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1 Introduction 

1.1 InteMat4PMS 

1.1.1 Abstract 

InteMat4PMS is a research project under the umbrella of a trans-national joint research 
programme called “ENR2011 DESIGN – Rapid and durable Maintenance Method and 
Techniques; Objective C: „Strategies for reducing maintenance costs”, that was initiated by 
“ERA-NET ROAD II – Coordination and Implementation of Road Research in Europe”, a 
coordination action in the 7th Framework Program of the European Community. 

The overall objective of InteMat4PMS is to outline an advanced pavement management 
procedure for asphalt road pavements. Improvement of performance prediction in the frame 
of Pavement Management Systems (PMS) shall be realized by integration of material-
science based performance models into life-cycle-assessment (LCA). The project focuses on 
structural performance modeling of asphalt materials used in flexible pavements (Figure 1).  

Empirical relationships as generally used in PMS for performance analysis are completed by 
additional information obtained from mechanistic/physical performance testing and modeling 
of pavement materials/structures. This shall significantly improve the selection processes for 
maintenance strategies within pavement management as well as during the design of new 
pavements. Maintenance options can be selected based on material behavior and improved 
prognosis of long-term performance of the pavement structure. This will have potential for 
higher performances of pavements, for an overall improvement in pavement durability, for 
most cost-effective road maintenance decisions and will promote the choice of innovative 
maintenance and replacement strategies. 

Definitions of terms used in InteMat4PMS reports are summarized in Annex A. 

 
Figure 1. InteMat4PMS project contents. 
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1.1.2 Expected results 

In InteMat4PMS, a procedure shall be drafted that enables impartial management decisions 
based on comprehensible choice of materials, and of construction and maintenance 
procedures. New innovative approaches for PMS solutions in relation to the state-of-the-art 
shall be generated. 

Even though research work is restricted to asphalt materials, the effect of supporting 
(granular, cement treated, innovative, etc.) layers on pavement lifetime is not left 
disregarded, as the principal layout of the PMS approach will be designed such, that any 
information on other layers can be integrated in the performance prediction analysis. 

Within InteMat4PMS no new material models or LCA/LCCA models will be developed. The 
project focuses on project level analysis and consequently on primary response and 
structural performance models. 

Primary response models predict the primary mechanistic response to some imposed load 
(structural and/or environmental) (Lytton, 1978). Primary response models can be used to 
predict some common response like deflection, stress, strain, and time for a crack to 
propagate to the surface. Mechanistic models are generally used to predict primary 
responses, and primary responses are normally used only for pavement design and at 
project or research level. Detailed loading and layer material information based on 
construction, non-destructive testing, and laboratory testing are generally required to use this 
type of model (AASHTO, 2001). An example of an attempt to predict long-term pavement 
performance using the primary response predictions of flexible pavements to loading is 
visco-elastic computer program VESYS (Kenis et al., 1977). However, VESYS and similar 
systems require extensive detailed input data for meaningful performance estimates. Collop 
and Cebon (1995) developed a whole-of-life cycle pavement performance model (WLPPM), 
using primary response measures to predict long-term pavement performance incorporating 
VESYS into the performance model system. The WLPPM model analysis includes dynamic 
loading effects and variations in pavement layer parameters. 

Structural performance models predict individual types of structural distress, such as fatigue 
cracking for flexible pavements, or corner breaks in PCC pavements. They usually relate the 
selected measure of performance to the number of vehicle loads, environmental factors, and 
pavement layer properties using mechanistic-empirical or empirical models. 

InteMat4PMS will result in a limited number of demonstration case studies where 
“sophisticated analysis solutions” are used that integrate material science, performance 
modeling, and decision tools for cost-benefit analysis. As the number of test sections 
available is limited and because of the short time periods of observation no final solutions will 
be given. Validation and calibration of the developed methods are omitted.  

Inter alia, InteMat4PMS meets research needs for 

 specifying performance models based on material characteristics and structural data, 

 incorporating structural parameters in probabilistic performance prediction models, 

 employing enhanced structural probabilistic prediction models in PMS, 

 and evaluating probabilistic models and advanced PMS tools on structural data from 
a test section. 
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1.1.3 Stakeholders expectations 

The following main stakeholders can be identified: road users, road owners, road operators, 
neighbors, financing institutions or bodies, and the society in general. Expectations of 
stakeholders to road infrastructure requirements are manifold, as given in Figure 2. 

 
Figure 2. Stakeholders Expectations (Lepert et al., 2011). 

In regard to the objectives of InteMat4PMS, highest priority must be given to availability 
(users), safety (users, owners, operators), durability (operators) and economy (owners). 
InteMat4PMS will provide information and missing research expertise to improve pavement 
durability. It will support road operators involved in pavement management for developing 
more durable maintenance decisions. All results will be summarized into documents 
including a recommendation about adequate laboratory tests and selection of material 
parameters, following up performance modeling, life-cycle-processing and assessment 
indicators of maintenance strategies. Based on performance studies and material 
investigations on motorway test sections, it will be clearly outlined, how material-science 
based parameters can be integrated into the process of performance prediction. Hence, the 
benefit of the project results addresses road administrations, the road industry and SME 
involved in asset management. User concerns are addressed, as the project may affect 
pavement rehabilitation. In consequence, maintenance intervals may be extended, road 
closures reduced, and road safety increased.  

1.2 Deliverable D1 objective 

The objective of Deliverable D1 is to define and align the integrated holistic PMS-architecture 
to advance existing PMS solutions. A first draft is developed including a collection of relevant 
parameters meeting future management needs and the initial description of the complex 
PMS-architecture, subsystem structure, interactions, processes, dynamics and impacts 
involved. Deliverable D1 is the basis for the following work steps that all elements of the 
system architecture fit together. 

In detail, Deliverable D1 covers  

 the definition of Pavement Management (PM) / Pavement Management System 
(PMS), 
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 the state-of-the-art-knowledge for structural performance prediction analysis actually 
used in PMS, 

 the state-of-the-art-knowledge for structural material modeling based on laboratory 
testing, 

 and the initial concept for an integrated holistic PMS focusing on the definition of the 
framework to be developed, and on the most important requirements to be 
considered when existing PMS solutions shall be transferred into an integrated 
holistic PMS. 
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2 Pavement Management System 

2.1 Definition 

The definition of Pavement Management (PM) and Pavement Management Systems (PMS) 
is quite different around the globe and is used in different ways from different road 
administrations. The first world-wide accepted definitions were given by the FHWA and the 
OECD more than 20 years ago. 

Especially the FHWA defines PMS as a set of tools or methods that can assist decision-
makers in finding cost-effective strategies for providing, evaluating, and maintaining 
pavements in a serviceable condition (AASHTO, 1990). The OECD defines Pavement 
Maintenance Management as a process of coordination and controlling a comprehensive set 
of activities in order to maintain pavements, so as to make the best possible use of resources 
available, i.e. maximize the benefits for society (OECD, 1987). 

There is need to distinguish between PM and PMS, where PM is the management approach 
or process to reach the objectives or targets, in comparison to PMS, which is a set of tools to 
assist decision-makers at all levels in this process. 

Modern PMS represent a method characterized by the following general structure (Haas, 
1994): 

 comprehensive data collection and management, 

 performance prediction of pavement condition indicators, 

 assessment of maintenance strategies based on life-cycle-(cost)-analysis (LCCA) 
approach,  

 and optimization (selection of strategies under given requirements and restrictions). 

For the practical application of PM-processes the different components will be usually 
implemented into software support tools (e. g. database), which enable to apply this holistic 
management process. Beside a high number of tailor-made solutions, commercial software 
products fulfill most of the needed requirements (e. g. HDM 4) and special products can be 
adapted to the local requirements (e. g. dTIMS). 

PMS have been recognized as a viable tool for decision-makers in managing road transport 
infrastructures. It involves all levels of management from policy-related decisions to practice-
related decisions within road construction, maintenance techniques and reconstruction 
priorities. It encompasses a wide spectrum of activities including the planning, programming 
of investments, design, construction, maintenance, comparing alternatives, etc. Its basic 
purpose is to achieve the best value possible for the available public funds and to provide 
safe, comfortable, economic, and ecologically compatible transportation. 

2.2 PMS user needs in ENR project member countries 

In European transportation engineering, increasing interest is put on road infrastructure 
maintenance and reconstruction, rather than on planning and construction of new roads, and 
the question of most effective long-term maintenance strategies is raised. A crucial shift in 
budgetary allocation has been observed, providing more public means for pavement 
maintenance than for planning and construction of new roads. In the future, advanced PMS 
and proper LCCA is needed. 

Within the last 20 years many NRAs have implemented modern PMS as an objective basis 
for the short-, medium- and long-term planning of maintenance activities on their road 
network. Especially, the continuous reduction of maintenance budget and the following up 
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pavement deterioration enhanced the necessity to invest the remaining money in a more 
effective way. The general distribution of funds over the whole network according to the 
actual condition (worst first) was replaced by LCCA and cost-benefit optimization 
approaches. The main objectives for the use of a PMS can be summarized as follows: 

 objective representation of the current pavement condition situation, 

 development of condition distribution under different budgetary constraints, 

 estimation of monetary and non-monetary maintenance backlog, 

 estimation of effects by reducing maintenance budget, 

 allocation of maintenance budget to different areas / regions, 

 provision of a basis for detailed planning of maintenance treatments on project level, 

 benchmarking, 

 etc. 

Table 1 summarizes the status of implementation of modern PMS approaches on high level 
road network (motorways) in ENR project member countries. This summary is based on 
results of the Backlog-project (Weninger et al., 2009), literature review (ICMPA, EPAM, 
PIARC, etc.) and on experience of InteMat4PMS contributors. 

The majority of NRA uses PMS as a network-level application, where the whole network is 
analyzed at once. Of course, depending on the net-wide availability of data the results are a 
general estimation of maintenance needs and further investigations on project-level are 
needed to increase the accuracy of the final conclusion. Only a minority of NRA uses PMS 
approaches directly on project level. Usually the data are available but the models for 
performance prediction are not based on structural and/or material data. 

Table 1: PMS-applications in selected European countries 

Category AT CH BE DE DK FI NL NO SE SI UK2) 

Network [km]4) 2100 1400 1800 12600 1000 700 2300 300 1700 500 3000 

Database tool   1)         

PMS-analysis tool 
(modern PMS) 

  1)    ?     

 ........... use in practice 
 ........... under development or implementation 
1) ........... Flanders 
2) ........... England (Highways Agency) 
3) ........... public road network 
4) ........... high level road network (motorways) 
? ............ no actual information available at the moment 

 

2.3 PMS input data 

The quality of PMS approach is strongly dependent on the quality and quantity of available 
information and data thus showing the highest sensitivity within the whole process. The 
number and type of data to be used within a PMS-analysis is also dependent on the models 
for the prediction of pavement performance. Especially on network-level, where the whole 
network should be analyzed the number of information is much lower in comparison to 
project level approaches. Usually, more general performance prediction models will be used 
in practice including a limited number of variables. 

In principle, PMS input data can be categorized in the following items (cp. AASHTO, 2001; 
Weninger-Vycudil et al., 2009: 

 net-specific information (administrative information, category, length, etc.), 
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 referencing data (km-signs, mile-posts, reference sections, etc.), 

 road geometry data 

o cross section information (width, number of lanes, etc.), 

o alignement information (gradient, curvature, etc.), 

 road pavement data, 

o material types, 

o year of construction or rehabilitation, 

o thickness of individual layers, 

o information on subbase/subgrade (material, bearing capacity), 

 condition data (surveyed e. g. in time intervals), 

o skid resistance, texture, 

o longitudinal and transversal evenness, 

o cracking, 

o bearing capacity, 

o other surface defects (potholes, bleeding, raveling, fretting, etc.), 

 traffic and traffic load data, 

 climate data, 

o temperature, 

o precipitation, 

o frost indices, 

 and other maintenance relevant data (costs, etc.). 

Collection and update of PMS data is carried out continuously, in time intervals or on 
demand. The intensity of data collection is affected by the type of data and the type of the 
network, where on high level networks more data are collected and shorter intervals are 
applied usually. 

Most important data for PMS performance prediction analysis are condition data, which are 
collected by means of metrological condition measurements (e. g. skid resistance) or of 
systematic visual inspections. 

Less important data (e. g. climate data) are collected usually on demand or when the 
network itself changes (e. g. extension by new roads). 
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3 State-of-the-art performance prediction 

3.1 Categorization of performance prediction models 

Life-cycle-analysis (LCA) and life-cycle-cost-analysis (LCCA) are common approaches for 
the assessment of maintenance strategies and treatments in modern PMS. One of the key 
elements in the context of LCA is the prediction of future condition through the use of 
performance prediction models. The analysis considers internal costs (e. g. remaining 
service life, maintenance) and external costs (e. g. accident costs associated to skid 
resistance, time consumption costs due to traffic congestion). In addition, data with regard to 
economic and environmental effects related to pavement properties (e. g. fuel consumption, 
CO2 and noise emissions (cp. Althaus et al., 2009)) and impacts independent from pavement 
properties (e. g. sealing of surface) need to be implemented (cp., e. g., 
www.fhwa.dot.gov/infrastructure/asstmgmt/lcca.cfm; US Department of Transportation).  

Accurate prediction of pavement performance and deterioration in life-cycle analysis is rather 
important, because it forms the basis for maintenance decisions like pavement rehabilitation, 
design, selection of paving materials, determination of construction criteria or quality, 
economic analysis of pavement life cycle design and pavement priority programming. 
Consequently, prediction of pavement performance is a key part of PMS. 

In particular, prediction models are an important prerequisite for optimizing choices between 
competing alternatives, for developing multiyear prioritization, for estimating remaining life 
and life-cycle costs, for meeting budget requirements, improved mid-term action and finance 
and for gathering comparable technical feedback information on construction techniques. 
The implementation of LCCA as a crucial part of modern engineering is even more important 
as concerns pavements especially designed for long-term performance (long-life or perpetual 
pavements (Newcomb et al., 2010). 

Performance prediction is usually realized by trying to extrapolate into the future based on 
what has occurred over the past. Condition parameters are measured in time intervals, and a 
time-correlation function is derived describing the temporal change of the condition 
parameter. Hence, empirical performance prediction models are used most commonly, 
aiming in making efficient use of existing practices and knowledge. 

As to road transport infrastructures, empirical performance models result from condition 
surveys on the road network. In Europe, the majority of the agencies are measuring, 
summarizing, and reporting comparable information. Routine condition surveys are carried 
out periodically (e. g. annually) in order to monitor safe and serviceable road transport on the 
one hand, and to collect information on the time variable conditions, which are needed for 
performance prediction on the other hand. For practical reasons, routine condition 
assessment on the network level is reduced to surface characteristics, which can be 
collected by means of automated full-speed monitoring or by visual inspection (as regards 
pavement surface characteristics, e. g. evenness, skid resistance, rut depth, faulting, and 
various types of cracking). Technically elaborated, structural parameters are usually not 
determined (e. g. strength, material fatigue, and durability). Thus, empirical performance 
prediction models do not incorporate structural parameters, but are based on surface 
characteristics and surface defects only.  

Empirical performance prediction requires preceding long-term observation. As concerns 
established materials and standard structures, information on long-term behaviour is more or 
less available. Nevertheless, empirical performance prediction does not work for innovative 
materials and innovative structures. The missing link in conventional PMS is a fundamental, 
material science based approach taking into account structural strength parameters. 
Especially if new materials are concerned, an analytical approach is to be used for 
performance prediction. 
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Performance prediction models are applied in practice in different ways and show a very high 
sensitivity to the results of the analysis. 

Independently from the extent of use, different types of performance prediction models can 
be used in the context of LCA. The following categorization is based on an engineering 
allocation with respect to the field of application. The categorization can be different to a 
more mathematical or statistical application. Regarding the development processes, the 
models can be categorized as follows (Molzer et al., 2000), 

 empirical models: these models are based on investigations and measurements 
finding a correlation between the performance of the pavement attribute and different 
variables describing the loadings and other variables; 

 analytic models: these models are based on the theoretical calculation of stresses 
and strains of the pavement under loading and climatic effects in combination with the 
use of performance based constitutive equations (often in combination with laboratory 
testing). 

The complexity and the high number of input parameters required has restricted the use of 
mechanical models primarily to project level analysis and rendered them practically 
unsuitable for network level application at the moment. Thus, the long-term behavior of 
pavement condition is generally described through the use of empirical solutions. 

Empirical models can be subdivided into two groups subject to the statistical method of 
development and application, i. e. 

 deterministic models: these models try to define a functional correlation between the 
pavement condition (expressed by technical parameters, e. g. permanent 
deformation, cracking, etc. or an index) and a certain number of descriptive variables; 

 probabilistic models: these models predict the probability distribution of pavement 
condition taking into account the variation of data and a required categorization of 
sections subject to the loadings and other variables (e. g. pavement construction 
type). 

Lytton (1978) suggested a classification of prediction models, as summarized in Table 2. 
Some models are used only on particular levels of management: probabilistic models are 
more appropriate for higher levels of management, while for lower levels of management 
(towards project level) deterministic models are more suitable. However, this assertion is 
changing in recent time due to improved computing capabilities, and hence, probabilistic 
models are being increasingly used at project level, as well. 

Table 2: Basic types of performance prediction models (Lytton, 1978) 
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The deterministic and the probabilistic approaches are described more in detail in the 
following sections. Based on these models the calculation process within the PMS is usually 
realized through a mechanistic approach or a semi-mechanistic approach, which is explained 
in the subsequent section. 

3.2 Deterministic performance models 

Today, most PMS use deterministic performance prediction models, which describe the 
future condition by a functional relationship found by simple regression analysis between 
time variable condition parameters (technical parameter or index) and the descriptive 
variables (age, traffic load, number of loadings, temperature, etc.). Hence, every set of 
variable states is uniquely determined by parameters in the model and by sets of previous 
states of these variables, and therefore, deterministic models always perform the same way 
for a given set of initial conditions. Deterministic models are generally applied on single 
“homogeneous” road sections and enable an estimation of the future pavement condition and 
possible treatment strategies. 

Deterministic models are the most common method of performance prediction in PMS-
analysis (cp., e. g., Haas, 1994). The advantages of these models can be seen in their 
relative ease of application and in the clear understanding of the output by engineers. A high 
number of research projects and activities have been carried out to develop this type of 
model during the last decades in many countries, so that many models and comprehensive 
experience are available. Furthermore, commercial PMS software products have been 
developed to use primarily deterministic functions for their performance prediction (e. g. 
HDM-4, 2005). 

As already mentioned, deterministic performance prediction models define the deterioration 
or change of pavement condition by using a functional correlation between the condition 
attribute (technical parameter or index) and one or more regressors (descriptive variables), 
which includes, at least, one regressor holding a time dependent parameter (age, traffic, 
ESALs, etc.). The deterministic performance prediction model of a condition attribute i on a 
road section j can be defined as follows: 

 nji XXtXftY ,,),()(, 21  Equation 1 

Yi,j value of condition attribute i on section j at time t, 
Xi time dependent regressor, 
Xn other regressor(s). 

The development of deterministic performance prediction models is basically done by 
applying regression analysis. Thereby the information of the investigations and 
measurements accumulate the basis for a potential correlation between the output variable 
and the regressors. The simplest form of the statistical analysis is the linear regression with 
one single (time dependent) regressor. In the context of the linear regression, calculus is 
used to minimize the distance between the data points of the investigation or measurement 
and the linear regression curve. Beside linear regression there are more complex 
approaches using other regression functions and more than one regressor. For the section 
based application of these “general” functions it is necessary to adapt them to local 
preconditions and settings (local input parameters, curve shifting, etc.). 

3.3 Probabilistic performance models 

In probabilistic models, on the contrary, randomness of the input parameters is present. 
Variable states are not described by unique values of the parameters, but by their probability 
distributions. In consequence, information on the model reliability and prediction quality is 
provided. This is of crucial advantage for management decisions, as it allows for taking into 
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account uncertainties of the performance prediction (cp., e. g., Hoffmann et al. 2010, 
Barogehel-Bouny et al., 2007). 

Probabilistic models are perceived to be more complex than their deterministic alternatives 
and require that engineers using this type of performance modeling have some basic 
statistical training. Due to a relative lack of research activities in the field of probabilistic 
performance modeling, there does not exist the same level of experience in comparison to 
the deterministic approach. Furthermore, the development of these models needs special 
statistical software products and a large sampling of available data from different 
measurements or inspections from different years. 

The accommodation of uncertainties in PMS – uncertainties e. g. regarding cost information 
due to variations over time, credibility of maintenance and rehabilitation recommendations, 
adequacy of performance factors, and consistency of measurements – is a rather arrogating 
issue. Probabilistic models are therefore more comprehensive and deliberate than 
deterministic ones. But they allow working with various scenarios which can have different 
priorities and can show different economic impacts. Despite these advantages, still 
deterministic modelling is more common for performance prediction of road assets than 
probabilistic modelling, and probabilistic performance models are rarely found to be 
implemented in commercial PMS-software products. 

On the other hand, probabilistic models enable an assessment about the quality of 
performance prediction and finally of all results which are based on the models. This means 
that the variation of certain input information in the context of LCCA (e. g. treatment 
behavior) can be taken into consideration. 

In comparison to deterministic models, where the future condition will be defined by an exact 
value, the output of a probabilistic performance prediction model is the probability distribution 
of the condition attribute at a certain time point. The probability distribution is usually 
expressed by a vector, which is based on a necessary classification of the condition attribute. 
The probability of a condition attribute being in a certain condition class defines each single 
component of the vector. The start vector is the probability distribution of the current 
condition. 

The performance prediction is done by changing the components of the vector over time 
through the use of so called “transition probabilities”. These transition probabilities define the 
changes of the probabilities of a condition attribute being in a certain condition class during 
one interval (e. g. year) of the analysis. 

The approach described above can be mathematically defined by a stochastic process called 
“Markov chain”. According to (Molzer et al., 2000), (Haas et al., 1994), (Butt et al., 1987), and 
(Ningyuan et al., 1997) Markov chains are appropriate for the practical application of 
performance prediction on road pavements. An overview about Markov chains can be taken 
from the following mathematic digression (Weninger-Vycudil et al., 2008). 

A Markov chain is a particular type of stochastic process, typically evolving in time. The goal 
is to evaluate the probability of future events. In this process, the future of the system 
depends only on the present (current state) and not on the past. 

Suppose we observe some characteristic of a system such as the state of a machine at 
some discrete points in time (t = 0,1,2,3,…). One set of characteristics of a system are the 
states of the system, S = {s1,s2,...,sr}. If the state of a system can change in some 
probabilistic fashion in time, we have a stochastic process. An important feature of a 
stochastic process is the way in which the past behavior influences the future behavior. If 
such a process is ‘memoryless’ in the sense, that only the current state matters for the future 
and past states are inconsequential, we say the process has the Markov property and we call 
it a Markov chain. The process starts in one of the states and moves from one state to 
another. Each move is called a step. If the chain is currently in state si, then it moves to state 
sj, at the next step, with a probability denoted by pij. This probability is dependent only on the 
present state; no additional information is given by the preceding states, before the current 
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state was reached. The changes of states are called transitions, and the probabilities pij are 
called transition probabilities. The system may stay in the same state, and this occurs with 
probability pii. Additionally we require that probabilities are the same for any t, i.e. they do not 
change over time. This requirement is not a requirement for a Markov chain in general, but 
for a special kind of Markov chain, called homogenous Markov chain. Furthermore either the 
initial state of the system or the probability distribution of the initial state is known. 

Example. In a far-off land there is usually good weather. A sunny day is 90% likely to be 
followed by another sunny day. If they have a rainy day, they have an even chance of having 
the same the next day. Now we can form a Markov chain as follows. We take as states the 
kinds of weather, R(ainy) and S(unny). Transition probabilities, which are determined by the 
information above, can be written in matrix form: 
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P   Equation 2 

The entries in the first row represent the probabilities for the kinds of weather following a 
sunny day; in a similar manner the entries in the second row represent the probabilities for 
the weather following a rainy day. Such a matrix is called a transition matrix. Notice that the 
rows of P sum to 1. The general form of the transition matrix is given by: 
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  Equation 3 

The weather on day 0 is known to be sunny. This is represented by a vector in which the 
‘sunny’ entry is 100%, and the ‘rainy’ entry is 0%: 

 01)0( u   Equation 4 
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is called a probability vector. Its entries represent the probabilities of the states of a system 
after n steps. This gives the starting distribution of the system. In order to predict the weather 
for the next few days we can proceed as follows: 
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5.05.0

1.09.0
)01()0()1( 








 Puu


 Equation 6 

Thus, there is a 90% chance that day 1 will also be sunny. The weather on day 2 can be 
predicted in the same way: 
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1.09.0
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 Equation 7 

Hence we can easily guess the general rule: 
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Let P be the transition matrix of a Markov chain, and let u be the probability vector which 
represents the starting distribution. Then the probability distribution after n steps is 
represented by the vector 

nn Puu  )0()( 
  Equation 8 

In most cases transition probabilities have to be estimated on the basis of empirical data 
coming from condition measurements or investigations. Three suitable methods of estimation 
are mentioned here: 

 Non-Linear Programming: its goal is to find transition probabilities, for which the 
difference between the observations and the predicted values is minimized. To run 
non-linear programming historical data in form of a time-line must be available. 

 Maximum Likelihood Estimation: it aims to find the transition probabilities that make 
the observed data most likely based on a comparison of two or more measurement 
campaigns at different points in time. 

 Expert opinion: estimation of transition probabilities based on a statistical evaluation 
of expert opinions. 

 

3.4 Mechanistic and semi-mechanistic models 

Analytical pavement performance is usually based on mechanistic or semi-mechanistic 
empirical models and include permanent deformation, fatigue cracking, road roughness and 
present serviceability models. Primary response models are based on multi-layer elastic 
theory, occasionally extended by visco-elastic and plastic theory.  

A well-known application is VESYS 5 (Kennis, 1977, 1997), that includes two flexible 
pavement permanent deformation models - “system rutting” (structural rutting) and “layer 
rutting” - along with other pavement performance models to predict pavement performance 
for different pavement materials under daily traffic loading and under different climatic 
seasons. The latest version of the model TTI VESYS5W (Zhou et al., 2006) significantly 
improved the usability of the existing VESYS 5 program, since it works under Windows 
environment. TTI VESYS5W predicts the development of fatigue cracking areas of asphalt 
pavement by using fatigue law of asphalt concrete mixture. Several fatigue laws of asphalt 
mixture, such as the Asphalt Institute (AI) model, the Shell model, the Strategic Highway 
Research Program (SHRP) model, and Mechanistic-Empirical Pavement Design Guide 
(MEPDG) model were tested, and the MEPDG model was finally included in the program. 
For new asphalt mixtures, fatigue properties can be characterized by the AASHTO T321 test 
procedure: Method for Determining the Fatigue Life of Compacted Hot-Mix Asphalt (HMA) 
Subjected to Repeated Flexural Bending. 

The whole life-cycle pavement performance model (WLPPM) is capable of making 
deterministic pavement-damage predictions due to realistic traffic and environmental loading 
(Collop et al., 1995). Initial input to WLPPM are: Specifications of the pavement being 
simulated (i.e. layer thickness, mix specifications etc.), the time increment to be used in the 
simulation, the rate of traffic loading, and the climatic conditions under which the pavement is 
operating. From this initial specification, a length of pavement-surface profile is generated 
and divided into smaller subsections. Each subsection is then assigned a random value for 
the thickness of the bound asphaltic layers, with the overall variation between subsections 
being representative of measured thickness variations. The thickness of the granular layer is 
assumed to be constant, and the subgrade is modeled as semi-infinite. A time-domain 
vehicle simulation is used to generate dynamic tire forces for one or more vehicles that are a 
function of distance (or time) along the pavement. The vehicle model parameters and initial 
surface roughness are chosen to best represent the traffic conditions for the type of 
pavement being simulated. A set of primary-response influence functions, for each 
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subsection and each mode of damage, is generated (i.e., horizontal asphalt base strain for 
fatigue, subgrade strain and permanent strain in upper layers). These primary-response 
influence functions are combined with the previously calculated dynamic tire forces to give 
primary-pavement-response time histories at a large number of equally spaced points along 
the pavement. These primary responses are combined with the appropriate pavement-
damage models (permanent deformation and fatigue) and the number of load applications, to 
give damage as a function of distance along the pavement for the current time increment. An 
updated surface profile is then generated by subtracting the calculated permanent 
deformation in the wheel path from the initial profile used for that time increment. This 
mechanism accounts for the effects of changing surface roughness on the dynamic tire 
forces. The resulting fatigue damage is used to reduce the elastic modulus of the asphaltic 
material for each subsection. This mechanism reflects the effects of cumulative fatigue 
damage on the primary responses and thus subsequent pavement damage. The process is 
then repeated for the next time increment, and so on, until the pavement has reached the 
end of its service life. WLLPM accounts for environmental effects, like temperature and aging 
of asphalt layer. The major drawback of WLLPM is that it uses empirical material properties 
(like bitumen ring and ball temperature) instead of fundamental material tests to estimate 
flexible pavement layer moduli. 

The new AASHTO (2008) mechanistic-empirical pavement design guide (MPEDG) includes 
transfer functions and regression equations that are used to predict various performance 
indicators considered important in pavement management systems: Permanent deformation 
(total rut depth and asphalt layers, unbound base and subgrade permanent deformation), 
non-load related transverse cracking, load related alligator cracking (initiated at the bottom), 
load related longitudinal cracking (initiated at the surface), reflection cracking in asphalt 
overlays of cracks or joints in existing flexible, semi-rigid, or rigid pavements, and roughness. 
The models were calibrated using data extracted from the Long-Term Pavement 
Performance (LTPP) database. MEPDG software subdivides the structural layers and 
subgrade into sub-layers. The thickness of sub-layers depends on the material type, actual 
layer thickness, and depth within the structure. Critical pavement responses are calculated in 
each sub-layer using the elastic theory program JULEA and Integrated Climatic Module 
(ICM) that calculates temperature and moisture condition throughout the pavement structure 
on hourly basis and adjusts pavement layer moduli with time. The dynamic modulus is used 
to compute horizontal and vertical strains on critical depths to determine the maximum 
permanent deformation within each layer and location of maximum fatigue damage in the 
asphalt layers. The ICM calculates temperatures and moisture conditions within each 
unbound layer and adjusts its resilient modulus, including adjustments due to freezing. 
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4 Laboratory assessment of structural pavement 
performance 

4.1 Structural pavement properties 

The layered system of an asphalt pavement structure is chosen from an empirical or 
analytical design method so that it is based on a strong foundation with good drainage, it 
provides good support throughout its service life considering all relevant loadings, and it 
satisfies both fatigue and subgrade strain criteria. 

The structural properties of an asphalt pavement can be defined as the sum of all interacting 
factors contributing to pavement strength and durability. Insufficient structural properties 
cause structural pavement deterioration. 

Forms of deterioration in asphalt pavements include (non-structural) surface related 
deterioration such as (non-structural) rutting, loss of skidding resistance and surface 
cracking, and structural deterioration. 

It is reported from NRAs, that non-structural deterioration modes are the most significant 
forms of deterioration on thick, fully-flexible pavements used in heavily trafficked situations 
on well-designed primary road networks (cp. COST 333, 1999; ELLPAG, 2004). Obviously, 
for standard pavement materials and standard layer types, a threshold thickness can be 
determined where structural deterioration is unlikely to occur. 

However, effects observed at surface level can be induced by structural inadequacies or 
limitations. And contrary, environmental mechanisms may cause cracking to develop from 
the surface and to progress downwards into the road base layers. 

Structural deterioration is initiated in the main supporting layers of the pavement and can be 
indicated by such observations as 

 diffuse fatigue cracking initiated at the bottom of the pavement base, 

 unevenness caused by deformation in the subgrade/subbase or in the base layers 
(significant structural permanent deformation that is not confined to the surfacing 
layers), 

 full-depth cracking that is evident on the surface of the pavement penetrating more 
than 100 mm deep, 

 other deterioration in the base layers or foundation layers. 

 

 
Figure 3. Principal structural distress modes in asphalt pavements. 
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4.2 Methods to assess structural pavement properties 

As concerns asphalt pavements, the following strategies are currently in use to assess 
structural pavement properties which are usually translated into a need for strengthening or a 
a structural pavement indicator such as residual life, i. e., 

 pavement condition surveys based upon visual inspection and structural 
information: pavement surface is regularly assessed in order to identify serviceability 
and structural condition; usually, structural condition is estimated from measurement 
of longitudinal/transversal evenness, and from visual inspection of surface defects 
such as cracks or patches (cp. FGSV, 2001a); a structural value can be assigned to 
each layer depending on layer type and thickness, and layer values can be combined 
to the Structural Number of the pavement; 

 bearing capacity measurements: bearing capacity is often used as an indicator 
describing pavement condition; it is measured in the field by non-destructive dynamic 
field tests (e. g. Falling Weight Deflectometer, FWD) or static field tests (e. g. 
Benkelman-beam); methods are based on comparing deflections with threshold 
values (deflection classes), on entering in deterioration models, on using empirical 
relations between service life and deflections, on translating deflections into Structural 
Number, or methods are based on comparing back-calculated moduli against 
reference values (ELLPAG, 2004); however, to date, no distinct interrelation between 
bearing capacity and pavement condition (and remaining service life) is generally 
valid; 

 laboratory analysis of paving materials: performance properties of paving 
materials under real loading conditions are studied in the laboratory by applying 
performance based test methods for various deterioration modes (e. g. resistance to 
material fatigue, to cracking, to permanent deformation), as e. g. represented in the 
European Standard series EN 12697; material modulus values are measured through 
laboratory testing of cores obtained from the field, or alternatively, it can be estimated 
from material volumetrics and binder viscosity using established relationships; based 
on long-term expert experience, quality and condition of the paving material is judged 
empirically from the derived performance functions; 

 analytical pavement design: total pavement service life is estimated from a 
mechanistic design calculation which is based on the estimation of moduli and layer 
coefficients (from laboratory analysis of paving materials), and on the calculation of 
stresses and strains using asphalt strain criteria, subbase strain criteria, and/or 
subgrade strain criteria; for a given number of traffic load repetitions the calculation 
comes up with the structural thicknesses of the individual layers, or with the 
remaining service life which is used as a structural pavement indicator (cp. FGSV 
2001b); however, assessment of structural pavement properties through analytical 
design tends to under-estimate the residual life of the pavement. 

This study focuses on laboratory analysis of paving materials. In modern laboratory analysis, 
the performance resulting from mechanical loading and/or environmental conditions is 
investigated at different scales of observation, i. e. the bitumen-scale (large asphaltene 
molecules distributed in maltene matrix), the mastic-scale (bitumen & filler), the mortar-scale 
(mastic & aggregate of < 2 mm grain size), and the asphalt-mix-scale. The objective is to find 
characteristic material and structural properties, to satisfactorily express them by physically 
sound parameters, and to predict how these parameters change throughout the pavement’s 
life. Traditional tests were empirically derived, while today’s performance-based tests 
consider specific material properties that are directly related to the field performance by 
engineering principles. By continuous registration of such parameters during iterative 
experimentation, the evolution of a systematic step-by-step optimization strategy becomes 
possible. 
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4.3 Assessing material parameters indicating structural pavement 
performance 

In laboratory, a set of test methods is applied in order to assess mechanical properties of 
compacted asphalt materials. For this purpose, asphalt samples are tested, that were directly 
taken from the road pavement, or cut from asphalt slabs compacted in the laboratory.  

By January 2007 new harmonized European Standards (EN) for the design and testing of 
road asphalt materials were introduced in all CEN member countries within the European 
Union. Generally these EN standards distinguish, on the one hand, between the empirical 
mix design approach, as it has been developed and practiced since the beginning of the 20th 
century, and, on the other hand, the fundamental, performance-based approach, which is 
comparably new. Although both approaches aim in realizing well-performing, structurally 
optimized pavements, an important advantage of the performance-based approach is the 
fact that it is based on the laboratory assessment of physically sound material parameters. 
These parameters can be used for key performance-relationships needed in predictive 
simulation of in-field material performance. Therefore, the overall objective of performance-
based testing is to reproduce as closely as practical the in-field pavement loading conditions. 
At the very best, this will include most realistic consideration of the three dimensional stress 
state due to traffic and thermal loading, and changing structural and material conditions, 
especially in consequence of asphalt ageing and of moisture effects. 

Basically, two groups of laboratory tests are available for asphalt mix characterization, i.e. 
static tests, and cyclic-dynamic tests. An important advantage of static test methods is their 
simplicity as regards the test device and test set-up. However, as the loading in static tests 
does not correspond with the real loading conditions on the road, the results can be used for 
a restricted field of research only. Cyclic-dynamic tests are characterized by more complex 
test devices and test procedures with repeated, cyclic loads. In cyclic tests the material is 
subjected to oscillatory (sinusoidal or haversine) loading at varied frequencies. A short-term 
non-destructive test is conducted to derive the material stiffness modulus. For determination 
of the fatigue properties cyclic loading is prolonged until material failure is observed.  

Laboratory test methods usually focus on material investigation with regard to stiffness 
properties, resistance to material fatigue, to low temperature cracking, and to permanent 
deformation. Most suitable and approved test procedures are indicated in Table 3, 
comprising both static and cyclic-dynamic test methods.  

The test procedures and material models derived from test results are presented in the 
following sections. 

Besides the tests listed in Table 3: Laboratory test procedures suitable to assess asphalt 
material parameters, various other test procedures exist which also address additional 
factors like bitumen ageing, water sensitivity and adhesion properties between binder and 
aggregate, or mix compactibility. However, as regards test procedures differing from the 
ones represented in Table 3, no consensus on best practice has been found so far, 
European harmonization is not realized, and performance functions are barely known. 
Therefore, they will not be considered in this research study. 
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Table 3: Laboratory test procedures suitable to assess asphalt material parameters 

asphalt 
course 

stiffness material fatigue 
low temperature 

performance 
permanent 

deformation 

Surface x (x) x x 

Binder x (x) x x 

Base x x (x) (x) 

test 
procedure 

• 2-Point-Bending test 
with trapezoidal 
specimen (2PB-TR) 

• 2-Point-Bending test 
with prismatic 
specimen (2PB-PR) 

• 3-Point-Bending test 
(3PB) 

• 4-Point-Bending test 
(4PB) 

• Cyclic indirect tensile 
test (CIDT) 

• Direct tension-
compression test 
(DCT) 

• Cyclic indirect tensile 
test (CIDT) 

• 4-Point-Bending test 
(4PB) 

• Temperature Stress 
Restrained Specimen 
Test (TSRST) 

• Uniaxial tension 
stress test (UTST) 

• Uniaxial Cyclic 
tension stress test 
(UCTST) 

• Triaxial cyclic 
compression test 
(TCCT) 

• (Wheel tracking test) 

EN 
standards 

EN 12697-26 EN 12697-24 EN 12697-46 
EN 12697-25 
(EN 12697-22) 

x…performance characteristic needed/pre-scribed, (x)…additional performance characteristic 

The characteristic material values derived from tests indicated in Table 3, and expressed in 
terms of material moduli and of material performance laws, are generally used for type 
testing of the asphalt material, for mix optimization in the design process, and for evaluating 
the structural pavement performance from empirical engineering judgment (see Figure 4). 
The material stiffness determines the initial structural performance in the beginning of service 
life. Cracking due to material fatigue (occurring continuously) and low-temperatures (at 
specific singular loading conditions) will reduce the structural quality. Permanent deformation 
(e. g. rutting) occurs primarily during summer seasons and may influence the structural 
performance as well. 
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Figure 4. Material properties used for structural performance prediction (stiffness is decreased during 
service life due to continuous fatigue cracking and singular effects of low-temperature cracking, 
whereas permanent deformation accumulate during high-temperature periods). 

4.3.1 Stiffness 

Asphalt layer stiffness is a primary material property determining structural strength of the 
layer. It is expressed in terms of a stiffness modulus. As asphalt is a visco-elastic material, 
asphalt stiffness modulus is a function of loading conditions. Within a multi-layered pavement 
structure, layer stiffness plays an important role in regard to the load transfer. The higher the 
stiffness modulus of the layer, the more stress is “absorbed” by this layer, and the smaller 
are the strains occurring in this layer. 

Stiffness modulus is defined by a complex number described in function of load, loading time 
and temperature.  

Various test methods are applied for stiffness testing of asphalt materials, including both 
homogeneous and non-homogeneous tests. For non-homogeneous tests, the stress and 
strain amplitude vary from one point of the sample to another (Di Benedetto et al., 2001). 
However, determination of complex modulus by means of non-homogeneous tests becomes 
possible, if linear visco-elastic material behavior can be postulated. 

Suitable test procedures as described in the European Standard EN 12697-26 are, 

 2-Point-Bending tests with trapezoidal specimen (2PB-TR), 

 2-Point-Bending tests with prismatic specimen (2PB-PR), 

 3-Point-Bending tests (3PB), 

 4-Point-Bending tests (4PB), 

 cyclic indirect tensile tests (CIDT), 

 and direct tension-compression test (DCT). 

Asphalt mix stiffness represented by the complex stiffness modulus can be determined in a 
cyclic test conducted in the small strain domain. In order to guarantee linear material 
behavior, stiffness tests should be performed such that testing strains are lower than 100 μS 
(Di Benedetto et al., 2001). Typically, test temperatures range from -15 °C up to +45 °C, and 
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frequencies from 0.1 to 40 Hz. It is recommended, to test a minimum number of three 
specimens at about five different temperatures and five frequencies, and for further analysis, 
to calculate a mean value of the three specimens for every temperature and frequency 
concerned. Less than 100 load cycles should be applied in order to reduce thermodynamic 
influences on modulus measurement. Di Benedetto et al. (2001) rate the influence of heating 
on modulus value by some percent, due to the dissipated energy created during each cycle 
that heats the specimen especially at the beginning of the test and reduces the stiffness 
modulus (the decrease is proportional to the applied frequency and to the square of the 
strain amplitude). 

From the force amplitude Fa and the resulting displacement amplitude ua as well as the 
phase lag  between the force and the deflection signal measured during the test, the 
complex modulus E* (described by the real/elastic/storage modulus E1, and the 
imaginary/viscous/loss modulus E2) is calculated according to Equations 9 and 10. The two 
factors  and µ are used to account for the respective type of test, and represent the shape 
factor  in function of the specimen dimensions (see Table 4), and the mass factor  to 
consider the effects of inertia related to the mass of the moving specimen and the mass of 
the moving parts (Di Benedetto et al., 2001; for 4PB test cp. Pronk, 1996, and 2002; and 
Hauser, 2005).  

∙ ∙ 	 ∙          Equation 9 

∙ ∙ 	           Equation 10 

From the complex modulus E* the absolute part of the modulus |E*| can be calculated 
according to equation 11. This stiffness value, also named Smix, is usually applied in linear-
elastic pavement design models. 

| ∗|            Equation 11 

From a single cyclic stiffness test at a specific temperature and a specific frequency, the 
stiffness modulus IE*I, phase lag , and storage modulus E1, and loss modulus E2 are 
calculated. A sine regression of the type 

y(t) a r sin( t )              Equation 12 

can be used to approximate the scatter plot of data measured during the test, and the 
regression parameters a, r, and  are determined by the least square method (Figure 5). 
 

 
Figure 5. Example of a sine regression for registered data of force and displacement (Wistuba et al., 
2009). 

The results of the stiffness test are usually represented in diagrams, showing the stiffness 
modulus over frequency. 
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Fortunately, the time-temperature superposition principle can be assumed for thermo-
rheologically simple materials like asphalt mixtures (especially if pure bitumen is used). It 
states that the mechanical material behavior at high temperatures and high strain rates is 
equivalent to the behavior at low temperatures and low strain rates. Hence, the effect due to 
time (frequency) and temperature can be combined to a single parameter (cp., e.g., Findley 
et al., 1976). As the time-temperature superposition principle is valid, test series under 
various temperatures and frequencies can be significantly minimized and a master curve can 
be derived for a reduced number of tests. First, an arbitrarily selected reference stiffness 
curve is fixed, then all other stiffness curves are shifted sideways parallel to the horizontal 
axis, and they are found to lie along a single line called master curve that represents the 
stiffness modulus at any temperature-frequency pair. Various methods are available to derive 
the shift factor, including the Arrhenius type equation (cp., e.g., Lytton et al., 1993), the 
William-Landel-Ferry equation (Williams et al., 1955), and Excel spreadsheet optimization 
techniques based on the solver function (cp., e.g., Kappl, 2007). 

Another form for representing the results from stiffness measurements is Cole-cole and 
Black diagram (see Figure 6), commonly used for data fitting based on different rheological 
models (cp., e.g., Kappl, 2007). Cole-cole representation, which is independent of 
temperature and frequency, gives the loss modulus E2 as a function of the elastic storage 
modulus E1. The Black diagram represents the phase angle over stiffness modulus and 
hence, it is also independent of temperature and frequency. The purely elastic part of the 
stiffness modulus, referred to as glassy modulus Einf (theoretical limit value at very low 
temperatures or high frequencies), can be derived in the Black diagram from extrapolating to 
0 values of the phase angle . 

Supposed that the stiffness test is performed and interpreted correctly, a high consistency is 
observed among stiffness parameters resulting from different test procedures, and hence, 
any type of test can be chosen for stiffness modulus determination (cp., e.g. RILEM inter-
laboratory test campaign for determination of stiffness properties (Di Benedetto et al., 2001) 
and of fatigue properties (Di Benedetto et al., 2004)). 

However, even though standardised test methods are well-approved, various stiffness test 
methods may result in differences of the derived value of stiffness of the same material. This 
can be explained by differences in the 3-dimensional loading during the test procedure, 
which is not yet considered in routine evaluation of test results. 

 

 

Figure 6. Example for representation of stiffness test results: Cole-cole representation (left), and black 
diagram (right), as derived for stone mastic asphalt SMA 11 70/100 (Wistuba et al., 2009). 
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Table 4: Test procedures for evaluating the stiffness of asphalt mixes (EN 12697-26) 

test method shape factor  [mm-1] mass factor µ [g] 
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4.3.2 Material fatigue 

Asphalt material behavior during cyclic loading is identified by means of fatigue testing on 
asphalt mix specimen. The mechanisms of crack initiation and propagation may be different 
from observations in real pavement structures. However, material fatigue usually results in 
important degradation of the pavement structure, and hence, the assessment of material 
characteristics by means of fatigue testing is of crucial importance to ensure adequate 
structural pavement design.  

The shape and waveform of load application during laboratory fatigue testing influences the 
test result significantly (see Figure 7). In the following, sinusoidal loading (or haver-
sinusoidal, respectively) is considered only. 

 
Figure 7. Relative fatigue lives for different types of load application (schematic; cp. Raithby et al., 
1972). 
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The test methods to determine stiffness modulus (as presented previously) can be continued 
in the sense of a fatigue test by applying a high number of load cycles and with higher force 
amplitude. In order to avoid failure from non-linear material behavior, where the response to 
the sinusoidal load are not perfectly sinusoidal, strains are reduced to amplitudes in the order 
of 10-4 m/m and sinusoidal response is assumed. 

In consequence of repeated loading, strength and stiffness modulus of asphalt materials 
decrease progressively. This phenomenon is generally called material fatigue. During 
laboratory fatigue testing, typically, three disparate phases appear successively. During first 
phase (I) initial stiffness modulus changes rapidly, then a second quasi-stationary phase (II) 
follows, and finally, global failure is observed in the third phase (III) (see Figure 8). Fatigue is 
mainly attributed to phase II. 

According to Di Benedetto et al. (2004), the quasi-linear fatigue degradation during the 
second phase results from damage that is initiated and spread in the material in the form of a 
diffuse micro crack network that provokes a quasi-stationary change in the macroscopic 
rigidity. Even though the influence of fatigue on stiffness modulus change is predominant, 
artefact phenomena must not left disregarded for interpretation of fatigue failure. Moreover, 
the fatigue phenomenon may be hidden by the accumulation of irreversible strain that may 
occur during the test due to repeated compressive or tensile excitations. This is especially 
valid for stress-controlled cyclic tensile or compressive stress tests, where, in general, 
specimen collapse is observed rapidly. 

 
Figure 8. Typical stiffness modulus evolution curve observed in fatigue testing of asphalt mixtures 
(schematic). 

Due to the initiation and coalescence of micro cracks during (phase I and) phase II, at a 
certain level of damage, macro cracking is initiated in phase III and propagates within the 
material. Soon, global failure is observed. 

An important artefact effect during cyclic testing is thermal self-heating of the specimen. Due 
to their viscous properties asphalt materials dissipate energy after each load cycle, which is 
partially converted into heat. Figure 9 illustrates the variation of dissipated energy as typically 
observed in fatigue tests. Di Benedetto et al. (1996) measured an increase of temperature of 
1.3 °C during a fatigue test and concluded that more than 30 % of the classical 
characterization of fatigue is due to heating. For that reason they propose to isolate the pure 
fatigue from the heating phenomenon by considering only phase II of the fatigue curve, which 
results from a controlled-strain test. Phase I and III correspond to periods, where heating has 
a dominant effect, and non-homogenous large degradations occur. 

The mode of loading has a crucial influence on the fatigue test result. Hence, the fatigue 
behavior is very sensitive to the loading and boundary conditions applied during the test. In 
addition, results from different fatigue tests usually show an important scatter. For this 
reason, careful selection of testing conditions and interpretation of test data are needed. 
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Figure 9. Effect of load repetitions on dissipated energy per cycle (left; Tayebali et al., 1994), and total 
dissipated energy (right; Van Dijk et al., 1972) plotted against the number of load cycles for controlled-
stress and controlled-strain tests (exemplary). 

As concerns the mode of loading, a sinusoidal load is usually applied by maintaining either a 
constant stress amplitude (controlled-stress mode), or a constant strain amplitude 
(controlled-strain mode). Figure 10 illustrates stress-strain-paths for different loading modes, 
i.e., from the left to the right, the controlled-force experiment alternating tension and 
compression, the controlled-displacement experiment alternating tension and compression, 
the controlled-tensile-force experiment, and the controlled-tensile-displacement experiment. 

 
Figure 10. Stress-strain-paths for different types of fatigue tests (schematic) (Arand, 1996). 

For the controlled-displacement mode, the force increases with the number of load cycles. 
The stiffness modulus, defined as the ratio of the stress amplitude to the strain amplitude, 
increases, and the energy dissipated per stress-strain cycle decreases (van Dijk et al., 1972). 
The contrary relationships are valid for the controlled-force mode, but the changes occur 
more rapidly, as this testing procedure is comparably more severe to the material (but closer 
to real conditions in pavements of ≥ 10 cm thickness, cp. Monismith et al. (1969)). For both 
modes, the phase lag increases during testing. Important differences between controlled-
force and controlled-displacement fatigue tests are summarized in Table 5. 
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Table 5: Basic differences between controlled-force and controlled-displacement fatigue tests 
(modified from Jacobs, 1995 and Di Benedetto et al., 1996). 

variable controlled-force test controlled-displacement test 

Material 

stiffness modulus High low 
layer thickness considered Thick thin (< 80 mm) 

increase of stiffness modulus increase of fatigue life decrease of fatigue life 
increase of ageing (increases stiffness) increase of fatigue life decrease of fatigue life 

effect of mix composition more sensitive less sensitive 

Test 

evolution during test increase of displacement reduction of force 
fatigue life shorter longer 

damage growth fast moderate 
increase of temperature (> 0 °C) decrease of fatigue life increase of fatigue life 

increase of test frequency increase of fatigue life decrease of fatigue life 
effect of rest periods / healing large small 

Results 

failure criterion failure of specimen loss of half of initial force 
fatigue life shorter longer 

scattering of data lower higher 
required number of tests lower higher 
rate of energy dissipation larger smaller 

rate of crack propagation 
large (higher stress intensity 

factor KI) 
representative for in-situ 

(constant stress intensity factor KI) 

 

Assessment of material fatigue characteristics requires knowledge of the long-term evolution 
of the complex modulus (E and ) and the dissipated energy Wdis. These parameters are 
obtained from the measured sinusoidal forces and displacements (or directly from stresses 
and strains in homogeneous tests). Usually, the test results of cyclic testing on asphalt 
mixtures with or without rest-periods are analyzed in terms of fatigue life duration and of 
fatigue damage characteristics in the crack initiation phase. By fatigue life is understood the 
number of load applications to failure. In a macroscopic sense, failure is usually defined in 
terms of load carrying capacity or energy storage capacity, and is considered in empirical 
failure criteria, stress or strain failure criteria, energy type failure criteria, or damage failure 
criteria (Li, 2001). 

4.3.3 Low-temperature behavior 

Low temperature testing of asphalt mixtures dates back to the 1980s when Arand et al. 
(1984) developed the appropriate test device and test set-up. Many studies and research 
projects focusing on the low temperature mix behavior have been realized since then, 
leading to a set of different tests. Most common static test methods for the determination of 
low temperature behavior are the tensile stress restrained specimen test (TSRST), the uni-
axial tensile strength test (UTST), the uni-axial compressive strength test (UCST), the 
thermal shrinkage test (TST), the creep test (CT), and the relaxation test (RT). These tests 
focus on different types of material behavior, i. e. 

 thermal-shrinkage behavior: thermal stresses due to temperature cooling are 
determined from the TSRST, while the coefficient of thermal shrinkage results from 
the TST; 

 material strength: tensile strength of asphalt materials is determined from the UTST, 
compressive strength from the UCST; 

 viscous behavior: the CT is conducted for identification of the viscous asphalt 
properties; 

 elastic behavior: the RT is conducted for identification of the elastic asphalt 
properties. 

In addition to the static tests, a cyclic-dynamic fatigue test at low temperature conditions has 
recently been introduced in the European Standards. Both static and cyclic-dynamic test 
methods are briefly described in the following. 
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(a) Tensile stress restrained specimen test (TSRST) and uni-axial strength test (UTST) 

Among the most common static tests for determining the low temperature performance of 
asphalt mixtures are the tensile stress restrained specimen test (TSRST) to derive shrinkage 
properties, on the one hand, and the uni-axial tensile stress test (UTST) to derive creep 
compliance and tensile strength at low temperatures, on the other hand. 

The tensile stress restrained specimen test (TSRST) simulates the weather-induced cooling 
of an asphalt pavement in the laboratory and aims in recovering the cryogenic tensile 
stresses in an asphalt mix specimen arising from temperature cooling as well as stress and 
temperature at fracture. The TSRST, as developed by Monismith et al. (1965), Fabb (1974), 
Arand (1984, 1987, 1996; Arand et al. 1984, 1989, 1995), and Jung et al. (1994), was also 
adopted within SHRP, and more recently within the European Standards (EN 12697-46). The 
TSRST is intended to investigate the influence of mix parameters, like grading, aggregate 
type, filler content, and binder content, on the failure behavior. 

During TSRST - also called cooling test - the specimen is held at a constant length, while the 
test temperature is reduced. After the installation of the test specimen it is brought to an 
initial constant temperature of 20 °C without inducing any stresses. Approximately 30 
minutes after the test start the core of the specimen shows a nearly constant temperature lag 
of about 4 K if compared to the air temperature. This temperature lag is measured by 
specimen dummies, and is considered for the interpretation of the test results.  

During the test the temperature is reduced by a pre-specified constant cooling rate of -
10 K/h, while the deformation of the specimen is restrained. Comparisons between the target 
and the actual length of the test specimen are conducted continuously. As soon as a change 
in length occurs, the step motor pulls the specimen back to its original length. This process 
continues until the tensile force exceeds the material’s tensile strength and, hence, the 
specimen fractures. Due to the prohibited thermal shrinkage, the specimen is subjected to a 
(cryogenic) tension stress. Elsewhere, also the acoustic emission emanating from the 
specimen during the test is used to identify low-temperature performance characteristics (cp., 
e.g., Hesp et al., 2000). The test is stopped as soon as the specimen fractures (complete 
specimen trans-section), or as soon as the maximum axial tensile force drops (by more than 
20 %).  As a result, the change in cryogenic tensile stress versus temperature is shown in a 
diagram (Figure 11). The parameters resulting from the test are given in terms of the failure 
stress cry,failure in MPa and the corresponding failure temperature Tfailure in °C (recommended 
accuracy of 0.1°C), also referred to as TTSRST. 

For a lower cooling rate, a shift of the stress curve into the lower temperature regime is 
observed, while the failure stress remains at the same level, approximately (Figure 11). 
Hence, for a cooling rate lower than the standard cooling rate, more relaxation time is 
provided and, hence, the lower is the fracture temperature. Moreover, the linearity of the 
stress-temperature curve at lower temperatures indicates that the influence of stress 
relaxation decreases with decreasing temperature. 
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Figure 11. Typical results of cooling tests with different temperature rates in a temperature-stress 
diagram, derived for AC 11. 

The cryogenic tensile stress kry can be analytically estimated by use of the Arand model 
(1996) in function of the modulus of elasticity E [MPa], the temperature rate T  [K·h-1], the 
coefficient of thermal expansion T [K

-1] as derived from thermal shrinkage test, and from the 
tensile viscosity λ [MPa·s], which is regarded as constant in certain temperature ranges and 
can be derived from relaxation test and application of the following equation, where tR is the 
relaxation time, reading 

E E
t t

kry 0 T(T, t) e T (1 e )
   
           , and     Equation 13 

R
R

(T)
t (T)

E(T, t )


 .         Equation 14 

The tensile strength of asphalt mixtures is a critical factor in cracking resistance. Cracking 
resistance in low temperature conditions is tested in the laboratory by means of the uni-axial 
strength test (UST), which is an isothermal process at a specified test temperature. 
Depending on the type of load application, i. e. tensile or compressive loading, the uni-axial 
tensile strength test (UTST) is distinguished from uni-axial compressive strength test 
(UCST). 

During uni-axial tensile strength test (UTST), the asphalt specimen is first cooled down to a 
predefined temperature without any pre-stressing, and is then stressed by a constant load 
until fracture occurs, and strength is determined from the maximum load and the specimen 
dimensions. For UTST, the maximum tensile strength fmax is determined (recommended 
accuracy of 0.01 MPa), as well as the related temperature Tf,max (recommended accuracy of 
0.1 °C). The temperature Tf,max in function of the applied deformation rate can be defined as 
the maximum temperature in the plot tensile strength over temperature and referred to as the 
brittle to ductile transition temperature Tbdm (see Figure 12). 
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Figure 12. Example of a strength test result: UTST (left), and UCST (right). 

The standard deformation rate during UTST is 1 mm/min corresponding to a strain rate of 
approximately d/dt = 267000 μS/h if a specimen length of 225 mm is considered. This strain 
rate, however, exceeds the strain rate during in-service situations with temperature cooling 
rates up to 10 K/h and, thus, thermal strain rates of 10 x 0.023 = 230 μS/h, by a factor of 
1000 (Spiegl et al., 2005). 

Using a low strain rate, redistribution of the micro-stress in the bitumen results in the 
development of slip planes, leading to a zero-stiffness failure (almost horizontal tangent at 
failure) corresponding to materials failing under fracture mode II. At the original strain rate 
(with a displacement rate of 1 mm/min), fracture mode I (brittle) failure is observed. 

It is emphasized, that also the air void content influences strength test results. In contrast to 
the TST, where air voids do not influence the obtained results, air voids trigger crack initiation 
during UTST and, thus, strongly influence the tensile strength: the higher the amount of air 
voids, the lower is the tensile strength (Spiegl et al., 2005). 

The data obtained from UTST and TSRST are used as inputs for various distress models for 
the prediction of low temperature cracking (Arand, 1984; Metha et al., 2000; Little et al., 
2001).  

By combining the test results from the TSRST and from the UTST, the tensile strength 
reserve is found, a target parameter commonly used to rank the low temperature cracking 
resistance of asphalt mixtures. According to Arand et al. (1984), the tensile strength reserve 
is a measure of the capacity of traffic stress that an asphalt material can support additionally 
to cryogenic stress without any failure. 

For determination of the tensile strength reserve, the stress curve induced by thermal 
shrinkage – as derived from TSRST – is compared to the respective tensile strength curve – 
as derived from UTST – for the tested material. The tensile strength reserve  is referred to 
as the difference between the cryogenic stress obtained from the TSRST at a certain 
temperature and the respective material strength given by the UTST. Consequently, the 
curve of the tensile strength reserve is derived for the whole temperature range (see Figure 
13). The tensile strength reserve is used to assess the additional traffic-induced tensile 
stresses that the asphalt is still able to absorb.  
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Figure 13. Example for tensile strength reserve . 

The superposition of TSRST and UTST results raises the question of the different loading 
speeds, applied on the specimen by long-standing TSRST on the one hand, where a cooling 
rate of -10 K/h corresponds to a strain rate of approximately 220μS/h, and by the 
comparably fast application of stress by UTST on the other hand, where a deformation rate 
of 1 mm/min corresponds to a strain rate of approximately 270000μS/h. It is unfavorable, 
that the tensile-strength-reserve concept is based on a comparison of data obtained from 
tests characterized by different mechanical conditions (in general, the strain rate of the UTST 
is by the factor 1000 higher than the thermal strain rate associated with cooling during the 
TSRST) and different thermal conditions (isothermal for UTST and non-isothermal for 
TSRST). 

For a more reliable interpretation of results from TSRST and UTST, the two competing 
processes, i.e., (i) thermal shrinkage and (ii) stress relaxation resulting from the viscous 
behavior of bitumen can be studied separately by two supplementary tests, the unrestrained 
thermal shrinkage test (TST) and the creep test (CT), or the relaxation test (RT) respectively. 
The combination of the results from these tests with the experimental data obtained from the 
TSRST provides access to the inelastic strains associated with cracking. 

A number of studies is focused in particular on the influence of the test temperature and/or 
the cooling rate selected as well as of test specimen dimensions on temperatures at fracture 
and tensile strength reserves (Arand, 1984; Wistuba et al., 2001, 2006, 2007; Spiegl et al., 
2005). The influence of binder ageing behavior and methods of improving low temperature 
performance through modified binders are also being investigated (Metha et al., 2000). 

However, it may be difficult to evaluate the low temperature performance of asphalt mixtures 
by using TSRST data only, as in some cases little variation is found in the failure stress of 
different materials, especially if the effect of different polymer modifiers is investigated (e.g., 
cp. Fabb, 1974; Kluttz et al., 1997; Hesp et al. 2000, 2004 and references therein). It was 
also observed, that for some materials the specimen did not fail in the fashion of a 
catastrophic fracture, but in a sliding failure, which makes the determination of a fracture 
criterion delicate. 

(b) Thermal shrinkage test 

Like all other materials, asphalt is exposed to thermal shrinkage when temperature is 
reduced. The thermal shrinkage test (TST) provides insight into the shrinkage properties of 
asphalt materials. During the TST, the temperature is reduced, but in contrast to the TSRST 
the asphalt specimen is not restrained. Hence, the cooling rate represents the only test 
parameter of the TST. In consequence of cooling under stress-free conditions, the specimen 
shrinks in length, which is continuously monitored (recommended accuracy of 0.001 mm).  

Usually, a cooling rate of 10 K/h is specified, and the TST is performed prior to other tests 
which require cooling of the asphalt sample to a certain target temperature. The test is 
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evaluated by transferring the monitored deformation to strain considering specimen length. 
Consequently, the strain history T(t) with respect to the temperature T gives access to the 
thermal shrinkage coefficient T = dT/dT, as a linear approximation can be used for the 
quasi-linear phase. However, the thermal shrinkage coefficient is not a material constant. In 
the temperature range from -15 °C to 0 °C, the values for T are approximately 0.023 
mm/m/K (cp. Olard (2003) for similar results). The decrease of the thermal shrinkage 
coefficient as the temperature approaches -25 °C is related to the binder material (cp. Spiegl 
et al., 2005). It is emphasized, that the thermal shrinkage coefficient is not dependent on the 
air void content of the mix, as known from micromechanical models developed for 
determination of dilation/shrinkage coefficients of multi-composed materials (cp., e.g., Pichler 
et al., 2003). 

(c) Creep test and relaxation test 

The creep test (CT) is performed for the specification of the viscous properties of asphalt 
mixtures in function of temperature under constant external loading. At the beginning of the 
CT, the specimen is cooled to the test temperature under stress-free conditions. Thereafter 
the CT becomes an isothermal process, conducted at a constant test temperature. In the 
second step, a force increment is applied in axial direction (constant uniaxial stress, with 
(t) = 0 =constant). Then, the force is kept constant during the test and the deformation 
history is monitored. Parameters for the CT are the test temperature and the applied 
(constant) load. Test temperatures for CT are usually selected within a range of -25 °C to 
+20 °C in intervals of 5 or 10 K, with a minimum of four test temperatures. In order to avoid 
early collapse by fracture of the specimen, the maximum applied stress level is adapted to 
the tensile strength of the material at the respective test temperature. It is recommended, 
that the stress level shall not exceed 30 % of the strength of the tested asphalt sample at the 
respective temperature. 

For interpretation of creep test results, the monitored strain history is related to the applied 
(constant) stress, giving a key material parameter, i.e. the creep compliance 
J(t) = strain(t)/stress, and the creep compliance rate dJ/dt, respectively.  

The relaxation test (RT) is performed for determination of the elastic response of asphalt 
mixtures. Moreover, using the viscous properties identified from the CT, the stress relaxation 
during the RT provides insight into the material stiffness. The RT is an isothermal process, 
conducted at constant temperatures. At the beginning of the RT, a deformation increment is 
applied. Thereafter, the deformation is kept constant while the force is monitored. Similar to 
the CTs, the test parameters of the RT are the testing temperature and the applied (initial) 
deformation. Test temperatures for RT are usually selected within a range of -25 °C to 
+20 °C in intervals of 5 or 10 K, with a minimum of four test temperatures. In order to avoid 
early collapse by fracture of the specimen, the maximum applied stress level is adapted to 
the tensile strength of the material at the respective test temperature. It is recommended, 
that the stress level shall not exceed 30 % of the strength of the tested asphalt sample at the 
respective temperature. The experimental results can be modelled best by means of the 
Huet-Sayegh model (for details cp. Spiegel at al., 2005). 

(d) Uniaxial Cyclic Tensile Stress Test (UCTST) 

The UCTST is a homogeneous fatigue test, where a prismatic asphalt specimen is loaded by 
a sinusoidal tensile stress signal at a constant temperature. For this purpose, the specimen 
is glued to steel adapters. After joining it with the load device at +20 °C, it is cooled down to 
the test temperature without applying any load. During the cyclic loading, the force is 
generated by a hydraulic valve and measured in a load cell. The deformation of the 
specimen is detected by LVDT’s, which enable the analysis of the mean strain signal. The 
test ends as soon as the specimen fractures (Mollenhauer, 2009). 

The UCTST is performed at temperatures in the range of -25 °C to +15 °C. The test 
frequency is usually fixed to 10 Hz. The loading is defined by the bottom stress σu as well as 
the stress difference ∆s. The bottom stress is derived from the results of the TSRST or from 
model calculation. Depending of the aim when conducting UCTST, the applied stress is 
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varied as follows. If tests are conducted to directly compare the resistance against fatigue at 
low temperatures of asphalt materials, the super-imposed stress difference is kept constant 
for the analyzed materials. If the aim of the test is the definition of fatigue functions which can 
be used for pavement design purposes, the stress difference is varied in at least three 
stages. 

4.3.4 Permanent deformation 

Asphalt materials inhibit temperature-dependent and load-dependent viscous material 
properties and therefore are subjected to structural permanent deformation when long-term 
static loading and/or a high number of load repetitions are induced. Due to the viscosity of 
the bituminous binder the asphalt pavement is subjected to permanent deformation 
especially at high temperature. 

For assessing and predicting the asphalt’s capability to resist permanent deformetion in the 
laboratory, various test procedures are known, all aiming to approximate real loading 
conditions realistically. To date, the triaxial cyclic compression test (TCCT according to 
EN 12697-25B) is the most sophisticated testing procedure in use.  

In TCCT, a cylindrical asphalt specimen is exposed to cyclic-dynamic axial stress (Figure 
14), while (static or cyclic-dynamic) radial stress is present at the same time. These loading 
conditions simulate primary stress-strain-conditions occurring mainly in the upper layers of 
the asphalt road pavement. 

       

Figure 14. Test device for conducting triaxial cyclic compression tests and principle of loading. 

While cyclic loading is applied, material response is registered continuously by LVDT. 
Continuous measurement of axial strain ax and of radial strain r during the test allows for 
evaluation of the 3-dimensional stress-strain-response of the material. Test results obtained 
from TCCT are 

the axial strain after n load cycles (n = 10000) ax,10000 [μS], 

the axial strain rate after n load cycles (n = 10000) d ax,10000 [μS/n], 

the radial strain after n load cycles (n = 10000)  rad,10000 [μS], 

the radial strain rate after n load cycles (n = 10000) drad,10000 [μS/n],  

the stiffness modulus of the asphalt material tested, calculated from the axial stress and 
strain amplitude |E*| = a / a [MPa], 
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and the Poisson ratio µ [-], calculated from the axial and radial mean stress and strain rate, 

reading (cp. Leutner et al., 2007)  μ , ∙ ∙

∙ ∙ , ∙
, 

with , …axial mean stress [MPa], …radial stress [MPa], dε …axial strain rate 
[μS/n], dε ...radial strain rate [μS/n]. 

The continuous development of axial strains forms a creep-curve that represents the 
permanent deformation in function of load cycles. 

4.4 Mechanistic performance models 

4.4.1 Background 

Analytic tools for analyzing and predicting short term and long term performance of 
pavements and for design purposes are a suitable alternative to rather time-consuming and 
cost-intensive experimentation. Modelling of asphalt materials relies on the theoretical 
calculation of stress and strain, and on performance-based constitutive equations. Input 
parameters needed for modelling are derived from laboratory analysis, such as static and 
cyclic-dynamic loading tests. Even though performance-based asphalt test methods 
according EN 12697 are available in most European countries today (see chapter 3.3), and 
even though a number of promising material models for asphalt materials has been 
developed recently (cp., e. g., Füssl & Lackner, 2010; Olard & Di Benedetto, 2003; Di 
Benedetto et al., 2004; Kim et al., 2003; Brodersen et al., 2009; Pichler & Lackner, 2009; 
Gartung, 1996), few effort has been made so far, to incorporate a material science based 
approach for performance prediction in the frame of PMS for road engineering structures. 

Analytic tools comprise simulative concepts to model and analyze response either arising in 
singular materials (material modeling) or in the entire pavement structure. In particular, for 
analyses of pavement distress, the entire pavement structure needs to be considered as an 
integrated system by taking into account the material performance properties of the individual 
layers. For finding the optimum composition of individual layers, an iterative procedure is 
examined. Response is analyzed in terms of stresses and strains (short-term response), and 
long-term performance is predicted considering the respective material models. 

Analysis of response leads to analysis of distress, where material fatigue, permanent 
deformation, thermal cracking, and lack of bonding are usually regarded as the primary 
distress modes in asphalt pavements. These deficiencies are related to heavy traffic loading 
and climate related factors and provoke deformation, fracture, or wear. For consideration of 
the different deterioration modes, distress criteria are pre-defined, assuming that the 
pavement fails as soon as the predicted response exceeds a limiting value. E. g., cracking 
starts, as soon as stress exceeds tensile strength. For description of fatigue it is assumed, 
that initial micro-cracking develops with time, accumulates, and stiffness decreases. 

 

Advanced computational technology enables realistic performance modeling of materials, 
layers and entire pavement structures by taking into account the various distress modes. An 
important pre-requisite for such analysis is laboratory experimentation at all scales of 
observation, from bitumen-scale to asphalt-mix-scale (see chapter 3.3), and pavement full-
scale, to derive the input parameters required for numerical modeling on the one hand, and 
to validate the derived model assumptions, on the other hand. An important advantage of 
advanced forecast procedures is a more precise performance prediction, which will improve 
mix design principles, extend pavement in-service lives, and will improve economics of road 
constructions. 

To date, most mechanistic pavement design procedures consider the fatigue criterion only, 
while the distress mode of thermal cracking, and permanent deformation (rutting) are left 
disregarded or are represented by a rough estimation only. 
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A comprehensive practical tool for reliable prediction of the total in-service performance of 
road asphalts is still missing. Research is needed for the development of enhanced 
prediction tools, which are capable of predicting the resistance to failure in the actual 
pavement environment, taking into account the complex material properties of the asphalt 
mixture, the complex stress conditions due to both traffic and thermal loading, the effects of 
aging and stripping, the effects of initial cracks, etc. 

The InteMat4PMS project therefore focuses on the implementation of evolution models 
describing fatigue and structural permanent deformation. 

4.4.2 Fatigue evolution models 

The number of load cycles till fatigue failure N represents the fatigue life of the material for a 
given temperature and frequency. The classical fatigue criterion is defined  

 in a controlled-displacement/strain test as the number of cycles when the initial 
force/stress has decreased to half of its initial value,  

 and in a controlled-force/stress test, when the initial displacement/strain has 
increased to double of its initial value, respectively (Van Dijk, 1975). 

In best accordance but independently from the mode of loading (controlled-
displacement/strain or controlled-force/stress), the fatigue criterion can also be defined as 
the number of cycles Nf/50 when the initial stiffness modulus Smix has decreased to half of its 
initial value (Figure 15), as specified in the European standard for fatigue testing (EN 12697-
24). 

Alternatively, the following parameters are proposed in literature for use as fatigue criteria,  

 the number of cycles Nf/40 when the initial stiffness modulus Smix has decreased to 
40 % of its initial value, 

 the slope s of the linear regression function during the quasi-stationary phase in the 
N-Smix-diagram, 

 the number of cycles Ninfl till the inflection point of the linear regression function during 
the quasi-stationary phase (see Figure 15), and 

 the number of load cycles N where macro-cracking is supposed to be initiated, 
represented by the change in dissipated energy Wdis,n, either determined in a N-Wdis,n-
diagram (see green dotted line in Figure 15), or in a diagram where the product N·Smix 
of the number of load cycles N and the stiffness modulus Smix is plotted against the 
number of load cycles N (Rowe, 1993; Rowe et al., 2000). 

 Phase angle evolution in function of the number of load cycles is observed and the 
maximum phase angle is considered as a reasonable fatigue failure point, since from 
that point on accumulating of distress is stopped and rapid failure is observed 
(Reese, 1997). 

 Based on the formulation of a visco-elastic continuum damage constitutive model, a 
50 % loss in pseudo stiffness was introduced as a fatigue failure criterion by Lee and 
Kim (e.g., cp. Kim et al., 1997; Lee et al., 2000). 

According to the European Standard for fatigue testing (EN 12697-24), the classical fatigue 
criterion shall be used, and determination of the number of load applications at failure Nf/50 
shall be undertaken at not less than three levels in the chosen loading mode (such that 
fatigue lives are within the range 104 to 2·106 cycles) with a minimum of six repetitions per 
level, resulting in 18 single tests for a given temperature and frequency. The results are then 
plotted in a diagram on (natural) logarithmic scales, where the values of Nf/50 are shown in 
function of initial strain amplitudes i (strain amplitude at the 100th

 cycle). Finally, a fatigue 
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line (called Wöhler line) is drawn by making a linear regression between Nf/50 and i (see 
Figure 15), indicating the fatigue life duration in function of the applied load amplitude. As the 
Wöhler line can be expressed in the general form 

1
1N     ,          Equation 15 

the linear regression function in the log-log-diagram reads 

f / 50 iln N ln      ,         Equation 16 

where  and  are experimentally derived material constants (note that  = ln 1, and 
 = 1). Finally, the slope p of the fatigue line and the initial strain amplitude 6 
corresponding with a fatigue life of 106 load cycles are determined, as required for CE-
declaration of conformity by the European Standards (EN 13108). Based on these two 
characteristic material parameters, fatigue behavior can be evaluated, as a high 6 value and 
a small slope are related to a promising fatigue resistance. 

       

Figure 15. Decrease of the initial stiffness modulus Smix to half of its initial value used as fatigue 
criterion (left), and fatigue life duration derived for different initial strain amplitudes i (right) 
(schematic). 

(a) Damage accumulation using Miner’s law 

Analysis of fatigue evolution requires a cumulative damage hypothesis. This is traditionally 
realized by linear summation of cyclic ratios applying Miner’s law (Miner (1955); taken over 
from fatigue of metals to asphalt materials by Peattie in 1960 (Monismith, 2004)). The 
cumulative fatigue damage D due to load repetitions (under various loading conditions) reads 

n
i

i 1 i

n
D 1

N

  ,          Equation 17 

where ni is the number of actual traffic load applications at strain level i, and Ni is the number 
of allowable traffic load applications to failure at strain level i. This Equation allows predicting 
fatigue life in terms of the number of allowable load applications (due to traffic and thermal 
load cycles). Sometimes, the theoretical residual fatigue life is expressed in the unit of years. 
For this purpose, the number of actual traffic load applications used for design considerations 
is formulated by a mean value for one design year (based on traffic counts and extrapolative 
estimations). Fatigue life is then calculated by the ratio of the number of allowed load 
applications to the mean number of traffic load applications of the design year (cp., e.g., 
Litzka et al., 1996), where the number of allowed load applications is derived from fatigue 
testing on the asphalt base course material by superposition of the results that were obtained 
from tests at various strain levels. 
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Originally, the fatigue law was formulated in terms of dissipated energy. In this case, the 
fatigue damage evolution is determined by accumulated dissipated energy, reading,  

i

i
n

dis,i

i 1 dis,N

x
W

D 1
W

 
   

 
  ,         Equation 18 

with Wdis,i as the dissipated energy per unit volume at load level i, and Wdis,Ni as the total 
dissipated energy per unit volume at the load level i until fatigue failure. The power xi is 
usually considered as a constant during the quasi-linear phase of fatigue evolution under 
cyclic loading (see Figure 8, phase II), and moreover, it is set equal to 1 as a constant 
dissipated energy per load cycle is assumed (Jacobs, 1995). For the initial phase of the 
fatigue test, Hopman et al. (1989) claimed a constant value of about xi = 0.85. 

(b) Fracture mechanics based fatigue modeling 

Use of fracture mechanics principles to assess asphalt fatigue behavior is usually based on 
Paris law for description of fatigue damage evolution. Integration gives the number of cycles 
to fatigue N, reading  

 

max

0

c

n
c

1
N dc

A K


 .          Equation 19 

The parameter c is the crack length, where c0 is the initial crack length, assumed to range 
between 0 and the radius of the maximum grain size (Jacobs, 1995). The parameter cmax is 
the critical crack length for instability. The stress intensity factor K (in case of sinusoidal 
loading the difference between the maximum and minimum stress intensity factors K equals 
K) can be derived from uniaxial tensile stress test (UTST) on a pre-notched specimen (Figure 
16), using the expression (Tseng and Lytton in (Jacobs, 1995); cp. also Erkens et al., 1997; 
and Rodrigues, 2000) 

q
K c

r
bb

      
,          Equation 20 

where s is the maximum stress in the specimen [MPa], c is the crack length [mm], b is the 
width of the specimen [mm], and r and q are regression constants, where in a controlled-
force test r = 5.500 and q = 0.886 for a crack length between 0 ≤ c/b < 0.6, and for a 
controlled-displacement test r = 0.942 and q = 0.421 for 0 ≤ c/b ≤ 1 (Jacobs, 1995). 

 

Figure 16. Uniaxial tensile stress test (UTST) on a pre-notched specimen: stress intensity factor KI vs. 
the ratio of crack length c and specimen width h (Jacobs, 1995). 
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(c) Continuum damage mechanics based fatigue modeling 

The classical fatigue approach is useful to consider fatigue failure as a simple performance 
parameter for the purposes of pavement design and material specification. However, by 
means of a phenomenological model the fatigue process is not assessed in a physical 
manner, and no relationship between the material properties and the fatigue behavior is 
provided. Neither can intrinsic fatigue characteristics be isolated from biased effects that are 
largely caused by accelerated testing, nor is the failure mechanism described in any one load 
cycle or during the three phases of deterioration in fatigue testing (as introduced previously). 
Due to these discrepancies phenomenological fatigue models usually under-estimate in-situ 
fatigue life of asphalt pavements. With respect to the classical approach, a more rational 
mechanistic characterization of fatigue failure becomes possible solely by means of 
approaches within the framework of continuum damage mechanics, or of linear elastic and 
visco-elastic fracture mechanics, respectively. Enhanced fatigue models distinguish between 
the following three mechanisms, which occur simultaneously during cyclic fatigue testing, 
namely (Kim et al., 1997b) 

 visco-elasticity that causes hysteretic behavior under cyclic loading and relaxation 
during rest periods, 

 fatigue damage growth during cyclic loading, and  

 micro-damage healing during rest periods. 

Some research studies have focused on these challenging techniques, and a number of 
revolutionary fatigue models have been developed that take into account iterative damage 
evolution and biased effects from material heating, as well as material healing effects as 
observed during rest periods. Selected approaches are presented in Di Benedetto et al. 
(2004), including the non-linear Di Benedetto & Neifar model that considers viscous damage 
properties, the fatigue damage law as proposed by LCPC, and the partial healing model 
proposed by Pronk (2000). 

A uni-axial constitutive model of asphalt mixtures has been developed by Kim et al. (1997a, 
1997b), and Lee et al. (1998), based on Schapery’s work potential theory (Schapery, 1990). 
According to Lee et al. (2000) the constitutive model is able to predict the hysteretic stress-
strain behavior of asphalt materials that are exposed to whatever loading conditions 
(monotonic or cyclic, controlled-force or controlled-displacement mode, varying loading rates 
and force/displacement amplitudes, rest periods). 

When the constitutive equations are transferred from elastic to visco-elastic materials, using 
the visco-elastic correspondence principle (Schapery, 1984), and the rate-type damage 
evolution law (Schapery, 1984, 1990), stresses and strains become pseudo variables instead 
of physical quantities (Lee et al., 2000). The effects of damage accumulation during cyclic 
loading and of healing effects during rest periods are visualized by means of hysteresis loops 
that represent the measured stress versus pseudo-strain per load cycle (Figure 17). 

Any changes in area and slope of the hysteresis loop reflect micro-damage growth or micro-
damage healing, respectively. In Figure 17, the change in pseudo stiffness SR is due to 
damage growth (F) and micro-damage healing (H), while the difference in stress values 
between the loading and unloading paths is represented by the function of G (Lee et al, 
2000). Permanent deformation is represented by a shift of the hysteresis loop (Figure 18). 

From the constitutive model a fatigue model has been proposed to predict the number of 
cycles to failure, and a practical procedure to determine the model coefficients is given by 
Lee et al. (2000). 
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Figure 17. Change in pseudo-stiffness   during cyclic loading (left), and during rest period (right) (Lee 
et al., 2000). 

 
Figure 18. Difference between fatigue and permanent deformation (rutting); T…tension, 
C…compression (Di Benedetto et al., 2004). 

4.4.3 Model describing structural permanent deformation 

For description of permanent deformation, a creep curve is identified from TCCT, which is 
characterized by two phases, a progressive first phase, and a quasi-linear second phase 
(see Figure 19).  

For the second phase, the mean strain m and the strain amplitude a are calculated for each 
load cycle, and the development of axial and/or radial strain is described by 

 	  	 ∙ 	 ,           Equation 21 

where the model parameters 0, a and k are derived for the load cycles between n = 5000 
and n = 10000 by least square method. The strain rate d at a given load cycle number can 
be calculated from the first derivation of the strain model, reading 

 	 	 ∙ 	 	 ∙ 	 .        Equation 22 
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Figure 19. Results of the TCCT: development of axial and radial strain versus number of load cycles: 
load cycles 1 – 10000 (left) with parameter identification (left), load cycles 1 – 150000 for comparing 
measured and modeled strains (right). 
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5 Integrated holistic PMS 

5.1 System architecture 

The InteMat4PMS project is focused on the improvement of performance prediction through 
the integration of material-science based performance models into life-cycle-assessment. 
The term integrate is used in order to point out the incorporation of new information to form 
enhanced performance functions, and the introduction of these physically sound 
performance functions into PMS which shall significantly improve the output of the PMS-
analysis. The integrated PMS is represented by an analysis framework, in which automatic 
data processing and data acquisition by condition assessment as well as by laboratory 
testing & modeling are formed into a coherent system. 

Coherent data processing becomes possible only, if a consistent functional relation exists 
between the individual parts of the whole system. Use of the term holistic shall emphasize an 
important project objective, which is neither to produce new PMS modules, nor a collection of 
individual PMS parts, but to form a whole working PMS analysis by considering new inputs 
and by strengthening the functional relation between the input sources. 

A main element of the holistic PMS-architecture is the PMS database, where all relevant 
information is stored and updated. For combining data originating from different sources, all 
data need to be transformed into “homogeneous” analysis entities, and combination rules 
need to defined (e. g. concurrent transformation). Furthermore, the database is responsible 
to control the input information for analysis with regard to availability and plausibility. Only if 
data are consistent, relevant information is handed over to the PMS analysis. 

Within the holistic PMS framework, the LCA – which is based on data originating from 
condition survey (classic PMS approach) and on laboratory-data – calls for including 
algorithms for generation of element or section related maintenance strategies (maintenance 
alternatives), and for methods for selection of the optimum maintenance strategy (cost-
benefit optimization, cost-effective optimization, minimize cost optimization, etc.). From the 
PMS user’s point of view however, the output of LCA based on physical performance 
prediction models will be similar to the one of classic analysis tools, enabling assessment 
and comparison of different maintenance strategies in order to select the optimum 
maintenance strategy (under given restrictions). 

In summary, the holistic approach calls for the extension of known PMS-architectures 
through advanced tools for performance prediction, including 

 methods for data collection, storage and updating, 

 methods for data preparation and calculation of input values for performance 
prediction and modeling, 

 performance based material testing in laboratory, 

 most realistic performance prediction by enhanced simulation of pavement distress 
modes and incorporation of new modes of pavement behavior (e. g. ageing, healing), 

 techniques for calibration of existing performance prediction models using results 
from performance based material testing and simulated performance prediction, 

 and feedback loop of LCA output for PM decisions. 

Within the InteMat4PMS project, an integrated holistic PMS-architecture is to be set up. A 
first draft of this framework is represented in Figure 20. It comprises existing information and 
well-known models only, no new model will be developed within the project.  
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Figure 20. First draft of an integrated holistic PMS-architecture. 

The shown architecture shall be iteratively optimized in the course of the project (Figure 21). 
Based on data from selected road sites, workability and applicability of the holistic PMS-
architecture will be demonstrated with special regard to input parameters and performance 
indicators, performance modeling, assessment methods and output specifications. The 
systematic approach of the recommended solutions shall be pointed out.  

 
Figure 21. Iterative, incremental approach in InteMat4PMS. 
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5.2 Requirements for extension of existing PMS solutions 

Formation of the integrated holistic PMS shall be realized in such a way, that existing PMS 
solutions can easily be transferred into the approach developed. The requirements for 
system extensions and improvement needs will cover 

 specifying performance models, 

 the integration of laboratory test results into mechanistic performance prediction 
modeling for improving prediction accuracy, 

 the implementation and linking of mechanistic performance models – based on 
material characteristics, condition data and structural data – within the PMS-
architecture, 

 the consideration of statistic distribution and sensitivity of PMS input parameters in 
general, and the assessment and consideration of effects and consequences of 
material variations within LCA in detail, 

 the data calibration procedure and the process for data updating, 

 the assessment of model prediction quality and the integration of model prediction 
probability, 

 the validation of probabilistic models and advanced PMS tools on structural data from 
selected test sections, 

 the assessment of impact of measures and of investments on pavement performance 
and service life, 

 the quantification of economic benefits of advanced PMS, 

 the demonstration of some optimised investment, maintenance and rehabilitation 
strategies, 

 and the definition of research questions to fill existing gaps and to meet future 
challenges. 

All considerations needed to extend existing PMS solutions properly will be defined and 
demonstrated within InteMat4PMS. In order to make user application easy and to guarantee 
a proper work-flow, a number of templates will be developed, including the following 
elements, 

 setup of database structure and input forms for the storage of all input parameters, 

 setup of data preparation for the calibration of input parameters in front of LCA/LCCA, 

 definition of analysis variables for mechanistic performance functions, 

 definition of analysis variables for the key indicators describing the effects of 
maintenance strategies, 

 definition of cost-benefit analysis routine, 

 and definition of output forms for the assessment and evaluation of maintenance 
strategies proposed by the system. 

It must be mentioned again that the development of a new PMS is not the target of the 
project, but by meeting the research needs and by developing open source software 
modules, InteMat4PMS shall provide the opportunity to improve the performance and 
accuracy of any PMS as well as LCCA applicable for road assets. 
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Annex A: Definitions of terms 

Asset management: A comprehensive and structured approach to the whole of life 
management of assets (such as roads, bridges, tunnels, buildings, plant and equipment, and 
human resources) as tools for the efficient and effective delivery of services (PIARC, 2011). 

Complex Modulus: A modulus characterizing the recoverable deformation behavior of linear 
viscoelastic materials under harmonic stress. It is a complex number which is the ratio of 
complex stress to complex strain. This quantity is used to characterize the recoverable 
deformation behavior of bituminous mixtures at low stress amplitude (PIARC, 2011). 

Condition indicator: A parameter used to quantify an attribute of pavement condition (e. g. 
evenness, bearing capacity) (PIARC, 2011). 

Deterioration model: A mathematical description that can be used to predict future 
pavement deterioration based on present pavement condition, deterioration factors (traffic, 
climate, and environment) and the effect of maintenance (PIARC, 2011). 

Dynamic modulus (E*): The relationship between stress and strain under continuous 
sinusoidal loading used to evaluate the elastic-viscoelastic response parameters of a 
material. The dynamic modulus of a material is typically defined as the absolute value of the 
complex modulus E* (NCHRP, 2004). 

Fatigue cracking: Cracking of the pavement surface as a result of repetitive loading; may be 
manifested as longitudinal or alligator cracking in the wheel paths for flexible pavement and 
transverse cracking (and sometimes longitudinal cracking) for jointed concrete pavement 
(NCHRP, 2004). 

Finite element analysis: The finite element method is one wherein rigorous mathematical 
solution, often employing complex differential equations, of an engineering problem is 
approximated algebraically. The geometry of the problem is described by discrete elements 
of finite dimensions that are analyzed through the application of engineering mechanics 
principles. Results of the finite element analyses are aggregated to approximate the exact 
mathematical solution (NCHRP, 2004). 

Fundamental characteristic: An essential property of a binder-aggregate mixture 
expressed in terms of performance (PIARC, 2011). 

International Roughness Index: A standardized index that provides a common scale of 
measuring evenness. Note: the scale ranges from 0 to 20 m/km (0 to 1,267 in/mi) (PIARC, 
2011). 

Life cycle cost (whole life cost): The total costs for acquiring, operating, maintaining and 
disposing of an asset, reduced to a common base called the ''net present cost'' (PIARC, 
2011). 

Mechanistic-empirical: A design philosophy or approach wherein classical mechanics of 
solids is used in conjunction with empirically derived relationships to accomplish the design 
objectives (NCHRP, 2004). 

Modulus of elasticity (E): The ratio of stress to strain in the elastic portion of a stress strain 
curve (NCHRP, 2004). 

Network level: The level of administrative decisions that affect the entire highway network 
(PIARC, 2011). 

Nonlinear material: A pavement material having properties such that the relationship 
between stress and strain in nonlinear (NCHRP, 2004). 

Pavement Management: A process of coordination and controlling a comprehensive set of 
activities in order to maintain pavements, so as to make the best possible use of resources 
available, i.e. maximize the benefits for society. 
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Pavement Management System: A set of tools that can assist decision-makers in finding 
cost-effective strategies for providing, evaluating, and maintaining pavements in a 
serviceable condition. 

Pavement performance: Measure of accumulated service provided by a pavement (i.e., the 
adequacy with which it fulfills its purpose). Often referred to the record of pavement condition 
or serviceability over time or with accumulated traffic (NCHRP, 2004). 

Performance Index (PI): An assessed Technical Parameter of the road pavement, 
dimensionless number or letter on a scale that evaluates the Technical Parameter involved 
(e. g. rutting index, skid resistance index, etc.) on a 0 to 5 scale, 0 being a very good 
condition and 5 a very poor one (Litzka et al., 2008). 

Performance Indicator: A superior term of a technical road pavement characteristic 
(distress), that indicates the condition of it (e. g. transverse evenness, skid resistance, etc). It 
can be expressed in the form of a Technical Parameter (dimensional) and/or in the form of 
an Index (dimensionless) (Litzka et al., 2008). 

Performance period: The period of time that an initially constructed or rehabilitated 
pavement structure will last (perform) before reaching its terminal condition when 
rehabilitation is performed. This is also referred to as the design period (NCHRP, 2004). 

Project level: The level of technical management decisions for specific projects or road 
segments (PIARC, 2011). 

Reliability: The probability that a given pavement design will last for the anticipated design 
life (NCHRP, 2004). 

Resilient modulus: A modulus characterizing the recoverable deformation behavior of 
unbound granular materials. In a repetitive loading triaxial test under constant lateral stress, it 
is the secant modulus at unloading calculated as the ratio of the stress deviator to the axial 
recoverable strain (PIARC, 2011). 

Road asset management: All studies, decision makings and operations which are 
specifically aiming at or required to build, maintain and operate the road infrastructure/road 
asset (Lepert et al., 2011). 

Road Infrastructure / road asset: All constructions (pavements, bridges, drainage 
structures…) and equipments (safety barriers, signs, lights…), including the land reservation 
which composed the facilities devoted to road transport (Lepert et al., 2011). 

Road performance: Generally, ability of the road to answer expectations, to provide a 
stakeholder with what he is expecting from the road. More specifically, road performance is a 
measure of this ability to meet expectations, of the quality of the road regarding the expected 
service or characteristics (Lepert et al., 2011).  

Technical Parameter: A physical characteristic of the road pavement condition, derived 
from various measurements, or collected by other forms of investigation (e. g. rut depth, 
friction value, etc.). 

Transfer function: A mathematical function used to transform a technical parameter into a 
dimensionless performance index (Litzka et al., 2008). 




