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The stabilization of sandy soil is a crucial challenge in coastal regions due to its low
cohesion and high vulnerability to erosion. This study evaluated the use of activated
sugarcane ash and calcareous residues, agricultural and industrial byproducts, to
improve soil mechanical properties, particularly its bearing capacity and compactness.
The objective was to determine how these additives affect the soil's maximum density
and California Loading Rate (CBR) index. Proctor compaction tests and CBR tests were
performed according to ASTM D1557 and D1883 standards. Natural soil samples were
mixed with different proportions of ash (3—9%) and calcareous residues (2—4%). The
results showed a significant improvement: the CBR index of the natural soil was 9%,
while the mixture of 6% ash and 3% calcareous residue reached 60%—an increase of
550%. This increase is relevant, as CBR is a key indicator of soil bearing capacity for
road infrastructure. Stabilization with these materials offers an economical, accessible,
and sustainable solution for improving road infrastructure in coastal regions. This
approach promotes a circular economy, reduces environmental impact, and enhances

infrastructure resilience in the face of extreme weather events.

1. INTRODUCTION

Soil stabilization is a crucial issue in civil engineering,
especially for road infrastructure in areas with unstable soils,
such as coastal or mountainous regions [1-3]. These soils,
characterized by their low cohesion and high susceptibility to
erosion, represent a significant challenge for the construction
and maintenance of transportation infrastructure, particularly
in developing countries and in areas prone to natural
phenomena such as heavy rains, landslides, and earthquakes
[4, 5]. In coastal regions, sandy soils with high humidity are
common, and due to the action of wind and water, these soils
tend to be more vulnerable to erosion and loss of strength [6,
7]. This has a direct impact on road safety, as infrastructure
can become unstable over time, compromising both user safety
and the durability of structures. Extreme weather conditions,
such as periods of heavy rainfall followed by long periods of
drought, can further exacerbate these problems [1].

Soil stabilization is essential to ensure the durability of road
infrastructure, especially in areas where soils are more
susceptible to deformation and wear [3]. Stabilization
techniques can include the use of different materials and
methods, such as the addition of chemical additives, lime,
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cement, or even industrial and agricultural waste, such as
sugarcane ash or limestone residues. These methods not only
improve the mechanical properties of soils but can also be
more environmentally and economically sustainable [2, 8, 9].

In many countries, soil stabilization also responds to an
additional challenge: the scarcity of resources and expensive
materials typically used in traditional stabilization [10, 11]. In
this sense, the search for more economical and accessible
alternatives, such as the use of industrial and agricultural
waste, has gained relevance. Reusing these materials not only
reduces the costs associated with infrastructure construction
but also contributes to waste reduction and promotes the
circular economy, an approach increasingly necessary in the
modern world [12, 13].

In this context, Peru, with its vast geography and
geotechnical diversity, faces additional challenges, such as the
need to use local and accessible materials to reduce costs and
minimize environmental impact [14].

In the specific case of the Peruvian coast, the problem of
soil stabilization is aggravated due to the characteristics of
sandy soils, common in coastal regions [14-16]. These soils
are highly susceptible to erosion and have low levels of
cohesion, making them vulnerable to landslides and damage
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from heavy rainfall or earthquakes. Coastal roads, which
connect important urban and tourist areas, are particularly
affected, as they not only face soil instability but also a lack of
proper maintenance due to the financial constraints of local
and regional governments [14, 17].

In this context, research into new soil stabilization
techniques on the Peruvian coast is of great importance. The
use of alternative materials, such as sugarcane ash and
limestone residues, emerges as a possible solution from both a
technical and environmental perspective. Sugarcane ash, the
result of burning agricultural residues, is an abundant source
of material that, until now, has not been adequately utilized
[9]. Similarly, calcareous waste, generated by the extraction of
marine resources, is a form of waste that, when used correctly,
can be a valuable resource for improving soil properties [18,
19].

These materials not only have the potential to improve soil
quality and reduce road maintenance costs, but also offer a
sustainable solution that contributes to the circular economy.
This approach, which promotes the reuse of agricultural and
industrial waste, aligns with the principles of sustainability and
environmental protection, two increasingly important aspects
in civil engineering and urban planning. In the construction
industry, specifically in road engineering, few successful cases
have reported the use of alternative materials, such as
sugarcane ash and limestone waste, to stabilize sandy soils.
Therefore, this research has high development potential.

Within the literature review, there is the study carried out by
Rotimi Olafisoye et al. [20], who investigated the use of
agricultural waste in soil stabilization in India, with an
emphasis on the reuse of rice straw and rice husk ash, as well
as sugarcane slurry. This study highlights the possibility of
partially replacing cement with agricultural waste,
contributing to a more environmentally friendly and
sustainable solution for soil stabilization. The study of Hoque
et al. [21] explored the use of crushed shells to stabilize sandy
soils in paving applications, showing that the addition of
crushed shells significantly improved the load-bearing
capacity and compaction properties of the soil, increasing the
California Loading Rate (CBR) index from 51% to 100%.
Likewise, the study of Vincevica-Gaile et al. [22] presented
sustainable alternatives for soil stabilization using secondary
materials instead of conventional ones like cement or lime.
These materials not only contribute to the circular economy
but also reduce greenhouse gas emissions and save natural
resources. There is also the study of Singh [14], who
investigated the effectiveness of a combination of quinoa ash
and lime for soil stabilization on the Sacred Lake Highway in
Puno, Peru.

The objective of this research is to evaluate the impact of
alkali-activated sugarcane ash and limestone residues on the
stabilization of sandy soils along the Peruvian coast,
particularly in regions affected by erosion and soil instability.
Through an experimental design that includes compaction
tests, the CBR, and other geotechnical analyses, the study
seeks to determine how these additives can improve soil
mechanical properties and ultimately contribute to the safety
and durability of road infrastructure.

The relevance of this study lies in the fact that soil
stabilization using local, accessible, and sustainable materials
not only reduces roadwork costs but also offers a viable
solution to address infrastructure challenges in economically
constrained regions. This approach also enables greater self-
sufficiency for local communities, as sugarcane ash and

3905

limestone residues are readily available in many areas of the
country, making this technique applicable to a large portion of
Peru.

Peru, as a developing country, faces a growing demand for
road infrastructure to improve connectivity between regions,
facilitate trade, and promote tourism. However, road quality in
many areas, especially coastal zones, remains poor due to soil
instability and a lack of adequate stabilization solutions. This
study offers an opportunity to address these problems by
proposing an accessible, sustainable, and efficient technique
that can benefit both local communities and the country's
economy.

One of the key aspects of this research is the evaluation of
the effects of sugarcane ash and limestone residue on soil
bearing capacity, a fundamental parameter for the stability of
road infrastructure. The CBR index is a crucial indicator in
civil engineering, as it measures a soil's resistance to
penetration, which translates into its ability to withstand traffic
loads. Improving this index by adding these materials can be
an effective way to ensure road durability, especially in
regions where natural soils are unstable.

Throughout the research, laboratory tests and geotechnical
analyses will be conducted to determine the optimal
proportions of the additives, as well as the ideal conditions for
their application. The results obtained will not only optimize
the use of these materials in soil stabilization but will also
generate a set of practical recommendations for their
implementation in road projects nationwide. This study also
has a significant environmental impact, as the use of sugarcane
ash and limestone waste contributes to waste reduction and
minimizes the extraction of natural resources, which aligns
with sustainability goals in civil engineering. At the same time,
leveraging these local materials reduces the carbon footprint
associated with transporting stabilization materials from other
regions or abroad, making the proposed technique even more
efficient and environmentally friendly. Regarding the
justification of the study, it is important to highlight that,
despite advances in traditional stabilization techniques, such
as the addition of lime and cement, these solutions are not
always economically viable or sustainable in the long term.
The techniques proposed in this work offer a more economical
and environmentally friendly alternative, taking advantage of
local resources that would otherwise be discarded. This
methodology not only has the potential to improve the quality
of infrastructure but also to foster the local economy and
sustainable development in Peru's coastal regions. The results
of this research will not only be useful for soil stabilization on
coastal roads but could also be applied to other areas of the
country facing similar soil instability problems. Furthermore,
the findings could serve as a basis for future research seeking
to further optimize the use of these materials and expand their
application to other areas of construction and infrastructure.

2. MATERIALS AND METHODS

This study proposed an environmentally friendly
methodology for stabilizing sandy soils using alkaline-
activated sugarcane ash and calcareous residues, aiming to
improve soil mechanical properties and contribute to the
sustainability of the process. These alternative materials,
widely available in Peru, not only offered a local and
economical resource but also enabled the reuse of agricultural
and industrial waste, contributing to the circular economy and



reducing environmental impact.

The methodology adopted was structured in three key stages
as shown in Figure 1: soil sample preparation, experimental
work for soil stabilization through the addition of selected
materials, and evaluation of the improved properties of the
stabilized soils. These stages were carried out according to
standardized and rigorous procedures, using advanced
geotechnical analysis techniques to ensure the reliability of the
results.

e Evaluation of the

study area
Selection of the soil
Characterization of

the soil sample

Study phases

e  Chemical analysis of
residues
Ash and limestone

e Atterberg limits

e  Compaction and CBR

ash and limestone
AGtage 2. Experimental worl)—‘_’ 3

residue addition

tests

Comparison of results
ANOVA

Stage 3. Validation of results

Figure 1. Fork phases

The development of these phases allowed us to establish the
effectiveness of soil stabilization using sugarcane ash and
limestone waste in improving the stability of the Magdalena
de Cao Highway — Cao Complex. The data obtained are crucial
for future applications of this technique in road infrastructure
projects in Peru and other regions with similar geotechnical
conditions.

2.1 Stage 1 preparation of the study sample

2.1.1 Evaluation of the study area

The study area is located on the Magdalena de Cao Highway
in La Libertad, Peru, where representative samples of sandy
soils with low bearing capacity and high vulnerability to
erosion were selected. Lack of maintenance and extreme
weather conditions exacerbate the terrain's instability.

2.1.2 Soil sample selection

Samples were extracted from four test pits at a depth of 1.5
meters, following MTC recommendations. These samples
were representative of the soil conditions in the highway
subgrade.

2.1.3 Characterization of the soil sample

In this phase of the study, a detailed characterization of the
soil extracted from the test pits was carried out, to evaluate its
physical and mechanical properties before subjecting it to
stabilization processes. The tests performed included particle
size analysis, the Proctor compaction test, and determination
of the CBR index. The procedures followed and the results
obtained are described below:

* Granulometric analysis

The soil particle size distribution was determined using
particle size analysis, following the method established in
ASTM D422. This analysis classifies the soil according to its
particle size, providing essential information about its
mechanical behavior.
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(1). Sample preparation: Approximately 500 grams of air-
dry, homogeneous soil free of plant material or organic
particles were selected.

(2). Dry sieving: A series of sieves with progressively
smaller openings was used, starting with the largest sieve at
the top. The sample was placed in the sieve column and
vibrated for 10 minutes.

(3). Weighing: After sieving, the material retained on each
sieve was weighed using a precision balance.

(4). Calculations: The percentage by weight of material
retained on each sieve was calculated, and the granulometric
curve was constructed.

* Proctor compaction test

The maximum density and optimum soil moisture content
were determined using the Proctor compaction test, in
accordance with ASTM D1557. This test is essential for
establishing optimal compaction conditions in construction
projects.

(1). Sample preparation: Soil samples were prepared with
varying moisture contents, ranging from 10% to 20%,
increasing by 2% for each series.

(2). Compaction: 2.5 kg of soil was placed in molds of
known volume, forming 5 layers. Each layer was compacted
with 25 blows of a 4.5 kg tamper, from a height of 45 cm.

(3). Density determination: The dry density of each
compacted sample was calculated by dividing the mass of dry
soil by mold volume.

(4). Compaction curve: The densities obtained were plotted
against moisture content, identifying the maximum density
and optimal moisture.

* CBR index

The soil's load-bearing capacity was evaluated using the
CBR index, following ASTM D1883. This test measures the
soil's resistance to penetration under load and is essential for
pavement design.

(1). Sample preparation: Molds were prepared with 5.5 kg
of soil per layer, compacted in 3 layers with 56 impacts per
layer, reaching the previously determined maximum density
and optimum moisture content.

(2). Saturation: The molds were immersed in water for 4
days to ensure complete soil saturation.

(3). Penetration test: A penetration load was applied using a
standard piston, recording the penetration depths at specific
loads.

2.2 Stage 2 experimental work

2.2.1 Chemical analysis of ash and limestone residue

In this stage of the study, detailed chemical analyses of
sugarcane ash and limestone residue were carried out to
evaluate their potential as soil-stabilizing materials. The
procedures and results obtained are described below.

* Analysis of sugarcane ash

Sugarcane bagasse ash, a byproduct of bagasse combustion
in sugar mill boilers, was analyzed to determine its chemical
composition and evaluate its potential use as a supplementary
cementitious material.

(1). Sampling and preparation: Representative samples of
bagasse ash were collected directly from the exhaust boilers.
The samples were dried at 105°C to constant weight and then
ground to a fineness suitable for analysis.

(2). Determination of chemical composition:

* Amorphous SiO: analysis: The amorphous silica content,
a key component in the ash's pozzolanic activity, was
quantified.



* Loss on Ignition (LOI) determination: The amount of
volatile matter present in the ash was evaluated when
subjected to a temperature of 750°C.

* Major element analysis: The contents of oxygen, carbon,
nitrogen, and other elements present in the ash were measured.

* Analysis of calcareous residues

The calcarcous waste generated in industrial processes,
commonly used as stabilizers in construction, was evaluated.

(1). Sampling and preparation: Samples of limestone waste
were obtained from various industrial sources. The samples
were dried and crushed to obtain a uniform particle size
distribution.

(2). Determination of chemical composition:

e Calcium carbonate (CaCOs) analysis: The calcium
carbonate content, the main active component in acid
neutralization, was quantified.

* Nutrient determination: The nitrogen, phosphorus,
potassium, and other micronutrient contents of the waste were
measured.

2.2.2 Addition of ash and calcareous residues

In this phase of the study, the effect of incorporating
sugarcane ash and calcareous waste on the stabilization of
clayey soils was evaluated, with the aim of improving their
geotechnical properties for applications in road subgrades.

(1). Selection and preparation of soil samples:

* A representative sample of clayey soil with low bearing
capacity was selected.

* The sample was air-dried and sieved to obtain particles
smaller than 4.75 mm.

(2). Preparation of mixtures:

* Soil mixtures were prepared with additions of sugarcane
ash and calcareous residues in the following proportions:

* Sugarcane ash: 3%, 6%, and 9% by soil weight.

* Limestone residue: 2%, 3%, and 4% by soil weight.

* The mixtures were homogenized, and the humidity was
adjusted to 12% to facilitate compaction.

3. Laboratory tests:

* Sieve analysis: Particle size distribution was determined
according to ASTM D422,

* Atterberg limits: Soil plasticity was evaluated according
to ASTM D4318.

* Proctor compaction test: Maximum density and optimum
moisture content for compaction were established according
to ASTM D1557.

* CBR index: The bearing capacity of the stabilized soil was
measured according to ASTM D1883.

2.3 Stage 3 validation of results

2.3.1 Comparison of results

In this phase of the research, the results obtained from the
compaction tests and the CBR index carried out on the soil
stabilized with sugar cane ash (CCA) and calcareous residues
(RC) were compared with the results obtained on the non-
stabilized natural soil.

3. RESULTS
3.1 Results of the study samples

3.1.1 Evaluation of the study area
The study location was identified along the Magdalena de
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Cao CP — Cao Complex highway in the Magdalena de Cao
district, La Libertad region, Peru. The area, 8.2 km long, was
evaluated for soil stabilization. Soil samples were collected
from four test pits along this section, as shown in Table 1.

In Table 1, the initial conditions of the soil were sandy with
low cohesion, typical for the region, making it susceptible to
erosion and low load capacity for road applications.

Table 1. Characteristics of the sample location

. . Depth GPS

Pit Location (m) Coordinates
Pit 1 Magdalena de Cao 15 -7.87687° S, -
Highway — Km 1+000 ’ 79.29644° O

Pit 2 Magdalena de Cao 15 -7.87535°8, -
Highway — Km 2+000 ’ 79.29560° O

Pit 3 Magdalena de Cao 15 -7.87429° S, -
Highway — Km 3+000 ’ 79.29417° O

Pit 4 Magdalena de Cao 15 -7.87372° S, -
Highway — Km 4+000 ) 79.29340° O

3.1.2 Characterization of the soil sample

* Granulometric analysis

In this investigation, a detailed particle size analysis was
carried out on the samples obtained from the four test pits
located in the study section. The results of this analysis, which
were essential for evaluating the soil's properties in its natural
state, are presented in Table 2, which shows the percentages
of the particle size components: gravel, sand, and fines, which
were classified according to international standards.

Table 2. Granulometric classification of soil

Composition G(r;;:;el S(i}/l:;j F(:,l/:ss Classification
Sample 1 0 94.4 5.6 SP-SM / A-1-b
Sample 2 0 96 4 SP-SM / A-1-b
Sample 3 0 94 6 SP-SM / A-1-b
Sample 4 0 93.9 6.1 SP-SM / A-1-b

In Table 2, the sand content was very high, and fines (silt
and clay) were minimal. The low percentage of fines and the
lack of liquid/plastic limits indicate that the soil does not
exhibit plasticity, and the cohesion is very low, affecting its
load-bearing capacity.

* Proctor compaction test

The results of the Proctor compaction test indicate that
natural soil has a moderate compaction capacity. The
maximum density ranged between 1.64 g/cm?® and 1.66 g/cm?,
and the optimum moisture content was between 5.4% and
6.8%. These values are typical of sandy soils with moderate
compaction and low cohesion, as shown in Table 3.

Table 3. Proctor compaction test results

Optimum Moisture Maximum Density

Sample Content (%) (g/cm?)
Floor C1 5.7 1.65
Floor C2 6.5 1.66
Floor C3 6.8 1.66
Floor C4 5.4 1.64

The variability in maximum density (1.64 to 1.66 g/cm?®)
suggests slight differences in compaction but no significant
inconsistencies. Soil C3 showed higher moisture content,
indicating that it required more moisture to achieve optimal



compaction. These differences in moisture are typical for
sandy soils, indicating that minor adjustments in moisture are
needed for optimal compaction.

* CBR index

The CBR values for the natural soil ranged from 8% to 9%,
low values indicating poor bearing capacity. According to the
AASHTO classification, soils with CBR values below 10% are
considered unsuitable for road construction without
stabilization or improvement. This confirms that the natural
soil is unsuitable for road construction in its natural state
without stabilization, as can be seen from the results in Table
4.

Table 4. CBR test results

Sample CBR (%)
Floor C1 9
Floor C2 9
Floor C3 8
Floor C4 8

The CBR values of 8-9% suggest that natural soil in this
area is poorly suited for bearing heavy road traffic. These
values are consistent with sandy soils that lack cohesion and
have low fines content.

3.2 Results of the experimental work

3.2.1 Chemical analysis of ash and calcareous residues

A chemical analysis of sugarcane ash and calcareous
residues was performed to evaluate their suitability as soil
stabilizers. The results are shown in Table 5 and Figure 2, with
a significant difference in their chemical compositions.
Sugarcane ash had a high percentage of SiO: (80.94%), while
calcareous residues were rich in CaO (78.24%).

Table 5. EDS test results for sugarcane ash and calcareous
residues

Compound Sugarcane Ash (%) Calcareous Residues (%)

SiO: 80.94 0.12
CaO 6.95 78.24
AlLOs 2.6 3.65
Fe.0s 1.94 4.51
MgO 1.99 3.5
MnO 1.95 2.78
Otros 3.63 2.7
- 20
20
-0}
—40
2L —160
— -180
2.l s
8 20S
Fi 3
Sof ot
—1|60 =
B -100
10+ -220
-240
—12F -360

300 400 500 600 700 800 900 900
Sample Temperature (“C)

100 200

Figure 2. DTA
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Sugarcane ash's high SiO: content suggests it is siliceous,
contributing to soil cohesion and stabilization. Calcareous
residues, with high CaO, are alkaline, ideal for improving soil
pH and compressive strength.

Figure 2 shows the graph obtained from the Differential
Thermal Analysis (DTA) test performed on the calcareous
waste. The main objective of this test is to determine the
endothermic and exothermic changes of the material as it is
subjected to temperature variations. Through this analysis, the
temperatures at which phase changes occur in the material can
be identified, providing valuable information on its thermal
behavior and stability.

The results show endothermic peaks between 100°C and
200°C, indicating that the material absorbs heat during this
temperature range, which could be associated with
dehydration processes or decomposition of volatile
components. Subsequently, an exothermic peak occurs at
890°C, which corresponds to the final phase change of the
material, which could be related to the final decomposition of
the compounds in the calcareous waste. This type of
information is crucial for understanding how calcareous waste
behaves under thermal conditions, which can influence its
application in soil stabilization processes or pavement
construction. A material's ability to withstand extreme
temperatures without undergoing significant phase changes or
degradation is essential to ensuring its durability in road
applications.

3.2.2 Results of the addition of ash and calcareous residues

This section describes the results obtained from the addition
of sugarcane ash and calcareous residues to natural soil,
evaluating their impact on the soil's physical properties using
Proctor compaction tests and the CBR index. The additive
combinations were made in different proportions, as detailed
below:

. Soil + 3% ash + 2% calcareous residue
. Soil + 3% ash + 3% calcareous residue
. Soil + 3% ash + 4% calcareous residue
. Soil + 6% ash + 2% calcareous residue
. Soil + 6% ash + 3% calcareous residue
. Soil + 6% ash + 4% calcareous residue
. Soil + 9% ash + 2% calcareous residue
. Soil + 9% ash + 3% calcareous residue
. Soil + 9% ash + 4% calcareous residue

Each of these combinations was evaluated in terms of
maximum density, optimum moisture content (using the
Proctor compaction test), and bearing capacity (using the CBR
index). These tests are essential for determining how the
incorporation of sugarcane ash and limestone residue
improves soil characteristics, particularly in terms of
penetration resistance and load-bearing capacity.

* Proctor compaction test with the addition of ash and
limestone residue

The Proctor compaction test, according to ASTM D1557,
determined the maximum density of each mixture and the
optimal moisture content for optimal soil compaction. This is
crucial to ensure that the stabilized soil can withstand the
expected loads without excessive deformation, as shown in
Table 6 and Figure 3.

The addition of sugarcane ash and calcareous residues
significantly increased the maximum density, with the highest
values of 1.78 g/cm?® observed at 3% ash + 4% calcareous
residue and 6% ash + 4% calcareous residue. These
combinations improve the soil cohesion and compaction
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capacity, making the soil more resistant to loads.

Figure 3 shows the trends obtained from the soil
densification values with the addition of sugarcane ash
activated with calcareous residues, where it is shown that by
increasing the amount of sugarcane ash the dry density values
increased when they were combined with 2% and 3% of RC,
when they were combined with 4% the values did not show an
increase. It is also shown that the maximum limit obtained
with respect to the amount of ash was 6% since from there the
values.

Table 6. Proctor compaction test results with natural soils
and additives

Sample Optimum Maximum
P Humidity (%) Density (g/cm?)
1 0, 0,
Soﬂ+3A>ash-.f-2/o 6.6 1.68
calcareous residue
1 0, o,
Soil + 3% ashJ.r3A> 6.05 172
calcareous residue
1 0, o,
Soil +3% ashJ.r4A> 4.9 1.78
calcareous residue
1 0, 0,
Soﬂ+6%>ash-.f-2A> 4.8 1.69
calcareous residue
1 0, 0,
Soﬂ+6%>ash-.f-3A> 4 1.75
calcareous residue
3 0, 0,
Soil + 6% ash4.-4A> 79 1.78
calcareous residue
3 0, o,
So11+9A>ash4.-2A> 6.4 1.69
calcareous residue
1 0, 0,
Soﬂ+9%>ash-.f-3A> 56 1.72
calcareous residue
1 0, 0,
Soﬂ+9%>ash-.f-4A> 55 1.73
calcareous residue
#—2% RC 3% RC ——4%RC

Density (g/cm?®)

169

® 1.69

168
0 1 2 3 4 5 6 7 8 9 10

Sugarcane ash (%)

Figure 3. Dispersion of maximum density results with
natural soils and additives

* CBR index

The CBR index was used to assess the strength of the
stabilized soil. In the natural soil samples, the CBR index was
relatively low, underscoring the importance of additives in
improving soil properties. By incorporating sugarcane ash and
limestone residues, a substantial improvement in the CBR was
expected, indicating greater load-bearing capacity and
structural stability, as seen in Table 7 and Figure 4.

The CBR index for natural soil was 9%, indicating poor
load-bearing capacity. The highest CBR value was 60% with
6% ash + 3% calcareous residue, a significant improvement
that indicates better penetration resistance and structural
stability for road applications.

3909

Table 7. Results of the CBR index (%) test with natural soils
and additives

Sample CBR (%)
Soil + 3% ash + 2% calcareous residue 16
Soil + 3% ash + 3% calcareous residue 26
Soil + 3% ash + 4% calcareous residue 39
Soil + 6% ash + 2% calcareous residue 48
Soil + 6% ash + 3% calcareous residue 60
Soil + 6% ash + 4% calcareous residue 58
Soil + 9% ash + 2% calcareous residue 52
Soil + 9% ash + 3% calcareous residue 45
Soil + 9% ash + 4% calcareous residue 40
#—-2%RC 3% RC —8— 4% RC

70

45

=

40

CBR Index (%)

10

Sugarcane ash (%)

Figure 4. Dispersion of CBR index results (%) with natural
soils and additives

Figure 4 shows the trend lines obtained from the CBR
results of soils with mixtures of sugarcane ash and calcareous
waste. It can be seen that up to 6% ash, the values increased,
and then decreased. This phenomenon occurs when the soils
are combined with 3% and 4% calcareous waste. However,
when mixtures of ash with 2% calcareous waste were used, the
values only increased.

3.3 Validation of results

3.3.1 Comparison of results

The comparison of the results focuses on two key
parameters that are fundamental to assessing the behavior of
the soil in terms of its load-bearing capacity and stability:

* Maximum density and optimum moisture content are
obtained through the Proctor compaction test.

* CBR index, which indicates the soil's capacity to bear.

These parameters are compared in the natural soil samples
with those stabilized with sugarcane ash and calcareous
residues in different proportions (3%, 6%, and 9% ash with
2%, 3%, and 4% calcareous residues). This comparison allows
us to verify whether the additives effectively improve the soil
properties and provide a viable solution for stabilization in
road construction projects, as shown in Table 8 and Figure 5.

In Table 8 of the results, it can be observed how the
additions of sugarcane ash and calcareous residues affect the
soil properties, specifically in terms of optimum moisture,
maximum density, and the CBR index.

(1). Optimum moisture content

* The optimum moisture content of natural soil is 5.7%,
indicating that the soil requires a moderate amount of water to
reach maximum density.

* As additives are added, a progressive increase in optimum



moisture content is observed in mixtures with sugarcane ash
and calcareous residue, especially when combining 6% ash
and 3—4% calcareous residue, reaching a value of 7.2% in the
sample with 6% ash + 4% calcareous residue.

* Additions of 3% ash result in a comparatively lower
moisture content, suggesting that mixtures with higher
amounts of calcareous residue or sugarcane ash may require
more water to reach maximum density.

(2). Maximum density (g/cm?)

* The maximum density of natural soil is 1.65 g/cm?, a value
that reflects the compaction that natural soil can achieve
without any additives.

* By adding sugarcane ash and limestone residue, the
maximum density increased considerably in several samples.
The densest mixture was the one containing 3% ash + 4%
limestone residue, reaching 1.78 g/cm?®.

* This increase in maximum density is due to the improved
compaction capacity provided by the additives, especially the
limestone residue, which acts as a stabilizer that increases soil
cohesion.

(3). CBR index

* The CBR index is a crucial indicator of soil bearing
capacity, especially in road engineering.

* The natural soil had a CBR of 9%, indicating that the soil
has a low bearing capacity in its original state.

* The additions of sugarcane ash and limestone residue
caused a significant increase in the CBR index. Mixtures with
6% ash + 3% limestone residue achieved the highest value of
60%, reflecting a considerable improvement in penetration
resistance.

* Combinations with 3% ash + 4% limestone residue also
showed a notable increase in CBR (39%), indicating that
increasing the amount of limestone residue improves the soil's
bearing capacity.

* Overall, all mixtures with additives significantly exceeded
the CBR of natural soil, demonstrating that stabilization with
these materials is an effective strategy for improving soil
mechanical properties.

* Regarding maximum density, Figure 5 shows how the

Maximum Density (g/cm?)

Soil + 9% Ash + 4% Waste ‘

Soil + 9% Ash + 3% Waste |

Soil + 9% Ash + 2% Waste |

Soil + 6% Ash + 4% Waste |

Soil + 6% Ash + 3% Waste |

Soil + 6% Ash + 2% Waste |

Soil + 3% Ash + 4% Waste |

Soil + 3% Ash + 3% Waste |

Soil + 3% Ash + 2% Waste |

]

155

Natural Soil

16 1.65 17 175

Maximum Density (g/em?®)

18

samples with additives achieve higher density values
compared to the natural soil.

* Regarding the CBR index, Figure 5 highlights a
significant improvement in the soil's bearing capacity with the
addition of sugarcane ash and calcareous residue, especially
with combinations such as 6% ash + 3% calcareous residue,
reaching values of up to 60%.

Table 8. Compaction and CBR test results on natural soils
and additives

Maximum
Density
(g/cm’)

1.65

CBR
(7o)

9

Optimum
Moisture (%)

5.7

Sample

Natural Soil
Soil +3% Ash +
2% Calcareous
Residue
Soil +3% Ash +
3% Calcareous
Residue
Soil +3% Ash +
4% Calcareous
Residue
Soil + 6% Ash +
2% Calcareous
Residue
Soil + 6% Ash +
3% Calcareous
Residue
Soil + 6% Ash +
4% Calcareous
Residue
Soil +9% Ash +
2% Calcareous
Residue
Soil +9% Ash +
3% Calcareous
Residue
Soil +9% Ash +
4% Calcareous
Residue

6.6 1.68 16

6.05 1.72 26

4.9 1.78 39

1.69 48
1.75 60
1.78 58
1.69 52
1.72 45

1.73 40

CBR Index (%)

Soil +9% Ash + 4% Waste
Soil + 9% Ash + 3% Waste
Soil + 9% Ash + 2% Waste
Soil + 6% Ash + 4% Waste
Soil + 6% Ash + 3% Waste
Soil + 6% Ash + 2% Waste
Soil + 3% Ash + 4% Waste
Soil + 3% Ash + 3% Waste

Soil + 3% Ash + 2% Waste
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Figure 5. Dispersion of CBR index results (%) with natural soils and additives

4. DISCUSSION

This study shows that the addition of sugarcane ash and
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calcareous residues significantly improves the mechanical
properties of sandy soils. The optimal combination of 6%
sugarcane ash and 3% calcareous residues resulted in a CBR



increase to 60%, surpassing the natural soil value (9%), which
improves the stability and durability of road infrastructure in
coastal areas. Additionally, improvements in maximum
density and optimum moisture content were observed,
indicating an increase in soil cohesion and resistance to
compaction and vehicular traffic.

The results are consistent with previous studies, showing
that sugarcane ash improves cohesion and bearing capacity of
soil, while calcareous residues enhance resistance and modify
the soil's pH. However, the optimal ratio was 6% ash and 3%
calcareous residues, with higher proportions showing no
significant improvements.

An important trade-off when increasing sugarcane ash is
cost and availability, as although it is relatively inexpensive,
no linear improvement in soil bearing capacity is obtained
when exceeding 6%.

The study presents limitations such as variability in the
quality of materials and the potential difference between
laboratory and field conditions, where factors such as moisture
and extreme temperatures could influence long-term behavior.

Finally, the applicability of this technique is promising for
other coastal regions and rural infrastructure projects in Peru,
contributing to sustainability and cost reduction by using local
and recyclable materials. However, further field and long-term
studies are recommended to evaluate the durability of
stabilized soils.

5. CONCLUSIONS

The study confirms that the addition of sugarcane ash and
limestone residue significantly improves the mechanical
properties of sandy soils. The optimal mixture of 6% ash and
3% limestone residue resulted in a CBR index of 60%,
marking a substantial increase compared to the natural soil
(9%). This improvement in bearing capacity and maximum
density demonstrates the effectiveness of these additives,
aligning with previous studies like the one in Puno, Peru,
where quinoa ash and lime improved CBR to 32%. This
highlights the advantages of using sugarcane ash and
limestone residue over more traditional materials.

The best results in terms of maximum density and strength
were achieved with 6% ash and 3% limestone residue. This
combination emphasizes that optimal results do not
necessarily require larger quantities of additives, making the
use of local resources not only more efficient but also more
cost-effective. Compared to studies using lime, sugarcane ash,
and calcareous waste are not only more economical but also
meet high technical standards for soil stabilization.

The use of local materials, such as sugarcane ash and
calcareous waste, highlights the importance of the circular
economy in civil engineering. These materials contribute to
the reduction of agricultural and industrial waste, promoting
sustainable construction. Compared to other alternatives like
crushed seashell waste and rice ash, the use of local waste
reduces material costs, supports sustainable waste
management, and lowers CO: emissions, aligning with
sustainability principles in engineering.

In coastal Peru, where sandy soils are prevalent,
stabilization using sugarcane ash and calcareous residues
offers a practical solution for improving soil bearing capacity
and counteracting erosion. This is crucial for ensuring the
durability and safety of road infrastructure in regions prone to
natural events, such as heavy rainfall and earthquakes.
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Compared to more costly stabilization methods like lime and
cement, this technique not only strengthens soils but also
reduces the carbon footprint associated with external material
transport.
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NOMENCLATURE

SC

NTP
CBR
ATD
EDS

ASTM
MTC
SUCS

Soil Classification (Clayey Sand according to
SUCS)

Peruvian Technical Norms

California Bearing Ratio

Differential Thermal Analysis

Energy Dispersive Spectroscopy

American Society for Testing and Materials
Ministry of Transportation and Communications
Soils and Pavements Manual

Unified Soil Classification System





