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Kort sammanfattning 

Dimensionerings- eller felkriterier är en viktig del av varje verktyg för beläggningsdimensionering. De 

anger nivåer för skador, bortom vilka vägen inte längre förväntas fungera som den ska. Det är därför 

viktigt att fastställa lämpliga dimensioneringskriterier, eftersom dessa styr vägens tekniska, 

funktionella, ekonomiska och trafiksäkerhetsmässiga prestanda över tid. 

Den här rapporten syftar till att ta fram dimensioneringskriterier för de skadetyper som ingår i 

ERAPave PP (Elastic Response Analysis of PAVEments – Performance Prediction). Arbetet bygger 

på en kombination av en kvalitativ litteraturstudie och en kvantitativ analys av prestanda och 

underhållsinsatser på svenska vägar. Litteraturstudien, som syftade till att fastställa aktuella 

utmaningar och erfarenheter, fokuserade på dimensioneringsmetoder, vanliga skador och tillhörande 

kriterier. I den kvantitativa delen analyserades årliga mätdata för skador samt tidpunkter för 

underhållsinsatser. Dessa data modellerades med olika matematiska funktioner för att ta fram 

representativa medelvärden för skadornas utveckling. 

Resultaten visar att valet av dimensioneringskriterier kräver hänsyn till flera faktorer, såsom tekniska, 

ekonomiska, säkerhetsmässiga och användarrelaterade behov. Kriteriernas subjektiva karaktär och 

användningen av flera gränsvärden för samma typ av skada har dock begränsat deras praktiska 

tillämpning. Studien visade också att underhållsinsatserna varit inkonsekventa och att 

skademätningarna uppvisat stor variation. Trots detta är det möjligt att fastställa kriterier för 

spårbildning och utmattningssprickor i ERAPave PP, samt för jämnhet, genom att modellera 

skadeutvecklingen med en direkt proportionell linjär funktion. Det är också viktigt att ytterligare 

förbättra de uppskattade värdena med hjälp av en multiobjektiv optimeringsfunktion som tar hänsyn 

till alla relevanta faktorer och prestandadata från många olika vägavsnitt. 

Nyckelord 

Dimensioneringskriterier, ERAPave PP, utmattningssprickor, spårbildning, ojämnhet, LTPP 
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Abstract 

Design or failure criteria are an integral part of any pavement design procedure. They represent the 

allowable thresholds beyond which a pavement is no longer expected to effectively perform its 

intended functions. It is crucial to establish appropriate design criteria for pavement failure modes, as 

these criteria govern long-term technical, functional, economic and safety performance. 

This report aims to establish design criteria for the failure modes incorporated in ERAPave PP (Elastic 

Response Analysis of PAVEments – Performance Prediction). This is achieved by combining a 

qualitative literature survey with a quantitative methodology that systematically assesses the 

performance, maintenance and rehabilitation (M&R) intervention histories of Swedish sections. The 

literature survey, which aimed to identify existing challenges and experiences, was conducted with a 

focus on pavement design methods, distresses and design criteria. In the quantitative study, annual 

distress measurements and M&R intervention timings were evaluated and modelled using various 

mathematical functions to establish representative average accumulation rates. 

The findings have shown that the selection of pavement design criteria requires the consideration of 

multiple factors, including technical, economic, safety and user expectations. In addition, the 

subjective nature of these criteria and the use of multiple thresholds for the same distress have limited 

their application and impact. The quantitative study showed inconsistency in M&R interventions and 

high variability in measured distresses. Nevertheless, it is possible to establish design criteria for the 

rutting and fatigue cracking failure modes in ERAPave PP, as well as for surface roughness, by 

modelling distress accumulation with a directly proportional linear function. It is important to further 

enhance estimated values using a multi-objective optimization function that considers all relevant 

factors and performance data from a wide range of pavements. 

Keywords 

Design criteria, ERAPave PP, fatigue cracking, rutting, surface roughness, LTPP 
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1. Introduction  

1.1. Background 

Pavement design methods are often used to determine the structural thickness and the required 

material properties of the layers that constitute a flexible pavement. This is achieved using prediction 

models that take into consideration the major failure modes associated with pavement structural failure 

(Huang, 2004). There are currently several pavement design methods that are operational worldwide. 

These design methods are based on various design assumptions and philosophies, requiring different 

performance measuring criteria. The two most common pavement design approaches are empirical and 

mechanistic-empirical (M-E) (AASHTO, 1993; ARA Inc., 2004; Vägverket, 2008; Dinegdae et al., 

2023). In Empirical methods, it is common to use subjective indices such as serviceability, while M-E 

methods often employ distress level or traffic volume to determine performance.  

The design or failure criterion, which determines failure condition for a specific distress, is an integral 

part of a pavement design method and is used to optimize trial structures for the prevailing 

environmental and traffic conditions. A rational failure or design criterion allows pavement design 

methods to deliver optimum structures that are technically sound and economically justified. 

Furthermore, it provides the right platform for maintenance and rehabilitation (M&R) interventions. 

As pavement design methods evolve toward mechanistic-empirical and mechanistic principles, it is 

important to establish failure criteria that accurately capture the fundamental relationship between 

distress level and structural capacity. Nevertheless, it is common practice to use empirically obtained 

failure criteria in M-E pavement design approaches, limiting the benefit that can be derived from these 

design methods (Huang, 2004). 

VTI is currently developing a M-E pavement analysis and design tool in close collaboration with the 

Swedish and Norwegian Transport Administrations. This study, which establishes failure criteria for 

the failure modes incorporated into ERAPave PP (Elastic Response Analysis of Pavements – 

Performance Predictions), will be an important step for the adoption and acceptance of the tool by the 

wider pavement community. Optimum failure criteria enable M&R interventions that are timely and 

appropriate, resulting in pavements that are justified technically, economically and safety-wise. 

Furthermore, the study contributes to future research on the subject and can facilitate the development 

of comprehensive multi-objective optimization functions for the establishment of failure conditions 

and criteria for transportation assets. 

1.2. Objectives and Scope 

This study aims to establish failure criteria for the failure modes incorporated into ERAPave PP. This 

is achieved by using existing failure criteria as a reference and by carefully considering the rate of 

distress accumulation as well as the M&R intervention timings of Swedish sections. The results of this 

study will facilitate the implementation and adoption of ERAPave PP by the broader pavement 

community in both Sweden and Norway. 

This study is primarily concerned with the major failure modes incorporated into ERAPave PP. 

Therefore, the formulation includes failure modes such as rutting, fatigue cracking and surface 

roughness. As the main purpose of this study is to define and establish failure at the pavement 

structure level, it does not address failure criteria commonly used at the laboratory level to indicate 

material failure. 

1.3.  Report Organization  

This report consists of six main sections. The first section provides the background of the study, along 

with its objectives and scope. In the second section, the primary pavement design approaches are 

described, while the major failure modes that are often used in pavement design are presented in 
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section three. Section four presents and discusses the design criteria incorporated into various 

pavement design methods, while section five provides the recommended failure criteria for the failure 

modes incorporated into ERAPave PP. The Conclusions and Recommendations section summarizes 

the main findings of the study and proposes ideas for future work. 
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2. Pavement structural design  

The structural design of pavements involves several inputs and factors. Pavement design tools employ 

a complex process that involves rigorous computations to optimise the structural thickness and 

material properties of the layers that constitute the pavement structure. For the specified design 

conditions, trial sections are optimised for factors such as expected traffic volume, functional 

requirements, service life, environmental conditions and reliability (AASHTO, 1993; ARA Inc., 2004; 

Vägverket, 2008). It is also common to consider M&R strategies during the design phase. 

Optimisation is performed considering relevant failure modes, which requires establishing and 

incorporating appropriate failure criteria into the design process. Even though the various distresses 

initiate and evolve in a complex interdependent manner, pavement design is performed under the 

assumption that the major failure modes are independent (ARA Inc., 2004).  

Pavement design methods can generally be categorized into three groups: empirical, M-E, and 

mechanistic. This categorization primarily arises due to the various assumptions and principles 

employed in the characterization of input properties and pavement response modelling along with 

failure definition and interpretation. As a result, different methods utilize varying levels of 

sophistication in input characterization, pavement response computation and distress prediction. Since 

the accurate and reliable prediction of distresses plays a critical role in the success of pavement design 

methods, significant efforts have been devoted to developing advanced material models and pavement 

performance prediction methods (Wang, Keshavarzi and Kim, 2018). 

2.1. Empirical  

Empirical pavement design methods, which utilize empirical relationships to determine performance, 

are still employed in many parts of the world to analyse and design pavement structures. These design 

methods are developed based on knowledge and experience gained over time, as well as pavement 

response and performance data obtained from experimental laboratory or field studies. When design 

equations are developed using performance data from a field study, the formulated relationships reflect 

the material, structure, climate and traffic conditions of that specific geographic location (AASHTO, 

1993).  

In empirical methods, performance is measured subjectively using serviceability indexes derived by 

combining quantitatively obtained road condition data with users’ subjective experience. The 

American Association of State Highway and Transportation Officials (AASHTO) design guides, 

which were developed based on the American Association of State Highway Officials (AASHO) road 

test, are typical examples of empirically based pavement design methods (AASHTO, 1993). To 

establish failure, these design guides use a parameter called the Present Serviceability Index (PSI). 

This criterion was established by carefully correlating users’ subjective perceptions of serviceability 

with the PSI, which objectively defines performance by accounting for distresses such as cracking, 

rutting and roughness. 

Even though empirical-based pavement design methods have made significant progress in establishing 

the underlying relationship between various inputs and pavement performance, they are not expected 

to provide accurate predictions while fully capturing pavement behaviour under varying analysis 

conditions. This is mainly because extrapolating these empirical equations to conditions that differ 

significantly from the original conditions upon which they were developed introduces a substantial 

amount of error (Huang, 2004). Another drawback of these methods is that key material properties and 

environmental conditions are not properly characterized and incorporated into the design equations, 

undermining their applicability for pavement structural design. Furthermore, defining performance in 

terms of a qualitative parameter such as PSI, rather than a measurable physical quantity, has limited 

the effectiveness of these design methods. 
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2.2. Mechanistic-Empirical   

Mechanistic-empirical (M-E) pavement design methods use mechanistic modelling to compute 

pavement response under varying traffic and environmental conditions, and apply empirically derived 

transfer equations to determine long-term pavement performance (Huang, 2004). To model the 

pavement physics mechanistically and compute the filed variables, these methods utilize either multi 

layered linear elastic analysis (MLEA) or finite element modelling (FEM). As there is a computational 

time constraint with the use of FEM, its application is limited to special scenarios involving complex 

loading or geometry (ARA Inc., 2004).  

The mechanistic component of the M-E design method computes the pavement response based on 

assumptions that simplify and idealize the structural and material properties of the pavement. 

Conversely, the empirical transfer functions are developed through regression analyses using either 

laboratory or field experimental data, introducing empiricism into the design process. As a result, 

model calibration is used to minimize the systematic deviations between predicted and observed 

performances and improve prediction accuracy (ARA Inc., 2004).  

In M-E methods, pavement design life is determined using either the total accumulated traffic 

repetition or the total amount of distress. This requires the determination of stresses and strains at 

critical locations within the pavement structure. Typically, most M-E methods use the vertical strain at 

the top of the subgrade to determine the expected rutting life and the horizontal tensile strain at the 

bottom of the AC layer to determine the expected fatigue life (Shell, 1978; Asphalt Institute, 1981). 

Currently, several M-E pavement design procedures have been implemented in many countries 

worldwide. These include the Pavement ME and PMS Objekt , which are utilized for the design of 

pavement structures in the USA and Sweden, respectively (ARA Inc., 2004; Vägverket, 2008; Ahmed 

and Erlingsson, 2013). Table 1 provides a brief presentation of a few selected M-E methods. 

Table 1. Examples of mechanistic-empirical pavement design procedures. 

Organization Pavement response 
modelling 

Failure modes Environmental 
factors 

Design format 

Shell International 
(Shell, 1978)  

Multilayer elastic 
using BISAR  

Fatigue in treated 
layers; rutting in 
subgrade and asphalt 
bound layers  

Temperature Design charts  

The Asphalt 
Institute (Asphalt 
Institute, 1981) 

Multilayer elastic 
using DAMA  

Fatigue in asphalt 
treated layers; 
rutting in subgrade 

Temperature, 
freezing and 
thawing  

Design charts 

NITRR South 
Africa (Maree and 
Freeme, 1981) 

Multilayer elastic 
using a computer 
program 

Fatigue in treated 
layers; rutting in 
subgrade and shear 
in granular layers 

Temperature Catalogue of 
designs  

Austroads 
(Austroads, 1994) 

Multilayer elastic 
solid using CIRCLY  

Fatigue in treated 
layers; rutting in 
subgrade 

Temperature, 
moisture 

 

Design charts 

Laboratoire 
Central de Ponts 
et Chaussées 
(LCPC, 1997) 

Multilayer elastic 
using ELIZE  

Fatigue in treated 
layers; rutting 

Temperature Catalogue of 
designs  
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Organization Pavement response 
modelling 

Failure modes Environmental 
factors 

Design format 

IDOT (IDOT, 2002) Multilayer elastic Fatigue in untreated 
layers; rutting in 
subgrade 

Temperature, 
moisture 

Design charts 
based on M-E 
design 
methodology  

AASHTO MEPDG 
(ARA Inc., 2004) 

Multilayer elastic 
using JULEA  

Fatigue in treated 
layers; rutting in 
subgrade and 
asphalt; low 
temperature 
cracking 

Temperature, 
moisture 

Transfer equations 

PMS Objekt 
(Vägverket, 2008) 

Multilayer elastic Fatigue in asphalt, 
rutting in subgrade, 
frost-heave 

Temperature, 
moisture 

Transfer equations 

As shown in Table 1, fatigue cracking and rutting are the two primary failure modes considered in M-

E design methods. These distresses are typically evaluated using empirical transfer functions, which 

estimate the total allowable number of traffic repetitions before failure is reached, using strains 

calculated at critical locations within the pavement structure. A standard equivalent axle load is used 

in M-E design methods to represent the traffic and estimate the number of load repetitions. A typical 

fatigue transfer function which is used to estimate the number of load repetitions to fatigue life (NF) is 

presented in Equation 1 (Shell, 1978; Asphalt Institute, 1981).  

𝑁𝐹 = 𝑘1 (
1

𝜀𝑡
)

𝑘2
(

1

𝐸1
)

𝑘3
   (1) 

where k1, k2 and k3 are model constants, whereas εt and E1 are the horizontal strain at the bottom of the 

asphalt layer and the modulus of elasticity of the asphalt layer, respectively. 

A cumulative damage hypothesis based on Palmgren-Miner’s rule is also adopted to determine the 

fatigue life of flexible pavements. This hypothesis sums the number of cycle ratios linearly. According 

to Palmgren-Miner’s rule, the summation in Equation 2 should equal unity for the total number of 

traffic repetitions to be considered as the fatigue life. 

Miner’s rule is presented as follows:  

∑
𝑛𝑖

𝑁𝑖

𝑛
𝑖=1   1    (2) 

where ni and Ni are the number of actual and allowable traffic load applications, respectively, at strain 

level i. 

For estimating the total allowable number of traffic repetitions before rutting failure (NR) occurs, the 

mathematical expression presented in Equation 3 is typically used (Shell, 1978; Asphalt Institute, 

1981). 

𝑁𝑅 = 𝑘1 (
1

𝜀𝑣
)

𝑘2
   (3) 

where εv is the elastic vertical strain at the subgrade surface and k1 and k2 are model constants. 

M-E methods introduced a new perspective on pavement analysis and design with the adoption of 

mechanistic modelling. In addition, through the implementation of environmental models that 

determine the temperature profile in the AC layer and the moisture distribution within the unbound 

granular layers, M-E methods have greatly enhanced the characterization of material properties. 

Furthermore, a traffic characterization approach that recognizes and captures the loading differences 

among vehicles through axle load spectra (ALS) has been implemented, significantly improving 
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prediction accuracy. M-E design methods also offer a hierarchical selection approach to design inputs, 

where the accuracy of inputs is linked to the significance of a project and availability of resources 

(ARA Inc., 2004). Since the distress prediction models in M-E methods are not developed considering 

fundamental material deterioration and failure mechanisms, an extensive amount of calibration and 

validation is required before implementation. 

2.3. Mechanistic 

Mechanistic pavement design methods, unlike M-E approaches, use mechanistic modelling to 

characterize distress initiation and evolution. Contrary to empirical transfer functions, fundamental 

material behaviour is considered when mechanistic distress prediction models are developed, thus 

minimizing or eliminating the empiricism associated with the pavement design process. In mechanistic 

methods, basic mixture constituents are employed to describe and characterize the energy storage and 

dissipation capacity of the material, thereby defining and capturing material deterioration (Roque et 

al., 2010; Dinegdae et al., 2015; Huang, Onifade and Birgisson, 2021).  

Several energy-based mechanistic methods for damage and distress prediction have been developed. 

These methods have been seen to provide promising results for both laboratory-tested samples and 

full-scale tested structures (Roque et al., 2010; Huang, Onifade and Birgisson, 2021). The initiation of 

damage in these methods is established using a unique material condition called the endurance limit. 

In addition, an energy balance criterion is used in these models to formulate evolution laws that 

uniquely capture material degradation over time. These models are based on fundamental 

constitutional equations and are independent of temperature, loading rate, mode of loading (i.e., 

controlled strain, controlled stress, or monotonic loading), and load amplitude (Wang, Keshavarzi and 

Kim, 2018). 

Approaches have also been suggested that investigate the impacts of both fatigue cracking and 

permanent deformation on asphalt materials. These approaches aim to develop a single failure 

criterion that captures the interdependence between the two failure modes. This failure criterion is 

energy-based and developed by testing the material in the lab in a Sequential Test (ST) procedure 

(Alamnie, Taddesse and Hoff, 2022). suggested the dissipated energy ratio (DER) for characterizing 

the permanent deformation behaviour of asphalt mixtures when taking into account the interaction 

between fatigue and permanent deformation failures.  

It is believed that by eliminating the tedious process of model calibration and validation, mechanistic 

methods are expected to facilitate the development of new engineered materials. However, the 

heterogeneous nature of pavement materials and the varying characteristics of inputs such as climate 

and traffic are likely to complicate the development process. In addition, the disproportionate 

dimensions of the pavement structure and the considerable amount of uncertainty associated with the 

pavement design process make the implementation of mechanistic methods unrealistic. Mechanistic 

models are also being developed using conventional mixtures, making it challenging for the models to 

provide accurate predictions for polymer-modified mixes, warm-mixes, mixtures containing varying 

contents of reclaimed asphalt pavement (RAP) and other engineered mixtures (Wang, Keshavarzi and 

Kim, 2018).  
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3. Pavement failure modes 

Several unique prediction models developed considering different failure mechanisms and material 

behaviours are currently implemented in pavement performance prediction tools. Most of these 

models are empirical and semi-empirical in nature and require extensive evaluation, calibration, and 

validation before implementation. In addition, most of these models do not describe the degree of 

fracture and the amount of permanent deformation in absolute terms but rather use parameters such as 

traffic volume. This makes it challenging to accurately assess the level of damage within the material 

and establish a failure criterion appropriate for each specific distress (Huang, 2004). Depending on the 

design conditions, distresses such as bottom-up fatigue cracking, top-down fatigue cracking, 

transverse cracking, thermal cracking, rutting, and frost heave can be considered as primary failure 

modes. The following sections present selected major pavement failure modes that are relevant to 

ERAPave PP. 

3.1. Cracking 

Cracking is the result of damage accumulation in the material due to repeated traffic or environmental 

loading. Cracks generally do not appear until the pavement structure has endured a large number of 

traffic repetitions. After initiation, a crack grows at a rapid rate, resulting in a weaker pavement. The 

most common type of cracking in flexible pavements is bottom-up or alligator cracking, which is load-

induced. In regions characterized by either a large variation in temperature or very cold temperatures, 

AC pavements endure transverse and longitudinal cracking. In the case of composite pavements, the 

most common problem is reflective cracking, which mirrors the cracks and joints of the underlying 

layers (Huang, 2004). 

Alligator or fatigue cracking 

This crack type initiates and propagates due to the repeated application of traffic loading and appears 

on the AC surface as a series of interconnected cracks. It occurs mainly due to fatigue failure in either 

the AC surface or the stabilized base course. Fatigue cracking often initiates at the bottom of the AC 

surface, where tensile strain is highest and then propagates toward the surface, initially as one or more 

longitudinal parallel cracks. Initial crack formation is mainly confined to the wheel paths and under 

repeated traffic loading, the cracks gradually interlock and form a pattern that resembles the skin of an 

alligator (ARA Inc., 2004; Huang, 2004). 

Longitudinal or top-down cracking 

This distress is caused by the repeated application of traffic loading and appears along the wheel path 

on the surface of the AC layer as a longitudinal crack. As the name implies, top-down cracking 

initiates at the surface of the AC layer and propagates downward under a combination of traffic and 

environmental loading. As the cracks widen during propagation, it is common for water to infiltrate 

into the underlying layers and cause the weakening of the pavement structure. Even though this failure 

mode has been recognized only recently, it has been observed in some regions to constitute a 

significant portion of cracking failures (Roque et al., 2010; Dinegdae et al., 2015). 

Transverse cracking 

This cracking is a major failure mode in asphalt overlays and appears as uniformly spaced transverse 

cracks on the AC surface. In new pavements, the spacing between cracks is wider but as the pavement 

ages this spacing becomes narrower. As the pavement ages and cold temperature cycles become more 

frequent, the width of transverse cracks widens, allowing water to infiltrate into the pavement 

structure. Possible causes of transverse cracking include low-temperature-induced shrinkage of the 

asphalt surface, asphalt hardening, and reflective cracking propagating from underlying layers. It has 
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also been reported that this type of cracking is more common in flexible pavements with rigid bases 

such as cement-stabilized soil, and cement-treated aggregates (Huang, 2004). 

Low-temperature cracking 

This crack type primarily occurs in cold regions and in areas with large daily temperature fluctuations. 

Low-temperature cracks appear as transverse cracks on the pavement surface and initiate when 

thermal stress buildup in the AC mixture due to low temperature exceeds the tensile strength of the 

asphalt pavement. After initiation, these cracks propagate downward through the pavement while 

gradually increasing in number. Ageing and the frequent repetition of low-temperature cycles further 

exacerbate low-temperature cracking. As with top-down cracking, the infiltration of water into the 

underlying layers is a serious problem, leading to the loss of fines and the softening of UGLs (Das, 

2012). 

3.2. Rutting 

Rutting appears on the surface of the pavement structure along the wheel paths as a longitudinal 

depression, often accompanied by small upheavals to the sides. Once initiated, this distress develops 

rapidly during the first few years and then evolves at a much slower rate with an increasing number of 

load applications (Huang, 2004). Rutting in cold climate regions is the result of permanent 

deformation in the structural layers and surface wear caused by studded tyres. Many pavement 

performance evaluation tools, including Pavement ME, CalME, and ERAPave PP, employ rutting to 

optimize and design flexible pavements (ARA Inc., 2004; Ullidtz et al., 2008; Ahmed and Erlingsson, 

2013). 

3.2.1. Permanent deformation 

The formation and development of permanent deformation are attributed to a combination of two 

mechanisms: vertical densification (decrease in volume) and shear deformation (lateral displacement). 

All the layers of the pavement structure, including the subgrade, exhibit permanent deformation and 

contribute to the total observed surface rutting. In well-compacted AC layers, shear deformation, 

which may occur in any or all of the pavement layers, is considered the primary rutting mechanism. 

Pavement design tools use distinct and unique models to evaluate and capture the permanent 

deformation behaviour of asphalt concrete (AC) and unbound granular layers (Tseng and Lytton, 

1989; Rahman et al., 2022). This is primarily because the layers of a flexible pavement are unique in 

their material composition, making it challenging to develop a unique mathematical equation that 

accurately captures the permanent deformation behaviour of the entire structure. 

Permanent deformation in the asphalt concrete layer 

The permanent deformation behaviour of the AC layer is governed by many factors, including loading 

rate, binder content and type, temperature, and aggregate gradation. It has also been observed that 

factors such as traffic volume, tyre inflation pressure and axle load level increase the susceptibility of 

asphalt mixtures to permanent deformation failure (Kim, 2009). The development and accumulation of 

permanent deformation in asphalt layers result from a complex combination of densification and shear 

flow, with shear flow being the dominant contributor. 

Most of the rutting prediction models for the AC layer that are currently in use are either empirical or 

mechanistic-empirical. As these models consider only limited fundamental material behaviour, 

predicted results often show poor correlation with field performance (Schwartz et al., 2011). To 

overcome this issue, research efforts have been directed at developing advanced models based on 

material mechanics such as viscoelasticity, viscoplasticity and continuum damage. Nevertheless, these 

models require advanced constitutive relationships to describe the permanent deformation behaviour 

of the AC, which limits their practical application (Wang, Keshavarzi and Kim, 2018). 
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Rutting in the AC layer is predicted in M-E pavement design tools using either permanent strain 

models or permanent to resilient strain ratio models. In its basic form, a permanent strain model relates 

the permanent vertical strain to the number of load cycles, while the extended form explicitly 

considers the effects of temperature, induced stress level and other parameters (ARA Inc., 2004; 

Dinegdae et al., 2023). Conversely, the permanent-to-resilient strain ratio model uses the elastic strain 

to represent the elastic response of the pavement structure, thus indirectly accounting for the stiffness 

of pavement materials, stress level, layer thickness, temperature and other factors. 

Permanent deformation in unbound granular layers 

UGLs are prone to failures related to permanent deformation or rutting (Epps et al., 2014). The 

formation and development of permanent deformation in UGLs are attributed to factors such as 

compaction, crushing, and material migration. The evolution of permanent deformation in UGLs is 

characterized by two phases. In the first phase, a rapid increase in permanent deformation occurs with 

load applications due to post-compaction densification of the material. In the second phase, which is 

characterized by volume change, deformation occurs at a constant rate (Lekarp and Dawson, 1998). 

Studies indicate that factors such as stress level, stress history, traffic volume, moisture content, 

compaction level and aggregate gradation control and govern the permanent deformation behaviour of 

unbound granular layers (Lekarp and Dawson, 1998; Rahman et al., 2022). 

As the permanent deformation behaviour of UGLs is highly nonlinear and depends on several factors, 

currently implemented models rely on different theories and assumptions to capture the permanent 

deformation characteristics of layers such as base, subbase, and subgrade (Tseng and Lytton, 1989; 

Rahman et al., 2022). Most of these models use either the stress or strain level within the material to 

characterize the permanent deformation behaviour of UGLs. Some models account for the stress level 

and stress history of the material by considering the stress ratio between the confining pressure and 

deviatoric stress (Lekarp and Dawson, 1998). The complex and nonlinear behaviour of UGMs has 

made it challenging for these models to deliver accurate predictions. 

3.2.2. Studded tyre wear 

Studded tyre wear is a distress which is primarily associated with cold regions of the world. During the 

winter season, it is common in Nordic countries such as Sweden, Norway, Finland and Iceland to use 

studded tyres on light vehicles, including passenger cars. These tyres are used in winter traffic 

conditions to enhance safety by improving friction and manoeuvrability on slippery surfaces. Since the 

tyres are embedded with studs, they cause abrasion of the wearing course, contributing to the total 

observed surface rutting (Jacobson and Wågberg L.-G, 2007; Lundberg et al., 2021). Furthermore, the 

use of studded tires is associated with negative health effects due to the release of particulate matter 

into the environment, as well as increased noise pollution in urban areas. 

The rate and amount of studded tyre wear depend on factors such as the number of studs per tyre, the 

type and weight of studs, the proportion of light traffic, the duration of the wear period, and the 

abrasion resistance of the wearing course. As it is primarily governed by the abrasion properties of the 

wearing course, it is challenging to capture the wear resistance behaviour of an asphalt pavement using 

outputs from a pavement response analysis. Thus, it is common to develop studded tyre wear 

prediction models using performance data from full-scale road simulators and experimental field 

sections (Jacobson and Wågberg L.-G, 2007). These empirical models require traffic inputs such as 

the annual average daily traffic (AADT) of light vehicles, the proportion of light vehicles with studded 

tyre, lateral wander and vehicle speed. Required pavement-related inputs include road type, the 

presence of de-icing activities, the maximum aggregate size, and the volume of aggregates with a 

diameter greater than 4 mm. 
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3.3. Frost-heave damage 

During subzero temperatures, the water held in the pores of unbound granular materials freezes, 

resulting in an increase in volume (Berg et al., 1996). This causes heaving of the ground surface or the 

finished pavement surface. The heave can be further exacerbated if ice lenses form, which can damage 

pavement structures in two ways. First, the differential heave of the structure causes distresses to arise. 

Second, the melted ice lenses create a temporary water-filled zones with little or no bearing capacity. 

If the excess melted water is not quickly drained, it may cause distress within the pavement structure 

(ARA Inc., 2004). Conditions such as frost-heave susceptible soil, extended sub-zero temperatures, 

and a readily available water supply from a nearby groundwater table (GWT) must be fulfilled for 

frost-heave damage to occur in flexible pavements.  

Soils such as silts, sandy silts and silty clays of low plasticity are observed to be susceptible to frost-

heave (ARA Inc., 2004). The straightforward approach for engineers is to remove and replace the soil 

to the expected frost penetration depth when conditions are favourable for the formation of ice lenses. 

Although this approach is effective, it may not always achieve the intended benefits. This is mainly 

because freezing and thawing still occur in non-frost susceptible soils without being accompanied by 

the formation of significant ice lenses (ARA Inc., 2004). Using data from 120 highway sections in 

Alaska, Esch, Mchattie and Connor (1980) demonstrated that the percent passing the No. 200 sieve 

(P200) is the best indicator of soil susceptibility to frost-heave damage. Parameters such as the percent 

passing the 0.02 mm sieve and the plasticity index (PI) are also found to indicate the frost-heave 

susceptibility of soils. In many countries, the percent passing the No. 200 sieve has been implemented 

to identify soils with frost-heave susceptibility.  
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4. Pavement design criteria  

A design or failure criterion defines the performance threshold beyond which a material or structure 

can no longer effectively perform its intended function. In pavement design methods, it is common to 

incorporate failure criteria to characterize pavement damage and define failure (Wang, Keshavarzi and 

Kim, 2018). Although pavement structures can fail in multiple modes, it is common to analyze and 

design pavement structures assuming independent failure modes. For any given failure mode, the 

selected failure criterion should accurately reflect the field performance of the structure by capturing 

and representing pavement degradation for the prevailing design conditions. Furthermore, this failure 

criterion should be chosen with consideration for asset management priorities and goals (ARA Inc., 

2004).  

Pavement ratings based on pavement functional and structural performance are often used to measure 

pavement condition and distresses over time. These ratings are used to calculate individual distress 

indices or a composite pavement index, which typically combines several types of distresses. These 

ratings, along with failure criteria, initiate various pavement M&R activities (Baladi et al., 2017). 

Failure criteria are commonly established using performance data from sources such as laboratory 

testing, full-scale accelerated testing, field experimental investigations, or historical pavement 

condition surveys (Monismith, 2012; Kim et al., 2015). Since pavement degradation is a complex 

process involving many variables, failure criteria should be established by considering factors such as 

stress level, environmental factors and construction conditions, among others. 

4.1. Failure criteria selection  

Failure criteria for both functional and structural requirements should be established based on suitable 

performance measuring parameters. These engineering parameters should consider factors such as life 

cycle cost, users’ needs and expectations, optimum intervention timing and M&R measures. Even 

though they are developed with the consideration of various engineering factors, these threshold 

values are somewhat subjective. This is because they represent the minimum level of serviceability 

that transport departments strive to provide. As these threshold values are merely a management tool 

to assess the road condition regularly, M&R actions do not always wait until these values are reached. 

Furthermore, these threshold values do not imply that once exceeded the road will be closed for traffic 

(Papageorgiou and Mouratidis, 2014; Baladi et al., 2017). 

It is challenging to develop appropriate failure criteria for pavement distresses that are based on 

structural failure conditions. This is primarily due to factors such as lack of sufficient long-term 

pavement performance data, the cost of M&R measures, budget constraints, and political pressure, 

among others. The fact that several failure criteria are used for different classes of roads with various 

traffic demands has made it challenging to effectively communicate and implement these criteria. 

Furthermore, the effectiveness of selected failure criteria has been limited by the common practice in 

the pavement community of carrying out regular pavement preservation and maintenance activities, 

rather than allowing the pavement to deteriorate until failure (Monismith, 2012; Baladi et al., 2017).  

The selection of failure or design criteria for a particular distress should be performed considering all 

relevant factors and parameters. Nevertheless, it is uncommon to use a multi-objective analytical 

function that considers operational factors such as safety, comfort, economy and environment when 

determining design criteria for pavement performance indicators. In addition, failure criteria for 

safety-related distresses, including rut depth and skid resistance, should be selected based on factors 

such as driving condition, vehicle speed and vehicle characteristic. These design criteria should also 

ensure safe travel for most road users in an economically feasible manner (Papageorgiou and 

Mouratidis, 2014; Baladi et al., 2017). For roads located in wet climate zones, location specific 

conditions such as the risk for hydroplaning on roads with minimal cross-slope and higher speed limits 

should be considered. 
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4.2. Implemented design criteria  

4.2.1. Empirical methods 

Performance modelling in empirical pavement design methods is commonly performed using aspects 

such as ride quality, friction, level of surface distress and structural capacity. These aspects are used to 

evaluate either a particular aspect of a pavement’s performance or the overall pavement condition. 

Performance measuring parameters such as Crack Index (CI), International Roughness Index (IRI), 

International Friction Index (IFI), Surface Curvature Index (SCI) and PSI are commonly used in 

empirical pavement performance models (Hu et al., 2022). 

The 1993 AASHTO Design Guide assigns an initial PSI of 4.2 for flexible pavements. Meanwhile, the 

terminal PSI, which is the lowest index tolerated before M&R becomes necessary, generally has a 

value of 2.5 for major highways and 2.0 for low-volume traffic highways. The 2.5 PSI corresponds to 

an IRI of about 3.16 m/km (AASHTO, 1993; Huang, 2004).  

4.2.2. Mechanistic-empirical methods  

M-E pavement design tools use traffic volume or distress level to evaluate performance. Distresses can 

be expressed either in absolute terms or as relative indices. Depending on the design method, specific 

threshold levels are used for distresses such as fatigue cracking, permanent deformation and thermal 

cracking. Instead of developing one unique value for the whole road network, unique failure criteria 

are commonly developed for each road class, reflecting the importance of the road and the expected 

traffic volume (ARA Inc., 2004). Table 2 presents the design criteria incorporated into Pavement ME. 

As shown in the table, the Pavement ME uses different threshold levels for different road classes. 

Table 2. Pavement ME design criteria for HMA pavement and overlays. 

Distress type Design criteria Remark  

Alligator cracking 

(bottom-up cracking) 

Interstate: 10% lane area 

Primary: 20% lane area 

Secondary: 35% lane area 

Road class-based criteria 

Rut depth (permanent 
deformation in wheel paths) 

Interstate: 10.6 mm 

Primary: 12.7 mm 

Others (< 72 km/h): 16.5 mm 

HMA layer: 6.35 mm 

Road class and mixture-based 
criteria  

Transverse cracking length 
(thermal cracks) 

Interstate: 94.7 m/km 

Primary: 132.6 m/km 

Secondary: 132.6 m/km 

Road class-based criteria 

IRI (smoothness) Interstate: 2.5 m/km 

Primary: 3.16 m/km 

Secondary: 3.16 m/km 

Road class-based criteria 

For low-volume traffic roads, the Pavement ME recommends the design criteria levels presented in 

Table 3. Low-volume roads are categorized in the guide as roads with a maximum truck volume of 

750,000 in the design traffic lane over a 20-year design life (ARA Inc., 2004). This category includes 

road types such as primary and secondary collectors, local streets and low volume country roads. 
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Table 3. Pavement ME design criteria for low-volume roads. 

Distress type Design criteria Remark 

Smoothness, IRI 3.16 m/km Road class-based criteria 

Wheelpath rutting 15 mm Road class-based criteria 

Fatigue cracking 45% of wheelpaths Road class-based criteria 

Note: Initial IRI is assumed to be 1.6 m/km for urban street construction due to utilities and other constraints 

The Asphalt Institute method, meanwhile, correlates the allowable number of cumulative standard 

axles for fatigue and rutting failures with some degree of physical damage to the pavement. Methods 

such as the Indian flexible pavement design guide, which is based on the Asphalt Institute transfer 

equations, employs 20% surface cracked area and 20 mm rut depth to correlate the cumulative 

standard axles for fatigue and rutting failures, respectively (IRC, 2001). 

For the design of perpetual or full-depth asphalt pavements, the Texas Department of Transportation 

uses the following limiting strain criteria as thresholds for bottom-up fatigue cracking and full depth 

(subgrade failure) rutting (Lee, Hu and Walubita, 2021). 

• Horizontal tensile strain at the bottom of the lowest HMA layer (εt): < 70 με 

• Vertical compressive strain at the top of the subgrade (εv): < 200 με 

Furthermore, the department recommends the thresholds listed in Table 4 as performance limits for 

Texas perpetual pavements. 

Table 4. Recommended performance thresholds for Texas perpetual pavement. 

Distress type Threshold level Remark 

Surface roughness  2.71 m/km Initial QC/QA IRI 1.03 m/km 

Surface rutting 12.7 mm 20 years design period 

Fatigue cracking 25% surface area 20 years design period  

The California M-E pavement design guide (CalME) considers distresses such as flexural fatigue 

cracking, reflective cracking and total rut depth for the construction of asphalt pavements. The failure 

modes considered are independent and the structure is said to have failed as soon as one of the 

performance limits is reached (Ullidtz et al., 2008). Table 5 presents the default threshold values used 

by CalME. 

Table 5. Default performance thresholds for CalME. 

Distress type Threshold level Remark 

Surface roughness  2.68 m/km Mean Roughness Index (MRI) 

Rut depth 10.16 mm Below surface 

Cracking 5% surface area  Along wheel path  

The Portuguese Manual of Pavement Structures for the national road network recommends 16 

different pavement structures. These structures were established using the Shell design method and 

represent different combinations of surface and base asphalt layer thicknesses. Table 6 presents the 

threshold values recommended for the main performance indicators. These threshold values are based 

on Portuguese specifications, Quality Control Plans (QCP) and pavement design practices (Justo-

Silva, Simões and Ferreira, 2022). In the Portuguese method, pavements are designed to last for a 

period of 20 years. 
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Table 6. Portuguese performance indicators threshold values. 

Distress type Threshold level Remark 

Longitudinal Cracking  200 m/km  

Alligator Cracking  20% Mean Roughness Index (MRI) 

AC rutting 15 mm Below surface 

Total Rutting  20 mm  

Surface Roughness  2 m/km 

3 m/km 

3.5/km 

In 50% of the length 

In 80% of the length 

In 100% of the length 

The Alberta Transportation Pavement Design (ATPD) guide in Canada implements the Pavement ME 

for the performance evaluation of flexible pavements. The ATPD established threshold values for the 

main performance indicators based on local field data and the Alberta Transportation (AT) tolerance 

level for each distress (Saha et al., 2012). The ATPD uses the same performance indicators as the 

Pavement ME and adopted the threshold values shown in Table 7. 

Table 7. ATPD performance indicators threshold values. 

Distress type Threshold level Remark 

Longitudinal Cracking  379 m/km  

Transverse Cracking  189 m/km  

Alligator Cracking 25 % Percent of cracked area 

Surface roughness 2.3 m/km IRI 

Total Rutting  19 mm Total limiting value 

The French pavement design method (SETRA-LCPC) uses two design criteria that aim to limit fatigue 

and rutting distresses on the AC and subgrade layers, respectively (SETRA-LCPC, 1994). 

Accordingly, the fatigue criterion is defined by limiting the horizontal strain at the bottom of the 

bituminous layers while the rutting criterion limits the vertical strain at the top of the subgrade in the 

same manner. Both criteria were developed using the number of allowable traffic repetitions as a 

reference. These criteria do not account for any laboratory characterization of the material and are 

developed using performance data from existing pavements. 

4.2.3. Energy-based methods  

Energy-based pavement design methods use energy related parameters to characterize the pavement 

degradation process (Wang, Birgisson and Roque, 2007). These methods are currently attracting 

attention due to progress and advancements in input characterization, material modelling, and 

pavement response and performance computation. Pavement analysis and design methods such as 

energy ratio (ER), Enhanced Hot-Mix Asphalt Fracture Mechanics (HMA-FM-E) and FlexPAVETM 

can be grouped under this category (Wang, Birgisson and Roque, 2007; Roque et al., 2010; Wang, 

Keshavarzi and Kim, 2018). These methods rely on a failure criterion that consistently provides the 

same value for all modes of loading and gives a direct indication of damage accumulation or 

remaining life. Furthermore, this failure criterion reflects and captures the fundamental variables used 

in tests, such as strain, stress and strain energy. 

The ER method, which is an energy-based approach, is implemented in the Florida cracking model to 

optimize asphalt pavements for top-down cracking. This method was developed by introducing the ER 

parameter into the Hot Mix Asphalt Fracture Mechanics (HMA-FM) model. ER is obtained by 
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dividing the dissipated creep strain energy (DCSEf) threshold of the mixture by the minimum 

dissipated creep strain energy (DCSEmin) required. The DCSEmin ,which is a load-induced minimum 

energy, is the amount of energy required to produce a 50.8-mm (2-in) crack (Wang, Birgisson and 

Roque, 2007). A design criterion of ER=1 is used in the Florida cracking model to optimize pavement 

sections for top-down fatigue cracking. 

The HMA-FM-E method is an enhanced version of the HMA-FM model. It was developed by 

incorporating sub-models that account for the effects of aging, healing and transverse thermal stress on 

top-down cracking. The method uses an energy threshold concept to describe the initiation and 

propagation of macro-damage, which is considered non-healable (Roque et al., 2010). The HMA-FM-

E method consists of three main sub-models: material property, pavement response and pavement 

fracture. 

The pavement fracture sub-model includes crack initiation and crack growth models, which are used to 

determine the initiation and evolution of cracking (Roque et al., 2010). The method uses a Crack 

Rating (CR) index to measure performance, with values ranging from 0 to 10. A CR of 10 indicates no 

cracking and this rating drops to 0 with increasing severity of cracking. This index is estimating by 

combining cracking both in the wheel path and between wheel paths. A CR of 8 indicates at least 25% 

of cracking while a CR of 6 corresponds to a cracking of  at least 50%. For defining crack initiation, a 

CR of 8 which corresponds to a crack length of 0.25 in. (6 mm) is used. 

FlexPAVETM predicts critical pavement distresses such as cracking and rutting using a three-

dimensional finite element method (FEM). The method uses the S-VECD (Simplified-Viscoelastic 

Continuum Damage) model to predict fatigue damage. This model, by relating the damage in the 

material (S) to the normalized pseudo-stiffness (C) through a damage characteristic curve (DCC), 

captures damage evolution. The pseudo stiffness C initiates at a value of 1 and decreases as fatigue 

damage accumulates (Wang, Keshavarzi and Kim, 2018). To determine failure, DR is used, which 

defines the slope between the sum of (1-C) to failure and number of cycles to failure (Nf ). 
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5. ERAPave PP design criteria 

The design criteria for the distresses incorporated in ERAPave PP were developed by carefully 

studying the performance history of several sections from the Swedish Long-Term Pavement 

Performance (LTPP) database. Sections with well-documented performance history and representative 

of various design conditions in Sweden were selected for this purpose. These sections belong to the 

group originally used to calibrate the permanent deformation models in ERAPave PP (Dinegdae, 

Ahmed and Erlingsson, 2024). The design criteria for distresses such as cracking, rutting and 

roughness were formulated based on the annual rate of distress accumulation. Defining the design 

criteria in terms of annual rates rather than absolute values enables the implementation of flexible time 

periods for pavement design and M&R interventions. 

5.1. ERAPave PP 

ERAPave PP is a M-E pavement analysis and design tool for flexible pavements. The tool is expected 

to address many of the challenges currently facing the pavement industry. ERAPave PP primarily 

optimizes flexible pavements for distresses such as fatigue cracking and rutting, with rutting computed 

by accounting for surface wear due to studded tyres. Structural capacity checks are also performed to 

control damages related to frost heave and extreme loading (Ahmed and Erlingsson, 2013; Dinegdae 

et al., 2023). ERAPave PP achieves this by using material models, pavement response modelling and 

performance relationships that are developed based on the underlying pavement degradation 

mechanisms. 

 

Figure 1. ERAPave PP design flowchart. 

The procedure followed in ERAPave PP for the design of flexible pavements is presented in Figure 1. 

As shown in the figure, the input module provides all the information required for input 

characterization (Dinegdae et al., 2023). The tool uses a heat balance model to determine the 

temperature profile in the asphalt concrete (AC) layer and the frost depth in the substructure layers. In 

addition, moisture-dependent material models are used to characterize the properties of unbound 
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granular layers (UGLs) and subgrade, while axle load spectra (ALS) are used to represent traffic 

loading. To facilitate the selection of appropriate values for climate and mixture inputs, a substantial 

number of weather stations and material data from both Sweden and Norway are integrated into the 

tool.  

Based on these inputs, the pavement analysis component performs several evaluations that aim to 

optimize trial sections for the underlying design conditions. It performs frost action and bearing 

capacity controls to ensure structural capacity for frost heave damage and extreme loading, 

respectively. In addition, it computes distresses based on empirical relationships using pavement 

responses from a multi-layered linear elastic theory (MLET)-based analysis. The selection of an 

optimum section for design is undertaken by comparing accumulated distresses with the corresponding 

design criteria. 

Comprehensive calibration and validation of the models are required to ensure that the predicted 

results accurately reflect observed field performance. The distress models have already been calibrated 

using performance data from laboratory and full-scale accelerated pavement testing (APT) structures, 

yielding promising results (Ahmed and Erlingsson, 2013; Rahman et al., 2022). The research team is 

currently conducting an extensive evaluation of the tool using performance data from field sections 

representative of Swedish conditions (Dinegdae, Ahmed and Erlingsson, 2024). The calibration 

process has demonstrated the capability of ERAPave PP to deliver reasonable results, facilitating its 

adoption as a standard pavement analysis and design tool in both Sweden and Norway. 

5.2. Pavement sections 

The formulation of design criteria for the distresses in ERAPave PP was achieved by carefully 

analysing the performance and M&R intervention histories of several field pavements. These sections, 

which represent various design conditions in Sweden, were extracted from the Swedish LTPP 

database. The sections comprise motorways, state and rural roads, allowing the formulated design 

criteria to capture and reflect a wide range of design conditions. A general description of the sections 

along with structural and traffic information is presented in Table 8. The traffic data in the table, which 

represent the expected traffic volume over a 20-year design period, is expressed in terms of 100 kN 

equivalent single axle loads (ESALs). 

Table 8. Traffic, structure and location information of the studied pavements. 

Road ID Location 
Thickness (mm) Subgrade 

material 
ESALs (N100)*103 

AC Base Subbase 

C-292-1 Uppsala 85 160 800 4d - Lera 1325 

C-292-2 Uppsala 35 50 160 1a - Fast berg 1325 

U-580-1 Västmanland 80 110 520 4b - Lera 888 

U-580-2 Västmanland 80 110 520 1a - Fast berg 888 

W-RV71 Dalarna 50 125 500 4b - Lera 638 

D-RV53 Södermanland 45 160 500 5d - Silt 973 

E-RV34 Östergötland 95 120 550 4b - Lera 1582 

F-E4 Jönköping 150 70 440 5 - Silt 13352 

F-RV31 Jönköping 50 115 500 4b - Lera 3738 

G-126-1 Kronoberg 40 160 300 4b - Lera 2117 

G-126-2 Kronoberg 40 160 500 4b - Lera 2117 

H-RV34 Kalmar 75 125 400 4b - Lera 4357 

N-E62 Halland 180 120 600 4d - Lera 10080 
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Road ID Location 
Thickness (mm) Subgrade 

material 
ESALs (N100)*103 

AC Base Subbase 

U-RV56-1 Västmanland 70 150 450 4b - Lera 5564 

U-RV56-2 Västmanland 70 75 - 1a - Fast berg 5564 

W-266 Dalarna 70 130 500 4b - Lera 1414 

W-RV80 Dalarna 50 120 500 4b - Lera 1209 

X-RV56-1 Gävleborg 50 125 400 4b - Lera 2788 

X-RV56-2 Gävleborg 50 125 500 4b - Lera 2788 

Note: The Swedish terms Lera, Fast berg, and Silt correspond to clay, bedrock and silt, respectively. 

The M&R intervention histories of the studied sections were compiled and analysed to establish the 

intervention period for different treatments. Table 9 presents the M&R intervention history of the 

pavements studied. As can be seen in the table, the sections received a wide range of M&R treatments 

over different time periods. A wide range of 16 years was observed for the intervention period, 

highlighting the difference in functional class and performance between the sections. Some of the 

sections received multiple M&R treatments during the 20-year analysis period, and the reported values 

in Table 9 represent only the first M&R interventions.  

Table 9. Maintenance and Rehabilitation intervention history of the studied pavements. 

Road ID 
M&R Intervention 

Year Action 

C-292-1 15 Repaving 

C-292-2 15 Repaving 

U-580-1 9 Thin layer 20 mm / Reconstruction of bound layers 

U-580-2 9 Thin layer 20 mm / Reconstruction of bound layers 

W-RV71 20 Milling + 40 mm binder course + 40 mm wearing course 

D-RV53 6 Levelling + Overlay (40 mm) 

E-RV34 9 Milling + Wearing course (40 mm) 

F-E4 14 Remixing 

F-RV31 18 Remixing + 20 mm overlay 

G-126-1 16 Repaving 

G-126-2 16 Repaving 

H-RV34 15 Surface sealing 

N-E62 9 Thin layer 20 mm 

U-RV56-1 11 Milling + 40 mm binder course + 40 mm wearing course 

U-RV56-2 11 Milling + 40 mm binder course + 40 mm wearing course 

W-266 8 Milling + 40 mm binder course + 40 mm wearing course 

W-RV80 9 Milling + Wearing course (40 mm) 

X-RV56-1 4 Thin layer 20 mm 

X-RV56-2 4 Thin layer 20 mm 
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The performance history of the sections, including distresses such as rutting, cracking and roughness 

was reported annually. Reporting was done by dividing each section into several uniform sub-sections. 

The performance history of the sub-sections was averaged to obtain representative annual distress 

levels for the studied sections. Fatigue cracking performance was represented by a cracking index, 

which was estimated using the equation provided in the Swedish LTPP. A survival probability 

analysis with respect to rutting performance was performed and is presented in Figure 2. As shown in 

the figure almost half of the sections required M&R interventions before the age of 10. Rutting was 

selected for the survival analysis, as it is observed to be the dominant failure mode. 

 

Figure 2. Survival curve for rutting performance. 

5.3. Design criteria 

5.3.1. Rutting  

The reported rut depths of the studied pavements were analysed and compared to establish the rate of 

rutting evolution. The reported rut depths include both permanent deformation and surface wear due to 

studded tyres. Figure 3 presents the evolution of rutting for sections F-E4, C-292-1 and U-RV56-2, 

along with their corresponding M&R intervention periods. As shown in the figure, the rate of rutting 

evolution differs among the sections, with section U-RV56-2 exhibiting a higher rate of rutting 

accumulation. It can also be seen that rutting evolution typically follows a linear trend. For most 

sections, the rutting performance data for the first couple of years is missing, making it difficult to 

accurately characterize the initial stage of rutting accumulation. In addition, the measured rutting 

shows variability which in some instances can reach a coefficient of variation (CV) of 31%. 
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Figure 3. The rutting evolution of selected sections.  

The M&R history of the sections was analysed with respect to rutting performance to identify the rut 

depth values that trigger M&R interventions and their corresponding time periods. Figure 4(a) shows 

the comparison between the two. As shown in the figure, both rut depth and intervention period 

exhibit considerable variation. On average, sections were rehabilitated at a rut depth of 11.4 mm after 

a service period of 11 years. Figure 4(b) presents the annual rutting performance of the sections. As 

shown in the figure, the evolution of rutting follows a linear trend. This trend is represented by a 

rutting progression rate of  0.75 mm per annum, which can be used to establish a design criterion. 

Accordingly, a rut depth of 11.25 mm for a 15-year design period can be adopted for the ERAPave PP 

rutting model. This criterion is consistent with the limit suggested in Pavement ME (ARA Inc., 2004). 

 

Figure 4. The rut depth values corresponding to M&R intervention periods (a) and the evolution of 

average rut depth (b). 

5.3.2. Fatigue cracking   

Traffic-induced cracking is characterized in the Swedish LTPP using several key performance 

indicators. These parameters are used to collect and characterize the magnitude and severity of 

alligator, longitudinal and lateral cracks. The characterization is performed using cracks occurring 

within the vicinity of the wheel path. A unit of length is used to measure alligator and longitudinal 

cracks, while the number of occurrences is used to document transverse cracks. The severity of cracks 

is reported using grades such as low, medium and severe. To compile and report the overall effects of 

all crack types, the Swedish LTPP uses a parameter termed cracking index (Si). Equation 4 is used for 

this purpose, with a maximum allowable Si value of 1600 for a 100 m section. 
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𝐶𝑟𝑎𝑐𝑘𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥 (𝑆𝑖) = 2 ∗ 𝐾𝑟(𝑚) + 𝐿𝑆𝑝𝑟(𝑚) + 𝑇𝑠𝑝𝑟(𝑠𝑡) (4) 

where Kr (m) and LSpr (m) are the total lengths of alligator and longitudinal cracks in metres, 

respectively, while TSpr (st) refers to the number of transverse cracks. 

 

Figure 5. The cracking performance of selected sections. 

The calculated annual cracking indices of the studied sections were plotted and analysed to determine 

the rate of crack evolution. Figure 5 presents the cracking index history of sections C-292-1, W-RV80 

and F-E4, along with their corresponding M&R intervention periods. As shown in the figure, the crack 

initiation time and evolution rate differ considerably among the sections. Compared to rutting, cracks 

tend to appear later in the service period and evolve rapidly, following a trend similar to a second-

order polynomial function. As is the case with rutting, cracking performance data for the first few 

years is missing for many sections, making it difficult to accurately determine the crack initiation time. 

In addition, the high variability in measured cracks, which is characterized by a CV range of 56% to 

283% for alligator cracking, makes it challenging to accurately capture the cracking performance of 

the studied sections. 

 

Figure 6. The cracking index values corresponding to M&R intervention periods (a) and the evolution 

of average cracking index (b). 

The M&R history of the sections was analysed with respect to cracking performance to identify the 

cracking indices that trigger M&R interventions and their corresponding time periods. Figure 6(a) 

shows the comparison between the two. As shown in the figure, the cracking index at rehabilitation 

varies between 0 and 700, indicating that M&R interventions are triggered by a distress other than 

cracking. The evaluation shows that M&R interventions were triggered on average at a cracking index 

value of 190 after a service period of 11 years. Figure 6(b) presents the progression of the cracking 

index with time. As shown in the figure, the evolution of the cracking index is modelled with a linear 
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trend even though it is best described by a second-degree polynomial equation. The linear trend is 

observed to increase at a rate of 13 Si per annum. Based on this rate, a cracking index value of 200 for 

a 15-year design period can be adopted for the ERAPave fatigue cracking model.  

5.3.3. Surface roughness (IRI) 

The  surface roughness of the sections, measured and reported using the IRI, was evaluated to 

determine the rate of evolution of this surface distress. The latest version of ERAPave PP does not 

provide estimates of surface roughness. However, this limitation can readily be addressed, as IRI is 

typically derived from rutting and cracking distresses in conjunction with climate conditions (ARA 

Inc., 2004). Figure 7 presents the evolution of surface roughness performance as measured with IRI 

for sections U-580-1, W-RV80 and U-RV 56-2, along with their corresponding M&R intervention 

periods. As is the case with the other distresses, the initial IRI and the rate of IRI accumulation vary 

among the sections. The variability analysis showed that IRI performance can be described by an 

average CV of 17%, with CV values ranging between 4% and 35%. The progression of IRI can best be 

modelled and described by a linear function with an intercept.  

 

Figure 7. The surface roughness performance of selected sections. 

The M&R history of the sections was analysed with respect to surface roughness performance to 

identify the IRI values that trigger M&R interventions and their corresponding time periods. Figure 

8(a) shows the comparison between the two. As shown in the figure, M&R interventions are triggered 

at varying IRI values, ranging between 1 and 3.5. As is the case with fatigue cracking, it can be 

assumed that M&R interventions are often triggered by a distress other than IRI. A careful analysis of 

measured values indicated that sections are on average rehabilitated at an IRI value of 1.93 and after a 

service period of 11 years. The evolution of the surface roughness is presented in Figure 8(b), fitted 

with a linear trend. The trend can be approximated by a linear function with an intercept value of 0.85 

m/km, which can be used to establish an initial IRI value. As shown in Figure 8(b), the linear function 

is well suited to describe the rate of IRI evolution, making it appropriate for deriving a design 

criterion. It is observed that IRI increases at a rate of 0.07 m/km per annum, resulting in an IRI value 

of 2 m/km for a 15-year design period.  
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Figure 8. The surface roughness values corresponding to M&R intervention periods (a) and the 

evolution of average surface roughness (b). 
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6. Conclusions and recommendations  

This study develops design criteria for the failure modes incorporated in ERAPave PP. It was 

conducted by combining a literature survey of prevailing pavement design criteria with a quantitative 

evaluation of the performance histories of selected Swedish LTPP sections. The literature review 

encompasses several relevant articles on pavement structural design, pavement failure modes, and 

pavement design criteria. The quantitative study, on the other hand, relies on the rate of distress 

accumulation and the M&R intervention histories of representative sections to formulate design 

criteria for distresses such as rutting, fatigue cracking and surface roughness. Based on the findings of 

the study, the following conclusions and recommendations are presented. 

• The lack of a widely accepted pavement design approach has made it difficult to introduce an 

overall performance indicator that is both objective and representative of the actual pavement 

degradation process. In addition, failure criteria for the various performance indicators are 

typically established by considering multiple technical and economic factors, which limits their 

effective implementation.   

• Even though several distresses are considered for the design of pavement structures, it is often a 

single dominant failure mode that dictates the structural and material composition of the trial 

section selected for construction. Furthermore, the common practice of conducting regular M&R 

activities before structural failure has limited the effectiveness of selected design criteria. 

• The lack of sufficient data on long-term pavement performance, the costs associated with M&R 

measures, budget constraints and political pressures have made it challenging to develop 

appropriate failure criteria for pavement structural distresses. In addition, the use of multiple 

design criteria across different road classes has further hindered effective communication and 

implementation. 

• The performance and M&R histories of field sections provide a good alternative for developing 

appropriate failure criteria for the most common structural and functional pavement distresses. As 

these data sources are highly variable, it is appropriate to use distress accumulation rates that are 

both averaged and representative. 

• A directly proportional linear function was observed to describe the trend and rate of accumulation 

of distresses such as rutting, fatigue cracking and surface roughness for Swedish roads. These 

linear relationships can be used to derive representative average annual rates for the development 

of design criteria for ERAPave PP. 

• In addition to technical requirements, the selection of a design or failure criterion should consider 

factors such as economy, safety, user needs and expectations, and optimal M&R intervention 

timing. This requires a multi-objective analytical approach that considers all relevant factors and 

parameters, along with performance data from a broad range of pavement sections. 
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