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Abstract

Fine sand has a low load-bearing capacity and tends to deform easily, limiting its use in road construction. Recycled asphalt
pavement (RAP) may offer a sustainable solution to improve these properties. Accordingly, the primary objective is to
assess how varying RAP content affects the gradation, compaction, bearing capacity, and California Bearing Ratio (CBR)
of sand-RAP blends. RAP contents ranged from 0% to 100% by weight. The results show that integrating RAP improves
sand gradation, making it suitable for subgrade layers, with mixtures containing 40%-60% RAP meeting subbase
requirements. CBR increases significantly with RAP, from 8.78% in fine sand to 41.67% at 100% RAP. Dry density also
improves by 12%-16% with 40%-60% RAP, while optimum moisture content (OMC) decreases by over 30%. Bearing
capacity increases significantly with RAP content. At 40%-60% RAP, increases range from 299.53% to 411.83% (Dr =
60%) and 243.69% to 318.43% (Dr = 90%). RAP inclusion enhances stiffness, peaking at 530% (Dr = 60%) and 326% (Dr
= 90%) between 40%-60% RAP. Initial gains are steady at 10%-30% RAP, but diminishing returns occur beyond 50%
RAP. Generally, notable performance is achieved at 40% RAP, while 50% RAP ensures optimal stiffness and structural
integrity, with diminishing returns afterward.

Keywords: Recycled Asphalt Pavement (RAP); Fine Sand-RAP Blends; California Bearing Ratio (CBR); Plate Bearing Tests; Sustainable
Road Materials; Relative Density (Dr); Subbase; Subgrade.

1. Introduction

Road construction typically relies on high-quality soil for subgrade and subbase filler material. However, this
technique encounters difficulties in ecologically sensitive environments, including riverbanks, coastlines, and deserts,
which are characterized by fine sandy soils [1]. Sustainable alternatives for employing off-site fine sand in road
construction have emerged to tackle this problem [2, 3]. Although fine sand is often used as a filler, its geotechnical
characteristics pose certain challenges [1]. It is distinguished by particles that vary in size from around 0.10 mm to 0.25
mm [4]. The USCS defines fine sand as soil with a particle size between 0.075 mm and 0.425 mm, typically exhibiting
a poorly graded distribution [5].

Several constraints exist when using fine sand as subbase or subgrade in road construction. A major concern is its
low load-bearing capacity, making it prone to deformation under heavy loads [1, 6-8]. The lack of cohesiveness in fine
sand causes instability, raising the risk of rutting, settling, and erosion, particularly when moist, which weakens the
pavement's structural integrity [9, 10]. An additional risk pertains to drainage and susceptibility to frost [11, 12]. Fine
sand holds less moisture than clay; nonetheless, it is more prone to frost heave and diminished bearing capacity when
saturated, which could threaten infrastructure in colder areas. The previous features emphasize the necessity of
stabilizing or replacing fine sand in road construction to ensure the durability of the pavement.
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A variety of strategies are used to improve the performance of sandy soil. Mechanical stabilization (20% to 50%)
entails amalgamating sandy soil with coarser aggregates such as gravel or crushed stone, enhancing compaction, load-
bearing capacity, and drainage characteristics [13, 14]. Chemical stabilization, ranging from 2% to 5%, involves using
polymers or calcium chloride to bind sand particles together. This process improves cohesion and erosion resistance by
reducing the susceptibility of the sand to moisture [15, 16]. Lime stabilization (3% to 8%) diminishes the deformation
of sand by incorporating lime, enhancing the soil's stability and reducing its susceptibility to swelling or shrinking [17].
Cement stabilization, including 5 to 7%, entails the amalgamation of Portland cement with sand to create a material that
exhibits enhanced resistance to subsidence and frost heave [18]. By adding one or two layers of geosynthetics and
geogrids, the tensile strength of the sand is increased and the load distribution is balanced, resulting in a reduction in the
need for additional stabilizers [19]. In addition, Sand may be made more water-resistant and cohesive by stabilizing it
with bitumen or asphalt at a concentration of 4 to 6 percent [20]. Polymer stabilization, obtained by combining sand
with synthetic polymers, adds a further 1% to 3% by weight, gives the material durability, and reduces erosion [21].
These solutions alleviate specific issues with sandy soil, allowing for the construction of pavements on a stable and
durable basis. Recycled Asphalt Pavement (RAP) has emerged as a promising alternative. It offers a more sustainable
solution by improving the mechanical properties of fine sand without the need for additional expensive or
environmentally harmful additives. Despite its potential, the use of RAP in road construction, particularly in subgrade
and subbase applications, has not been extensively studied.

This study aims to bridge this gap by investigating the mechanical and physical properties of fine sand when
blended with RAP. It explores how varying RAP content influences the gradation, compaction, bearing capacity, and
California Bearing Ratio (CBR) of sand-RAP blends for road construction. By evaluating these properties, the
research seeks to identify optimal RAP content that improves fine sand's performance and meets engineering
standards for subgrade and subbase materials. The paper is structured to comprehensively investigate the mechanical
and physical properties of fine sand-RAP blends for subgrade and subbase applications. The literature review section
sets the stage by reviewing existing literature on stabilization methods for fine sand, highlighting the limitations of
current approaches, and identifying the gap in utilizing recycled asphalt pavement (RAP) as a potential solution. The
testing program and measured variables section outlines the experimental setup, detailing the preparation of sand-
RAP blends with varying RAP content (0%-100% by weight), along with the testing procedures for key properties
such as gradation, compaction, California Bearing Ratio (CBR), and bearing capacity. The results section presents
the findings from the experimental program, including how RAP content affects the mechanical performance of the
blends, with a particular focus on the improvements in CBR, dry density, and bearing capacity. This is followed by
a detailed discussion, where the results are analyzed in relation to existing literature, providing insights into the
optimal RAP content for achieving improved subgrade and subbase materials. The paper concludes with a summary
of the key findings, practical implications for road construction, and recommendations for future research on the use
of RAP in sustainable infrastructure development.

2. Literature Review

Evidence from studies shows that using RAP in road pavement significantly reduces the adverse impact on the
environment. In addition to enhancing pavement performance, this strategy recycles existing materials, which safeguards
resources, minimizes waste, and decreases greenhouse gas emissions. RAP reduces the need for raw materials and has
the potential to lessen environmental impact by 15-30% [22-25]. Research suggests that RAP might reduce GHG
emissions by about 17% if used as a substitute for up to 50% of virgin aggregates [26]. A twenty percent reduction in
environmental impacts, compared to natural aggregates, may be possible using RAP in unbound layers. This involves
lessening the impact on the environment and human health by decreasing energy and water use as well as eutrophication
and acidification [14]. The United States and Europe together generated more than 100 million tons of RAP in 2020.
Reuse rates for this material exceeded 95% [27, 28]. Several Asian nations have successfully integrated RAP recycling
procedures into their infrastructure and individual operations. These include Thailand, Indonesia, Japan, Korea,
Malaysia, the Philippines, Singapore, and the Philippines [29]. As for Oceania, ARRB [30] reports that RAP is widely
used in various pavement applications in Australia and New Zealand. In Africa, SABITA [31] and Mousa et al. [32]
highlight that RAP is primarily produced in Egypt and South Africa.

Recycled Asphalt Pavement (RAP) is widely used in asphalt mixtures due to its sustainability benefits, such as
conserving resources and reducing waste [33-35]. For example, in their study, Cubas et al. [33] explored the use of both
pulverized recycled rubber (PRR) and RAP in hot mix asphalt (HMA) to enhance its properties and eco-friendliness.
The researchers found that a combination of 3% PRR and 10% RAP significantly improved the physical and mechanical
properties of asphalt. Thermogravimetric analysis revealed that the asphalt mixture degraded at 350°C, while infrared
spectroscopy and scanning electron microscopy confirmed that PRR effectively adhered to the aggregates, thereby
improving the texture and morphology of the HMA. This study highlights the potential of incorporating recycled
materials like PRR and RAP for more sustainable and durable asphalt mixtures. Although RAP is extensively used, it
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poses significant challenges when mixed with asphalt [36-38]. The issues may include inconsistencies in the quality of
RAP, specifically regarding binder content and particle size, which might influence the durability and efficacy of the
resultant asphalt mixtures. Moreover, excessive RAP content may diminish the workability and rigidity of the
combination, resulting in long-term performance problems. Considering these issues, using RAP in conjunction with
soil may improve the characteristics of unbound layers, such as subbases or roadbeds [39-42]. RAP may serve as a
material for base and sub-base layers in road construction, offering structural support due to its high-quality aggregates
and residual binder. Reclaimed Asphalt Pavement (RAP) has diverse applications beyond its common use in asphalt
mixtures, particularly in concrete production. Buhari et al. [43] explored the use of RAP as a fine aggregate in concrete,
combined with Quarry By-Product (QBP) as a coarse aggregate, to promote sustainability in construction. The study
aimed to optimize concrete performance by varying RAP and QBP percentages, developing eco-friendly concrete for
paving blocks and tiles. Similarly, Tiza et al. [44] applied RAP in concrete optimization, utilizing the Box-Behnken
model to enhance compressive strength. They analyzed the impact of water, cement, sand, RAP, and coarse aggregates,
finding optimal proportions that achieved a compressive strength of 30 N/mma2. Both studies highlight the potential of
RAP as a sustainable material for improving the properties and performance of concrete, contributing to more efficient
and environmentally friendly construction practices.

Studies show that using RAP can improve the strength and performance of problematic soils, making it highly
valuable for soil stabilization, especially in pavement applications [45-50]. A study by Suddeepong et al. [45] explored
the stabilization of crushed stones with cement and RAP. The results showed that mixtures with RAP had lower
California Bearing Ratio (CBR) values. The highest CBR of 85.10% was achieved with a mixture of 80% crushed stone
and 20% RAP. Miao et al. [46] examined the effects of finely milled material on pavement rutting at different
temperatures. Their findings indicated that adding RAP reduces rutting potential due to the cohesiveness of the asphalt
in the fine particles. Adhikari et al. [47] studied the effects of adding 15% RAP to geopolymer and soil in base and sub-
base layers. They found that unconfined compressive strength (UCS) significantly increased, with values rising from
2.57 MPa to 4.68 MPa for soil A-7-5 and from 0.68 MPa to 1.62 MPa for soil A-7-6. Hasan et al. [48] found that the
resilient modulus of subgrade soil increased with RAP content, reaching 300 MPa at 75% RAP. Suebsuk et al. [49]
found that a 50% RAP mixture achieved the highest dry density of 21.90 kN/m3 and the lowest optimum moisture
content in lateritic soil compaction. Lima et al. [50] found that adding RAP to sedimentary soil from the Guabirotuba
Formation in Brazil improved unconfined compressive strength and splitting tensile strength. Using 80% RAP resulted
in an 18.62% increase in CBR values and reduced expansion from 1.19% to 0.88%. A mixture of 40% RAP and 3%
cement met sub-base layer criteria, with expansion <1% and CBR > 20%. Notably, a 50% RAP mixture achieved the
highest dry density of 21.90 kN/m3 and the lowest optimum moisture content.

This study seeks to examine the novel incorporation of RAP with fine sand to improve its functionality as a subgrade
or subbase layer in road construction. RAP's environmental and financial benefits make it an attractive material for
recycling in asphalt pavement; nevertheless, there are certain drawbacks to consider, such as the material's increased
brittleness and decreased flexibility. To produce a subgrade/subbase layer that satisfies the engineering standards, this
research experimentally blends RAP with fine sand, which is an innovative approach that mitigates the negative aspects
of each material while harnessing their potential. This study contributes by assessing the mechanical characteristics of
the fine sand-RAP mixtures with experimental testing, such as California Bearing Ratio (CBR), Proctor compaction,
and sieve analysis. Furthermore, plate-bearing tests will be performed at two relative densities (60% and 90%) to
evaluate the material's bearing capacity and stiffness under varying loading conditions. This study will contribute to the
existing body of knowledge by providing new insights into the effective reuse of RAP in combination with otherwise
challenging subgrade materials like fine sand. Moreover, it will propose a sustainable construction solution that reduces
dependence on virgin aggregates and improves the performance of fine sand as a viable subgrade component.

3. Research Methodology

This section details the comprehensive methodology employed to evaluate the performance of sand and Recycled
Asphalt Pavement (RAP) mixtures in road construction, particularly for use in subgrade and subbase layers. The
experimental process is organized into several stages, focusing on evaluating key physical properties of the mixtures,
including grain size distribution, specific gravity, compaction properties, and California Bearing Ratio (CBR) values. A
series of carefully designed tests were conducted, such as the Modified Proctor Compaction Test, California Bearing
Ratio (CBR) test, and Plate Bearing Test, to examine the mechanical properties of the sand-RAP mixtures at varying
RAP content levels (ranging from 0% to 100% RAP). The objective was to assess the suitability of these mixtures for
different road construction applications and to identify the optimal RAP content that balances strength, stability, and
cost-effectiveness. The results of these tests are analyzed to determine the impact of RAP addition on key parameters
such as gradation, compaction, and load-bearing capacity, ultimately contributing to the optimization of material choices
in road construction. The laboratory experiments were designed with specific parameters in mind, ensuring that the
behavior of the sand-RAP mixtures could be effectively modeled under real-world conditions. These tests aim to provide
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insights into how varying RAP proportions influence the mixtures' gradation, compaction characteristics, and bearing
capacity, all of which are essential considerations in road construction material selection. Figure 1 illustrates the step-

1

by-step methodology employed in the study, providing a clear overview of the research process.

Start: Literature Review

>

¥

2

Conduct literature search on RAP applications in road construction.

Identify key parameters for testing (e.g., gradation, CBR, compaction, etc.).

Testing Program and
Measured Variables

¥

3

Conduct series of tests based on key parameters (e.g., Grain Size Distribution,
Specific Gravity, CBR, etc.);

Use industry-standard protocols (e.g., ASTM, AASHTO).

Materials Preparation

$

4

Fine sand and RAP (Reclaimed Asphalt Pavement) sourced.
Prepare sand-RAP mixtures with different RAP ratios (0%, 10%, 20%, etc.).

Experimental Setup

$

5

Design and set up the laboratory model for testing (rigid steel plate, soil tank).

Apply compaction and perform tests like California Bearing Ratio (CBR), Plate
Bearing, and more.

Data Collection &
Analysis

¥

6

Record the physical properties of mixtures (gradations, specific gravity,
compaction results, etc.).

Monitor key performance indicators (e.g., CBR, load penetration curves, etc.).

Results Interpretation &
Discussion

7

Analyze effect of RAP content on gradation, CBR values, and compaction
properties.

Compare findings with standards (e.g., AASHTO, ECP and IRC).
Interpret results, focusing on RAP's impact on material strength and performance.
Discuss practical implications for road construction (subbase/subgrade suitability).

Conclusion and Insights

Figure 1. Flowchart of the Research Methodology

4. Testing Program and Measured Variables

A comprehensive testing program was designed to evaluate the physical and mechanical behavior of fine sand and
sand-RAP mixtures under varying conditions. Table 1 provides a comprehensive overview of the testing program and
key parameters considered in the study. Thirty-eight tests were conducted on sand-RAP mixtures with varying RAP
proportions (0%, 10%, 20%, 30%, 40%, 50%, 60%, and 100% by weight). Images of these different mixtures are shown
in Figure 2. The experimental program's results will undoubtedly compare to worldwide standards like AASHTO and
ECP 104. This evaluation is crucial for subgrade and sub-base layer performance evaluation in road construction. These
mixes are tested extensively to ensure they meet or surpass all industry performance criteria, improving infrastructure

projects' lifetime and durability.
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Table 1. Summary of testing program and key parameters

Series No. Test Type Soil State Variable Standards Used Num. of Tests
Grain Size RAP ratio: 0%, 10%, 20%, 30%, 40%,
L1 Distribution (D) Loose 50%, 60%, and 100% ASTM D6913 [51] 8
1.2 Specific Gravity (Gs) Loose Fine Sand, RAP ASTM D854 [52] 2
13 Modified Proctor Compacted Moisture-density relationship (Wc, yd) ASTM D698 [53] 8

Compaction Test

California Bearing RAP ratio: 0%, 10%, 20%, 30%, 40%,

e Ratio (CBR) Compacted 50%, 60%, and 100% ASTM D1883 [54] 8
10" 09 0, 0, 0, 0,

21 Plats Bearing  COTPRCted 8 Dr = 60% RAP ratio: & A’Gg& A’arf(? 76, 30%, 40%. - ASTM D1194 [55] / ECP 104 [56] 8
Test (qu) o 0 0 N .

22 : Compacted at D, = 90% VAP ratio: 0%, 10%, 20%, 30%, 40%, - sy b1194 [55] / ECP 104 [56] 8

50%, 60%, and 100%

(a) Fine sand (Natural sand) (0%RAP) (b) 100% RAP

() 40% RAP (h) 50% RAP (i) 60% RAP

Figure 2. Images of sand-RAP mixtures with varying RAP proportions (R: 0%, 10%, 20%, 30%, 40%, 50%, 60%, and
100% by weight)

Several tests, which are based on Table 1, will be employed to evaluate the physical characteristics of the sand-RAP
blends: (1) analysis of the particle size distribution; (2) calculation of specific gravity; (3) evaluation of compaction
properties; and (4) the California Bearing Ratio (CBR) test. Two relative densities (60% and 90%) will be evaluated
with plate-bearing investigations to further evaluate the bearing capacity and stiffness under varying loads. These tests
are designed to assess the performance of various sand-RAP mixtures that are intended for use in road construction,
particularly in the subgrade and sub-base layers.

5. Materials Used and Model Description
5.1. Fine Sand

The research utilized fine sand collected near the International Coastal Road in Baltim, Kafr El Sheikh, Egypt, an
area recognized for its abundant sand deposits along the Mediterranean coastline. The geotechnical properties of the fine
sand were analyzed, and the results are summarized in Table 2. According to the Unified Soil Classification System
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(USCS), the sand was classified as SP (Poorly Graded Sand), and under the AASHTO classification system, it was
classified as A-3 (Fine Sand). The specific gravity (Gs) was found to be 2.68, and the maximum dry density (MDD) was
determined as 17.86 kN/m? with an optimum moisture content (OMC) of 9.81%. The sand’s gradation curve exhibited
a coefficient of uniformity (Cy) of 2.80 and a coefficient of curvature (C) of 1.73, which aligns with the poorly graded
nature of the sand. The sampling location and surrounding region are depicted in Figure 3.

Table 2. An evaluation of the geotechnical properties of natural sand and recycled asphalt pavement (RAP)

Fine sand RAP
Property Symbol Unit
Average Value Average Value
Maximum Dry Density MDD, Ygmax  KN/m? 17.86 20.71
Optimum Moisture Content omMC % 9.81 5.80
Minimum Dry Density Yrmin kN/m3 15.00 18.00
Specific Gravity Gs - 2.68 2.38
Maximum Void Ratio Emax - 0.72 0.77
Minimum Void Ratio Emin - 0.51 0.37
Effective Size Di1o% mm 0.13 1.50
Intermediate Diameter Dso% mm 0.28 6.00
Mean Size Déov mm 0.35 10.25
Coefficient of Uniformity Cu - 2.80 6.83
Coefficient of Curvature Cec - 1.73 234
USCS Classification - - SP (Poorly Graded Sand) GW
AASHTO Classification - - A-3 (Fine Sand) A-l-a
USDA Classification - - Sand Gravel
ISO Classification - - Sand, Poorly Graded (SP)  Gravel, Well-Graded
Dry Density at D, = 60% Yeo% kN/m3 16.45 19.35
Void Ratio at D, = 60% €60% - 0.60 0.52
Dry Density at D, = 90% Yo0% kN/m3 17.12 20.15
Void Ratio at D, = 90% 90% - 0.53 0.41

(@) Image from the sample collection location (b) Location from Google Maps.

Figure 3. Sampling location along the international coastal road near Baltim, Kafr El Sheikh, Egypt

5.2. Reclaimed Asphalt Pavement (RAP)

The study focused on Reclaimed Asphalt Pavement (RAP) sourced from a stockpile over 10 years old, which leads
to a stiffer and more stable binder due to reduced volatile components. The aged nature of the RAP offers practical
advantages during laboratory testing. It ensures ease of handling, particularly during heating in the oven for moisture
content determination or binder recovery. The stable and less volatile binder composition minimizes potential changes
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to the RAP’s properties during testing, leading to consistent and reliable results. The RAP used in this study was
classified as GW (Well-Graded Gravel) under the Unified Soil Classification System (USCS) and as A-1-a under the
AASHTO classification system. These classifications confirm the material’s suitability for use in subgrade and subbase
layers. The physical and geotechnical properties of the RAP are summarized in Table 1. The Specific Gravity (Gs) of
the RAP was measured as 2.38, slightly lower than that of the fine sand due to the presence of asphalt binder and
potential porosity within the aggregate particles.

5.3. Description of the Laboratory Model

The experimental setup comprised a rigid steel plate (250 x 250 mm, 50 mm thick) to simulate a square footing
model (B = 250mm), loaded concentrically at its center on the soil sample surface. The RAP-sand mix was housed in a
rectangular steel tank (internal dimensions: 1.5 m x 1.5 m x 1 m), constructed from 6 mm thick steel plates reinforced
with horizontal stiffeners to avoid lateral deformation during loading. This size adhered to established guidelines [57,
58], which recommend tank dimensions of at least 5-7 times the footing width (B), to ensure that stress and deformation
zones did not interfere with the tank walls.

To reduce boundary effects, the tank walls were polished, minimizing friction and enhancing vertical stress transfer
[59, 60]. A manual hydraulic loading system (SPX 700-bar pump, 258 kN axial capacity cylinder) applied the load in
increments, which were maintained until stabilization was observed (<0.01 mm change over 5 minutes). Vertical
displacement was monitored with two dual dial gauges (range: 0-100 mm, and accuracy: 0.01 mm) on opposite sides of
the footing. The test setup, including the soil tank dimensions, the compacted layers, the footing plate, and the hydraulic
loading system, is illustrated in Figure 4.

~Axial loading

Hydraulic cylinder frame

piston (258 kN)

Digital Dial Gauge -

~ Compacted
g soil

Rectangular Loading
Plate, B=250 mm

Hydraulic Manual

. . Pump
Horizontal Ribs

—  Levelled Steel
Base

Figure 4. Experimental soil tank and test setup

The RAP-sand mix bed was uniformly prepared by compacting pre-calculated quantities of the mixture into the soil
tank in layers of 100 mm thickness, ensuring the target relative density was achieved. Each layer was levelled using a
sharpened steel plate. Density verification was performed by collecting samples with metal tins of known volume in
accordance with procedures documented in prior studies [59-62].

6. Results and Discussion

6.1. Effect of RAP Addition on Gradation

Figure 5 shows the particle size distribution of the sand-RAP mixtures for different RAP proportions. The curves
demonstrate a clear shift toward coarser gradations as RAP content increases, with steeper slopes for the higher RAP
blends. The reduction in fines passing the No. 200 sieve with increasing RAP content is evident, aligning with the
improved gradation for subbase applications. The incorporation of Reclaimed Asphalt Pavement (RAP) into natural
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sand significantly alters the gradation profile of the material, shifting it from a predominantly fine distribution to a
coarser one. For natural sand, 88.12% of the material passes the No. 40 sieve (0.425 mm) and 4.81% passes the No. 200
sieve (0.074 mm), indicating a high proportion of fine particles. On the other hand, RAP has a much coarser gradation,
with 29.31% passing the No. 4 sieve (4.75 mm) and no particles passing the No. 200 sieve. As RAP is blended into the
sand, the particle size distribution progressively shifts towards coarser particles. For instance, at 10% RAP, 92.93% of
particles pass the No. 4 sieve, while at 60% RAP, this value drops to 57.59%. Similarly, the percentage passing the No.
200 sieve decreases from 4.33% at 10% RAP to 1.93% at 60% RAP. This trend reflects the dominant influence of RAP
in reducing fine content and increasing coarser particles in the mixture.

100 o oS ="
<~ Natural sand <
90 PeS X
X [u]
0--100% RAP x)(
80 - ¢
10% RAP t
< 70 -
S %—20% RAP »
S 60 - X ++ 4
§ 30% RAP + - d
S 50 4 - -
& 40% RAP £
2 40 - -
ﬁ +-==50% RAP
030 4
== 60% RAP
20 - A
o
10 8 .
=
[ — o0
0 == T T |
0.01 0.1 1 10 100
Sieve Opening (mm)

Figure 5. Gradation curves of sand-RAP mixtures

The observed gradation results were compared with the requirements set by ECP 104, IRC: 37-2012, and AASHTO
standards for subgrade and subbase applications. For Type A materials, which are commonly used in subbase
construction, the acceptable range for particles passing the No. 4 sieve is 35-70%. Mixtures with RAP contents of 50%
and 60% satisfy this range, making them suitable for subbase use. Furthermore, the percentage of fines passing the No.
200 sieve remains below the maximum limit of 20% specified by all applicable standards, even at the lowest RAP
content of 10%. This compliance with gradation limits demonstrates that the incorporation of RAP enhances the
suitability of the sand-RAP mixtures for structural layers in road construction, particularly as RAP content increases
beyond 40%.

In terms of ECP 104 and IRC: 37-2012 standards, the gradation of RAP mixtures shows that the addition of RAP
results in a soil mix that fits the required specifications for road construction materials. Specifically: (1) RAP mixtures
at 40% and 50% RAP fall within the acceptable range for Type A (35-70%). Type B (40-90%) materials, confirming
the suitability of RAP for road subbase applications at RAP ratio more than 20%. The RAP mixtures meet the
specifications for Types A, B, and C materials (0-15% passing No. 200 sieve), which are suitable for subgrade layers
and lower-quality road base applications.

6.2. Effect of RAP Addition on CBR Values

CBR tests are commonly used to evaluate the strength of subgrade soil, subbase, and base materials for road
construction. Figure 6 presents the penetration curves for RAP-sand mixtures (CBR Results). The graphs suggest a
strong relationship between RAP content and improved load capacity, emphasizing the beneficial reinforcing effect that
RAP brings to mixtures. RAP effectively enhances the structural properties of soils, making it a practical choice for road
sub-base layers and subgrades.

Using Recycled Asphalt Pavement (RAP) with natural fine sand increases the California Bearing Ratio (CBR)
values, strengthening the soil for better weight support. Figures 7 and 8 demonstrate how CBR values and percentage
improvement increase with higher RAP content in sand-RAP mixtures.
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Figure 6. Load penetration curve for RAP-sand mixtures (CBR results)
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Figure 8. Percentage increase in CBR vs RAP content
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The predetermined CBR value of natural sand is 8.78%; by adding only 10% RAP, the CBR rises to 11.59%, a
31.97% increase. The CBR values boost 14.2% and 18.27%, representing increases of 61.74% and 108.05%, when the
RAP content increases to 20% and 30%, respectively. These results suggest that even modest amounts of RAP can
significantly fortify RAP-sand mixtures, making them more suitable for construction. As RAP percentages continue to
climb, the enhancements in CBR values become even more pronounced. At 40% RAP, the CBR reaches 30.17%, a
243.70% increase, while at 50% and 60% RAP, values soar to 34.21% and 37.35%, translating to increases of 289.68%
and 325.43%, respectively. Notably, pure RAP achieves a CBR of 41.67%, demonstrating a 374.70% increase over
natural sand. This data underscores RAP's effectiveness as a stabilizing agent, highlighting its potential as a sustainable
and cost-effective solution for improving RAP-sand properties in heavy-load construction applications. The findings
advocate for increased utilization of RAP in construction projects to enhance material performance while promoting
sustainability.

The results for 50%, 60%, and 100% RAP indicate a convergence in CBR values, suggesting that while the addition
of RAP enhances RAP-sand strength, the benefits diminish at higher percentages. Specifically, the transition from 50%
to 60% RAP yields only approximately 9.18% improvement, while moving from 60% to 100% RAP results in around
11.56% improvement. These marginal increases illustrate a plateau effect in performance, where the enhancement in
load-bearing capacity becomes less pronounced as RAP content rises.

From an economic perspective, using more than 50% RAP seems less favorable, as the additional costs associated
with higher RAP content may not justify the limited improvements in CBR values. Therefore, a 50% RAP mix emerges
as the optimal choice, striking a balance between significant strength gains and cost-effectiveness. This approach
maximizes the benefits of RAP while minimizing the diminishing returns observed at higher levels, making it a practical
solution for construction applications where both performance and budget considerations are critical.

6.2.1. CBR Compatibility Analysis

Table 3 analyzes the California Bearing Ratio (CBR) values for various sand-RAB, providing insight into their
suitability for use in subgrade and subbase layers as defined by AASHTO, IRC: 37-2012, and the Egyptian Code for
Pavements (ECP 104).

Table 3. Measured CBR and subgrade/subbase standards compatibility

Measured Specification Limits (CBR) with

Material CBR (%) Subgrade Compatibility Sub-base Compatibility Standard
. Meets low-traffic subgrade (AASHTO, IRC). .
Fine sand 8.78 Below ECP requirement for rural roads. Not suitable for sub-base.
Sub-grade
100% RAP 41.67 Exceeds all subgrade requirements. Meets all sub-base requirements.

= AASHTO and IRC: >5 for low-

Suitable for low-traffic subgrade (AASHTO, traffic, >10 for higher-traffic areas.

10%RAP 1159 |pc). Below ECP for durability.

Not suitable for sub-base.

= ECP: Strictest ft b >15);
Suitable for low-traffic subgrade. Marginal for rictest for urban areas (215)

0 i N stabilization advised for CBR <10.
20% RAP 14.2 urban (ECP >15). Not suitable for sub-base.
Meets low-traffic subgrade. Marginal for  Marginal for light-traffic sub-base Sub-base
0,
30%RAP 1827 han, (AASHTO and IRC).

* AASHTO and IRC: >20 for light
Suitable for light traffic; marginal ~ traffic, >30 for high traffic.

40% RAP 30.17 Exceeds subgrade requirements. for high traffic sub-base

= ECP: >25 for light traffic, >40 for
Meets sub-base requirements; high traffic.

60% RAP  37.35 Exceeds all subgrade requirements. marginal for ECP heavy traffic.

50% RAP 34.21 Exceeds all subgrade requirements.

Fine Sand, with a measured CBR of 8.78%, meets the minimum requirements for low-traffic subgrade according to
AASHTO and IRC standards. However, it falls short of the stricter ECP standard, which requires a minimum of 8% for
rural roads, while it is well below the required limits for urban or heavy-traffic areas. In addition, fine sand should not
be used for sub-base layers since it does not have a CBR value high enough to satisfy the 20% minimum requirement
for light traffic, according to AASHTO and IRC. All subgrade criteria for low- and high-traffic roads are met by 100%
RAP, with a CBR of 41.67%, according to AASHTO, IRC, and ECP standards. It satisfies sub-base standards across
the board, even in high-traffic situations where ECP has set a 40% limitation. As a result, 100% RAP is perfect for use
as a subgrade and subbase.

With 10% RAP, the CBR obtained is 11.59%, within the permissible range for low-traffic subgrade usage as per
AASHTO and IRC guidelines. Nevertheless, it falls short of the ECP specifications, which need increased durability.
Because it fails to fulfill even the most basic requirements for light traffic, its CBR value is inadequate for use in any
sub-base layer. Under ECP, a minimum CBR of 15% is required for durable subgrades in heavily populated regions;
nevertheless, 20% RAP with a CBR of 14.2% satisfies the criteria for low-traffic subgrades but is insufficient for urban
applications. Similar to 10% RAP, its CBR falls short of the required minimum, making it inappropriate for use in sub-

2031



Civil Engineering Journal Vol. 11, No. 05, May, 2025

base scenarios. A measured CBR of 18.27% is achieved with 30% RAP, leading to a considerable improvement in
performance. Although it is only partially appropriate for use in metropolitan areas, this material satisfies the AASHTO
and IRC standards for low-traffic subgrade. According to AASHTO and IRC, sub-base is just passable for light traffic,
but it fails miserably when it comes to heavy traffic situations and ECP criteria.

At 40% RAP, meets all subgrade guidelines across AASHTO, IRC, and ECP with a CBR of 30.17 %. Although it is
appropriate for sub-base applications in low traffic under AASHTO and IRC, it is still marginal for heavy traffic sub-
base needs, especially under ECP, where a minimum CBR of 40% is required. The observed CBR of 34.21% at 50%
RAP is higher than all subgrade standards. It satisfies the AASHTO and IRC criteria for light and heavy traffic for sub-
base layers. Nevertheless, it is insufficient to meet the requirements of ECP regulations for heavy traffic. Lastly, all
subgrade standards under AASHTO, IRC, and ECP have been met by 60% RAP, which has a measured CBR of 37.35%.
Although it meets the majority of criteria for sub-base layers, it is only slightly below ECP's high-traffic criterion of
40%.

6.2.2. Best-Achieved Mathematical Model

Important considerations for assessing the present study's validity in light of prior research include the selection
criteria for the best-fit mathematical model to examine the impact of RAP addition on CBR values. The coefficient of
determination (R?), mean absolute error (MAE), and root-mean-squared error (RMSE) are essential measures to assess
statistical accuracy. Stronger correlations between RAP content and CBR values are indicated by higher R?, whereas
lower MAE and RMSE values reflect better model performance. For the purpose of simplicity and practicality, simpler
equations are preferred when there is slight variation in model performance.

To significantly guarantee their usability in real-world situations, models should behave realistically at extreme
values, particularly at 0% and 100% RAP addition. Another essential requirement is practical interpretability; models
with fewer parameters are simpler for practitioners to grasp and implement successfully, and models that over- or under-
predict in certain circumstances may not be acceptable for directing building practices. This study's results are
particularly significant in the area of soil stabilization and construction since it fulfills these selection criteria, which not
only make it more credible but also provide a solid foundation for comparing them to previous studies.

There are a number of mathematical models that attempt to depict the association between RAP content and CBR
values; however, these models all proceed under different assumptions. While linear models perform well for
proportional trends, they may oversimplify complicated non-linear conditions if RAP content is assumed to rise at a
constant pace, which is not always the case. For datasets showing diminishing returns, the quadratic model is suitable
since it captures non-linear patterns and may explain situations where growth rises early before plateauing or reducing.
Rapid early growth which slows down with increasing percentages is efficiently shown by the power model, which
represents growth that relies on the independent variable increased to a power. Finally, to better depict early decreasing
returns, the logarithmic model takes CBR values to climb sharply at lower RAP percentages before gradually leveling
out. Finally, to better depict early decreasing returns, the logarithmic model takes CBR values to climb sharply at lower
RAP percentages before gradually leveling out. The correlation between RAP content and CBR values, as well as the
mathematical models that were fitted, are shown in Figure 9.

==+ Best Fit: Quadratic (y = -0.0031x"2 + 0.6821x + 5.4756)
Power: y = 9(x + 1)°0.4
—— Linear: y = 0.3766x + 9.9376
« Logarithmic: y = 7In(x + 1) + 6 -
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Figure 9. Comparison of RAP content and CBR values employing the best-achieved mathematical model
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The effectiveness of four statistical models—Power, Linear Regression, Polynomial (Quadratic), and Logarithmic—
for simulating the correlation between RAP percentage and CBR values is assessed and contrasted in Table 4. Each
model's effectiveness is evaluated by looking at its formula, R-squared value, MAE, RMSE, and an interpretation of its
results. The quadratic equation is the most appropriate option for this dataset. Its R? score of 0.9431 is the greatest,
accounting for most data fluctuation. Additionally, it exhibits the lowest Mean Absolute Error (MAE) of 2.52 and Root
Mean Squared Error (RMSE) of 2.85, indicating minimal prediction errors. The non-linear pattern and plateauing impact
seen at higher RAP ratios, as shown by the formula (y = —0.0031 x2+ 0.6821 x + 5.4756), are successfully captured by
the quadratic framework. The power model is the second-best option with an R? of 0.8957, though it is less accurate
than the quadratic model. Even though it is simple, the linear approach does not consider diminishing returns, making
it score worse (R? = 0.8778). As the logarithmic equation has the lowest R? value of 0.6837, it is inappropriate for this
investigation.

Table 4. Comparison of mathematical models

Model Equation R? MAE RMSE Interpretation

Quadratic y =-0.0031 x?+ 0.6821 x + 5.4756 0.9431 252 2.85  Best fit: captures non-linear growth and plateauing at higher RAP percentages.
Power y =3.4281 (x + 1)055%8 0.8957 369  3.86 Good fit; captures early growth but less accurate at higher RAP percentages.
Linear y =0.3766 x + 9.9376 0.8778 3.86 4.18  The simple model fails to capture diminishing returns at higher RAP percentages.

Logarithmic ~ y=7.3282In(x + 1) + 1.4023  0.6837 6.30 6.73  Poor fit: underestimates CBR values for higher RAP percentages.

In order to clarify the non-linear correlation between RAP addition and CBR values, the quadratic framework is the
best fit for this dataset because of its higher statistical performance. Its precise and interpretable equation successfully
captures the plateauing pattern and is handy in practice.

6.2.3. Current Study Validity vs Previous Studies

The findings of this study's quadratic equation were compared to those of previous studies via a thorough
examination. Examples include the works of Mishra et al. [63], Taha et al. [64], Seferoglu et al. [65], and Kalpakci et
al. [66]. The model's prediction performance was assessed using statistical measures, including Root Mean Squared
Error (RMSE) and Mean Absolute Error (MAE). More specifically, the findings show that the quadratic approach
captures the non-linear connection between RAP addition and CBR values well and correlates closely with the overall
trends in these investigations. As an illustration, compared to Taha et al. [64], the equation showed good prediction
ability, achieving an MAE of 1.87 and an RMSE of 2.16. Fortunately, CBR findings may be impacted by varied material
qualities and experimental settings, as seen by the variances in MAE and RMSE between research studies. The data
points and prior relevant research are compared with the present study's quadratic model in Figure 10.
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Figure 10. Analysis of the best-fit model in the present study in relation to earlier investigations

Consistent with prior research, the quadratic model accurately predicts that CBR values would rise sharply at the
outset and then level off as the RAP % grows. Studies such as Kalpakci et al. [66] and Mishra et al. [63] demonstrated
more consistent growth patterns in the early and mid-range RAP proportions. Their differences were more apparent at
greater levels when the plateau effects were less noticeable. Consistent with the results of Seferoglu et al. [65] and Taha
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et al. [64], both likewise show rapid early increase accompanied by declining returns, the quadratic equation robustly
represents non-linear manners. In two datasets, Taha et al. [64] and Kalpakci et al. [66], the quadratic equation appears
to be highly accurate at predicting CBR values, with lower accuracy ratings. On the other hand, Seferoglu et al. [65] and
Mishra et al. [63] had higher errors, which different materials and methods could explain. Variations in predictability
show that the model has to be refined, notwithstanding its merits. There are differences between the expected and actual
values of CBR due to considerations including differences in RAP gradation, binder concentration, and experimental
circumstances.

6.3. Effect of RAP Addition on the Modified Proctor Results

The findings from the modified Proctor test shed light on how the addition of RAP affected the dry density and
optimal moisture content (OMC) of the sand-RAP mixes. For different RAP-sand combinations with varied percentages
of RAP, Figure 11 demonstrates the relationships between OMC and dry density. A distinct RAP content, ranging from
0% to 100%, is represented by each curve.
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Figure 11. Modified proctor test results for RAP-sand mixtures with varying RAP percentages

For RAP-sand mixes with different RAP percentages, Figures 12 and 13 show the maximum dry density and OMC
values as well as the percentage improvements in these measures as RAP content rises. According to the study findings,
adding RAP causes the dry density to grow steadily. It improved by 16.42% from 17.8 kN/m3 for fine sand to 20.71
kN/m3 at 100% RAP. The angular and coarse particles of RAP make them interlock better, reducing voids and increasing
the density of the soil mix. Between 40% and 100% RAP, the dry density improves by 10% to 16%, which is the sweet
spot for the best benefits. The mixtures seem to be well-suited for uses that need high levels of compaction, as shown
by the maximum value of 20.71 kN/m3 at 100% RAP.

In terms of the OMC, the data reveal a major drop of 40.94 percent, from 9.81% for fine sand to 5.8% for 100%
RAP. This may be ascribed to RAP's hydrophobic characteristics, its diminished ability to absorb water, and the need
of its coarse texture for less water to achieve ideal compaction. A significant decrease in OMC transpires between 30%
and 100% RAP, indicating the growing influence of RAP's characteristics in the mixture. The lowest OMC at 100%
RAP (5.8%) highlights its efficiency in construction environments with limited water availability.

The practical implications of these findings are noteworthy. These blends are perfect for employing as a subgrade or
base layer because of its high dry density, which increases its load-bearing capability. The reduction in OMC suggests
that RAP-sand combinations need less water during construction, which in turn reduces expenditures and makes them
more suitable for use in arid regions. It seems that the best-balanced blends contain 40% to 60% RAP. These blends can
lower OMC about 30% and greatly improve dry density (+12%).

Among RAP's many benefits is its ability to enhance compaction by increasing the soil's dry density. This
enhancement arises from RAP's angular and coarse particle morphology, which facilitates superior interlocking among
particles, hence substantially reducing voids in the RAP-sand composition. In comparison to fine sand and other particles
with a smoother surface, RAP's sharp, angular edges enhance friction and allow for better interlocking, making them a
better compacting agent [63].
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Along with improving dry density, RAP also reduces the OMC needed to achieve maximum density during
compacting. The reduced need for water during compaction and decreased absorption are due to the hydrophobic
properties of RAP, as the asphalt coating on the particles repels water [64, 65]. And since RAP is coarser than tiny
particles, it has a lower surface area and uses less water to moisten itself when compacted [66].

Compaction outcomes are further improved by RAP's gradation and void-filling characteristics. When mixed with
soil, RAP can improve the overall gradation of the material by filling voids between finer particles, leading to denser
packing [64]. Blending RAP with fine-grained soils optimizes the mix's gradation, reducing excessive voids and
achieving optimal density [66]. Overall, the use of RAP in sand stabilization not only promotes better compaction but
also supports sustainable construction practices by recycling materials and reducing the reliance on natural aggregates.
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Figure 12. RAP-sand blends' maximal dry density and OMC
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Figure 13. Enhanced compaction indicators as a percentage relative to fine sand

6.4. Results of Plate Bearing Tests

The settlement behaviour of sand-RAP mixes is shown in Figure 13 for two distinct relative densities (D = 90% and
D, = 60%) and varied impact intensities. The figures compare settlement (in mm) and load intensity (kN/m2) for various
sand-RAP mixtures. As seen in Figure 14, settlement decreases with increasing relative density, while load intensity
rises as the proportion of RAP increases, particularly at higher RAP contents. The RAP used in this study was sourced
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from a stockpile over a decade old, which resulted in a stiffer and more stable binder due to the natural reduction of
volatile components. This stable binder composition minimizes changes during testing, ensuring consistent and reliable
results.
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Figure 14. Load intensity-settlement relations

6.4.1. Ultimate Bearing Capacity vs. RAP Content

The bearing capacity of samples calculated using the log-log method from plate load tests provides a reliable estimate
of the soil's load-bearing capacity [67]. This method involves plotting the load applied during the test against the
corresponding settlement on a log-log scale, allowing for a more accurate interpretation of the data.

Figures 15 highlight the substantial improvements in ultimate bearing capacity when incorporating RAP into fine
sand, with notable differences across both density conditions (D, = 60% and D, = 90%). By comparing the percentage
increase relative to fine sand and analyzing the ratio of D, = 90% to D, = 60%, we gain deeper insights into the influence
of RAP content.

For both densities, the ultimate bearing capacity increases consistently as the RAP content rises (Figure 15a). At D,
= 60%, the bearing capacity starts at 84.5 kN/m2 for fine sand (0% RAP) and climbs gradually until 30% RAP, where it
experiences a sharp increase from 129.5 kN/m2 to 337.64 kN/m2 at 40% RAP. The growth continues steadily, peaking
at 466.12 kN/m2 for 100% RAP. Similarly, for D, = 90%, the initial bearing capacity of 109.12 kN/m?2 for fine sand rises
significantly with increasing RAP, reaching a maximum value of 517.91 kN/m?2 at 100% RAP. The steepest increase is
observed between 30% and 40% RAP for both densities, indicating a critical threshold where RAP contributes heavily
to strength enhancement.
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When comparing the two densities, the ultimate bearing capacity for D, = 90% consistently exceeds that of D, = 60%
at all RAP levels. This is expected due to the higher compaction density, which enhances the soil's resistance to
deformation. Interestingly, the difference in bearing capacity between the two densities narrows slightly at higher RAP
contents, suggesting that the benefits of RAP might be more pronounced under less compacted conditions as the RAP
content increases.
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Figure 15. (a) Ultimate bearing capacity vs RAP percentage, (b) increase ratios in ultimate bearing capacity relative to fine
sand across various RAP content levels, (c) ratios of ultimate bearing capacity between Dr = 90% and Dr = 60%.

A notable finding is the significant improvement in soil strength with RAP inclusion, particularly at levels of 40%
RAP and higher. For instance, at 50% RAP, the ultimate bearing capacity is approximately 400.48 kN/m? for D, = 60%,
which rises to 425.19 kN/m2 for D, = 90%. This trend underscores the potential of RAP to enhance soil performance,
especially when used in higher proportions.

The inclusion of RAP leads to progressively greater percentage increases in ultimate bearing capacity compared to
the baseline fine sand condition (Figure 15-b). At D, = 60%, the increase is modest at lower RAP contents, with a 5.68%
improvement observed at 10% RAP. However, as RAP content increases, the improvements become significant,
reaching a remarkable 299.53% at 40% RAP and culminating in a 451.52% increase at 100% RAP. Similarly, for D, =
90%, the percentage improvements are even more pronounced at lower RAP contents, with a 31.96% increase at 10%
RAP. The trend continues, with a 243.69% increase at 40% RAP and a peak improvement of 374.58% at 100% RAP.
This indicates that higher densities amplify the benefits of RAP inclusion, particularly at lower RAP levels.

The comparison of ultimate bearing capacity ratios between D, = 90% and D, = 60% reveals interesting trends (Figure
15c). At 0% RAP (fine sand), the ratio is 1.29, indicating a significant advantage for the higher density condition due to
improved soil compaction. However, as RAP content increases, the ratio steadily declines, reaching 1.11 at 100% RAP.
This diminishing ratio suggests that as RAP content rises, its inherent strength contribution becomes a dominant factor,
reducing the relative influence of density. Thus, while higher density consistently enhances soil strength, the benefit is
less pronounced at very high RAP levels.
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6.4.2. Stiffness of RAP-Sand blends

Stiffness is a fundamental property that measures a material's ability to resist deformation when subjected to an
applied load. In the context of geotechnical engineering, stiffness quantifies how much settlement or displacement
occurs in response to an increase in load intensity. Higher levels of stiffness indicate less settlement under a given load,
whereas lower values indicate more deformation. Soil stiffness (k) is a crucial property for understanding its behaviour
under various loading conditions; it is calculated using load intensity-settlement curves with a specific formula. The
formula can be written as:

A Load Intensity (%)

kN
k (m_2 per mm) = A Settlement (mm) (1)

The formula indicates that A Load Intensity is the change in load between two points on the curve and A Settlement
is the variation in settlement that corresponds to it. By analyzing these curves, stiffness can be calculated as the slope of
the curve at different segments. Slope steepness is a measure of stiffness; a steeper slope means less deformation for the
same level of applied stress. The sand-RAP stiffness trends of different soil mixtures as a function of % RAP are shown
in Figure 16. The values displayed in this figure were derived from the load intensity-settlement curves presented in
Figure 14. This investigation elucidates the correlation between RAP levels and the resultant stiffness of soil mixtures,

particularly for each relative density.
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Figure 16. Graphing sand-rap stiffness versus percentage

The analysis reveals that a rise in the fraction of RAP is associated with a significant improvement in the soil's
stiffness for both relative densities (D, = 60% and D, = 90%). Particularly, at D, = 60% and D, = 90%, the stiffness
measurements for fine sand devoid of RAP are 2.71 kN/m2 per mm and 4.91 kN/m2 per mm, respectively. Alternatively,
at D, = 60% and 90%, respectively, the stiffness achieves its maximum values of 19.73 kN/m2 per mm and 23.33 kN/m?
per mm at 100% RAP. The pronounced disparity underscores the beneficial effects of RAP in improving soil behavior.
Since the interlocking structure of RAP particles improves load distribution and reduces settling, raising the % RAP
increases stiffness. The sharp and uneven surface of RAP particles, in contrast to the smooth and relatively tiny friction
angle of fine sand, increases shear resistance and enhances particle interlock.

Additionally, the findings show that regardless of the ratio of RAP, the stiffness is continuously greater when the
relative density is 90% (dense state) than when it is 60% (loose state). In the case of 50% RAP, for illustration, the
stiffness rises from 15.47 kN/m2 per mm at D, = 60% to 19.21 kN/m2 per mm at D, = 90%. Stiffness also increases with
100% RAP, moving from 19.73 kN/m2 per mm at D, = 60% to 23.33 kN/m2 per mm at D, = 90%. This conclusion
highlights how the soil's mechanical characteristics are greatly affected by its relative density. As the relative density
increases, the void ratio decreases, increasing the interparticle friction and the soil's interlocking capability and,
therefore, the stiffness. Moreover, at higher RAP percentages, the compaction-induced stiffening is especially
noticeable, as the resistance to deformation is maximized when particles are tightly compacted. Ultimately, RAP mixes
are more suited for load-bearing applications when their relative densities are increased.

The performance statistics for fine sand blended with varying percentages of Recycled Asphalt Pavement (RAP)
reveal significant improvements over baseline values. The baseline measurements for D, = 60% and D, = 90% are 2.71
and 4.91, respectively. These values serve as the control for assessing the effects of increasing RAP percentages. As the
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percentage of RAP increases, notable enhancements are observed in both D, = 60% and D, = 90%. At 10% RAP, the D,
= 60% value slightly increases to 2.96, reflecting a 9.1% improvement, while D, = 90% rises more significantly to 6.50,
marking a 32.4% improvement. The trend continues to strengthen with higher RAP percentages. At 20% RAP, the D, =
60% value increases to 4.14, demonstrating a substantial 52.8% improvement, and D, = 90% reaches 7.97, which is a
62.3% improvement. The most remarkable changes occur at the higher RAP percentages. For instance, at 30% RAP, D
= 60% grows to 6.58, achieving a 143% improvement, while D; = 90% climbs to 10.23, reflecting a 108.4%
improvement. This upward trajectory continues, with D, = 60% jumping to 12.93 at 40% RAP, representing a staggering
377.1% improvement. Simultaneously, D, = 90% reaches 16.93, marking a 244.8% improvement. Further increases in
RAP content show continued benefits. At 50% RAP, D, = 60% moderately increases to 15.47, indicating a 471%
improvement, and D, = 90% advances to 19.21, with a 291% improvement. The trend is even more pronounced at 60%
RAP, where D, = 60% rises to 17.07, reflecting a 530% improvement, and D, = 90% grows to 20.91, indicating a 326%
improvement.

The analysis of performance trends between various percentages of Recycled Asphalt Pavement (RAP) reveals some
important insights (Figure 17), particularly when comparing 50% RAP to 60% RAP and 60% RAP to 100% RAP. When
evaluating the performance values for 50% RAP and 60% RAP, the differences are relatively modest. For D, = 60%,
the value for 50% RAP is 15.47, while it increases to 17.07 at 60% RAP. Similarly, for D, = 90%, the values are 19.21
for 50% RAP compared to 20.91 for 60% RAP. The percentage improvements between these two levels of RAP indicate
a gradual increase, suggesting that while there is a performance benefit in moving from 50% to 60% RAP, the
enhancement is not as dramatic as seen with lower RAP percentages. In contrast, the comparison between 60% RAP
and 100% RAP reveals a more pronounced stability in performance. The values at 60% RAP—17.07 for D, = 60% and
20.91 for D, = 90%—are significantly closer to those at 100% RAP, which are 19.73 and 23.33, respectively. This trend
indicates that as RAP content increases to higher levels, specifically from 60% to 100%, the performance improvements
begin to taper off, reflecting diminishing returns. Overall, these observations highlight that while increasing RAP content
generally enhances performance, the rate of improvement decreases as RAP levels rise, particularly beyond 50% RAP.
This suggests that at higher RAP concentrations, the benefits become less pronounced, indicating a stabilization of
performance metrics.
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Figure 17. Improvement ratios across RAP percentages

7. Conclusions

The primary objective of this study was to assess the physical and mechanical behavior of fine sand and sand-RAP
mixtures to determine their suitability for use in subgrade and subbase layers in road construction. A detailed
experimental program analyzed key parameters, including gradation, specific gravity, compaction characteristics,
California Bearing Ratio (CBR), stiffness, and bearing capacity. The mixtures were tested with varying RAP contents
(0%, 10%, 20%, 30%, 40%, 50%, 60%, and 100% by weight) and evaluated for compliance with AASHTO and ECP
104 standards. A total of 38 tests, including physical and plate-bearing tests, were performed on sand-RAP mixtures
under static loading conditions at two relative densities (Dr = 60% and 90%). Based on the results and analysis, the

following conclusions highlight the key findings of this study.
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Integrating RAP into fine sand shifts its gradation to a coarser profile (A-1 classification), meeting ECP 104, IRC:
37-2012, and AASHTO standards for subgrade types A, B, and C. Mixtures with 50-60% RAP fall within
acceptable ranges for subbase use, confirming their suitability for road construction.

RAP levels beyond 50% show diminishing returns, with 50% marking an optimal balance point. At this level,
significant improvements in CBR values, dry density, and reduced OMC ensure efficient compaction and
enhanced bearing capacity, making it ideal for high-performance, moisture-sensitive construction applications.

Adding RAP to natural sand significantly boosts CBR values, starting from 8.78% for natural fine sand. A 10%
RAP addition raises CBR to 11.59%, while 20% and 30% RAP increase it to 14.2% and 18.27%, respectively.

Beyond 40% RAP, CBR improvements taper, with 50% RAP yielding 34.21% and 60% RAP reaching 37.35%
(max 41.67% at 100% RAP). Diminishing returns beyond 50% RAP suggest capping content for optimal strength
and cost efficiency in road construction.

While fine sand and low RAP blends (10%-20%) are only suitable for low-traffic subgrade applications, they fail
to meet the CBR requirements for sub-base layers. Higher RAP contents (40%-60%) show significantly improved
in CBR performance, meeting all subgrade and sub-base requirements for light and moderate traffic. However,
only 100% of RAP fully complies with all subgrade and sub-base standards.

The quadratic model emerges as the best-fit mathematical model for analyzing the relationship between RAP
content and CBR values, achieving the highest R? (0.9431) and the lowest MAE (2.52) and RMSE (2.85). It aligns
closely with prior research and provides a robust framework for advancing studies in soil stabilization and
construction.

Mixtures with 40% to 60% RAP exhibit significantly greater improvements in dry density, achieving increases of
12% to 16% compared to fine sand. This range also shows a substantial reduction in OMC, often decreasing by
30% or more. These characteristics make higher RAP mixtures more effective for applications requiring improved
load-bearing capacity and stability, especially in water-limited environments.

The inclusion of RAP in fine sand improves bearing capacity across all RAP levels, with trends varying by content
and density. In the 10% to 30% RAP range, capacity grows moderately, from 5.68% to 53.27% at Dr = 60% and
from 31.96% to 81.86% at Dr =90%. At higher RAP levels, particularly in the 40% to 60% range, growth becomes
significant, with increases from 299.53% to 411.83% at Dr = 60% and from 243.69% to 318.43% at Dr = 90%.
These findings underscore 40% RAP as the critical point where notable performance gains are achieved.

The ultimate bearing capacity ratio (Dr = 90% / Dr = 60%) initially increases, peaking at 1.77 around 30% RAP,
indicating a significant advantage of higher density at moderate RAP levels. However, beyond 30% RAP, the ratio
drops sharply and stabilizes near 1.11 from 40% RAP onwards, reflecting the diminishing influence of density as
RAP’s inherent strength becomes the dominant factor at higher contents.

RAP inclusion significantly improves stiffness, with peak gains between 40% and 60% RAP. At Dr = 60%,
stiffness rises by 530% (17.07 kN/m? per mm), while Dr = 90% achieves a 326% increase (20.91 kN/m? per mm).
Initial gains at 10%-30% RAP are steady, with increases up to 143% at Dr = 60% and 108.4% at Dr = 90%, but
beyond 50% RAP, diminishing returns emerge. Optimizing RAP content at 40%-60% ensures superior stiffness
and performance for construction applications.
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