 % mixing ratio,
and (c) 120 % mixing ratio.

Fig. 7. Plots of residual shear strength ratio versus vertical stress of test Group 1 with of 0 % lime added: (a) 80 % mixing ratio, (b)100 % mixing
ratio, and (c) 120 % mixing ratio.
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Table 15 provides a statistical summary for the parameters of interests. The statistical parameters include the calculation of mean
(μ), standard deviation (σ), and coefficient of variation (COV) for cohesion and friction angle values in both Group 1 and Group 2.
While an earlier discussion on the mobilized shear strength and strain unveiled the optimal mixing ratio as 100 %, these parameters in

Fig. 8. Plots of peak shear strength ratio versus vertical stress of test Group 2 with of 1 % lime added: (a) 80 % mixing ratio, (b)100 % mixing ratio,
and (c) 120 % mixing ratio.

Fig. 9. Plots of residual shear strength ratio versus vertical stress of test Group 2 with of 1 % lime added: (a) 80 % mixing ratio, (b)100 % mixing
ratio, and (c) 120 % mixing ratio.

Table 11
The upper and lower bound values of peak and residual shear stress ratios for Group1 (0 % lime added) test program.

Group 1: 0 % Lime Mixing Ratios

80 % 100 % 120 %

Peak Shear Strength Ratio Upper Bound y = 16.185x− 0.486 y = 13.115x− 0.436 y = 15.902x− 0.455

Lower Bound y = 10.994x− 0.446 y = 15.020x− 0.480 y = 9.821x− 0.397

Residual Shear Strength Ratio Upper Bound y = 1.814x− 0.109 y = 2.541x− 0.190 y = 1.429x− 0.063

Lower Bound y = 4.361x− 0.315 y = 1.052x− 0.019 y = 1.727x− 0.128
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Table 15 are scrutinized at both peak and residual shear strength conditions, considering mixing ratios of 100 % and 120 %.
Furthermore, for the purpose of assessing the long-term strength parameters during the facility service life, only the results from 48-h
and 72-h fast-curing periods were considered. Table 15 thus provides the recommended cohesion and friction angle values for both
peak and residual shear strengths, encompassing variations in mixing ratios (100 % and 120 %) and lime content (0 % or 1 %), with
curing periods of 48-h and 72-h.

While considering clayey soils mixed with MSWI-BA and lime, the cohesion and friction angle values are influenced by chemical
(pozzolanic reaction) and mechanical (granular behavior) effects. Introduction of 1 % lime notably increased cohesion from 86.1 kPa
in Group 1–128.9 kPa in Group 2, while the friction angle saw a smaller rise from 41.9◦ to 44.1◦. This is attributed to a stronger
pozzolanic reaction from the added lime, enhancing cementation. Even without lime, MSWI-BA’s pozzolanic reaction improved

Table 12
The upper and lower bound values of peak and residual shear stress ratios for Group2 (1 % lime added) test program.

Group 2: 1 % Lime Mixing Ratios

80 % 100 % 120 %

Peak Shear Strength Ratio Upper Bound y = 33.743x− 0.568 y = 34.470x− 0.570 y = 22.101x− 0.488

Lower Bound y = 14.752x− 0.426 y = 20.989x− 0.505 y = 11.597x− 0.391

Residual Shear Strength Ratio Upper Bound y = 1.732x− 0.089 y = 1.353x− 0.057 y = 1.256x− 0.036

Lower Bound y = 1.252x− 0.059 y = 1.275x− 0.057 y = 1.741x− 0.123

Table 13
The cohesion and friction angle values of peak and residual shear strength conditions for Group1 (0 % lime added) test program.

Group 1: 0 % Lime Peak Shear Strength Condition Residual Shear Strength Condition

Mixing Ratio Parameters 24 h 48 h 72 h 24 h 48 h 72 h

40 % Cohesion (kPa) – – – – 31.4 –
Friction Angle (degree) – – – – 36.3 –

80 % Cohesion (kPa) 71.9 97.5 75.5 41.4 20.7 37.1
Friction Angle (degree) 33.7 36.7 33.7 31.1 40.3 32.1

100 % Cohesion (kPa) 84.1 88.3 75.1 32.3 10.9 26.6
Friction Angle (degree) 37.9 41.5 42.0 35.7 41.1 38.3

120 % Cohesion (kPa) 80.1 101.6 79.3 18.9 11.9 14.4
Friction Angle (degree) 38.7 43.3 41.0 37.7 42.8 40.3

Table 14
The cohesion and friction angle values of peak and residual shear strength conditions for Group2 (1 % lime added) test program.

Group 2: 1 % Lime Peak Shear Strength Condition Residual Shear Strength Condition

Mixing Ratio Parameters 24 h 48 h 72 h 24 h 48 h 72 h

40 % Cohesion (kPa) – 144.4 – – 37.9 –
Friction Angle (degree) – 43.1 – – 40.9 –

80 % Cohesion (kPa) 110.6 118.7 140.2 16.0 17.5 13.9
Friction Angle (degree) 44.0 43.9 42.8 41.9 43.0 40.0

100 % Cohesion (kPa) 105.5 112.5 139.4 33.6 3.2 6.4
Friction Angle (degree) 41.8 44.2 44.4 36.4 42.2 42.4

120 % Cohesion (kPa) 86.0 129.4 134.1 6.1 11.8 11.9
Friction Angle (degree) 46.3 43.4 44.3 43.8 43.3 41.5

Table 15
Statistical summary for cohesion and friction angle at peak and residual shear strength conditions for Group1 (0% lime added) and 2 (1% lime added)
test programs.

Parameters Statistical Summary Peak Shear Strength Condition Residual Shear Strength Condition

Group 1, 0 % Lime Cohesion (kPa) μ 86.1 16.0
σ 11.7 7.3
COV 0.14 0.46

Friction Angle (degree) μ 41.9 40.6
σ 1.0 1.9
COV 0.02 0.05

Group 2, 1 % Lime Cohesion (kPa) μ 128.9 8.3
σ 11.7 4.3
COV 0.09 0.51

Friction Angle (degree) μ 44.1 42.4
σ 0.4 0.7
COV 0.01 0.02

C.-H. Wang et al. Heliyon 10 (2024) e37780 

14 



cohesion and friction angles at various mixing ratios. For instance, comparing the RLC to Group 1 (48-h curing, 120 % mixing ratio) at
peak strength, cohesion rose from 49.2 kPa to 101.6 kPa, and friction angle from 17.7◦ to 43.3◦.

Besides the pozzolanic reaction, the granular behavior can significantly impact the mixture’s strength characteristics during large
strain conditions. Upon reaching the peak shear strength, increasing the shear force on the specimen led to the gradual development of
a shearing surface, resulting in the disruption of cementation bonds along the shear plane. This process diminished the cohesion values
to a minimal level. The addition of MSWI-BA caused alterations in the grain size distribution, thereby amplifying the granular effect in
the mixture. Under large strain conditions, the shearing mechanismmanifested as granular collision behavior within the slipping plane
during the high strain phase. This subsequent resistance of the mixture to shear forces was predominantly influenced by the granular
behavior arising from the interaction between the mixture and MSWI-BA.

Table 16 summarizes the results of cohesion and friction angle values from this study and others. In comparison with other studies,
the current study reports cohesion values ranging from 8.3 kPa to 128.9 kPa for MSWI-BA mixture samples without and with 1 % lime
addition, respectively. These values are considerably higher than those reported in other references, such as the 7.7–34.4 kPa range
found by Muhunthan et al. (2004) [77] for MSWI-FA, and the 1.3–31.3 kPa range reported by Juarez et al. (2023) [19] for MSW. In the
study by Wei et al. (2019) [78], with MSWI-FA combined with shale ash mixed with silty sand, the cohesion values range from 53.3 to
77.44 kPa. The friction angles observed in this study range from 40.6◦ to 44.1◦, which are within the higher end of the ranges reported
in other studies. For example, Weng et al. (2010) [79] reported friction angles between 34.8◦ and 51.1◦ for dry conditions and
26.0◦–37.2◦ for saturated conditions, while Wei et al. (2019) [78] recorded values between 24.14◦ and 35.61◦. This improvement is
likely due to better interlocking between particles and the strengthened behavior of the materials, particularly the granular compo-
nents. The slight difference between the peak and residual friction angles suggests that the MSWI-BA, with its granular nature, con-
tributes to this stability. The addition of 1 % lime increases the peak friction angle, indicating a noticeable break in bonding at peak
conditions, further enhancing the material’s shear strength during the peak state.

3.5. Behaviors of dilatancy

By adopting the dilatancy behavior of sand described by Bolton (1986) [25], Equation (1) is utilized in this study for mixture
dilatancy analysis. This equation considers the apparent peak friction angle (ϕps), apparent residual friction angle (ϕrs), dilation angle
(ψd), and parameter of dilatancy coefficient (α) to describe the relationship between dilatancy with various stress conditions. The
corresponding parameters in Equation (1) are: τp, the maximum shear strength of the mixture at the peak state; σv, the vertical stress
applied to specimen; τr, the residual shear strength at large strains; εvp, the vertical strain at τp; and εhp, the horizontal shear strain at τp.
For the sign convention, the positive value of εvp indicates the dilative behavior.

ϕps =ϕrs + α × ψd (1)

where, ϕps = tan− 1
(

τp
/

σv

)

.

ϕrs = tan− 1
(

τr/σv

)

ψd = tan− 1
(

εvp
/

εhp

)

As shown in Figs. 10 and 11, in both Group 1 and Group 2, the values of ϕps displayed a decreasing trend with increasing vertical stress
level. Specimens in Group 2 consistently exhibited higher values of ϕps compared to Group 1. Similarly, for both Group 1 and Group 2,
the values of ϕrs showed a slight decrease with increased vertical stress level. However, this decreased tendency of ϕrs was minimal
compared to ϕps, and the values were consistently estimated within the range of 40–50◦. When comparing different mixing ratio
values, the values of ϕps show an increasing tendency with increased mixing ratios. For values of ϕrs, the correlation with mixing ratio
values is not obvious. The values of ψd decrease with increased vertical stress level in both Group 1 and Group 2. The presence of 1 %
lime in Group 2 resulted in higher values of dilation angle compared to Group 1.

Fig. 10(j)–(l) and Fig. 11(j)–(l) present variations in the α values according to various conditions on vertical stress level, mixing
ratio, and curing periods. In Group 1, the α values generally increased with the vertical stress level, indicating a positive correlation
between the two parameters. However, in Group 2, the α values did not show a strong correlation with different vertical stress levels.
Regarding the effect of mixing ratios, the α values in Group 1 were highly influenced by the mixing ratios. For instance, under the
condition of 85.5 kPa, 100%mixing ratio, and a 48-h curing period, the α value was 0.64. Conversely, under the condition of 259.3 kPa
with the same mixing ratio and curing period, the α value increased to 0.85. However, in Group 2, the α values did not exhibit a strong
correlation with mixing ratios. Turning to the effect of curing periods, in Group 1, the 24-h curing period resulted in higher α values
compared to the 48-h and 72-h periods at the same vertical stress level. In Group 2, on the other hand, the α values were the highest
under the 72-h curing period compared to the other curing periods.

Unlike the friction angles defined in the Mohr-Coulomb failure criterion, the ϕps and ϕrs were defined specifically at the stress
conditions corresponding to the peak and residual shear strength conditions. The calculation of these angles considered the combined
effect of the pozzolanic reaction and granular effect. The ϕps represented the shear strength condition at the peak state, involving both
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the shearing of the cementation bounding of pozzolanic reaction within the RLC, and the mobilization of granular effect strength
provided from the MSWI-BA. Across all mixing ratios, the ϕps values of Group 2 at different stress levels are generally higher than those
of Group 1. On the other hand, with the cementation bounding along the slipping plane gradually fractured, the ϕrs reflected the shear
strength of the sheared fragments of the cemented RLC and the granular effect strength provided from the MSWI-BA materials,
particularly at large strains. Upon examining Figs. 10 and 11, it can be noted that the ϕrs values for both Group 1 and Group 2 remain
within a comparable range.

Table 17 summarizes the statistical parameters of α values by considering the absence of lime in Group 1 and the addition of 1 %
lime in Group 2. Applying a similar approach as demonstrated in Table 15, these statistical values were derived from mixing ratios of
100% and 120%, alongside curing periods of 48-h and 72-h Table 18 lists comparisons of the α values with other references. This study
employs MSWI-BA, a material analogous to granular substances, mixed with clayey soil, which is expected to exhibit minimal dilation
behavior. In comparison, other studies have examined pure granular materials, such as sands and glass beads, known for their pro-
nounced dilative behavior. The α values obtained in this study ranged from 0.61 to 0.71, which aligned with the ranges reported for
other studies. Specifically, the highest α value recorded in this study was 1.17, which is comparable to the maximum value of 1.02
reported by Dai et al. (2016) [23] for glass beads. Additionally, the minimum α value of 0.32 in this study exceeded the lower bound of
0.19 reported by Deng et al. (2021) [22] for sands and glass beads. These findings indicated that the inclusion of MSWI-BA and lime in
the mixture results in a noticeable dilative behavior, thereby enhancing the material’s strength.

3.6. Discussions on the chemical and mechanical effects

The integration of MSWI-BA and lime into RLC presented a promising approach for soil stabilization, offering significant benefits
through both chemical and mechanical enhancements. This study evaluated the effects of MSWI-BA and lime on the strength char-
acteristics of the clay, focusing on the pozzolanic reactions that improve cohesion and friction, as well as the granular behavior that
enhanced shear strength and dilatancy.

The pozzolanic reaction resulting from the addition of MSWI-BA and lime is primarily driven by the CaO content present in these
materials. The CaO, upon reacting with water absorbed from the clay, forms calcium hydroxide, which further reacts with the silica
and alumina present in the soil to create cementitious compounds. This study employed a fast-curing approach over 24, 48, and 72 h in
a controlled environment, which provided optimal conditions for pozzolanic reactions to occur, thereby enhancing inter-particle
bonding within the mixture. In this study, various mixing ratios of MSWI-BA-RLC mixture—specifically 40 %, 80 %, 100 %, and
120%—were introduced, both with and without the addition of 1 % lime. These mixtures resulted in a significant increase in cohesion
at peak shear strength. However, once the peak shear strength was reached, the structural integrity of the mixture was compromised,
resulting in a significant decrease in cohesion. In the residual condition, the mixture’s ability to maintain cohesion diminished, ul-
timately decreasing to negligible levels, reflecting the breakdown of the internal structure following peak loading.

The mechanical effects observed in the mixture were primarily attributed to the granular nature of the MSWI-BA. As the mixing
ratio of MSWI-BA in the RLC increased, there was a substantial enhancement in the friction angle values of the mixture. This increased
friction angle was sustained at a high level across both peak and residual shear strength conditions, indicating a consistent
improvement in shear resistance. Additionally, the mixture inherited the dilative behavior characteristic of granular materials like
MSWI-BA. This was evident from the values of the dilatancy coefficient, which demonstrated the mixture’s tendency to expand in
volume under shear stress applied. Notably, the dilative behavior exhibited by the mixture approached the upper bound values of the
dilatancy coefficient typically observed in granular materials, such as sands and glass beads, further contributing to the overall stability
and strength of the mixture.

By combining the effects of pozzolanic reactions and the granular nature of MSWI-BA, this approach demonstrated a significant
overall improvement in both peak and residual shear strength of the mixture. The synergy between these two mechanisms greatly
enhanced the peak and residual strength values, as well as the corresponding shear strength ratios. When compared to the RLC, this

Table 16
Comparisons of cohesion and friction angle values.

Sources Testing
approach

Choesion
(kPa)

Friection angle (degree) Marterial descriptions

This study Direct shear
test

86.1/16.0*
128.9/8.3**

41.9/40.6*
44.1/42.4**

MSWI-BA-RLC, and option of 1 %
lime added

Weng et al. (2010) [79] Direct shear
test

– 34.8–51.1 (dry)
26.0–37.2 (saturated)

MSWI-BA

Muhunthan et al. (2004)
[77]

Direct shear
test

7.7–34.4 20.8–50.7 MSWI-FA

Wei et al. (2019) [78] Triaxial test 53.3–77.44 24.14–35.61 MSWI-FA and shale ash mixed with
silty sand

Dehdari et al. (2021) [20] Direct shear
test

0 31.4◦ (consolidated-drained) and 38.6◦

(consolidated-undrained)
MSW

Juarez et al. (2023) [19] Direct shear
test

1.3–31.3 3.2–42.9 MSW

*: Group 1 with 0 % lime, in peak/residual shear strength conditions.
**: Group 2 with 1 % lime, in peak/residual shear strength conditions.
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method resulted in a substantial increase in shear strength, highlighting the effectiveness of incorporating MSWI-BA and lime in the
stabilization process.

By integrating all the aforementioned benefits, the following outlines the potential advantages of using MSWI-BA in civil engi-
neering design and construction.

1 Reusing local soils and cost saving: When local soil is clayey, it typically requires removal and replacement with more suitable
materials to meet construction standards. However, by mixing local clayey soils with MSWI-BA, these soils can be effectively
reused, eliminating the need for costly material replacement and promoting more sustainable construction practices.

2 Recycling waste materials: Recycling MSWI-BA for civil engineering applications, such as roadway projects, effectively eliminates
the need for landfill disposal or long-term storage of this material. This practice reduces redundant space usage and mitigates the

Fig. 10. Plots of dilatancy analysis versus various mixing ratio values and curing periods for Group 1 (0 % lime added) test programs.
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Fig. 11. Plots of dilatancy analysis versus various mixing ratio values and curing periods for Group 2 (1 % lime added) test programs.

Table 17
Statistical summary for dilatancy coefficient (α) values for Group1 (0 % lime added) and 2 (1 % lime added)
test programs.

α Statistics Group 1: 0 % Lime Group 2: 1 % Lime

Maximum Value 1.17 1.01
Minimum Value 0.32 0.52
μ 0.61 0.72
σ 0.23 0.13
COV 0.38 0.18
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potential environmental contamination associated with storing or landfilling waste materials, thereby contributing to more sus-
tainable and environmentally responsible waste management practices.

3 Carbon footprint reduction: The incorporation of local materials and MSWI-BA in civil engineering projects substantially reduces
the carbon footprint associated with the production of virgin materials. Additionally, this approach minimizes the transportation
and construction activities that are traditionally significant contributors to CO2 emissions. Consequently, the overall environmental
impact is mitigated, aligning with the goals of sustainable construction and reducing the generation of greenhouse gases.

4 MSWI-BA-RLC Mixture advantages: All the benefits discussed above are rooted in the proven advantages of the mixture examined
in this study, which concludes the substantial improvements in strength characteristics achieved by reusing local clayey soils in
combination with recycled MSWI-BA. These enhancements are directly linked to the effective incorporation of MSWI-BA, which
transforms the local clay into a stronger and more workable material, thereby enhancing its suitability for a wide range of civil
engineering applications.

4. Conclusions

MSWI-BA is increasingly incorporated into civil engineering projects, particularly in soil stabilization and road construction, as a
sustainable alternative to traditional materials. By repurposing MSWI-BA, which is often a byproduct of waste management processes,
the construction industry significantly reduced the reliance on virgin materials, thereby conserving natural resources and minimizing
the environmental impact associated with their extraction and processing. This approach also supports reusing locally available waste
materials, effectively turning waste into a valuable resource while diverting it from landfills and mitigating environmental degra-
dation. Additionally, the use of MSWI-BA in construction contributes to a reduction in the carbon footprint, as it decreased the need for
energy-intensive production processes associated with conventional materials, and reduced greenhouse gas emissions related to
transportation and material production. This study specifically investigated the potential of MSWI-BA in enhancing the mechanical
and chemical properties of RLC, a material commonly found in many regions. Through 153 direct shear tests conducted on MSWI-BA-
RLC mixtures in this study, the results identified optimal mixing ratios that significantly improved key engineering parameters such as
shear strength, cohesion, friction angle, and dilatancy, making the material more suitable for various civil engineering applications.
These findings provided valuable data that could guide engineers and researchers in the practical application of MSWI-BA, promoting
its use in sustainable civil design and construction projects. Ultimately, this contribution encourages the development of resilient and
environmentally responsible infrastructure that met the demands of modern construction while reducing its sustainable footprint.

The following are the important findings in this study.

1. This study aimed to examine the effects of MSWI-BA-RLC mixture by evaluating various factors, including vertical stress, mixing
ratio, curing period, and the addition of lime. Vertical stress levels of 86.0 kPa, 129.4 kPa, and 134.1 kPa were selected to simulate
low, intermediate, and high stress conditions. Mixing ratios of 40 %, 80 %, 100 %, and 120 % were used to represent potential
applications of recycled MSWI-BA while utilizing local soil. A three-way ANOVA analysis was conducted to assess the statistical
significance of mixing ratio, curing period, and vertical stress on the average peak and residual shear strength. The analysis
revealed that all three factors had a significant effect on the shear strength results in both Group 1 and Group 2, with p-values less
than 0.05.

2. The 100 %mixing ratio of MSWI-BA exhibited optimal performance, delivering the optimum peak and residual shear strengths and
the most pronounced dilative behavior, both with and without the addition of 1 % lime. This ratio effectively balanced the me-
chanical and chemical properties, making it the most suitable for enhancing shear strength and dilative characteristics in sus-
tainable design and construction applications.

3. By adding MSWI-BA, with or without 1 % lime, significantly improved the shear strength ratios compared to the RLC, with the
average improvement ratios ranging from 1.439 to 2.460 across vertical stresses between 85.5 kPa and 259.3 kPa. The shear
strength ratios increased with higher mixing ratios, and the addition of lime further enhanced these ratios.

4. This study established upper-bound and lower-bound relationships between peak and residual strength ratios and vertical stresses,
across various mixing ratios. The results are presented in Table 11 for Group 1 with no lime added, and in Table 12 for Group 2 with
1 % lime added.

5. The resulting ranges of cohesion values (8.3–128.9 kPa) and friction angles (40.6◦–44.1◦) in this study were higher than or within
the upper range of those reported in similar research for pure MSWI-BA, MSWI-FA, or MSWI-BA mixtures.

6. The mixing of MSWI-BA and 1 % lime with RLC significantly improved the cohesion and friction angle of the clayey soil. Spe-
cifically, the cohesion increased from 40.0 kPa in the RLC to as high as 128.9 kPa withWSIM-BA and addition of 1 % lime, while the

Table 18
Comparisons of dilatancy coefficient (α) values.

Sources Testing approach Dilatancy coefficient (α) value Marterial descriptions

This study Direct shear test Mean values of 0.61–0.71 with statistic descriptions MSWI-BA-RLC, and option of 1 % lime added
Bolton (1986) [25] Plane-strain tests 0.8 Sands
Frydman et al. (2007) [80] Triaxial test 0.4 Sands
Dai et al. (2016) [23] Direct shear test 0.59–1.02 Glass beads
Deng et al. (2021) [22] Triaxial test 0.19–0.63 Sands and glass beads
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friction angle rose from 14.0◦ to up to 44.1◦. This enhancement is attributed to the pozzolanic reactions and granular behavior
introduced by MSWI-BA and lime, which strengthen the material’s internal structure.

7. The study utilized Bolton’s (1986) [25] dilatancy behavior model to analyze the mixture’s dilatancy, focusing on parameters such
as peak and residual friction angles, dilation angle, and dilatancy coefficient (α). The α values in this study ranged from 0.61 to
0.71, which are comparable to values reported in other studies on granular materials, such as sands and glass beads. These findings
indicate that the inclusion of MSWI-BA and lime in the mixture contributes to noticeable dilative behavior and enhances material
strength, similar to or better than those observed in other studies on pure granular materials.

8. The integration of MSWI-BA and lime into RLC proved to be an effective method for soil stabilization, offering significant im-
provements in strength characteristics through both chemical and mechanical enhancements. The pozzolanic reactions, driven by
the CaO content in MSWI-BA and lime, significantly increased cohesion and friction angles, while the granular nature of MSWI-BA
enhanced shear strength and dilatancy. The study showed that mixing ratios of 40 %–120 %MSWI-BA, with and without 1 % lime,
led to substantial increases in peak and residual shear strength, outperforming the RLC. This method also presents notable benefits
in civil engineering, including the reuse of local soils, recycling of waste materials, reduction of carbon footprint, and overall
improvement in material strength, making it a sustainable and cost-effective approach for construction projects.

While this study provides valuable insights into the potential of MSWI-BA for enhancing RLC properties, several limitations should
be acknowledged. The scope was limited to specific factors like vertical stress, mixing ratio, curing period, and lime addition, and the
findings are based on controlled laboratory conditions, which may not fully represent real-world applications. Additionally, the
environmental risks associated with MSWI-BA, such as potential leachate production and long-term stability, were not explored.
Therefore, while the results are promising, further research is needed to validate these findings in diverse conditions and ensure
broader applicability and sustainability.

In light of the findings from this study, which highlighted the potential of using MSWI-BA and lime in soil stabilization with local
clayey soils, several avenues for future research emerged. These possibilities were aimed at expanding the understanding and efficacy
of using recycled materials in construction, enhancing sustainability and reducing environmental impact.

9. Expansion of research variables: Future studies could explore the impact of varying concentrations and ratios of MSWI-BA and
lime, and could also include other recycled materials, such as MSWI-FA or recycled concrete aggregate. Investigating these
variables could provide deeper insights into the optimal material compositions for different soil types and environmental
conditions. This would enable a more tailored application of soil stabilization techniques across diverse geographic and climatic
zones.

10. Long-term durability and performance: There is a significant need for longitudinal studies to assess the long-term perfor-
mance of soil stabilization using MSWI-BA and lime. Research could focus on the durability of the stabilized soil under
various environmental stressors such as moisture changes and heavy loading. These studies help to further validate the use of
these materials in real-world construction projects and for understanding their lifecycle and maintenance requirements.

11. Advanced modeling and simulation: Employing advanced simulation tools and modeling techniques could provide predictive
insights into the behavior of stabilized soils over time. These models could help in understanding how different mixtures
perform under dynamic load conditions and could optimize the mix designs before they are implemented in the field. Simu-
lation studies could also explore the environmental impact of using these materials, including their carbon footprint and po-
tential leaching of chemical compounds.
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