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Purpose  
Provide guidance to state and municipal roadway authorities on how they 
may improve the prediction capabilities of their pavement management 
systems by incorporating recent advances in performance prediction 
models. 
 

Learning Objectives 
At the end of this webinar, you will be able to: 
• List the available statistical and numerical tools for processing data 
• Understand how to select the appropriate computational or statistical 

technique for developing performance prediction models 
• Describe the methods used to evaluate and improve the prediction 

capability of performance models 
• Describe best practices for implementation of new performance 

modeling techniques 
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Uses of Performance Models 

Used in Pavement Management 
Systems for (Haas et al. 1994):  

 Future condition 

 Type and time of treatments 

 Treatment effectiveness 

 Optimize or prioritize treatment 
actions for multiple years 

 life-cycle cost analysis (LCCA) 
of alternative treatment 
scenarios 

 Provide feedback to the 
pavement design process 
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http://www.wiley.com/WileyCDA/WileyTitle/productCd-1119038707.html


Model Development Approach 

 Empirical 
 Materials-Traffic-Climate 
 Empirical Performance 

 

 Mechanistic-Empirical 
 Materials-Traffic-Climate 
 Mechanistic Responses 
 Empirical Performance 
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Data for Performance Models 

Performance measurements and 
factors affecting performance 

 Inherent spatial variability 

 Intercorrelation of inputs 

 Missing data 

 Measurement errors 

 Measurement subjectivity 

 Outliers  

 Seasonal or daily changes 

 Noise  
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Source: Haas et al. 1994 

38 best tools for data visualization 

http://www.tandfonline.com/doi/abs/10.1080/10298436.2014.942857?journalCode=gpav20
http://www.wiley.com/WileyCDA/WileyTitle/productCd-1119038707.html
http://www.creativebloq.com/design-tools/data-visualization-712402


Data Preprocessing 

 Outliers  Detect and Remove 

 Missing Data  Averaging, Bootstrapping and Imputation, etc.  

 Spatial Variability  Dynamic Segmentation 

 Seasonal Variation or Noise  Smoothing (denoising) 

 Different Variable Scales  Normalization 
 Mean Removal or Standardization 

 Min-Max Normalization 

 Correlated Inputs Decorrelation 
 Principal component analysis 
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Data Preprocessing for Supervised Learning 

http://www.economics.uci.edu/%7Edbrownst/bootmi.pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.201.764&rep=rep1&type=pdf
https://www.mathworks.com/help/curvefit/smoothing-data.html?requestedDomain=www.mathworks.com
https://medium.com/towards-data-science/a-one-stop-shop-for-principal-component-analysis-5582fb7e0a9c
https://pdfs.semanticscholar.org/b4e0/584eee3ad88c191c17f3ffbcc6740121af86.pdf


Statistical Methodology 

 Deterministic 
 Regression (linear, 

sigmoidal, polynomial, etc.) 

 Machine Learning 

 

 Probabilistic 
 Markov Probability Matrices 

 Survivor Curves 

 Bayesian Techniques 

 Machine Learning 
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Source: Gharaibeh and Darter 2003 

http://trrjournalonline.trb.org/doi/abs/10.3141/1764-15
http://trrjournalonline.trb.org/doi/abs/10.3141/2155-14
http://trrjournalonline.trb.org/doi/abs/10.3141/1769-03
http://trrjournalonline.trb.org/doi/abs/10.3141/1823-13
http://ascelibrary.org/doi/abs/10.1061/(ASCE)1076-0342(2006)12:2(77)
http://trrjournalonline.trb.org/doi/abs/10.3141/1823-13


Machine Learning 

 NOT a black box, but matching an existing pattern (statistical learning) 

 As good as the provided training data 

 A variety of available techniques: 
 Artificial Neural Networks 

 Support Vector Machines 

 Radial Basis Function Networks 

 etc. 
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A Visual Introduction to Machine Learning 

http://www.cogsci.ucsd.edu/%7Eajyu/Teaching/Cogs202_sp12/Readings/jain_ann96.pdf
https://alex.smola.org/papers/2003/SmoSch03b.pdf
http://www.r2d3.us/visual-intro-to-machine-learning-part-1/


Principles of Model Development 

 Maximum Likelihood 
 Accuracy  bias  

 Precision  variance 

 Consistency: Generalization 
 Training vs test dataset 

 Bias-Variance Balance 

 Parsimony: Simplicity 

 Engineering Credibility 
 Evaluation of form 

 Sensitivity analysis 
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A Diagnostic Approach to Model Evaluation 

http://water.engr.psu.edu/wagener/PublicationsPDFs/HP2008%20Gupta%20et%20al.pdf


Further Reading 

 Pavement Performance Modeling: State of the Art 

 Framework for Development and Comprehensive Comparison of 
Empirical Pavement Performance Models 

 Example Regression Performance Model Development 

 Example Machine Learning Performance Model Development 

 Example Mechanistic-Empirical Model Development 

 Example Development of Survivor Curves 

 Relationship between Deterministic and Probabilistic Models 

 Review of PMS Performance Modeling Efforts for 6 State DOTs 
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https://www.researchgate.net/publication/269154416_Pavement_Performance_Modelling_State_of_the_Art
http://ascelibrary.org/doi/10.1061/(ASCE)TE.1943-5436.0000779
http://ascelibrary.org/doi/10.1061/(ASCE)TE.1943-5436.0000779
http://ascelibrary.org/doi/10.1061/(ASCE)TE.1943-5436.0000779
http://onlinepubs.trb.org/Onlinepubs/trr/1989/1215/1215-001.pdf
http://trrjournalonline.trb.org/doi/abs/10.3141/1853-01
https://www.researchgate.net/profile/Samer_Madanat/publication/238666355_EMPIRICAL-MECHANISTIC_MODEL_FOR_ESTIMATING_PAVEMENT_ROUGHNESS/links/02e7e52cc5f8b49660000000/EMPIRICAL-MECHANISTIC-MODEL-FOR-ESTIMATING-PAVEMENT-ROUGHNESS.pdf?origin=publication_list
http://trrjournalonline.trb.org/doi/abs/10.3141/1823-13
http://trrjournalonline.trb.org/doi/abs/10.3141/1592-09
https://ntl.bts.gov/lib/32000/32900/32969/Research_of_Current_Practices_in_Pavement_Performance_Modeling.pdf


Pavement Management 
Quarterly Webinars 

FHWA in collaboration with TRB AFD10 presents: 

Primary focus: AASHTO Pavement Management Guide 

 Chapter 4 - Data Consistency Issues & Developing Pavement 
Condition Indices 10/19/2017 

 Chapter 4 - Pavement Management Data Quality 07/20/2017 

 Chapter 4 - Pavement Condition Assessment 04/20/2017 

 Chapter 3 - Inventory Data Collection and Data Integration Issues 
01/19/2017 

 Kickoff 10/20/2016 
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https://www.fhwa.dot.gov/pavement/management/webinar/171019.pdf
https://www.fhwa.dot.gov/pavement/management/webinar/171019.pdf
https://connectdot.connectsolutions.com/p2piqsq3sj1/
https://connectdot.connectsolutions.com/p7h30zmh2pm/?OWASP_CSRFTOKEN=b01262cab4aad0ba1c04d7379321b82be345e3a28355fa0038958429dec20a70
https://connectdot.connectsolutions.com/p8b7p6smt4c/
https://connectdot.connectsolutions.com/p6jeq3mug2x/
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Outline 
 GDOT pavement management practices 
 
 A systematic method to quantify the quality and reliability of 

pavement life/performance 
  
 GDOT pavement performance models 

 Project level: Empirical models are used to determine the timing of 
maintenance and rehabilitation method, like resurfacing 

 Network level: Markov chain models are used to forecast long-term 
MR&R need analysis and pavement condition 

 
 High resolution 3D pavement data - opportunities for 

advancing the development of accurate pavement 
performance models with existing and new pavement 
performance indicators having high level of granularity. 

 
 



GDOT is one of the leading  state DOTs having active pavement preservation  and  
management program to cost effectively sustain its pavement system.  

GDOT Pavement Management Practices 
 18, 000 mile centerline highway. 
 7 working districts.  
 Pavement surveyed annually with about 60 

engineers.  
 10 different types of distresses surveyed (i.e. load 

cracking, block cracking, etc.)   
 Project rating is between 0 and 100. It is also used to 

determine different treatment timing. 
 More than 30 years of survey data (1986 – 2017)   
 Survey data used to determine suitable treatments 

based on GDOT’s treatment decision tree 
 Total miles of projects treated are subject to budget 

availability.   



Quantify the quality and reliability of 
pavement life/performance 

Overall project confidence = 
minimum confidence of (YS, TM 
and YE). Note, for the project 
shown above the 70Y (70 year) 
occurs in 2001 and the RBR 
(Rating before Resurfacing = 62) 
in Year 2004.  

Variables Shown: 
 
YS – Year Start 
TM – Trend in the Middle 
YE – Year End 
70Y - 70 Year 
RBR – Rating before Resurfacing 
RL – Resurfacing Life 
70L – 70 Life 

Confidence Levels: 
H – High 
M – Medium 
L - Low 
 

Overall project confidence = 
minimum confidence of (YS, TM 
and YE). Note, for the project 
shown above the 70Y (70 year) 
occurs in 2001 and the RBR 
(Rating before Resurfacing = 62) 
in Year 2004.  

Confidence Levels: 
H – High 
M – Medium 
L - Low 
 

Tsai, Y., Feng, L., Purcell, R., and Rabun J. (2012) “A Reliable Statewide Pavement Performance Study Using 
a Confidence Evaluation System”, ASCE Journal of Transportation Engineering, Vol. 138(3), pp. 339-347. 



70-Life of total & high quality projects 

70-Life of High Quality Projects
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Avg: 9.4
StdDev: 2.79
Total No: 134

The average 70-Life is 9.4 (11.4) 
years in the High Quality and Total 
project groups, respectively. 
Therefore, 70-Life is much shorter 
than Resurfacing Life, which means 
that on average it takes around 2 
years for pavement to be treated 
after its rating has dropped to 70. 

Tsai, Y., Wang, Z., and Purcell, R., “Improving 
GDOT’s Highway Pavement Preservation”, Final 
Report, Georgia Department of Transportation, 2009 



Determine pavement resurfacing timing based 
on project level pavement performance 

Wang, Z. and Tsai, Y., “Enhancement of GDOT’s Pavement Rehabilitation and Design Processes by 
Integrating New and Existing Data Sources and Developing Data Analysis and Reporting Procedures,” 
Final Report, Georgia Department of Transportation, 2014. 

Empirical model is used to 
determine the timing of 
maintenance and rehabilitation 
method, like resurfacing, at project 
level (e.g. a rating of 70)  



Network level long-term MR&R need analysis and 
pavement condition forecasting using Markov Chain 
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In 2020,  
62% rated poor or below.  

38% rated fair or better. 

In 2020,  
rated poor or below.  

71% rated fair or better. 

(from Meg Pirkle, GDOT Chief Engineer’s presentation) 



Discretization of Markov transition 
probability matrix 
 Random series {St}– the whole pavement network 

 Time – 1 year cycle 
 Condition States 

 
 
 
 
 
 
 

 
 Family – 7 districts and functional class (interstate and non-

interstate), total 14 families 
 GDOT is now categorizing pavements into four categories: critical, 

high, medium, and low 
 

  
 

Tsai, Y., Wang, Z., and Purcell, R., “Improving GDOT’s Highway Pavement 
Preservation”, Final Report, Georgia Department of Transportation, 2009 



High-resolution 3D pavement data - 
opportunities and challenges 

for new performance indicators and accurate 
pavement performance models to 

revolutionize pavement management  



(Laurent, et. al., 2008) 

High-resolution 3D continuous transverse 
profiles 

 Resolution 
 Driving direction: 1 – 5  mm 
 Transverse direction: 1 mm  
 Elevation: 0.5 mm 
 Data points collected per second and width 

covered 
 2 (lasers) * 2048 (points/profile/laser) * 5600 

HZ =  22,937,600 points/second  

 
 
 

Pooled Fund Study on TPF-5(299) Improving the Quality of Pavement Surface Distress 
and Transverse Profile Data Collection and Analysis​. 



3D pavement data and its applications 

a. Texture (IRI; MPD; RVD) 

b. Cracks 
 d. Rutting 

 
1.Tsai, Y., Li*, F. (2012) “Detecting Asphalt Pavement Cracks under Different Lighting and Low Intensity Contrast 
Conditions Using Emerging 3D Laser Technology”, ASCE Journal of Transportation Engineering, 138(5), 649–656 
2. Tsai, Y., Wu, Y., Lai, J., Geary, G. (2012) Characterizing Micro-milled Pavement Textures Using RVD for Super-thin 
Resurfacing on I-95 Using A Road Profiler, Journal of The Transportation Research Record, No.2306, pp.144-150. 
3. Tsai, Y., Wu, Y., Ai, C., Pitts, E. (2012) “Feasibility Study of Measuring Concrete Joint Faulting Using 3D Continuous 
Pavement Profile Data,” ASCE Journal of Transportation Engineering,138(11),1291-1296. 
4. Tsai, Y., Li, F., Wu, Y. (2013) “Rutting Condition Assessment Using Emerging 3D Line-Laser Imaging and GPS/GIS 
Technologies”, the International Conference on Road and Airfield Pavement Technology, Taipei, Taiwan, July 14, 2013. 
5. Tsai, Y. and Wang Z. (2015) “Development of an Asphalt Pavement Raveling Detection Algorithm Using 
Emerging 3D Laser Technology and Macrotexture Analysis”, NCHRP IDEA-163 Final Report 

c. Joint/crack faulting; 
potholes  

 
e. Raveling 
 



Extending 

Intersecting 

Approximating 

0. Crack Fundamental 
Element 

1. Predominant 
Crack Curve 

(location, extent, width, depth, 
and orientation) 

 

2. Crack Intersection 
(number and location of key 

points) 

3. Crack Piece 
(polygon or spall type, angle 

and area) 

4.1 Small-Scale 
Crack Network 

(location, density of curves and 
pieces) 

Model Rules  
& Criteria Applications 

Crack Characteristics 
• Location 
• Length 
• Orientation 
• Width 
• Depth 
• Etc. 

Crack Severity 

Crack Type 

Maintenance 
Operations 

Multi-scale crack fundamental element model 

4.2 Medium-Scale 
Crack Network 

(density of curves and pieces) 

4.N Large-Scale 
Crack Network 

(Extent) 

Tsai, Y., Jiang, C., Huang, Y. (2014) “A Multi-scale Crack Fundamental Element Model for Real World 
Pavement Crack Classification”, ASCE Journal of Computing in Civil Engineering. 



Oct. 15, 2011 

Dec. 07, 2013 

Detailed crack propagation : US 80/S.R. 26 in Savannah, Georgia 



Property: crack length 

150.5 
152.7 

166.4 

181.6 

192.5 

Total Crack Length (Meter) 

The following slides will show that the propagation on transverse 
direction is more significant than on longitudinal direction.  

Jiang, C., Tsai, Y., Wang, Z. 
(2016) “Crack Deterioration 
Analysis Using 3D Pavement 
Surface Data: A Pilot Study on 
Georgia State Route 26.” Journal 
of Transportation Research 
Record, 2016 (2589): 154-161. 



Comparison between crack propagation 
inside and outside the wheelpaths 

The following slides will show that the crack propagation on the 
wheelpath is more significant than on the ones on the non-wheelpath.  



Dec. 2011  
Range 
Image 

Dec. 2013 
Range 
Image 

Dec. 2011 
Crack Map 

Dec. 2013 
Crack Map 

Example of Branching Out 
(Crack Intersection Points) 
 



Property: crack intersection points 

27 28 

35 

54 

65 

Number Of Crack Intersections 

Jiang, C., Tsai, Y., Wang, Z. (2016) “Crack Deterioration Analysis Using 3D Pavement Surface Data: A Pilot 
Study on Georgia State Route 26.” Journal of Transportation Research Record, 2016 (2589): 154-161. 



Dec. 2011  
Range 
Image 

Dec. 2013 
Range 
Image 

Dec. 2011 
Crack Map 

Dec. 2013 
Crack Map 

Example of 
forming polygons 
(crack polygons) 



Property: crack polygons 

0 0 0 

3 

6 

Number Of Crack Polygons 



Individual rut-level deterioration 

7/13/2012 7/18/2014 6/15/2015 

Change between 7/13/2012 and 7/18/2014 Change between 7/18/2014 and 6/15/2015 Rate of Change between 7/13/2012 and 7/18/2014 Rate of Change between 7/18/2014 and 6/15/2015 

Asphalt Concrete

Base

Subgrade

Lateral Distortion

Wang, C. (2016)  A spatiotemporal methodology for pavement rutting characterization and 
prediction using 3D data, Ph.D. Thesis, Georgia Institute of Technology 



Summary 
 Pavement life/performance is critical for pavement 

management decision and it is important to quantify 
their quality and reliability for different 
applications. 

 
 GDOT uses empirical models at project level to 

determine the timing of maintenance and rehabilitation 
method and use Markov models at network level to 
simulate  and predict long-term pavement 
performance and M&R need. Markov transition 
probability matrix needs to be constantly updated to 
reflect actual pavement deterioration behavior. 



Summary (cont’d) 
  
 High-resolution 3D pavement data provides great opportunities to 

advance the development of pavement performance models: 
 New, valuable performance indicators, like crack intersections and 

polygons, etc., defined in the crack fundamental element (CFE) need 
to be devised to characterize the detailed pavement distresses. 

 Linkage needs to be established between new indicators and the 
commonly used composite rating, as well as the optimal treatment 
method and timing. 

 Small-scale, localized treatments (homogeneous pavement 
condition sections) can be identified and planned cost effectively 
using the detailed pavement distress data and the corresponding 
pavement performance and deterioration models 

 Need for developing the accurate pavement performance and 
forecasting models using existing and new indicators.  

 Need for developing a new method to quantify raveling (rather than 
current qualitative H, M, L severity levels) for supporting the 
forecasting of optimal timing for fog seal treatment. 
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Pavement Performance 
Modeling at Washington 
State DOT 

 

David Luhr 
Pavement Management Engineer 
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Outline 
• Historic Perspective 

– AASHO Road Test 
– Experimental Design 

 
• Difficulties caused by Pavement Variability 
  
• WSDOT Procedures 

 
• Example of Simplified Factor Evaluation 
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Experimental 
Design 

 
• Develops most 

robust pavement 
models 

 
• Best way to 

examine effects of 
many variables 
 

• Avoids problems 
with correlations 
among variables 

 
• Use of “replicates” 

examines the 
repeatability of 
results 
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Pavement Variability 

19% 
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Pavement 
Variability (cont.) 

Significant variability in 
pavement life due to 
variability in conditions.  
Because of this, the WSDOT 
does close monitoring on a 
site specific basis. 
 
Modeling does not replace 
Monitoring! 
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WSDOT Performance Modeling 
• Primarily used to forecast time for rehabilitation 

(“Due Year”) 
 
• Network is broken up into 0.1 mile units 
 
• Use Empirical Modeling of close pavement 

monitoring (annual condition survey) 
 

• Aggregate 0.1 mile units into segments with 
similar Due Years 
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Pavement Indexes 
• Normalizes defects from 0 (very poor) to 100 (very good) scale 
• Rehabilitation needed at 45-50 
• PSC (Pavement Structural Condition) 

– Input: Cracking 

• PRC (Pavement Rutting Condition) 
– Input: Rutting 

• PPC (Pavement Profile Condition) 
– Input: IRI 

 
 

 

Milepost 
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x 
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Empirical Modeling 

Models based on form:     Condition Index = a – b(age)C 

where: a, b, c are coefficients fit to the data 
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Years 

Cracking 
Due Year 

• The Due Year is the minimum of the three condition due years. 

Index value  45 ~ 50 

Curve Fitting 
 

Roughness 
Due Year Rutting 

Due Year 



11 

Segmenting into Project Units 

Automated algorithm segments into units of similar condition 

Plot of Due Year for each 0.1 mile segment over 32 miles 
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Maintenance Treatment Evaluation: 
Original Experimental Design Concept 
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Simplified Monitoring Approach 
• Limited number of treatment types 
• Modify treatments in segments (about ¼ 

mile) on same test section 
• Repeat at different geographic areas 
• Document and monitor 

– previous condition 
– treatment methods and materials 
– cost 
– performance 
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Monitoring of Treatment Segments 



15 

Take-Away 
• Modeling is difficult, but can develop best models with 

Experimental Design (like AASHO Road Test). 
 
• Lots of natural variability in pavement performance that 

is very difficult to model.  Must monitor performance 
carefully. 

  
• Empirical modeling approach works at WSDOT for 

rehabilitation decision making. 
 

• Can develop simplified comparison of pavement 
performance variables by using side-by-side treatments. 
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Why Rubberized Asphalt Concrete? 

• California generates about 45 million reusable and waste tires every year 

• State mandates CalRecycle to divert waste tires from landfills 

• RAC has many benefits: 
Cost effective 
Safe 
Quiet (noise reduction) 
Environmentally friendly alternative 
Durable 

Anecdote: 
“ … it last 50% longer than conventional materials…” 

 

 

 



Methodology 



Data Mining of Resources 

•CalRecycle local agency grant recipient list 

•MTC StreetSaver database 

•City and County of Sacramento 

•Southern California projects 



Model Studied 

• StreetSaver Model: 

 

 

 

 



Performance Curve 
 for RAC : 
 
Arterial 



Collector & 
Residential 
Models 



Statistical Analysis 

 

 

 



Conclusions 

• Data points are from 0 to 6 years 

• Longer term will improve R2 value 

• Research is on going 



Ongoing R&D:  
Dynamic Adjustment 



Ongoing R&D:  
Probability-based performance curves 



Ongoing R&D:  
PCI increase and life extension due to 
surface treatment 



Summary 

• Illustrates the process of performance model development using RAC 

• RAC performance models for various functional classes were developed for the 
MTC StreetSaver program. 

• Dynamic adjustment of the performance curve based on real pavement condition 
survey results is being developed. 

• Next generation of performance models would be probability-based performance 
curves, which will increase the reliability and accuracy of the performance 
prediction. 

• Performance of surface treatments with initial PCI jumps and life extension 
predictions are being investigated. 
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DEVELOPMENT OF PERFORMANCE MODELS 
FOR URBAN PAVEMENT MANAGEMENT 
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Outline 

1. Experimental Designs and Data Collection 

2. Urban Pavement Condition Evaluation 

3. Urban Pavement Performance Models 
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Experiment: Calibration and Validation 
Performance Models 

 
1. Dependent Variable: UPCI 

 
2. Independent Variables: Distresses measured in the field and time 

 
3. Scenarios: Fixed independent variables 

• Pavement Type: asphalt and concrete 
• Climate: Dry, Mediterranean and Humid 
• Structural Design 

• Hierarchy: traffic and pavement thickness, based on functional 
classification (express, trunk, collector, service, and local and 
laneways) 

• Design: Under design or Over design 
 

4. Relationship: UPCI deterioration over time for each scenario 
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Factorial Design for Calibration and Validation 
of Performance Models 

Concrete

Asphalt 

Climate Dry Mediterranean Humid 

Time 1 2 3 1 2 3 1 2 3 

H
ie

ra
rc

hy
 

Express  UPCI 1  UPCI 2 UPCI 3 UPCI 1  UPCI 2 UPCI 3 UPCI 1  UPCI 2 UPCI 3 

Trunk UPCI 1  UPCI 2 UPCI 3 UPCI 1  UPCI 2 UPCI 3 UPCI 1  UPCI 2 UPCI 3 

Collector  UPCI 1  UPCI 2 UPCI 3 UPCI 1  UPCI 2 UPCI 3 UPCI 1  UPCI 2 UPCI 3 

Service UPCI 1  UPCI 2 UPCI 3 UPCI 1  UPCI 2 UPCI 3 UPCI 1  UPCI 2 UPCI 3 

 Local UPCI 1  UPCI 2 UPCI 3 UPCI 1  UPCI 2 UPCI 3 UPCI 1  UPCI 2 UPCI 3 

4 
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Network Evaluated 
• Dry Climate 

• AMMP < 20 mm 
• Rainy Season < 4 months 
• Asphalt:  122 sample units 
• Concrete: 10 sample units 

• Mediterranean Climate 
• AMMP: 20 - 200 mm 
• Rainy Season: 4 -8 months 
• Asphalt:    214 sample units 
• Concrete: 159 sample units 

• Humid Climate 
• AMMP > 200 mm 
• Rainy Season > 8 months 
• Asphalt:   34 sample units 
• Concrete: 99 sample units 

 

Antofagasta 

Santiago 

Puerto Montt 5 
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Urban Pavement Condition Index 

Asphalt UPCIMANUAL = 10 – 0.038 FC – 0.049 TRC – 0.046 DP – 0.059 R – 0.237 P 

Asphalt UPCIAUTO = 10 – 0.031 FC – 0.040 TRC – 0.028 DP – 0.082 R – 0.143 IRI 

Concrete UPCIMANUAL =10 – 0.042 LC – 0.025 TC –0.063 DP –0.263 F – 0.038 COB –0.018 JD 

6 

  
• DP: Deteriorated Patch (%) 
• F: Faulting in mm, calculated as the 

average of faulting of each slab in the 
sample unit 

• COB: Sum of corner and oblique breaks 
(%) 

• JD: Joint Damage in percentage of the 
total meters of joins existing in the 
sample unit 

 

Where: 
• FC: Fatigue cracking (%) 
• TRC: Sum of transversal and reflection 

cracking (%) 
• DP: Deteriorated Patch (%) 
• R: Rutting in mm 
• P: Potholes (%) 
• LC: Longitudinal cracking (%) 
• TC: Transversal cracking (%) 
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Data Collection 
• Manual • Automated 

Marked Evaluation 

Faulting 

Rutting 

R
ou

gh
om

et
er

 II
I 

FWD 

Pave Inspect 

British Pendulem 

Laser Profilers 

7 



/ 15 

Calibration of Performance Models 
1. Technique: Markov Chain Models 

with Monte Carlo simulations 

• Probabilistic nature of pavements 
performance 

• Capture non-linear and stocastic 
behaviours 

• Not require comprehensive 
historical data 

• Calibrated with expert surveys or 
historical data 

2. Deterioration Trend: observed 
after 1 year of service life 

3. Service life: 25 years 

4. Sections not maintained 

 

 
 
 

1. Markov Chain 

2. Monte Carlo Simulation 

3. Validation 

8 



/ 15 

Markov Chain 
• Condition Summary Table (m) 

 
 
 
 
 
 

• Cumulative TPM (%) 
 

 
 

Future Condition j (After 1 year) – Asphalt Pavement, Mediterranean Climate 

C
ur

re
nt

 C
on

di
tio

n 
i 

Range 10 - 9 8.9 - 8 7.9 - 7 6.9 - 6 5.9 - 5 4.9 - 4 3.9 - 3 2.9 - 2 1.9 - 1 Total (m) 
10 - 9 25,384 5,881 2,767 900 0 0 0 0 0 34,932  
8.9 – 8 0 5,951 4,658 100 612 0 0 0 0 11,321 
7.9 – 7 0 0 6,284 3,908 1,756 0 0 0 0 11,948 
6.9 – 6 0 0 0 3,458 1,902 1,129 311 0 0 6,800 
5.9 – 5 0 0 0 0 2,659 894 397 0 0 3,950 
4.9 – 4 0 0 0 0 0 2,578 231 678 0 3,487 
3.9 – 3 0 0 0 0 0 0 840 632 536 2,008 
2.9 – 2 0 0 0 0 0 0 0 1,162 1,350 2,512 
1.9 - 1 0 0 0 0 0 0 0 0 1,377 1,377 

Future Condition j (After 1 year) – Asphalt Pavement, Mediterranean Climate 

C
ur

re
nt

 C
on

di
tio

n 
i 

Range 10 - 9 8.9 - 8 7.9 - 7 6.9 - 6 5.9 - 5 4.9 - 4 3.9 - 3 2.9 - 2 1.9 - 1 
10 - 9 73 90 97 100 100 100 100 100 100 
8.9 – 8 0 53 94 95 100 100 100 100 100 
7.9 – 7 0 0 53 85 100 100 100 100 100 
6.9 – 6 0 0 0 51 79 95 100 100 100 
5.9 – 5 0 0 0 0 67 90 100 100 100 
4.9 – 4 0 0 0 0 0 74 81 100 100 
3.9 – 3 0 0 0 0 0 0 42 73 100 
2.9 – 2 0 0 0 0 0 0 0 46 100 
1.9 – 1 0 0 0 0 0 0 0 0 100 

9 
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Future Condition j (After 1 year) – Asphalt Pavement, Mediterranean Climate 

C
ur

re
nt

 C
on

di
tio

n 
i Range 10 – 9 8.9 - 8 7.9 - 7 6.9 - 6 5.9 - 5 4.9 - 4 3.9 - 3 2.9 - 2 1.9 – 1 

10 - 9 73 90 97 100 100 100 100 100 100 

8.9 – 8 0 53 94 95 100 100 100 100 100 

7.9 – 7 0 0 53 85 100 100 100 100 100 

6.9 – 6 0 0 0 51 79 95 100 100 100 

Montecarlo Simulation 
• Trial: Set of 25 random numbers between 0%-100%, for 

asphalt/concrete pavements representative of the pavement 
cycle life         10,000 trials 

• Random number: cumulative probability that a pavement in 
a condition “i” will be in condition “j” after one year 

• Initial condition “i” = 10 (first row of the Cumulative PTM) 

• Condition “j” after one year, given by the first cumulative 
probability higher than the random number 

 
 
 
 

 

 
 

1st period: 88% 
 

2nd period: 70% 

10 



/ 15 

Performance Models by Hierarchies 

1
2
3
4
5
6
7
8
9

10

0 5 10 15 20 25

U
PC

I 

Years 

Asphalt - Mediterranean Climate 
Primary

Secondary

Local

1
2
3
4
5
6
7
8
9

10

0 5 10 15 20 25

U
PC

I 

Years 

Concrete - Mediterranean Climate 
Primary

Secondary

Local

1. Primary network for asphalt 
pavements consistent with 
design. 

2. Secondary network for asphalt 
pavements shows more rapid  
deterioration than expected. 

3. Primary and secondary 
networks for concrete 
pavements show similar 
performance. 

4. Local networks for asphalt 
and concrete pavements have 
a low deterioration rate. 

 

Findings 
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Performance Models by Real Traffic Demand 

1. Relation between traffic 
demand and  structural 
capacity shows 

• Under design of asphalt 
pavements results in rapid 
deterioration. 

• Concrete pavements 
deterioration is not effected by 
type of design. 

2. Asphalt pavements are 
recommended when 
information about traffic and 
structure is available  

Findings 

1
2
3
4
5
6
7
8
9

10

0 5 10 15 20 25

U
PC

I 

Years 

Asphalt - Mediterranean Climate 
Traffic Demand <=
Structural Capacity
Traffic Demand >
Structural Capacity

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00

0 5 10 15 20 25

U
PC

I 

Years 

Concrete - Mediterranean Climate 
Traffic Demand <=
Structural Capacity

Traffic Demand >
Structural Capacity
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Performance Models by Climates 

1. Dry vs. Mediterranean: 

• Similar deterioration for 
asphalt and concrete 

• Rate of deterioration is larger 
for asphalt pavements 

2. Humid vs. Mediterranean: 

• Larger rate of deterioration for 
asphalt pavements 

• Lower deterioration rates for 
concrete pavements 

 

Findings 

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00

0 5 10 15 20 25

U
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Asphalt Pavements  
Mediterranean
Dry
Humid

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00

0 5 10 15 20 25

U
PC

I 

Years 

Concrete Pavements 
Mediterranean
Dry
Humid
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Validation of Performance Models 
1. Extrapolation to other cases (25%) 

2. Extrapolation in time 
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UPCI observed after one-year 

Concrete Pavements 
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UPCI observed after one-year 

Asphalt Pavements 

• Calibrated performance models were successfully validated 

• Perfomance models for mediteranean climate were validated in time 

Findings 
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Thanks! 

Poor Condition 

Good Condition 

15 
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