The Influence of Asphalt Concrete Layer Thickness on Ensuring Reliable Bond between the Layers of a Rigid Pavement
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Abstract. This study examines the process of ensuring reliable layer bonding within a pavement structure, specifically the contact between the asphalt concrete surface layer and the underlying cement concrete slab. To address this task, the following was performed: an analysis of the operating conditions of the asphalt concrete layer on a cement concrete slab under the simultaneous action of stresses from vehicles and thermal stresses; an analysis of cases of destruction of asphalt concrete layers on a cement concrete slab due to loss of layer adhesion; a proposed procedure for evaluating the reliability of the asphalt concrete layer and cement concrete slab bond; finite element modeling of the stress-strain state at the contact of the pavement layers; and an assessment of the reliability of the bond between the asphalt concrete surface layer and the underlying cement concrete slab based on conditions in Ukraine, using a bitumen emulsion as the bonding material. The calculations established the influence of the asphalt concrete layer's thickness on ensuring a reliable bond with the underlying cement concrete slab. 
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Introduction
Modern roads are complex engineering systems, and their quality directly impacts the safety and comfort of travel [1]. To create durable and reliable pavements, designers are increasingly focusing on structures that incorporate cement concrete layers. One of the most effective designs is a pavement composed of an asphalt concrete layer placed on top of cement concrete slabs [2]. This combination merges the strength and rigidity of a concrete base with the operational benefits of asphalt concrete [3]. The result is a structure that not only withstands heavy loads but also enhances safety and comfort for all road users [4].
Ensuring a reliable bond between the asphalt concrete layer and the cement concrete slab is critical for the durability and reliability of a road pavement [5]. This bond is essential for both layers to function as a single, monolithic structure rather than separate, independent elements. The primary reason for the importance of this reliable bond is the optimal distribution of loads. When vehicles travel on the road, the load is transferred to the upper asphalt concrete layer. With a proper bond, this load is evenly distributed to the underlying, more rigid cement concrete slab. If the bond is insufficient, the asphalt concrete layer begins to act as an independent thin plate, leading to a concentration of stresses and the rapid formation of cracks, potholes, and ruts, as well as the ingress of moisture between the layers [2, 6–8].
When designing asphalt concrete overlays on cement concrete slabs, the thickness of the new asphalt concrete layer is determined primarily by the condition of the existing cement concrete slabs [9, 10]. The thickness of the asphalt concrete layer plays a key role in ensuring a reliable bond with the cement concrete slab. It directly influences load distribution, the layer's ability to withstand deformation, and the effectiveness of compaction, which together determine the overall durability of the entire road structure [2, 3, 9]. However, the final decision on layer thickness must be based on calculations to ensure a reliable bond at the interface between the asphalt concrete layer and the cement concrete slab. 
The conducted research was performed to ensure a reliable bond between the layers of asphalt concrete pavement on cement concrete slabs. This will increase the service life of the structure and reduce costs for repairs and maintenance.
Calculation of the BOND STRENGTH of asphalt concrete pavement AND CEMENT CONCRETE
An asphalt concrete layer laid on a cement concrete slab is continuously subjected to two types of loads: traffic-induced stress and thermal fluctuations. The difference between traffic and thermal loads is that thermal stresses act on the pavement for a prolonged period (hours, and sometimes even days), which allows the material to partially relieve internal stress. This process is known as stress relaxation [11].
In contrast, traffic loads are very short-lived. The design duration for a dynamic load is just 0.1 seconds, while a static load acts for 600 seconds (10 minutes) [12]. Thus, the duration of these loads varies significantly, affecting the pavement's condition in different ways.
Based on the works [2–4, 11], the Boltzmann superposition principle was applied to account for the simultaneous effects of traffic load and thermal deformation. According to this principle, the stresses arising from different factors are determined separately, considering their duration, and then summed.
The calculation of the bond strength between the asphalt concrete layer and the cement concrete slab is proposed to be performed using a methodology analogous to the one used for calculating the durability of asphalt concrete pavement on reinforced concrete road bridges (M 02070915-750:2016) [13]. This calculation involves comparing the maximum shear stress at the layer interface with the shear bond strength, while also including a safety factor:
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where  – hear bond strength, MPa. – maximum shear stresses, MPa.  – safety factor.
Tangential stresses from temperature on the contact between the asphalt concrete layer and the cement concrete slab, with consideration for stress relaxation, are proposed to be calculated according to the work [14].
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where  – stress relaxation function of the asphalt concrete layer at temperature (t), MPa;

 – the coefficient of linear thermal expansion of cement concrete, ºC-1;

 – temperature gradient (change in temperature) within the cement concrete slab, ºC;

 – temperature gradient (change in temperature) at the top of the cement concrete slab, ºC.

 – specific pressure on the slab's base from the weight of the combined slab and the design vehicle, MPa;

 – coefficient of friction between the cement concrete slab and the base;

 – bond of the cement concrete slab and the base, MPa.

 – Poisson's ratio of cement concrete;

 – thickness of the cement concrete slab, m;

 – modulus of elasticity of cement concrete, MPa;

 – length of the cement concrete slab, m;

 – temperature of the top of the cement concrete slab, ºC;

 – temperature of the bottom of the cement concrete slab, ºC;

 – empirical stress factor;

 – the coefficient of linear thermal expansion of asphalt concrete, ºC-1;

 – temperature gradient (change in temperature) at the top of the asphalt concrete layer, ºC;

 – temperature gradient (change in temperature) at the bottom of the asphalt concrete layer, ºC.

Asphalt concrete pavement experiences complex stress and deformation not only from vertical loads but also from horizontal forces [9, 15]. These horizontal forces arise during vehicle acceleration (due to the tractive effort of the driving wheels) and braking.
To determine how traffic loads affect the stress-strain state of asphalt concrete pavement placed on a cement concrete slab, a finite element modeling approach was used, similar to methods described in other scientific works [2, 4, 9, 16]. This simulation assumed a complete bond between the asphalt concrete layer and the cement concrete slab. 
Figure 1 shows the design model of the asphalt concrete layer on the cement concrete slab.
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FIGURE 1. Design model of an asphalt concrete layer on a cement concrete slab.

According to the DBN V.2.3-4 [12] standards, the design static load for group A2 is modeled as pressure on a circular stamp with a diameter of 34.5 cm, which corresponds to the footprint of a vehicle wheel.
Load Values:
– Vertical load: 0,8 MPa;
– Horizontal force: 5 kN (modeling of uniform motion at a constant velocity), 15 kN (modeling of motion on curves, ascents, and descents), 45 kN (modeling of an emergency stop).
The results of the assessment for ensuring a reliable bond between the asphalt concrete pavement and the cement concrete slab under different traffic conditions, depending on the thickness of the asphalt concrete layer, and using a bitumen emulsion as the bonding material, are shown in Figures 2–4.
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FIGURE 2. Bond assurance between the asphalt concrete layer and the cement concrete slab for modeling of uniform motion at a constant velocity. 
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FIGURE 3. Bond assurance between the asphalt concrete layer and the cement concrete slab for modeling of motion on curves, ascents, and descents. 
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FIGURE 4. Bond assurance between the asphalt concrete layer and the cement concrete slab for modeling of an emergency stop. 
The developed charts make it possible to determine the minimum permissible thickness of the asphalt concrete layer laid on a cement concrete slab, which guarantees the strength of the bond under various traffic loads.
RESULTS: DISCUSSION
The structural solutions for placing asphalt concrete layers on cement concrete slabs were investigated. This analysis identified and substantiated the negative consequences of pavement deformation and failure, and demonstrated the necessity of ensuring a strong bond between the layers.
The bond strength of the layers was tested based on the condition of the simultaneous negative effects of traffic loads and thermal deformation.
A spatial finite element model was developed specifically for this purpose. This model was used to determine the stress-strain state of the asphalt concrete layer under traffic load. It accounts for both the vertical pressure and horizontal force exerted by vehicles on the pavement.
As an example, the modeling results were presented for the A2 design load group. The proposed methodology can be used for similar calculations for other design load groups. As a result, the magnitude of stresses acting at the contact between the asphalt concrete layer and the cement concrete slab was determined.
Based on the calculations and modeling, the minimum allowable thicknesses of the asphalt concrete pavement were justified to ensure its reliable bond with the cement concrete slab for various traffic conditions.
It was found that on sections where emergency stops occur frequently, the thickness of the asphalt concrete layer should be no less than 5 cm. Meanwhile, for straight sections and curves in the plan and longitudinal profile, a pavement thickness of up to 5 cm can be used.
CONCLUSION
The results of the modeling and calculations can be used to ensure a reliable bond between the asphalt concrete layer and the cement concrete slab when a bitumen emulsion is used as the bonding material. This method allows for a reliable bond with minimal asphalt concrete thickness.
It is important to note that this study only considered cases where the traffic load was applied exclusively to the center of the slab, and did not account for loads applied near the edge of the cement concrete slab. Changing the load application point relative to the slab's edge leads to a significant change in the stress-strain state and could cause a loss of bond. This fact is a basis for further improving the methodology for calculating the strength of the asphalt concrete layer on cement concrete slabs. Furthermore, it would be rational to conduct calculations for other bonding materials with different strength properties, which is possible using the methodology proposed in this work.
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