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ABSTRACT: 
The American LTPP program has one of the greatest amounts of stored information regarding 
pavement characteristics and the evolution of their condition on a network. This is a valuable tool 
to support decision-making in what concerns maintenance and rehabilitation of pavements carried 
out by highway infrastructure agencies.  

This paper presents a study carried out to analyze the evolution of pavement conditions of 
several SPS-5 test sections, which were included in pavement rehabilitation studies. The 
evaluation considers approximately 15 years of data records, in California, Texas and 
Mississippi. 

In what concerns the development of pavement distresses, the evolution of longitudinal 
cracking, transverse cracking, and fatigue cracking (alligator cracking), International Roughness 
Index (IRI) and rut depth were analyzed.  

The evolution of pavement conditions represented by indicators related to the analyzed 
pathologies was considered as a function of several variables linked to rehabilitation techniques, 
such as preparation of the working surface (milling before construction of a new layer), thickness 
of overlay (50 or 125 mm) and the type of mixture applied (a new mixture or a mixture 
incorporating about 30% of recycled material). 

For the situations in which data were consistent and in sufficient quantity, multivariate 
regression analysis are presented in order to predict the evolution of pavement conditions with 
time, taking into account a set of explanatory variables related to the rehabilitation techniques 
applied and the traffic on pavements. 

The aggregate analysis of data for each state allowed us to conclude that preparation of 
the surface by milling, increasing thickness of overlay and the use of new mixtures or recycled 
asphalt interfere with the evolution of degradation. The influence of these factors varies for 
different types of pathologies under analysis. 
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INTRODUCTION 
 
Road pavements are continuously submitted to traffic and climatic effects, which lead to 
progressive development of deterioration of pavement conditions along in-service time. Because 
of these degradation mechanisms, the highway agencies need to monitor progress of pavement 
conditions with the objective of establishing their maintenance and rehabilitation plans.  

Pavement management systems (PMS) are useful decision tools available to agencies to 
increase the lifespan of pavements. The highway agencies can achieve this objective looking for a 
balance between the general quality of pavements provided to users and their budgetary 
restrictions, allowing to preserve pavement conditions above a stated threshold. For this, PMS 
generally use pavement degradation models to predict pavement conditions along the in-service 
time (1). 

The Long-Term Pavement Performance (LTPP) program established in the USA contains 
a database with a large amount of data concerning traffic, climate, pavement deterioration, 
properties of materials collected in the network sections subjected to real traffic and climatic 
conditions (2). This large amount of data can be useful to derive statistical relationships between 
some of the parameters collected and the evolution of pavement conditions on the sections 
involved in the program. If these types of degradation laws can be established, they may be useful 
to include in a PMS after validation with other situations. Moreover, assessing the evolution of 
pavement distresses along time allows for a better understanding of the contribution of 
rehabilitation factors in pavement performance. 

This study follows this type of approach to better understand the influence in pavement 
performance of some rehabilitation parameters. 

 
 OBJECTIVES AND METHODOLOGY 
 
The objective of this study was to analyze the evolution of distresses of rehabilitated pavements 
based on the American LTPP database, considering the data available for the LTPP SPS-5 
sections located in no-freeze regions of the USA (dry no freeze climactic region: California; wet 
no freeze climactic region: Texas and Mississippi). The objective was also to derive, if possible, 
statistical models to assess the long-term progress of degradation of the analyzed pavements, 
including some material properties and in-service conditions of pavements. 

Since the Portuguese road network consists mainly of flexible pavement structures and 
Portugal has not implemented any LTPP program, the authors had as supplementary objective to 
evaluate whether the analysis could be applied to the Portuguese situation.  

For the study carried out, the data were extracted from the Standard Data Release 24 
(SDR-24). Data extraction was performed with Microsoft Access and an online navigation 
application so-called LTPP InfoPave (3). Based on the selected information regression analysis 
was carried out with SPSS - Statistical Package for Social Sciences to derive statistical models 
for each distress type. 

 
DESCRIPTION OF THE DATA SET USED IN THE STUDY 
 
SPS-5 Sections Characteristics 
The SPS-5 projects examine the performance of eight combinations of asphalt concrete (AC) 
overlays on existing AC-surfaced pavements. The parameters included are the surface preparation 
prior to rehabilitation (with milling or without milling), the use of recycled versus virgin AC 
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overlay (recycled AC with approximately 30% of RAP – reclaimed asphalt pavement), and 
overlay thickness (50 or 125 mm). The data recorded include information of eight sections and 
one control section with each 152 m in length.  

The SPS-5 sections considered in the study have been monitored since construction of 
overlay made in the first part of the nineties. The distress data registered in the database are 
derived from observation of the pavement conditions according to the Distress Identification 
Manual for the LTPP Project (4).  In the case of California, the codes were renamed to follow the 
pattern used for the other States. 

All the sections are numbered from 501 to 509 according to the rules summarized in Table 
1.  The control section is codified as 501 and it did not undergo any treatment. 

 
TABLE 1 Designation of SPS-5 Sections (5) 

Surface Preparation 
50 mm of milling 
prior to overlay 

Surface not 
milled 

Overlay thickness (mm) 50 125 50 125 

Mix Type  SPS-5 Section Code 

RAP 509 508 502 503 

Virgin 506 507 505 504 

 
Although the database lacks some information regarding properties of AC overlays, Table 

2 summarizes the information available and considered in the study. 
 

TABLE 2 AC Overlay Properties Extracted from the Database  

Section 
Void content 

(%) 
Binder content 

(%) 
Penetration @ 25ºC  

(0.1 mm) 
California 

502 3.3 4.5 5.5 
504 3.4 4.4 20.5 
508 3.6 4.7 14.3 

Texas 
503 4.1 5.1 15 
506 2.1 4.7 10 
507 2.3 5.0 31 
509 4.6 4.1 40 

 
Climatic Regions and Traffic 
Although the experiment design includes four climatic regions, this study includes wet/dry, no-
freeze zones only because the authors were picking data somehow similar to Portuguese climatic 
conditions, which are unlikely to freeze pavement layers.  

No-freeze zones are defined as a function of Annual Freezing Index (FI), with a value 
below 83.3 degree-Celsius days; dry zones are defined in terms of a minimum annual 
precipitation of 508 mm/year (3). Texas and Mississippi belongs to the wet-no-freeze zone 
whereas California belongs to the dry-no-freeze zone. 
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A study was carried out to match Portuguese regions with climatic zones of LTPP leading 
to the following pairs: California and Beja; Texas and Lisbon; Mississipi and Oporto. It must be 
emphasized that the obtained matching is not perfect because American States tend to be slightly 
drier and hotter than the matching Portuguese climatic zones. Nevertheless, the conclusions to be 
drawn in terms of performance of rehabilitated pavements will be useful to derive tendencies to 
the Portuguese reality. The parameters used to match the climatic regions were the average 
monthly minimum air temperature, the average monthly maximum air temperature and the 
average annual precipitation, between 2003 and 2006. Figure 1 shows the matching process to 
Texas and Lisbon. It must be emphasized that as it happens in Portugal, the air temperature is 
generally higher between April and October. Therefore, in these months the most important part 
of pavement damage occurs (6). 
 

 
FIGURE 1 Example of the climatic matching process carried out in the study (Texas vs Lisbon). 

 
The estimated traffic in Equivalent Single Axle Loads (ESALs) in the database is the 

following: California, 9.9 million; Texas, 3.0 million; Mississippi, 72.2 million. 
 
DATA ANALYSIS 
 
Fatigue cracking and rutting are two of the most important pavement distresses generally 
considered in mechanistic-empirical design methods to account for structural performance of 
flexible pavements. Although the study also deals with longitudinal cracking, transverse cracking, 
block cracking and roughness, this paper focuses primarily on fatigue cracking and rutting. 

As described in the Distress Identification Manual (4), fatigue cracking is a series of 
small, jagged, interconnecting cracks caused by failure of the AC surface under repeated traffic 
loading (also called alligator cracking). Rutting designates a longitudinal surface depression in 
the wheel-path. 
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Fatigue Cracking 
Figures 2 and 3 illustrate the example of data recorded for California regarding fatigue cracking 
for all test sections, obtained from the LTPP database. It is evident that test sections perform 
differently along time. The same occurred for sections of other States under analysis. 

 
FIGURE 2 Fatigue cracking development along time for all test sections in California. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 3 Variation of fatigue cracking with the factors under study (California). 
 
Based on the data recorded for California, including some characteristics of the overlay, 

expressions (1) and (2) were obtained by regression analysis. The first one does not involve 
traffic and properties of AC. This model rejected the variable Surface preparation (5% significant 
level). It must be emphasized that for expression (2) void content and binder penetration at 25oC 
were not statistically significant (5% significant level). Moreover, some of the sections were not 
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included in the model because information about AC properties was not available in the database, 
as shown in Table 2. 
 
y= −1.439x1+ 102.399x2+20.649×x3 [R2=82.7%] (1) 
 
Where:  
y: prediction of fatigue cracking, m2/section; 

x1: overlay thickness (50 or 125 mm);  

x2: mix type, 0 for virgin and 1 for RAP; 

x3: number of years after rehabilitation (from 2 to 15).  
 
y= −102.446×x1+ 0.012×x2+112.354×x3−3.695×x4 [R2=96.4%] (2) 
 
Where:  
y: prediction of fatigue cracking, m2/section; 

x1: mix type, 0 for virgin and 1 for RAP; 

x2: traffic, equivalent 80 kN single axle loads, thousands (from 2458 to 9911); 

x3: binder content (from 4.4 to 4.7 %); 

x4: overlay thickness (50 or 125 mm).  
 
As in the case of California, a plausible explanation is unlikely to be found for the peaks 

observed for the variation of fatigue cracking recorded along time. However, the type of charts 
shown above as an example can help us to better understand the general tendency of performance 
looking at each factor under evaluation.  

Hence, a global analysis was also carried out to emphasize the influence in performance 
of the different factors involved in this study. Since the number of monitored years was different 
amongst the States considered in the analysis, the authors decided to calculate the Annual 
Variation of fatigue cracking [Annual variation = (End value – Starting value)/Number of years] 
as an evaluation parameter. This methodology was followed for all the sections by evaluating 
data separately for each factor under analysis: surface preparation; overlay thickness; mix type 
(Figure 4). The Annual Variation is a measure of the growing level of each distress along time. 
Higher values denote lower performance of pavement overlays.  

Apart from the sections of Texas, where virtually there is no fatigue cracking, probably 
due in major extent to much less ESALs during the period than for the other locations, this 
distress type has a tendency to decrease when overlay thickness increases. The trend is the same 
when applying virgin AC instead of RAP. Apparently, surface preparation by milling prior to 
overlay construction does not contribute to improve performance regarding fatigue cracking. 
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FIGURE 4 Annual variation of fatigue cracking in the States considered in the study. 
 

Rutting 
For the sections located in Texas, the available information from the LTPP database is presented 
as an example in Figures 5 and 6. 

 
FIGURE 5 Rut depth development along time for the test sections in Texas. 

 
As stated by West et al. (5) the SPS-5 sections performed generally well in terms of 

rutting development (rut depth below 10 mm after 10 or 15 years of service). 
The data available in the database were used to develop a statistical model for rut depth 

variation in Texas (expression (3)). The model includes void content and binder content as 
independent variables since they revealed strong correlation with mix type and overlay thickness, 
respectively. 

 
y= 1.638×x1+ 0.001×x2−0.919×x3−1.176×x4 [R2=98.7%] (3) 
 
Where:  
y: estimate of rut depth, mm; 
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FIGURE 6 Variation of rut depth with the factors under study (Texas). 

 
�x1: surface preparation, 0 for sections without milling e 1 for sections with milling; 

x2: traffic, traffic, equivalent 80 kN single axle loads, thousands (from 540 to 3029); 

x3: void content (from 2.1 to 4.6%);  

x4: binder content (from 4.1 to 5.1%).  
 
A global analysis of data was also carried out to assess the general influence of each 

factor in the observed performance of overlays for the States under study (Figure 7). Based on the 
data selected it can be stated that, apart from Texas, where traffic was considerably lower, 
increasing the overlay thickness did not improve rutting resistance. The use of AC incorporating 
RAP has a positive contribution to resistance against rutting. 

 
Analysis of Other Distress Types 
Although the data available in the database is not always consistent, regression analysis was also 
performed for the States under study. The statistical models obtained by this methodology are 
summarized below. Amongst the factors under analysis, those not included in the models as 
explanatory variables were statistically not significant (5% significant level). 
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FIGURE 7 Annual variation of rut depth in the States considered in the study. 

 
Longitudinal cracking 
 
California: y= −40.209×x1+ 20.21×x3     [R2=93.4%] (4) 
Texas: y= −58.015×x1+ 80.1×x2+ 22.752×x3 [R2=95.6%] (5) 

Where:  
y: estimate of longitudinal cracking, m/section; 

x1: surface preparation, 0 for sections without milling e 1 for sections with milling; 

x2: mix type, 0 for virgin and 1 for RAP; 

x3: number of years after rehabilitation (from 2 to 15).  
 

Transverse cracking 
 

California: y= −0.318×x1+ 15.662×x3+10.8×x4 [R2=86.6%] (6) 
Texas: y= −0.504×x1− 17.222×x2+16.561×x3+9.897×x4 [R2=95.3%] (7) 

 
Where:  
y: estimate of transverse cracking, m/section; 

x1: overlay thickness (50 or 125 mm);  

x2: surface preparation, 0 for sections without milling e 1 for sections with milling; 

x3: mix type, 0 for virgin and 1 for RAP; 

x4: number of years after rehabilitation (from 2 to 15). 
 

Figure 8 shows the satisfactory fit for all the sections in California and Texas regarding 
longitudinal cracking (expression (4)) and transverse cracking (expression (7)), respectively. 
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FIGURE 8 Observed vs fitted crack length (longitudinal cracking: all sections in California;  

transverse cracking: all sections in Texas). 
 
 

International Roughness Index (IRI) 
 
California: y= −0.01×x1+ 0.662×x2+0.172×x3 [R2=90.7%] (8) 
 

Where:  
y: estimate of IRI, m/km; 

x1: overlay thickness (50 or 125 mm);  

x2: mix type, 0 for virgin and 1 for RAP;  

x3: number of years after rehabilitation (from 3 to 17). 
 

As performed for fatigue cracking and rutting, a similar global assessment was carried out 
for the other distress types, aiming to understand the contribution of each factor to the 
performance of rehabilitated pavements.  

Table 3 summarizes the global contribution of each variable (surface preparation, overlay 
thickness, mix type) to pavement performance for each enumerated distress type.  

This evaluation is based on the Annual Variation of each distress type. A plus sign (+) in 
the table means that a favorable contribution of the variable to pavement performance was found; 
a minus sign (-) denotes a negative influence to pavement performance. 
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TABLE 3 Summary of SPS-5 sections performance  
Distress 

type 
State 

Milling prior to 
rehabilitation 

Increase of overlay 
thickness  

Overlay with 
RAP 

Longitudinal 
cracking 

California + - - 
Texas + + - 

Mississippi - - - 

Transverse 
cracking 

California + - - 
Texas + + - 

Mississippi + + - 

Ride quality 

California - + - 
Texas + + + 

Mississippi - + + 
 

 
CONCLUSIONS 
Globally the results show that location of pavements and the number of ESALs are important 
factors that influence the observed performance. This was particularly visible for Texas where the 
traffic recorded was quite low and therefore the Annual Variation of distresses was lower. The 
scatter of data recorded in the LTPP database does not provide obtaining definitive conclusions 
about the recommended technologies to be applied in rehabilitation works. Nevertheless, 
expressions obtained by regression analysis are useful to estimate distress progress along time as 
a function of rehabilitation features.  

Moreover, the Annual Variation of distresses calculated from the data available allowed 
us to draw some general conclusions, which are summarized below. 

 
Influence of milling prior to rehabilitation: 

• Noticeable favorable effect on pavement performance regarding longitudinal and 
transverse cracking (for Mississippi the tendency is the opposite); 

• Practically does not improve performance regarding fatigue cracking, ride quality (IRI) 
and rutting. 
 
Influence of applying thicker overlays for rehabilitation: 

o Thicker overlay tends to improve pavement performance except for longitudinal 
cracking and rutting; 

o Positive effect of increasing thickness is more visible in what concerns ride quality 
(IRI); 

o Favorable effect regarding longitudinal and fatigue cracking in two out of three 
States studied. 
 

Influence of including RAP in the overlay used for rehabilitation: 
o Favorable contribution to pavement performance just for ride quality and rutting 

resistance. 
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Although the climatic characteristics of American regions used in the study show some 
differences in comparison to the climatic regions considered for Portugal, the mix types and 
pavement technology are similar to the Portuguese ones. In this sense, final results allowed the 
inference of useful behavior trends relevant for the Portuguese technology. 

Concluding, it can be declared that the next step of this project will be trying to verify on 
the Portuguese road network the trends found for the studied pavements sections. 
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