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Mechanistic-Empirical pavement 
design : Pavement ME
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Fatigue cracking: 

Rutting:

• Presented a paradigm shift in pavement design (1960’s)

• Combines mechanistic modeling with empirical 

performance prediction

• Does not capture fully the mechanisms of degradation 
and failure

• Has high variability in design outputs

𝜀𝑝 𝑁 = 𝑓(𝜀𝑐, 𝑁, 𝑇)



New: Fully Mechanics-based Design

 Comparison of fatigue life probability density functions for expected traffic, 

Pavement ME and a Mechanics-based design

Mechanics-based design fatigue life, COV = 24%

Expected traffic, COV = 45%

Pavement ME fatigue life, COV = 84%
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Implications for pavement design

 Flexible pavements designed for 20-

25 years of design life in the US and 

Northern Europe last on average 12-

17 years 

 This is mainly due to the systematic 

bias in the prediction

Observed performance

Pavement ME prediction

 For a given design, Pavement ME 

under predicts induced damage and 

over predicts design life
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Pavement ME  

 Comparison between actual and target reliabilities  

Pavement section Target reliability (%) Actual reliability (%)

Bradford (SR18) 75 59

Santa Rosa (SR89) 80 68

Bradford (SR 16-6) 80 84

Polk (SR563) 85 63

Hillsborough (US41) 90 72

St. Lucie (TPK2) 90 88

Hillsborough (SR60) 90 86

Lee (SR 80) 90 68

Marion (US-301) 95 79

Hamilton (I-75SB) 95 83

5



Energy-Based Pavement 
Design Approach
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 A new energy-based fracture, permanent deformation and damage model

 Model features:

 Strain-energy limits for initiation of damage and permanent 

deformation

 Formulation of evolution laws for cracking and permanent deformation 

based on energy balance criterion

 Identification of the limits for the transition from micro-crack to macro-

crack formation.

Energy-based Damage and Rutting 
models
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Asphalt Concrete Damage & Cracking 
Mechanisms

• Micro-crack and macro-crack formation in Viscoelastic asphalt material: 

- Medium to Low temperature conditions (plasticity minimized)
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Fundamental - Energy-based 
Cracking Model

• Characterization of strength properties of asphalt concrete 

• Tensile strength or failure strain are not unique material property for strength 

characterization of asphalt concrete – highly strain rate dependent.

• However, the Fracture energy (FE) density is relatively unique at the different 

loading rates.

Constant strain-rate 

test until point of

Macro-crack 

formation

0

 𝜀1

 𝜀2

 𝜀3

𝜀1
𝑓
< 𝜀2

𝑓
< 𝜀3

𝑓

Stress- based𝜎1
𝑡 > 𝜎2

𝑡 > 𝜎3
𝑡

𝐹𝐸1 ≈ 𝐹𝐸2 ≈ 𝐹𝐸3 Energy- based
𝜎3
𝑡

𝜎

𝜀

𝜎1
𝑡

𝜎𝑡 = 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ

Schematic representation of the stress-strain response 
of asphalt mixture

𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 (𝐹𝐸) =
1

2
𝜎𝜀

𝜀3
𝑓

Strain- based

9



Energy-based viscoelastic 
damage and fracture model
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A fundamental technique to establish relationship 

between all important material properties and 

mixture constituents (morphology)

Asphalt Material Morphology Relationships
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3D-reconstruction Mastic Phase

Image Quantification and Analysis

Aggregate skeleton
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Morphology: Aggregate Structure 
Characterization

• Aggregates in the aggregate skeleton are 
characterized and separated into the following 
categories:
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Material Properties From 
Morphology

R² = 0,949
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Current results on mixture 

morphology and material properties:

Very strong relationship between mixture 

morphology and material properties.
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Material Properties vs 
Morphology

Current results on mixture 

morphology and material properties:

Very strong relationship between mixture 

morphology and material properties.
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R² = 0,9707
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Material Properties vs 
Morphology

Current results on mixture 

morphology and material properties:

Very strong relationship between mixture 

morphology and material properties.
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Damage parameter predictions 
based on morphology

R² = 0,9452
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Monotonic loading

Micro-crack 

initiation (Nmc)

Cyclic loading

Results - Cyclic and Monotonic 
Loading Conditions
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Energy-based plasticity model: 
Definition of plasticity variable (P)
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Plasticity variable:

Ideal plasticity Strain-hardeningElastic response



Energy-based plasticity coupled with 
damage model: Model Verification
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Experimental and CPM model prediction for viscoelastic-plastic 

asphalt concrete materials at different confining pressure



Incorporation of thermal cracking 

• Temperature coupling model allows easy extension of the fracture model for 

predicting thermal cracking in asphalt concrete pavements and incorporate healing 

phenomenon.

Micro-crack damage initiation threshold

1Y 

2Y 

3Y 

Initial damage 

initiation threshold

When ∆T>0;

Damage initiation 

threshold dilates

When ∆T<0;

Damage initiation 

threshold erodes

2Y 
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Reults - Low Temperature 
Cracking Predictions
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• Damage prediction in the Thermal Stress Restrained Specimen Test (TSRST)

Finite element mesh and boundary conditions of the simulated TSRST test (a) FE 

mesh, (b) Prescribed temperature cooling condition (c) Fixed domain constraint 

condition



Results - Low Temperature 
Cracking Predictions

• Good match between 

model and experimental 

observation

• Observed fracture 

temperature = -26oC
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• Damage prediction in the Thermal Stress Restrained Specimen Test (TSRST)
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Bringing it All Together - Unified 
Cracking Model
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• The different pavement distresses due to cracking (longitudinal, transverse and 

thermal cracks) are all interdependent.

• The energy-based damage model captures the fundamental mechanism of 

degradation

• The model is capable of predicting the dominant mode of cracking in the pavement 

structure

• More accurate prediction of pavement performance and design life.

Longitudinal top-down 

fatigue cracking

Bottom-up fatigue 

cracking

Thermal fatigue 

cracking



Energy-based Model – Damage Mode 
Independent
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Flow Chart - Mechanics-based Analysis and Design 
Tool 

 Hierarchical flexible pavement analysis and design framework

 Software is designed to capture the different components of the design/analysis 

flow in a procedural manner.

Inputs

Material models

Analysis
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Calibration 

 Cumulative damage curve-based reliability calibration approach

Step 1: Statistical parameters quantification

Step 2: Safety factors formulation

 The calibrated cumulative damage curve can be used to obtain the statistical 

parameters of the observed pavement fatigue life as a function of traffic 

Observed and Predicted cumulative damage Observed and Calibrated cumulative damage
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Calibration 

 Weibull or lognormal probability density function can be used to model the 
variability of allowable (N) and expected (n) traffic 

Calibrated traffic (1e6 ESALs) Observed traffic (1e6 ESALs) 

Distribution 

type
Mean

Standard 

deviation

Coefficient of 

variation, %

Weibull 2.97 0.73 24

Distribution 

type
Mean

Standard 

deviation

Coefficient of 

variation, %

Lognormal 3.06 0.74 24
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Mechanics-based design examples

 Illustrative design examples for various target reliabilities
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Validated Mechanics-based 
Pavement Performance Predictions 
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Pavement analysis Software Layout

 Software consist of three (3) main layouts:
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Software Layout

 Model Tree Layout

Inputs

Material 

models

Analysis

Model Tree 

Layout
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Software Layout

 Input node – AC mixture
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Software Layout

 Results Node - Plotting 

Format Figure

Save figureConfigure subplots
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