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Abstract 

The nondestructive testing of pavements currently has become more focused on continuous 

deflection profiles and vehicle moving speeds, which are recognized to be critical in obtaining 

complete and accurate pavement responses and conditions. However, current techniques cannot 

produce satisfactory results in terms of continuous deflection profiles at high-speed moving loads. 

Under this circumstance, the computational simulation is a good alternative. The objective of this 

study is to utilize the three-dimensional (3D) finite element (FE) analysis to investigate the 

characteristics of deflection basins of pavements under high-speed moving loads. Specifically, a 

3D FE pavement model is constructed with six sets of pavement materials representing six types 

of pavements and four moving speeds (24 km/h, 40 km/h, 64 km/h, and 80 km/h). The results 

demonstrate that the deflection basin of a pavement exhibits an asymmetric shape under a high-

speed moving load. It also reveals that there is a time lag between the maximum deflection and 

the center of the load in flexible pavements. This time lag is utilized to define a new term of “lag 

angle”. The effects of the material viscoelasticity, structural inertia damping, moving speed, and 

pavement deterioration conditions on the shape and lag angle of the deflection basin are 

illustrated. Furthermore, it is found that the lag angle of the deflection basin is closely related to 

the phase angle of the viscoelastic pavement materials. Finally, the deflection basins predicted by 

the 3D FE analysis are proven to be comparable to the field deflections obtained at a high 

moving speed. 

 

Keywords:  3D finite element modelling; moving load; deflection basin; phase angle; lag angle; 

deterioration condition   
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1 Introduction  

The evaluation and prediction of pavement conditions during and after construction are long-

term and essential processes for rehabilitations, corrections and future designs of pavements. The 

methodology of nondestructive testing (NDT) is generally used to reflect in-situ responses and 

material properties of pavements without causing any destruction to the pavement. Two major 

types of measurements are used for pavement evaluation: deflections and dynamic material 

properties. The first type is the most straightforward structural response of pavements under 

loads. Testing devices currently in use can collect deflection information including continuous 

deflected profiles, maximal or mean values of deflections over testing sections. The other type of 

measurement includes modulus of surfaces and supporting layers. Typically, such values are 

obtained from complete deflection-time histories of a pavement under dynamic loads using 

backcalculation procedures. Based on the types of measurements obtained from NDT devices, 

the existing nondestructive testing can be divided into the deflection-based approach and 

seismic-based approach (1). Typical nondestructive testing devices include Falling Weight 

Deflectometer (FWD), Rolling Wheel Deflectometer (RWD) and Traffic Speed Deflectometer 

(TSD).  

The FWD is currently one of the most widely used nondestructive testing devices. It 

generates haversine-shaped dynamic loads and measures the time history of deflections by the 

sensors mounted along the centerline of the load plate. The peak value of the deflection data can 

be used for backcalculation of the subgrade resilient modulus and the effective structural number 

SN (2). Besides, more complicated material properties such as moduli, damping, and fracture 

and permanent deformation can be obtained from deflection basins (3). The RWD is a 

deflection-based device. It records deflections of the pavement surface at a highway speed (up to 

105 km/h, i.e. 65 mph). The deflection that is used for evaluation is typically the averaged value 

from a sample unit length since the averaged deflection is less vulnerable to random errors 

associated with all individual deflections (4). The TSD is another device which moves at a 

highway speed (up to 96 km/h) during the test. It applies Doppler lasers to measure the vertical 

surface deflection velocity, which is used to generate the deflection basin of the pavement 

surface (5). 

Comparing these three nondestructive testing devices, each has its strengths and 

weakness. For the RWD and TSD testing, the highway speed of the testing vehicle ideally 
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represents traffic conditions of in-service pavements and remarkably enhances the productivity 

of testing. Besides, continuous deflection profiles provide complete features of pavements which 

include special spots and structures such as soft spots, cracks and section joints. However, the 

speed affects the accuracy of collected data and increases the difficulty in data acquisition (4). 

For the FWD, it is generally acknowledged that data from the FWD are more reliable and 

deflections obtained from the RWD are often compared with the FWD results to prove viability, 

repeatability and sensitivity (4). Besides, material properties of pavement layers such as dynamic 

moduli backcalculated from deflection basins obtained by the FWD are commonly used to 

evaluate conditions of flexible pavements. However, there remain limitations about the 

application of the FWD as an evaluation tool for pavements. First, its low production not only 

limits its use for timely and comprehensive evaluation of the whole pavement, but also 

significantly increases costs and safety problems due to the traffic control and interruption. 

Secondly, the device only considers dynamic properties of tire loads, but ignores the effects of 

moving vehicles on pavement responses (6). 

A brief review of the common NDT devices above reveals the advantages of continuous 

deflection profile and importance of vehicle moving speeds in obtaining complete and accurate 

pavement responses. However, the operation of the highway-speed NDT device, like the TSD, is 

usually expensive and limited. To justify its use on pavement networks, it must provide 

comprehensive pavement network asset information which can be used to make cost-effective 

maintenance and rehabilitation decisions. This requires the ability to analyze the measured 

results objectively and, if possible, provide timely advanced warning of impending costly levels 

of future distress. This objective analysis can be achieved through the use of the numerical 

computations to simulate pavement responses in real conditions. The purpose of the numerical 

simulation is to provide a sound and consistent mechanics-based method of interpreting the 

results. The Finite Element (FE) models have been widely used due to its low expenses, high 

efficiency and desirable matches with in-service pavements. Many techniques have been 

developed and incorporated in the finite element codes and softwares for simulation of loading, 

geometry and material characterization (7). The simulated responses of pavements are then 

compared with field data from NDT devices or instrumented pavement sections to evaluate the 

accuracy of FE models. A few examples are reviewed herein.   
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Zaghloul and White (8) built a three-dimensional (3D) elastic multilayer system in the FE 

software ABAQUS to simulate uncracked pavements under moving loads. The moving load was 

represented by a step function of which the duration is controlled by the moving speed. 

Numerical results were compared with discrete field measurements including horizontal strains 

and surface deflections. The numerical results showed good matches with the field data. Uddin et 

al. (9) built a three-layer elastic system to simulate both uncracked and cracked pavements under 

static and dynamic loads. The moduli of the layers were obtained from the FWD backcalculation; 

the dynamic load of the FWD was simulated using a uniform pressure of which the magnitude 

varies with time.  

Mulungye et al. (10) built a 2D model in the software ANSYS using a viscoelastic 

surface layer to predict responses of flexible pavements under single and multiple axle loads. 

The moving loads were simulated as cyclic loads distributed uniformly on the pavement. A good 

agreement between predicted and measured strains at the bottom of the surface layer showed the 

applicability of FE models in flexible pavements. Li et al. (11) applied an improved 2D 

axisymmetric model for flexible pavements with a stress-dependent supporting layer. Effects of 

viscoelasticity and nonlinearity of materials on pavement responses under dynamic FWD loads 

were discussed. 

Based on the studies on tire-pavement contact stresses (12, 13), Al-Qadi et al. (14) and Li 

et al. (15) applied continuously moving loads distributed nonuniformly on flexible pavements in 

the FE models. Predicted responses of pavements such as tensile strains at the bottom of the 

surface and stresses in the base layer were compared with the measured data. Results showed the 

loading configuration has significant effects on pavement responses. 

The studies described above highlight the development of FE models in terms of material 

properties and loading configurations of pavements. There are few studies that focus on 

generating continuous deflection profiles with highway speeds. Thus, it is the goal of this study 

to investigate the characteristics of continuous deflection profiles of a pavement under high-

speed moving loads. Furthermore, the characteristics of continuous deflection profiles to 

different materials, structures and moving speeds will be investigated. The 3D computational 

simulation is an effective technique for this purpose with the combination of different pavement 

types, conditions, and moving speeds. The technical background regarding the viscoelastic 

pavement responses under a moving load is first introduced in the next section. Then the 
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construction of a 3D pavement model with a moving load is presented. The simulation results for 

different pavement types, conditions, and moving speeds are subsequently presented and 

discussed. Furthermore, a case study is given to validate the simulated pavement deflections 

using the measured continuous deflections by the RWD and TSD in the field. The final section 

summarized the major findings of this work. 

 

2 Viscoelastic Deflection Basin under a High-speed Moving Load  

In order to study the characteristics of continuous deflection profiles of a pavement under traffic 

loading, the traffic loads and pavement responses need to be accurately represented. It means that 

two critical characteristics of traffic loading - moving speeds and fundamental dynamic 

properties of vehicles (period of vibration, etc.) should be considered. These two characteristics 

can be modeled as combinations of springs and dampers such as the quarter-car suspension 

model (16). In the analytical and computational applications of layered pavement systems, the 

traffic loads are usually simplified as haversine-shaped dynamic loads (17). The impact of traffic 

speeds on flexible pavements is examined by adjusting the period of the haversine function (18). 

It is concluded that the structural inertial damping causes a lag distance between the maximum 

deflection and the traffic load. It also demonstrates that higher moving speeds decreases 

magnitudes of strains for all pavement layers while making the response peak lag further behind 

the load (18). The pavement responses are usually regarded as the response model to a dynamic 

load, which include both the stiffness and inertial damping of the structure. However, some 

existing pavement response models use an elastic modulus and ignore the effect of inertial 

damping of the structure (3, 18). Also, for flexible pavements the viscoelasticity of pavement 

materials is an important factor affecting the responses of the pavement. In a recent study (19), 

the inertia and viscoelastic properties of the surface and supporting layers are taken into 

consideration for some rigid and flexible pavements. The analytical model was evaluated using 

measured data from the FWD. The good match shows that both viscoelasticity and inertia of 

pavement materials have effects on responses of pavements to dynamic loads applied by the 

FWD.  

Considering both the inertial damping of the structure and viscoelasticity of pavement 

materials, this study proposes a hypothesis for the pavement responses under high-speed moving 

loads: an asymmetric deflection basin with a steep leading edge and a shallow trailing edge as 
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shown in Figure 1. There is a lag angle between the traffic load and the maximum deflection 

point in the basin. The location where the maximum deflection occurs falls behind the contact 

point of the tire and the pavement surface. 

 
Figure 1. Illustration of Deflection Basin of a Pavement under a High-speed Moving Load 

 

The phenomenon of the lag between the load and response is observed in the dynamic 

modulus test on viscoelastic materials, in which oscillatory loads are applied. The time lag 

between peaks of the stress and strain is used to obtain the phase angle and dynamic modulus 

which represent viscoelasticity of materials (20). The phase angle between the stress and strain is 

defined as: 

𝛿𝛿 = 2𝜋𝜋𝜋𝜋𝜋𝜋/𝑇𝑇 (1) 

where 𝛿𝛿 = phase angle between the stress and strain of the material; 𝜋𝜋𝜋𝜋 = time lag between peaks 

of the stress and strain within one cycle; 𝑇𝑇 = period of an oscillatory load. 

Similarly, the lag phase between the traffic load and maximum deflection is defined as 

follows: 

𝜑𝜑 = 2𝜋𝜋𝜋𝜋𝜋𝜋′/𝑇𝑇′ (2) 

in which 

𝑇𝑇′ = 𝐿𝐿/𝑣𝑣 (3) 

where 𝜑𝜑 = lag angle between the traffic load and maximum deflection; 𝜋𝜋𝜋𝜋 ′ = time lag between 

the center line of the traffic load and maximum deflection within one deflection basin; 𝑇𝑇 ′ = 

period of a deflection basin; 𝐿𝐿 = length of the deflection basin; 𝑣𝑣 = speed of the traffic load. 

It is widely known that the dynamic modulus and phase angle represent the current 

damaged condition of a pavement material, especially pointing out the specific state during its 

whole service life. Fatigue tests have been conducted to study how material properties vary with 
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load cycles (21, 22, 23), as shown in Figure 2. Based on previous tests conducted on asphalt 

mixtures, the curve of modulus versus loading cycles shows four characteristic regions (23). In 

the region of crack formation, the value of the modulus goes through a rapid decrease. Reese (22) 

has found that at the starting point of this region, the phase angle of the mixture reaches its 

maximum value, then it begins to drop quickly. Such a pattern shows that the phase angle is a 

good indicator of fatigue failure of the material. 

 
Figure 2. Change of Dynamic Modulus and Phase Angle of Asphalt Mixtures with the 

Increase of Load Cycles 

 

As shown in Figure 2, the change of the dynamic modulus and phase angle reflects 

different stages of deterioration of the pavement material. A potential application of such 

features is the advance warning of pavement deterioration, which is necessary for optimal plans 

of preventive maintenance and rehabilitation. In the current state of practice, the deflection (e.g. 

from the FWD) is usually taken as an indicator of pavement conditions. However, the change of 

the deflection value is not only attributed to the loss of structural strength due to damage, but 

also the geometric discontinuity of the pavement. For instance, a large value of the deflection 

could be caused by the occurrence of cracking and rutting, or the existence of slab joints or 

softening due to moisture infiltration. As a result, a measurement that is directly and solely 

related to pavement deterioration conditions should be adopted for the purpose of advance 

warning. Given the similarity between the phase angle in Equation 1 and the lag angle in 
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Equation 2, the lag angle is proposed herein as such a measurement. It is obtained easily from a 

moving deflection basin, and, as a hypothesis, it has a close relationship with the phase angle of 

the material, which is indicative of pavement conditions in terms of the initiation and growth of 

cracks. 

In sum, this study proposes two hypotheses, which will be examined in the following 

sections using the 3D finite element (FE) modeling: 

• The deflection basin of a pavement exhibits an asymmetric shape under a high-speed 

moving load. The shape of the deflection basin changes for different pavement types, 

conditions and moving speeds;  

• The lag distance between the traffic load and maximum deflection and lag angle in a 

deflection basin have close relationships with the pavement type, moving speeds and 

the phase angles of the pavement materials. It is indicative of pavement deterioration 

conditions. 

In order to prove these two hypotheses, the next section describes the procedure to 

construct the 3D pavement model as well as the cases to be performed in the numerical 

simulations. 

 

3 3D FE Simulation of Deflection Basins under Moving Loads 

3.1 3D pavement structure and moving load models 

To simulate real conditions of a pavement, a 3D pavement structure is built using the software 

ABAQUS. It consists of two pavement structures: (1) a 0.152 m (6-in) surface layer, a 0.304 m 

(12-in) base course, and a 1.778 m (70-in) subgrade; and (2) a 0.152 m (6-in) surface layer, a 

0.152 m (6-in) treated base, a 0.152 m (6-in) unbound base, and a 1.778 m (70-in) subgrade. The 

former pavement structure is shown in Figure 3 as an example. The adjacent layers are 

considered as fully bonded with each other. The entire model is meshed using hexahedron 

elements, as shown in Figure 4. The mesh size in the vertical direction is based on the thickness 

of each layer. In the lateral and horizontal directions, finer meshing is applied in the two loading 

paths, representing loads applied by dual tires.  
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Figure 3. The 3D Pavement Structure and Parameters Used in the FE Analysis 

 

 
(a) Entire Pavement Structure 

 

 
(b) Pavement Surface 

Figure 4. The Meshed Models in the FE Analysis 

Model 
Parameters 

Surface 
Layer 

Base 
Layer 

Subgrade 

Thickness (m) 0.152 0.304 1.778 

Poisson's Ratio 0.35 0.35 0.4 

Density (kg/m3) 2243 1922 1922 
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A 315/80R22.5 dual-tire vehicle is selected as a typical traffic loading (24). The contact 

load is 40 kN and tire inflation pressure is 689.5 kPa. The tire-pavement interactions are 

represented based on a comprehensive study by De Beer et al. (12), which characterized typical 

contact stress distributions based on the simultaneous measurements of moving tires and 

pavement interface contact stresses. When tires act on the surface of the pavement, the contact 

stress between each tire and the pavement surface is composed of stresses in vertical, 

longitudinal and transverse directions. The magnitude and distribution of the contact stress rely 

on the tire type, tire inflation pressure and constant load on the tire. Figure 5 shows the 

distributions of the contact stresses of the selected vehicle load in three directions on the 

pavement surface. The magnitudes of the vertical, longitudinal and transverse stresses are 1350.7 

kPa, 193.7 kPa and 247 kPa respectively. The values of vertical and longitudinal contact stresses 

change along the direction of tire length and keep constant in the direction of tire width, while 

the value of transverse contact stress changes along both directions. 

 
(a) Vertical Contact Stress 
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(b) Longitudinal Contact Stress 

 

 
(c) Transverse Contact Stress 

Figure 5. The Contact Stress between a 315/80R22.5 Tire and the Pavement 

 

In order to simulate the contact stresses, two loading paths of 157.5-mm (6.2-in) width 

and 190.5-mm (7.5-in) length are created symmetrically along the longitudinal direction with a 

193.0-mm (7.6-in) space between the two wheel paths, as shown in Figure 6. Figure 7 shows the 

decomposed contact stresses between the tire and pavement, which are distributed nonuniformly 

on one wheel path in the FE model. The simulation of a moving load is achieved by creating 
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successive analysis steps in which the loading areas move forward as shown in Figure 6. In each 

step, the load moves forward one tire path. 

 
Figure 6. Simulation of Moving Loads in FE Analysis 

 

 
Figure 7. The Contact Stresses between Tires and the Pavement Model in the FE Analysis 

 

The load moves along the loading paths and passes through the entire pavement model. 

The deflections of the entire model are collected when the load is at the center of the pavement 

model. The fine mesh along the loading path allows generating more data of the deflection basin 

for precise analysis. 

 

 

 



14 
 

3.2 Pavement types and material properties 

In this study, the 3D FE simulations are performed for 5 different pavement types in the field of 

light or heavy duty: asphalt surface over unbound base course, asphalt surface over stabilized 

base, concrete surface unbound base, concrete surface over stabilized base, and asphalt surface 

over asphalt-treated base, as listed in Table 1. For each pavement type, 4 different velocities of 

the moving load (24 km/h, 40 km/h, 64 km/h, and 80 km/h) are selected. The material properties 

of each pavement type are given in Table 2. For viscoelastic surface and viscoelastic base 

(asphalt-treated base), the change of the material property is included to simulate the 

deterioration of the pavement surface with service time, as designated by I, II and III for the 

pavement type 5 in Table 2. 

For the selected pavement types and materials, the asphalt mixtures in the surface layer 

are modeled as viscoelastic materials. In addition, as the asphalt treated base course gains more 

applications (25), the asphalt-treated base course is applied in this study and characterized as 

surface materials (26, 27). The concrete surface and aggregate materials in the base course and 

subgrade are considered as elastic materials. Since the shapes of deflection basins are affected by 

both viscoelasticity and inertial damping (28), a typical structural inertial damping factor 5% is 

selected for surface materials in both flexible and rigid pavements. For materials in the base 

course and subgrade which are usually in unsaturated conditions, it is found that the viscoelastic 

characteristics of soils measured in the laboratory experiment are more obvious as the moisture 

content increases (29). As the water flows through the voids in the base and subgrade with the 

increase of load cycles, the viscous response of the base course and subgrade materials is 

intensified. Hence, a typical structural inertial damping factor 5% is also introduced in these 

underlying materials for energy dissipation as viscoelastic materials (30). For bound materials in 

the base course and subgrade, the inertial damping factor is eliminated to compare with unbound 

materials and evaluate the individual effect of inertial damping factor. 

 

Table 1. Information of Pavement Type 1-5 in the 3D FE Simulation 

Pavement Type 1 2 3 4 5 

Description of 
Pavement Structure 

Asphalt over 
unbound base 

Asphalt over 
stabilized 

base 

Concrete over 
unbound base 

Concrete over 
stabilized 

base 

Asphalt over 
asphalt-

treated base 

Material Surface Viscoelastic Viscoelastic Elastic Elastic Viscoelastic 
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Base Damped 
elastic Elastic Damped 

elastic Elastic 
Viscoelastic 
and damped  

elastic 
 

Table 2. Information of Material Properties and Moving Speeds in the 3D FE Simulation 

Pavement Type  1 2 3 4 

Layer 
Surface 

𝐸𝐸1, MPa 428 𝐸𝐸1, MPa 428 
E, MPa 28000 E, MPa 28000 m 0.363 m 0.363 

  𝛿𝛿 ( ° ) 32.67   𝛿𝛿 ( ° ) 32.67 
Base E, MPa 517 E, MPa 517 E, MPa 517 E, MPa 517 

Subgrade E, MPa 31 E, MPa 31 E, MPa 31 E, MPa 31 
Pavement Type 5 

Deterioration Stage I II III 

Layer 

Surface 
𝐸𝐸1, MPa 428 𝐸𝐸1, MPa 220 𝐸𝐸1, MPa 141 

m 0.363 m 0.401 m 0.447 
𝛿𝛿 ( ° ) 32.67 𝛿𝛿 ( ° ) 36.09 𝛿𝛿 ( ° ) 40.23 

Asphalt-
treated base 

𝐸𝐸1, MPa 119 𝐸𝐸1, MPa 70 𝐸𝐸1, MPa 17 
m 0.202 m 0.259 m 0.351 

𝛿𝛿 ( ° ) 18.18 𝛿𝛿 ( ° ) 23.31 𝛿𝛿 ( ° ) 31.59 
Unbound 

base E, MPa 517 E, MPa 517 E, MPa 517 

Subgrade E, MPa 31 E, MPa 31 E, MPa 31 
Moving Speed 24 km/h, 40 km/h, 64 km/h, and 80 km/h 

 

Several models are available to describe viscoelastic properties. In this study, a fractional 

power of time is applied in the relaxation function to describe the stress relaxation as in Equation 

4. 

𝐸𝐸(𝜋𝜋) = 𝐸𝐸1𝜋𝜋−𝑚𝑚 (4) 

where 𝐸𝐸(𝜋𝜋) = relaxation modulus; and 𝐸𝐸1, 𝑚𝑚 = material coefficients. 

An approximate relationship (3) between the power-law function coefficient m and the 

phase angle 𝛿𝛿 (radius) is developed for viscoelastic materials as in Equation 5. 

𝛿𝛿 =
𝜋𝜋
2
𝑚𝑚 (5) 

The phenomenon of relaxation can also be explained by a Prony series - sum of decaying 

exponentials (31). The relaxation modulus in the form of Prony series can be expressed in 

Equation 6: 

𝐸𝐸(𝜋𝜋) = 𝐸𝐸∞ + �𝐸𝐸𝑖𝑖𝑒𝑒−𝑡𝑡/𝜏𝜏𝑖𝑖

𝑁𝑁

𝑖𝑖=1

 (6) 

in which 
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𝐸𝐸∞ = 𝐸𝐸0 −�𝐸𝐸𝑖𝑖

𝑁𝑁

𝑖𝑖=1

 (7) 

𝐸𝐸𝑖𝑖 = 𝑒𝑒𝑖𝑖𝐸𝐸0 (8) 

where 𝐸𝐸(𝜋𝜋) = relaxation modulus; 𝐸𝐸∞= long-term relaxation modulus; 𝐸𝐸𝑖𝑖 = components of 

relaxation modulus; 𝐸𝐸0= instantaneous modulus; and 𝑒𝑒𝑖𝑖, 𝜏𝜏𝑖𝑖 = material coefficients. 

 A Prony series expansion is one of the expressions used in the ABAQUS to define 

viscoelastic properties of materials, as follows in Equation 9 and Equation 10 (32), 

𝑔𝑔𝑅𝑅(𝜋𝜋) = 1 −��̅�𝑔𝑖𝑖
𝑝𝑝(1 − 𝑒𝑒−𝑡𝑡/𝜏𝜏𝑖𝑖

𝐺𝐺
)

𝑁𝑁

𝑖𝑖=1

] (9) 

𝑔𝑔𝑅𝑅(𝜋𝜋) = 𝐺𝐺𝑅𝑅(𝜋𝜋)/𝐺𝐺0 (10) 

where 𝐺𝐺𝑅𝑅(𝜋𝜋) = shear relaxation modulus; 𝐺𝐺0= instantaneous shear modulus; �̅�𝑔𝑖𝑖
𝑝𝑝, 𝜏𝜏𝑖𝑖𝐺𝐺 = material 

coefficients. 

The process to input the viscoelastic properties of the pavement surface and asphalt-

treated base course materials into the ABAQUS is as follows: 

1) Represent the relaxation modulus by Equation 4 and determine the values of 𝐸𝐸1 and 𝑚𝑚; 

2) Adjust the coefficients of the Prony series in Equation 6 to fit the relaxation modulus in 

Equation 4; 

3) Convert the relaxation modulus in Equation 6 to the shear relaxation modulus in Equation 

9, and determine all of the coefficients, which are input into the ABAQUS. 

 

4 Results and Discussions 

The deflection basin of the pavement from the ABAQUS is composed of deflection data at 

discrete points, of which the number is controlled by the mesh size. Consequently, in order to 

accurately capture the maximum absolute value of the deflection basin, an appropriate 

continuous curve is needed to fit these discrete defection points. Therefore, a Fourier series 

function is applied to fit the discrete deflection data, which is expressed in Equation 11, 

𝑑𝑑(𝑥𝑥) = 𝑎𝑎0 + �𝑎𝑎𝑖𝑖

𝑁𝑁

𝑖𝑖=1

cos(𝜔𝜔𝑥𝑥) + 𝑏𝑏𝑖𝑖sin (𝜔𝜔𝑥𝑥) (11) 
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where 𝑑𝑑 = vertical deflection; 𝑥𝑥= distance from the loading center; 𝑎𝑎0, 𝑎𝑎𝑖𝑖, 𝑏𝑏𝑖𝑖, 𝜔𝜔 = fitting 

parameters. Then the fitting curve of the deflection basin is used to determine the length of the 

basin and lag distance. 

 
Figure 8. Example of Comparison of Deflection Basins Using Data from ABAQUS and Fourier 

Series Function 
 

Figure 8 shows the comparison of the fitted deflection basin and deflection data from the 

ABAQUS in one case. It is clear that the Fourier series function matches well with the deflection 

basin. For the rest of the cases in this study, the Fourier series function works well and the values 

of 𝑅𝑅2 between the data obtained from the ABAQUS and that predicted by the fitting curve are all 

above 0.99. 

 

4.1 Deflection basins of different types of pavements 

To illustrate the effects of material properties on pavement responses under moving loads, the 

moving loads of the same speed are executed on pavement Types 1-4, of which Type 1-2 

represent flexible pavements and Type 3-4 represent rigid pavements. The results are given in 

Table 3 and Figure 9. In both types of pavements, the asymmetry of the deflection basins is 

reflected with a steep leading edge and a shallow trailing edge. There are lag distances between 

the locations of the maximum deflection and the center of the loading which are shown clearly in 

flexible pavements. In addition, the lag distance increases and the magnitude of the deflection 

basin decreases as the damping factor of the base course is considered. It indicates that the 

asymmetry of the deflection basin is caused by both material viscoelasticity and damping factor, 
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which in turn points out the significance of considering these two factors in the analysis of 

pavement systems. 

 
(a) Moving Load v=80 km/h 

 

 
(b) Moving Load v=64 km/h 

Figure 9. Deflection Basins of Pavement Type 1-4 under Moving Loads 
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Table 3. Lag Distance and Lag Angle of Pavement Type 1-4 under Moving Loads 

Moving Speed, km/h Pavement Type 1 2 3 4 

80 
Lag Distance, cm 10.54 5.49 2.09 0 
Lag Angle, degree 6.66 3.45 1.28 0 

64 
Lag Distance, cm 9.06 4.86 1.29 0 
Lag Angle, degree 5.7 3.04 0.79 0 

 

4.2 Effects of moving load speeds 

Since the viscoelasticity of materials and damping factor are considered in this study, the time-

dependent properties such as modulus should be reflected in the pavement responses under 

different lengths of loading duration. Figure 10 shows deflection basins of the pavement model 

under different moving loads. As illustrated in Figure 10, the asymmetry of the deflection basins 

can be seen clearly from the steep leading edge and shallow trailing edge. The lag distance 

between the maximum deflection and loading center exists in most deflection basins. Especially, 

when comparing the magnified bottom part of each deflection basin, an obvious trend shows that 

with the increase of the moving speed, the maximum deflection decreases and the lag distance 

increases, which is also seen from results in Table 4.  Figure 10 and Table 4 demonstrate the 

sensitivity of the deflection basin to the speed of the moving load. 

 
(a) Pavement Type 1 
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(b) Pavement Type 2 

 

 
(c) Pavement Type 3 

 

 
(d) Pavement Type 4 
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(e) Pavement Type 5 at Deterioration Stage I 

 

 
(f) Pavement Type 5 at Deterioration Stage II 

 

 
(g) Pavement Type 5 at Deterioration Stage III 

Figure 10. Deflection Basins of Pavement Type 1-5 under Four Moving Loads 
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Table 4. Lag Distance and Lag Angle of Pavement Type 1-5 under Four Moving 
Loads 

Deflection 
Basin 

Parameter 
Lag Distance, cm Lag Angle, degree 

Pavement 
Type 1 2 3 4 5 1 2 3 4 5 

Deterioration 
Stage N/A I II III N/A I II III 

Speed 
of 

Load, 
km/h 

80 10.5 5.5 2.1 0 23.3 24.2 28.1 6.7 3.5 1.3 0 14.9 15.4 17.8 
64 9.1 4.9 1.3 0 21.9 22.9 26.6 5.7 3.0 0.8 0 14.1 14.6 16.9 
40 5.4 3.4 0.1 0 18.3 19.6 23.6 3.1 2.1 0.04 0 12.0 12.8 15.5 
24 3.4 2.7 0.1 0 16.2 17.5 21.9 1.9 1.6 0.07 0 10.5 11.5 14.0 

 
4.3 Effects of pavement deterioration conditions 

To study the effects of deterioration condition of a pavement on deflection basins under moving 

loads, the deflection basins of the pavement model at three typical stages of its service life under 

the same moving load are illustrated in Figure 11. The variation of a pavement’s fatigue cracking 

deterioration conditions is reflected in the values of the modulus and the phase angle as 

presented in Figure 2 and Table 2. With the increase of load cycles, the modulus of pavement 

materials decreases while the phase angle increases. Similar to Figure 9, the two main points 

(steep leading edge and shallow trailing edge; the lag distance between the maximum deflection 

and the loading center) are observed in each complete deflection basin. From the magnified 

lower parts in Figure 11, it can be concluded that the maximum deflection increases when the 

increasing number of load cycles causes damage to the pavement, which agrees with the 

common understanding. Furthermore, the change of the lag distance is obvious from Stage 1 to 

Stage 3. This is because the viscous response of pavement materials is enhanced, which is 

attributed to the growing cracks and voids in the pavement surface layer, and moisture 

accumulation and plastic deformation in the base course layer. Such changes will have effects on 

material properties of the layers and eventually be reflected in the deflection basins. 
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(a) Moving Load v=80 km/h 

 

 
(b) Moving Load v=64 km/h 

Figure 11. Deflection Basins of Pavement at Different Deterioration Stages under Moving 
Loads 

 
Figures 10(e), 10(f), 10(g) and 11 show that the deflection basins of the pavement model 

in different deterioration conditions and under different moving speeds. The results illustrate that 

the deterioration condition of the pavements affects the deflection basin in terms of its 

asymmetry and maximum deflection, which are also sensitive to the speed of the moving load. 

Therefore, it is natural to consider the possibility of visualizing the deterioration condition of a 

pavement directly from its deflection basin under a moving load. The lag angle defined in 

Equation 2 represents the characteristics of both the deflection basins (length and lag distance) 

and moving loads (speed). The relationship between the pavement lag angle and the material 

phase angle is studied herein. Figure 12 shows the correlations between the lag angles calculated 
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from the deflection basins and phase angles of both the surface layer and asphalt-treated base 

course. The results provide evidence for a potential relationship between the newly defined lag 

angle and the viscoelastic properties of pavement materials. 

 
(a) Surface Layer 

 

 
(b) Base Course 

Figure 12. Relationship between Lag Angle and Phase Angle of Pavement Materials 

 

4.4 Comparisons with field measurements 

The purpose of this section is to compare the predicted deflection basin by the 3D FE model 

proposed above with those simulated and/or measured by other researchers. Recently, a project 
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was conducted to simulate pavements under moving loads and compare numerical results with 

data measured from field tests with Traffic Speed Deflection Devices RWD and TSD to measure 

the deflection and the deflection velocity of pavements respectively (33, 34). As the RWD 

measures the deflection of a pavement, the TSD applies the Doppler technique to measure the 

vertical deflection velocity. The slope of the deflection basin is the ratio of the deflection 

velocity to the moving velocity (35). Based on the simulation results and field measurements 

from this project, a comparative study is performed. A new 3D pavement model is constructed 

following the method presented in the third section above. The pavement model has the same 

structure and material properties (33, 34) as those in the project using the RWD and TSD. The 

viscoelastic material properties of the surface layer were measured from the laboratory tests; the 

elastic properties of the base and subgrade are obtained from the FWD measurements. 

Furthermore, the material properties such as the inertial damping and density which are not 

available in the literature are considered in the 3D pavement model and taken typical values. 

Figure 13 shows the results of the comparison. The FE data are provided by the 3D 

pavement model considering material viscoelasticity and structural inertial damping. The 

asymmetry of the deflection basin can be seen clearly and the lag distance occurs between 

locations of the loading center and the maximum deflection from Figure 13. The two discrete 

data points in Figure 13(a) are measured by the RWD, and six discrete data points of the 

deflection slope in Figure 13(b) are measured by the TSD. Considering the variability in the field 

measurements by the RWD and TSD, the match between the FE simulation results and field data 

is good. 

 
(a) RWD Data 
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(b) TSD Data 

Figure 13. Comparison of the 3D FE Model Results and Field Data 

 

5 Conclusions and Future Work 

This paper presents the results of simulating the deflection basins of pavements under moving 

loads using the finite element analysis. The 3D FE pavement model is constructed and analyzed 

with different material properties and moving speeds. The major contributions of this paper are 

summarized as follows: 

• The 3D FE analysis reveals that the deflection basin of a pavement exhibits an 

asymmetric shape under a moving load. It has a steep leading edge and a shallow trailing 

edge along the direction of the moving load.  

• The 3D FE results shows that there is a time lag between the maximum deflection and the 

center of the load for flexible pavements and some rigid pavements. This time lag is 

utilized to define a new term of “lag angle”. 

• The viscoelasticity of the pavement materials and structural inertial damping of the 

pavement structure affect the shape and lag angle of the deflection basin. Both of them 

need to be considered in order to accurately capture the features of the deflection basin 

under moving loads. 
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• The speeds of the moving loads influence the shape and lag angle of the deflection basin 

of pavements. A higher speed results in a higher lag distance between the maximum 

deflection and the loading center in flexible pavements and some rigid pavements. 

• The pavement deterioration conditions affect the shape and lag angle of the deflection 

basin. As the severity of pavement distresses increases, the time lag of the deflection 

basin increases. This is attributed to the increasing loss of viscos dissipated energy due to 

the growing microcracks in the pavement surface layer and the accumulation of moisture 

and plastic deformation in the base course layer. 

• It is found that the lag angle of the deflection basin is closely related to the phase angle of 

the viscoelastic pavement materials. 

• The deflection basin predicted by the 3D FE analysis is compared to the field 

measurements made with the RWD and TSD. The simulation has the same pavement 

structure and laboratory-measured material properties as the real pavement tested by the 

RWD and TSD. Based on the limited RWD and TSD data, the simulation results are 

comparable to the field deflections obtained at high speed. 

It is worth mentioning that the conclusions above are based on the limited simulation for 

28 cases (7 cases x 4 moving speeds) performed in this study. This is mainly due to the 3D FE 

analysis proposed above consumes considerable time and computational efforts. In the future, the 

efficiency of the FE analysis is planned to be enhanced so as to conduct a comprehensive 

parametric and sensitivity analysis for deflection basins of pavements under high-speed moving 

loads. 
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