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EXECUTIVE SUMMARY

Introduction

Over the past decade, multi-layer linear elastic computer programs have become accepted as a
key component of routine mechanistic pavement design methods. Multi-layer elastic programs
offer a fast and convenient way of estimating the stresses and strains generated in pavement
systems under typical wheel loads. In recent years, however, research and experience have
indicated that the use of multi-layer elastic theory may not be appropriate in some design
situations. In particular, there are some doubts as to the applicability of multi-layer elastic theory
to take account of dynamic effects, non-uniform tyre pressure distributions, viscoelastic effects
etc.

This study was therefore undertaken to systematically evaluate the suitability of conventional
layered elastic theory (LET) programs for estimating the stress and strain responses in asphalt
layers. The general approach followed was to investigate several effects which cannot be
adequately accounted for in conventional layered elastic models. More complex response models,
in which these effects could be included, were also used to evaluate responses in the asphalt
layer. These responses were then compared with those which had been calculated with the
simplified layered elastic model. Specific effects investigated in the study were:

i) Effects of dynamic loading;

ii) Effects of non-uniform tyre pressures;

ii) Horizontal shear force effects;

iv) Effects of non-uniform support systems;

v) Effects of temperature and stiffness gradients in asphalt layers, and
vi) Viscoelastic effects.

It should be noted that the results of this study cannot be viewed as a comprehensive analysis of
all the above effects. Flexible pavement behaviour is often non-linear, and the relative importance
of certain effects is therefore bound to vary for different values of input parameters such as
stiffness, vehicle speed, layer thickness etc. Within the constraints of this project, only a limited
set of structure types and input variables could be studied. However, it is believed that the input
variables and pavement structures that were analysed are representative of many of the most
frequently occurring situations in South Africa. The conclusions that follow are therefore regarded
as valid for many pavement design situations and provide a meaningful indication of effects that
can be considered as vital for an accurate representation of asphalt layer response.

Conclusions for Selected Effects

Dynamic Effects (influence of vehicle speed)
Analysis of dynamic effects led to the following conclusions:

Fatigue-related issues:

Static response models such as conventional layered elastic models overestimate the tensile
strains in the asphalt layer by 50 per cent or more. This was found to be the case for both
pavement structures and for both of the simulated vehicle speeds (20 and 80 km/h). The modelled
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effects of dynamic loading on tensile strains at the bottom of the asphalt layers generally agree
with published results and field measurements. The analysis results therefore suggest that the
more approximate LET model will grossly overestimate the tensile strains of asphalt layers and
will therefore also tend to underestimate the fatigue life of asphalt layers if that fatigue life estimate
is based on an absolute estimate of tensile strains. The very low strains estimated by the dynamic
finite element model also suggest that the mechanism which causes fatigue cracking may not be
properly understood at present.

Rutting-related issues:

In the case of the rutting parameter (octahedral shear stress), large differences between static and
dynamic model results were noted. The effects of dynamic loading on octahedral shear stresses
are not as clear as those for tensile strains. In general, the dynamic response model predicts
higher vertical stresses and lower horizontal stresses than the static model. The relative
differences between the results from the static and dynamic models depend on the evaluation
position. In all cases the maximum octahedral shear stress was predicted by the static LET model.
This result was generally higher than the corresponding value predicted by the dynamic model.
The analysis results thus suggest that static models will tend to overestimate the rutting potential
of asphalt mixes for pavement sections on which vehicle speeds are likely to exceed 20 kmm/h.

It should be noted that only the effects of dynamic loading on the induced stresses and strains
were investigated in the analysis of dynamic effects. Dynamic effects are also likely to play a role
in determining the resistance of asphalt mixes to fatigue and rutting at a specified applied stress
state. This is especially relevant in the case of rutting, where the rate of loading not only affects
the applied stress, but also affects the amount of flow induced in the asphalt mix.

Non-uniform Tyre Pressure Distributions
Analysis of non-uniform tyre pressure distributions prompted the following conclusions:

Fatigue implications: ~ The results indicate that, for thin asphalt surfacings on granular support
layers, non-uniform contact stress distributions can have a significant
effect on the maximum horizontal tensile strains. Conventional LET
models in which a uniform, circular contact stress is assumed can
underestimate the maximum horizontal tensile strain in the asphalt
surfacing (differences of 100 per cent and larger were observed). The
effects of contact pressure shape and distribution on horizontal tensile
strains diminish with depth. Consequently the effects of non-uniform tyre
pressure distributions are not as great for asphalt bases as for thin
asphalt surfacings (differences were less than 10 per cent).

Implications for rutting: As expected, the analysis indicated that non-uniform contact stress
distributions led to higher octahedral shear stresses than those
calculated with conventional layered elastic models. The layered elastic
model with a uniform circular contact stress generally underestimated
the maximum octahedral shear stress in the asphalt layer by more than
20 per cent. This difference is caused partly by the shape of the load
contact area, which is rectangular rather than circular.

It should be noted that the load and tyre pressure combination on which the analysis of non-
uniform tyre pressures was based led to a somewhat extreme variation in contact stresses. The
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effects of non-uniform tyre pressures are thus likely to decrease under smaller wheel loads and
at tyre pressures that conform to manufacturers' specifications. Despite this observation, the
results indicate that neglect to take account of the shape of the load contact area as well as of
non-uniform tyre pressures can lead to underestimation of the rutting and fatigue potential of
asphalt layers. Differences between the results obtained with different models suggest that non-
uniform tyre pressure effects should be included in design calculations, or at the very least, that
they warrant further investigation.

Horizontal Shear Force Effects

Analysis of the horizontal shear force effects indicates that horizontal shear forces such as those
induced by heavy vehicles moving on steep inclines do not significantly affect the response
parameters that are related to fatigue and rutting. Differences between results of models in which
shear force effects were simulated and those in which zero horizontal shear was assumed were
generally below 10 per cent. These differences are not viewed as significant if they are considered
relative to random errors which may occur because of variations in support conditions, material
properties efc. It should, however, be noted that, as far as rutting potential is concerned, this
conclusion applies only to the stress state induced in the asphalt layer. The duration of loading,
which is greater for slow moving traffic on inclines than for fast moving traffic on level surfaces,
is bound to lead to an increased flow of the binder and may therefore lead to a greater potential
for rutting.

Effects of Non-uniform Support Layers

Analysis of the effects of non-uniform support layers indicates that the presence of a non-uniform
support layer does not have a significant effect on the critical stress and strain parameters
calculated in the asphalt surface. The results suggest that the simplified LET model, which does
not take into account the change in support stiffness with increasing depth and increased offset
from the load, can provide a reasonably accurate estimate (i.e. within 5 per cent of the more
rigorous FE solution) of the most critical stress and strain parameters, provided that the support
stiffness is representative of the average stiffness of the support layer under the loaded area.

The results indicate that, in routine pavement evaluation situations, reasonably large differences
(generally in the order of 20 per cent) between the simplified LET model and the more
representative finite element (FE) model can occur because of the simplifications in the
backcalculation model. If the stiffness of the base varies significantly with depth, the
backcalculated stiffness is likely to be lower than the average base stiffness. This means that
stiffness of the immediate support (i.e. the upper base) is under-estimated, resulting in over-
estimation of the tensile strains and shear stresses at the bottom of the asphalt surfacing. The
practical implications of this may be a gross over-estimation of the fatigue crack potential and
rutting potential of thin asphalt layers.

Effects of Temperature and Stiffness Gradients in Asphalt Layers

Analysis of the temperature gradient effects indicates that temperature variations with depth in
asphalt layers do not have a significant effect on calculated stresses and strains, provided that the
average temperature in the asphalt layer is representative of field conditions. Differences between
stresses and strains obtained with the FE model (with subdivided asphalt layer) and those
obtained with the layered elastic model (with undivided asphalt layer) are generally below 5 per
cent for thin asphalt surfacings. For thick asphalt bases, however, somewhat larger differences
were noted.
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In general, it can be concluded from the analysis results that variations in temperature and
stiffness with depth do not lead to large modelling errors. However, total neglect to take account
of the fluctuation of asphalt stiffness with temperature can lead to large errors for some
performance parameters. If, for example, an average asphalt stiffness obtained at 25 °C is used
to represent the asphalt response for summer afternoon temperatures (when asphalt
temperatures may reach 50°C or higher), differences in excess of 50 per cent may occur. In
effect, this suggests that asphalt stiffness is an important input parameter and emphasises the
importance of obtaining a measurement of asphalt stiffness over a range of temperatures. Most
current design methods use only a single stiffness value to represent asphalt response over all
seasons and temperatures. The findings of this analysis indicate that this may not be sufficient
and that a cumulative damage approach in which the damage is estimated and added for different
seasons may have to be considered.

Viscoelastic Effects

The overall conclusion drawn from the analysis is that viscoelastic effects are not critical for
vehicle speeds of more than 20 km/h. It should be emphasized, however, that this analysis was
based on only one set of assumed material parameters. Although this set of parameters is
deemed to be fairly representative of material response as measured in the time domain,
viscoelastic effects may become more significant for materials that exhibit a higher permanent
deformation and delayed elastic response components, and also for vehicles moving at speeds
of less than 20 km/h. However, in the context of the overall study reported here, and when
considered relative to the effects of dynamics, non-uniform tyre pressures and random variations
in stiffness, layer thickness etc., viscoelastic effects do not seem to be critical in the accurate
determination of key response parameters in asphalt pavements.

Further Conclusions and Discussion

It was noted earlier that the analyses presented in this report were subject to limited sets of input
parameters and pavement situations. In view of this, some of the conclusions noted above for
certain effects can be disputed. A more rigorous and expensive study, coupled with field and
laboratory measurements, may indicate that some of the effects may be more or less important
than indicated by this brief study.

However, one observation that cannot be disputed is that conventional layered elastic theory
cannot provide an accurate estimate of stresses and strains in asphalt layers in situations that
involve moving traffic (with speeds greater than 20 km/h) over support systems of uncertain
stiffness in which wheel loads and contact pressure distributions are not known,

Since serious consideration of the above statement is likely to have a profound influence on the
manner in which asphalt pavements are designed, some qualification should perhaps be made
of what is meant by “an accurate estimate of stresses and strains”. Practitioners who are charged
with the design of asphalt pavement frequently defend the use of layered elastic models by stating
that the models are accurate enough, given the coarse and robust nature of pavement material
behaviour. To evaluate this statement, consider a design situation in which the objective is to
design a thin asphalt layer for an A-category road. Assume that the pavement design is as defined
in Table 2.1 on page 2.2. If the design in terms of fatigue life is to be based on tensile strain at the
bottom of the asphalt layer, the following results will be obtained for different modelling and actual
scenarios:
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1. Multi-layer Elastic Theory Model (current routine desian)
Approximate maximum tensile strain: 250 microstrain (see Table 2.3 on page 2-3)
Approximate Expected Fatigue Life: 250,000 repetitions

2. Three-Dimensional Dynamic Finite Element Model, Vehicle Speed 20 km/h
Approximate maximum tensile strain; 110 microstrain (see Table 2.3 on page 2-3)
Expected Fatigue Life: 18 million repetitions

3. Three-Dimensional Dynamic Finite Element Model, Vehicle Speed 80 km/h
Approximate maximum tensile strain; 90 microstrain (see Table 2.3 on page 2-3)
Expected Fatigue Life: 50 million repetitions

The expected fatigue life calculations are based on the transfer functions used in the South
African mechanistic design method and include a shift factor of 2 to account for crack
propagation'®. Several observations follow from, or can be added to, this example:

i) Differences between predictions made by the models are significant, even when
considered in terms of pavement design classes. The three scenarios effectively lead to
three different pavement design classes.

ii) None of the three design calculations really conforms to the expected life for a thin
asphalt surfacing on a proper granular support under typical South African environmental
conditions.

iiii) Any of the three design calculations will be invalid if the fatigue resistance characteristics
of the design mix differ significantly from the “generic” transfer function used for the
design calculations. This implies that the pavement design function ma y to a large extent
be governed or even overridden by the mix design function.

A statement that is often made in defence of the use of multi-layer elastic theory, is that it offers
a convenient way of comparing the expected performance of different pavement designs. It is also
frequently asserted that the current use of multi-layer elastic programs for the design of asphalt
layers has been calibrated with field experience. However, these statements prompt the following
guestions:

i) I the only valid use of muiti-layer elastic theory is to compare different designs with one
another, and if the approach requires a large element of field calibration, why is such a
complex approach chosen in which there is uncertainty regarding many of the variables
that may in fact reverse the outcome of the comparison?

ii) Does this use of the multi-layer elastic method, coupled with the findings of this study, not
indicate that the method merely provides an erroneous quantification of pavement design
principles which are already established and which have been verified through
accelerated testing (examples of such principles include: the importance of pavement
balance, importance of support stiffness to asphalt layer performance, etc.)?

iii) Is a simpler, more robust approach, such as the use of the method of equivalent
thicknesses'®, which can be performed on a hand-held calculator, or the DCP design
method® not more pertinent and cost-effective and even more rational for use in routine
asphalt pavement design situations?

A further issue that should enter this discussion is that, even for the more accurate dynamic
response model, differences in the estimated tensile strains are significant for small changes in

vii



input values (speed being the input value for the example illustrated above). If the estimation of
fatigue life is based on tensile strain, then this also implies a sensitivity of fatigue life estimates to
input values. This sensitivity is likely to be even greater when variations in other parameters such
as layer thickness, material stiffness, load magnitude etc. are considered at the same time. This
means that, for performance models based on tensile strain, the three-dimensional finite element
program will also not provide an accurate estimate of design life unless the vehicle speed, layer
thicknesses, material stiffnesses etc. are known.

While it is conceivable that all of these parameters may be measurable (at considerable cost) at
a specific point in a road, what cannot be avoided is the variation of these parameters over a given
length of road. Thus an accurate prediction of asphalt performance may be possible at a specific
point in a road (if all relevant parameters are known at that point), but will vary from point to point.
A comparison of the fatigue life estimates of scenarios (2) and (3) indicates to what extent such
an estimate will vary. This explains why some parts of an asphalt surfacing may exhibit cracks
after two years while large sections of the same road may remain intact for 12 years or more.

Itis hoped that the above discussion provides enough evidence to allow the following statements
to be made:

i) The current approach to routine design of asphalt pavements using conventional layered
elastic theory models cannot be expected to provide an accurate estimate of absolute
performance of asphalt layers;

i) Conventional layered elastic theory models can be used to provide a qualitative
assessment of pavement behaviour but their use is not necessarily the most cost-
effective or even the most rational way of comparing different design situations. Simpler
design methods, which contain fewer variables which can be determined with greater
reliability and at reduced cost, may be more appropriate;

iii) Precise estimates of asphalt layer responses and performance are not meaningful. In
order to accommodate the full spectrum of possible values that important input
parameters can take on, estimates of pavement life need to be expressed in coarse and
robust terminology. Failure to do so will lead to unrealistic expectations as far as the
pavement design function of asphalt design is concerned.

Recommendations

It should be clear from the above discussion that a new approach to the pavement design function
of asphalt mix design is needed. In essence, there are two possibilities: (i) a more complex and
accurate response model has to be developed for use in routine design situations; or (ii) a robust,
simplified and more rational approach to the pavement design function has to be developed. It is
recommended that a simplified, rational pavement design method be adopted for routine
pavement design situations *'. The reasons for this have been covered to a certain degree in the
preceding section, but can be summarized as follows:

. Complex response models, such as dynamic, non-linear, anisotropic, viscoelastic three-
dimensional finite element programs are only as accurate as their input values. As

"1

The phrase “rational pavement design method” was coined by Mr. Hechter Theyse of
Transportek CSIR, during discussions with one of the authors.
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suggested in the previous discussion, accurate measurement of properties such as
vehicle speed, layer thickness, density, material stiffness, Poisson'’s ratios and damping
characteristics is vital if the model results are to be truly accurate. However, such
measurements are not considered feasible for routine design purposes and may not even
be possible for the design of new pavements. The use of “generic” input values such as
those obtained from literature or published tables is not sufficient, since it is simply not
rational to supply unreliable and inaccurate input data to a very expensive and complex
response model and then claim that the resulting stresses and strains are accurate.

. Because of the nature of pavement materials and pavement construction processes,
input values such as layer thicknesses, stiffnesses, Poisson's ratios, densities and
damping characteristics are likely to vary significantly over even a short length of road.
Thus a proper stochastic simulation of pavement response will indicate that pavement life
may vary significantly over a nominally uniform section of road'®. The proper use of
complex response models is thus likely to result in a wide range of estimates of asphalt
layer performance, even for a short section of road. Such imprecise estimates can also
be obtained (at significantly reduced cost) by the use of simplified methods.

Although the above statements may seem to suggest that complex response models do not have
a place in asphalt pavement design, this is not the case. Complex response models are vital to
the development of an understanding of material behaviour and performance because they
provide insight into failure mechanisms and assist in determining the most important parameters
that affect material performance. The maximum horizontal tensile strains obtained with the
dynamic three-dimensional finite element model, for example, suggest that an asphalt layer may
not fail because of the (very low) induced tensile strain but may in fact crack for other reasons. It
is therefore possible that a new mechanism for fatigue failure needs to be investigated.

Complex models are therefore vital for obtaining increased understanding of pavement behaviour
and performance. However, the use of these models should be restricted to the research domain
where input parameters can be accurately determined and where the model results can be
interpreted in a methodical and critical manner.

Knowledge gained in this manner should then be implemented in the routine mix and pavement
design functions. The manner in which this knowledge is implemented in routine design situations,
however, should be in the form of a relatively simple and robust method that is not prone to
misuse or over-interpretation.

It is recognized that the proposal for developing a simplified, robust approach to the pavement
design function of mix design is at variance with the more fundamental and complex approach
currently being pursued in the United States and Europe. However, it is believed that the approach
proposed here is based on sound reasoning and on a holistic approach to pavement design. The
analyses presented in this report include many aspects of complexity and fundamentals. However,
a proper interpretation of these analyses, coupled with knowledge of the variability and uncertainty
of pavement construction processes, suggest that a complex and refined approach is not the most
cost-effective approach for routine design purposes.

The above discussions outline the principal reasons for the selection of a simplified, rational
approach to the pavement design function of asphalt mix design. In the following section the most
important characteristics of the proposed system are discussed.



Proposed Approach to the Pavement Design Function of Routine Asphalt Mix Design
The method proposed for the evaluation of the pavement design component of mix design should
have the following characteristics:

. The system would follow a comparative approach and would contain a large element of
knowledge-based calibration; performance would not be predicted in absolute terms, but
the system would ensure that the pavement design conforms to the principles set out in
the TRH4 document and design catalogue®.

. The essence of the method should consist of an expert system in which only those
design principles which have been well tested and validated are embodied. Such a
system could be computerized or represented in a graphical format. The system would
typically require only first order input values such as (i) the thickness and stiffness of the
asphalt layer (i) maximum expected asphalt temperature, (i) stiffness of the support
layer, (iv) number of heavy vehicles expected over the design period, (v) probability of
overloading and (vi) number of steep inclines, (vii) selected deflection bowl parameters
(for rehabilitation design purposes).

These input values should be determined using reliable and well proven methods, and
should be expressed in a manner that is consistent with the uncertainty of the
measurement and the variability of the parameter in question. Stiffness of the support
values should, for example, be expressed in classes such as very stiff (500 to 800 MPa),
stiff (300 to 500 MPa) and weak (less than 300 MPa) and could therefore be based on
coarse empirical estimates.

. The system would provide two primary outputs:

i) Recommended laboratory tests (with the recommended stress or strain state) to
be used in the mix design phase; For example, for the evaluation of rutting
potential by means of the dynamic creep test, it is essential that a confining
stress be applied. The level of confinement and the magnitude of the overall
stress would be dictated by the pavement system and load intensity. The expert
systemn should therefore recommend broad classes of stress states to be used.
Again, this recommendation would be imprecise and relative (e.g. “high” or “low"
deviator stress).

ii) Expected ranges of performance for the various laboratory test methods. This
would enable the designer to interpret his data and make a qualitative
assessment of the expected performance of the design mix. The expected or
typical ranges of performance of different test methods should be based on a
data base of values and could be updated from time to time as more laboratory
test experience is gained and the guantity of available test data increases.

The approach outlined above essentially limits the resources that are expended on the pavement
design function and instead places emphasis on the mix design function. It should be noted that
the development of the proposed approach does not require expensive model building,
accelerated testing or long term performance monitoring (although these elements should be
pursued as part of the research function and should ideally be used to update and refine the
proposed method from time to time). In essence, the development of the proposed method would



require the gathering and formalizing of existing knowledge, coupled with a limited set of
mechanistic design calculations using the most advanced models available.

Required Input Parameters to be Determined from Materials Testing

As already suggested by the above discussion, only one parameter is needed to serve as input
into the pavement design function. This is true, regardless of whether the proposed approach is
adopted or of whether the current use of multi-layer elastic theory is retained. This parameter is
the mix stiffness, or resilient modulus, at a range of test temperatures. Although the Poisson'’s ratio
is also needed as input into conventional multi-layer elastic models, this parameter is known to
be highly variable and non-linear in behaviour, as well as to be highly dependent on test method.
Sufficiently accurate measurement of this parameter during routine mix design is therefore not
considered to be viable. If the use of the multi-layer elastic theory for qualitative evaluation of
asphalt pavements is retained, then it is recommended that the Poisson's ratio be determined
using published values such as those proposed in the South African mechanistic design method
{see reference 18).
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1. INTRODUCTION

1.1 Terms of Reference
The project which is documented in this report forms part of the longer term Hot Mix Asphalt
(HMA) project that was launched during 1998. The aim of the HMA project is to improve mix
design procedures for asphalt surfacings on heavily trafficked roads and to integrate mix design
procedures with pavement design, construction and expected performance. To address these
objectives, the HMA project was structured to focus on the following technical areas (referred to
as Technical Focus Areas, or TFA's):
TFA1: Mix Components;
TFA2: Spatial Composition:
TFA3: Performance-related Tests and Properties;
TFA4: Construction;
TFAS5: Structural Design and Performance;
The investigation which is documented in this report resorts under TFA5: Structural Design and
Performance. The broad objective of this part of the project is to make recommendations for
appropriate modelling procedures to be used in the structural design of asphalt layers. Findings
of this investigation are intended to be used in refining and validating existing asphalt pavement
design and analysis models, or where more appropriate, to develop new models for the prediction
of working stresses and strains in asphalt layers.

1.2 Background

Over the past decade, multi-layer linear elastic computer programs have become accepted as a
key component of routine mechanistic pavement design methods. Multi-layer elastic programs
offer a fast and convenient way of estimating the stresses and strains generated in pavement
systems under typical wheel loads. In recent years, however, research and experience have
indicated that the use of multi-layer elastic theory may not be appropriate in some design
situations. In particular, there are some doubts as to the applicability of multi-layer elastic theory
to take account of:

. dynamic effects, which may lead to a different stress and strain distribution in the asphalt
layer;
. non-uniform tyre pressures which may lead to high shear stresses at the asphalt surface

and may lead to fatigue cracks which initiate at the surface rather than at the bottom of
the asphalt (as is currently assumed in the South African mechanistic design method);

. slow moving traffic on inclines, where vehicle speed and traction effects may have a
significant influence on rutting formation, and
. temperature gradients in asphalt layers, which may affect oxidation and ageing and

hence, fatigue cracking and rutting mechanisms.

While it is widely known that linear elastic models contain assumptions which are not valid for
asphalt layers and dynamic loads, the consequences of these invalid assumptions in terms of
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1.4

design and whole life cycle costing have not been quantified. The use of more complicated {albeit
more accurate) models may be unjustified for routine design purposes if one takes into account
the significant variations in material properties and layer thicknesses which make precise
estimates of stresses and strains meaningless in most design situations. In order to address these
uncertainties, a systematic evaluation of the suitability of multi-layer elastic theory for estimating
stresses in strains in asphalt pavements was performed. This report contains the results of these
investigations.

Project Objectives
The objectives of the project are:

i) To identify situations where multi-layer elastic theory may not provide an adequate
estimate of stresses and strains in asphalt layers, with specific attention being paid to
stress and strain parameters that relate to fatigue cracking and rutting;

ii) To quantify the magnitude of errors made using multi-layer elastic theory and to develop
an understanding of critical stresses and strains which occur in specific design situations;

iii) To recommend methods for compensating for inefficiencies in multi-layer elastic theory
or where more appropriate, to recommend alternative models for use in specific design
situations, and

iv) To determine the input parameters required for the estimation of stresses and strains in
asphalt layers.

Scope

Because of time and funding constraints, an exhaustive investigation of all possible asphalt
pavement types and input parameter effects could not be performed. Instead, the focus was on
a few key issues which are regarded as the most probable causes of incorrect estimation of
working stresses and strains in asphalt layers when the multi-layer elastic theory is used. These
issues are:

i) Dynamic effects;

ii) Non-uniform tyre pressures;

iii) Effects of horizontal shear forces generated at inclines or intersections:
iv) Effects of non-uniform (non-linear) support layers;

V) Effects of temperature and stiffness gradients in asphalt layers, and

vi) Viscoelastic effects.

For each of these issues, a limited set of material input parameters and load conditions was
assumed. |t is thus possible that, because of the complex and often non-linear behaviour of
asphalt pavement systems, some of the conclusions made in this report may have been different
if a wider set of material parameters and load conditions had been considered in the analyses.
However, it should be noted that the general objective of this project is primarily to identify and to
some extent quantify the major deficiencies of multi-layer elastic models.
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The pavement systems, material parameters and load conditions assumed in the analyses are
deemed to be fairly typical of more highly trafficked South African pavements. It is therefore felt
that the conclusions drawn from the analysis presented are indeed valid and can be used as an
indication of areas within the design and analysis function where more research is needed or
where new modelling techniques are required.

Analysis Approach

General

In the following chapters, each of the modelling issues noted in items (i) to (vi) in section 1.4 are
analysed separately. Each chapter therefore addresses a different modelling issue so that the
relative effects of each issue can be evaluated separately from other modelling elements. The
general approach followed in each chapter was as follows:

i) Outline the modelling issue;

ii) Define the pavement systems, models and material parameters that were used in the
analysis;

iii) Using advanced modelling technigues, perform an analysis in which the modelling issue

is taken into account. For example, in the analysis of dynamic effects, an analysis was
performed using a fully dynamic model of the load and pavement system.

iv) Perform a similar analysis using conventional layered elastic theory. In some cases, the
layered elastic model was modified to more effectively take account of the issue in
question (for example, by modifying the stiffness values or load situation).

v) Results obtained in steps (iii} and (iv) are analysed and compared and conclusions are
drawn.

An attempt was made to structure the various chapters in such a manner that each chapter forms
a complete section that can be read and understood without reference to other chapters.
However, since some of the issues are relatively complex, the interested reader may want to
consult the listed references for a more detailed explanation of some issues. The results included
in the various chapters represent those results that are deemed to be most critical and conducive
to the formation of sound conclusions. More comprehensive and detailed results are included in
the Appendices.

All the results were analysed with two performance aspects in mind: (j) fatigue cracking and (ii)
permanent deformation, or rutting. The parameters used to evaluate these two performance
aspects are described in the following sections.

Parameter Used for the Analysis of Fatigue Cracking Potential
The parameter used for the analysis of fatigue cracking was the horizontal tensile strain. This
strain parameter was in all instances evaluated at both the top and bottom of the asphalt layers.

Parameter Used for the Analysis of Rutting Potential
The parameter used for the analysis of rutting potential is the stress invariant which is known as
the octahedral shear stress. This parameter provides an indication of the overall shear stress
induced by the applied load, and is defined as follows'?:
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Octahedral Shear Stress = %.J,

where J, is the second invariant of the deviator stress tensor. J, is calculated as follows?:

I, - (%).[(oﬂl.)z + (0P + (%) + (0P, + (0P)° + (aP,))

where o, are the normal components of the deviator stress tensor, and G,-iD are the shear
stresses. The normal components of the deviator stress tensor (g,°) are calculated as follows:

where 8 is the sum of the normal stresses. The shear components (GiiD) are simply the shear
components of the stress tensor.

The octahedral shear stress or derivatives thereof are often used in theories of strength and
permanent deformation, and have also been used as an indicator of permanent deformation in
asphalt’. The octahedral shear stress generally varies parabolically with depth in an asphalt layer,
with a minimum at the middle of the layer and maxima occurring at the top and bottom of the layer.
The pattern agrees closely with the variation of permanent deformation with depth in an asphait
layer, as measured by Brown and Bell®.
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DYNAMIC EFFECTS

2.1

2.2

Introduction

When a dynamic load is applied to a structure, equilibrium conditions require that the applied
external force should equal the sum of the forces generated in the structure. This summation of
forces can be written as follows:

ma + cv + kx = F([) .............................................. (eq. 2.1)

= the mass of the structure;

the damping of the structure;

= the stiffness of the structure;

= acceleration;

= displacement;

= velocity, and

the applied load, which is a function of time.

where:

< X mmxo0og
|

Il

F(t)

As a broad simplification it can be said that conventional multi-layer elastic models do not take into
account the first two terms on the left hand side of equation 2.1, so that only the stiffness of the
structure is taken into account. The load is assumed to be constant with time and the forces
generated by acceleration and damping are ignored.

A wheel load moving over pavement structure imparts a dynamic force to the pavement structure
and thus the forces generated by acceleration and damping should ideally be taken into account.
However, dynamic pavement response models are complex and require time-consuming and
sophisticated numerical techniques to provide an estimate of stresses and strains generated
within the structure. Because of this, and despite the advances in computer science made over
the past decade, the modelling of dynamic pavement response has been largely confined to the
research domain and is seldom, if ever, taken into account during the routine design of asphalt
pavemenis.

Although some efforts have been made to obtain an indication of the importance of dynamic
effects®, researchers seem to disagree on the importance of taking dynamic effects into account
in routine pavement design®. It is the objective of this chapter to obtain an indication of the
importance of dynamic effects in asphalt pavement design and to evaluate the errors made when
dynamic effects are ignored, as in layered elastic analysis programs.

Pavement Structures and Assumed Material Properties

Two pavement structures were considered in this investigation: the first structure was a thin (40
mm thick) asphalt surfacing on a granular base and subbase. The second structure consisted of
a 40 mm thick asphalt surfacing on an asphalt base of 120 mm thickness, underlain by a granular
subbase. These structures are defined in Tables 2.1 and 2.2. The load assumed in the medelling
process was a 40 kN single wheel with a contact pressure of 800 kPa (contact radius of 126 mm).
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Table 2.1: Structure 1: Assumed Material Properties and Layer Thicknesses

Damping Factor (%) at
Layer Stiffness Poisson's Thickness
Modulus 20 km/h 80 km/h Ratio (mm)
{(MPa)
Asphalt 2500 47 0.9 0.45 40
Surfacing
Granular 400 6.6 2.5 0.40 150
Base
Granular 200 10.7 5.0 0.40 150
Subbase
Subgrade* 70 10.7 5.0 0.40 1660

To ensure compatibility between models, it was assumed that the subgrade was underlain
by a stiff layer.

Table 2.2: Structure 2: Assumed Material Properties and Layer Thicknesses

Damping Factor (%) at
Layer Stiffness Poisson's Thickness
Modulus 20 km/h 80 km/h Ratio {mm)
(MPa)
Asphalt 2500 4.7 0.9 0.45 40
Surfacing
Asphalt 1800 4.7 0.9 0.40 120
Base
Granular 300 10.7 5.0 0.40 150
Subbase
Subgrade* 70 10.7 5.0 0.40 1690

To ensure compatibility between models, it was assumed that the subgrade was underlain
by a stiff layer.

Modelling was performed with two analysis programs: (i) conventional layered elastic theory (LET)
and (ii) a three-dimensional dynamic finite element model. Dynamic finite element analysis was
performed for vehicle speeds of 20 and 80 km/h. The damping factors shown in Tables 2.1 and
2.2 were obtained from previous work by Lourens®, and are based on correlations between
calculated and measured pavement responses.

In addition to these two analyses, a static finite element analysis was performed and the results
compared with the static LET model results. This was done to obtain an indication of the
differences which are due to dynamic effects and those which are due to inherent differences
between the models (i.e. those caused by the coarseness of the finite element mesh and by
differences in the shapes of the contact areas). The load used in the analysis was a 40 kN single
wheel load with an assumed contact pressure of 800 kPa.
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2.3.1

2.3.2

Results

General
In the following sections, the results of four modelling procedures and model types are compared.
These procedures and models types are;

i) Conventional layered elastic model with a circular load area (LET). This model assumes
a static load and response condition;

ii) Static three-dimensional finite element model with a rectangular load area;

iii}) Dynamic three-dimensional finite element model with a rectangular load area and an
assumed vehicle speed of 20 km/h, and

iv) Dynamic three-dimensional finite element model with a rectangular load area and an

assumed vehicle speed of 80 km/h;

The results shown in the following tables are a summary of the influence of dynamic effects on
certain responses in the asphalt layer. More details of the model results can be found in Appendix
A.

It should be noted that maximum stresses and strains that are obtained by the dynamic response

model do not occur directly beneath the wheel as normally happens in the case of static response

models. This complicates the comparison of results from the static and dynamic response models,
since a direct comparison of stresses and strains at specific locations in the pavement structure
is not really meaningful. To address this problem, the following approach was adopted:

i) For the analysis of strains (fatigue issues): the strain results shown in the following tables
are the maximum tensile strains obtained with the different model types, regardless of
position.

ii) For the analysis of stresses (rutting issues): the stress results shown for the static models
represent those stresses that occur directly beneath the load, at various depths in the
asphalt layers (i.e. generally the maximum stress zone for the static model). For the
dynamic model, the stresses shown in the following tables represent those stresses which
were calculated directly behind the wheel at various depths in the asphalt layers (j.e.
generally the maximum stress zone for the dynamic model).

Structure 1

The analysis results for structure 1 are summarized in Table 2.3 for the horizontal tensile strain
and in Table 2.4 for the octahedral shear stress, respectively. The tables also indicate the error,
or difference between LET model results and FE results. The difference between the LET and
static FE results can be ascribed to the difference in load contact area (circular versus
rectangular) as well as to the coarseness of the finite element mesh. In some instances this
difference is quite large. For this reason the approximate dynamic effect error was also calculated.
These values are indicated in brackets and were calculated as the differences between the static
FE and dynamic FE results, and therefore offer a clearer indication of dynamic effects, since load
shape and mesh resolution effects are not included in this error term.
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Table 2.3: Summary of Maximum Horizontal Tensile Strain Results: Structure 1

Model Type* Maximum % Strain Direction and Approximate Position
Tensile Difference
Strain 1
{microstrain)
LET 253 NA Longitudinal and Transverse, bottom of
asphalt layer
Static FE 230 -9.1 Longitudinal and Transverse, bottom of
(0.0) asphalt layer
Dynamic FE, 110 -56.5 Transverse strain, bottom of asphalt layer,
20 km/h (-52.2) directly behind contact area
Dynamic FE, 89 -64.8 Transverse strain, bottom of asphalt layer,
80 km/h (-61.3) directly behind contact area

circular contact area;
T Errors were calculated using LET solution as base value; Values in brackets were
calculated using the Static FE model results as base value.

Note: Finite element model assumes a square contact area and LET model assumes a

Table 2.4: Octahedral Shear Stresses in Asphalt Surfacing: Structure 1

Model Type Top of Asphalt Middle of Asphalt Bottom of Asphalt
Surfacing Surfacing Surfacing
T-oct % Errort T-oct % Errort T-oct % Errort
(kPa) (kPa) {kPa)
LET 825 NA 71 NA 605 NA
FE Static 609 -26.2 51 -28.2 608 0.7
(0.0) (0.0) (0.0
FE 20 km/h 299 -63.8 237 >100 374 -38.5
(-50.9) (>100) (-38.5)
FE 80 km/h 178 -78.4 231 =100 320 -47 .1
(-70.8) (>100) (-47.4)
1 Errors were calculated using LET solution as base value. Values in brackets denote error

corrected for model and contact area effects. Values in brackets were calculated using
the Static FE model results as base value.

Structure 2

In order to simplify the analysis and model used for structure 2, a relatively coarse finite element
mesh was used to represent the base layer. Because of this, the stresses and strains calculated
with the static finite element model in the base layer do not compare well with those which are
calculated with the LET model. This means that the results calculated in the base layer cannot
effectively be used to evaluate the differences between LET and dynamic FE models. However,
as in the case of structure 1, the error terms shown in brackets offer an indication of the relative
effects of vehicle speed on analysis resulits.
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The calculated results for structure 2 are summarized in Tables 2.5 to 2.7 for the maximum
horizontal tensile strains and octahedral shear stresses in the surfacing and base, respectively.
It should be noted that the tensile strains in the asphalt surfacing were all below 40 microstrain
and are therefore not considered to be significant contributors to fatigue cracking. Thus only the

tensile strains in the asphalt base of structure 2 are shown in Table 2.5.

Table 2.5: Summary of Maximum Horizontal Tensile Strain Results: Structure 2 (Asphalt

Base)
Model Type* Maximum Y Strain Direction and Approximate Position
Tensile Difference
Strain T
(microstrain)
LET 286 NA Longitudinal and transverse, bottom of
asphalt base
Static FE 221 -22.7 Longitudinal and transverse, bottom of
(0.0) asphalt base
Dynamic FE, 94 -67.1 Transverse strain, bottom of asphalt base,
20 km/h {(-57.5) directly behind contact area
Dynamic FE, 67 -76.6 Transverse strain, bottom of asphalt base,
80 km/h (-69.7) directly behind contact area
T Errors were calculated using LET solution as base value. Values in brackets were

calculated using the Static FE model results as base value.

Table 2.6: Octahedral Shear Stresses in Asphalt Surfacing: Structure 2

Model Type Top of Asphalt Middle of Asphalt Bottom of Asphalt
Surfacing Surfacing Surfacing
T-oct | %Emort [ T-oct | %Ermort | T-oct | % Errort
(kPa) {kPa) {kPa)
LET 438 NA 192 NA 6 NA
FE Static 320 -26.9 134 -30.2 48 >100
(0.0) (0.0) (0.0)
FE 20 km/h 197 -55.0 198 3.1 252 >100
{(-38.4) (-47.8) (>100)
FE 80 km/h 108 -75.3 190 -1.0 275 >100
(-66.3) (-23.9) (>100)
T Errors were calculated using LET solution as base value. Values in brackets were

calculated using the Static FE model results as base value.
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Table 2.7: Octahedral Shear Stresses in Asphalt Base: Structure 2

Model Type Top of Asphalt Base Middle of Asphalt Bottom of Asphalt
Base Base
T-oct % Errort T-oct % Errort T-oct % Errort
{kPa) {kPa) (kPa)
LET 81.6 NA 240 NA 431 NA
FE Static 126.3 54.8 222 -7.5 357 -17.2
{0.0) (0.0)
FE 20 km/h 205.5 >-100 236 -1.7 292 -32.3
(-59.5) (6.3) (-18.2)
FE 80 km/h 140.1 >-100 169 -29.6 188 -56.4
{(-11.1) (-23.9) (-47.3)
1 Errors were calculated using LET solution as base value. Values in brackets were

calculated using the Static FE model results as base value.

Discussion

Structure 1

Tensile Strain Results

It is clear from Table 2.3 that the tensile strains in the asphalt layer are highly dependent on
dynamic effects. Static models clearly over-estimate the strain in the asphalt layers. It can be
noted that there is a 9 per cent difference between the static LET and static FE solution. This
difference can be attributed to the shape of the loading area and other effects associated with FE
mesh resolution etc. This difference is small compared to the influences of vehicle speed, which
lead to differences of more than 50 per cent, even at the relatively low speed of 20 km/h. For a
speed of 80 km/h, the difference between the static and dynamic model results is more than 60
per cent, almost all of which can be attributed to dynamic effects. These effects generally agree
with strain measured at different vehicle speeds’.

Octahedral Shear Stress Results

Table 2.4 shows that there are considerable differences between the octahedral shear stresses
obtained from the different model types. This is the case, even in comparisons between the LET
model and the static FE model, in which differences in excess of 25 per cent are noted. It should,
however, be noted that the octahedral shear stress contains terms in which the differences
between stresses are squared. Small differences between the stresses calculated by the different
models are therefore somewhat amplified by the octahedral shear stress calculation. For example,
a more detailed analysis of the normal stresses shown in Table A1 in Appendix A shows that the
differences between the normal stresses of the LET and static FE models are less than 15 per
cent for the evaluation position at the top of the asphalt surfacing. The corresponding difference
in octahedral shear stress, however, is much larger (26 per cent - see row 2, column 3 of Table
2.4),

In general, the dynamic effect seems to increase the vertical stress while decreasing the horizontal
stresses. This leads to a more uniform stress state in which shear stresses are reduced. However,
Table 2.4 indicates that the effect of dynamic loading on octahedral shear stress is dependent on
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the evaluation position. At the top and bottom of the asphalt surfacing, where the octahedral shear
stresses tend to be greatest, the static LET estimate of octahedral shear stress is significantly
higher than the dynamic FE estimate. The differences vary from approximately 40 per cent to
more than 100 per cent. The results therefore suggest that static conventional LET will over-
estimate the rutting potential of structures on which vehicles are likely to move at speeds of more
than 20 km/h.

Structure 2

Tensite Strain Resuits

The maximum horizontal tensile strains calculated in the base layer of structure 2 again suggest
that static response models over-estimate the dynamic strain response of asphalt layers by more
than 50 per cent, even for vehicle speeds as low as 20 km/h. It should also be noted that, since
fatigue versus strain curves are normally represented by a log-log curve, the effect of this
overestimate on fatigue life is likely to be several orders of magnitude (in terms of standard axles).

Octahedral Shear Stress Results

Table 2.6 again indicates that the effect of dynamic loading on octahedral shear stresses is
dependent on the evaluation position. At the top of the surfacing, the LET model again tends to
overestimate the octahedral shear stresses (differences between static and dynamic model results
are greater than 35 per cent) At the bottom of the layer, however, the dynamic model predicts
shear effects that are more than 100 per cent greater than those of the corresponding static
models (i.e. solutions of static FE or LET models).

For evaluation positions in the asphalt base, similar differences were generally noted between
static and dynamic model results (as compared to evaluation positions situated in the surfacing).
At the top of the asphalt base, the dynamic models predict higher octahedral shear stresses than
the static models (differences of 11 to more than 100 per cent). At the bottom of the asphalt base,
however, the static models predict higher shear conditions. A more detailed analysis of the
stresses shown in Table A3 (Appendix A) will show that this is due to the higher tensile stresses
predicted by the static models.

Summary and Conclusions

In this chapter, a comparison was made between results obtained with static and dynamic
response models. Two static models were investigated: (i) a conventional layered elastic model
with a static load and a circular contact area, and (ji) a finite element model with a square contact
area. The results obtained with these two models were compared with those generated with a
three-dimensional dynamic finite element model in which the wheel load was modelled as a
moving load with a given speed. Wheel speeds of 20 and 80 km/h were investigated.

The different models were used to estimate the strains and stresses in two different pavement
structures. The analysis results prompt the following conclusions:

Fatigue Related Issues: Static response models such as conventional layered elastic models
overestimate the tensile strains in the asphalt layer by 50 per cent or
more. This was found to be the case for both types of pavement
structure and for both the simulated vehicle speeds. The modelled
effects of dynamic loading on tensile strains at the bottom of the asphalt
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Rutting Related Issues:

layers generally agree with published results and field measurements.
The analysis results therefore suggest that the more approximate LET
model will grossly underestimate the fatigue life of asphalt layers.

In the case of the rutting parameter (octahedral shear stress) large
differences between static and dynamic model results were noted. The
effects of dynamic loading on octahedral shear stresses are not as clear
as for tensile strains. In general, the dynamic response model predicts
higher vertical stresses and lower horizontal stresses than the static
model. The relative differences between static and dynamic model
results depend on the evaluation position. In all cases the maximum
octahedral shear stress was predicted by the static LET model. This
result was generally higher than the corresponding dynamic model
predicted result. The analysis results thus suggest that static models wilf
tend to over-estimate the rutting potential of asphalt mixes for pavement
sections on which vehicle speeds are likely to exceed 20 km/h.

Finally, it should be noted that in the above analysis only the effects of dynamic loading on the
induced stresses and strains were investigated. Dynamic effects are also likely to play a role in
determining the resistance of asphalt mixes to fatigue and rutting at a specified applied stress
state. This is especially relevant in the case of rutting, where the rate of loading not only affects
the induced stress (as shown by the analysis presented here), but also affects the amount of flow
induced in the asphalt mix.
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INFLUENCE OF NON-UNIFORM TYRE CONTACT STRESSES

3.1

3.2

Introduction

Over the past five years a vast amount of information regarding the distribution of contact stresses
under pneumatic tyres has become available®®. This knowledge was largely brought about by the
development of the Stress-In-Motion (SIM) measurement system®, which makes it possible to
obtain detailed measurements of the manner in which vertical and horizontal contact stresses are
distributed under pneumatic tyres.

Measurements obtained by de Beer® have shown that the stresses that develop under pneumatic
tyres are not uniformly distributed, as assumed in routine design calculations using layered elastic
theory, but can in fact exhibit a large degree of non-uniformity. This is especially true for tyres with
high loads and low inflation pressures (i.e. overloaded, under-inflated tyres).

Although some preliminary estimates have been made of the effects of non-uniform tyre contact
stresses on pavement design calculations, these calculations have generally been made using
simplified models of the non-uniformly distributed pressure in which an axisymmetric instead of
a fully three-dimensional load condition was assumed®. Furthermore, the calculations did not
include a thorough and systematic evaluation of the deficiencies of layered elastic theory with
regard to non-uniform tyre contact stresses.

In this chapter, an analysis is documented in which a three-dimensional finite element mode! was
used to investigate the effects of a non-uniform pressure distribution on the stresses and strains
that are calculated in the asphalt layers. Stresses calculated with the finite element model are
compared with those which were calculated using a conventional multi-layer elastic model in which
the contact pressure was assumed to be uniformly distributed and circular in shape.

Pavement Structures and Assumed Material Properties

Two pavement structures were considered in this investigation: the first structure was a thin (40
mm thick) asphalt surfacing on a granular base and subbase. The second structure consisted of
a 40 mm asphalt surfacing on an asphalt base of 120 mm thickness, underlain by a granular

subbase. These structures are defined in Tables 3.1 and 3.2.

Table 3.1: Structure 1: Assumed Material Properties and Layer Thicknesses

Layer Stiffness Modulus {(MPa) Poisson’s Ratio Thickness {mm)
Asphalt Surfacing 2500 0.45 40
Granular Base 400 0.40 150
Granular Subbase 200 0.40 150
Subgrade* 70 0.40 1660
* To ensure compatibility between models, it was assumed that the subgrade was underlain

by a stiff layer.
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Table 3.2: Structure 2: Assumed Material Properties and Layer Thicknesses

Layer Stiffness Modulus Poisson's Ratio Thickness {mm)
(MPa)
Asphalt Surfacing 2500 0.45 40
Asphalt Base 1800 0.40 120
Granular Subbase 300 0.40 150
Subgrade* 70 0.40 1690

To ensure compatibility between models, it was assumed that the subgrade was underlain
by a stiff layer.

Assumed Stress Distribution and Loading Conditions

The pressure distribution used in the three-dimensional finite element model was based on the
pressure distribution measured under a 75 kN single wheel load with a 700 kPa inflation pressure.
Figures 3.1 to 3.3 show the variation of the vertical, lateral and longitudinal contact stresses over
the contact area. The shape and dimensions of the load contact area are illustrated in Appendix
B. It should be noted that this loading and pressure configuration leads to a somewhat extreme
variation of contact stresses and therefore does not represent the norm that can be expected on
heavily trafficked roads. However, this load configuration was chosen since it would give a clear
indication of the relative importance of taking non-uniform contact stresses into account in asphalt
pavement design calculations.

To simplify the finite element model, only the vertical and transverse contact stresses were taken
into account during modelling. This simplification should not have a great impact on the calculated
stresses since the longitudinal stresses (which were omitted in the analysis) were significantly
smaller than the vertical and transverse stresses (see Figure 3.3).
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MICHELIN E-22.5 315/80 R22.5 (XZA) Tyre
Inflation Pressure = 700 kPa

Applied Vertical Load (HVS) = 75 kN
Measured Vertical Load = 62.35 kN

Temperature = 20deg. C
Wheel speed = 0.28 m/s
Max Stress = 1.82 MPa
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Figure 3.1: Measured Vertical Contact Stress Distribution used in Finite Element Model

Inflation Pressure = 700 kPa
Applied Vertical Load (HVS) = 75 kN
Measured Lateral Load = 0.1267 kN

Lateral Contact Stress (MPa)

Filename : snsc77ay

Lateral (Pin 1-20)

MICHELIN E-22.5 315/80 R22.5 (XZA) Tyre

Temperature = 20deg. C
Wheel speed = 0.28 m/s
Max Stress = 0.3767 MPa
Min Stress = -0.3704 MPa

Longitudinal

Figure 3.2: Measured Lateral Contact Stress Distribution used in Finite Element Model
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MICHELIN E-22.5 315/80 R22.5 (XZA) Tyre

Inflation Pressure = 700 kPa Temperature = 20deg. C
Applied Vertical Load (HVS) = 75 kN Wheel speed = 0.28 m/s
Measured Longitudinal Load = -0.3573 kN Max Stress = 0.3456 MPa

Min Stress = -0.2274 MPa
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Figure 3.3: Measured Longitudinal Contact Stress Distribution used in Finite Element Model

3.4 Results
3.41 General
In the following sections, the results of three model types are compared. These models are:
i) Conventional layered elastic (LET);
ii) Three-dimensional finite element with a uniform tyre pressure distribution, but with a

rectangular contact area shape that approximates the measured tyre contact area (FE
Uniform), and

iii) Three-dimensional finite element with a representative contact area and non-uniform tyre
pressure distribution (FE Non-uniform)

Model (ii) was included here to provide an indication of the influence of the contact area shape and
dimensions on measured results. Differences between models (i) and (i) can also be attributed
to approximations and simplifications that are inherent in the finite element model (i.e.
approximations related to load definition, mesh resolution and load input resolution). By including
model (i) results in the analysis, an indication can be obtained of the differences that are due to
non-uniform tyre pressure distributions as well as of those that are simply due to the shape of the
load area.

The results shown in the following tables provide a concise summary of the effects of non-uniform
tyre contact stresses on model results. Detailed results of the analysis are shown in Appendix B.
The comparison of the LET and FE model results again poses some problems since the peak
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The comparison of the LET and FE model results again poses some problems since the peak
stresses and strains do not occur at the same place for the different model types. However, the
results of the model in which non-uniform tyre contact stresses were taken into account indicate
that a definite peak exists at the edge of the load area. This can also be surmised from the shape
of the vertical contact pressure (see Figure 3.1). Thus the edge of the contact area represents an
area where maximum stresses and strains generally occur. Thus, for the comparison of LET and
FE model results, the following procedure was adopted:

i) For the analysis of strains (fatigue issues): the strain results shown in the following tables

are the maximum tensile strains obtained with the different model types, regardless of
position.

ii) For the analysis of stresses (rutting issues): for all of the models considered, the stresses
were evaluated at the centre of the load axis as well as at the edge of the loaded area.
These two areas represent the zones where maximum stresses occur, and therefore
provide an indication of the influence of non-uniform contact stresses on rutting potential.

Structure 1

The analysis results for structure 1 are summarized in Tables 3.3 and 3.4 for the horizontal tensile
strain and the octahedral shear stress, respectively. In order to differentiate between the
differences that are due to (i) contact area shape as well as to inherent differences between the
models and (ii) those which are caused by non-uniform contact stresses, a corrected error was
calculated by using the difference between the FE model with a uniform contact pressure (but
correct load shape) and the FE model with a non-uniform contact pressure. These differences are
shown in brackets in the following tables.

Table 3.3: Summary of Maximum Horizontal Tensile Strain Results: Structure 1

Model Type* Maximum % Strain Direction and Approximate Position
Tensile Difference
Strain T
{microstrain)
LET 157 NA Longitudinal strain, bottom of asphalt layer,
approximately below edge of contact area
FE: Uniform 348 >100 Transverse strain, bottom of asphalt layer,
(172)t {(0.0) below load centre
Fe: Non- 466 >100 Transverse strain, bottom of asphalt layer,
Uniform (33.9) below load edge

Note: Finite element model assumes a square contact area and LET model assumes a
circular contact area.

Differences were calculated using LET solution as base value.

Value in brackets is the longitudinal strain (see section 3.4.1 for discussion).

+H —+
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Table 3.4: Octahedral Shear Stresses in Asphalt Surfacing: Structure 1

Lateral Model Type* Top of Asphalt Middle of Asphalt | Bottom of Asphalt
Position Surfacing Surfacing Surfacing
T-oct % T-oct % T-oct %
{(kPa) Diff.T (kPa) Diff. T (kPa) Diff.+
Centre LET 745 NA 223 NA 307 NA
of
Wheel FE: Uniform 877 17.7 152 -31.8 579 88.6
(0.0 (0.0) (0.0)
FE: Non-uniform 993 33.3 37 -83.4 522 70.0
(13.3) (-75.7) (-9.9)
Edge of LET 488 NA 401 NA 273 NA
Wheel
FE: Uniform 477 -2.3 470 17.2 311 13.9
(0.0) {0.0) (0.0
FE: Non-uniform 717 46.9 562 40.1 807 >100
(50.2) (19.6) (>100)

circular contact area.
T Differences were calculated using LET solution as base value. Differences in brackets
were calculated using FE: Uniform solution as base value.

3.3.2 Structure 2

Note: Finite element model assumes a square contact area and LET model assumes a

The calculated results for structure 2 are summarized in Tables 3.5 to 3.7 for the maximum
horizontal tensile strains and octahedral shear stresses in the surfacing and base, respectively.
It should be noted that, because of the high stiffness of the asphalt base, the horizontal strains in
the asphalt surfacing were either very low (below 50 microstrain) or in compression. This was
found to be the case for all the models. For this reason, only the maximum tensile strain in the
asphalt base are shown in Table 3.5.

Table 3.5: Summary of Maximum Horizontal Tensile Strain Results: Structure 2 - Asphalt

Base
Model Type” Maximum % Strain Direction and Approximate Position
Tensile Difference
Strain T
(microstrain)
LET 380 NA Longitudinal and transverse strain, bottom of
asphalt base, centre of contact area
FE: Uniform 389 2.4 Transverse strain, bottom of asphalt base,
{0.0) centre of contact area
Fe: Non- 354 -6.8 Transverse strain, bottom of asphalt base,
Uniform (-9.0) below load edge

circular contact area.
T Differences were calculated using LET solution as base value. Differences in brackets
were calculated using FE: Uniform solution as base value.

Note: Finite element model assumes a square contact area and LET model assumes a
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Table 3.6: Octahedral Shear Stresses in Asphalt Surfacing: Structure 2

Lateral Model Type* Top of Asphalt Middle of Asphalt | Bottom of Asphalt
Position Surfacing Surfacing Surfacing
T-oct % T-oct Yo T-oct %
(kPa) Diff.t (kPa) Diff.t (kPa) Diff.t
Centre LET 627 NA 399 NA 183 NA
of
Wheel FE: Uniform 624 -0.5 300 -24.8 79 -56.8
(0.0) (0.0) (0.0)
FE: Non-uniform 754 20.3 211 -47 1 93 -49.2
(20.8) (-29.7) (17.5)
Edge of LET 460 NA 388 NA 335 NA
Wheel
FE: Uniform 420 -8.7 394 1.5 361 7.8
(0.0} {(0.0) (0.0)
FE: Non-uniform 267 -42.0 465 19.8 407 21.5
(-36.4) (18.0) (12.7)

circular contact area.
T Differences were calculated using LET solution as base value. Differences in brackets
were calculated using FE: Uniform solution as base value.

Table 3.7: Octahedral Shear Stresses in Asphalt Base: Structure 2

Note: Finite element model assumes a square contact area and LET model assumes a

Lateral Model Type* Top of Asphalt Middle of Asphalt | Bottom of Asphalt
Position Base Base Base
T-oct % T-oct Y% T-oct Yo
(kPa) Diff.t (kPa) Diff.t+ {kPa) Diff.}
Centre LET 44 NA 249 NA 573 NA
of
Wheel FE: Uniform 155 >100 3086 22.9 485 -15.4
(0.0) (0.0) (0.0)
FE: Non-uniform 93 =100 330 325 467 -18.5
{>-40.4) (7.8) (-3.7)
Edge of LET 303 NA 294 NA 345 NA
Wheel
FE: Uniform 348 14.9 326 10.9 274 -20.3
(0.0) (0.0) (0.0)
FE: Non-uniform 407 34.3 393 33.7 270 -21.7
(16.9) (20.5) (-1.0)

circular contact area.
1 Differences were calculated using LET solution as base value. Differences in brackets
were calculated using FE: Uniform solution as base value.

Note: Finite element model assumes a square contact area and LET model assumes a
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3.441

Discussion

Structure 1

Tensile Strain Resulis

The results shown in Table 3.3 indicate that there are large differences between all the models
considered. In the case of horizontal tensile strains, the shape and size of the contact area alone
result in a difference of more than 100 per cent between the LET and FE results. Although the
tensile strains obtained for the LET model may seem unreasonably low, it should be noted that,
for the assumption of a circular contact area, the load radius for a 75 kN load with a tyre pressure
of 700 kPa is approximately 185 mm. The asphalt surfacing, on the other hand, is only 40 mm
thick. Thus the ratio of the load contact radius to the asphalt surfacing thickness is very high. This
effectively deepens the neutral axis of the pavement structure, which leads to a reduction in the
tensile strain at the bottom of the asphalt layer.

The rectangular load contact area which is assumed for the FE analysis has approximately the
same length as the contact area diameter assumed for the LET analysis (approximately 390 mm
versus 368 mm, see Appendix B for the shape and dimension of the actual load contact area).
Thus, in a longitudinal direction the ratio of load length (or radius) to asphalt surfacing thickness
is more comparable for the LET and FE models. This perhaps explains the relatively good
correlation between the longitudinal strain calculated with the LET model and the FE model in
which a uniform tyre pressure distribution was assumed (see second row of Table 3.3).

Table 3.3 also indicates that a non-uniform contact pressure distribution can lead to a increase
of more than 30 per cent in the maximum horizontal tensile strains in the asphalt surfacing. If a
circular and uniform contact area is assumed (as for the LET model) the horizontal tensile strains
can differ by more than 100 per cent from those strains calculated using a model with a
rectangular and non-uniform contact area. Furthermore, it should be noted that, in the case of the
non-uniform contact stress distribution, the maximum tensile strain occurs at the edge of the load.
This means that there are effectively two peaks in the maximum tensile strain (i.e. one at each
edge of the load), which may also lead to an increased potential for crack initiation.

Octahedral Shear Stress Results

In general, the results shown in Table 3.4 suggest a very poor correlation between the results
obtained from a conventional LET model (which assumes a circular stress contact area) and those
obtained from the FE models with a rectangular contact area and a non-uniform contact stress
distribution. The differences between the LET model results and those of the FE model in which
a non-uniform contact stress was assumed suggest that conventional LET models may
underestimate the maximum octahedral shear stress by more than 30 per cent. A large portion
of this error can be attributed to the shape of the contact area.

Differences between LET and FE model results are generally the highest at the edge of the
contact area, where differences of greater than 100 per cent were noted. At this position, the
difference between LET and FE model results can mostly be attributed to non-uniform contact
pressure distribution. Also, at the edge of the load area the LET model underestimates the
octahedral shear stress at most of the depths which were analysed. At the top of the asphalt layer
and at the edge of the contact area, the difference between the LET model results and the results
of the FE model with non-uniform contact stress was nearly 50 per cent, almost all of which can
be atiributed to the non-uniformity of the contact stress distribution.
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Structure 2

Tensife Strain Results

The results shown in Table 3.5 indicate that the effects of the contact area shape and dimensions
as well as the effect of the non-uniform contract stress distribution have largely dissipated at the
bottom of the base layer (also see the stress contours shown in Appendix B). The strains obtained
with the different model types compare reasonably well, the maximum difference between the LET
and FE model results being less than 10 per cent. The results indicate that the effect of contact
area shape leads to a difference of only 2.4 per cent for strains at the bottom of the base layer.

Octahedral Shear Stress Results

The results shown in Tables 3.6 and 3.7 again indicate that the shape and size of the contact area
as well as the non-uniform contact stress distribution, have a large effect on the stresses
calculated by the different models. For the asphalt surfacing, the FE model with non-uniform
contact pressure distribution predicted the highest octahedral shear stress. This stress was
approximately 20 per cent higher than the corresponding LET model results.

It is surprising to note that, for the asphalt surfacing of structure 2, the LET model results are in
many instances more conservative (i.e. octahedral shear stresses are higher for the LET model)
than the corresponding FE model results. More detailed analysis of the stress results indicated
that this was caused by the fact that the FE model stresses are more hydrostatic in orientation.
In other words, the differences between the normal stress components are smaller, which leads
to reduced shear stresses.

Although there are still large differences between the octahedral shear stress results obtained with
the different models for the asphalt base, it appears that these differences can largely be
attributed to the shape of the load area rather than to the non-uniform contact stress distribution.
However, Table 3.7 also indicates that, for the asphalt base, the maximum cctahedral shear is
again calculated by the FE model with a non-uniform contact stress distribution. This maximum
occurs at the top of the layer and at the edge of the load area, and is more than 30 per cent higher
than the corresponding stress that was calculated with the conventional LET model. It appears
that approximately half of this difference is caused by the shape of the contact area and the other
half is caused by the non-uniformity of the contact stress.

Summary and Conclusions

In this chapter, the effects of non-uniform tyre contact stresses were investigated. Three models
were used : (i) a conventional layered elastic model; (ii) a three-dimensional finite element model
with a load area that approximates (in shape and dimension) actual measured load areas, and (iii)
a three-dimensional finite element model in which both the load area and the contact stress
distribution approximate actual measured values. The contact stress distribution and load shape
were based on results obtained by de Beer®. The analysis results prompt the following
conclusions:

Fatigue Implications: ~ The results indicate that, for thin asphalt surfacings on granular support
layers, non-uniform contact stress distributions can have a significant
effect on the maximum horizontal tensile strains. Conventional LET
models in which a uniform, circular contact stress is assumed can
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underestimate the maximum horizontal tensile strain in the asphalt
surfacing (differences of 100 per cent and larger were observed). The
effects of the shape and distribution of the contact pressure on horizontal
tensile strains diminish with depth. Consequently the effects of non-
uniform tyre pressure distributions are not as great for asphalt bases as
for thin asphalt surfacings (differences were less than 10 per cent).

Implications for Rutting: As expected, the analysis indicated that non-uniform contact stress
distributions lead to octahedral shear stresses which were greater than
those calculated with conventional layered elastic models. The layered
elastic model with a uniform circular contact stress generally
underestimated the maximum octahedral shear stress in the asphalt
layer by more than 20 per cent. This error is partly caused by the shape
of the load contact area, which is rectangular rather than circular.

It should be noted that the load and tyre pressure combination on which this analysis was based
lead to a somewhat extreme variation in contact stresses. The effects of non-uniform tyre contact
stresses are thus likely to decrease under smaller wheel loads and at tyre pressures that conform
to manufacturers’ specifications. Despite this observation, the results indicate that neglect to take
account of the shape of the load contact area as well as non-uniform tyre contact stresses can
lead to an underestimation of the rutting and fatigue potential of asphalt layers. Differences
between the results obtained with different models suggest that non-uniform tyre pressure effects
should be included in design calculations, or at the very least that they warrant further
investigation.
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4.

EFFECT OF HORIZONTAL SHEAR FORCES

4.1

4.2

4.3

Introduction

An analysis was performed to evaluate the effects of horizontal shear forces that are generated
when heavy traffic moves uphill on inclines. To some extent this analysis also applies to the shear
forces that are generated when traffic accelerates at intersections. For the analysis presented in
this chapter, a 6 per cent incline was assumed. The horizontal shear force used in the analysis
was based on the assumption of a 56 ton truck with 4 driving wheels. Thus the assumed
horizontal shear force was 8.4 kN, while the normal load component was assumed to be 40 kN.
Tyre contact pressure was assumed to be 800 kN. For the purposes of this analysis the shear
force was assumed to be uniformly distributed over the contact area.

Pavement Structures and Assumed Material Properties

Only one pavement structure was considered in this investigation. This structure consisted of a
thin (40 mm) asphalt surfacing on a 120 mm thick asphalt base with a granular support. The
structure is defined in Table 4.1. The load assumed in the modelling process was a 40 kN single

wheel with a contact pressure of 800 kPa (contact radius of 126 mm).

Table 4.1: Structure 2: Assumed Material Properties and Layer Thicknesses

Layer Stiffness Modulus Poisson's Ratio Thickness (mm)
(MPa)

Asphalt Surfacing 2500 0.45 40

Asphalt Base 1800 0.40 120

Granular Subbase 300 0.40 150

Subgrade* 70 0.40 1690
To ensure compatibility between models, it was assumed that the subgrade was underlain
by a stiff layer.

Modelling was performed with two analysis programs: (i) conventional layered elastic theory (LET)
and (ji) a three-dimensional finite element model.

Analysis Results

The analysis results are summarized in Tables 4.2 and 4.3. Also shown in Tables 4.2 and 4.3 are
the FE results for the case where no horizontal shear was applied. These results are included to
provide an indication of the differences resulting from inherent differences between the models
(including differences and errors associated with the shape of the load area, coarseness of the
FE mesh, load definition etc.). It should be noted that both the FE models assumed a square load
contact area while the LET model assumed a circular contact area. Values in bold denote the
maximum values calculated for the evaluation position in question.
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Table 4.2: Summary of Maximum Horizontal Tensile Strain Results: Structure 2 {Asphalt

Base)
Model Type* Maximum % Strain Direction and Approximate Position
Tensile Difference
Strain T
(microstrain)
LET 286 NA Longitudinal and Transverse, bottom of
asphalt base
FE: No shear 221 -22.7 Longitudinal and Transverse, bottom of
(0.0) asphalt base
FE: with 237 -17.1 Longitudinal strain, bottom of asphalt base
shear (7.2)
1 Differences were calculated using LET solution as base value. Values in brackets denote

difference corrected for model and contact area effects (i.e difference between “FE: No
shear” and “FE: with shear” model results)

Table 4.3: Octahedral Shear Stresses in Asphalt Surfacing: Structure 2

Model Type Top of Asphalt Middle of Asphalt Bottom of Asphalt
Surfacing Surfacing Surfacing
T-oct % Errort T-oct % Errort T-oct % Errort
(kPa) (kPa) (kPa)
LET 438 NA 192 NA 6 NA
FE: No shear 320 -26.9 134 -30.2 48 >100
(0.0) (0.0)
FE: With shear 310 -29.2 118 -34.9 55 >100
(-3.1) j (-6.7) (20.8)
* Values were calculated along the central axis of the load area
T Differences were calculated using LET solution as base value. Values in brackets denote

difference corrected for model and contact area effects (i.e. difference between “FE: No
shear” and "FE: with shear" model resuits)

Table 4.4: Octahedral Shear Stresses in Asphalt Base: Structure 2*

Model Type Top of Asphalt Middle of Asphalt Bottom of Asphalt
Surfacing Surfacing Surfacing
T-oct % Errort T-oct % Errort T-oct % Errort
{kPa) (kPa) (kPa)
LET 82 NA 240 NA 431 NA
FE: No shear 126 54.8 222 -7.5 357 -17.2
(0.0 (0.0) (0.0)
FE: with shear 58 -29.3 241 0.4 302 -29.9
(-54.0) (-8.6) (-15.4)
* Values were calculated along the central axis of the load area
t Differences were calculated using LET solution as base value. Values in brackets denote

difference corrected for model and contact area effects (i.e. difference between “FE: No
shear” and “FE: with shear” model results)
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4.4

4.5

Discussion

The results shown in Tables 4.2 to 4.4 indicate that the effects of horizontal shear forces
generated on steep inclines are not significant. Although some large differences were observed
between the results obtained with the different models, the greatest part of this difference seems
to be attributable to the effects of the load contact area shape and FE mesh approximations rather
than to shear force effects.

This is suggested by the differences shown in brackets in Tables 4.2 to 4.4, which provide an
indication of the isolated effect of shear forces (i.e. contact area shape and mesh effects are not
included) on the calculated parameters. These differences show that, for the positions where
octahedral shear stresses are critical, the effect of horizontal shear forces is generally below 15
per cent. For the maximum horizontal tensile strain, the difference between the results of the FE
model in which horizontal shear was assumed and those of the FE model with no horizontal shear
was less than 10 per cent. These differences are not viewed as significant when they are
considered relative to random errors which may occur as a results of variations in support
conditions, material properties etc.

It can be seen in Tables 4.3 and 4.4 that in many cases the FE model with shear forces provides
lower estimates of the octahedral shear stress than the other two models. This applies particularly
to the evaluation of stresses at the bottom of the asphalt base. Although this result is somewhat
unexpected, it can be explained by a more detailed analysis of the stresses shown in Appendix
C. These stresses show that, although some pure shear stresses are generated by the FE model
with horizontal shear, the horizontal shear force also leads to reduced tension at the bottom of the
base. This reduced tension effectively reduces the octahedral shear stress and overrides the
shear effect that is otherwise generated.

Summary and Conclusions

In this chapter, the effect of horizontal shear forces which are generated on steep inclines was
investigated. The analysis results suggest that such shear forces do not significantly affect the
stresses and strains obtained by different model types. Differences that are due to mesh
resolution and load contact area are generally greater than those that are caused by horizontal
shear forces.
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THE INFLUENCE OF NON-LINEAR (STRESS SENSITIVE)
SUPPORT

5.1

5.2

5.2.1

Introduction

The objective in this chapter is to investigate the effects of non-linear support layers on the
estimated stresses and strains and to determine the effects of assuming a uniformly linear support
layer when the support is in fact non-uniform and stress-dependent.

The non-linear, stress sensitive behaviour of dense granular materials has been well
documented™®". The phenomenon, known as stress-sensitivity, generally means that the stiffness
of the material is not constant as is assumed in standard layered elastic pavement analysis
programs. Instead, the stiffness of the material is dependent on the stress state at each point in
the pavement layer, with the result that the stiffness of the material changes from point to point.
When a thin asphalt layer is placed on a non-linear support such as a granular base, the stiffness
of the immediate support changes with increasing depth and offset from the load. These effects
are not taken into account in layered elastic models and have to be simulated by means of finite
element (FE) models.

Several models have been proposed to describe the stress sensitive behaviour of granular
materials. in recent years, the model developed by Uzan'' has become one of the most widely
used in the field of pavement modelling. This model has the form:

ky L Eq. 5.1

E = (e Pa).(2) (" (Ea- 51

Pa Pa
where: E = Stiffness modulus;

8 = First stress invariant (calculated as the sum of the normal

stresses or principal stresses);

T = Octahedral shear stress, as defined in chapter 1;

Pa = Atmospheric pressure, used to normalize stress units;

k = Material constants determined by means of laboratory testing.

The constant k; normally ranges from between 1000 to 10,000 MPa for dense granular materials,
and k, and k; roughly range from 0.2 to 0.8 and 0.0 to -0.4, respectively™. It can be seen from
equation 5.1 that these coefficients imply that an increase in the first stress invariant (which
effectively means that particles are being pushed together) will lead to an increase in stiffness. On
the other hand, an increase in the octahedral shear stress (which effectively means that particles
are being sheared or pulled apart), will lead to a decrease in stiffness.

Non-linear Finite Element Pavement Response Model

Load Conditions and Pavement Structure Considered

In order to study the effects of non-linear support layers on the stress and strain response on the
asphalt, a finite element model which utilizes the model defined by equation 5.1 was used.
Axisymmetric and static load conditions were assumed. The applied load was 20 kN with a contact
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5.3

5.3.1

53.2

pressure of 690 kPa. The pavement structure that was investigated consisted of a thin asphalt on
a granular support system, as defined in Table 5.1,

Table 5.1: Pavement System and Material Properties Considered

Layer Assumed Material Stiffness Properties Thickness | Poisson's
Behaviour (mm) Ratio
Asphalt Linear elastic E = 2500 MPa 40 0.45
Surfacing (constant)
Granular Base Non-linear elastic, k, = 2000 150 0.40
as defined by k, = 0.6
equation 5.1 k;=-0.3
Granular Linear elastic E = 200 MPa (constant) 150 0.40
Subbase
Subgrade Linear elastic E =70 MPa (constant) 1660* 0.40
* Toensure compatibility between models, it was assumed that the subgrade was underlain

by a stiff layer

The finite element analysis of a non-linear problem type requires repeated solution of the analysis
problem. After each iteration the stiffness modulus of each element is adjusted to be compatible
with the stress condition at the centre of the element. This process is repeated until the modulus
of each element has converged to within 5 per cent of the previous modulus value. Figure 5.1
shows the pavement structure with the stress-dependent moduli of different elements in the base,
after convergence of the finite element solution had been achieved.

Layered Elastic Pavement Response Models

General

As noted before, the purpose of this chapter is to analyse the effects of assuming a constant linear
support when the actual support stiffness varies. The objective of this section is to compare the
results obtained with layered elastic theory (LET) with those obtained from the FE analysis
described in the previous section.

An important consideration in this type of investigation is the selection of a stiffness value to
represent the uniform support conditions. For the purposes of this analysis, two model options
were considered: (i} LET model with base modulus from backcalculation, and (i) LET model with
base modulus equal to the average modulus (after conversion) of all FE model elements directly
under the load. The results of these two modelling options are described in the following
subsections.

Option 1: Base Modulus Obtained from Backcalculation

In this modelling approach the surface displacements calculated with the FE model were used as
input in a backcalculation process. A backcalculation was then performed using layered elastic
theory. This backcalculation was performed manually, using the BISAR multilayer elastic program.
The backcalculation process was similar to that which would be followed in a routine pavement
evaluation process using Falling Weight Deflectometer (FWD) results. The following differences
should however be noted:
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20 KN LOAD
650 kPA CONTACT PRESSURE
(Load Radius =96 mm)
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SURFACING
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Figure 5.1: Pavement Structure and Stiffness Variation in the Base After Convergence

i) Since the stiffness of the linear layers (i.e. the asphalt surface, subbase and subgrade)
were known (see Table 5.1), these values were used as input in the backcalculation
process. Thus the only unknown to be calculated was the stiffness of the base.

ii) The load differed from a standard FWD load in that a 20 kN load with a contact radius of
96 mm was used in the FE calculation. This load and contact radius were therefore also
used in the backcalculation process.

Figure 5.2 shows the displacements calculated with the FE model as well as those calculated with
the LET model in which the base stiffness was constant. It should be noted that the FE model
results are based on a non-uniform stiffness in the base, as shown in Figure 5.1. The LET model,
on the other hand, assumes a constant base modulus at all depths and load offsets.

The backcalculated base modulus was 270 MPa. This value resulted in backcalculation errors of
less than 5 per cent on all except the outermost displacements. Comparison of this value with the
base stiffnesses shown in Figure 5.1 will show that this value is roughly equal to the stiffness
towards the bottom of the base, where compressive stresses are small.
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The next step in the analysis was to use the backcalculated base stiffness in a LET model to
calculate the stresses and strains in the asphalt layer. The pavement structure used in this
analysis is identical to that defined in Table 5.1, except that the base is modelled as a linear elastic
material with a constant stiffness (value of 270 MPa). The stresses and strains in the asphalt layer
were calculated and compared with those obtained with the FE solution. The results are
summarized in Table 5.2. Figures 5.3 and 5.4 show the influence lines for the strains and stresses
at the most critical depths in the asphalt layer.
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Figure 5.2: Displacements Calculated with FE Model and Backcalculated Displacements
using LET

Table 5.2: Comparison of Model Results (Base Modulus in LET

Backcalculation)

Model from

Evaluation Maximum Tensile % Octahedral Shear %
Position Strain (microstrain) | Differencet Stress (kPa) Differencet
LET FE LET FE
Top of Asphalt 74 56 -24.3 597 468 -21.6
Surface
Middle of NA NA NA 371 338 -8.9
Asphalt Surface
Bottom of 359 287 -20.1 814 665 -18.3
Asphalt Surface
* LET = Layered Elastic Theory.
> Fe = Finite Element Model.
1 Differences between values were calculated using LET results as base values.
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5.3.3

It should be noted that in Tables 5.2 and 5.3, a positive percentage difference indicates that the
layered elastic theory model is less conservative than the finite element model. Critical values with
their corresponding percentage differences are indicated in bold.

It is clear from the results shown in Table 5.2 and Figures 5.3 and 5.4 that the layered elastic
model significantly overestimates the tensile strain and the octahedral shear stress values.
However, this can be attributed more to the simplified backealculation procedure which clearly
leads to an underestimation of the base stiffness, than to the fact that the base modulus is not
constant. This will be investigated in more detail in the next section.

Option 2: Base Modulus Equal to Average Base Stiffness Under the Load Area

In this modelling option, the base modulus used in the LET model was set equal to the average
stiffness of all elements in the base that are directly under the load, as shown in Figure 5.2. The
averaging of the stiffnesses of all these elements resulted in a base stifiness of 333 MPa. This
value was thus used in the LET model in which all layers were assumed to be linear elastic with
constant modulus values. The results of this modelling procedure are shown in Table 5.3 and in
Figures 5.5 and 5.6.

Table 5.3: Comparison of Model Results (Base Modulus in LET Model equal to
average stiffness of all base elements under the load plate)

Evaluation Maximum Tensile % Octahedral Shear %
Position Strain (microstrain} | Differencet Stress (kPa) Differencet
LET FE LET FE
Top of Asphalt 57 56 -1.8 526 468 -11.0
Surface
Middle of NA NA NA 348 338 -2.9
Asphalt Surface
Bottom of 302 287 -5.0 693 665 -4.0
Asphalt Surface
* LET = Layered Elastic Theory.
* FE = Finite Element Model.
t Differences between values were calculated using LET results as base values.

By comparison with the first modelling option considered, Table 5.3 and Figures 5.5 and 5.6
indicate a significantly reduced percentage difference between the FE and LET model results. As
indicated by the result in Table 5.3, the LET model results are within 5 per cent of the FE model
results for the most critical stress and strain parameters if the support value used in the LET
model is similar to the average stiffness value that exists directly beneath the load in the base
layer.
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5.4

Summary and Conclusions

In this chapter, the effects of non-linear support systems on the stress and strain response of
asphalt layers were investigated. A non-linear, axisymmetric finite element program was used to
obtain stresses and strains in a thin asphalt surfacing which was assumed to be supported by a
stress-sensitive granular layer. The finite element results were compared with the results obtained
with a conventional layered elastic model.

The analysis results presented in this section indicate that the presence of a non-uniform support
layer does not have a significant effect on the critical stress and strain parameters calculated in
the asphalt surface. The results suggest that the simplified LET model, which does not take into
account the change in support stiffness with increasing depth and increased offset from the load,
can provide a reasonably accurate estimate (i.e. within 5 per cent of the more rigorous FE
solution) of the most critical stress and strain parameters, provided that the support stiffness is
representative of the average stiffness of the support layer under the loaded area.

The results indicate, however, that in routine pavement evaluation situations large differences
(generally in the order of 20 per cent) between the simplified LET model and the more
representative FE model can occur because of the simplifications in the backecalculation model.
The analysis presented here indicates that, if the stiffness of the base varies significantly with
depth, the backcalculated stiffness is likely to be lower than the average base stiffness. This
means that stiffness of the immediate support (i.e. the upper base) is underestimated, with a
resulting overestimation of the tensile strains and shear stresses at the bottom of the asphalt
surfacing. The practical implications of this may be a gross underestimation of the fatigue life and
rutting potential of thin asphalt layers.

Finally, it should be noted that the analysis presented in this chapter applies only to thin asphalt
surfacings on granular support layers. This pavement situation can be regarded as a worst case
scenario as far as non-linearity effects are concerned, since the effects of stress sensitivity are
likely to reduce significantly if thicker asphalt layers are used. It should also be noted that the
effects of non-linearity on backcalculation and estimation of stresses and strains are likely to be
further complicated by dynamic effects.
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INFLUENCE OF TEMPERATURE AND STIFFNESS GRADIENTS

6.1

6.2

Introduction

In this chapter the purpose is to investigate the effects of temperature and stiffness gradients in
asphalt layers on the modelling of stresses and strains. Figures 6.1 and 6.2 show typical
temperature gradients in a thick asphalt layer as recorded by Inge and Kim'® during summer and
winter, respectively. Because of these temperature gradients, asphalt stiffness will not be
constant throughout the layer but will vary with depth in a manner that is inversely proportional to
the temperature gradient. In most routine mechanistic design methods, however, this variation of
asphalt stiffness with depth is not considered and the asphalt is modelled as a single layer with
a constant stiffness. This stiffness is typically derived from backcalculation or laboratory tests in
which the stiffness is normalized to a standard temperature (typically 20 or 25 °C).

In order to study the effects of temperature and stiffness gradients in asphalt layers on the
modelling of stresses and strains, the methodology illustrated in Figure 6.3 was adopted. Two
pavement structures were considered, as well as two types of temperature gradients. Thus there
was a total of 4 sets of stress-strain results that had to be compared, as shown in Figure 6.3. The
following sections contain more detailed information on the analysis methodology, assumed
material properties and applied load conditions.

Pavement Structures and Assumed Material Properties

Two pavement structures were considered in this investigation: the first structure consisted of a
thin (40 mm) asphalt surfacing on a granular base and subbase. The second structure consisted
of a 40 mm thick asphalt surfacing on an asphalt base of 120 mm thickness, underlain by a
granular subbase. These structures are defined in Tables 6.1 and 6.2. It should be noted that the
material properties shown for the asphalt layers in Tables 6.1 and 6.2 pertain to a temperature of
25°C.

The temperature gradients selected for use in this investigation are those shown in Figure 6.1.
Two types of temperature gradients were thus considered: an early morning temperature gradient
in which the lower part of the asphalt layer is less stiff than the upper part, and an afternoon
temperature gradient in which the lower part of the asphalt layer is stiffer than the upper part.
These two gradients represent a typical fluctuation of temperature with depth during a warm
summer month and are deemed to be fairly representative of South African conditions.

Tables 6.3 and 6.4 show the material properties used in the refined pavement model in which the
asphalt layers were subdivided into several layers. The stiffnesses shown for each sub-layer were
obtained by converting the stiffness at 25°C (i.e. the asphalt stiffnesses shown in Tables 6.1 and
8.2) to equivalent stiffnesses using the estimated mid-depth temperature for the sub-layer (read
from Figure 6.1) and the temperature-stiffness conversion factors derived by Park and Kim'.
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Figure 6.3: Analysis Methodology
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Table 6.1: Structure 1: Assumed Material Properties and Layer Thicknesses

Layer Stiffness Modulus (MPa) Poisson's Ratio Thickness (mm)
Asphalt Surfacing 2500* 0.45 40
Granular Base 400 0.40 150
Granular Subbase 200 0.40 150
Subgrade** 70 0.40 1660
* Stifiness at 25°C.

*k

by a stiff layer.

Toensure compatibility between models, it was assumed that the subgrade was underlain

Table 6.2: Structure 2: Assumed Material Properties and Layer Thicknesses

Layer Stiffness Modulus Poisson's Ratio Thickness {mm)
(MPa)
Asphalt Surfacing 2500 0.45 40
Asphalt Base 1800* 0.40 120
Granular Subbase 300 0.40 150
Subgrade™™ 70 0.40 1690

* Stiffness at 25°C.
b To ensure compatibility between models, it was assumed that the subgrade was underlain
by a stiff layer.

The next step in the analysis was to determine - for each of the temperature gradients considered
- the representative stiffness of the undivided asphalt layers that was to be used in the layered
elastic pavement model. This was done by calculating the average stiffness of the asphalt
surfacing and base layers, using the sub-layer stiffnesses shown in Tables 6.3 and 6.4. These
average stiffnesses were used in the layered elastic pavement model and are shown in Tables
6.5 and 6.6.
Table 6.3 Structure 1: Refined Pavement Model with Temperature-dependent Asphalt
Sub-Layers (used in the Finite Element model)

Layer and Sub-layer Thickness Poisson’s Stiffness at Stiffness at
Properties (mm) Ratio 07h00 (MPa) | 14h00 (MPa)
Sub-layer 1 10 0.45 3392 636
il T 10 0.45 3314 683
Surfacing

Sub-layer 3 10 0.45 3236 730

Sub-layer 4 10 0.45 3159 777
Granular Base 150 0.40 400
Granular Subbase 150 0.40 200
Subgrade** 1660 0.40 70

Based on a stiffness of 2500 MPa at 25°C (see Table 6.1) and the temperature gradient
shown in Figure 6.1.
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Table 6.4:

Sub-layers (used in the Finite Element model)

Structure 2: Refined Pavement Model with Temperature Dependent Asphalt

Layer and Sub-layer Thickness Poisson's Stiffness at Stiffness at
Properties {mm) Ratio 07h00 (MPa) | 14h00 (MPa)
Sub-layer 1 10 0.45 3392 636
Sﬁf_f'::l?:g Sub-layer 2 10 0.45 3314 683
Sub-layer 3 10 0.45 32386 730
Sub-layer 4 10 0.45 3159 777
Asphalt Sub-layer 1 20 0.40 2146 613
N F— 20 0.40 2076 700
Sub-layer 3 20 0.40 2005 787
Sub-layer 4 20 0.40 1935 874
Sub-layer 5 20 0.40 1865 961
Sub-layer 6 20 0.40 1795 1048
Granular Base 150 0.40 300
Subgrade** 1690 0.40 70

Based on a stiffness of 2600 MPa at 25°C (see Table 6.1) and the temperature gradient

shown in Figure 6.1.

Table 6.5: Structure 1: Assumed Material Properties and Layer Thicknesses (used in
the Layered Elastic Model)
Layer Avg. Stiffness Avg. Stiffness Poisson’s Ratio | Thickness
at 14h00 at 07h00 {mm)
(MPa) (MPa)
Asphalt Surfacing 3275 707 0.45 40
Granular Base 400 0.40 120
Granular Subbase 200 0.40 150
Subgrade** 70 0.40 1660
HMA-2 (TFAS) : Influence of Temperature and Stiffness Gradients 6-5
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6.3

Table 6.6: Structure 2: Assumed Material Properties and Layer Thicknesses (used in

the Layered Elastic Model)

Layer Avg. Stiffness Avg. Stiffness Poisson's Ratio | Thickness
at 14h00 at 07h00 (mm)
(MPa) (MPa)
Asphalt Surfacing 3275 707 0.45 40
Asphalt Base 1970 830 0.40 120
Granular Subbase 300 0.40 150
Subgrade** 70 0.40 1690

Model Types, Assumed Load Conditions and Evaluation Positions

Two models were used: a standard multi-layer elastic model and an axisymmetric finite element
model. The multi-layer elastic model represented a more routine design approach in which a
single asphalt layer is used. The structures used as input to the multilayer elastic model are
shown in Tables 6.5 and 6.6. The finite element model was used to analyse the pavement
structures in which the asphalt layers were subdivided (i.e. the pavement structures defined in
Tables 6.3 and 6.4). A single 20 kN load with an assumed contact pressure of 690 kPa was used.
For both model types, the stresses and strains were calculated under the assumption of static load
conditions.

In order to facilitate an assessment of the effect of temperature gradients on the analysis of
cracking and rutting potential, the evaluation positions and parameters shown in Table 6.7 were
investigated. It should be noted that, for each depth position, the stresses and strains were
calculated at various offsets from the load centre so that a complete stress and strain influence
line was obtained.

Table 6.7. Evaluation Depths and Parameters

Structure Performance Evaluation Depths Evaluation Parameter
Aspect
1 Fatigue Cracking Near top and bottom Maximum horizontal
of asphalt surfacing strain
Rutting Potential Top, middie and QOctahedral shear
bottomn of asphalt stress
surfacing
2 Fatigue Cracking Bottom of asphalt Maximum horizontal
base strain
Rutting Potential Top, middle and Octahedral shear
bottom of asphalt stress
base
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6.4

6.4.1

6.4.2

Analysis Results: Structure 1

Comparison of Models for Identical Input Values

In order to ensure that differences between the calculated stresses and strains were due to
temperature variation in the asphalt rather than to differences between the models themselves,
benchmarking was first performed in which identical input values for the asphalt were used in both
models. In the case of the layered elastic model, the pavement structure shown in Table 6.1 was
used to define input values. For the finite element model, the layer thicknesses and Poisson's
ratios shown in Table 6.3 were used, but the asphalt stiffness of each sub-layer was set to 2500
MPa (i.e. all sub-layers had the same stiffness). The results of the benchmarking are summarized
in Table 6.8.

It can be seen from the results given in Table 6.8 that the values obtained with the two types of
models compare very well. The values suggest that differences in stresses and strains that are
larger than 4 per cent can be attributed to temperature gradient effects rather than to inherent
differences between the finite element and layered elastic models.

Table 6.8: Comparison of Model Results for Similar Input Values

Evaluation Maximum Tensile % Octahedral Shear %
Position Strain (microstrain) | Differencet Stress {kPa) Ditferencet
LET FE LET FE
Top of Asphalt 42 42 0.0 469 473 0.9
Surface
Middle of NA NA NA 330 342 3.6
Asphalt Surface
Bottom of 256 256 0.0 595 595 0.0
Asphalt Surface
" LET = Layered Elastic Theory.
* Fe = Finite Element Model.
T Differences between values were calculated using LET results as base values.

Comparison of Model Resulits for 07h00 Temperature Gradient

The results of the finite element (FE) and layered elastic theory (LET) models for the early
morning (07h00) temperature gradient are summarized in Table 6.9. Detailed results in the form
of influence lines are shown in Appendix D. It should be noted that, for the FE analysis, the asphalt
surfacing was subdivided as shown in Table 6.3. For the LET analysis, the asphalt was not
subdivided and only a single stiffness was used to represent the asphalt layer. The pavement
structure used in the LET model is defined in Table 6.5 (07h00 temperature gradient).

It should be noted that, in Tables 6.9 to 6.14, a positive percentage difference indicates that the
layered elastic theory model is less conservative than the finite element model. Critical values with
their corresponding percentage differences are indicated in beld.
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Table 6.9. Comparison of Model Results for 07h00 Temperature Gradient

Evaluation Maximum Tensile % Octahedral Shear %
Position Strain (microstrain) | Differencet Stress (kPa) Differencet
LET FE LET FE
Top of Asphalt 43 4 -4.7 592 607 25
Surface
Middle of NA NA NA 364 376 3.3
Asphalt Surface
Bottom of 249 253 16 742 728 0.6
Asphalt Surface

6.4.3 Comparison of Model Results for 14h00 Temperature Gradient

6.4.4

The results of the finite element (FE) and layered elastic theory (LET) models for the early
afternoon (14h00) temperature gradient are summarized in Table 6.10. Detailed results in the form
of influence lines are shown in Appendix D.

Table 6.10: Comparison of Model Results for 14h00 Temperature Gradient

Evaluation Maximum Tensile % Octahedral Shear Yo
Position Strain {microstrain) | Differencet Stress (kPa) Differencet
LET FE LET FE
Top of Asphalt 53 11 -79.0 194 202 41
Surface
Middle of NA NA NA 213 222 4.2
Asphalt Surface
Bottom of 234 231 -1.3 209 217 3.8
Asphalt Surface

Conclusions: Structure 1

The results shown in Tables 6.9 and 6.10 indicate that a temperature gradient and its
corresponding effect on asphalt stiffness does not have a significant influence on the estimated
stresses and strains. This observation is supported by the results shown in Appendix D, which
indicate that the stress and strain values at different offsets from the load generally exhibit similar
patterns for the two models, despite the differences in absolute values.

Differences between model results were in all cases less than 5 per cent for the critical stress and
strain values. This observation can, to a certain extent, be ascribed to the fact that the response
of a thin asphalt layer is to a large degree governed by the supporting structure and the applied
load. Because of its thinness, any changes in the stiffness of a thin asphalt layer are slow to be
reflected in the calculated stresses and strains of the structure.

It should, however, be noted that the above results merely indicate that the effect of a varying
stiffness with depth in a thin asphalt layer is not significant. Efforts should still be made to ensure
that the stiffness values used in the analysis are representative of the prevailing temperature
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6.5

6.5.1

conditions. If, for example, the effects of temperature are ignored altogether and a stiffness of
2500 MPa, as measured at 25°C, is used to represent afternoon conditions in warm summer
months, then the results will be as shown in Table 6.11.

As can be seen from Table 6.11, large differences (as high as 63 per cent for some critical values)
between the FE and more simplified LET model results occur if seasonal fluctuations in
temperature and stiffness are not taken into account. Tables 6.9 and 6.10, however, indicate that,
in the case of thin asphalt layers, it is not critical that the asphalt stiffness be varied with depth,
provided that the layer stiffness is fairly representative of the average stiffness of the layer.

Table 6.11: Comparison of Model Results when a Constant Asphalt Stiffness
Representative of 25°C Temperature is Used to Represent Afternoon
Summer Conditions

Evaluation Maximum Tensile % Octahedral Shear %
Position Strain (microstrain) | Differencet Stress (kPa) Differencet
LET FE LET FE
Top of Asphalt 42 11 -73.8 469 202 -56.9
Surface
Middle of NA NA NA 330 222 -32.7
Asphalt Surface
Bottom of 256 231 -9.8 5095 217 -63.5
Asphalt Surface

Analysis Results: Structure 2

Comparison of Models for Identical Input Values

As in the case of structure 1, benchmarking was performed to ensure that the differences between
the calculated stresses and strains were due to temperature variation in the asphalt rather than
to differences between the models themselves. For the finite element model, the layer thicknesses
and Poisson’s ratios shown in Table 6.4 were used, but the asphalt stiffness of each sub-layer was
set to 2500 MPa. The LET model input values used in the benchmarking were as shown in Table
6.2. The benchmarking results are shown in Table 6.12.

The results shown in Table 6.12 show that the values obtained with the two models compare very
well. The values suggest that differences in stresses and strains that are larger than 2 per cent
may be attributed to temperature gradient effects rather than to inherent differences between the
finite element and layered elastic models.
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6.5.2

6.5.3

Table 6.12: Comparison of Model Results for Similar Input Values

Evaluation Maximum Tensile Yo Octahedral Shear %
Paosition Strain (microstrain) | Differencet Stress (kPa) Differencet
LET FE LET FE
Top of Asphalt 30 30 0.0 201 201 0.0
Base
Middle of NA NA NA 177 177 0.0
Asphalt Base
Bottom of 167 167 0.0 253 250 -1.2
Asphalt Base
* LET = Layered Elastic Theory.
x Fe = Finite Element Model.
T Differences between values were calculated using LET results as base values.

Comparison of Model Results for 07h00 Temperature Gradient

The results of the finite element (FE) and layered elastic theory (LET) models for the early morning
{07h00) temperature gradient are summarized in Table 6.13. Detailed results in the form of
influence lines are shown in Appendix D. It should be noted that for the FE analysis, the asphalt
surfacing was subdivided as shown in Table 6.4. For the LET analysis, the asphalt was not
subdivided and only a single stiffness was used to represent the asphalt layer. The pavement
structure used in the LET model is defined in Table 6.6 (07h00 temperature gradient).

Table 6.13: Comparison of Model Results for 07h00 Temperature Gradient

Evaluation Maximum Tensile % Octahedral Shear %
Position Strain (microstrain) | Differencet Stress (kPa) Differencet
LET FE LET FE
Top of Asphalt 31 28 -9.7 202 209 35
Surface
Middle of NA NA NA 179 183 2.2
Asphalt Surface
Bottomn of 157 159 1.3 259 238 -8.1
Asphalt Surface

Comparison of Model Results for 14h00 Temperature Gradient

The results of the finite element (FE) and layered elastic theory (LET) models for the early
afternoon (14h00) temperature gradient in structure 2 are summarized in Table 6.14. Detailed
results in the form of influence lines are shown in Appendix D.
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6.5.4

6.6

Table 6.14: Comparison of Model Results for 14h00 Temperature Gradient

Evaluation Maximum Tensile % Cctahedral Shear %
Pasition Strain (microstrain) | Differencet Stress (kPa) Differencet
LET FE LET FE
Top of Asphalt 77 119 54.5 194 183 -5.7
Surface
Middle of NA NA NA 166 157 -5.4
Asphalt Surface
Bottom of 242 233 -3.7 183 216 18.0
Asphalt Surface

Conclusions: Structure 2

As in the case of the thin asphalt surfacing, the results shown in Tables 6.13 and 6.14 indicate that
a temperature gradient and its corresponding effect on asphalt stiffness does not have a very
large effect on the estimated stresses and strains in the asphalt base. Although a difference as
high as 18 per cent was noted in the case of the 14h00 temperature gradient, this value - when
considered in the context of the general pattern that emerges in Tables 6.13 and 6.14 - is not
considered to be unacceptably high.

Summary and Conclusions

In this chapter, the effects of temperature and stiffness variations in asphalt layers on estimated
stresses and strains were evaluated. The temperature variation used in the analysis was based
on measured data'®, and represented early morning and afternoon temperatures for warm
summer months. Two types of models were studied. In the more rigorous FE model the asphalt
layer was subdivided into several sub-layers, and each layer was assigned a different stiffness
based on the temperature at the mid-depth of the layer. The results obtained with this model were
compared with those of the conventional layered elastic model, in which the asphalt was modelled
as a single layer with a constant stiffness.

The results of the analysis indicate that temperature variations with depth in asphalt layers do not
have a significant effect on calculated stresses and strains, provided that the average temperature
in the asphalt layer is representative of field conditions. The differences between stresses and
strains obtained with the FE model (with subdivided asphalt layer) and layered elastic model (with
undivided asphalt layer) are generally less than 5 per cent for thin asphalt surfacings. For thick
asphalt bases, somewhat larger differences (up to 18 per cent in isolated cases) were noted.

In general, it can be concluded from the analysis results that variations in temperature and
stiffness with depth do not lead to large modelling differences. However, total neglect to take
account of the fluctuation of asphalt stiffness with temperature can lead to large differences for
some performance parameters. If, for example, an average asphalt stiffness obtained at 25 °C
is used to represent the asphalt response for summer afternoon temperatures (where
temperatures may reach 50°C or higher), differences in excess of 50 per cent may occur. In
effect, this suggests that asphalt stiffness is an important input parameter and emphasises the
importance of obtaining a measurement of asphalt stiffness over a range of temperatures. Most
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current design methods use only a single stiffness value to represent the asphalt response over
all seasons and temperatures. The findings of this analysis indicate that this may not be sufficient
and that a cumulative damage approach, in which the damage is estimated and added for different
seasons, may have to be considered.
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VISCOELASTIC EFFECTS

7.1

Introduction

Laboratory experiments and practical experience' %' show that asphalt response is dependent
not only on temperature but also on the rate and duration of loading. A typical asphalt response
to a constant load would be an immediate strain at the instant that the load is applied, followed by
a slow and continuous increase of strain - at a decreasing rate - for as long as the load is applied.
This is called viscoelastic behaviour and is illustrated in Figure 7.1. This figure shows that the total
strain response consists of three components: (i) an immediate elastic strain (i) a permanent, or
viscous strain and (jii) a viscoelastic strain which is time-dependent but recoverable. The first is
independent of loading time and is also fully recoverable and the latter two are dependent on the
duration of loading,

Because the stresses and strains in a viscoelastic material are dependent on the duration of
loading, it follows that the stresses and strains in an asphalt layer subjected to dynamic wheel
loading will also be dependent on the speed of loading. It also means that the response of an
asphalt layer to a stationary vehicle will change with time.

Although viscoelastic effects in asphalt pavement analysis are also concerned with the speed of
at which the load moves, viscoelastic effects should not be confused with dynamic effects.
Dynamic effects, as discussed in Chapter 2, deal with the forces that are generated by
acceleration and damping of the structure as a whole. Although viscoelasticity can also be
considered as a form of damping, it only describes the relation between the stress and the strain
of the asphalt (or of any other viscoelastic material in the structure). It is therefore only concerned
with the constitutive behaviour of the asphalt under a given stress condition.

As a broad simplification, it can be said that viscoelastic models of asphalt pavement behaviour
- like conventional layered elastic models - do not take account of the first two terms in equation
2.1. However, unlike conventional layered elastic models, viscoelastic models of asphalt pavement
behaviour consider a time-dependent stiffness. In other words, the stiffness term k in equation 2.1
is not constant but is a function of the time of loading. It should be noted that this is a considerable
simplification, offered merely to illustrate the difference in emphasis between viscoelastic and fully
dynamic models. The actual mechanics of viscoelastic models involve considerably more than
mere adjustment of the stiffness of the material as a function of loading time.

In recent years, viscoelastic constitutive models of asphalt have been implemented in multi-layer
pavement analysis models. Results obtained by Hopmann® suggest that viscoelastic pavement
models can more accurately match the strain response as measured under a slowly moving wheel
load than conventional layered elastic models. Strain influence lines obtained with viscoelastic
models differ in shape and magnitude from those obtained when conventional layered elastic
theory (LET) models are used.

Although the results published by Hopmann'® indicate that it is important to take viscoelastic
effects into account, the consequences of ignoring such effects (as is done in conventional LET
models) during routine asphalt pavement design have not been adequately investigated. In this
chapter, aspects of viscoelastic modelling are investigated in order to obtain an indication of the
relative importance of viscoelastic effects in asphalt pavement design and analysis.
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Figure 7.1: Typical Behaviour of Asphalt during constant Stress Loading

7.2 Pavement Structures and Assumed Material Properties

Two pavement structures were considered in this investigation: the first structure consisted of a
thin (40 mm thick) asphalt surfacing on a granular base and subbase. The second structure
consisted of a 40 mm thick asphalt surfacing on an asphalt base of 120 mm thickness, underlain
by a granular subbase. These structures are defined in Tables 7.1 and 7.2. The load assumed in
the modelling process was a 20 kN single wheel with a contact pressure of 650 kPa (contact
radius of 99 mm).

Table 7.1: Structure 1: Assumed Material Properties and Layer Thicknesses

Layer Stiffness Modulus (MPa) Poisson’s Thickness (mm)
Ratio
Asphalt Surfacing Viscoelastic (time-dependent) 0.40 40
Granular Base 400 0.40 150
Granular Subbase 200 0.40 150
Subgrade* 70 0.40 2000

To ensure compatibility between models, it was assumed that the subgrade was underlain
by a stiff layer.
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Table 7.2: Structure 2: Assumed Material Properties and Layer Thicknesses

Layer Stiffness Modulus (MPa) Poisson’s Thickness {(mm)
Ratio
Asphalt Surfacing Viscoelastic (time dependent) 0.40 40
Asphalt Base Viscoelastic (time dependent) 0.40 120
Granular Subbase 300 0.40 150
Subgrade* 70 0.40 1690

To ensure compatibility between models, it was assumed that the subgrade was underlain
by a stiff layer.

The approach adopted was to use a viscoelastic pavement analysis model to determine the
responses under wheel loads moving at two different speeds (20 and 80 km/h). The results
obtained with the viscoelastic model were then compared with those obtained by layered elastic
theory (LET). The viscoelastic model used was that developed by Hopmann (called VEROAD).
Viscoelastic modelling was performed under the guidance of Dr. Piet Hopmann by Netherlands
Pavement Consultants (NPC).

The viscoelastic model used in the VEROAD computer program is illustrated in Figure 7.2. This
model is referred to as the Burgers model, and can fairly accurately simulate the type of response
shown in Figure 7.1. It can be seen from Figure 7.2 that the Burgers model requires four material
parameters to characterize the asphalt response The parameters assumed for the purposes of
this analysis for structures 1 and 2 are summarized in Table 7.3.

'!vo

ELASTIC STRAIN (e,) = o/R,

VISCOELASTIC STRAIN
(€ve) = (6/R,).(1-EXP (-Ryt/n,)

Figure 7.2 Rheological Model used in VEROAD program
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7.3

Table 7.3 Burgers Model Parameters used in VEROAD

Parameter related to: Asphalt Surfacing for Asphalt Base for
Structures 1 and 2 Structure 2

Immediate Elastic Strain (spring in series) 3500 2 300

(R, in Figure 7.2)
Delayed Elastic Strain (spring in parallel) 5000 3 500

(R, in Figure 7.2)
Permanent Strain (viscous damper, n, in 10 000 10 000

Figure 7.2)

Delayed Elastic Strain (damper in parallel 500 400

n, in Figure 7.2)

The model parameters assumed for the analysis are roughly based on laboratory test results
measured at short loading times under constant loading conditions. The parameters were thus
chosen to be fairly representative of the observed asphalt response, specifically with regard to
(i) the ratio between the delayed and immediate strain components, and (ii) the ratio between the
permanent strain and the total strain.

Figure 7.3 shows the theoretical strain response for the material parameters assumed for the
asphalt surfacing of structures 1 and 2 (i.e. the values shown in column 2 of Table 7.3), together
with the laboratory-measured strain response for a continuously graded asphalt mix. It can be
seen that there is a good agreement between the measured and theoretical strain responses. It
should, however, be noted that the measured response shown in Figure 7.3 was scaled to have
the same maximum value as the theoretical strain response. There was thus some difference
between the absolute values of the theoretical and measured strains. However, the most
important point to note is that the theoretical model matches the measured response in shape as
well as in the amount of permanent deformation present after loading.

Layered Elastic Response Model

In order to ensure that the layered elastic response model results approximate those of the
viscoelastic response model, a judicious choice has to be made of the asphalt stiffness to be used
in the layered elastic response calculations. One approach, discussed by Huang'®, is to use the
inverse of the Burgers model compliance, calculated at a loading time that is similar to the time
needed for a vehicle to pass over a point in the pavement system at a given speed. This method
is discussed in detail by Huang™ and will not be described here. Other details of the method, such
as the definition of Burgers model compliance can also be found in Findley et al."”.
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Figure 7.3 Measured and Theoretical Strain Response for the Material Parameters shown
in Column 2 of Table 7.3

The method of using the inverse of the Burgers model compliance was not used in this analysis.
Instead, the asphalt stiffness was simply assumed to be equal to the stiffness of the series-spring
(R, in Figure 7.2) in the Burgers model. Thus, for the simplified layered elastic model the stiffness
of the asphalt surfacing of structures 1 and 2 was assumed to be 3500 MPa, and the stiffness of
the base for structure 2 was assumed to be 2300 MPa. This assumption is based on the fact that,
for speeds of more than 20 km/h, the time taken for the induced stress pulse to reach a peak is
likely to be well below 0.2 seconds for points in the upper part of the pavement structure. For
speeds of 80 km/h and greater, this time is likely to be below 0.05 seconds. It can be seen from
Figure 7.3 that, at such short loading times, the immediate elastic strain component is far greater
than either the delayed elastic or permanent strain components. It can therefore be assumed that
the total strain response will be represented fairly accurately by the immediate “stiffness”
represented by the series spring in Figure 7.2.

Results

Structure 1

The results of the viscoelastic (VEROAD) and conventional layered elastic theory (LET) models
for structure 1 are summarized in Tables 7.4 and 7.5. It should be noted that the tensile strains
shown in Table 7.4 were calculated at the bottom of the surfacing. Neither of the two models
calculated large tensile strains at the top of the surfacing. Values shown in bold in Tables 7.4 and
7.5 represent the most critical values. It should be noted that the differences in Tables 7.4 and 7.5,
as well as in other tables that follow were calculated using the VEROAD results as base value.
Thus a positive error indicates that the LET model is more conservative (i.e. predicts higher
stresses or strains) than the viscoelastic model.
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Table 7.4: Summary of Maximum Horizontal Tensile Strain Results: Structure 1

Position LET Strain VEROAD Results for 20 km/h | VEROAD Results for 80 km/h
in (microstrain)
Surfacing Strain % Diff. in Strain %Diff. in
(microstrain) LET* (microstrain) LET*
Bottom 228 237 -3.8 236 -3.4

Errors were calculated using VEROAD results as base values

Table 7.5: Summary of Octahedral Shear Stresses: Structure 1

Position LET Stress VEROAD Results for 20 km/h | VEROAD Results for 80 km/h
in (kPa)
Surfacing Stress (kPa) % Diff. in Stress %Diff. in
LET* (kPa) LET*
Top 745 648 15.0 716 4.1
Middle 8 33 -75.8 27 -70.4
Bottom 706 671 -5.2 706 0.0

Differences were calculated using VEROAD results as base values

7.3.2 Structure 2
The calculated results for structure 2 are summarized in Tables 7.6 and 7.7 for the maximum
horizontal tensile strains and octahedral shear stresses, respectively.

Table 7.6: Summary of Maximum Horizontal Tensile Strain Results: Structure 2

Layer Position LET VEROAD Results for 20 VEROAD Results for 80
in Layer Strain km/h km/h
W) | strain (ue) % Diff.in | Strain (ue) | % Diff. in
LET" LET*
Surfacing Bottom Strains were all negligible (less than 10 microstrain)
Base Bottom 150 162 -7.4 153 -2.0

Differences were calculated using VEROAD results as base values
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7.4

7.5

Table 7.7: Summary of Octahedral Shear Stresses: Structure 2

Layer Position | LET Stress | VEROAD Results for 20 VEROAD Results for
in {kPa) km/h 80 km/h
Surtacing Stress | %Diff.in | Stress | % Diff.in
(kPa) LET* (kPa) LET*
Surfacing Top 264 235 12.3 238 10.9
Middle 58 38 52.6 44 -13.6
Bottom 106 112 -5.4 110 -3.6
Base Top 100 111 -9.9 111 -9.9
Middle 171 163 4.9 167 2.4
Bottom 285 256 11.3 267 6.7

Differences were calculated using VEROAD results as base values

Discussion

The results shown in Tables 7.4 to 7.7 indicate that, for the material properties and vehicle speeds
assumed for this analysis, viscoelastic effects do not have a significant influence on the most
critical predicted response. As can be expected from the nature of viscoelastic responses, the
VEROAD meodel predicts that strains tend to increase at lower speeds while stresses tend to
decrease. These effects are due to the effective “softening” of the asphalt at longer loading times
(i.e. slower speeds) which lead to reduced stress and increased strain. It can also be expected
that the agreement between the viscoelastic and conventional linear elastic (LET) models will
improve at higher speeds when the immediate elastic strain dominates the overall strain response.

In the case of structure 1, the largest tensile strain was calculated with the viscoelastic model for
the 20 km/h speed. This strain was only 3.8 per cent higher than the corresponding elastic
solution. The octahedral shear stresses calculated with the LET and viscoelastic models also
agreed fairly well, the difference between the most critical values being 4.1 per cent. However, the
octahedral stress results indicate that larger differences can be expected at lower speeds. Except
for the low octahedral stresses in the middle of the layer, all the differences between model
predictions were less than 20 per cent.

The results for structure 2 also indicated that the differences between the two models are likely
to be less than 20 per cent. For the most critical strain values, the largest difference was -7.4 per
cent. For the most critical octahedral shear stress values, the largest difference was 10.9 per cent.

Summary and Conclusions

In this chapter, an analysis was presented in which asphalt response was estimated with a
conventional layered elastic and a viscoelastic response model. The viscoelastic response model
is capable of taking account of delayed elastic and permanent strains which are a function of
vehicle speed.
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The overall conclusion drawn from this analysis is that viscoelastic effects are not critical for
vehicle speeds of more than 20 km/h. It should be emphasized, however, that this analysis was
based on only one set of assumed material parameters. Although this set of parameters is
deemed to be fairly representative of material response as measured in the time domain (see
Figure 7.3), viscoelastic effects may become more significant for materials that exhibit higher
permanent deformation and delayed elastic response components, and also for vehicles moving
at speeds of less than 20 km/h. However, in the context of the overall study reported here, and
when considered relative to the effects of dynamics, non-uniform tyre pressures and random
variations in stiffness, layer thicknesses etc., viscoelastic effects do not seem to be critical for
accurate determination of key response parameters in asphalt pavements.
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CONCLUSIONS, DISCUSSION AND RECOMMENDATIONS

8.1

8.2

8.2.1

Summary

This study consisted of an evaluation of the suitability of conventional layered elastic theory (LET)
programs for evaluating the stress and strain responses in asphalt layers. The general approach
followed was to investigate several effects (such as dynamics, viscoelasticity and non-uniform tyre
pressures) which cannot be adequately accounted for in conventional layered elastic models.
More complex response models in which these effects could be included were used to evaluate
responses in the asphalt layer. These responses were then compared with those which had been
calculated with the simplified layered elastic model. Specific effects investigated in the study were:

i) Effects of dynamic loading;

ii) Effects of non-uniform tyre pressures;

ii) Horizontal shear force effects:

iv) Effects of non-uniform support systems;

V) Effects of temperature and stiffness gradients in asphalt layers, and
vi) Visceoelastic effects.

It should be noted that the results of this study cannot be viewed as a comprehensive analysis of
all of the above effects. Flexible pavement response is highly non-linear, and the relative
importance of certain effects is therefore bound to vary for different values of input parameters
such as stiffness, vehicle speed, layer thickness etc. Within the constraints of this project, only a
limited set of structure types and input variables could be studied. However, it is believed that the
input variables and pavement structures that were analysed are representative of many of the
most frequently occurring situations in South Africa. The conclusions that follow are therefore
regarded as valid for many pavement design situations and provide a meaningful indication of
effects that can be considered as vital for an accurate representation of asphalt layer response.

Conclusions for Selected Effects

Dynamic Effects (influence of vehicle speed)

The analysis of dynamic effects lead to the following conclusions:

Fatigue-related Issues:

Static response models such as conventional layered elastic models overestimate the tensile
strains in the asphalt layer by 50 per cent or more. This was found to be the case for both
pavement structures and for both the simulated vehicle speeds (20 and 80 km/h). The modelled
effects of dynamic loading on tensile strains at the bottom of the asphalt layers generally agree
with published results and field measurements. The analysis results therefore suggest that the
more approximate LET rodel will grossly overestimate the tensile strains of asphalt layers and
will therefore also tend to underestimate the fatigue life of asphalt layers if that fatigue life estimate
is based on an absolute estimate of tensile strains. The very low strains estimated by the dynamic
finite element model also suggest that the mechanism which causes fatigue cracking may not be
properly understoed at present.

HMA-2 (TFAS5) : Conclusions and Recommendations 8-1



8.2.2

Rutting-related Issues:

In the case of the rutting parameter (octahedral shear stress), large differences between static and
dynamic model results were noted. The effects of dynamic loading on octahedral shear stresses
are not as clear as for tensile strains. In general, the dynamic response model predicts higher
vertical stresses and lower horizontal stresses than the static model. The relative differences
between the static and dynamic model results depend on the evaluation position. In all cases the
maximum octahedral shear stress was predicted by the static LET model. This result was
generally higher than the corresponding value predicted by the dynamic model. The analysis
results thus suggest that static models will tend fo overestimate the rutting potential of asphalt
mixes for pavement sections on which vehicle speeds are likely to exceed 20 km/h.

It should be noted that only the effects of dynamic loading on the induced stresses and strains
were investigated in the analysis of dynamic effects. Dynamic effects are also likely to play a role
in determining the resistance of asphalt mixes to fatigue and rutting at a specified applied stress
state. This is especially relevant in the case of rutting, where the rate of loading not only affects
the applied stress, but also affects the amount of flow induced in the asphalt mix.

Non-uniform Tyre Pressure Distributions
The analysis of non-uniform tyre pressure distributions prompted the following conclusions:

Fatigue Implications:  The results indicate that, for thin asphalt surfacings on granular support
layers, non-uniform contact stress distributions can have a significant
effect on the maximum horizontal tensile strains. Conventional LET
models in which a uniform, circular contact stress is assumed can
underestimate the maximum horizontal tensile strain in the asphalt
surfacing (differences of 100 per cent and larger were observed). The
effect of contact pressure shape and distribution on horizontal tensile
strains diminish with depth. Consequently the effects of non-uniform tyre
pressure distributions are not as great for asphalt bases as for thin
asphalt surfacings (differences were less than 10 per cent).

Implications for Rufting: As expected, the analysis indicated that non-uniform contact stress
distributions led to higher octahedral shear stresses than those
calculated with conventional layered elastic models. The layered elastic
model with a uniform circular contact stress generally underestimated
the maximum octahedral shear stress in the asphalt layer by more than
20 per cent. This difference is caused partly by the shape of the load
contact area, which is rectangular rather than circular.

It should be noted that the load and tyre pressure combination on which the analysis of non-
uniform tyre pressures was based led to a somewhat extreme variation in contact stresses. The
effects of non-uniform tyre pressures are thus likely to decrease under smaller wheel loads and
tyre pressures that conform to manufacturers' specifications. Despite this observation, the results
indicate that neglect to take account of the shape of the load contact area as well as of non-
uniform tyre pressures can lead to underestimation of the rutting and fatigue potential of asphalt
layers. Differences between the results obtained with different models suggest that non-uniform
tyre pressure effects should be included in design calculations, or at the very least, that they
warrant further investigation.
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Horizontal Shear Force Effects

The analysis of horizontal shear force effects indicates that horizontal shear forces such as those
that are induced by heavy vehicles moving on steep inclines do not significantly affect the
response parameters that are related to fatigue and rutting. Differences between results of models
in which shear force effects were simulated and those in which zero horizontal shear was
assumed were generally below 10 per cent. These differences are not viewed as significant if they
are considered relative to random errors which may occur due to variations in support conditions,
material properties etc. It should, however, be noted that, as far as rutting potential is concerned,
this conclusion applies only to the stress state induced in the asphalt layer. The duration of
loading, which is greater for slowly moving traffic on inclines than for fast moving traffic on level
surfaces, is bound to lead to an increased flow of the binder, and may therefore lead to a greater
potential for rutting.

Effects of Non-uniform Support Layers

The analysis of the effects of non-uniform support layers indicate that the presence of a non-
uniform support layer does not have a significant effect on the critical stress and strain
parameters calculated in the asphalt surface. The results suggest that the simplified LET model,
which does not take into account the change in support stiffness with increasing depth and
increased offset from the load, can provide a reasonably accurate estimate (j.e. within 5 per cent
of the more rigorous FE solution) of the most critical stress and strain parameters, provided that
the support stiffness is representative of the average stiffness of the support layer under the
loaded area.

The results indicate that, in routine pavement evaluation situations, reasonably large differences
(generally in the order of 20 per cent) between the simplified LET model and the more
representative finite element (FE) model can occur because of the simplifications in the
backcalculation model. If the stiffness of the base varies significantly with depth, the
backcalculated stiffness is likely to be lower than the average base stiffness. This means that
stiffness of the immediate support (i.e. the upper base) is underestimated, resulting in
overestimation of the tensile strains and shear stresses at the bottorn of the asphalt surfacing. The
practical implications of this may be a gross overestimation of the fatigue crack potential and
rutting potential of thin asphalt layers.

Effects of Temperature and Stiffness Gradients in Asphalt Layers

The analysis of temperature gradient effects indicates that temperature variations with depth in
asphalt layers do not have a significant effect on calculated stresses and strains, provided that the
average temperature in the asphalt layer is representative of field conditions. The differences
between stresses and strains obtained with the FE model (with subdivided asphalt layer) and
those obtained with the layered elastic model (with undivided asphalt layer) are generally less than
5 per cent for thin asphalt surfacings. For thick asphalt bases, however, somewhat larger
differences were noted.

In general, it can be concluded from the analysis results that variations in temperature and
stiffness with depth do not lead to large modelling errors. However, total neglect to take account
of the fluctuation of asphalt stiffness with temperature can lead to large errors for some
performance parameters. If, for example, an average asphalt stiffness obtained at 25 °C is used
to represent the asphalt response for summer afternoon temperatures (where asphalt
temperatures may reach 50°C or higher), differences in excess of 50 per cent may occur. In
effect, this suggests that asphalt stiffness is an important input parameter and emphasises the
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importance of obtaining a measurement of asphalt stiffness over a range of temperatures. Most
current design methods use only a single stiffness value to represent asphalt response over all
seasons and temperatures. The findings of this analysis indicate that this may not be sufficient
and that a cumulative damage approach in which the damage is estimated and added for different
seasons may have to be considered.

Viscoelastic Effects

The overall conclusion drawn from the analysis is that viscoelastic effects are not critical for
vehicle speeds of more than 20 km/h. It should be emphasized, however, that this analysis was
based on only one set of assumed material parameters. Although this set of parameters is
deemed to be fairly representative of material response as measured in the time domain,
viscoelastic effects may become more significant for materials that exhibit a higher permanent
deformation and delayed elastic response components, and also for vehicles moving at speeds
of less than 20 km/h. However, in the context of the overall study reported here, and when
considered relative to the effects of dynamics, non-uniform tyre pressures and random variations
in stiffness, layer thickness etc., viscoelastic effects do not seem to be critical in the accurate
determination of key response parameters in asphalt pavements.

Further Conclusions and Discussion

It was noted in section 8.2 as well as in the introductory chapter that the analyses presented in this
report were subject to limited sets of input parameters and pavement situations. In view of this,
some of the conclusions noted above for certain effects could be disputed. A more rigorous and
expensive study coupled with field and laboratory measurements may indicate that some of the
effects may be more or less important than indicated by this brief study.

However, one observation that cannot be disputed is that conventional layered elastic theory
cannot provide an accurate estimate of stresses and strains in asphalt layers in situations that
involve moving traffic (with speeds greater than 20 km/h) over support systems of uncertain
stiffness in which wheel loads and contact pressure distributions are not known.

Since serious consideration of the above statement is likely to have a profound influence on the
manner in which asphalt pavements are designed, some qualification should perhaps be made
of what is meant by “an accurate estimate of stresses and strains”. Practitioners who are charged
with the design of asphalt pavement frequently defend the use of layered elastic models by stating
that the models are accurate enough, given the coarse and robust nature of pavement material
behaviour. To evaluate this statement, consider a design situation in which the objective is to
design a thin asphalt layer for an A-category road. Assume that the pavement design is as defined
in Table 2.1. If the design in terms of fatigue life is to be based on tensile strain at the bottom of
the asphalt layer, the following results will be obtained for different modelling and actual scenarios:

1. Multi-layer Elastic Theory Model (current routine design)
Approximate maximum tensile strain: 250 microstrain (see Table 2.3 on page 2-3)
Approximate Expected Fatigue Life: 250 000 repetitions

2. Three-Dimensional Dynamic Finite Element Model, Vehicle Speed 20 km/h
Approximate maximum tensile strain; 110 microstrain (see Table 2.3 on page 2-3)
Expected Fatigue Life: 18 million repetitions
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3. Three-Dimensional Dynamic Finite Element Model, Vehicle Speed 80 km/h
Approximate maximum tensile strain; 90 microstrain (see Table 2.3 on page 2-3)
Expected Fatigue Life: 50 million repetitions

The expected fatigue life calculations are based on the transfer functions used in the South
African mechanistic design method and include a shift factor of 2 to account for crack
propagation®, Several observations follow from, or can be added to, this example:

i) Differences between predictions made by the models are significant, even when
considered in terms of pavement design classes. The three scenarios effectively lead to
three different pavement design classes.

ii) None of the three design calculations really conforms to the expected life for a thin
asphalt surfacing on a proper granular support.

iiii) Any of the three design calculations will be invalid if the fatigue resistance characteristics
of the design mix differ significantly from the “generic” transfer function used for the
design calculations. This implies that the pavement design function may to a large extent
be governed or even overridden by the materials design function.

A statement that is also often made in defence of the use of multi-layer elastic theory, is that it
offers a convenient way of comparing the expected performance of different pavement designs.
Itis also frequently asserted that the current use of multi-layer elastic programs for the design of
asphalt layers has been calibrated with field experience. However, these statements prompt the
following questions:

i) If the only valid use of multi-layer elastic theory is to compare different designs with one
another, and if the approach requires a large element of field calibration, why is such a
complex approach chosen in which there is uncertainty regarding many of the variables
that may in fact reverse the outcome of the comparison?

ii) Does this use of the multi-layer elastic method, coupled with the findings of this study, not
indicate that the method merely provides an erroneous quantification of pavement design
principles which are already established and have been verified through accelerated
testing (examples of such principles include: the importance of pavement balance,
importance of support stiffness to asphalt layer performance, etc.)?

iif) Is a simpler, more robust approach, such as the use of the method of equivalent
thicknesses'®, which can be performed on a hand-held calculator, or the DCP design
method® not more pertinent and cost-effective and even more rational for use in routine
asphalt pavement design situations?

A further issue that should enter this discussion is that, even for the more accurate dynamic
response model, differences in the estimated tensile strains are significant for small changes in
input values (speed being the input value for the example illustrated above). If the estimation of
fatigue life is based on tensile strain, then this also implies a sensitivity of fatigue life estimates to
input values. This sensitivity is likely to be even greater when variations in other parameters such
as layer thickness, material stiffness, load magnitude etc. are considered at the same time. This
means that, for performance models based on tensile strain, the three-dimensional finite element
program will also not provide an accurate estimate of design life unless the vehicle speed, layer
thicknesses, material stiffnesses etc. are known.

While it is conceivable that all of these parameters may be measurable (at considerable cost) at
a specific point in a road, what cannot be avoided is the variation of these parameters over a given
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length of road. Thus an accurate prediction of asphalt performance may be possible at a specific
point in a road (if all relevant parameters are known at that point), but this will vary from point to
point. A comparison of the fatigue life estimates of scenarios (2) and (3) indicates to what extent
such an estimate will vary. This explains why some parts of an asphalt surfacing may exhibit
cracks after two years while large sections of the same road may remain intact for 12 years or
more.

It is hoped that the above discussion provides enough evidence for the following statements to
be made:

i) The current approach to routine design of asphalt pavements using conventional layered
elastic theory models cannot be expected to provide an accurate estimate of absolute
performance of asphalt layers;

ii) Gonventional layered elastic theory models can be used to provide a qualitative
assessment of pavement behaviour but their use is not necessarily the most cost-
effective or even the most rational way of comparing different design situations. Simpler
design methods, which contain fewer variables which can be determined with greater
reliability and at reduced cost, may be more appropriate;

iii) Precise estimates of asphalt layer responses and performance are not meaningful. In
order to accommodate the full spectrum of possible values that important input
parameters can take on, estimates of pavement life need to be expressed in coarse and
robust terminology. Failure to do so will lead to unrealistic expectations as far as the
pavement design function of asphalt design is concerned.

Recommendations

It should be clear from the above discussion that a new approach to the structural design function
of asphalt mix design is needed. In essence, there are two possibilities: (i) a more complex and
accurate response model has to be developed for use in routine design situations; or (i) a robust,
simplified and more rational approach to the pavement design function has to be developed. It is
recommended that a simplified, rational pavement design method be adopted for routine
pavement design situations*>. The reasons for this have been covered to a certain degree in the
preceding section, but can be summarized as follows:

. Complex response models, such as dynamic, non-linear, anisotropic, viscoelastic three-
dimensional finite element programs are only as accurate as their input values. As
suggested in the previous discussion, an accurate measurement of properties such as
vehicle speed, layer thickness, density, material stiffness, Poisson’s ratio’s and damping
characteristics is vital if the estimates of stresses and strains are to be truly accurate.
However, such measurements are not considered feasible for routine design purposes
and may not even be possible for the design of new pavements. The use of “generic”
input values such as those obtained from literature or published tables is not sufficient,
since it is simply not rational to supply unreliable and inaccurate input data to a very

"1

The phrase “rational pavement design method” was coined by Mr. Hechter Theyse of
Transportek CSIR, during discussions with the one of the authors.
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expensive and complex response model and then claim that the resulting stresses and
strains are accurate.

. Because of the nature of pavement materials and pavement construction processes,
input values such as layer thicknesses, stiffnesses, Poisson's ratios, densities and
damping characteristics are likely to vary significantly over even a short length of road.
Thus a proper stochastic simulation of pavement response will indicate that pavement life
may vary significantly over a nominally uniform section of road'. The proper use of
complex response models is thus likely to result in a wide range of estimates of asphalt
layer performance, even for a short section of road. Such imprecise estimates can also
be obtained (at significantly reduced cost ) by the use of simplified methods.

Although the above statements may seem to suggest that complex response models do not have
a place in asphalt pavement design, this is not the case. Complex response models are vital to
the development of an understanding of material behaviour and performance because they
provide insight into failure mechanisms and assist in determining the most important parameters
that affect material performance. The maximum horizontal tensile strains obtained with the
dynamic three-dimensional finite element model, for example, suggest that an asphalt layer may
not fail because of the (very low) induced tensile strain but may in fact crack for other reasons. It
is therefore possible that a new mechanism for fatigue failure needs to be investigated.

Compiex models are therefore vital for obtaining an increased understanding of pavement
behaviour and performance. However, the use of these models should be restricted to the
research domain where input parameters can be accurately determined and where the model
results can be interpreted in a methodical and critical manner.

Knowledge gained in this manner should then be implemented in the routine mix and pavement
design functions. The manner in which this knowledge is implemented in routine design situations,
however, should be in the form of a relatively simple and robust method that is not prone to
misuse or over-interpretation.

Itis recognized that the proposal for developing a simplified, robust approach to the pavement
design function of mix design is at variance with the more fundamental and complex approach that
is being pursued in the United States and Europe. However, it is believed that the approach
proposed here is based on sound reasoning and on a holistic approach to pavement design. The
analyses presented in this report include many aspects of complexity and fundamentals. However,
proper interpretation of these analyses, coupled with knowledge of the variability and uncertainty
of pavement construction processes, suggest that a complex and refined approach is not the most
cost-effective approach for routine design purposes. To a certain extent, therefore, the process
followed in this study can be characterized by Figure 8.1 (the concept illustrated by Figure 8.1 was
first suggested to one of the authors by Mr. Larry Schofield of the Arizona State Department of
Transport).

The above discussions outline the principal reasons for the selection of a simplified, rational
approach to the pavement design function of asphalt mix design. In the following paragraphs the
most important characteristics of the proposed system are discussed.
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COMPLEXITY OF APPROACH

EXPERIENCE / KNOWLEDGE / UNDERSTANDING

Figure 8.1 Conceptual Model to Support the Selection of a Simplified Approach to
Asphalt Mix Design

Proposed Approach to the Pavement Design Function of Routine Asphalt Mix Design

The method proposed for the evaluation of the pavement design component of mix design should
have the following characteristics:

. The system would follow a comparative approach and would contain a large element of
knowledge-based calibration; Performance would not be predicted in absolute terms, but
the system would ensure that the pavement design conforms to the principles set out in
the TRH4 document and design catalogue®.

. The essence of the method should consist of a expert system in which only those design
principles which have been thoroughly tested and validated are embodied. Such a system
could be computerized or represented in a graphical format. The system would typically
require only first order input values such as (i) the thickness and stiffness of the asphalt
layer (i} maximum expected asphalt temperature, (i) stiffness of the support layer, (iv)
number of heavy vehicles expected over the design period, (v) probability of overloading
and (vi) number of steep inclines, (vii) selected deflection bowl parameters (for
rehabilitation design purposes).

These input values should be determined using reliable and well proven methods, and
should be expressed in a manner that is consistent with the uncertainty of the
measurement and the variability of the parameter in question. Stiffness of the support
values should, for example, be expressed in classes such as very stiff (500 to 800 kPa),
stiff (300 to 500 MPa) and weak (less than 300 MPa) and could therefore be based on
coarse empirical estimates.
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. The system would provide two primary outputs:

i) Recommended laboratory tests (with the recommended stress or strain state) to
be used in the mix design phase; For example, for the evaluation of rutting
potential by means of the dynamic creep test, it is essential that a confining
stress be applied. The level of confinement and the magnitude of the overall
stress would be dictated by the pavement system and load intensity. The expert
system should therefore recommend broad classes of stress states to be used.
Again, this recommendation would be imprecise and relative (e.g. “high” or “low”
deviator stress).

ii) Expected ranges of performance for the various laboratory test methods. This
would enable the designer to interpret his data and make a qualitative
assessment of the expected performance of the design mix. The expected or
typical ranges of performance of different test methods should be based on a
data base of values and could be updated from time to time as experience and
the quantity of available test data increases.

The approach outlined above essentially limits the resources that are expended on the pavement
design function and places emphasis on the materials design function instead. It should be noted
that the development of the proposed approach does not require expensive model building,
accelerated testing or long term performance monitoring (although these elements should be
pursued as part of the research function and should ideally be used to update and refine the
proposed method from time to time). In essence, the development of the proposed method would
require the gathering and formalizing of existing knowledge, coupled with a limited set of
mechanistic design calculations using the most advanced models available.

Required Input Parameters to be Determined from Materials Testing

As already suggested by the above discussion, only one parameter is needed to serve as input
into the structural design function. This is true, regardless of whether the proposed approach is
adopted or of whether the current use of multi-layer elastic theory is retained. This parameter is
the mix stiffness, or resilient modulus, at a range of test temperatures. Although the Poisson’s ratio
is also needed as input into conventional multi-layer elastic models, this parameter is known to
be highly variable and non-linear in behaviour, as well as to be highly dependent on the test
method. Sufficiently accurate measurement of this parameter during routine mix design is
therefore not considered to be viable. If the use of the multi-layer elastic theory for gualitative
evaluation of asphalt pavements is retained, then it is recommended that the Poisson’s ratio be
determined using published values such as those proposed in the South African mechanistic
design method.
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NOTE TO APPENDICES ATO C

Appendices A,B and C contain the results of the dynamic effects, non-uniform tyre contact stress effects
and horizontal shear force effects, respectively. The following sign and orientation conventions apply to
Appendices A to C:

. Compressive stresses and strains are negative; tensile stresses and strains are positive.

. The yy-axis denote the vertical direction;

. The xx-axis denote the transverse direction:

. The zz-axis denote the longitudinal direction (i.e the direction in which the wheel is moving, in the

case of the dynamic analysis);



APPENDIX A
ANALYSIS RESULTS: DYNAMIC EFFECTS



RESULTS FROM LET AND FE MODELS FOR DYNAMIC ANALYSIS

TABLE A1: STRESS RESULTS FOR STRUCTURE 1: ASPHALT SURFACING

DEPTH VERTIC |TRANSV [LONGI

IN AC MODEL |SIG-YY |SIG-XX |SIG-ZZ |SIG-XY [TAU-OCT

TOP LET -800 -2550 -2550 0 825.0
FE STAT| -879 2170 -2170 0 608.6
FE 20 -890 -1580 -1387 -86 299.0
FE 80 -1025 -1420 -1254 -89 177.5

MIDDLE |LET =777 -928 -928 0 71.2
FE STAT| -759 -868 -868 0 514
FE 20 -788 -790 -694 -286 237.8
FE 80 -923 -796 -752 -268 230.5

BOTTOM|LET =722 561 561 0 604.8
FE STAT| -703 586 586 0 607.6
FE 20 -689 31 -120 -257 . 374.4
FE 80 -820 -284 -376 -268 320.4

TABLE A2. STRESS RESULTS FOR STRUCTURE 2: ASPHALT SURFACING

DEPTH VERTIC |[TRANSV [LONGI
IN AC MODEL |SIG-YY [SIG-XX |SIG-ZZ |SIG-XY [TAU-OCT
TOP LET -800 -1730 -1730 0 438.4
FE STAT| -850 -1528 -1528 0 319.6
FE 20 -879 -1330 -1208 -61 196.9
FE 80 -1016 -1245 -1143 -66 108.1
MIDDLE |LET -783 -1190 -1190 0 191.9
FE STAT | -791 -1077 -1077 0 134.8
FE 20 -809 -944 -918 -232 198.2
FE 80 -945 -946 -914 -232 190.0
BOTTOM|LET -725 -711 -711 0 6.6
FE STAT | -717 -615 -615 0 48.1
FE 20 -673 -600 -628 -306 251.7
FE 80 -804 -679 -702 -331 2757
TABLE A3. STRESS RESULTS FOR STRUCTURE 2: ASPHALT BASE
DEPTH VERTIC |TRANSV [LONGI
IN AC MODEL |SIG-YY |SIG-XX |SIG-ZZ |SIG-XY |TAU-OCT
TOP LET -721 -548 -548 0 81.6
FE STAT| -695 -427 -427 0 126.3
FE 20 -537 -435 -440 -245 2055
FE 80 -406 -332 -329 -166 1401
MIDDLE |LET -410 99 99 0 239.9
FE STAT | -425 46 46 0 222.0
FE 20 -369 0 0 -196 236.4
FE 80 -284 -62 -80 -166 168.8
BOTTOM|LET -169 746 746 0 431.3
FE STAT| -183 575 575 0 357.3
FE 20 -211 408 332 -116 291.5
FE 80 -179 232 166 -66 188.1




FINITE ELEMENT RESULTS
STRUCTURE 1: STATIC ANALYSIS
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APPENDIX B
ANALYSIS RESULTS: NONUNIFORM CONTACT STRESS
DISTRIBUTION



COMPARISON OF RESULTS FROM LET AND FE MODELS FOR ANALYSIS OF
NON-UNIFORM TYRE PRESSURE DUSTRIBUTIONS

TABLE B1: STRESS RESULTS FOR STRUCTURE 1: ASPHALT SURFACING

OFFSET DEPTH VERTIC [TRANSV [LONGI
POSITION |IN AC MODEL |SIG-YY [SIG-XX |SIG-ZZ [SIG-XY |TAU-OCT
CENTRE TOP LET -700 -2280 -2280 0 745
OF WHEEL FE-UNIF -923 -2875 -2321 375 877
FE-NONU| -1609 -3250 -3180 787 993
MIDDLE |LET -697 -1170 -1170 0 223
FE-UNIF -902 -1150 -1251 51 152
FE-NONU| -1062 -1006 -1096 0 37
BOTTOM|LET -674 -22 -22 0 307
FE-UNIF -831 575 24 -28 579
FE-NONU] -788 390 223 -46 522
EDGE TOP LET -349 -1010 -1410 -264 488
OF WHEEL FE-UNIF -381 -1293 -1465 -51 477
FE-NONU| -2361 -4025 -3654 -92 717
MIDDLE |LET -328 -688 -705 -443 401
FE-UNIF -372 -948 -781 -493 470
FE-NONU| -1251 -925 -1205 -665 562
BOTTOM|LET -303 -377 2 -268 273
FE-UNIF -343 -201 -171 -370 311
FE-NONU| -708 1087 512 -370 807

TABLE B2: STRESS RESULTS FOR STRUCTURE 2: ASPHALT SURFACING

’OFF?ET DEPTH VERTIC [TRANSV [LONGI
POSITION [INAC MODEL |SIG-YY [SIG-XX [SIG-ZZ |SIG-XY |TAU-OCT
CENTRE TOP LET -700 -2030 -2030 0 627
OF WHEEL FE-UNIF -952 -2131 -2033 394 624
FE-NONU| -1408 -2639 -2506 630 754
MIDDLE |LET -684 -1530 -1530 0 309
FE-UNIF -875 -1491 -1524 41 300
FE-NONU| -1056 -1386 -1566 0 211
BOTTOM|LET -642 -1030 -1030 0 183
FE-UNIF -856 -1022 -1016 21 79
FE-NONU| -797 -594 -783 0 93
EDGE TOP [LET -342 -1110 -1310 -237 460
OF WHEEL FE-UNIF -476 -1279 -1423 -62 420
FE-NONU| -2346 -2969 -2819 -39 267
MIDDLE |LET -331 -884 -952 -332 388
FE-UNIF -466 -1022 -1077 -344 394
FE-NONU| -1361 -1254 -1535 -551 465
BOTTOM|LET -305 -645 -622 -363 335
FE-UNIF -428 -639 =731 -414 361
FE-NONU| -939 -726 -626 -472 407




TABLE B3: STRESS RESULTS FOR STRUCTURE 2: ASPHALT BASE

[OFFSET  |DEPTH VERTIC [TRANSV| LONGI
POSITION |IN AC MODEL | SIG-YY | SIG-XX | SIG-ZZ | SIG-XY |TAU-OCT
CENTRE TOP LET -636 -729 -729 0 44
FE-UNIF -799 -639 -1016 -20 155
FE-NONU| -797 -594 -783 0 93
MIDDLE |LET -414 114 114 0 249
FE-UNIF -590 107 0 0 306
FE-NONU| -540 165 157 0 330
BOTTOM|LET -229 987 987 0 573
FE-UNIF -286 788 691 -20 485
FE-NONU| -235 759 752 0 467
EDGE TOP LET -302 -450 -427 -363 303
OF WHEEL FE-UNIF -409 -532 -609 -414 348
FE-NONU| -939 -726 -626 -472 407
MIDDLE |LET -206 4 104 -324 294
FE-UNIF -323 0 102 -332 326
FE-NONU] -469 165 157 -315 393
BOTTOM|LET -134 447 656 -107 345
FE-UNIF -209 319 365 -103 274
FE-NONU| -235 330 313 -79 270
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FINITE ELEMENT RESULTS
STRUCTURE 1: RECTANGULAR LOAD AREA WITH UNIFORM CONTACT
PRESSURE
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FINITE ELEMENT RESULTS
STRUCTURE 1: RECTANGULAR LOAD AREA WITH NON-UNIFORM CONTACT
PRESSURE
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FINITE ELEMENT RESULTS
STRUCTURE 2: RECTANGULAR LOAD AREA WITH UNIFORM CONTACT
PRESSURE
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FINITE ELEMENT RESULTS
STRUCTURE 2: RECTANGULAR LOAD AREA WITH NON-UNIFORM CONTACT
PRESSURE
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APPENDIX C
ANALYSIS RESULTS: HORIZONTAL SHEAR FORCE EFFECTS



RESULTS FROM LET AND FE MODELS FOR ANALYSIS OF HORIZONTAL SHEAR

TABLE C1: STRESS RESULTS FOR STRUCTURE 2: ASPHALT SURFACING

[DEPTH VERTIC [TRANSY |LONGI

@c MODEL SIG-YY |SIG-XX [sIG-zz |siG-XYy [TAU-OCT

TOP LET -800 4730 | -1730 0 438.4
FE NO SHEAR -850 -1528 | -1528 0 319.6
FE WITH SHEAR | -860 -1506 | -1527 0 309.6

MIDDLE |LET -783 1190 | -1190 0 191.9
FE NO SHEAR -791 <1077 | -1077 0 134.8
FE WITH SHEAR | -800 -1054 | -1044 -8 117.6

BOTTOM|LET 725 711 711 0 6.6
FE NO SHEAR J1T -615 615 0 48.1
FE WITH SHEAR | -730 -602 -643 15 54.8

TABLE C2: STRESS RESULTS FOR STRUCTURE 2: ASPHALT BASE

DEPTH VERTIC TRANSY LONGI

INAC MODEL SIG-YY S8IG-XX _8SIG-ZZ SIG-XY TAU-OCT

TOP LET =721 -548 -548 0 81.6
FE NO SHEAR -695 -427 -427 0 126.3
FE WITH SHEAR -730 -600 -640 -15 55.7

MIDDLE |LET -410 99 99 0 239.9
FE NO SHEAR -425 46 46 0 222.0
FE WITH SHEAR -430 75 80 -30 240.5

BOTTOM|LET -169 746 746 0 431.3
FE NO SHEAR -183 575 575 0 357.3
FE WITH SHEAR -172 452 482 -15 301.7
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APPENDIX D
ANALYSIS RESULTS: TEMPERATURE GRADIENT EFFECTS



E1.

The following pages contain influence lines for the maximum horizontal tensile strain and the
octahedral shear stress, following from the results of the analysis of temperature and stiffness
gradient effects. All of the figures show a comparison between the results obtained with the
conventional layered elastic model and an axisymmetric finite element model.

It is strongly recommended that the reader study the analysis procedure as explained in Chapter
6 before trying to interpret the following figures. The top header of each graph contains a
description of the structure that was analysed, the season to which the temperature data applies
and whether the comparison was done for benchmarking purposes or for a comparison of
temperature gradient effects. The second header of each graph indicates what stiffness modulus
was used in the conventional layered elastic theory (LET) model. The following examples should
illustrate the meaning of the figure headers.

Struc1 AC-TOP, SUMMER BENCH

LET model: E-ac = 2500

This header indicates that the comparison applies to Structure 1 (as defined in Chapter 6). The
results are used for benchmarking purposes (to ensure that the FE and LET results compare well
when no gradient is assumed). Results were calculated at the top of the asphalt surfacing. The
LET model assumed a constant stiffness of 2500 MPa.

STRUC 2: AC-BASE-BOTT SUMMER 14H00

LET Model: E-ac = 830 MPa

This header indicates that the comparison applies to Structure 2 (as defined in Chapter 6). The
results shown were calculated at the bottom of the base. The temperature gradient that was used
to determine the stiffness gradient in the FE model was for 14h00 in summer (as defined in
Chapter 6). The second header line indicates that the asphalt stiffness used in the LET model
was 830 MPa.
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LET MODEL: E-ac = 2500 MPa
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Figure E1. Finite Element and LET Benchmark
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Figure E2. Finite Element and LET Benchmark



OCTAHEDRAL SHEAR STRESS (kPa)
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Figure E3. Finite Element and LET Benchmark
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Figure E4. Finite Element and LET Benchmark



MAX. HORIZONTAL STRAIN {microstrain)

STRUC 1 AC-SURF-TOP SUMMER 14H00
LET MODEL: E-ac = 2500 MPa
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Figure E5. Finite Element and LET Comparison

MAX. HORIZONTAL STRAIN (microstrain)

STRUC 1 AC-SURF-BOTT SUMMER 14H00
LET MODEL.: E-ac = 2500 MPa
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Figure EB. Finite Element and LET Comparison



STRUC 1 AC-SURF-TOP SUMMER 14H00
LET MODEL: E-ac = 2500 MPa

500
=
o
X,
¢ 400 - @  FINITE ELEMENT
s —— LAYERED ELASTIC
o
m -y
T 300
1T
I
W
I 200 -
0@
(=]
i}
€
2 100 -
Q
o
1) T ; s T T i
0 50 100 150 200 250 300
OFFSET FROM LOAD CENTRE (mm)
Figure E7. Finite Element and LET Comparison
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Figure EB. Finite Element and LET Comparison




STRUC 1 AC-SURF-TOP SUMMER 14H00
LET MODEL: E-ac = 707 MPa
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Figure E9. Finite Element and LET Comparison
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LET MODEL: E-ac = 707 MPa
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Figure E10. Finite Element and LET Comparison




OCTAHEDRAL SHEAR STRESS (kPa)

STRUC 1 AC-SURF-TOP SUMMER 14H00
LET MODEL: E-ac = 707 MPa
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Figure E11. Finite Element and LET Comparison

OCTAHEDRAL SHEAR STRESS (kPa)
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Figure E12. Finite Element and LET Comparison
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Figure E13. Finite Element and LET Comparison
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Figure E14. Finite Element and LET Comparison



STRUC 1 AC-SURF-TOP SUMMER 07H00
LET MODEL: E-ac = 2500 MPa
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Figure E15. Finite Element and LET Comparison
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Figure E16. Finite Element and LET Comparison




STRUC 1 AC-SURF-TOP SUMMER 07H00
LET MODEL: E-ac = 3275 MPa
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Figure E17. Finite Element and LET Comparison
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Figure E18. Finite Element and LET Comparison
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STRUC 1 AC-SURF-TOP SUMMER 07H00
LET MODEL: E-ac = 3275 MPa
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Figure E19. Finite Element and LET Comparison
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Figure E20. Finite Element and LET Comparison



STRUC 2 AC-BASE-BOTT SUMMER BENCH
LET MODEL: E-ac = 1800 MPa
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Figure E21: Finite Element and LET Benchmark
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Figure E22: Finite Element and LET Benchmark
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LET MODEL: E-ac = 1800 MPa
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Figure E23: Finite Element and LET Benchmark
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Figure E24: Finite Element and LET Benchmark
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Figure E25: Finite Element and LET Comparison
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Figure E26: Finite Element and LET Comparison



STRUC 2 AC-BASE-MID SUMMER 14H00
LET MODEL: E-ac = 1800 MPa
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Figure E27: Finite Element and LET Comparison
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Figure E28: Finite Element and LET Comparison



STRUC 2 AC-BASE-BOTT SUMMER 14H00
LET MODEL: E-ac = 830 MPa
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Figure E29: Finite Element and LET Comparison
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LET MODEL: E-ac = 830 MPa
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Figure E30: Finite Element and LET Comparison
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STRUC 2 AC-BASE-MID SUMMER 14H00
LET MODEL: E-ac = 830 MPa
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Figure E31: Finite Element and LET Comparison
STRUC 2 AC-BASE-BOTT SUMMER 14H00
LET MODEL: E-ac = 830 MPa
250

200 @ FINITE ELEMENT
= LAYERED ELASTIC

150 -

100 -

(4]
o
i

0 : ; ; G ; g ; ; : g f
0 50 100 150 200 250 300
OFFSET FROM LOAD CENTRE (mm)

Figure E32: Finite Element and LET Comparison
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Figure E33: Finite Element and LET Comparison
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Figure E34: Finite Element and LET Comparison
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Figure E35: Finite Element and LET Comparison
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300
250 T

@ FINITE ELEMENT
= LAYERED ELASTIC

200 -

150 --

100 -

50 -+

0 : : : : : : ; : : . -
0 50 100 150 200 250 300
OFFSET FROM LOAD CENTRE (mm)

Figure E36: Finite Element and LET Comparison
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STRUC 2 AC-BASE-BOTT SUMMER 07H00
LET MODEL: E-ac = 1970 MPa
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Figure E37: Finite Element and LET Comparison
STRUC 2 AC-BASE-TOP SUMMER 07H00
LET MODEL: E-ac = 1970 MPa
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Figure E38: Finite Element and LET Comparison
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Figure E38: Finite Element and LET Comparison
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Figure E40: Finite Element and LET Comparison




