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Abstract: Earthen materials are the world’s oldest and cheapest construction materials. Compacted
soil stabilised blocks are unfired admixed soil blocks made up of soil plus stabilisers such as binders,
fibres, or a combination of both. The manufacturing and usage of cement and cement blocks raises
a number of environmental and economic challenges. As a result, researchers are attempting to
develop an alternative to cement blocks, and various tests on unfired admixed soil blocks have
been performed. This investigation undertakes use of agricultural waste (i.e., paddy straw fiber and
sugarcane bagasse ash) and industrial waste (i.e., marble dust) in manufacturing unfired admixed
soil blocks. The applicability of unfired soil blocks admixed with marble dust, paddy straw fiber, and
bagasse ash were studied. The marble dust level ranged from 25% to 35%, the bagasse ash content
ranged from 7.5% to 12.5%, and the content of paddy straw fibre ranged from 0.8% to 1.2% by soil
dry weight. Various tests were conducted on 81 mix designs of the prepared unfired admixed soil
blocks to determine the mechanical properties of the blocks, followed by modeling and optimization.
The characterization of the materials using XRD and XRF and of the specimens using SEM and EDS
were performed for the mineral constituents and microstructural analysis. The findings demonstrate
that the suggested method is a superior alternative to burned bricks for improving the mechanical
properties of unfired admixed soil blocks.

Keywords: tensile strength; flexural strength; paddy straw; marble dust; soil block

1. Introduction

Unfired admixed adobe blocks can be utilized in a number of civil engineering ap-
plications, including wall construction blocks, interlocking pavement tiles, and other
structures [1,2]. Compacted stabilised adobe blocks are construction units made by adding
the right amount of water to the right kind of soil to achieve maximum density and com-
pressing with a block-forming machine. [3] Hand-operated or mechanically operated block
making equipment is available. Compared to burnt earth bricks, this represents a more
environmentally friendly approach to making compacted stabilised soil blocks. Compacted
soil stabilised blocks differ from fired earth bricks in that they do not require the use of
a brick kiln, which produces a lot of pollution. The construction industry has already
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discovered a higher performing equivalent for burnt clay bricks, namely, fly ash blocks
and cement blocks, which are commonly employed in the construction of structures [4].
However, the manufacturing and usage of cement and cement blocks raises a number of
environmental and economic challenges. As a result, researchers are attempting to develop
alternatives to cement blocks, and various tests on unfired admixed soil blocks have been
carried out. Different binders and fibers are used for the manufacturing of unfired admixed
soil block [5–8]. Bitumen emulsion, cement, grit [9], sugarcane bagasse ash, limestone waste,
lime, calcium silicate [10], limestone residues [11], granite waste, demolition residue [12],
kaolin, rice husk ash, Bacillus pasteurii KCTC 3558 [13], construction debris, fly ash, green
mussel shell powder [1], and effective microorganisms (EM) are among the binders used.
Natural and synthetic fibres have been employed in various studies, with coconut fibre
being the most commonly used. Solid blocks and hollow blocks were used in the bulk
of the experiments, with cubic and cylindrical samples studied as well [11–13]. The soil–
binder–fiber mixture is deposited in the press chamber for block production, eliminating
voids while increasing density. As indicated in previous studies, investigations found a
contribution to tensile strength using only fibres. However, in circumstances when both
binders and fibres were utilised, tensile strength could be increased further. A typical trend
of increasing tensile strength of the compacted admixed adobe blocks with the addition of
fibres has been observed, as fibres aid in providing an interlock between soil, binders, and
fibres [3,7]. Jute fibre has been shown to have the highest improvement in tensile strength
(409%), followed by banana fibre (291%) and polypropylene fibre (179%). A soil admixed
block’s flexural strength indicates the maximum stress it has been subjected to immediately
before yielding. The addition of binders and fibres causes a general improvement in flexural
strength, as fibres aid in providing an interlock [14] between soil and fibres or soil, binder,
and fibres, resulting in a harder matrix with increased flexural strength. However, studies
on the mechanical aspects of compacted soil blocks admixed with paddy straw fibre (PSF),
marble dust (MD), and bagasse ash (BA) and its computational analysis were not found in
our literature review. This study aimed to examine the impact of diverse wastes, i.e., marble
dust (MD), paddy straw fiber (PSF), and bagasse ash (BA), on the mechanical attributes of
unfired admixed adobe blocks, followed by modeling and optimization. The compressive
strength of the admixed adobe blocks was evaluated in previous research [15] using varied
contents of MD, BA, and 75 mm PSF. In this investigation, the split tensile strength test and
flexural test were performed to determine the mechanical parameters of unfired admixed
soil blocks. The marble dust was composed of a sufficient quantity of CaO, and the bagasse
ash was composed primarily of SiO2, as shown in the section of materials and methods.
which results in pozzolanic action on treatment with water. The addition of paddy straw
fiber in conjunction with marble dust and bagasse ash results in reduced water absorption
and linear shrinkage of the unfired admixed soil blocks. This study helps to providing an of
alternative solution to the disposal problem of bagasse ash, marble dust, and paddy straw
fiber, hence reducing the environmental pollution. These unfired admixed soil blocks could
be used in paving roads, footpaths adjacent to roads, and pavement, for petrol pumps
made with the help of lock tiles.

It was the primary objective of the study to determine the mechanical performance of
soil blocks admixed with marble dust, paddy straw fiber, and bagasse ash. To estimate the
mechanical properties of the material, flexural strength, tensile strength, and efflorescence
tests were performed. SEM and SEM-EDS were used to analyze the microstructures of
the different samples in order to discuss and verify the experimental results. The results
were analyzed using linear regression, and optimized values were calculated based on the
modeling equations.

2. Materials and Methods
2.1. Materials

The soil for this investigation was collected in Gharuan, Kharar (Punjab), India. Table 1
shows the engineering characteristics of the soil sample. The PSF was obtained from
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agricultural land in Gharuan near Chandigarh University. Paddy straw fibers (PSF) were
chopped into lengths of 75 mm, 100 mm, and 125 mm. Paddy straw with an average width
of 2 mm was employed in the study.

Table 1. Clayey soil properties.

Soil
Properties

Specific
Gravity

Optimum
Moisture

Content (%)

Liquid Limit
(%)

Plasticity
Index (%)

Plastic Limit
(%)

Maximum
Dry Density

(kg/m3)

Unified Soil
Classification

System

Value 2.66 19 42.3 19.1 23.2 1670 CI

Table 2 demonstrates the XRF chemical composition of the marble dust powder,
showing that the marble dust is mainly composed of calcium oxide (CaO). The specific
gravity of the marble dust used for the study was 2.71.

Table 2. Chemical characteristics of marble dust.

Constituents SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O P2O5 Cl- SrO L.O. I

% age 0.78 0.22 0.07 54.82 0.26 0.25 0.11 0.03 0.05 0.06 0.05 43.22

The marble dust was tested by X-ray diffractogram to gather information regarding
its mineralogical constituents, with the results shown in Figure 1. The typical peak of
Bustamite (Ca O.228 Mn O.772 SiO3), which is the major element of carbonate rocks, is
denoted by the black colour. This result supports the information in Table 2 from the
chemical analysis of the substance.

Figure 1. X-ray diffractogram (XRD) of marble dust.

Table 3 shows the chemical characteristics of bagasse ash (BA) as determined by X-Ray
Fluorescence test. In Table 3, it is shown that BA is mainly composed of silicon oxide (SiO2)
and lower contents of Calcium Oxide (CaO), Potassium Oxide (K2O), and Magnesium
Oxide (MgO). The specific gravity of the BA used for the study was 1.92.

Table 3. SCBA chemical composition.

Constituents SiO2 MgO Fe2O3 Na2O K2O CaO Al2O3 SO3 P2O5
Other

Oxides

% age 74.14 3.68 1.73 0.51 5.67 4.65 2.32 1.69 4.37 1.24

The X-ray diffractogram information regarding the mineralogical constituents of
sugarcane bagasse ash is shown in Figure 2. It can be observed that the sugarcane bagasse
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ash is richer in mineralogical constituents, with a majority of Tridymite (SiO2) denoted
by the red colour, followed by Silicalith-1 (96SiO2.xIBr) denoted by blue and Silicalite-1
(96SiO2.xICl) denoted by green. This result supports the information in Table 3 from the
chemical analysis of the substance.

Figure 2. X-ray diffractogram (XRD) of bagasse ash.

2.2. Methodology

A design mix was created to test the impact of admixtures on the characteristics of soil
blocks, as listed in Table 4. Bagasse ash content ranged from 7.5% to 12.5%, marble dust
level ranged from 25% to 35%, and content of paddy straw fibre ranged from 0.8 percent
to 1.2% by soil dry weight. The length of the paddy straw fiber was varied, at 75 mm,
100 mm, and 125 mm. It has been demonstrated that when 30% soil is replaced with marble
dust, compressive strength is maximized [11]; however, no previous study of marble dust
addition of 25% or 35% in soil blocks has been identified. For bagasse ash, while 10% soil
replacement has shown the greatest results [16,17], there has been no research on the use of
paddy straw fibre; based on research on other natural fibres, 1% fibre content and a length
of 100 mm produced superior results [6,8]. Thus 0.8%, 1%, and 1.2% fibre content were
added to different mixtures.

Table 4. Design mix using marble dust, paddy straw fibre, and bagasse ash in soil blocks.

Paddy Paddy Bagasse Ash (%) Marble
Straw Fiber Length (mm) Straw Fiber Content (%) - Dust (%)

X1 X2 X3 X4

75 0.8 7.5 25
100 1 10 30
125 1.2 12.5 35

The soil was prepared according to BIS [18]. All the materials were mixed in a trolley
using a step-by-step process. Then, for the specific experimental design mix, according to
the OMC acquired from the proctor compaction test, 50% of the water was added, then the
remaining water was added with thorough mixing. A block size of 230 × 100 × 100 mm
was employed in this investigation. These solid blocks were manufactured with the help
of a machine, shown in Figure 3, which generated four unfired admixed adobe blocks
per pressing.
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Figure 3. Admixed adobe block manufacturing machine.

The final unfired admixed adobe blocks were in finished form after 28 days of curing,
as shown in Figure 4, and were then used for further testing of the mechanical parameters.
Curing of the blocks was performed by sprinkling them with water and then covering them
with a jute bag until the next cycle of curing.

Figure 4. Unfired admixed adobe blocks.

IS 5816:1999 was used to perform the split tensile strength test. The compressive
strength of a cylindrical soil block measured along its length is called the split tensile
strength (STS). A cylindrical block with an L/D ratio of 2 was utilised for this test. Each mix
was tested three times, and the average was used to determine the final outcome. A total of
243 specimens were created from 81 combinations. Equation (1) was used to compute the
final split tensile strength, where P is the load, D is the diameter of specimen, and L is the
height of specimen.

STS =
2P

πDL
(1)



Sustainability 2022, 14, 14522 6 of 24

The flexural strength of a soil admixed block indicates the maximum stress it has
been subjected to immediately before yielding. The flexural strength test was carried out
according to standard code IS 4332(6):1972 (reaffirmed 2010). To initiate the testing process,
an unfired admixed soil beam with dimensions 100 × 100 × 300 mm, as shown in Figure 5,
was brush cleaned and placed in the testing machine. The maximum load at which the first
crack appeared in the beam was noted and termed as P. Subsequently, the value of FS was
calculated using Equation (2), where l is the span between lower supports (mm), b is the
width of the beam (mm), and d is the depth of the beam (mm).

R = 3
(

Pl
bd2

)
(2)

Figure 5. Specimens for flexural strength test.

In this study, the efflorescence test was conducted on the blocks as per IS 3495 (part
3):1992 [19] and IS 5454-1978. When water is present in brick, stone, concrete, stucco,
or other construction surfaces, efflorescence is developed as a crystalline coating of salts
consisting of salt deposits with a greyish or white colour left on the surface after water
evaporates. The unfired admixed soil block specimens were immersed in a dish containing
water up to depth of 25 mm. When the water had been absorbed and the specimens
appeared to be dry, a similar quantity of water was added to the dish and efflorescence
was observed after the water evaporated again. The observed results were reported as per
standard codes.

3. Results and Discussions
3.1. Split Tensile Strength (TS) of Unfired Admixed Soil Block

In this section, we describe the results of our study of the effects of MD and BA on the
split tensile strength of adobe block admixed with 0.8 percent PSF with a length of 75 mm
(shown in Figure 6). It was found that tensile strength showed an increment with increase
in marble dust at constant bagasse ash content. At 25% MD and 7.5% BA, the tensile
strength of the admixed adobe block reinforced with paddy straw fiber was 0.36 MPa,
which increased to 0.44 MPa with 7.5% bagasse ash and 35% marble dust. A similar trend
was observed for 10% bagasse ash and 12.5% bagasse ash. However, it was observed from
the experimental results that tensile strength showed an increment with increase in bagasse
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ash until 10% bagasse ash, then gradually decreased towards 12.5% bagasse ash at constant
marble dust content. At 35% marble dust and 7.5% bagasse ash, the tensile strength of the
admixed adobe block reinforced with paddy straw fiber was 0.44 MPa, which increased to
0.49 MPa with 10% bagasse ash and decreased to 0.47 MPa with 12.5% bagasse ash and
35% marble dust. A similar trend was observed for 25% marble dust and 30% marble dust.

Figure 6. Effect of MD and BA on tensile strength of block reinforced with 0.8% PS fiber (75 mm).

In addition, the effect of MD and BA on the tensile strength of adobe block admixed
with 1% paddy straw fiber with a length of 75 mm is shown in Figure 7. It was found
that tensile strength showed an increment with increase in marble dust until 30% marble
dust was reached, then gradually decreased towards 35% marble dust at constant bagasse
ash content. At 25% MD and 7.5% BA, the tensile strength of the admixed adobe block
reinforced with paddy straw fiber was 0.39 MPa, which increased to 0.48 MPa with 7.5%
bagasse ash and 30% marble dust and then decremented to 0.47 MPa with 7.5% bagasse
ash and 35% marble dust. A similar trend was observed for 10% bagasse ash and 12.5%
bagasse ash. However, it was observed from the experimental results that tensile strength
showed an increment with increase in bagasse ash until 10% bagasse ash was reached,
then gradually decreased towards 12.5% bagasse ash at constant marble dust content. At
35% marble dust and 7.5% bagasse ash, the tensile strength of the admixed adobe block
reinforced with paddy straw fiber was 0.47 MPa, which increased to 0.5 MPa with 10%
bagasse ash and decreased to 0.49 MPa with 12.5% bagasse ash and 35% marble dust. A
similar trend was observed for 25% marble dust and 30% marble dust. In addition, the
effect of MD and BA on the tensile strength of adobe block admixed with 1.2 percent
PSF of length 75 mm is shown in Figure 8. It was found that tensile strength showed an
increment with increase in marble dust until 30% marble dust was reached, then gradually
decreased towards 35% marble dust at constant bagasse ash content. At 25% MD and 7.5%
BA, the tensile strength of the admixed adobe block reinforced with paddy straw fiber was
0.37 MPa, which increased to 0.45 MPa with 7.5% bagasse ash and 30% marble dust and
then decremented to 0.44 MPa with 7.5% bagasse ash and 35% marble dust. A similar trend
was observed for 10% bagasse ash and 12.5% bagasse ash. However, it was observed from
the experimental results that tensile strength showed an increment with increase in bagasse
ash until 10% bagasse ash was reached, then gradually decrease towards 12.5% bagasse
ash at constant marble dust content. At 35% marble dust and 7.5% bagasse ash, the tensile
strength of the admixed adobe block.
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Figure 7. Effect of MD and BA on tensile strength of block reinforced with 1% PS fiber (75 mm).

Figure 8. Effect of MD and BA on tensile strength of block reinforced with 1.2% PS fiber (75 mm).

Reinforced with paddy straw fiber was 0.44 MPa, which increased to 0.48 MPa with
10% bagasse ash and then decreased to 0.45 MPa with 12.5% bagasse ash and 35% marble
dust. A similar trend was observed for 25% marble dust and 30% marble dust. The
inclusion of fibre that reinforces the soil matrix, improving the tensile strength of the blocks,
which is typically not a distinctive measure of the performance of the soil block. The metric
is utilised in this study to emphasize the significance of fibre reinforcement in stiffening
fibre-reinforced soil blocks. According to these findings, fibre incorporation improves the
tensile strength of the soil blocks [14].

For 100 mm and 125 mm PSF, a similar effect of MD and BD on tensile strength was
observed. As shown in Figure 9, at 25% MD and 7.5% BA the tensile strength of the
admixed adobe block reinforced with 0.8% 100 mm paddy straw fiber was 0.41 MPa, which
increased to 0.49 MPa with 7.5% bagasse ash and 35% marble dust.
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Figure 9. Effect of MD and BA on tensile strength of block reinforced with 0.8% PS fiber (100 mm).

In addition, the effect of MD and BA on the tensile strength of adobe block ad-
mixed with 1% and 1.2% paddy straw fiber of length 100 mm was studied, as shown
in Figures 10 and 11, respectively. It was found that tensile strength showed a similar trend
with these PSF contents.

Figure 10. Effect of MD and BA on tensile strength of block reinforced with 1% PS fiber (100 mm).
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Figure 11. Effect of MD and BA on tensile strength of block reinforced with 1.2% PS fiber (100 mm).

Further, the effect of MD and BA on the split tensile strength of adobe block admixed
with 0.8 percent PSF of length 125 mm is shown in Figure 12. It was found that tensile
strength showed an increment with increase in marble dust at constant bagasse ash content.
However, it showed an increment with increase in bagasse ash until 10% bagasse ash, then
gradually decreased towards 12.5% bagasse ash at constant marble dust content.

Figure 12. Effect of MD and BA on tensile strength of block reinforced with 0.8% PS fiber (125 mm).

In addition, the effect of MD and BA on the tensile strength of adobe block admixed
with 1% and 1.2% paddy straw fiber of length 125 mm is shown in Figures 13 and 14,
respectively. It was found that tensile strength showed a similar trend with these PSF contents.
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Figure 13. Effect of MD and BA on tensile strength of block reinforced with 1% PS fiber (125 mm).

Figure 14. Effect of MD and BA on tensile strength of block reinforced with 1.2% PS fiber (125 mm).

3.2. Flexural Strength of Unfired Admixed Soil Block

In this section, the effect of MD and BA on the flexural strength of adobe block admixed
with 0.8 percent PSF of length 75 mm was studied, as shown in Figure 15. It was discovered
that flexural strength showed a rising trend with increasing marble dust at constant bagasse
ash content. At 25% MD and 7.5% BA, the flexural strength of the adobe block reinforced
with paddy straw fiber was 0.25 MPa, which increased to 0.3 MPa with 7.5% bagasse
ash and 35% marble dust. A similar trend was observed for 10% bagasse ash and 12.5%
bagasse ash. Moreover, a similar trend was observed with an increase in bagasse ash for
constant marble dust content. At 25% MD and 7.5% BA, the flexural strength of the adobe
block reinforced with paddy straw fiber was 0.25 MPa, which increased to 0.31 MPa with
12.5% bagasse ash and 25% marble dust. A similar trend was observed for 30% marble
dust and 35% marble dust. This might be due to the soil/marble dust/sugarcane bagasse
ash/paddy straw fiber matrix gradually densifying as a result of hydration and pozzolanic
processes [16].
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Figure 15. Effect of MD and BA on flexural strength of block reinforced with 0.8% PS fiber (75 mm).

The effect of MD and BA on the flexural strength of adobe block admixed with 1%
paddy straw fiber of length 75 mm is shown in Figure 16. It was discovered that flexural
strength showed a rising trend with increasing marble dust at constant bagasse ash content.
At 25% MD and 7.5% BA, the flexural strength of the adobe block reinforced with paddy
straw fiber was 0.24 MPa, which increased to 0.28 MPa with 7.5% bagasse ash and 35%
marble dust. A similar trend was observed for 10% bagasse ash and 12.5% bagasse ash.
Moreover, a similar trend was observed with increasing bagasse ash for constant marble
dust content. At 25% MD and 7.5% BA, the flexural strength of the adobe block reinforced
with paddy straw fiber was 0.24 MPa, which increased to 0.3 MPa with 12.5% bagasse ash
and 25% marble dust. A similar trend was observed for 30% marble dust and 35% marble
dust.

Figure 16. Effect of MD and BA on flexural strength of block reinforced with 1% PS fiber (75 mm).
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The effect of MD and BA on the flexural strength of adobe block admixed with
1.2 percent PSF of length 75 mm is shown in Figure 17. Flexural strength showed a rising
trend with increasing marble dust at constant bagasse ash content. At 25% MD and 7.5%
BA, the flexural strength of the adobe block reinforced with paddy straw fiber was 0.18 MPa,
which increased to 0.21 MPa with 7.5% bagasse ash and 35% marble dust. A similar trend
was observed for 10% bagasse ash and 12.5% bagasse ash. Moreover, a similar trend was
observed with increased bagasse ash for constant marble dust content.

Figure 17. Effect of MD and BA on flexural strength of block reinforced with 1.2% PS fiber (75 mm).

At 25% MD and 7.5% BA, the flexural strength of the adobe block reinforced with
paddy straw fiber was 0.18 MPa, which increased to 0.25 MPa with 12.5% bagasse ash and
25% marble dust. A similar trend was observed for 30% marble dust and 35% marble dust.
The possibility for additional fiber–fiber interactions rose when fibre content exceeded
0.8 percent, reducing the production of fiber–matrix and matrix–matrix connections and
resulting in flexural strength loss [20–22]. In addition, for 100 mm and 125 mm PSF, a
similar effect of MD and BD on flexural strength was observed. As shown in Figure 18, at
25% MD and 7.5% BA the flexural strength of the adobe block reinforced with paddy straw
fiber was 0.27 MPa, which increased to 0.31 MPa with 7.5% bagasse ash and 35% marble
dust. A similar trend was observed for 10% bagasse ash and 12.5% bagasse ash.

Figure 18. Effect of MD and BA on flexural strength of block reinforced with 0.8% PS fiber (100 mm).
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The effect of MD and BA on the flexural strength of adobe block admixed with 1% and
1.2% paddy straw fiber of length 100 mm is shown in Figures 19 and 20, respectively. It
was found that FS showed a similar trend with these PSF contents.

Figure 19. Effect of MD and BA on flexural strength of block reinforced with 1% PS fiber (100 mm).

Figure 20. Effect of MD and BA on flexural strength of block reinforced with 1.2% PS fiber (100 mm).

Further, the effect of MD and BA on the flexural strength of adobe block admixed with
0.8 percent PSF of length 125 mm is shown in Figure 21. It was discovered that flexural
strength showed a rising trend with increasing marble dust at constant bagasse ash content.
Moreover, a similar trend was observed with increased bagasse ash for constant marble
dust content.
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Figure 21. Effect of MD and BA on flexural strength of block reinforced with 0.8% PS fiber (125 mm).

The effect of MD and BA on the flexural strength of adobe block admixed with 1% and
1.2% paddy straw fiber of length 125 mm is shown in Figures 22 and 23, respectively. It
was found that FS showed a similar trend with these PSF contents.

Figure 22. Effect of MD and BA on flexural strength of block reinforced with 1% PS fiber (125 mm).
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Figure 23. Effect of MD and BA on flexural strength of block reinforced with 1.2% PS fiber (125 mm).

3.3. Efflorescence of Unfired Admixed Soil Block

In this study, efflorescence testing was conducted on blocks as per IS 3495 (part 3):1992
and IS5454-1978. There was no efflorescence on any of the tested combinations [23–25].

3.4. Statistical Analysis
3.4.1. Model Equation: Split Tensile Strength versus X1, X2, X3, X4

The association between parameters and TS was developed using regression analysis,
and the results are shown in Equation (3). The following model equation was used to
determine the TS of unfired soil blocks admixed with varied proportions of PSF, MD,
and BA:

TS = −2.879 +0.01403X1 +1.944X2 +0.0787X3 +0.0776X4 − 0.000065 X1*X1 − 0.824 X2*X2 − 0.003941 X3*X3 −
0.001030 X4*X4 − 0.000111 X1*X2 + 0.000009 X1*X3 − 0.000016 X1*X4 − 0.00111 X2*X3 − 0.00722 X2*X4 +

0.000111 X3*X4.
(3)

Here, X1, X2, X3, and X4 represent the parameters, i.e., the length of PSF and pro-
portions of PSF, SCBA, and MD. The residual plots of TS are shown in Figure 24, where
the independent variable is on the horizontal axis and the residuals are displayed on the
vertical axis. The R2 value of 89.96% was obtained through statistical analysis.
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Figure 24. Residual plots of tensile strength.

3.4.2. Model Equation: Flexural Strength versus X1, X2, X3, X4

The association between the parameters and FS was developed using regression
analysis, and the results are shown in Equation (4). The following model equation was
used to determine FS of unfired soil blocks admixed with varied proportion of PSF, MD,
and BA:

FS = −0.567 + 0.010737 X1 + 0.999 X2 − 0.02156 X3 − 0.00319 X4 − 0.000058 X1 * X1 − 0.6343 X2 * X2 + 0.001541
X3 * X3 + 0.000119 X4 * X4 + 0.000611 X1 * X2 − 0.000058 X1 * X3 − 0.000002 X1 * X4 + 0.00556 X2 * X3 −

0.00111 X2 * X4 + 0.000133 X3 * X4.
(4)

Here, X1, X2, X3, and X4 represent the parameters, i.e., the length of PSF and pro-
portions of PSF, SCBA, and MD. The residual plots of FS are shown in Figure 25, where
the independent variable is on the horizontal axis and the residuals are displayed on the
vertical axis. The R2 value of 98.26% was obtained through statistical analysis.

Figure 25. Residual plots of flexural strength.
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3.5. Optimization

The values of the response factors, i.e., TS and the parameters at optimized conditions,
are shown in Table 5. From the table, it can be observed that the optimum value of TS, i.e.,
0.56 Mpa, is achieved by the unfired soil block admixed with 104 mm length and 1% PSF,
10% BA, and 35% MD.

Table 5. Optimized value of TS for various parameters at optimized conditions.

Response
Factor/Parameter

PSF Length (mm) PSF Content (%) SCBA Content
(%) MD Content (%) Optimum Value

of Response
FactorX1 X2 X3 X4

Tensile Strength 104 1 10 35 0.56

Similarly, the values of the response factors, i.e., FS and the parameters at optimized
conditions, are shown in Table 6. From the table, it can be observed that the optimum value
of FS, i.e., 0.39 MPa, is achieved by the unfired soil block admixed with 90 mm length and
0.85% PSF, 12.5% BA, and 35% MD.

Table 6. Optimized value of FS for various parameters at optimized conditions.

Response
Factor/Parameter

PSF Length (mm) PSF Content (%) SCBA Content
(%) MD Content (%) Optimum Value

of Response
FactorX1 X2 X3 X4

Flexural Strength 90 0.85 12.5 35 0.39

3.6. SEM (Scanning Electron Microscopy Analysis)

In this study, SEM (Scanning Electron Microscope) testing was conducted to study
the effect of bagasse ash and marble dust on the soil structure and soil–paddy straw fiber
interface with the help of the SEM machine at UCRD, Chandigarh University [26–28]. SEM
images are presented and discussed in this section. Figure 26 shows an SEM image of an
unfired admixed adobe block specimen reinforced with paddy straw fiber with a length of
100 mm.

Figure 26. SEM image of specimen of unfired admixed adobe block reinforced with paddy straw
fiber with length 100 mm (Bagasse ash: Marble Dust: Paddy straw fiber: 12.5%: 35%: 0.8%).
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This specimen consisted of 12.5% Bagasse ash, 35% Marble Dust, and 0.8 percent
PSF. For the SEM analysis, a very minute part of the specimen was taken and the soil
mix adhered with fiber from the block was taken as a specimen for SEM analysis. It can
be observed from the images that the soil–bagasse ash–marble dust mix was thoroughly
adhered with the fiber [29–31]. Furthermore, the amount of pores is negligible, as can be
seen from the image. These images support the results earlier results regarding the higher
flexural and tensile strength of this sample.

Figure 27 shows an SEM image of an unfired admixed adobe block specimen reinforced
with paddy straw fiber with a length of 125 mm. This specimen consisted of 7.5% Bagasse
ash, 25% Marble Dust, and 1.2 percent PSF.

Figure 27. SEM image of specimen of unfired admixed adobe block reinforced with paddy straw
fiber with length 125 mm (Bagasse ash: Marble Dust: Paddy straw fiber: 7.5%: 25%: 1.2%).

Again, a very minute part of the specimen was taken [21], and the soil mix adhered
with fiber from the block was taken as the specimen for SEM analysis [32–34]. It can be
observed from the image that the soil–bagasse ash–marble dust mix was not thoroughly
adhered with the fiber. Furthermore, the pore content is higher, as can be seen from the
image. These images support the earlier results regarding the lower flexural and tensile
strength of this mixture.

3.7. EDS (Energy Dispersive X-ray Spectroscopy)

In this study, EDS (Energy Dispersive X-Ray Spectroscopy) testing was conducted
to study the elemental analysis of a specimen [35–37]. This test provides the elemental
composition of the surface of a specimen. Figure 28 shows an EDS image of a specimen of
unfired admixed adobe block reinforced with paddy straw fiber with a length of 75 mm.
This specimen consisted of 12.5% Bagasse ash, 30% Marble Dust, and 0.8 percent PSF. For
the EDS analysis, a very minute part of the specimen was taken. The abscissa of the graph
represents ionization energy and the ordinate represents the intensity (Count). Higher
intensity of a particular element indicates that its presence is higher at that particular
point [22,23]. It can be observed from Figure 28 that oxygen (O) and silica (Si) are the major
elements detected on the surface, with Magnesium (Mg) and Aluminium (Al) detected in
minor amounts.
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Figure 28. EDS of unfired admixed adobe block specimen reinforced with paddy straw fiber with
length 75 mm (Bagasse ash: Marble Dust: Paddy straw fiber: 12.5%: 30%: 0.8%).

Figure 29 shows an EDS image of an unfired admixed adobe block specimen reinforced
with paddy straw fiber with a length of 75 mm. This specimen consisted of 7.5% Bagasse
ash, 25% Marble Dust, and 1.2 percent PSF. It can be observed from Figure 29 that oxygen
(O) and silica (Si) are the major elements detected on the surface, along with a minor
quantity of Aluminium (Al) [38–41].

Figure 29. EDS of unfired admixed adobe block specimen reinforced with paddy straw fiber with
length 75 mm (Bagasse ash: Marble Dust: Paddy straw fiber: 7.5%: 25%: 1.2%).
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Thus, unfired admixed adobe blocks as a binder were chosen, as they have been used
successfully for stabilizing clay for road constructions in low-temperature regions along
with pavement engineering for improving slope stability. The rapid stabilization of a mix
or slope is made possible by quicklime, which removes water from the stabilized mix or
surrounding soil [33–35]. The use of adobe blocks admixed with cementitious binders
is widely used in the construction of roads, pavement, and foundations. In addition to
strengthening the soil against destructive weather forces, unfired admixed adobe blocks
with the inclusion of waste materials contributed to improved strength and bearing capacity
by reducing moisture movement, “rutting”, and fatigue-cracking, imparting waterproof-
ing characteristics, controlling volume stability against swell–shrink behavior caused by
moisture changes, and enhancing erosion, weathering, and traffic load resistance [36–38].
Therefore, unfired admixed adobe blocks incorporating various waste materials are of
interest to those involved in improving soil and geotechnical properties using industrial
byproducts, such as civil and construction engineers, and engineering geologists [39–41].

4. Conclusions

This study’s major objective was to determine the applicability of unfired soil blocks
admixed with marble dust, paddy straw fiber, and bagasse ash from the perspective of
mechanical attributes. Flexural strength, tensile strength, and efflorescence testing were
performed to estimate the mechanical attributes of the blocks. Microstructural analysis
was conducted on different samples using SEM and SEM-EDS in order to discuss and
verify the results obtained experimentally. Further, linear regression analysis was per-
formed on the results and the optimized values were calculated from the modeling equa-
tions using optimization techniques. The various conclusions drawn from these tests are
discussed below:

(a) The split tensile strength (TS) was observed to rise with increasing MD for a fixed
amount of BA and PSF. PSF and BA could be added as per the optimum values found
by the model, while higher content reduces the TS of the block.

(b) The optimization process made it evident that the optimum value of TS was observed
for soil blocks with 104 mm length and 1% PSF, 10% BA, and 35% MD, i.e., 0.56 MPa,
which implies that addition of PSF increases the TS of the block.

(c) While estimating the flexural strength of the block, it was observed that FS rises with
increasing MD for a fixed amount of BA and PSF. Similarly, with increasing BA for a
fixed amount of MD and PSF, the FS of the soil block was found to be increase. The
PSF could be added as per the optimum values found by the model, as any higher
content reduces the FS of the blocks.

(d) On optimization, it was found that the optimum value of FS was observed for soil
blocks with 90 mm length and 0.85% PSF, 12.5% BA, and 35% MD, i.e., 0.39 MPa,
which implies that addition of PSF increases the PSF of the block.

(e) No efflorescence was observed on any of the designed combinations of MD, PSF, and
BA, suggesting efficient utilization of these wastes in the unfired admixed soil blocks.

(f) XRD and XRF characterization of the marble dust and bagasse ash supports the results
showing that improvements in the strength attributes of unfired admixed soil blocks
are due to the presence of significant contents of lime and silica.

(g) The microstructural analysis of the samples performed via SEM and EDS showed
improved bonding with PSF and PSF–binders–soil mixture.

(h) These outcomes show that the recommended technique is exceptionally effective at
enhancing the physical characteristics of unfired admixed soil blocks, and represents
an economical and environmentally friendly solution.

5. Scope of Future Work

The impact of marble dust, paddy straw fiber, and bagasse ash on other properties of
unfired admixed soil blocks, such as their thermal conductivity, porosity, permeability, etc.,
can be estimated.
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Further research can be carried out on the impact of other types of natural and artificial
fibers on the properties of soil blocks admixed with marble dust and bagasse ash. Such
materials include coir, banana fiber, plastic fibers extruded from plastic bags, disposable
plastic products, etc. This could greatly boost the usage of plastic trash and natural waste
fibers in the building sector.

Further research can be carried out on the impact of other types of binders on the
properties of unfired admixed soil blocks reinforced with PSF.
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