


EMPIRICAL OPTIMIZATION OF COMBINED EFFECTS ON MOISTURE RESISTANCE OF HYDRATED LIME-MODIFIED DENSELY GRADED ASPHALT CONCRETE UNDER MEDIUM TRAFFIC; A CENTRAL COMPOSITE DESIGN APPROACH





ABSTRACT
This study explored the main and interaction effects of hydrated lime (HL), granite, sand, and bitumen on the durability of hydrated lime-modified densely graded asphalt concrete (HL-DGAC), focusing on moisture resistance as measured by the Tensile Strength Ratio (TSR). Despite HL’s established benefits in asphalt modification, its combined influence with other components remains inadequately understood. Using a Central Composite Design and Analysis of Variance (ANOVA), the research varied binder content, aggregate gradation, and HL dosage to assess their effects on TSR. Results showed TSR values between 80.24% and 90.88%, all surpassing the AASHTO minimum of 80%, confirming satisfactory moisture resistance. HL was identified as the most significant factor, boosting TSR by up to 10.26%, with optimal content between 1.815% and 2.013%. Notably, interaction effects revealed that sand–bitumen and granite–bitumen combinations significantly improved durability, yielding peak TSR values of 87.5% and 90.0%, respectively. Contour analysis indicated optimal TSR performance (86–88%) occurred when bitumen content was >6.418% or <6.33%, granite content fell outside the 57.34–57.82% range, HL exceeded 2.013%, and sand content was >35%. The optimized HL-DGAC blend, comprising 55.221% granite, 35.177% sand, 6.297% bitumen, and 3.304% HL, achieved a peak TSR of 90.343% with a high desirability of 95.34%. These findings highlight that maximizing durability in HL-DGAC requires a multi-variable optimization approach, as critical interactions between fine aggregates and binder play a pivotal role. The study emphasized the importance of considering interactive effects among mix components to design asphalt mixtures capable of withstanding moisture damage, especially in humid environments. 
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1. Introduction
Asphalt concrete (AC) is widely used in road construction due to its flexibility, workability, and ease of maintenance. However, over time, traffic loads and other environmental factors such as temperature fluctuations, and water exposure can significantly degrade its performance. This degradation manifests primarily as cracking, rutting, and moisture susceptibility (Yang et al., 2021). Cracking often results from thermal stresses and fatigue loading, while rutting is typically caused by repeated traffic loads that lead to permanent deformation in the pavement structure (Asphalt Institute, 2025). Furthermore, moisture damage can weaken the adhesive bond between asphalt binder and aggregates, accelerating surface failure (Moraes et al., 2011). Studies have shown that these distresses not only reduce pavement lifespan but also increase maintenance costs and compromise road safety (Strata Geosystems, 2024). 
In response to these challenges, researchers have turned to the modification of asphalt mixtures with various additives, with hydrated lime being one of the most prominent due to its ability to enhance the mechanical properties and durability of asphalt concrete (Xing et al., 2019). Hydrated lime improves adhesion between binder and aggregate, reduces moisture sensitivity, and enhances resistance to aging and cracking. In addition to lime, other modification techniques, such as polymer modification, fiber reinforcement, and nano-material incorporation, have shown promise in improving the performance of AC under adverse conditions (Moraes et al., 2011; Xing et al., 2019). Moreover, sustainable approaches, including the use of recycled materials and bio-based additives, are gaining traction for enhancing durability while minimizing environmental impact (Strata Geosystems, 2024).
Hydrated lime, a fine powder derived from calcium hydroxide (Ca (OH)₂), is known for its ability to improve the performance of asphalt mixtures by improving adhesion between the asphalt binder and aggregates, reducing moisture-induced damage, and enhancing the resistance to oxidative aging (Al-Tameemi et al., 2015). Several studies have demonstrated that incorporating hydrated lime into densely graded asphalt concrete (DGAC) mixes can significantly improve their durability and service life (Adwar & Albayati, 2024). However, the mechanisms underlying the interactions between hydrated lime and the asphalt binder, along with their combined effects on the durability of DGAC, remain complex and require further investigation (Lesueur & Little, 2013).
The durability of asphalt concrete is a critical performance criterion that reflects the material's ability to resist degradation over time due to environmental exposure, mechanical loading, and internal chemical processes. It is influenced by several interrelated factors, including material composition, construction quality, and exposure conditions. The durability of asphalt concrete is assessed using several key parameters, each offering insight into how the material will perform over time under varying environmental and mechanical conditions.
One critical parameter is the air void content, which directly influences the permeability of the asphalt mixture. Air voids create pathways for the ingress of air and moisture into the pavement structure, accelerating degradation mechanisms such as binder oxidation and stripping. High permeability, typically associated with excessive air voids, facilitates moisture infiltration that can lead to ravelling and a reduction in fatigue resistance. As a result, maintaining a tightly controlled air void range, typically between 3% and 8%, is considered optimal for ensuring durability (Ahmad et al., 2020).

Another fundamental aspect of durability is the aging resistance of the asphalt binder, which is generally classified into short-term and long-term aging. Short-term aging occurs during the mixing and laying processes due to exposure to heat and air, whereas long-term aging takes place during the service life of the pavement as a result of ongoing oxidation. To evaluate the effects of both aging stages, laboratory procedures such as the Rolling Thin-Film Oven (RTFO) and the Pressure Aging Vessel (PAV) are employed. These tests simulate the oxidative environment and allow for the assessment of changes in binder properties over time (Camargo et al., 2020; Abouelsaad et al., 2021).
The rheological properties of the binder also serve as vital indicators of durability. These properties are typically measured using the Dynamic Shear Rheometer (DSR), which characterizes the viscoelastic behavior of the binder under shear stress, and the Bending Beam Rheometer (BBR), which assesses the binder’s stiffness and ability to resist cracking at low temperatures. Together, these measurements provide a comprehensive understanding of the binder's performance throughout its service life (Huang et al., 2023).
Moisture susceptibility is another factor that significantly affects the durability of asphalt pavements. Water-induced damage can result in stripping, a condition where the binder loses adhesion to the aggregate surface. This loss of cohesion weakens the structural integrity of the pavement. Tests such as the Tensile Strength Ratio (TSR) and the Hamburg Wheel Tracking Test (HWTT) are commonly used to evaluate the resistance of asphalt mixtures to moisture damage (Yin et al., 2014).
Lastly, the resistance to cracking and fatigue plays an essential role in determining asphalt durability. Asphalt concrete must withstand repeated traffic loading and temperature fluctuations without exhibiting significant cracking. Fracture energy-based tests such as the Semi-Circular Bend (SCB) test and the Indirect Tensile Strength (IDT) test are used to evaluate both the fatigue life and thermal cracking potential of the mixture (Biligiri,et al, 2012; Ma et al., 2024).
The optimization of the mix design for hydrated lime-modified asphalt concrete involves understanding how multiple components, such as the binder content, aggregate gradation, and lime dosage, interact to affect the performance of the material under real-world conditions. Traditional mix design methods typically rely on trial-and-error or empirical correlations, but such approaches can be time-consuming and inefficient. Therefore, advanced modeling techniques such as the Central Composite Design (CCD), a response surface methodology (RSM), have gained attention due to their ability to simultaneously evaluate multiple factors and their interactions in a structured and efficient manner (Rodrigues et al., 2023).
Central Composite Design (CCD) is particularly valuable in empirical optimization because it allows researchers to study the effect of several variables on the durability and mechanical properties of asphalt mixtures through a statistically designed experiment. By employing this approach, it is possible to determine the optimum lime content and other key mix parameters for maximizing performance while minimizing costs (Khan et al., 2020). This methodology has been successfully applied in various asphalt mix optimization studies, showing that it can yield more accurate and predictable results than conventional methods (Wang et al., 2018). CCD, as part of the Response Surface Methodology (RSM), provides a robust framework for modelling complex interactions between mix variables and their combined effects on performance indicators such as Marshall stability, indirect tensile strength, and resilient modulus (Fan et al., 2021). Recent studies have demonstrated its effectiveness in optimizing the proportions of reclaimed asphalt pavement (RAP), fibres, and additives in modified asphalt concrete, improving mechanical and environmental performance (Waqas et al., 2021). Moreover, the statistical rigor of CCD helps reduce experimental costs and time by minimizing the number of required tests runs without compromising the quality of the predictive model (Usman et al., 2021). Its integration with multi-objective optimization techniques and advanced modelling tools such as artificial neural networks (ANN) and genetic algorithms further enhances its utility in pavement materials research (Fan et al., 2023).
Despite the potential benefits of hydrated lime modification, there remains a gap in the literature regarding the empirical optimization of these modified mixes for medium traffic conditions. The influence of hydrated lime on asphalt durability, when considering the interaction of multiple components, needs to be further explored using advanced experimental techniques and statistical approaches like CCD. This study aims to fill this gap by using CCD to optimize the combined effects of hydrated lime content, aggregate gradation and type, and binder content on the durability in terms of moisture resistance (tensile strength ratio) of DGAC under medium traffic conditions.
2. Materials and Methods
2.1	Materials
Hydrated lime (HL); Hydrated lime was sourced from a chemical store in Port Harcourt Metropolis. Oxide composition test carried out on the sample in order to ascertain whether it possessed cementing properties. Table 1 presents the oxide composition of the sourced hydrated lime
Asphalt cement; Bitumen of penetration grade 60/70 was used in this study. This bitumen was sourced from a shop in Mile 3 market, Port Harcourt. Table 2 presents the properties of the asphalt cement as provided by the supplier.
Aggregates; For this study, granite aggregates of nominal sizes 12.5 mm, 9 mm, and 6.7 mm were blended. These aggregates were obtained from a local supplier located in Ozuoba, Port Harcourt. Prior to use, the granites were thoroughly washed to eliminate impurities and debris, then air-dried for a period exceeding 48 hours. Following the drying process, the aggregates underwent sieve analysis in accordance with ASTM (2006) standards. Additionally, the fine aggregate utilized in this research was a whitish, granular sand acquired from a sand fill site in Port Harcourt. This sand was also subjected to sieve analysis based on ASTM (2006) specifications to ensure appropriate classification.  Table 3 and 4 present the specific gravity and gradation properties of the aggregates respectively.
Table 1. Basic Oxides composition of Hydrated Lime

	S/N
	Oxide
	Composition

	1
	CaO
	68.06

	2
	Al2O3
	4.96

	3
	Fe2O3
	3.08

	4
	SiO2
	20.04




Table 2. Bitumen properties 
	Property
	Value

	Specific gravity
	1.09

	Softening point
	530C

	Penetration
	68

	Flash point
	2500C



                                                         Source; Supplier’s information

Table 3. Specific gravity of Materials

	
Material
	
 Specific gravity (Gs)

	
	

	HL
	3.09

	Bitumen
	1.09

	Granite
	2.77

	Granular sand
	2.42



Table 4. Gradation Properties of Aggregates
	
Aggregate
	
Property
	
 Class

	River sand
	Grading zone
	II

	
	Gradation
	Well graded

	
	Fineness modulus
	3.44; coarse sand

	Granite
	Gradation
	Well graded

	
	Fineness modulus
	3.83



2.2	Methods
2.2.1	Preliminary Investigation
i.	Optimum Aggregate Blend (OAB) Determination
To blend the granite and river sand aggregates, the analytical or formula-based approach using linear programming via Excel Solver was applied. The particle size distribution of the aggregates was compared with the standard job mix specifications for flexible pavement wearing courses (as shown in Table 5) to determine the Optimum Aggregate Blend (OAB) for the densely graded asphalt concrete. The equation used for this aggregate combination is presented in Equation (1).
								(1)
Where a and b represent the proportion of the different aggregate sizes A (granite) and B (river sand) passing a particular sieve size. P represents the gradation resulting from combination of these aggregates passing that sieve size which must fall within the specified job mix formula or be as close as possible to the mid-point of the job mix. The constraint here is that the summation of the optimum proportions (a and b) of these aggregates must be 1 (Equation 2)
							(2)
For n number of sieve sizes, Equation (2) becomes;





                                                                                                                                                (3)



Excel Solver was subsequently used to obtain the OAB for the densely graded asphalt concrete. On optimization, proportion of A (granite) was obtained as 61.2 % (a) and that of B (river sand) as 38.8 % (b).
Table 5. Adopted Job Mix Formula 
	Sieve size (mm)
	19
	12.5
	9.5
	6.3
	4.75
	2.36
	1.18
	0.6
	0.3
	0.15
	0.075

	JMF (%)
	100
	86-100
	70-90
	45-70
	40-60
	30-52
	22-40
	16-32
	8-9
	3-7
	0-3



ii.	Optimum Bitumen Content (OBC) Determination
To determine the Optimum Bitumen Content (OBC) during the preliminary wet mix design stage, the conventional Marshall design method was utilized, following the standardized procedure outlined in ASTM 1559 (2004) by the American Society for Testing and Materials. The bitumen content for the asphalt concrete mixture was restricted to a range between 4% and 8% of the total mix weight. The Optimum Aggregate Blend (OAB), consisting of 61.2% granite and 38.8% river sand, was proportionally adjusted to fit the overall mix design. Based on the results of the initial investigations, the OBC was established at 6.42%.
2.2.2	Face centered- Central composite design (FC-CCD) for Hydrated Lime Modified Densely Graded Asphalt Concrete (DGAC)
Preliminary investigations established the Optimum Bitumen Content (OBC) for the unmodified densely graded asphalt concrete (DGAC) at 6.42%. As a result, the corresponding Optimum Aggregate Blend (OAB) was composed of 57.27% granite and 36.31% granular sand. For the hydrated lime-modified DGAC (HL-DGAC), hydrated lime (HL) was introduced as a mineral filler. Drawing from established practices and literature, fillers are typically incorporated at rates ranging from 0–10% by weight of the fine aggregate. Accordingly, in designing the HL-DGAC, the fine aggregate portion (36.31%) identified during the initial phase was adjusted to accommodate varying HL content. It is assumed that adding an external material such as HL slightly modifies the composition of the original DGAC mix. Including HL at 0–10% of the fine aggregate translates to a filler content of approximately 0–3.63% of the total mix weight. Consequently, the granular sand content was adjusted within the range of 32.68% to 36.31%. To maintain the overall balance of the mix, the granite (coarse aggregate) content was slightly modified to range from 57% to 58%. These adjustments also led to a revised bitumen content, ranging between 6.3% and 6.5% by total mix weight. Based on the defined constraints for the mix design, Table 6 presents the upper and lower bounds for each component. Utilizing these constraints, Minitab software generated 31 unique mix combinations, detailed in Table 7.
Table 6. Limits for FC-CCD for HL-DGAC
	Limits
	Constituents

	
	Granite (%)
	G.sand (%)
	Bitumen (%)
	HL (%)

	Lower limit
	57.0
	32.68
	6.30
	0

	Upper limit
		58.0
	36.31
	6.50
	3.63



Table 7. FC-CCD for HL-DGAC
	RunOrder
	Granite (%)
	G. Sand (%)
	Bitumen (%)
	HL (%)

	1
	57
	36.31
	6.5
	3.63

	2
	57.5
	34.495
	6.4
	0

	3
	57.5
	34.495
	6.4
	3.63

	4
	57
	32.68
	6.5
	0

	5
	57.5
	34.495
	6.4
	1.815

	6
	57.5
	34.495
	6.4
	1.815

	7
	57.5
	34.495
	6.5
	1.815

	8
	57.5
	34.495
	6.4
	1.815

	9
	58
	36.31
	6.5
	3.63

	10
	57
	32.68
	6.5
	3.63

	11
	57.5
	34.495
	6.4
	1.815

	12
	57
	32.68
	6.3
	0

	13
	57.5
	32.68
	6.4
	1.815

	14
	57.5
	34.495
	6.4
	1.815

	15
	57.5
	34.495
	6.4
	1.815

	16
	58
	36.31
	6.3
	0

	17
	58
	34.495
	6.4
	1.815

	18
	58
	32.68
	6.3
	3.63

	19
	58
	36.31
	6.5
	0

	20
	57.5
	34.495
	6.3
	1.815

	21
	57.5
	34.495
	6.4
	1.815

	22
	57.5
	36.31
	6.4
	1.815

	23
	58
	32.68
	6.5
	3.63

	24
	57
	34.495
	6.4
	1.815

	25
	57
	36.31
	6.3
	0

	26
	57
	36.31
	6.3
	3.63

	27
	57
	36.31
	6.5
	0

	28
	58
	32.68
	6.5
	0

	29
	58
	36.31
	6.3
	3.63

	30
	58
	32.68
	6.3
	0

	31
	57
	32.68
	6.3
	3.63



2.2.3	Durability Analysis of HL-DGAC
The durability of HL-DGAC (hydrated lime–modified densely graded asphalt concrete) was experimentally evaluated using the Tensile Strength Ratio (TSR) test, a widely recognized method for assessing moisture susceptibility in asphalt mixtures. This test provides a quantitative measure of the material's ability to retain tensile strength after being subjected to moisture conditioning, simulating the effects of water infiltration and environmental exposure over time. A higher TSR value indicates improved resistance to moisture-induced damage, which is critical for maintaining long-term pavement performance and minimizing issues such as stripping and cracking. Thus, the TSR test serves as a key indicator of the mixture’s durability and its suitability for use in moisture-prone environments. 
i. Preparation of HL-DGAC Samples
During the preparation of the HL-DGAC specimens, aggregates with incorporation of hydrated lime, were weighed based on the FC-CCD proportions outlined in Table 7 and preheated to 180°C. Simultaneously, the bitumen was heated separately to 140°C. Both components were then combined and mixed thoroughly at 180°C until a uniform blend was achieved. The resulting mixture was transferred into a preheated mold and compacted using a Marshall rammer, applying 50 blows on each side at a temperature range of 140°C to 150°C, which is appropriate for pavements subjected to medium traffic loading. Two specimens were produced for each experimental run, resulting in a total of 124 samples. 
ii. Tensile Strength Ratio (TSR) of HL-DGAC Mixtures
The moisture susceptibility of the prepared HL-DGAC samples was assessed by measuring the tensile strength ratio (TSR). This ratio is calculated by comparing the tensile strength of the samples in wet and dry conditions (as described in Equation 4).
							(4)
Where; TSR = Tensile strength ratio 
 = Tensile strength of specimen immersed in water for 24 hours
= Tensile strength of unconditioned specimen
The tensile strength of HL-DGAC samples was determined using the splitting cylinder method in accordance with ASTM D6931 through the indirect tensile strength method, by application of Equation (5).
								(5)
Where P represents the failure load, D is the diameter or width of the HL-DGAC specimen, and t is the thickness.
2.2.4	Effect or Inferential Statistics Analysis 
The influence of different mix constituents on the durability of HL-DGAC, as measured by the Tensile Strength Ratio (TSR), was assessed through two complementary approaches: descriptive effect analysis and quantitative effect analysis. The descriptive analysis focused on identifying general trends and patterns in how individual components and their interactions affected the TSR values. In contrast, the quantitative analysis employed statistical modelling techniques to measure the strength and significance of each constituent's impact, including interactions among variables. Together, these methods provided a comprehensive understanding of how material composition influences moisture resistance and durability of HL-DGAC.
i. Descriptive Effects Analysis
Descriptive effect analysis was carried out using main effects plots, interaction plots, and contour plots to visually assess the influence of both individual and combined mix design variables on the Tensile Strength Ratio (TSR) of HL-DGAC. Main effects plots illustrated the independent effect of each factor, such as bitumen content, hydrated lime dosage, and aggregate composition, on TSR, indicating whether variations in a specific parameter resulted in enhanced or reduced durability performance. Interaction plots were utilized to examine the joint influence of two variables on TSR, helping to identify whether their combined effect was complementary, conflicting, or neutral... Contour plots provided a two-dimensional surface representation of the TSR response across varying levels of two selected factors while keeping others constant, allowing for the identification of optimal ranges and patterns. 

ii	Quantitative Effect Analysis
Quantitative effect analysis was conducted using Analysis of Variance (ANOVA), with a particular emphasis on p-values (P-statistics) to statistically assess the influence of each mix constituent and their interactions on the Tensile Strength Ratio (TSR) of HL-DGAC. ANOVA served as a reliable statistical tool for distinguishing whether the variations observed in TSR were significant or simply due to random fluctuations. Through the examination of p-values, the analysis identified which variables had a statistically significant effect on the durability of the asphalt mix, based on a 95% confidence level. Constituents yielding p-values below the conventional threshold were deemed to have a meaningful impact on TSR, suggesting a strong correlation with moisture resistance. This approach offered valuable insights into the relative importance of individual and combined factors, thereby facilitating data-driven optimization of the mix design to enhance durability and long-term performance. 
2.2.5	Empirical Optimization of Durability 
To determine the optimal mix composition for maximizing the tensile strength ratio of HL-DGAC, a response optimizer based on the response surface methodology combined with a desirability function was employed. This approach identifies the best combination of mix constituents by ranking outcomes according to their desirability values in descending order. Desirability, a unitless measure ranging from 0 to 1, indicates how closely a response aligns with its target value, the higher the desirability score, the closer the response is to the optimal range. 
3. Results and Discussion
3.1 Tensile Strength Ratio Results of HL-DGAC
The results shown in Figure 1 demonstrate that the average Tensile Strength Ratio (TSR) of hydrated lime-modified densely graded asphalt concrete (HL-DGAC) ranges from 80.24% at run order 27 to 90.88% at run order 10. This variation clearly illustrates that the incorporation of hydrated lime (HL) enhances the moisture resistance of asphalt mixtures. The TSR increment of up to 13.26% with increasing HL content supports the hypothesis that hydrated lime plays a beneficial role in mitigating moisture-induced damage in asphalt pavements.
These findings are consistent with recent studies that have investigated the effects of hydrated lime on the durability and moisture susceptibility of asphalt mixtures. For instance, Adwar and Albayati (2024) reported that hydrated lime improved TSR values by 10–15% in various dense-graded mixtures due to its ability to neutralize acidic aggregates and enhance bitumen-aggregate adhesion. Similarly, Al-Marafi (2021) found that mixtures modified with 1.5% to 2.5% HL showed improved TSR performance, with increases ranging from 8% to 14% compared to unmodified mixtures. The enhancement was attributed to the filler-like behavior of HL and its pozzolanic reaction with water and bitumen, which creates a more durable interfacial bond.
Moreover, Zaid et al. (2019) demonstrated that hydrated lime significantly reduces moisture damage by increasing the pH at the binder-aggregate interface, which improves chemical bonding and reduces stripping. Their study highlighted TSR improvements between 7% and 12%, aligning well with the 13.26% improvement observed in the current work. 
In terms of specification standards, the American Association of State Highway and Transportation Officials (AASHTO T283) requires a minimum TSR of 80% to ensure adequate resistance to moisture-induced damage in asphalt mixtures (AASHTO, 2021). The lowest TSR value recorded in the current study (80.24%) still meets this requirement, indicating that all HL-DGAC mixes, regardless of HL content, maintain baseline moisture resistance.
Additionally, national specifications such as those issued by the Malaysian Public Works Department (JKR, 2020) also stipulate a minimum TSR of 80% for asphalt mixes intended for road construction. Given that the highest TSR recorded in this study was 90.88%, HL-DGAC mixtures exceed standard thresholds and demonstrate promising potential for high-performance applications in wet or humid climates.
Overall, the upward trend in TSR as HL content increases underscores the effectiveness of hydrated lime as an anti-stripping additive, consistent with both empirical research and engineering specifications.



Figure 1. Tensile Strength Ratio (TSR) Results for HL-DGAC
3.2 Descriptive Main and Interaction Effects of HL-DGAC Constituents on Tensile Strength Ratio

i. Main Effect Analysis of Constituents on Mean TSR
Figure 2 presents the main effect plots for individual mixture constituents and their respective impacts on the mean TSR of HL-DGAC. The interpretation of these plots provides valuable insights into the relative influence of each material on moisture resistance, as measured by TSR. The general rule in main effects analysis is that a steeper slope indicates a greater influence on the response variable, in this case, TSR, while a flatter or near-horizontal line implies minimal or no effect.
Influence of Hydrated Lime (HL); As seen in Figure 2, HL exhibits the steepest slope, indicating its dominant effect on TSR. The increase in mean TSR from 78.00% (at 0% HL) to 86.0% (at 1.815% HL) reflects a 10.26% enhancement, followed by a slight peak of 87.0% before tapering to 86.25% at the highest HL content (3.63%). This behaviour suggests an optimal HL content beyond which additional material contributes little or potentially leads to performance reduction due to particle agglomeration or interference with the bitumen-aggregate matrix.
These findings are consistent with recent studies demonstrating the efficacy of hydrated lime in improving asphalt mixture durability. Zaid et al. (2019) observed that HL improves binder-aggregate adhesion by increasing pH at the interface, thereby reducing moisture susceptibility. Similarly, Al-Marafi (2021) reported that HL increased TSR by up to 15% in dense-graded mixes, with performance gains peaking at approximately 1.5% HL content. The slight reduction observed at 3.63% in the present study mirrors the diminishing returns or potential for over-modification reported by Ismael and Ahmed (2019), who emphasized the importance of dosage optimization.
Recent studies further substantiate the role of HL as a multifunctional additive. For instance, Aljbouri and Albayati (2024) observed that incorporating HL enhances mechanical performance, including fatigue life, particularly at dosages between 1.5% and 2.5%. This improvement is attributed to HL's ability to stabilize the asphalt mastic, thereby reducing moisture-induced damage. However, the study also noted that excessive HL content beyond 2.5% could lead to filler overload, compromising the flexibility and workability of the mix. Similarly, Şengül et al. (2022) reported that while initial HL addition improves tensile strength ratio (TSR) and tensile strength, higher HL contents can adversely affect the mixture's workability and performance due to increased viscosity and poor dispersion within the mastic.
Collectively, these studies reinforce the interpretation that there is an optimal HL content for maximizing TSR and overall moisture resistance, beyond which the benefits either plateau or regress due to morphological or rheological imbalances in the asphalt mixture.
Influence of Granite; Granite, the primary coarse aggregate, has the second greatest effect on TSR. The initial drop in mean TSR from 87.50% to 85.50% between 57.00% and 57.50% granite content is followed by a partial recovery to 87.00% at 58.00%. Despite the increase, the net effect is slightly negative, indicating a non-linear response that may be tied to aggregate packing density or changes in internal friction and permeability.
Studies such as by Cao et al. (2023) have shown that high-angularity granite aggregates can initially improve mixture stability but may reduce TSR if they lead to reduced binder film thickness or increased air voids, which enhance moisture ingress. This aligns with the current observation of a modest but notable reduction in mean TSR at specific granite content levels.
Influence of Sand; Sand also shows a quadratic effect, but with an overall positive influence on TSR. The increase from 84.5% to 86.0% (1.78%) between 32.68% and 34.495% sand is more substantial than the subsequent decline (1.16%) from 86.0% to 85.0% at 36.31% sand. This suggests that moderate sand content enhances filler distribution and packing, improving cohesion and reducing moisture pathways.
This behavior is supported by research from Leung and Wong (2016), who found that optimal fine aggregate content improves the tensile strength ratio (TSR) by enhancing the bitumen mastic's ability to bind particles uniformly. Their study indicated that a natural sand-to-fine aggregate (N/FA) ratio of approximately 30% enhances workability and compaction, thereby reducing air voids and moisture susceptibility. However, excessive sand content can introduce textural irregularities and reduce matrix homogeneity, potentially leading to local stripping.
Influence of Bitumen; Bitumen has the flattest slope in the main effect plot, indicating the least influence on TSR among the evaluated constituents. The TSR fluctuated slightly from 87.00% at 6.3% bitumen to 86.00% at 6.4%, and then up to 87.25% at 6.5%, indicating a mild net positive effect. While bitumen is critical for binding and waterproofing, its impact on TSR appears marginal within the tested range.
Previous studies echo this result. According to Yang et al. (2021), minor changes in bitumen content within design limits do not drastically affect TSR unless the binder is under- or over-supplied. Excess binder can create lubrication effects, leading to lower resistance, while too little reduces coating quality, both factors that minimally affect TSR unless extremes are reached.
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Figure 2. Main Effects Plots for TSR of HL-DGAC

ii. Interaction Effect Analysis of Constituents on Mean TSR
Figure 3 presents the interaction plots illustrating the combined effects of constituent variables on the mean TSR of HL-DGAC. In interaction plots, the degree of non-parallelism between lines reflects the strength of interaction: the more the curves diverge, the more significant the interaction effect on the response variable. From the visual data in Figure 3, several key interactions emerge, with sand-bitumen being the most prominent.
Sand–Bitumen Interaction; The interaction between sand and bitumen shows the highest level of non-parallelism, indicating a significant combined influence on the TSR of HL-DGAC. The peak TSR of 87.50% was achieved at 36.31% sand and 6.5% bitumen. This strong interaction suggests a synergistic effect wherein the finer sand particles enhance bitumen distribution, leading to improved coating and moisture resistance.
This finding aligns with the conclusions of Leung and Wong (2016), who reported that optimal combinations of fine aggregates and bitumen improve mastic cohesion, reduce air voids, and strengthen resistance to moisture-induced damage. Furthermore, studies by Yang et al. (2021) emphasized that bitumen's effectiveness is enhanced in the presence of an appropriate fine aggregate structure, which helps form a more impermeable matrix, thus improving TSR.
Granite–Bitumen Interaction; Following the sand–bitumen interaction in significance is the granite–bitumen interaction. The interaction curves show moderate divergence, and the highest TSR (90.0%) is recorded at 57.0% granite and 6.5% bitumen. This indicates that angular coarse aggregates like granite, when properly coated with adequate bitumen, contribute significantly to mixture durability.
This is consistent with findings from Cao et al. (2023), who demonstrated that coarse aggregate angularity improves interlocking and load distribution but requires sufficient binder to prevent moisture ingress and loss of cohesion. The result confirms that bitumen content modulates granite’s effect, and an optimal pairing enhances TSR significantly.
Bitumen–Hydrated Lime (HL) Interaction; The bitumen–HL interaction also has a noteworthy impact, with a peak TSR of 88.0% at 3.63% HL and 6.5% bitumen. This combination reflects the chemical and physical synergy between hydrated lime and bitumen. HL improves adhesion at the binder–aggregate interface while bitumen forms a protective coating, jointly enhancing the mixture’s moisture resistance.
Zaidi et al. (2019) highlighted this phenomenon by demonstrating that hydrated lime elevates the surface free energy of aggregates, promoting stronger bonds with bitumen. Their study utilized surface free energy techniques and adhesion tests to assess the bond strength between bitumen and aggregates, concluding that hydrated lime is an active filler that improves moisture damage resistance, although the improvement is highly dependent on aggregate mineralogy. Similarly, Azarhoosh and Azarhoosh (2019) observed enhanced binder-aggregate affinity when HL was combined with higher binder content, reducing stripping under moisture conditioning.
Granite–Sand Interaction; The granite–sand interaction ranks next in importance, achieving a TSR of 88.0% at 57% granite and 34.495% sand. While less pronounced than other interactions, this indicates a balance between coarse and fine aggregates that improves packing density, internal stability, and ultimately TSR.
According to Leung and Wong (2016), the proper gradation and proportioning of coarse and fine aggregates contribute to improved density and reduced permeability—factors that favor high TSR. However, excessive divergence in gradation or particle size could disrupt matrix stability and negatively influence moisture resistance.
Granite–HL and Sand–HL Interactions; The granite–HL and sand–HL interactions showed relatively minor divergence in their interaction plots, with both achieving a maximum TSR of 88.0% and 87.5% respectively. The sand–HL interaction, with nearly parallel lines, was the least significant, indicating minimal interdependence between these two constituents in influencing TSR.
Mohammad et al. (2008) noted that while hydrated lime (HL) effectively modifies aggregate-binder chemistry, its interaction with inert fines like sand is limited. This is because sand contributes primarily to mechanical properties rather than chemical bonding, and HL’s benefits are best realized in chemical interactions with bitumen and active aggregates like granite.
Figure 3 therefore confirms that interaction effects are critical in optimizing the TSR of HL-DGAC. The strongest effects arise from the interaction of components that contribute both chemically and physically to asphalt performance, especially bitumen and HL with aggregates. Synergistic combinations can substantially enhance durability, while inappropriate pairings may result in neutral or even adverse effects.
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Figure 3. Interaction Plots for TSR of HL-DGAC

iii	Contour Plot Analysis of Constituents Interactions on Mean TSR
Figure 4 displays the contour plots that illustrate the mean TSR of HL-DGAC as a function of various constituent combinations. These plots provide a visual representation of the interactive and simultaneous effects of multiple variables on TSR, thereby serving as a critical tool for mixture optimization. The contour lines delineate ranges of TSR outcomes based on specific proportions of bitumen, granite, hydrated lime (HL), and sand.
According to Figure 4, achieving a TSR range between 86% and 88% requires carefully defined boundaries for each constituent: Bitumen content must either exceed 6.418% or lower than 6.33% and must not lie between 6.33 – 6.418 %, Granite content must not fall within 57.34–57.82%. HL content must be greater than 2.013% and sand content must exceed 35%.  
This finding underscores the necessity of precise mix design to achieve moisture-resistant HL-DGAC. The exclusion of granite content within a narrow range (57.34–57.82%) further suggests that minor variations in coarse aggregate proportions can significantly impact TSR, likely due to changes in internal structure, packing density, or binder film thickness.
These findings are in agreement with recent literature that emphasizes the role of multi-variable optimization in maximizing asphalt mixture durability. For instance, Mohammad et al. (2008) noted that certain aggregate–filler–binder combinations produce a nonlinear response in moisture resistance, where only specific ranges result in optimal performance. They emphasized that the performance envelope is narrow and requires fine-tuned combinations rather than individual component adjustments. 
The indication that hydrated lime (HL) content must exceed 2.013% to meet the tensile strength ratio (TSR) threshold confirms its fundamental role in mitigating moisture damage. HL modifies the surface energy characteristics of aggregates, promotes adhesion with bitumen, and chemically stabilizes the mixture. A study by Adwar and Albayati (2024) demonstrated that incorporating 1.5% HL as a partial replacement for limestone dust (LS) filler improved moisture resistance across various aggregate gradations. Specifically, the TSR increased by up to 4.58% compared to mixtures without HL, achieving a maximum TSR value of 86.24% at the mid-range +6% fine aggregate content. This enhancement is attributed to HL's high surface area and its ability to stiffen the asphalt matrix, leading to improved resistance against moisture-induced damage.
Adwar and Albayati (2024) also observed that HL improves the chemical bonding between bitumen and aggregate, especially at higher percentages (>2%), where it sufficiently neutralizes aggregate acidity and minimizes stripping. The current study’s optimization boundary supports this threshold and aligns with those findings.
The requirement for sand content >35% suggests that finer particles play a critical role in ensuring cohesion and matrix densification, which are essential for limiting moisture infiltration. Leung and Wong (2016) emphasized that fine aggregates are pivotal in forming a tight aggregate skeleton that supports the bitumen film and resists disintegration under wet conditions. Furthermore, the bitumen content exceeding 6.418% or being lower than 6.33% ensures adequate binder availability to fully coat the aggregate particles and reduce permeability. This balance between fine aggregate and binder content is essential for forming an impermeable matrix, as echoed in the work of Yang et al. (2021).
The synergy between sand and bitumen highlighted in Figure 4 is consistent with interaction findings previously discussed (see Figure 3 discussion), reinforcing their joint contribution to TSR improvement. Interestingly, the contour plot suggests avoiding granite content within the 57.34–57.82% range. This exclusion zone indicates that, within this narrow window, granite may disrupt the internal structure or reduce binder efficiency, possibly due to packing interference or increased voids. Leung and Wong (2016) explained that coarse aggregates with high angularity, such as granite, may lead to suboptimal compaction or over-interlock when not adequately balanced with fines and binder, thus increasing the likelihood of moisture damage.
These specific boundaries derived from Figure 4 were essential in the optimization phase of the study, ensuring that only the most effective combinations of materials were considered for maximizing TSR. The value of such contour analysis is not only in identifying optimal ranges but also in highlighting non-optimal zones, which are just as critical in preventing mix designs that fall short of durability expectations.
As suggested by Gong et al. (2020), the use of contour plots in asphalt mix design helps pinpoint robust design spaces that ensure performance under varying environmental and loading conditions. This approach aligns with current performance-based specification trends in asphalt technology, where graphical models are increasingly used to visualize response surfaces for key properties like TSR.
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Figure 4. Contour Plots for TSR of HL-DGAC

3.3 Quantitative Effects of HL-DGAC Constituents on TSR

The ANOVA results presented in Table 8 demonstrate the relative influence of individual constituents, Hydrated Lime (HL), granite, sand, and bitumen, on the mean Tensile Strength Ratio (TSR) of HL-DGAC mixtures. These findings are consistent with and diverge from certain recent studies in notable ways.
Hydrated Lime (HL) emerged as the most influential factor, with a P-value of 0.000, indicating a statistically significant effect on mean TSR. This strong influence aligns with findings from Sebaaly et al. (2006), who reported that lime-treated aggregates enhance adhesion between binder and aggregate, significantly improving moisture resistance and hence the tensile strength ratio (TSR). Their comprehensive study demonstrated that hydrated lime treatment in hot-mix asphalt (HMA) mixtures leads to higher tensile strength and fatigue resistance, maintaining these properties even after prolonged moisture conditioning. Similarly, Adwar and Albayati (2024) confirmed that hydrated lime enhances the durability and tensile properties of asphalt mixes due to its pozzolanic reactivity and its ability to improve the asphalt-aggregate bond.
Granite, with a P-value of 0.365, showed moderate influence. Though not statistically significant at the conventional α = 0.05 level, its rank suggests a more pronounced role than sand or bitumen. This observation resonates with findings by Leung and Wong (2016), who emphasized that coarse aggregate type and gradation can impact moisture susceptibility and interlocking properties, indirectly affecting TSR. Granite, being angular and rough-textured, contributes positively to internal friction and bonding.
Bitumen, surprisingly, exhibited a lesser impact (P = 0.711), which may initially seem counterintuitive given its role as a binder. However, this supports Ziari and Hajiloo (2023), who found that beyond a threshold level of binder content, additional increases do not significantly enhance TSR, especially in mixtures where aggregate-binder interaction dominates performance. The interaction effects and optimal binder film thickness likely play a larger role than binder quantity alone.
Sand, with a P-value of 0.766, was found to have the least effect, corroborating its relatively minor role in structural strength as shown in prior literature. Shuaibu et al. (2021) reported that while sand improves the workability and compaction of asphalt mixtures, it has a marginal influence on TSR compared to coarse aggregates and additives like lime.
These comparative insights confirm the primary importance of HL in modifying and improving moisture resistance in HL-DGAC, followed by coarse aggregate characteristics. The results underscore the secondary influence of fine aggregates and binder content, particularly when lime modification plays a dominant role in the mix design.
Table 8; ANOVA Statistics for Effect Analysis of Constituents Of HL-DGAC
	Source
	DF
	Adj SS
	Adj MS
	F-Value
	P-Value

	Model
	14
	279.591
	19.971
	6.53
	0.000

	  Linear
	4
	233.732
	58.433
	19.12
	0.000

	    Granite
	1
	2.656
	2.656
	0.87
	0.365

	    Sand
	1
	0.281
	0.281
	0.09
	0.766

	    Bitumen
	1
	0.435
	0.435
	0.14
	0.711

	    HL
	1
	230.360
	230.360
	75.36
	0.000

	  Square
	4
	20.482
	5.121
	1.68
	0.205

	    Granite*Granite
	1
	5.720
	5.720
	1.87
	0.190

	    Sand*Sand
	1
	0.384
	0.384
	0.13
	0.728

	    Bitumen*Bitumen
	1
	5.137
	5.137
	1.68
	0.213

	    HL*HL
	1
	15.291
	15.291
	5.00
	0.040

	  2-Way Interaction
	6
	25.376
	4.229
	1.38
	0.280

	    Granite*Sand
	1
	1.214
	1.214
	0.40
	0.537

	    Granite*Bitumen
	1
	9.244
	9.244
	3.02
	0.101

	    Granite*HL
	1
	1.023
	1.023
	0.33
	0.571

	    Sand*Bitumen
	1
	12.119
	12.119
	3.96
	0.064

	    Sand*HL
	1
	0.708
	0.708
	0.23
	0.637

	    Bitumen*HL
	1
	1.068
	1.068
	0.35
	0.563

	Error
	16
	48.907
	3.057
	 
	 

	  Lack-of-Fit
	10
	48.700
	4.870
	141.35
	0.000

	  Pure Error
	6
	0.207
	0.034
	 
	 

	Total
	30
	328.498
	 
	 
	 




3.4	Empirical Optimization of TSR
Figure 5 showcases the optimized component blend for HL-DGAC, where the TSR is maximized at 90.343% with a high composite desirability of 95.34%. The optimized blend comprises 55.221% granite, 35.177% granular sand, 6.297% bitumen, and 3.304% Hydrated lime (HL), revealing a well-balanced mix that effectively leverages both physical and chemical mechanisms to enhance durability and moisture resistance.
This finding aligns closely with Adwar and Albayati (2024), who demonstrated that even small percentages of hydrated lime (around 2.5–4%) can substantially improve TSR by strengthening the asphalt–aggregate interface. The 3.304% HL used in this study falls within the optimal range, corroborating that lime acts as a chemical additive improving adhesion, reducing stripping, and enhancing moisture resistance.
The relatively high granite content (55.221%) also mirrors conclusions drawn by Leung and Wong (2016), who emphasized the role of angular, high-friction coarse aggregates like granite in improving mechanical interlock and resistance to moisture-induced damage. Granite's mineralogy contributes to superior binder affinity, supporting TSR improvement in lime-modified mixtures.
The granular sand content at 35.177% provides a well-graded matrix that facilitates compaction while limiting voids. This balance is critical, as excessive fine aggregate can trap moisture, reducing TSR. Shuaibu et al. (2021) confirmed that optimal sand content should neither exceed nor fall below the range required for dense packing, supporting the effectiveness of the 35% level seen in the current mix.
Bitumen content, optimized at 6.297%, aligns well with findings from Ziari and Hajiloo (2023), who observed that while binder content is essential for durability, an overabundance can lead to bleeding and poor moisture resistance. The optimized bitumen level here suggests a sufficiently thick film to bind particles and resist moisture, without sacrificing mixture stability.
The desirability score of 95.34% achieved at this optimal formulation is notably high and reflects the successful application of Central Composite Design and desirability functions. A similar approach was adopted by Fan et al. (2023), who utilized statistical optimization to develop bituminous mixtures with target performance metrics and achieved comparable desirability scores (above 90%), confirming the effectiveness of the optimization process.
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Figure 5. Optimization of TSR of HL-DGAC

4. Conclusions
i. The tensile strength ratio (TSR) of HL-DGAC ranged from 80.24% to 90.88%, with all mixes exceeding the 80% minimum TSR requirement set by AASHTO standards. A potential TSR increase of up to 13.26% confirms HL's role as an effective anti-stripping additive.
ii. Hydrated lime exhibits the strongest main effect on TSR, with an increase of up to 10.26%, confirming its critical role in improving moisture resistance. However, performance peaks at an optimal HL content, beyond which further addition results in diminishing returns due to potential issues like agglomeration and mix instability. 
iii. Interaction effects, especially between sand and bitumen, and granite and bitumen, have substantial influence on TSR, with peak values reaching up to 90.0%. These synergies indicate that properly balanced fine and coarse aggregates enhance binder distribution and matrix cohesion, thereby improving moisture resistance. The bitumen–HL interaction also reinforces TSR due to improved chemical bonding underscoring the importance of optimizing constituent combinations rather than relying on single-factor improvements alone.
iv. The contour plot analysis confirms that achieving high moisture resistance in HL-DGAC requires precise constituent combinations, particularly HL content above 2.013%, sand content over 35%, and bitumen content either below 6.33% or above 6.418%. It highlights a sensitive response zone for granite (57.34–57.82%), where slight variations adversely affect TSR. These findings reinforce the importance of multi-variable optimization and align with recent studies emphasizing narrow performance envelopes for durable asphalt mixes
v. The optimized HL-DGAC blend, comprising 55.221% granite, 35.177% sand, 6.297% bitumen, and 3.304% HL, achieved a peak TSR of 90.343% with a high desirability of 95.34%, demonstrating a well-balanced formulation for enhanced moisture resistance. This confirms the synergistic role of HL, coarse granite, and well-graded sand in maximizing durability. 
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