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Executive summary

This project is being funded under TRF’s Research Programme and contributes to furthering scientific knowledge of the performance and response of engineering structures. Each year large sums of money are spent on maintaining pavement structures to extend their service lives.  In addition, traffic volumes have increased significantly over the last decade, placing a greater burden on the existing road network. Efficient pavement design, reliable pavement condition assessment and design of maintenance requirements are critical to make the most economic and effective use of the road network. An understanding of how engineering structures perform under the various types of load and environmental conditions to which they are subjected is essential for the reliable design and maintenance of all structures. This project addresses the theoretical evaluation of the use of the Falling Weight Deflectometer (FWD) to predict stiffness.

The Falling Weight Deflectometer is a non destructive method to test the pavement strength under a circular plate loading. The principal of the methods is to compute the shape of the pavement surface and use it to back analyse the strength of the pavement layers in terms of stiffness. To get good results the method relies on a good transmission of the stress wave through the pavement layers. The FWD method is based on several assumptions which hinder its performance, these includes:

· The pavement thicknesses are uniform along the road.

· The pavement boundaries are placed at infinity.

· The layers are assumed to have a geometric continuity in the sense that no inherent discontinuities such as cracks, voids or reinforcements are present in the pavement.

· There is a good contact between the ground and loading plate of the FWD; and a uniform pressure is applied to the pavement surface through the plate.

· The pavements layer respond elastically to loading. Recent research at TRL showed that material used to build the road are highly non linear, especially with more modern road pavements with heavy traffic and the global warming.
Research at TRL showed that the theory of predicting pavement strength based on FWD deflection during its service life is not adequate for predicting the actual state of the pavement and how probable to meet the service life for which it was designed.

Advances in computational simulation with high speed and high capacity computers help to provide the capability of modelling with accuracy the response of complex physical model that include discontinuities and highly non linear material behaviour.  
The aim is to provide a better understanding of how the FWD can be used to assess structural condition and hence provide the highway engineer with more reliable guidance. The objectives of the project to carry out this aim are:

· The development of a three-dimensional finite element model to simulate the response of pavement structures to Falling Weight Deflectometer.

· Perform Falling Weight Deflectometer tests on an experimental pavement built in the Pavement Test Facility (PTF) to investigate the effect of pulse duration on deflection history.
· Perform laboratory testing to represent the mechanical response of the Asphalt layers.
· Perform sensitivity analyses in order to investigate the effect of boundaries, the shape of the pulse, and the elastic properties of the asphalt, the granular base and the subgrade.

· Finite element simulation of the impact of the FWD using a 3D model, and comparison of the theoretical results to the experimental results.

The experimental results of the FWD testing gave an insight as to the deflection histories are affected by the duration of the FWD pulse. The deflection histories at geophones 1,2,3,4 and 5 are more sensitive to pulse durations lower than the standard pulse duration of 30ms. FWD pulses with a duration greater than 30ms do not seem to have an effect on deflection history for most of the geophones except for geophone 6 and 7. Nevertheless more experimental results are required in order to ascertain this.

Results of laboratory testing of asphalt specimens under compression at a temperature of 20oC and at different strain rates; showed that the material exhibits a viscous behaviour. The increment of stress reduces with increasing loading rate up to the 1%/s strain rate. However above the 1%/s strain rate, the tendency seems to be an augmentation in the increment of stress.

The laboratory tests were simulated with the finite element method using Elasto-Visco-Plasticity with defined material properties to give a good representation of the observed experimental stress-strain relationships.

The sensitivity analyses using a 2 dimentional finite element mesh showed that:

1. The extent of the mesh boundary has an important effect on the shape of the deflection history for times greater than the duration of the FWD pulse.

2. A decrease in the energy of the FWD pulse results in a decrease in the peak deflection, the peak deflection time is not affected.

3. An increase in the asphalt stiffness results in a noticeable increase in the peak deflection; the peak deflection time is slightly increased.

4. An increase in the stiffness of the granular base results in some increase of the peak deflection time.

5. The stiffness of the subgrade has an important effect on the deflection history. A relatively big variation in the peak deflection is also observed and the peak deflection time is also significantly affected. 

A 3D finite element model was built to simulate physically the interaction of the FWD plate with the pavement surface. The FWD plate was modelled as a rigid disk in contact with the pavement surface. The results of the simulation of the impact of the FWD plate on the pavement surface using four load pulses with different time durations were presented. The ability of the numerical model to predict the experimental results was assessed by examining, the peak deflection time, the peak deflection, and the shape of the deflection history. Qualitatively the numerical model was able to reproduce the expected trends in the variation of the deflection, strain and stress; and gave a visual picture of propagation phenomena observed after the impact of the FWD plate. Quantitatively the numerical model gave the correct level of peak deflection time used to measure the time lag of the deflection histories with respect to the FWD pulses. For all the tests (except the test with the smallest FWD pulse duration), the results of theoretical peak deflection time were in error with the experimental results by a value in the range between 0.0% and 6%. For the test with the smallest time duration the errors between the theoretical and the experimental results for the peak deflection time were in the range between 3.5% and 10.5%. This test gave also the worst results for the peak deflections with errors in the range between 3% and 31%. For the other tests the peak deflection errors were similar.

Nevertheless this assessment of the numerical model overall gave reasonable results, bearing in mind the experimental errors in defining the mechanical and physical properties of the pavement layers, the simplification in the modelling of the FWD plate as a rigid body, and the speed and memory restriction in the hardware used for the numerical simulations.

1 Introduction

The research described in this report deals with the development and validation of a finite element model in order to simulate pavement response when subject to a Falling Weight Deflectometer (FWD). The simulations reported in this report are performed on the platform ABAQUS (2004) which is a general finite element package used for a wide range of industrial applications.

This research is presented in the following sections of this report:

· Section 2 deals with the analysis of experimental data. It gives a description of the measurements made with the FWD and the laboratory tests performed on asphalt specimens from the same site where the FWD measurements were taken.
· Section 3 deals with the finite element simulations. This includes the simulation of the uniaxial compression tests and a comparison of the numerical responses to experimental results. Also included is a section describing the sensitivity analyses where it is investigated how different modelling parameters affect the predicted deflection history. The section finishes with the 3D simulation of the FWD measurements and a discussion of the numerical results.
· Section 4 describes the need for further validation of the model and sensitivity testing.
· Section 5 includes the conclusions
2 Experimental Data

2.1 Description of the pavement structure

The measurements mad with the FWD were performed on a pavement structure built in the Pavement Test Facility at TRL. The pavement structure was laid in a concrete caisson with a 10m width and 2.99m depth, see Figure 1. The pavement structure consists of 5 layers; the first layer is the subgrade with a depth of 2299mm, the second is a 400mm thick granular subbase, and the remaining layers are made of asphalt that include a 30mm thick wearing course, 60mm thick binder course and 210mm thick base course.

[image: image72.bmp]
Figure 1: Pavement structure for the Falling Weight Deflectometer testing

2.2 Falling Weight Deflectometer experiment

FWD measurements have been performed on a pavement structure in order to investigate the effect of load pulse duration on the pavement deflection response. Figure 2 shows the load pressures applied to the pavement surface for four tests performed at different time durations. Table 1 depicts the characteristics of the FWD pulses for the four tests. The second column in Table 1 gives the peak load time (.i.e. time from start of pulse to peak of pulse), and the third column gives the duration of the pulse in milliseconds. The values corresponding to the peak deflection time and the duration of the pulse are calculated relative to the initial time defined as the intersection of a regression line with the time axis of the data corresponding to deflections between 8 kPa and the 5% of the maximum load pressure. The rise time to the peak load is the smallest for Test 4, and is the highest for Test 3. The peak load is given in column 4 of Table 1 and is defined in this study as the maximum value attained by the FWD pulse.
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Figure 2: Variation of measured FWD plate pressure with pulse duration

Table 1: Characteristics of the FWD pulses shown in Figure 2
	Test
	Peak load time (ms)
	Duration of the pulse (ms)
	Peak load (KPa)

	1
	12.1
	31.1
	741

	2
	13.6
	36.7
	698

	3
	19.8
	46.1
	716

	4
	5.6
	21.9
	814


Figure 3 shows the pavement deflection responses under the centre of the FWD plate at geophone 1. The figure depicts the deflection history responses to the four pulses shown in Figure 2. The main observation is that the peak deflections for the four tests occurred at different time lags. Test 4 resulted in the smallest peak deflection, although its peak load is the highest; this illustrated the non linear response of the pavement structures. Also observed is the fact that for all the tests the pavement surface experienced a rebound phenomenon after the deflections reduced to zero (see the negative part of the curves in Figure 3). This will be addressed further in the section describing the modelling of the Falling Weight Deflectometer experiment.
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Figure 3: Effect of pulse duration on the measured deflection response under the centre of the FWD plate

Figure 4 depicts the variation of the peak deflection time at each geophone for the four tests. The peak deflection time is calculated relative to the initial time defined as the intersection of a regression line with the time axis of the data corresponding to deflections between 0.2 ( and 0.8(. It is observed that Test 4 with the smallest pulse duration gave the smallest peak deflection time, whereas the pulse with the highest time duration gave the highest peak deflection time. The magnitudes of the peak deflection times corresponding to Test 1 and Test 2 are in the same range. Observe that the trend in the variation of the peak deflection is nonlinear.
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Figure 4: Variation of the peak deflection time for the pressure pulses shown in Figure 2
Let us investigate further the peak deflections of the experimental deflection histories presented in Appendix A. Table 2 depicts the deviation in percent of the peak deflections corresponding to Test 2, Test 3 and Test 4 relative to Test 1. Test 1 is the equivalent of a standard FWD test defined in DMRB HD29 defined as a load pulse applied through 300m diameter plate and has duration of 30ms. The peak deflection was corrected linearly to a standard pressure of 700kPa in order to isolate only the effect of the pulse duration. Test 3 gave the lowest absolute deviations at geophones 1, 2, 3, 4, and 5 with a maximum deviation of 1.21% for geophone 4 and a minimum deviation of 0.09% for geophone 5. However Test 4 gave the highest deviations at geophone 1, 2, 3, 4 and 5 with a maximum deviation of 16.8% at geophone 3 and a minimum deviation of 12.3% at geophone 6. These results suggest that the peak deflections at geophone 1, 2, 3, 4, and 5 are more sensitive to pulse durations lower than the standard pulse duration of 30ms. 
The examination of the peak deflection values for geophone 6 and geophone 7 for all the tests, showed that they are more sensitive to pulse durations greater that the standard pulse duration of 30ms within the experimental error in the deflection values of ±2%. Nevertheless more experimental results are required in order to ascertain this.

Table 2: Relative peak deflections in percent calculated with respect to Test 1
	
	Relative peak deflection (%)

	
	Test 1
	Test 2
	Test 3
	Test 4

	d1
	0.00
	2.85
	0.58
	-16.1

	d2
	0.00
	3.07
	-0.09
	-15.3

	d3
	0.00
	2.41
	-0.44
	-16.8

	d4
	0.00
	1.78
	1.21
	-12.3

	d5
	0.00
	0.05
	0.70
	-16.1

	d6
	0.00
	0.13
	-7.46
	-8.5

	d7
	0.00
	2.51
	-6.55
	3.7


2.3 Laboratory testing of asphalt materials

The TRL Uniaxial loading apparatus shown in Figure 5 was used to perform laboratory testing of prismatic specimens taken from the FWD test site with dimension of 50mm(50mm×150mm.  The specimens are placed in a temperature-controlled enclosure at 20oC, and tested under compression at different rates of loadings. All the tests were performed under strain control.

Preliminary calculations were performed in order to determine the strain rates for testing the asphalt specimens. This strain rate should reflect the loading rate in the pavement structure subjected to a Falling Weight Deflectometer. It should be noted that the rate of loading in the pavement structure may be affected by:

· The duration time of the pulse load and the magnitude of the peak load of the pulse.

· The location of the element in the structure, for example the strain rate in an element near the pavement surface is different from the strain rate in an element located at some depth below the pavement surface. 

The calculated strain rates are in the range between the highest rate of ((((t=5%/s, and the smallest rate of ((((t=0.3%/s.

[image: image73.bmp]
Figure 5: Uniaxial loading apparatus

Three sets of specimens were tested under compression. The first set of specimens were obtained from the Binder layer, the second set of specimens were obtained from the Upper Base layer, and the third set of specimens were obtained from the Lower Base layer. Some of the the experimental results are plotted, in Figure 6, as stress against strain. The curves presented in Figure 6 represent the mechanical response of the asphalt material in the Upper Base for different loading rates. The remaining experimental results are given in appendix B. Each of the experimental curves was obtained by averaging two sets of data obtained from two locations in the pavement structure corresponding to the locations where FWD plate impacted the pavement.
The experimental results show that the mechanical response of the asphalt material is very much affected by the material viscosity. The effect of the material viscosity on the stress-strain response reduced when the rate of loading increases between 0.3%/s to 1%/s. However, it seems that this is not the case when the rate of loading is between 1%/s and 5%/s. More experimental investigations are required to investigate this behaviour.

The experimental results also show that the initial slope of the stress-strain curve is little affected by the rate of loading.
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Figure 6: Stress-strain relation for the asphalt material in the Upper Base

3 Finite element Analyses

In this section, the results of the finite element analyses are presented. The section starts by simulating the uniaxial compression tests. This then followed by presenting the sensitivity analyses. The section finishes by the simulation of the deflection histories presented in Appendix A, and the assessment of the numerical results.

3.1 Finite element simulation of the uniaxial compression test and verification

In this section the uniaxial compression test is modelled and the numerical responses are compared to experimental results and discussed. The finite element model of the laboratory specimen is built using a single brick element with first order interpolation functions to represent the variation of strain in the specimen. The boundary conditions were applied as shown in Figure 7. The finite element analyses were performed for the four strain rates 5%/s, 1%/s and 0.65%/s and 0.3%/s at a single temperature of 20oC. The theoretical curves shown in Figure 8, Figure 9 and Figure 10 were calculated for the materials forming the binder course, the upper base and the lower base using an Elasto-Viscoplastic model to represent the mechanical response of the material under load. The material properties of the Elasto-Viscoplastic model (The Young’s modulus (E), the yield stress (σy), the viscous parameters (( and m) and the hardening modulus (H)) are defined in Table 3.

Overall the theoretical results compared well with the experimental results. The worst theoretical predictions are for the material forming the binder course at 5%/s strain rate. 


[image: image6.png]



Figure 7: Single Brick element used to model the uniaxial compression tests for calibration.

	Material
	E(MPa)
	σy(MPa)
	m
	(
	H(MPa)
	T(oC)

	Binder
	3745
	3.3e-004
	0.658
	12314
	513
	20

	Upper base
	2507
	3.3e-004
	0.943
	1125
	975
	20

	Lower base
	3215
	3.3e-004
	0.919
	437
	1535
	20


Table 3: Parameters for the Elasto-Viscoplastic representation of the asphalt layers
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Figure 8: Theoretical stress-strain relationships (solid curve) compared to the experimental stress-strain curves (dotted curves) at different rate of loading for the binder course
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Figure 9: Theoretical stress-strain relationships (solid curve) compared to the experimental stress-strain curves (dotted curves) at different rate of loading for the Upper Base
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Figure 10: Theoretical stress-strain relationships (solid curve) compared to the experimental stress-strain curves (dotted curves) at different rate of loading for the Lower Base

3.2 Falling Weight Deflectometer Analyses

3.2.1 Two dimensional FWD modelling

The finite element used to perform the calculation is shown in Figure 11, it represents the discretised form of the physical model described in section 2.1. The mesh is built using axisymmetric elements. Movements are restricted in all directions at the bottom of the mesh, and in the horizontal direction at the left hand side and the right hand side boundaries to represent restraints of the medium surrounding the concrete caisson. The Falling Weight Deflectometer pulse load is applied spatially as a uniform pressure of 700kPa. For all the analyses, unless otherwise indicated, the pressure has been modelled as a sinusoidal distribution starting and finishing at zero with time duration of 30ms.
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Figure 11: The two dimensional model of the PTF pavement used in the sensitivity analysis.

3.2.2 Sensitivity analyses

The aim of this section is to investigate how the deflection history due to the application of the Falling Weight Deflectometer is affected by:

1. The position of the boundaries with respect to the loading area.

2. The effect of the pulse shape on the form of the deflection history.

3. The effect of the mechanical properties of the asphalt material.

4. The effect of the mechanical properties of the granular base and the subgrade.

3.2.2.1 Effect of boundaries

The positions of the left hand side boundary and right hand side boundary were adjusted in order to investigate the effect on the deflection history and consequently how the propagation of the impact wave is affected. For this purpose, calculations were performed for the case where the centre of the plate is at a distance of 12.5m from the boundaries, and the case where the centre of the plate is at 3m from the boundaries.
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Figure 12: Effect of boundary on the vertical deflection-time response of the pavement at the centre of the plate

The results of modelling the deflection history of the pavement at geophone 1 are shown in Figure 12. The deflection peak at time 0.016s increased by 8% for the case with a boundary at 3m.  The rebound of the pavement surface occurred approximately at time 0.04s; the case with a boundary at 3m resulted in a an increase of the rebound by 38%. 

Figure 13 and Figure 14 show the development of the displacement fields between times 0.016s and 0.04s for the model with a boundary at 12.5m. The propagation of the wave during the application of the load pulse is reflected by material movement which resulted in a moving vortex delimiting regions where depression has occurred and region where heave has occurred. The occurrence of the vortex increases the tendency of the material to move in the horizontal direction, particularly in the outer regions far from the centre of the vortex; thus vertical movements are reduced, and this results in an increased rebound prediction as observed in Figure 12.
Figure 15 and Figure 16 show the development of the displacement fields between times 0.018s and 0.041s for the model with a boundary at 3m. The presence of a boundary at a small distance from the loaded region, hampers the development of material vortices, see Figure 16, therefore the material movements are mainly upwards.
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Figure 13: Displacement field resulting from the application of an FWD sinusoidal pulse to 12.6m long pavement structure at t=0.016seconds
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Figure 14: Displacement field resulting from the application of an FWD sinusoidal pulse to 12.6m long pavement structure at t=0.04seconds
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Figure 15: Displacement field resulting from the application of an FWD sinusoidal pulse to 3m long pavement structure at t=0.018seconds
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Figure 16: Displacement field resulting from the application of an FWD sinusoidal pulse to 3m long pavement structure at t=0.041seconds

3.2.2.2 Effect of pulse shape

This element of the study has investigated the effect of various representations of the loading pulse on the deflection response of the pavement using the model of the FWD described earlier in this section. Three different pulse shapes all with the same time to peak load of 15ms and of the same total duration of 30ms, depicted in Figure 17, were generated from a half sine wave to represent the temporal load distribution applied to the pavement structure shown in Figure 11. The maximum applied load pressure is 700kPa. The results of the analyses in terms of deflection history at geophone 1 are shown in Figure 18. The shape of the pulse affects the deflection history. The shape of the deflection histories are consistent with the corresponding pulse shape, however there is a slight change in the peak deflection for the different pulses. The peak deflection decreased by 3.3% for pulse 1 (the pink curve in Figure 17) and 8.8% for pulse 2 (the green curve in Figure 17). This decrease in the peak deflection is the result of a lower energy of the narrower pulse, Figure 19 shows the calculated energy input resulting from the application of the loading pulses depicted in Figure 17.
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Figure 17: Normalised pulse shapes used in the Finite Element analyses
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Figure 18: Effect of FWD pulse on the vertical deflection under the centre of the plate
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Figure 19: Energy input resulting form the application of the different pulses

3.2.2.3 Effect of asphalt’s Young Modulus

This element of the study investigated the effect of varying values of asphalt stiffness on the pavement deflection response. The Young’s modulus of the binder course was varied in order to investigate the deflection history at a surface point on the pavement just under the centre of the plate. The analyses were performed for three values of the Young’s modulus E=3735MPa, 7490MPa and 14980MPa. The results are depicted in Figure 20, which shows not surprisingly that the deflection history particularly the peak deflection is very much affected by the Young’s Modulus of the asphalt layer. The deflection decreased by 31% when the asphalt stiffness increased from 3735MPa to 7490MPa, and it decreased by 53% when the asphalt stiffness increased from 3735MPa to 14980MPa.
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Figure 20: Effect of asphalt stiffness on the deflection under the centre of the plate

Figure 21 shows that the rate of decrease in the deflection magnitudes reduces with increasing asphalt stiffness. However, it is also observed that the peak deflection time is only slightly affected by the stiffness variation of the asphalt.
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Figure 21: Variation of peak deflection and peak deflection time with binder course stiffness

3.2.2.4 Effect of Young’s Modulus of subbase and subgrade

In this section the effect of the variation in the Young’s modulus for the granular subbase and the clay subgrade on the deflection history of a surface point just under the centre of the FWD plate is studied.

The results of the analyses where the stiffness of the granular base is varied from 200MPa to 800MPa are depicted in Figure 22, and the results of the analyses where the stiffness of the subgrade is varied from 100MPa to 400MPa are depicted in Figure 23. The same proportional changes in the stiffness had the more effect on the magnitude an the time of the peak deflection for variations in the subgrade stiffness values than those for the subbase layer.
The increase of the granular base stiffness from 200MPa to 400MPa resulted in a decrease in the peak deflection by 12%, and the increase of the stiffness from 400MPa to 800MPa resulted in a further decrease in the peak deflection by 22%.

The increase of the subgrade stiffness from 100MPa to 200MPa resulted in a decrease in the peak deflection by 25%, and the increase of the stiffness from 200MPa to 400MPa results in a decrease in the peak deflection by 46%.
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Figure 22: Effect of granular base stiffness on the deflection under the centre of the plate

Figure 24 shows the variation of the peak deflection and the peak deflection time with subgrade stiffness. It shows that the variation of the peak deflection with subgrade stiffness may be nonlinear. It also shows that the variation of the peak deflection time is relatively linear over the range examined, and decreases noticeably with the increase of the subgrade stiffness. 
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Figure 23: Effect of subgrade stiffness on the deflection under the centre of the plate
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Figure 24: Variation of peak deflection and peak deflection time with subgrade stiffness

In conclusion, this sensitivity study showed that:

1. The extent of the mesh boundary has an important effect on the shape of the deflection history in a time frame greater that the duration of the FWD pulse.

2. A decrease in the energy input of the FWD pulse results in a decrease in the peak deflection, the peak deflection time is not affected.

3. An increase in the asphalt stiffness results in a noticeable decrease in the peak deflection; the peak deflection time is slightly increased.

4. An increase in the stiffness of the granular base results in a decrease of the peak deflection and the an increase of peak deflection time.

5. An increase in the stiffness of the subgrade results in a noticeable decrease of the peak deflection and the peak deflection time.

All this suggest that the accurate determination of the material properties for the asphalt layers and the subgrade are important in order to be able to model pavement responses due to a Falling Weight Deflectometer.

3.2.3 Three dimensional modelling of the Falling Weight Deflectometer
In this section a description of the 3D FWD model is presented and the results of the simulations of the pavements response for different load pulse durations are also presented and compared to the FWD measurements taken in the TRL Pavement Test Facility.
3.2.3.1 Mesh characteristics

The PTF pavement has been modelled with 43000 first order brick elements to represent the concrete caisson and the different layers of the pavement structure. The base of the modelled pavement structure is restrained in all directions, whereas the sides of the structure are restrained only in the horizontal direction. The FWD plate is modelled as an 80mm thick rigid disk in contact with a refined meshing of the wearing course, see Figure 25. The FWD pulse loads shown in Figure 2 are applied through a reference node restrained to prevent all rotational movements and all translation movements except the vertical translation of the rigid plate.

The wearing course, the binder course and the base course are modelled as Elasto-Viscoplastic materials. The wearing course is assumed to have the same properties as the binder course; and the base course is modelled as a two layer system the upper base and the lower base with different Elasto-Viscoplastic properties. The elasto-viscoplastic parameters of the asphalt materials are given in Table 3.

[image: image24.png]



Figure 25: The three dimensional model; detail of meshing the neighbourhood of the FWD plate modelled as rigid disk of 80mm thickness

The granular material, the subgrade and the concrete caisson are modelled as elastic materials. The elastic properties and the physical properties of the pavement layers are also given in Table 4.

Table 4: Elastic properties and physical properties for all the pavement layers

	Material
	E(MPa)
	(
	(kg/m3)
	Thickness (mm)

	Wearing course
	3745
	0.35
	2709
	30

	Binder course
	3745
	0.35
	2709
	60

	Upper base
	2507
	0.35
	2709
	105


Table 5 (CONTINUED): Elastic properties and physical properties for all the pavement layers

	Lower base
	3215
	0.35
	2709
	105

	Granular base
	200
	0.45
	2100
	400

	Subgrade
	106
	0.45
	2100
	1690

	Concrete
	30000
	0.30
	2800
	700


3.2.3.2 Simulation and discussion of results

The deformed shape of the pavement structure after the application of the FWD for Test 1 is shown in Figure 26, Figure 27 and Figure 28 at times t=0.01768s, t=0.02684s and t=0.0402s. The figures illustrate the change in the shape of the pavement structure with time. Observe that after the start of the pulse, the depression area increased between times t=0.01768s and t=0.02684s; and it decreased between times t=0.02684s and t=0.0402s illustrating the temporal and the spatial propagation of the wave. As a result consecutive points on the pavement surface being continuously excited and experiencing delayed maximum deflections as the impact wave propagates outwards. The magnitudes of the peak deflections and the time delay depend on the mechanical properties of the different pavement layers as shown in the sensitivity analysis described in section 3.2.
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Figure 26: Deformed shape of the pavement after impact of the FWD plate with the pavement surface at time t=0.01768 s
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Figure 27: Deformed shape of the pavement after impact of the FWD plate with the pavement surface at time t=0.02684 s
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Figure 28: Deformed shape of the pavement after impact of the FWD plate with the pavement surface at time t=0.04020 s

Let us now compare the experimental measurements (EXP)  and the theoretical predictions with the finite element method (FEM) more closely. The results of the simulation of the impact of the FWD plate on the pavement surface using four load pulses with different time durations are presented. The ability of the numerical model to predict the experimental results is assessed by examining:

1. The peak deflection time.

2. The peak deflection, 

3. The shape of the deflection history,

The difference between the simulation results and the experimental results are computed as the relative difference defined as:
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Table 6 gives the numerical calculations of the peak deflection time for the four tests at each geophone location. The experimental results and the percentage of the relative difference are also given. The numerical prediction and the experimental predictions are comparable. Figure 29, depicting the variation of the relative difference for all the tests, shows that overall the predictions for Test 3 are the best; and the predictions for Test 4 are the worst. For example for Test 3, the highest relative difference of 4.3% occurred for geophone d6 and the lowest relative difference of 0.5% occurred for geophone d2. For Test 4 the highest relative difference of 10.5% occurred for geophone d1 and the lowest relative difference of 3.1% occurred for geophone d6.

Table 6: Comparison of the theoretical peak deflection time and the experimental peak deflection time

	Test
	Geophone
	FEM
	EXP
	RD(%)

	1
	d1
	25.7
	26.9
	4.4

	
	d2
	26.8
	27.4
	2.2

	
	d3
	28.0
	27.8
	0.5

	
	d4
	29.1
	28.7
	1.6

	
	d5
	30.3
	29.8
	1.4

	
	d6
	31.4
	30.8
	2.1

	
	d7
	34.8
	34.6
	0.6

	

	2
	d1
	26.8
	28.6
	6.1

	
	d2
	28.0
	29.0
	3.6

	
	d3
	29.1
	29.6
	1.4

	
	d4
	30.3
	30.2
	0.1

	
	d5
	31.4
	31.3
	0.5

	
	d6
	32.6
	32.6
	0.0

	
	d7
	36.0
	36.3
	0.8

	

	3
	d1
	30.8
	31.4
	2.0

	
	d2
	31.7
	31.9
	0.5

	
	d3
	32.6
	32.4
	0.6

	
	d4
	33.6
	33.2
	0.9

	
	d5
	34.6
	34.0
	1.7

	
	d6
	36.9
	35.4
	4.3

	
	d7
	37.5
	38.8
	3.6

	

	4
	d1
	15.8
	17.6
	10.5

	
	d2
	16.9
	18.5
	8.6

	
	d3
	18.0
	19.4
	6.8

	
	d4
	19.2
	20.5
	6.5

	
	d5
	22.6
	21.2
	6.9

	
	d6
	23.7
	23.0
	3.1

	
	d7
	25.7
	26.7
	4
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Figure 29: Percentage of relative difference between simulation and experimental results for the peak deflection time

Table 7 gives the numerical calculations of the peak deflection for the four tests at each geophone location. The experimental results and the percentage of the relative difference calculations are also given. The numerical predictions and the experimental predictions are fairly comparable. Figure 30, depicting the variation of the relative difference for all the tests, shows that overall the predicted deflections are in error with the measured deflections by 22% at geophones d2, d3, d4, d5, d6 and d6. At geophone d1 the error in the predicted deflections for all the tests are in errors with respect to the measured deflections by a value of 9%.
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Figure 30: Percentage of relative difference between simulation and experimental results for the peak deflection

Table 7: Comparison of the theoretical peak deflection and the experimental peak deflection

	Test
	Geophone
	FEM
	EXP
	RD(%)

	1
	d1
	214
	236
	9.3

	
	d2
	164
	211
	22.1

	
	d3
	135
	173
	21.8

	
	d4
	105
	133
	21.2

	
	d5
	77
	100
	23.1

	
	d6
	55
	80
	30.9

	
	d7
	29
	39
	25

	

	2
	d1
	208
	229
	9.2

	
	d2
	158
	205
	22.7

	
	d3
	131
	167
	21.8

	
	d4
	100
	128
	21.6

	
	d5
	73
	94
	22.3

	
	d6
	53
	76
	30.3

	
	d7
	26
	37
	30

	

	3
	d1
	211
	230
	8.2

	
	d2
	161
	204
	20.9

	
	d3
	133
	167
	20.3

	
	d4
	101
	130
	22.3

	
	d5
	73
	98
	25.0

	
	d6
	53
	72
	26.3

	
	d7
	29
	35
	17

	
	

	4
	d1
	198
	218
	9.2

	
	d2
	148
	197
	24.8

	
	d3
	123
	158
	22.5

	
	d4
	95
	128
	25.9

	
	d5
	73
	92
	20.8

	
	d6
	56
	81
	30.9

	
	d7
	32
	44
	27


Table 8 gives the relative peak deflection quantifying the variation of the peak deflection values with respect to values for Test 1. Table 8 gives the same calcultions as those given in Table 2, but using the peak deflection values from the finite element calculations. Observe that the results given in Table 8 concorde qualitatively with the results in Table 2; and that broadly the same trend is observed in the absolute variation of the peak deflection values between the different tests as for the experimental results.

Table 8: Relative peak deflections in percent calculated with respect to Test 1
	
	Relative peak deflection (%)

	
	Test 1
	Test 2
	Test 3
	Test 4

	d1
	0.0
	2.96
	1.73
	-16.0

	d2
	0.0
	2.25
	1.48
	-18.2

	d3
	0.0
	2.34
	1.40
	-17.6

	d4
	0.0
	1.29
	-0.18
	-17.6

	d5
	0.0
	1.03
	-1.79
	-13.5

	d6
	0.0
	0.92
	-1.26
	-8.6

	d7
	0.0
	-4.89
	2.53
	-4.7


Let us know investigate the prediction in terms of the shape of the deflection history. Figure 31 shows a typical deflection history curve plotted using the experimental results(in red); and the predicted curve plotted using results of the finite element calcultions (in blue). The discrepancy between the experimental curve and the predicted curve correponds to a relative error of 21.6% for the peak deflection. The relative error in predicting the peak deflection time is 0.13%. As far the the shape of the curve is concerned, the simulation curve compares very well to the shape of the experimental curve. For the sake of completeness the remaining results for all the Tests 1, 2, 3, and 4 are displayed in Appendix C.
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Figure 31: A typical deflection history at geophone d4 (in red) predicted by the finite element simulation (in blue)

Figure 32 to Figure 36, show the displacement field plotted on the deformed shape of the layers forming the wearing course and the binder course. The figures illustrate the progressive propagation of the wave at different points in time corresponding to points A, B, C, D and E on the theoretical deflection history depicted in Figure 31.

From point A to point B, the area of the depression basin observed in Figure 32 and Figure 33 increased in a continuous manner. At point C an overall depression of the pavement is still observed; note in Figure 34 the direction of the displacement vectors are still downwards but with diminished magnitudes. In Figure 35 a heave of the pavement surface is observed due to more material moving upwards; nevertheless the net effect in the displacement vectors results in a small negative deflection, see Figure 31. Figure 36 shows a clear heave of the pavement surface that is consistent with the negative deflection at location E in Figure 31.

In conclusion the assessment of the numerical results showed that the 3D finite element model is reasonable in predicting the peak deflection time and the shape of the deflection history. However the prediction of the peak deflections was not as good as we would like. 
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Figure 32: Displacement field superposed on the deformed shape of the layer forming the wearing course and the binder course corresponding to location A on the simulated deflection history in Figure 31
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Figure 33: Displacement field superposed on the deformed shape of the layer forming the wearing course and the binder course corresponding to location b on the simulated deflection history in Figure 31
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Figure 34: Displacement field superposed on the deformed shape of the layer forming the wearing course and the binder course corresponding to location c on the simulated deflection history in Figure 31
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Figure 35: Displacement field superposed on the deformed shape of the layer forming the wearing course and the binder course corresponding to location d on the simulated deflection history in Figure 31
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Figure 36: Displacement field superposed on the deformed shape of the layer forming the wearing course and the binder course corresponding to location e on the simulated deflection history in Figure 31
4 Further work

The most important stage of developing a model for a particular situation is the validation.  The success of the work described in this report was limited by the availability of experimental measurements on real pavements with associated measurement of the constituent properties.  To enable further essential validation, more data collection are required on instrumented pavement structures.  In parallel it is recommended that the modelling of the granular models and the foundation material be improved wherever possible to more realistically represent the material’s non-linear behaviour. Following this a start can be made on the sensitivity testing of the model to examine how the Falling Weight Deflectometer (FWD) measurement and interpretation is affected by the various anomalies in the structures which is not normally considered in modelling FWD responses i.e. interface condition and the presence of cracking. Therefore three phases are proposed to continue the FWD research:

· Validation testing on experimental structures.

· Modelling the mechanical response of the foundation.

· Investigate the ability of the FWD to detect anomalies in the pavement structure.

5 Conclusions

Advances in computational simulation with high speed and high capacity computers help to provide the capability of modelling with accuracy the response of complex physical models that include discontinuities and highly non linear material behaviour.  

The aim is to provide a better understanding of how the FWD can be used to assess structural condition and hence provide the highway engineer with more reliable guidance. The objectives of the project to carry out this aim are:

· The development of a three-dimensional finite element model to simulate the response of pavement structures to Falling Weight Deflectometer.

· Perform Falling Weight Deflectometer tests on an experimental pavement built in the Pavement Test Facility (PTF) to investigate the effect of pulse duration on deflection history.

· Perform laboratory testing to represent the mechanical response of the Asphalt layers.

· Perform sensitivity analyses in order to investigate the effect of boundaries, the shape of the pulse, and the elastic properties of the asphalt, the granular base and the subgrade.

· Finite element simulation of the impact of the FWD using a 3D model, and comparison of the theoretical results to the experimental results.

The experimental results of the FWD testing gave an insight as to how the deflection histories are affected by the duration of the FWD pulse. The deflection histories at geophones 1,2,3,4 and 5 are more sensitive to pulse durations lower than the standard pulse duration of 30ms. FWD pulses with a duration greater than 30ms do not seem to have an effect on deflection history for most of the geophones except for geophone 6 and 7. Nevertheless more experimental results are required in order to ascertain this.

Results of laboratory testing of asphalt specimens under compression at a temperature of 20oC and at different strain rates; showed that the material exhibits a viscous behaviour. The increment of stress reduces with increasing loading rate up to the 1%/s strain rate. However above the 1%/s strain rate, the tendency seems to be an augmentation in the increment of stress.

The laboratory tests were simulated with the finite element method using Elasto-Visco-Plasticity with defined material properties to give a good representation of the observed experimental stress-strain relationships.

The sensitivity analyses using a 2 dimentional finite element mesh showed that:

· The extent of the mesh boundary has an important effect on the shape of the deflection history for times greater than the duration of the FWD pulse.

· A decrease in the energy of the FWD pulse results in a decrease in the peak deflection, the peak deflection time is not affected.

· An increase in the asphalt stiffness results in a noticeable increase in the peak deflection; the peak deflection time is slightly increased.

· An increase in the stiffness of the granular base results in some increase of the peak deflection time.

· The stiffness of the subgrade has an important effect on the deflection history. A relatively big variation in the peak deflection is also observed, and the peak deflection time is also significantly affected. 

A 3D finite element model was built to simulate physically the interaction of the FWD plate with the pavement surface. The FWD plate was modelled as a rigid disk in contact with the pavement surface. The results of the simulation of the impact of the FWD plate on the pavement surface using four load pulses with different time durations were presented. The ability of the numerical model to predict the experimental results was assessed by examining, the peak deflection time, the peak deflection, and the shape of the deflection history. Qualitatively the numerical model was able to reproduce the expected trends in the variation of the deflection, strain and stress; and gave a visual picture of propagation phenomena observed after the impact of the FWD plate. Quantitatively the numerical model gave the correct level of peak deflection time used to measure the time lag of the deflection histories with respect to the FWD pulses. For all the tests (except the test with the smallest FWD pulse duration), the results of theoretical peak deflection time were in error with the experimental results by a value in the range between of 0.0% and 6%. For the test with the smallest time duration the errors between the theoretical and the experimental results for the peak deflection time were in the range between of 3.5% and 10.5%. This test gave also the worst results for the peak deflections with errors in the range between of 3% and 31%. For the other tests the peak deflection errors were similar.

Nevertheless this assessment of the numerical model overall gave reasonable results, bearing in mind the experimental errors in defining the mechanical and physical properties of the pavement layers, the simplification in the modelling of the FWD plate as a rigid body, and the speed and memory restriction in the hardware used for the numerical simulations.
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Appendix A. FWD Deflection results

In the Figure below the deflection are given in m=10-6m. The load pulse duration is measured as
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Figure A. 1: Deflection response for a load pulse of 0.0032s duration
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Figure A. 2: Deflection response for a load pulse of 0.0045s duration
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Figure A. 3: Deflection response for a load pulse of 0.0049s duration
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Figure A. 4: Deflection response for a load pulse of 0.0021s duration

Appendix B. Stress-strain relationships for the asphalt layers
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Figure B. 1: Stress-strain relation for the asphalt material in the Binder course
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Figure B. 2: Stress-strain relation for the asphalt material in the Upper Base
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Figure B. 3: Stress-strain relation for the asphalt material in the Lower Base

Appendix C. Deflection prediction using the 3D model

Appendix C. Test 1
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Appendix C. Test 2

[image: image52.wmf]-100

-50

0

50

100

150

200

250

0

20

40

60

80

Time (ms)

Deflection 

FEM_d1

Test 2_d1

 


[image: image53.wmf]-100

-50

0

50

100

150

200

250

0

20

40

60

80

Time (ms)

Deflection 

FEM_d2

Test 2_d2

 


[image: image54.wmf]-100

-50

0

50

100

150

200

0

20

40

60

80

Time (ms)

Deflection 

FEM_d3

Test 2_d3

 


[image: image55.wmf]-100

-50

0

50

100

150

0

20

40

60

80

Time (ms)

Deflection 

FEM_d4

Test 2_d4

 


[image: image56.wmf]-60

-40

-20

0

20

40

60

80

100

120

0

20

40

60

80

Time (ms)

Deflection 

FEM_d5

Test 2_d5

 


[image: image57.wmf]-60

-40

-20

0

20

40

60

80

100

0

20

40

60

80

Time (ms)

Deflection 

FEM_d6

Test 2_d6

 


[image: image58.emf]-40

-30

-20

-10

0

10

20

30

40

50

0 20 40 60 80

Time (ms)

Deflection 

FEM_d7

Exp_d7

 


Appendix C. Test 3
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Appendix C. Test 4
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