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Chapter 1.  Project Plan and Work Plan for Task Order No. 1 

1.1 Background 

Various overlay materials and preservation techniques are available to extend the service 
life of pavements in Texas. These techniques include thin overlays, chip seals, micro-surfacing, 
ultra-thin friction course, slurry seals, cape seals, scrub seals, etc. While some of these are interim 
measures applied as stop-gaps before full rehabilitation, others are designed to provide extended 
service lives. This is the case with the thin overlays that have been gaining popularity in recent 
years due to budget constraints. In contrast to conventional rehabilitation strategies using thicker 
traditional overlay, thin overlay and other preservation techniques are used on existing pavements 
to extend their remaining life. Therefore, pavements resurfaced using these techniques will be 
subject to the pre-existing failure mechanisms of the underlying pavement, which may serve to 
accelerate deterioration and reduce the effectiveness of these techniques. The rate of deterioration 
of these thin overlays and other alternative treatments will vary depending on the condition or state 
of the underlying pavement as well as other factors, including the quality of the treatment applied 
(type of treatment and material properties) and external influences such as traffic (in terms of 
volume, axle loads, and speed) and climate (temperature and rainfall).  

Thus, research is needed to provide a better understanding of the effectiveness of thin 
overlays (such as ultra-thin overlay mixes, bonded wearing courses, crack-attenuating mixes, and 
ultra-thin porous friction courses) relative to other preservation techniques (such as seal coats, 
slurry seals, and micro-surfacing) and the impacts of the various influence factors. An increased 
understanding will help optimize the application of preservation techniques and provide proper 
quantification of the expected lives of various treatments under different operating conditions.  

1.2 Scope and Objective 

The objective of this project is to quantify the field performance of thin overlays relative 
to various other popular preservation treatments under varying pavement, traffic, and climate 
conditions, with an eye towards optimizing the design and application of these treatments in Texas. 

1.3 Work Plan 

The following tasks have been identified as a general framework for completion of this 
research: 

 

Task 1: Information Gathering 

Conduct a literature review and survey local and state authorities on the use of thin overlay 
and other comparable preservation techniques with the goal of establishing the current state of 
practice. This review and survey will address the design, construction, application, and 
performance of these techniques. Attention will be given to types of materials used for the different 
overlays in terms of aggregates, binders, and additives as well as the timing of these overlays. 
Special consideration must be given to the various influences impacting the rate of deterioration 
of preventive maintenance treatments to allow identification of the most significant factors 
influencing service life. The review must also identify the various measures used to quantify the 
performance of thin overlays and alternative treatments.  
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Task 2: Experimental Design 
Based on Task 1, develop an experimental design to test the most used thin overlays in 

Texas and comparable preservation treatments applied by local and state authorities, addressing 
all significant influence factors in terms of the pre-existing condition of the underlying pavement, 
quality of the treatment applied, traffic (in terms of volume, axle loads, and speed) and climate (in 
terms of temperature and rainfall). The experimental design must account for replication of 
influence factors and be robust enough to address a broad spectrum of applications but flexible 
enough to allow practical application thereof. Thereafter, field sections recently constructed in the 
various districts in Texas will be identified and selected for further monitoring and evaluation. 

 
Task 3: Identification of Field Sections 

Identify roadway sections with various types of thin overlays and other comparable 
preservation treatments that match the conditions and limits of the experimental design levels 
developed in Task 2. It is anticipated that various sections throughout Texas will be selected, 
particularly in those TxDOT Districts that are extensively applying thin overlays. Prepare a 
detailed experimental plan to measure the performance response of the identified sections outlining 
logistical details, allowing repeated monitoring of the sections over a two-year period. This plan 
must include the identification of control sections for feasible comparisons.  

 
Task 4: Performance Monitoring and Evaluation 

Execute the experimental plan developed in Task 3, including the collection of 
performance measures of both the experimental and control sections as well as accurate 
assessments of prevailing traffic and climate conditions in these sections. Sufficient performance 
measurements must be obtained to allow the development of performance trends and early 
deterioration models.  

In addition to the visual assessment of the sections to monitor structural distresses such as 
cracking and rutting, emphasis will be placed on measuring the functional performance of the 
sections in terms of roughness, macro-texture, and skid resistance. Noise testing of the sections 
using the onboard sound intensity equipment is also an option. Thin overlays are especially 
sensitive to the performance of the underlying pavement structure. Thus, assessing the bearing 
capacity using a falling weight deflectometer and dynamic cone penetrometer will be beneficial. 
In addition, the response of the thin overlays will be monitored for shoving and debonding, 
raveling and stone loss, edge-breaks, and other surface distresses, such as potholes.  

To effectively track the performance of the experimental and control sections, the research 
team will need to identify and monitor all preventive maintenance measures applied to ensure that 
these are adjudicated fairly and will not bias the experiment.   

 
Task 5: Data Analysis and Comparison 

Apply statistical techniques to evaluate the performance of the sections measured in Task 
4 towards establishing the expected lives of thin overlays in Texas relative to various treatments 
under different operating conditions. Demonstrate application of the findings to establish the 
benefit:cost ratio of the experimental sections compared to the control sections. This analysis will 
include the cost of preventive maintenance measures applied to the respective sections over the 
analysis period. 
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Task 6: Preparation of Recommendations and Study Report 
Document the research undertaken as part of the project in a final report that provides 

recommendations to properly quantify the expected lives of various treatments under different 
operating conditions.  

1.4 Deliverables 

This project’s deliverables will consist of a final report that documents the research 
undertaken as part of the project and that provides recommendations to properly quantify the 
expected lives of various thin overlays in Texas and other preservation treatments under different 
operating conditions.  

1.5 Project Budget and Duration 

• Estimated Project Initiation: 1st March 2015 

• Estimated Project Completion: 28th February 2017 

• Total Estimated Budget: $261,763 for 24 months  
 
It should be noted that this amount includes $98,000 for the purchase of a grip tester to 

assess the field performance of thin overlays in terms of skid resistance.  

1.6 Implementation Significance 

The implementation of the findings of this project will allow the establishment of the 
benefit:cost ratio of various thin overlays relative to comparable preservation treatments and will 
provide a sound engineering basis for the selection of the right treatment for the right road at the 
right time. 
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Chapter 2.  Project Plan and Work Plan for Task Order No. 2 

2.1 Background 

The effect of the aggregate texture (micro-texture) and the effect of the texture of the 
compacted hot-mix asphalt (macro-texture) on the skid resistance of a highway surface are well 
recognized. However, we lack a fundamental understanding of the individual effect that each of 
these two properties, micro- and macro-texture, have on the final skid properties of the road. Most 
research studies in this area have been based on theory, assumptions, and sound engineering 
judgment. The individual effects have not been quantified and their contributions to skid under 
varying levels of moisture, speed, and highway condition are not well understood. Recent 
developments in optics and computers have allowed the collection of high definition 3-D images 
of the surface of the highway pavement. In particular, it is now possible to quantify micro-texture 
in the field in an effective and efficient manner. This can be done with the use of laser-based 
technology that allows measurements below 0.5 mm. Locally, the Texas A&M Transportation 
Institute (TTI) has conducted research using the Aggregate Imaging System (AIMS) to evaluate 
aggregate properties and to establish relationships with skid. The AIMS combines hardware that 
captures real-time digital images of paving material samples, and software that analyzes shape, 
texture and ratio characteristics of aggregates. The AIMS is, however, an optical instrument whose 
resolution does not allow the accurate quantification of micro-texture to the extent that laser does. 
Nevertheless, this project offers a unique opportunity to compare the findings of both studies and 
gain mutual benefit by evaluating the same sections and materials with both technologies and 
establishing meaningful comparisons.  

2.2 Scope and Objective 

During this study, we will apply 3-D laser technology to quantify the micro-texture and 
macro-texture of different pavement surfaces and determine their skid characteristics. We will use 
a new model laser texture scanner. Through posterior panel data analyses of the information, we 
will investigate the relative contribution of micro- and macro-texture to skid resistance in the field 
and develop guidelines for aggregate and mix selection for improved long-term skid. We will carry 
out field measurements in some of the same sections as the recently completed TTI study to 
continue to improve on the prediction of skid based on texture measurements. 

2.3 Work Plan 

Task 1: State of the Art 

During this task we will conduct an extensive international literature search to determine 
the state of the practice and the state of the art in terms of field measurement of micro- and macro-
texture. The literature review will also focus on identifying theory and models that relate micro- 
and macro-texture measurements to skid resistance at various speeds and under different 
conditions (e.g., dry and wet surface, smooth and rough pavement, etc.). We will also evaluate the 
properties and measurements performed by the AIMS as they compare with equivalent laser 
measurements. 
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Task 2: Development of Experiment and Field Testing 
During this task and based on the information collected during Task 1, we will develop a 

field experiment that will consist of a series of field test sections where we will be measuring 
micro- and macro-texture as well as skid using different equipment and under different conditions. 
Some of the conditions to investigate as part of the study will include: 

• Dry and wet pavement surface. 

• Variable characteristic speed. 

• Asphalt mixes and seal coats of different maximum aggregate sizes. 

• Aggregates with different texture and surface hardness (abrasion characteristics and 
durability). 

• Trafficked (wheelpath) and untrafficked (between) sections. 

• Other relevant conditions as identified in Task 1.  
 

These sections will be primarily selected for the experiment conducted during the study by 
TTI so that both projects will benefit from the data and findings. It is anticipated that approximately 
16 field sections will be monitored—ideally, all of them from the TTI study unless we find gaps 
in the experimental design that will require additional sections with particular characteristics or 
conditions as listed above. 
 
Task 3: Data Analysis 

During this task we will conduct a detailed and comprehensive analysis of the data 
collected during Task 2. Two types of analyses will be conducted: 1) power spectral density (PSD) 
analysis and 2) empirical evaluation by applying advanced panel data analysis. The objective of 
these analyses is to determine the frequency components that are correlated with aggregates, 
surface profiles, and mixtures that offer higher skid resistance. This information will serve as the 
basis for the development of the guidelines. 

The initial literature review indicated that other, more complex techniques could also be 
appropriate, such as wavelet analysis and Monte Carlo simulations. However, the more theoretical 
studies in terms of data analysis are being conducted by the research team as part of a federal grant 
supplied by the U.S. Department of Transportation. TxDOT funds for this project will primarily 
be used for the field component of the study. 

 
Task 4: Implementation and Technology Transfer 

During this final task we will prepare a research report documenting all work performed 
under the various tasks, the experimental design, the data collected, the data analyses, and the 
methodologies applied. An appendix to this research report will contain the guidelines for the 
selection of aggregate and mix type to enhance skid resistance. The research will also be 
summarized in a conference paper that will be submitted to the Annual Meeting of the 
Transportation Research Board and in a journal article to be submitted to a relevant refereed 
technical journal. We will also report on the comparison between the AIMS-measured properties 
and those produced by the analysis of the laser-based measurements.  
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2.4 Project Deliverables  

• Research report that documents all work performed. 

• Database containing all experimental data. 

• Guidelines for the selection of aggregate and mix type for improving skid resistance 
efficiency. 

• Comparison between AIMS and laser-based measurements. 

• A journal article and a conference paper that summarize the main findings and 
recommendations of the research.  

2.5 Cost and Duration 

• Estimated Project Initiation: 1st March 2015 

• Estimated Project Termination: 31st August 2016 (18 months) 

• Estimated Total Budget: $209,570 (including $76,000 for the purchase of a dynamic 
friction tester and a circular tester meter to measure texture and friction in the field). 
The research team already owns a Model 9200 Laser Texture Scanner with a vertical 
sample resolution of 0.015 mm and horizontal sample spacing of 0.015 mm, which will 
enable us to accurately quantify micro-texture. 

2.6 Implementation Significance 
The implementation of the findings of this research will provide TxDOT with a 

methodology and guidelines for a more efficient determination of the skid conditions of their 
highway network, thus identifying potentially unsafe segments requiring corrective actions—
allowing proactive response and minimizing the potential for accidents. Current methods for 
determining skid resistance directly are slow and inefficient. 
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Chapter 3.  Progress to Date on Task Order No. 1: Determination of 
Field Performance of Thin Overlays Relative to Alternative 

Preservation Techniques 

3.1 Preliminary Analysis using LTPP SPS-3 Data 

This chapter documents the preliminary analysis performed to quantify the effectiveness 
of different preventive maintenance (PM) treatments through a model-based approach using 
pavement sections included in the Specific Pavement Study (SPS)-3 experiment of the Federal 
Highway Administration (FHWA) Long-Term Pavement Performance (LTPP) program. The 
models developed as part of this task, along with other statistical techniques, will be adapted for 
the analysis of performance of thin overlays relative to alternative preservation techniques of actual 
field pavement sections from the TxDOT highway network.  

3.2 Introduction 

The ever-decreasing funding levels for managing the highway network highlight the need 
for optimizing maintenance and rehabilitation strategies in order to delay damage and preserve the 
value of the infrastructure assets. A number of PM treatments are available specifically to extend 
the service life of pavements. These techniques include crack seals, thin overlays, chip seals, 
micro-surfacing, cold in-place recycling, ultra-thin friction course, fog seals, slurry seals, cape 
seals, and scrub seals. While some of these are interim measures applied as stop-gaps before full 
rehabilitation, others are designed to provide extended service life. In contrast to conventional 
rehabilitation strategies, PM treatments are used on existing pavements with reduced remaining 
life. Therefore, these treatments will be subject to the pre-existing failure mechanisms of the 
underlying pavement, which may serve to accelerate deterioration and reduce the effectiveness of 
the PM treatment. The rate of deterioration of these treatments will vary depending on the 
condition or state of the underlying pavement but also other factors including the quality of the 
treatment applied and external influences with regards to traffic and climate. For this reason, 
research is needed to provide a better understanding of the effectiveness of different PM techniques 
and how these are impacted by different influence factors.  

The objective of this study is to quantify the expected lives of various popular PM 
treatments under varying pavement, traffic, and climate conditions with the goal of optimizing the 
design and application of these treatments. The effectiveness of the different PM treatments will 
be assessed and ranked through the statistical analysis and modelling of the performance response 
of a set of treated and non-treated (control) pavement sections representative of Texas highway 
conditions. The pavement sections for the analyses will be selected in order to address replication 
of all influence factors in terms of the pre-existing condition of the underlying pavement, quality 
of the treatment applied, traffic (in terms of volume, axle loads, and speed) and climate (in terms 
of temperature and rainfall). The proposed approach will require the development of a database 
containing relevant design, construction, application, and performance data of the selected PM 
treatments. This database will be developed from processing and merging a number of existing 
databases extracted from different TxDOT’s information systems, such as the Design and 
Construction Information System (DCIS), SiteManager, the Maintenance Management 
Information System (MMIS), and the Pavement Management Information System (PMIS). In 
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addition, the analysis of this study will include experimental pavement sections from the FHWA’s 
LTPP program. LTPP data consists of high-quality, detailed measurements taken for a controlled 
experiment that includes pavement sections treated with different PM techniques. Therefore, this 
data is fit for developing and checking the performance models to be used for analyzing the Texas 
pavement data.  

This chapter documents the preliminary analysis performed using LTPP data to quantify 
the effectiveness of PM treatments through a model-based approach. The proposed model aimed 
to explain the relationship between the loss in serviceability rate as a function of treatment type 
along with pavement, traffic, and climate conditions as well as their interaction with the PM 
treatment’s effectiveness. The models presented will be adapted and estimated using TxDOT data 
once the processing of the aforementioned databases is completed. 

3.3 Background 

The LTPP program included an SPS-3 experiment designed to assess the effectiveness of 
PM treatments on flexible pavements and to evaluate the optimum timing to apply the treatments. 
The SPS-3 experiment considered four different PM treatments: thin hot-mix asphalt overlay 
(TH), slurry seal (SS), chip seal (CH), and crack seal (CS). These PM treatments were applied to 
consecutive sections of the road along with non-treated (control) sections at 81 sites located in the 
United States and Canada during the early 1990s. Thus, each site consisted of five consecutive 
sections all subjected to the same traffic loads, structure, and environmental conditions. Some of 
the experimental design factors considered for the SPS-3 experiment included four climatic 
regions and two subgrade types; however, the combinations of treatments were not considered.  

A number of studies have used data from the LTPP SPS-3 experiment to assess the 
effectiveness of PM treatments, adopting different performance indices and implementing 
methodologies that included multiple regression analysis (Morian et al., 1998), survival analysis 
(Eltahan et al., 1999; Morian et al., 2011), and various statistical comparison techniques (Hall et 
al., 2003; Shirazi et al., 2010; Morian et al., 2011). Although the previous studies provide 
information on the relative effectiveness of treatments, the authors believe that the use of a 
regression analysis to develop a model can be further explored.  

The preliminary analysis presented in this chapter quantifies the effectiveness of PM 
treatments through a model-based approach using censored regression. The proposed approach 
overcomes limitations from previous studies in that it allows for comparing the treatment 
effectiveness for a particular experimental factor while controlling for the remaining factors, 
producing more robust estimates of the treatment marginal effect. In addition, the proposed model 
specification accounts for more variables and more realistic assumptions than previous regression 
analyses found in the literature. 

3.4 Literature Review 

In 1998, Morian et al. applied multi-variable regression analysis to 5-year SPS-3 data to 
evaluate the PM treatment performance. This study modeled different performance indicators in 
terms of treatment type, environmental zone, age, and initial condition, among other factors. In the 
regression analysis, the independent variables were specified as integer indicator codes ranked 
from worst to best. The study concluded that TH significantly reduced rutting and roughness while 
the remaining PM treatments had slight or no effect. However, the researchers’ assumptions about 
the rank of each independent variable resulted in biased parameters, not capturing the true marginal 
effects of the different PM treatments. 
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One year later, Eltahan et al. (1999) conducted survival analysis to evaluate the life 
expectancy and the effect of the original pavement condition. The authors estimated the failure 
probabilities of each treatment with respect to the original condition of the test sections using the 
Kaplan-Meier method. The study concluded that applying treatment to sections in poor condition 
increased the risk of failure by two to four times, and that CH outperformed the other four 
treatments. 

In 2003, Hall et al. evaluated the initial and long-term effect of the different PM treatments 
on the pavement condition as well as the influence of pre-treatment condition and other 
experimental factors. The treatment initial effect was evaluated by comparing pre- and post-
treatment measurements of roughness, rutting, and fatigue cracking, whereas the long-term effect 
was evaluated by comparing the last measurements of the treated and control sections. The 
comparisons were carried out using two-sided multiple comparisons with the control section and 
paired t-tests. The study concluded that the most effective treatment in the SPS-3 experiment was 
TH, followed by CS and SS, and that only TH produced an initial reduction as well as a significant 
long-term effect on roughness.  

Another study conducted in 2003 by Chen et al. studied 14 SPS-3 test sites in Texas to 
investigate the effectiveness of PM treatments. The study concluded that CH was the best 
performer among the four analyzed PM treatments, followed by TH. Although the study presents 
a detailed discussion of the PM treatment effects on Texas specific sites, the results from the 
comparison were not based on statistical methods. In addition, factors such as subgrade type, 
moisture, and temperature were not taken into account. 

In 2010, Shirazi et al. used Friedman tests and non-parametric randomized block analysis 
of variance to compare the performance of the different PM treatments for different levels of 
temperature, precipitation, subgrade, traffic, and initial condition. The performance indicator used 
in this study was computed as the weighted average of distresses normalized by the period of 
analysis. This indicator allowed for comparing between different data collection periods; however, 
it did not take into account the deterioration rate and its trend. The study concluded that TH was 
the most effective treatment whereas the effect of SS and CS was not statistically significant.  

A more recent study in 2011 conducted by Morian et al. applied survival analysis to 20-
year SPS-3 data to assess life expectancy of the PM treatments, along with Friedman test to 
compare structural effects of the treatments. The results from the survival analysis indicated that 
TH performed best at high survival probabilities, whereas CH performed best for the case of low 
survival probabilities. The Friedman test results showed that the structural benefits from all 
treatments (except for CS) were significant. 

Lastly, Haider and Dwaikat (2011) estimated the optimum timing for PM treatment by 
maximizing the difference between the areas below the roughness curves for pre- and post-treated 
pavements. The International Roughness Index (IRI) value was modeled as a function of age using 
an exponential function. The effects of traffic, environmental, and subgrade factors were not taken 
into account in the analyses, and the study did not include a comparison between treatments. 

3.5 Description of Damage Rate Model and Data 

3.5.1 Damage Rate Model Specification 

The main goal of developing a pavement damage rate (DR) model is two-fold: 1) to 
accurately predict the damage of a pavement section between data collection periods; and 2) to 
unveil the underlying intricate relationships between the pavement properties and the DR, which 
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will allow for quantifying the effect of the different PM treatments. The pavement DR was defined 
as the loss in serviceability per unit traffic, and it was computed as the ratio between the change in 
IRI value and the increment in traffic demand observed between data collection dates, as expressed 
in Eq. 3.1. 
௜,୼௧ܴܦ  = Δܫܴܫ௜,୼௧ Δ ௜ܰ,୼௧⁄  (3.1) 
 
Where: ܴܦ௜,୼௧: Damage rate for section i and period of analysis Δݐ, in m/km/kESAL Δܫܴܫ௜,୼௧: Change in IRI, in m/km Δ ௜ܰ,୼௧: Increment in traffic, in kESAL ݅: sub-index to indicate pavement section number  Δݐ: sub-index to indicate period of analysis, between roughness data collection dates 
 

The ܴܦ model in this study was specified as a linear combination of a number of 
explanatory variables that included the PM treatment types as well as structural, environmental, 
and traffic factors. The variables selected to explain the pavement ܴܦ are presented in Eq. 3.2. A 
variable for temperature was not included in the model specification in order to avoid multi-
collinearity issues due to its high correlation with the freezing index in the used dataset. 
௜,୼௧ࢄ  = ,௜ܪܶൣ ,௜ܪܥ ܵ ௜ܵ, ܥ ௜ܵ, ,௜ܥܣ ,௜ܣܤ ,௜ܤܵ ,௜ܩܵ log൫ ௜ܰ,୼௧൯ , ,௜݀݊ܫݎܨ ,௜݌݅ܿ݁ݎܲ   (3.2)	௜൧݉ܽܦ݁ݎܲ
 
Where: ࢄ௜,୼௧: Vector of explanatory variables ܶܪ: Application of Thin Overlay, equal to 1 for TH treatment and 0 otherwise ܪܥ: Application of Chip Seal, equal to 1 for CH treatment and 0 otherwise ܵܵ: Application of Slurry Seal, equal to 1 for SS treatment and 0 otherwise ܵܥ: Application of Crack Seal, equal to 1 for CS treatment and 0 otherwise ܥܣ௜: Total thickness of asphalt layers, in mm ܣܤ௜: Total thickness of base layers, in mm ܵܤ௜: Total thickness of sub-base layers, in mm ܵܩ௜: Sub-grade type, equal to 0 for fine soil and 1 for coarse soil ௜ܰ,୼௧: Cumulated traffic until the period of analysis Δݐ, in kESAL ݀݊ܫݎܨ௜: Annual Average Freezing Index, in degrees Celsius (°C) degree-days  ܲ݌݅ܿ݁ݎ௜: Annual Average Precipitation, in mm ܲ݉ܽܦ݁ݎ௜: Measured IRI value of the section when the treatment was applied, in m/km.  
 

The explanatory variables related to cumulated traffic, or age, were log-transformed, 
allowing, thus, for non-linear relationship between DR and time. Furthermore, it should be noted 
from Eq. 3.1 that ܴܦ is the first derivative of the roughness curve with respect to traffic for the 
case of an infinitesimal period of analysis. Therefore, the proposed ܴܦ linear model specification 
captures the observed non-linear trend of the pavement serviceability curve as a function of traffic, 
while allowing for the analytical convenience of estimating a linear model. 
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Censored Regression Model  

Theoretically, ܴܦ is a non-negative random variable given that pavement roughness is 
expected to either increase or remain constant as a function of traffic. Therefore, the ܴܦ values 
computed from the data were censored allowing only for positive values; i.e., censoring the 
observations for which the roughness decreased after the pavement was subjected to traffic loads 
for a period of time. The observed negative change in roughness between data collection periods 
is explained, in part, by measuring equipment error. 

The large portion of censored ܴܦ values corresponding to data points with no significant 
change in serviceability observed in the data invalidates the conventional regression assumptions 
and would result in biased ordinary least squares estimates. In order to properly account for the 
censored values, ܴܦ was modelled adopting a type I Tobit model structure. This model structure 
is a particular case of censored regression, which is typically used for handling dependent variables 
dominated by a particular response (in this case, zeros). A standard Type I Tobit specification for 
our ܴܦ model is described in Eq. 3.3a to 3.3c (Wooldridge, 2010).  
௜,∆௧ܴܦ  = max൫0, ∗௜,௱௧ܴܦ ൯ (3.3a) 
∗௜,௱௧ܴܦ  = ௜,௱௧ᇱࢄ ࢼ +  ௜,௱௧ (3.3b)ݑ
,Normal(0	~	௜,௱௧ݑ   ଶ)  (3.3c)ߪ
 
Where: ܴܦ௜∗: Latent damage rate ࢄ௜,௱௧: Vector of explanatory variables  ࢼ : Vector of regression coefficients  ݑ௜,௱௧: Idiosyncratic error term ߪ: Standard deviation of the error term  
 

The Tobit model is similar to a linear regression model except that the model recognizes 
the dichotomization of the dependent variable into zero and non-zero sets. This model allows for 
estimating the probability of a pavement section to exhibit zero roughness change, which is useful 
to identifying the factors that contribute to maintain the pavement serviceability fairly unchanged 
for a period of time. Moreover, the estimated regression parameters corresponding to the 
explanatory variables will be unbiased.  

The predicted ܴܦ for a particular pavement section ݅ and period time ∆ݐ is given by the 
expected value of the ܴܦ for a given set of explanatory variables, and estimated as in Eq. 3.4. In 
addition, the probability of a pavement section to remain unchanged in terms of IRI is computed 
as in Eq. 3.5.  
 E൫ܴܦ௜,∆௧|ࢄ௜,∆௧൯ = Φ൬ࢄ೔,∆೟ᇲ ఙࢼ ൰ࢄ௜ᇱࢼ + ೔,∆೟ᇲࢄϕ൬ߪ ఙࢼ ൰ (3.4) 

 P൫ܴܦ௜,∆௧ = 0หࢄ௜,∆௧൯ = 1 − Φ൬ࢄ೔,∆೟ᇲ ఙࢼ ൰ (3.5) 
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Where: ϕ(∙): Probability density function of standard normal distribution Φ(∙): Cumulative distribution function of the standard normal distribution 
 

As observed from Eq. 3.4, the explanatory variables are non-linearly related to the ܴܦ 
prediction; thereby the interpretation of the regression parameters, ࢼ, is not straightforward. We 
used econometric elasticity to examine the sensitivity of explanatory variables on the pavement ܴܦ. Econometric elasticity, or marginal effect (for indicator variables), is defined as the change in 
the explained value per unit change in the explanatory variable while keeping the remaining 
variables fixed. Eq. 3.6 was used to estimate the econometric elasticity of a continuous variable ݔ௝, whereas Eq. 3.7 was used to estimate the marginal effect of a binary variable ݔ௥. 
 డா(஽ோ|ࢄ)డ௫ೕ = Φቀࢄᇲࢼఙ ቁ  ௝ (3.6)ߚ

 డா(஽ோ|ࢄ)డ௫ೝ = ୉ቀ஽ோ೔,∆೟|(௑భ,…,௑ೝୀଵ,…,௑೙)ቁି୉ቀ஽ோ೔,∆೟|(௑భ,…,௑ೝୀ଴,…,௑೙)ቁଵି଴  (3.7) 

 
Both the magnitude and the corresponding standard errors of the aforementioned Tobit 

model parameters were obtained through maximum likelihood estimation (MLE) using R 
programming language (R Core Team, 2014) employing AER package (Kleiber and Zeileis, 2015). 
A final specification was chosen carefully based on a rigorous model development process. Model 
refinement was carried out through exclusion of statistically insignificant variables by following 
standard step-wise procedures and statistical tests (e.g., F-test). Practical considerations played a 
role in the removal of insignificant variables, rather than solely adopting a statistics-based 
mechanical approach. The results from the proposed Tobit regression model is presented in the 
following section of the chapter. 

3.6 Processing of LTPP SPS-3 Dataset 

The data used for estimating the proposed ܴܦ censored regression model was collected for 
the LTPP SPS-3 experiment, and obtained from the Standard Data Release version 29 (LTPP 
InfoPave, 2015). The main filtering criteria applied to the original dataset consisted of considering 
only the pavement sections containing at least one computed annual number of ESAL during the 
years for which the SPS-3 experiment was conducted. The computed annual number of ESAL was 
obtained from the “TRF_ESAL_COMPUTED” table, and was estimated from monitored axle data 
(Elkins et al., 2003). Traffic data estimated from other sources were filtered out in order to make 
use only of the best quality of data available for estimating the model.  

The change in IRI values, Δܫܴܫ௜,୼௧ (Eq. 3.1), was computed as the difference between 
consecutive IRI measurements. Therefore, only sections with at least two roughness measurements 
collected during the SPS-3 experiment were considered for the study. The resulting dataset after 
applying the two mentioned filters included data at 64 SPS-3 sites (each site containing multiple 
pavement sections), shown in Figure 3.1, representing different climatic regions. 
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Figure 3.1: Location of LTPP SPS3 sections used in the study 

In addition, the increments in traffic values, Δ ௜ܰ,୼௧ (Eq. 3.1), were estimated as the sum of 
all annual ESALs (equivalent single axle load) corresponding to section ݅, weighted by the 
proportion of time falling within the period of analysis Δݐ. The annual ESALs for the years with 
missing traffic data were estimated as the mean of the set of computed annual ESALs for the 
corresponding section.  

Lastly, the values for the cumulated traffic until the period of analysis, ܰ ௜,୼௧ (Eq. 3.2), were 
computed as the sum of all preceding increments of traffic (Δ ௜ܰ,୼௧) for the corresponding pavement 
section. The remaining explanatory variables from Eq. 3.2 were extracted from the original dataset 
without further processing.  

3.7 Results from Estimation of DR Models 

3.7.1 PM Treatments Marginal Effects 

The model proposed for assessing the effectiveness of PM treatments followed the Tobit 
model structure presented in Eq. 3.3, with the latent DR specified as in Eq. 3.8; where the pavement ܴܦ is expressed as a function of the PM treatment type along with structural, environmental and 
traffic variables. Thus, the ܴܦ model is able to properly handle the significant portion of zero 
(censored) values in the distribution of the dependent variable, and it allows for estimating the 
marginal effect of the different treatments while accounting for multiple experimental variables 
simultaneously.  
∗௜,୼௧ܴܦ  = ଴ߚ + ௜ܥܣ஺஼ߚ + ௜ܣܤ஻஺ߚ + ௜ܤௌ஻ܵߚ + ௜ܩௌீܵߚ + ௟௢௚ேߚ log൫ ௜ܰ,௧൯ ௟௢௚ேߚ + log൫ ௜ܰ,௧൯ + ௜݀݊ܫݎܨி௥ூ௡ௗߚ + ௜݌݅ܿ݁ݎ௉௥௘௖௜௣ܲߚ ௜ܪு்ܶߚ   + + ௜ܪܥ஼ுߚ + ௌௌܵߚ ௜ܵ + ܥ஼ௌߚ ௜ܵ +  ௜,௱௧  (3.8)ݑ
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The model in Eq. 3.8 was specified without interaction terms and using the control sections 
as the base; therefore, it was used to quantify the global marginal effect of the PM treatments with 
respect to non-treated pavements. The marginal effects for each treatment was quantified as in Eq. 
3.7, using the estimated parameters of the model and fixing the remaining variables at their mean 
value. In addition, the model specification was modified and estimated using the different 
treatments as the base indicator variables one at a time, in order to rank the effectiveness of the 
different treatment strategies. 

The estimated PM treatments marginal effects are presented in the columns of Table 3.1, 
where each column corresponds to the models using the different indicator variables as the base. 
The negative sign on the marginal effect of every PM treatment relative to the control sections 
indicates that all of the treatment had, in average, a smaller DR than non-treated sections. 
Therefore, all treatments helped to slow down the loss in serviceability for any given combination 
of cumulated traffic, environmental and structural factors.  

The results from the models using the different treatment as the base allow to perform pair-
wise comparisons between the effectiveness of each pair of treatments and, therefore, to rank the 
four PM treatment from most to least effective. From the comparison among the different 
treatments, none of the marginal effects were statistically significant (represented with a zero value 
in Table 3.1). Therefore, although all PM treatment were superior to non-treated sections, there 
was not enough evidence to determine what treatment was the most effective. Despite the 
statistically insignificant differences among the four treatments’ effectiveness, the first column of 
Table 3.1 suggest that TH and CH were more efficient than SS and CS, TH being the most efficient 
treatment. 

The marginal effects from Table 3.1 can be used to estimate the expected difference in IRI 
for a given increment in traffic, Δܰ; e.g., for the median annual increment of traffic in the dataset, 
79 kESAL per year, a pavement section treated with a thin overlay would present 0.43 m/km (27 
in/mile) less IRI after five years of constant traffic than if the section had not been treated. Clearly, 
the beneficial impact of applying the treatment will be more noticeable for sections with higher 
traffic levels and longer period of analysis. 

Table 3.1: Marginal effect of PM treatments for the global model in Eq. 3.8 using 
different base treatments  

 Marginal Effect of PM Treatment [m/km/kESAL] 

 base = Co base = TH base = CH base = SS base = CS 

Co - 1.10E-03 0.96E-03 0.67E-03 0.79E-03 

TH -1.10E-03 - 0.00 0.00 0.00 

CH -0.96E-03 0.00 - 0.00 0.00 

SS -0.67E-03 0.00 0.00 - 0.00 

CS -0.79E-03 0.00 0.00 0.00 - 
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3.7.2 Impact of Preexisting Damage and Environmental Factors on PM Treatments 
Effectiveness 

The next step consisted of evaluating what variables in our dataset affect the effectiveness 
of the PM treatments in order to determine the optimal conditions for treating the pavement. For 
this, the latent ܴܦ variable from the Tobit model used to study the global marginal effects of the 
PM treatments (Eq. 3.8) was modified by adding interaction terms to the treatment indicator 
variables as shown in Eq. 3.9. The ܲ݉ܽܦ݁ݎ௜ variable incorporated into the new specification 
consists of the measured IRI value of the section when the treatment was applied and it is an 
indicator of the preexisting damage of the pavement. The main effect of the preexisting damage 
variable was not included in the model since it is not defined for the case of non-treated sections. 
Therefore, the new specification allowed for quantifying the effectiveness of each PM treatment 
as a function of the section’s freezing index, precipitation and preexisting damage, and it was 
estimated using censored regression.  
∗௜,୼௧ܴܦ  = ଴ߚ + ௜ܥܣ஺஼ߚ + ௜ܣܤ஻஺ߚ + ௜ܤௌ஻ܵߚ + ௜ܩௌீܵߚ + ௟௢௚ேߚ log൫ ௜ܰ,௧൯ ௜݀݊ܫݎܨி௥ூ௡ௗߚ + + ௜݌݅ܿ݁ݎ௉௥௘௖௜௣ܲߚ + ௜ܪு்ܶߚ + ௜ܪܥ஼ுߚ + ௌௌܵߚ ௜ܵ + ܥ஼ௌߚ ௜ܵ ு்ߚ௜ൣܪܶ  + + ௜݀݊ܫݎܨு.ி௥ூ௡ௗ்ߚ + ௜݉ܽܦ݁ݎு.ூ௡஽௔௠்ܲߚ + ௜൧݌݅ܿ݁ݎு.௉௥௘௖௜௣்ܲߚ ஼ுߚ௜ൣܪܥ + + ௜݀݊ܫݎܨ஼ு.ி௥ூ௡ௗߚ + ௜݉ܽܦ݁ݎ஼ு.ூ௡஽௔௠ܲߚ + ௜൧݌݅ܿ݁ݎ஼ு.௉௥௘௖௜௣ܲߚ ܥ + ௜ܵൣߚ஼ௌ + ௜݀݊ܫݎܨ஼ௌ.ி௥ூ௡ௗߚ + ௜݉ܽܦ݁ݎ஼ௌ.ூ௡஽௔௠ܲߚ + ௜൧݌݅ܿ݁ݎ஼ௌ.௉௥௘௖௜௣ܲߚ + ܵ ௜ܵൣߚௌௌ + ௜݀݊ܫݎܨௌௌ.ி௥ூ௡ௗߚ + ௜݉ܽܦ݁ݎௌௌ.ூ௡஽௔௠ܲߚ + ௜൧݌݅ܿ݁ݎௌௌ.௉௥௘௖௜௣ܲߚ +  ௜,௱௧ (3.9)ݑ
 

Table 3.2 presents the MLE estimates, the p-values, and the mean elasticity of the 
parameters with a significant effect on the pavement ܴܦ. The parameters in Eq. 3.9 not included 
in Table 3.2 were not statistically significant and therefore removed from the final model 
specification, except for the parameters ߚௌீ and ߚ஼ௌ.௉௥௘஽௔௠. The results show that neither the main 
effect of the section’s freezing index nor its interaction with any of the PM treatments were 
statistically significant. Furthermore, the main effect of the precipitation variable was also not 
significant, indicating that the section’s annual mean precipitation does not have a significant 
effect on the control sections; however, data suggests that precipitation affects the effectiveness of 
the PM treatments. 

The effect of the structural layer thicknesses and their relative importance were as 
expected. A statistically significant negative effect suggests that thicker layers are associated with 
slower deterioration of the pavement. The effect of the asphalt layer thickness was the greatest, 
followed by the base thickness. The negative sign of the parameter on the subgrade variable reflects 
the slower ܴܦ of coarse subgrade relative to finer, and the expected difference is quantified by its 
marginal effect, equal to -7.70E-04 m/km/kESAL. Finally, the parameter on the log of the 
cumulated traffic, which accounts for the effect of the pavement age, was negative and statistically 
significant. Therefore, the relationship between roughness and traffic demand was non-linear and 
the pavement ܴܦ decreases with time. 

Regarding the interaction parameters of the model, it is observed that both the section’s 
preexisting damage and annual mean precipitation affected the effectiveness of the PM treatment, 
as measured by the difference in DR relative to the non-treated sections. The positive sign of the 
parameters on the interaction terms between PM treatments and pavement preexisting damage 
indicates that PM treatment effectiveness decreases with the increase of initial IRI value. 
Therefore, the PM treatments were more effective when applied on sections with less preexisting 
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damage. This observation reinforces the main purpose of applying PM, which is not to add 
structural capacity to the pavement but to delay the structural failure. Furthermore, the 
effectiveness of CH and CS were less affected by the preexisting condition than for TH and SS 
treatments. Lastly, the negative sign of the parameters on the interaction terms between PM 
treatments and the precipitation variable indicates that all the PM treatments were more effective 
when applied on sections with higher mean annual precipitation. This observation suggests the 
importance of the surface sealing provided by the PM treatments, which reduces the weakening of 
the pavement structure due to the presence of water, thereby slowing down the pavement ܴܦ. 

Table 3.2: MLE estimates, p-value and mean elasticities of parameters from the model 
with interactions (Eq. 3.9) 

 coeff p-value elasticity ࢼ૙ 1.30E-02 0.000 - 7.31- ࡯࡭ࢼE-06 0.041 -1.00E-046.39- ࡭࡮ࢼE-06 0.006 -8.74E-054.13- ࡮ࡿࢼE-06 0.003 -5.64E-058.14- ࡳࡿࢼE-04 0.129 -7.70E-041.43- ࡺࢍ࢕࢒ࢼE-03 0.000 -1.00E-04࢓ࢇࡰࢋ࢘ࡼ.ࡴࢀࢼ 2.30E-03 0.045 1.16E-03 ࢓ࢇࡰࢋ࢘ࡼ.ࡴ࡯ࢼ 1.03E-03 0.053 5.64E-04 ࢓ࢇࡰࢋ࢘ࡼ.ࡿࡿࢼ 2.04E-03 0.005 1.10E-03 ࢓ࢇࡰࢋ࢘ࡼ.ࡿ࡯ࢼ 1.00E-03 0.190 5.50E-04 5.49- ࢖࢏ࢉࢋ࢘ࡼ.ࡴࢀࢼE-06 0.000 -2.78E-063.82- ࢖࢏ࢉࢋ࢘ࡼ.ࡴ࡯ࢼE-06 0.000 -2.08E-064.92- ࢖࢏ࢉࢋ࢘ࡼ.ࡿࡿࢼE-06 0.000 -2.65E-062.98- ࢖࢏ࢉࢋ࢘ࡼ.ࡿ࡯ࢼE-06 0.038 -1.63E-06

 
The effects of the section’s preexisting damage and annual mean precipitation on the PM 

treatment effectiveness are illustrated in Figure 3.2 and 3.3. The predicted IRI values for a 
pavement section with mean structural and environmental conditions and fine subgrade were 
calculated as in Eq. 3.10, derived from Eq. 3.1 and 3.4. 
෢ܫܴܫ  ୲ ଴ܫܴܫ	= + ∑ ሿΔࢄ|୼௧ܴܦሾܧ ୼ܰ௧௧଴ = ଴ܫܴܫ + ∑ ൣΦ൫ࢄഥ୼௧ᇱ ෡୼௧ᇱࢄො൯ߪ/෡ࢼ ෡ࢼ + ഥ୼௧ᇱࢄϕ൫ߪ ො൯൧௧଴ߪ/෡ࢼ Δ ୼ܰ௧  (3.10) 
 
Where: ܫܴܫ෢ ୲: Predicted IRI value at time t,  ܫܴܫ଴: Initial IRI value 
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 ഥ୼௧: Explanatory variables set to the cumulated traffic for the period of analysis, fine subgradeࢄ
and mean values for the remaining variables.  ࢼ෡: MLE estimates (Table 3.2) from censored regression of model with interactions ߪො: Estimated standard deviation of the model’s error term 
 

Figure 3.2 shows the predicted IRI curves corresponding to each PM treatment and control 
for two levels of mean annual precipitation: the 75th (solid lines) and the 25th (dashed lines) 
percentiles. All other explanatory variables were fixed to their mean value and fine subgrade. Since 
control has been found to be not significantly affected by the mean annual precipitation, its IRI 
curve for both precipitation levels overlap. As noted from Figure 3.2, all treatment levels lay below 
the control curve and, therefore, the application of the treatment slowed down the evolution of the 
roughness. Furthermore, the greater effectiveness of the PM treatments on wet areas noted from 
the interpretation of the model’s parameters is reflected by the greater distance between the PM 
treatment curves and the control curve for the case of higher mean annual precipitation. 

Figure 3.3 shows the predicted IRI curves corresponding to each PM treatment and control 
for two preexisting serviceability levels: the 15th (dashed lines) and 85th (solid lines) percentiles’ 
initial IRI values. Since this variable affects only the sections with PM treatment, the control curves 
for both preexisting condition levels are parallel and shifted by the difference in initial IRI value. 
From the figure it is observed that the distance between the control curve and the PM treatments 
is greater for the case of lower initial IRI, which illustrates the greater effectiveness of the treatment 
when applied on smoother pavements. 

 

 
Figure 3.2: Comparison of predicted IRI curves for high and low annual precipitation 
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Figure 3.3: Comparison of predicted IRI curves for high and low preexisting damage values 

3.8 Preliminary Summary and Conclusions 

This section reports the preliminary analyses to study the effectiveness of four PM 
treatments applying a censored regression model-based approach using data collected for the LTPP 
SPS-3 experiment. The effectiveness of the PM treatments was evaluated as the difference in 
pavement DR relative to the non-treated sections, where DR was defined as the loss in 
serviceability (as measured by the IRI) per unit traffic. The DR model was specified as a function 
of the PM treatment type along with various experimental variables and followed a type 1 Tobit 
model structure in order to properly account for the significant portion of observations with 
censored ܴܦ.  

The developed censored regression model allowed for estimating unbiased marginal effects 
of the different PM treatments accounting for multiple influence factors simultaneously. In 
addition, the study assessed the interaction between the treatments effectiveness and the different 
experimental factors in order to determine the optimal conditions for treating the pavement. 

Following are the main observations and conclusions thus far:  

• All four PM treatments presented slower serviceability loss relative to non-treated 
sections on an average base, for any given combination of cumulated traffic, 
environmental, and structural factors. 

• TH and CH were more efficient than SS and CS in slowing down the evolution of 
pavement roughness relative to non-treated sections on an average base; however, the 
differences among treatments were not statistically significant. 

• The estimated global marginal effects for the PM treatments ranged between -0.67E-03 
m/km/kESAL (for SS) and -1.10E-03 m/km/kESAL (for TH). This marginal effect 
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results in 0.43 m/km (27 in/mile) to 0.26 m/km (16 in/mile) less IRI than if the section 
would not have been treated, after five years of median annual traffic and for an average 
pavement section. 

• The effectiveness of the PM treatments was affected by the annual mean precipitation 
and by the pre-existing damage of the pavement, but not significantly affected by the 
section’s average freezing index.  

• All PM treatments but CS were significantly more effective when applied on sections 
with less preexisting damage. This observation reinforces the main purpose of applying 
PM, which is not to add structural capacity to the pavement but to delay its structural 
failure.  

• All four PM treatments were significantly more effective when applied on sections with 
higher mean annual precipitation. This observation may be explained by the effect of 
the surface sealing provided by the PM treatments, which reduces the weakening of the 
pavement structure due to the presence of water. 
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Chapter 4.  Progress to Date on Task Order No. 2: Quantification of 
Highway Pavement Surface Micro- and Macro-Texture  

4.1 Background 

According to the FHWA, in 2008, more than 19,000 people were killed in roadway 
departure crashes in the United States. Poor roadway conditions, especially wet pavement, have 
been identified as a major contributing factor in roadway departure crashes. It is estimated that 
about 70% of wet pavement crashes can be prevented or minimized by improving pavement 
friction, which is essential to achieve a good pavement performance. Pavement surfaces should be 
designed, constructed, and maintained in order to provide durable and adequate friction properties 
to the drivers. 

Pavement surface texture is influenced by many factors, such as aggregate type and size, 
mixture gradation, and texture orientation, among others. The surface texture of an aggregate plays 
a leading role in providing high friction to a pavement surface. It is the property in charge of 
defining the skid resistance. Micro-texture and macro-texture are the two key pavement surface 
characteristics in the development of a good skid resistance. Micro-texture refers to the small-scale 
texture of the pavement aggregate component (which controls contact between the tire rubber and 
the pavement surface) while macro-texture refers to the large-scale texture of the pavement as a 
whole due to the aggregate particle arrangement (which controls the escape of water from under 
the tire and hence the loss of skid resistance with increased speed) (AASHTO, 1976). 

The effect of the aggregate texture (micro-texture) and the effect of the texture of the 
compacted hot-mix asphalt (macro-texture) on the skid resistance of a highway surface are well 
recognized. However, there is a lack of fundamental understanding of the individual effect that 
each of these properties, micro and macro-texture, have on the final skid properties of the road. 
Most research studies in this regard have been based on theory, assumptions, and sound 
engineering judgement. The individual effects have not been quantified and their contribution to 
skid under different conditions of moisture, speed and highway conditions are not well understood. 
Recent developments in optics and computers allowed the collection of high definition 3-D images 
of the surface of the highway pavement. In particular, it is now possible to quantify micro-texture 
in the field in an effective and efficient manner. This can be done with the use of laser-based 
technology that allows measurements below 0.5 mm. 

Locally, TTI has conducted a research using the Aggregate Imaging System (AIMS) to 
evaluate aggregate properties and to establish relationship with skid resistance. The AIMS 
combines hardware that captures real-time digital images of paving material samples, and software 
that analyzes shape, texture and ratio characteristics of aggregates. The AIMS is, however, an 
optical instrument whose resolutions does not allow the accurate quantification of micro-texture 
to the extent that laser does. Nevertheless, this project offers a unique opportunity to compare the 
findings of both studies and gain mutual benefit by evaluating the same sections and materials with 
both technologies and establishing meaningful comparisons. 

4.2 Pavement Surface Properties 

To achieve a good pavement performance, pavement surfaces should be designed, 
constructed, and maintained with durable and adequate friction and texture properties. Thus, in the 
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following sections, these parameters are described as well as the most common methods used to 
measure or test these relevant surface properties. 

4.2.1 Texture 

Pavement texture is the feature of the road surface that ultimately determines most tire/road 
interactions, including wet friction, noise, splash and spray, rolling resistance, and tire wear 
(NCHRP Synthesis 291, 2000). Pavement texture is the result of the deviations of the surface layer 
from a true planar surface. According to the Permanent International Association of Road 
Congresses (1987) and ASTM E 867 “Standard Definitions of Terms Relating to Traveled Surface 
Characteristics,” these deviations can be classified in three different levels based on the 
wavelength (ߣ) and amplitude (ܣ) of its components. 

• Micro-texture (ࣅ < ૙. ૞	࡭ ,࢓࢓ = ૚	࢕࢚	૞૙૙	࢓ࣆ). 

Micro-texture refers to the small-scale texture of the pavement aggregate component, 
which controls contact between the tire rubber and the pavement surface. The 
microscopic asperities of the aggregate particles are the responsible for the micro-texture. 

• Macro-texture (૙. ૞	࢓࢓ < ࣅ < ૞૙	࡭ ,࢓࢓ = ૙. ૚	࢕࢚	૛૙	࢓࢓). 

Macro-texture refers to the large-scale texture of the pavement as a whole due to the 
aggregate particle arrangement, which controls the escape of water from under the tire 
and hence the loss of skid resistance with increased speed. The macro-texture provides 
drainage paths for the water entrapped between pavement surface and tire imprint 
(Huang, 2003). 

In asphalt pavements, the mixture properties (aggregate shape, size, and gradation), which 
define the type of mixture (dense, permeable friction course, stone matrix asphalt), 
control the macro-texture. In concrete pavements, the method of finishing (dragging, 
tinning, grooving; width, spacing, and direction of the texturing) controls the macro-
texture. 

• Mega-texture (૞૙	࢓࢓ < ࣅ < ૞૙૙	࡭ ,࢓࢓ = ૙. ૚	࢕࢚	૞૙	࢓࢓). 

This type of texture has wavelengths in the same order of size as the pavement-tire 
interface. It is largely defined by the distress, defects, or “waviness” on the pavement 
surface (NCHRP report 634, 2009). 

 
A fourth level can also be considered: roughness/unevenness (500	݉݉ <  Roughness .(ߣ

refers to the irregularities in the pavement surface that affect the ride quality, smoothness, and 
serviceability of a pavement. It affects the vehicle delay costs, fuel consumption and maintenance 
costs. The International Roughness Index (IRI), developed by the World Bank in 1980s, 
summarizes the longitudinal surface profile in the traveled wheelpath. It is commonly expressed 
in inches per mile (in./mi) or meters per kilometer (m/km). It can be computed from surface 
elevation data collected with a topographic survey or a mechanical profilometer. Many correlations 
have been developed between the IRI and the AASHTO Present Serviceability Index (PSI). Figure 
4.1 illustrates these four levels. 
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Figure 4.1: Simplified illustration of the various texture ranges that exist for a given pavement 

surface (Sandburg, 1998) 

The division between macro and micro-texture is arbitrarily set. Nevertheless, these two 
parameters are the two key pavement surface characteristics to the development of a good skid 
resistance. 

4.2.2 Friction 

According to NCHRP 108 (2009), “pavement friction is the force that resists the relative 
motion between a vehicle tire and a pavement surface.” As the tire rolls or slides over the pavement 
surface, the resistive force is generated. Thus, surface friction can be computed with Eq. 4.1. 
 
ܨ  = ߤ ∙ ܹ  
 

ࣆ  =  (4.1)  ࢃࡲ

 
where ܨ is the tractive force applied to the tire at the tire-pavement contact, ߤ is the coefficient of 
friction, and ܹ is the dynamic vertical load on the tire. 

Skid resistance is the force developed when a tire that is prevented from rotating slides 
along the pavement surface. Skid resistance is commonly estimated using a friction measurement. 
If the coefficient of friction is multiplied by 100, the Skid Number (ܵܰ) can be estimated with Eq. 
4.2: 
 
  ܵܰ = 100 ∙   ߤ
 

  ܵܰ = 100 ∙ ிௐ  (4.2) 

 
Highway agencies should provide an adequate pavement surface friction (Figure 4.2) to 

prevent loss of control and give drivers the ability to maneuver their vehicles safely. The lower the 
friction between pavement and tire, the less control the driver has over the vehicle. It is important 
to understand that friction is not unidimensional; friction must be considered on the longitudinal 
and lateral directions. Friction is not only important for pavement design, but also for geometric 
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design of any roadway facility, as it is used to calculate the minimum horizontal and vertical curves 
and the minimum stopping sight distance, among other parameters. 
 

 
Figure 4.2: Key mechanism of pavement-tire friction (NCHRP 108, 2009). 

The frictional force in pavements can be described by two major components: (1) adhesion 
and (2) hysteresis. Adhesion is the friction that results from the small-scale bonding/interlocking 
of the vehicle tire rubber and the pavement surface. It is a function of the interface shear strength 
and contact area. The hysteresis component of frictional forces results from the energy loss due 
enveloping of the tire around the texture. Because adhesion force is developed at the pavement–
tire interface, it is most responsive to the micro-level asperities (micro-texture) of the aggregate 
particles. In contrast, the hysteresis force developed within the tire is most responsive to the macro-
level asperities (macro-texture) formed in the pavement surface. As a result, adhesion governs the 
overall friction on smooth-textured and dry pavements, while hysteresis is the dominant 
component on wet and rough-textured pavements (NCHRP 108, 2009). In addition, two other 
components can be considered: (3) cohesion and (4) the viscous component of tire friction. The 
cohesion component represents the energy required to produce new surfaces. It is associated with 
the grooving of the tire and its abrasive wear. The viscous component refers to the shearing of a 
viscous layer between tire and road surface; it can occur only on wet roads (Ueckermann et al., 
2014). 

For pavements, the friction is affected by four major elements: driver, weather, vehicle, 
and roadway. 

• Driver 
The skill of the driver affects the potential for loss of control or skidding. Skill level is 
related to a driver’s level of experience, and can be affected by factors such as alcohol 
consumption. In highway geometric design, the PIJR (Perception, Identification, 
Judgement, and Reaction) time is essential to define the stopping sight distance. 

• Weather 
The friction between tire and pavement is affected by the presence of water (i.e., rainfall 
or condensation). Wet conditions increase the potential for hydroplaning, during which 
the braking and steering effectiveness is reduced and the vehicle becomes 
uncontrollable. Thus, preventing the presence of excessive water on pavement is 
essential. Water’s effect on friction is minimal at low speeds (less than 20 mph), but 
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increases exponentially at higher speeds. This effect is influenced by the tire design and 
conditions. 

• Vehicle 
Both a vehicle’s design and the condition or structure of its braking system will affect 
its performance. For example, an anti-lock braking system (ABS) allows the wheels to 
maintain tractive contact with the road surface while braking, preventing the wheels 
from locking up (ceasing rotation) and creating uncontrolled skidding. 

In addition, the vehicle operating parameters are critical to the interaction 
between the tire and the pavement surface. The higher the speed, the lower the 
coefficient of friction that can be developed. The tire tread design (type, pattern, and 
depth) and condition (i.e., older versus newer), as well as the tire pressure, have a 
critical impact on the friction, especially when water accumulates on the pavement 
surface. New, ribbed tires work better than smooth, fully worn tires. Under-inflated 
tires can considerably reduce friction at high speeds, and in wet conditions can prevent 
the flow of water through the treads. In contrast, tire over-inflation causes only small 
loss of pavement friction (Henry, 1983; Kulakowski et al., 1990). 

A three-zone model (Moore, 1963) can be used to explain the contact conditions 
between the tire and pavement surface during rolling or skidding on a wet surface 
(Figure 4.3). In Zone A, the water completely separates the two surfaces and can be 
referred as the “squeeze-film” zone. Zone B, which is the “transition” zone, 
corresponds to the “mixed lubrication” zone, where the tire thread elements, having 
penetrated the squeeze-film, commence to cover over the major asperities. Zone C is 
the actual contact or traction zone where dry contact can be established. The zone 
lengths depend on vehicle speed and the amount of water that has to be expelled from 
the interface. Due partly to the lubricant function and partly the sliding velocity used 
in skid resistance measurements, adhesion is largely inhibited and hysteric friction is 
the dominant mechanism (Ueckermann et al., 2014). 

 

 
Figure 4.3: Three-zone model (Moore, 1963). 

• Roadway 
The properties of the pavement surface materials (aggregate and mixture 
characteristics) help to define surface friction and texture, as well as pavement 
conditions over time. The capacity of the aggregates and the mix to resist polishing and 
abrasion/wear under traffic is directly related to the pavement’s ability to retain the 
good condition of its surface properties. Pavement friction is a time-dependent 
parameter. During the first years after construction, crashes are more common due to 
the low pavement friction. Once the roadway surface is worn away and the aggregates 
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are exposed by the passage of vehicles, the friction levels are increased. Then, 
ultimately, friction will again decrease as the pavement further ages. 

Furthermore, friction qualities are reduced by the smoothness of polished aggregates, 
bleeding, and rutting, as well as inadequate cross slope, which increases the thickness 
of the water layer, as the time required for the water to drain from the pavement surface 
also increases (creating the potential for hydroplaning). 

4.3 Skid Resistance and the Effect of Micro- and Macro-Texture 

The skid resistance of a pavement heavily relies on its micro- and macro-texture. In micro-
texture, a weak bond between the grains of an aggregate causes the aggregate to wear, but provides 
a continually renewed non-polished surface. On the other hand, if the grains are bonded tightly, 
the grains will be polished by the continuous traffic. Therefore, in order to have good skid 
resistance, aggregates should contain two minerals of different hardness in order for the aggregate 
to be polished unevenly, maintaining a rough surface. 

In macro-texture, the angularity of the aggregates has a major effect on the skid resistance 
of a pavement. Angular aggregates are more skid resistant; however, constant traffic crushes them 
into flat and elongated particles, diminishing the skid resistance. In asphalt pavements, large 
aggregates increase skid resistance, but require high-quality coarse aggregates. In a concrete 
pavement, sand-size aggregates have a greater influence due to the cement mortar on the surface, 
which also calls for high-quality fine aggregates. When it comes to large aggregates in Portland 
cement concrete (PCC), only the exposed aggregate affects the skid. However, in both pavement 
types, the size of the largest aggregates (exposed aggregates in PCC) provides the dominant macro-
texture wavelength if closely and evenly spaced. 

The macro-texture can also be improved in a concrete pavement through the use of 
texturing existing pavement. Concrete can be textured from 0.019 in. to 0.045 in. in order to 
improve the skid resistance. Examples of texturing include tining, grooving, grinding, and turf 
dragging. Asphalt can also be textured, but on hot days the asphalt binder can fill in the grooves. 
Asphalt binder also affects the micro- and macro-texture because bleeding of the binder will reduce 
the skid resistance. 

A tough binder is ideal to prevent skid. The gradation of an asphalt mixture or a PCC with 
exposed aggregate can also have a major effect on the skid resistance. A porous asphalt mixture 
allows for more air voids, which leads to better pavement drainage and increased friction. For both 
asphalt and concrete pavements, there are many ways to alter the macro-texture by adjusting the 
aggregate types, the mix gradation, air content of asphalt mixture, and texture orientation. 
However, the micro-texture is limited to alteration only through the selection of the coarse 
aggregate type for asphalt and exposed-aggregate PCC, and through selection of the fine aggregate 
type for concrete. Thus, adjusting skid resistance a completed pavement through macro-texture is 
more feasible. 

4.4 Aggregate Properties and Selection 

4.4.1 Properties 

Design of hot-mix asphalt (HMA) pavements mainly includes the aggregate and 
bituminous binder. Typically, a mixture is composed of approximately 95% aggregate and 5% 
bituminous binder by weight depending on the requirements for the application and availability of 
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materials. Given that the amount of aggregate that is used in a single asphalt mixture is so high, 
the engineer must carefully consider the various physical, chemical, and mechanical properties of 
the aggregate for the specific application. In other words, depending on the intended use and the 
desired performance, some properties will be more significant than others. 

Some of the key characteristics in selecting the proper aggregate for a specific application 
include shape, angularity, and texture. These can significantly influence the performance of the 
pavement; consequently, aggregates with certain properties are preferred and specified for these 
mixtures. Sufficient levels of particle strength and stiffness are essential to provide the best 
interlocking between the different particles, creating a better and stronger pavement. 

Specification can describe aggregates in many different shapes and sizes. Most standards 
describe the shape of an aggregate particle as cubic, blade, disk, or rod shaped. Typically, 
aggregates with higher crushed faces (cubic) are preferred over rounded, smooth particles for 
asphalt mixtures, as they promote interlocking of aggregate particles—ultimately resulting in a 
stronger, more stable pavement. Angular particles provide more shear strength and tend to dilate 
more instead of fracturing. Rounded, smooth particles tend to slip past each other (resulting in 
lower shear strength), thus providing less strength than an angular particle. Most asphalt mixture 
specifications limit the amount of aggregate particles with rounded, smooth texture used, as these 
mixtures are designed to provide enough stability and strength to the matrix.  

Particle shape, strength, and stiffness are directly related to the particle grading and the 
surface texture of the material. If the material presents a single size aggregate and a smooth texture, 
it would be very difficult to achieve a good interlocking. The shape of aggregates can also highly 
influence the amount of bituminous binder that is used in a pavement mixture. Particle grading 
specifies the types of sizes and weight fraction for each aggregate. Larger, single-sized, and 
rounded aggregates produce more voids (empty space) in the pavement matrix and require more 
binder material to completely bind the aggregates together. 

It is important to have a good dense mass of material in order to reach rigidity. This type 
of gradation allows different aggregate types and sizes—from coarse to fine—to occupy most of 
the pavement volume. In addition, in bituminous mixtures, the grading will be responsible for 
defining many of the pavement’s characteristics: permeability, noise, strength, and surface texture, 
among others. In any pavement design, the type of gradation achievable will depend upon the 
materials that will be available near the construction/production area. Otherwise, the most 
technically compliant solution could be prohibitively expensive. In addition, dense graded 
mixtures require less binder and consequently are more economical. 

As discussed earlier, the surface texture of an aggregate plays a leading role in providing 
high friction to a mixture. It is the property that defines the skid resistance. In addition, a rough 
texture will help to generate a good bond between the binder and the aggregate. In contrast, smooth 
aggregates could lead to segregation in the mixture. 

Another important property of an aggregate is its pore structure. It is essential to know if 
the aggregates present many pores and what level of permeability the structure will provide. In 
asphalt mixtures an impermeable (isolated and enclosed cavities) and low-volume pore structure 
is preferred, as it will not absorb more binder and water than is ideal—thus minimizing the freeze-
thaw effect and absorption. 

Particle shape and grading, texture, and the pore structure are linked to the voids in the 
aggregate mixture, which minimize the binder requirements and maximize the economy of the 
construction. 
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Furthermore, aggregate presents chemical properties that should be also considered in an 
asphalt mixture design. Coating and surface charges are directly related to the adhesion between 
the aggregates and bitumen. A good connection between these entities should be provided in order 
to improve the performance of the asphalt mixtures. In addition, surface charge plays a key role in 
the emulsions design. 

4.4.2 Selection of Aggregates 

In order to provide the adequate aggregates for an HMA, the Superpave system specifies 
three different tests to classify shape and angularity of the aggregate particles. However, this 
system does not provide any test to measure the surface texture. 

The tests described below do not represent the more efficient procedures to classify and 
estimate this characteristics of an aggregate. Newer methods using imaging techniques have been 
developed in the last years. 

Aggregate shape: “Standard test for flat particles, elongated particles, or flat and elongated 
particles in coarse aggregates” (ASTM D 4791) 

This test specifies a maximum percentage by weight of coarse aggregates that have a 
maximum to minimum dimension-ratio greater than five (5:1 ratio). Elongated particles are 
undesirable because they have a tendency to break during construction and under traffic. The test 
procedure is performed on coarse aggregate larger than 9.5 millimeters. The procedure uses a 
proportional caliper device to measure the dimensional ratio of a representative sample of 
aggregate particles (Superpave, 2002). 

Coarse aggregate angularity: “Standard test method for determining the percentage of particles 
in coarse aggregate” (ASTM D 5821) 

The test specifies a minimum percentage by weight of aggregates larger than 4.75 mm with 
one or more and two or more fractured faces. The minimum values depend upon the traffic level 
and layer in the pavement structure. A face will be considered a ‘fractured face’ only if it has a 
projected area at least as large as one quarter of the maximum projected area (maximum cross-
sectional area) of the particle and the face has sharp and well defined edges; this excludes small 
nicks (Superpave, 2002). 

Fine aggregate angularity: “Uncompacted void content method A” (AASHTO T 304) 

This test specifies the minimum percentage of air voids in loosely compacted aggregates 
smaller than 2.36 mm. Higher void contents correspond to higher fractured faces. By determining 
the weight of fine aggregate (ܹ) in the filled cylinder of known volume (ܸ), void content can be 
calculated as the difference between the cylinder volume and fine aggregate volume collected in 
the cylinder. The fine aggregate bulk specific gravity (ܩ௦௕) is used to compute fine aggregate 
volume (Superpave, 2002). 

4.5 State of the Art 

An extensive literature search and review was conducted to determine the state of the 
practice and the state of the art in terms of field measurement of micro- and macro-texture. The 
literature review also focused on identifying theory and models that relate micro- and macro-
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texture measurements to skid resistance at various speeds and under different conditions. In 
addition, the properties and measurements performed by the AIMS were evaluated and compared 
with the Laser Texture Scanner (LTS). 

4.5.1 Aggregate Imaging Measurement System (AIMS) 

The AIMS (shown in Figure 4.4) uses camera, lighting, and microscope technology to 
analyze the particle geometry of coarse and fine aggregates through three independent properties: 
form, angularity (or roundness), and surface texture. Coarse aggregates sizes passing the 37.5 mm 
sieve and retained on the 4.75 mm (No. 4) sieve can be evaluated, as well as fine aggregate passing 
the 4.75 mm (No. 4) sieve and retained on the 0.075 mm (No. 200) sieve. 
 

 
Figure 4.4: AIMS components (Alrousand, 2004). 

The classification methodology can be used for the evaluation of the effects of different 
processes (such as crushing techniques and blending) on aggregate shape distribution, and for the 
development of aggregate specifications based on the distribution of shape characteristics (Masad 
et al., 2005). It also has the capability to characterize the surface of asphalt cores for micro- and 
macro-texture parameters. 

In order to perform this analysis, the device captures images at different resolutions with a 
camera, and uses different arrangements of lighting to provide uniform illumination. In this way, 
different image analysis techniques can provide accurate results. 

AIMS uses a 3-d analysis of coarse particles, which allows distinguishing between flat, 
elongated, or flat and elongated particles. On the other hand, a 2-d analysis is used for fine 
particles. In addition, by using the fundamental gradient and wavelet methods, it quantifies 
angularity and the surface texture respectively (Masad et al., 2005). Pavement micro-texture can 
be described by the surface texture of the aggregates. 

If the particles analyzed are coarse, black and white images are used to quantify form and 
angularity, while gray images are used for texture. These aggregates are analyzed individually by 
placing them in a backlighting sample tray, which has marked grid. This task is labor intensive, 
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but once it is done, the device analyzes automatically all the particles. On the other hand, black 
and white images are used to evaluate all these properties in fine particles. In this case, the particles 
are randomly placed on the aggregate tray with the backlight turned on. AIMS angularity 
characterizes the particle edge sharpness characteristics on a scale of 0-10000. The principles 
involved in analyzing all the parameters are discussed below. 

Radius Method (Angularity) 

In the radius method, the angularity index is measured as the difference between the 
particle radius in a certain direction to that of an equivalent ellipse; see Eq. 4.3. 

 

ݔ݁݀݊ܫ	ݕݐ݅ݎ݈ܽݑ݃݊ܣ   = ∑ |ோഇିோಶಶഇ|ோಶಶഇଷହହఏୀ଴   (4.3) 

 
where ܴఏ is the radius of the particle at an angle of ߠ, and ܴாாఏ is the radius of the equivalent 
ellipse at an angle of ߠ (Masad et al., 2005). 

Gradient Method (Angularity) 

The rationale behind this method is that at sharp corners of the image, the direction of the 
gradient vector changes rapidly—but changes slowly along the outline of rounded particles 
(Bathina, 2005). Thus, the angularity analysis is performed by estimating the angle of orientation 
 If these differences .(ߠ∆) of the edge points and the magnitude of difference of these values (ߠ)
are significant, a sharp angularity is described. A small value corresponds to a rounded edge. 

The angularity index is calculated by the sum of angularity values for all the boundary 
points accumulated around the edge of the aggregate particle. For the gradient method, angularity 
is mathematically represented as Eq. 4.4: 
 
	ݔ݁݀݊ܫ	ݕݐ݅ݎ݈ܽݑ݃݊ܣ   = ∑ ௜ߠ| − ௜ାଷ|ேିଷ௜ୀଵߠ   (4.4) 
 
where N is the total number of points on the edge of the particle with the subscript ݅ denoting the ݅௧௛ point on the edge of the particle (Masad et al., 2003). 

Sphericity (Form Analysis) 

The form is quantified in three dimensions, which estimate the sphericity of the particle, as 
in Eq 4.5. 
 

ݕݐ݅ܿ݅ݎℎ݁݌ܵ   = ටௗೞ∙ௗ೗ௗಽమయ
  (4.5) 

 
where ݀௦ is the shortest dimension of the particle, ݀௟ is the intermediate dimension, and ݀௅ is the 
longest dimension. 

The two major and minor axes are analyzed from the black and white images (Eigen vector 
analysis) while the depth of the particle is measured by auto focusing the microscope (Fletcher et 
al., 2003). 
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Form Index (Form Analysis) 

The form index uses incremental change in the particle radius and is expressed by Eq. 4.6: 
 

	ݔ݁݀݊ܫ	݉ݎ݋ܨ   = ∑ |ோഇశ∆ഇିோഇ|ோഇఏୀଷ଺଴ି∆ఏఏୀ଴   (4.6) 

 
where ܴఏ is the radius of the particle at an angle of ߠ; and ∆ߠ is the incremental difference in the 
angle (Bathina, 2005). 

Texture Analysis 

To describe the texture content at a given resolution or decomposition level, a parameter 
called the wavelet texture index is defined. The texture index at any given decomposition level is 
the arithmetic mean of the squared values of the detail coefficients at that level. The texture 
information lies in the detail coefficients LH, HL, and HH. The LH coefficients pick up the high 
frequency content in the vertical direction, the HL coefficients pick up the high frequency content 
in the horizontal direction, and the HH coefficients pick up the high frequency content in the 
diagonal direction. The texture contents in all directions are given equal weight and the texture 
index is computed as the simple sum of squares of the detail coefficients at that particular 
resolution. The texture index is given by Eq 4.7 (Masad et al., 2005). The AIMS characterizes 
surface texture on a scale of 0–1000. 
 

௡ݔ݁݀݊ܫ	݁ݎݑݐݔ݁ܶ   	= ଵଷ∙ே ∑ ∑ ,ݔ)௝	௜ܦൣ ൧ଶே௝ୀଵଷ௜ୀଵ(ݕ   (4.7) 

 
where ݊ is the decomposition level; ܰ is the total number of coefficients in a detailed image of 
texture; ݅ takes values 1, 2, or 3 for the three detailed images of texture; ݆  is the wavelet coefficient 
index; and (ݔ,  .is the location of the coefficients in the transformed domain (Masad 2005) (ݕ
 Figure 4.5 diagrams the AIMS process. 
 

 
Figure 4.5: AIMS process (Masad, 2005). 
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Advantages 

• Automated classification of aggregates. 

• Very accurate and fast method for quantifying and evaluating aggregate form, 
angularity, and texture. 

• More efficient than the test specified by the Superpave system. 

• Pavement micro-texture is described by the texture of the aggregate. 

Disadvantages 

• The device is not portable. Therefore, it is only applicable in the laboratory. 

• It has its own system of aggregate form, angularity, and texture classification. 

• It is only applicable for aggregates. 

• The equipment is expensive. 

4.5.2 Laser Texture Scanner (LTS) 

The LTS (Figure 4.6) is a lightweight and portable equipment produced by Ames 
Engineering, which “is designed to scan and precisely measure the texture content of any type of 
surface” (Ames, 2010). This laser scanner is designed to measure and describe the two decades of 
the macro-texture (wavelengths between 50 mm to 0.5 mm) and the first decade of the micro-
texture (wavelengths between 0.5 mm to 0.05 mm). In fact, this device can even measure 
wavelengths up to 0.03 mm. 
 

 
Figure 4.6: LTS (top) and circular track meter (bottom). 
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The LTS uses a laser sensor to scan the surface coordinates of parallel straight lines with a 
high sampling rate of one point every approximately 0.015 mm (Serigos et al., 2014). It has a 
maximum scan length of 4.1 in. (104.14 mm), and a maximum scan width of 3.0 in. (76.20 mm), 
which allows a maximum of 1200 line scans (spacing of 0.064 mm between lines). The scanner 
will perform the selected amount of lines scans of equal spacing over the width. The LTS is placed 
on the surface through three point contact feet. 

Once a scan is concluded, the LTS immediately calculates five indexes. The average results 
for the entire scan are displayed on a sunlight-readable LCD display. 

 
• Mean Profile Depth (MPD) 

The device has the option of applying a 2.5mm filter to the data before calculating the MPD. 
This filter removes wavelengths smaller than 2.5mm. The ASTM E 1845 specification for 
calculating MPD requires that this filter be applied. The LTS maximum scan length complies 
with the ASTM requirements for the MPD calculation which requires a line scan length of 
100 mm. 

• Estimated Texture Depth (ETD) 
The ETD (ASTM E 1845) is an estimation based on MPD that correlates well to volumetric 
testing techniques (sand patch test). 

• Texture Profile Index (TPI) 
The TPI calculates the least-squares-fit line for the scan data, and then looks for deviations 
above and below that line. When the texture profile goes up and crosses the line and then 
comes down again later and crosses the line, the highest peak in that event is called a positive 
scallop height. When the texture profile goes down and passes through the line and then later 
goes positive and crosses the line, the lowest point in that event is called a negative scallop 
height. The index is calculated by summing up the absolute value of all the positive and 
negative scallops in the entire scan. The sum value is than divided by the total number of 
scan lines. The result of this calculation is the average height of all scallops in the scan line. 

• Root Mean Square (RMS) 
The RMS calculation is done by first removing the least-squares-fit line from each scan line, 
and then calculating the RMS of the resulting data. 

• Variance (VAR) 
The Variance calculation can be done on either the elevation profile (EEV for English 
Elevation Variance measured in inches, and MEV for Metric Elevation Variance measured in 
mm), or the slope profile. The Variance Index calculation allows the user to filter the scan 
line data into three separate band pass filtered wavebands and calculate the elevation or slope 
variance of each data set. The exponent-weighting field is used to make the LCD display 
more usable for small numbers. 

 
By default the first waveband is from 50 mm to 5 mm, which is indicated by an “L=” for 

the long macro wavelengths. The next band is from 5 mm to .5 mm, which is indicated with an 
“S=” for short macro wavelengths. The third waveband is from .5 mm to .04 mm and is indicated 
with an “M=” for micro wavelengths. 

The data collected can be downloaded from the device through an Ethernet connection. 
Three different files are created. The results of the selected indices for each scan line are displayed 
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in an HTML file and a CSV file (each of which are named ‘Results’). The ‘Data’ CSV file compiles 
all the data points collected per line by the scanner. This file provides all the needed information 
to process and analyze the data collected in other types of software like Microsoft Excel or MatLab. 
Ames Engineering provides its own software to analyze the collected files and display a navigable 
3-D graph of the scan. 

The LTS has the ability to control the intensity of the laser spot. Half power setting works 
best when scanning bright white surfaces with no sunlight striking the surface of the scan area. 
Direct sunlight will cause spikes to occur in the data and will elevate the measurements being 
made. On the other hand, the full power setting works best for very dark surfaces, or for scanning 
outside in the sunlight. If full power is used on very white surfaces, small spikes may occur in the 
scan data. Spikes occur when the laser cannot see the bottom of a deep crack because of the angle 
of the returning light to the detector. The sensor increases the intensity of the laser light causing 
the crack in the scanned surface to glow, which confuses the detector and creates a spike in the 
data (LTS User Manual, 2010). 

Unlike AIMS, the LTS is portable and is powered using rechargeable batteries and a built-
in charging system. Thus, it is the perfect device to collect data in the field. A GPS receiver option 
allows tracking of the GPS location of each texture measurement taken out in the field. 

Advantages 

• It is a portable device and can collect GPS data. 

• It provides good repeatability and reproducibility when a few line scans are selected. 

• Good for quality control and quality assessment of texture. 

Disadvantages 

• It requires traffic control and lane closure. 

• Depending upon the precision required, it can be time consuming. In any case, several 
measurements are required if a network evaluation is performed. 

• When triangulation sensors are unable to see the laser dot on the surface with its camera, 
it will hold the last good elevation value it was able to read. It is estimated that the 
number of points collected with the same elevation value is between the 25 and 35% of 
the points collected, which reduces the device precision. 

4.5.3 Studies by the Texas A&M Transportation Institute (TxDOT Project 0-5627) 

The objectives of the research performed by TTI (Masad et al., 2010) were to: 

• Study the influence of aggregate properties and mix types on asphalt pavement skid 
resistance. 

• Develop a database of the annual field skid resistance data. 

• Develop a system for predicting asphalt pavement skid resistance during its service life. 
 

In order to achieve these goals, gradation, aggregate texture, and mixture friction were 
estimated as a function of the number of polishing cycles in the lab. Five different aggregate 
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sources and a blend of two Texas sources were polished using the Micro-Deval test (ASTM 
D6928) for two different time durations: 105 and 180 minutes. The texture of polished aggregates 
was measured using AIMS after those polishing cycles. In addition, large asphalt slabs were 
compacted in the laboratory using three mixtures commonly used in Texas: Type C, Type D (both 
of which are dense-graded mixes), and PFC (permeable friction course). These slabs were polished 
at three locations by the three-wheel polishing device originally developed at the National Center 
for Asphalt Technology. By using the dynamic friction tester (DFT) (ASTM E 1911) and the 
circular track meter (CTM) (ASTM E 2157), friction and texture measurements were performed 
before any polishing and after predefined polishing cycles: 100,000, 5,000 and 200,000 cycles 
respectively. 

• Aggregate gradation (Weibull distribution function) (Eq. 4.8) 
 
,ݔ)ܨ  ݇, (ߣ = 1 − ݁(ି௫/ఒ)∙௞  (4.8) 
 

where ݔ is aggregate size (mm), and κ and λ are known as the shape and scale 
parameters. 

 

• Aggregate texture (Eq. 4.9) 
 
(ܶ)	݁ݎݑݐݔ݁ܶ  = ܽ௔௚௚ + ܾ௔௚௚ ∙ ݁ି௖ೌ೒೒∙௧  (4.9) 
 

• Mixture friction as a function of number of polishing cycles (Eq. 4.10) 
 
(ܰ)ܫܨܫ  = ܽ௠௜௫ + ܾ௠௜௫ ∙ ݁ି௖೘೔ೣ∙ே  (4.10) 
 

where ܽ, ܽ + ܾ, and ܿ are the terminal, initial, and rate of change in the texture or IFI 
(International Friction Index), ݐ is the polishing time (min), and ܰ is the number of 
increments of 1000 polishing cycles. 

 
The model proposed in this study can predict the friction of a mix based on gradation and 

the polishing resistance of aggregates, as well as to help classification or selection of aggregates 
and mixes according to its frictional properties. 

In addition, an extensive data collection and analysis was conducted to create a database 
of sections with different friction characteristic, mixes, and aggregates that could be correlated 
with the laboratory measurements (Figure 4.7 and Figure 4.8). “These data and measurements were 
used to carry out comprehensive statistical analyses of the influence of aggregate properties and 
mixture design on skid resistance value and its variability” (Masad et al., 2010). 

Data of skid resistance measurements using the skid trailer were collected for many field 
sections (65 roads, including 1527 PMIS sections) with known construction history. Four surface 
types (surface treatment Grade 3, surface treatment Grade 4, PFC, and Type C) were included in 
the analysis. As long as gradation remained the same, regardless of asphalt type, the surface 
treatment was assumed to be the same. To compare different road categories in service years, it 
was introduced a new parameter, show in Eq. 4.11: Traffic Multiplication Factor (TMF). 
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ܨܯܶ    = ஺஺஽்∙௒௘௔௥௦	௜௡	ௌ௘௥௩௜௖௘∙ଷ଺ହଵ଴଴଴   (4.11) 

 
It was observed that the surface treatments had a very high variability in their measured 

SN using skid trailer because this value is not just a function of aggregate shape characteristics 
and gradation, but other factors such as overall macro-texture of pavement surface. Also 
documented was a great deal of interaction between the aggregate performance, mix type in which 
aggregate is used, and traffic level. The results showed that the surface aggregate classification 
system does not always yield consistent skid resistance. 

The same equation form used to describe aggregate polishing rate was considered a good 
predictor to describe SN vs TMF values in the field, and SN vs polishing cycles in the laboratory. 
It was observed that measured SN decreased as TMF increased, and had less variation at higher 
TMF levels. This effect could be attributed to mixtures reaching close to terminal skid condition, 
which is associated with aggregates approaching their equilibrium (or terminal) state of texture 
after a high number of polishing or loading cycles. 
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Figure 4.7: Measured field sections (Masad et al., 2010). 
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Figure 4.8: Measured field sections (Masad et al., 2010). 

Furthermore, CTM and DFT measurements were conducted on 64 pavement sections with 
a record of skid measurements for several years, construction history, and diverse range of weather 
and traffic conditions. The pavement age of these sections was between 2 and 11 years. 
Measurements were completed on the left wheel path of the outer lane (four locations per section) 
to correlate with the SN measured by the skid trailer, and on the shoulder (two locations per 
section) to obtain the initial skid measurements of the travel lane (shoulders are subjected to little 
or no traffic). These sections did not include any surface treatments. The TMF on the test section 
was calculated considering that all the vehicles types had the same polishing effect on the road 
surface, a 50/50% distribution, and traffic lane distribution factors. See Eq. 4.12–4.14. 
 
ܫܨܫ   = 0.081 + 0.732 ∙ ܨܦ ଶܶ଴ ∙ ݁ିସ଴/ௌ೛  (4.12) 
 
ܫܨܫ   = 0.045 + 0.925 ∙ 0.01 ∙ ܵܰ(50) ∙ ݁ଶ଴/ௌ೛  (4.13) 
 
  ܵ௣ = 14.2 + 89.7 ∙  (4.14)  ܦܲܯ
 
where ܨܦ ଶܶ଴ is the dynamic friction at 20 kph. Figure 4.9 provides the layout used in the Masad 
et al. study, while Figure 4.10 relates the MPD values for various mix types. 
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Figure 4.9: Layout of the measurement section (Masad et al., 2010). 

 
Figure 4.10: Measured MPD values for different mix types (Masad et al., 2010). 

PFC mixes, because of their porous composition, presented a higher MPD, which allows 
water to drain faster. Among the dense mixes, Type D had the lowest MPD values, as the mix had 
more fine particles than Type C. The results indicated that there was no direct relationship between 
MPD and measured SN (Figure 4.11). Dynamic friction measured by DFT described the micro-
texture, whose initial level depends on aggregate type. In addition, there was a fair correlation 
between friction (DF20) and measured SN for all mixes. 
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Figure 4.11:  MPD vs measured SN (Masad et al., 2010). 

The influence of certain aggregate parameters (texture) on mixture skid resistance also 
depends on the type of mixture design. Thus, a method and software were developed to predict the 
SN of asphalt pavements as a function of traffic based on aggregate characteristics and mixture 
design gradation. This method requires inputs that describe aggregate resistance to polishing, 
mixture gradation, and traffic. 

This system consists of the following steps: 

• Measure aggregate texture using AIMS before Micro-Deval (BMD). 

• Measure aggregate texture using AIMS after Micro-Deval (AMD). 

• Calculate ܽ௔௚௚ + ܾ௔௚௚. 

• Calculate ܽ௔௚௚. 

• Calculate texture loss (TL) (Eq. 4.15). 
 

ܮܶ  = ஻ெ஽ି஺ெ஽஺ெ஽   (4.15) 

 

• Calculate aggregate roughness index (ARI) (Eq. 4.16).  
 

ܫܴܣ  = ஺ெ஽/஻ெ஽ඥଵି(஺ெ஽/஻ெ஽)మ  (4.16) 

 

• Calculate ܿ௔௚௚. 
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• Determine the gradation parameters (λ and κ) by fitting the cumulative Weibull function 
to the gradation curve. Note: A table with values for TxDOT mix designs is provided. 

• Calculate ܽ௠௜௫. 

• Calculate ܽ௠௜௫ + ܾ௠௜௫. 

• Calculate ܿ௠௜௫. 

• Calculate MPD. 

• Calculate SP. 

• Calculate International Friction Index (IFI) as a function of the polishing cycles (N) 

• Calculate TMF in terms of N.  

o The relationship between N and TMF is not only a function of traffic but also a 
function of mixture polishing characteristics. 

• Calculate SN. 

• Predict the SN value given the IFI.  

o In order to obtain the relationship between measured skid resistance by skid trailer 
and DFT/CTM combination, the sensitivity analysis was conducted using several 
aggregate types and mixture designs. 

4.5.4 Studies by The University of Texas at Austin 

This study performed by UT Austin (Serigos et al., 2014) explored “different methods to 
characterize the micro-texture of pavement surfaces with the main objective of quantifying the 
effect of accounting for both the macro and the micro components of the texture, rather than just 
the macro-texture, in the prediction of skid resistance.” 

Friction and texture data was collected from 28 different asphalt pavements in service in 
Texas, which presented different aggregate gradation. The pavements analyzed were located near 
Austin, Yoakum, and San Antonio. All test sections consisted of dense graded HMA pavements. 
Its selection intended to “obtain a final dataset that covers a wide range of friction coefficient 130 
values and includes different cases for each possible combination of fine and coarse macro-131 
texture and smooth and rough micro-texture” (Serigos et al., 2014). 

Thus, measurements of texture and friction before and after applying texturing treatment 
were analyzed. The friction was characterized under wet conditions and in the direction of traffic 
using the British Pendulum Tester (ASTM E 303). The British Pendulum Number (BPN) was 
computed as the mean value of the individual BPN of five consecutive swings to eliminate any 
error that could be produced by the operator and wind conditions. The macro- and micro-texture 
were characterized by the CTM (ASTM E 2157) and LTS respectively. The MPD values were 
calculated using the data collected using each device. Texture data were always collected prior to 
friction in order to ensure dry condition during the scanning of the surfaces. 

To characterize the pavement surface micro-texture, the data collected with the LTS was 
analyzed in the spectral/frequency domain and in the spatial domain. In the first case, the Discrete 
Fourier Transform was applied to separate macro- and micro-texture by isolating the different 
wavelength ranges. Using the power spectral density (PSD), the micro-texture was characterized 
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using the slope and the y-intercept of a linearized PSD (Figure 4.12). It was observed that the 
greater the intercept, the greater the surface friction, while the slope did not significantly affect it. 
 

 
Figure 4.12: PSDs of four scanned surfaces. 

In addition, the first decade of micro-texture (wavelengths between 0.05 mm to 0.50 mm) 
was analyzed in the spatial domain using parameters currently used to estimate the macro-texture 
(MPD and RMS), as well as parameters used in surface metrology (slope variance). Different 
baselines were analyzed as there is no current standard for micro-texture: 1 mm, 5 mm, 10 mm, 
and 20 mm (the LTS allowed to collect 70 points per mm). Profile standards of 100 mm in length 
are the standard for macro-texture. 

The study suggested that baseline shorter than 10 mm resulted in a better prediction of the 
pavement surface friction. Among the parameters analyzed, the slope parameters were found to be 
better predictors of the surface friction than the amplitude parameters (MPD and RMS). However, 
among these parameters the MPD was better able to explain the friction. 

Figure 4.13 shows the coordinates of a scanned line (in red) along with the filtered macro-
texture (in green) and micro-texture profiles (in blue). The graph at the top (a) shows the 
coordinates for the entire 50.8 mm whereas the graph at the bottom (b) shows a close-up of the 
scanned line between the longitudinal coordinates of 35 mm and 40 mm to allow visualization of 
the surface in detail. 

The profiles were normalized with respect to the average height, allowing consideration of 
only the active area of the pavement surface that will be in contact with the tires (elevations above 
the median height), which improved the friction prediction. The prediction of the friction using 
micro-texture spatial parameters calculated in the active area was as good as the one using the 
spectral parameters. 
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Figure 4.13: (a) Line scan of pavement surface with filtered micro and macro-texture 
components (above) and (b) close up of line scan profile (below) (Serigos et al., 2014). 

As part of the study, it was concluded that “accounting for both the macro- and the micro-
texture components of the surface will significantly enhance the prediction of BPN of flexible 
pavements as oppose to accounting solely for the macro-texture component. Such improvement 
will allow transportation agencies to better manage skid resistance and therefore to improve road 
safety” (Serigos et al., 2014). 

4.5.5 Studies by the Institute of Highway Engineering 

The study performed by the RWTH Aachen University (Ueckermann et al., 2014) analyzed 
different contactless skid resistance measurement in order to predict pavement friction from 
texture measurements using a tire-rubber friction model. 

Two skid resistance measuring devices were chosen to prove the theoretical approach: the 
Wehner/Schulze (W/S) machine (Figure 4.14), which corresponds to a blocked-wheel braking test, 
and the ViaFriction device of Via Tech AS (Figure 4.15), which measures the skid resistance under 
controlled longitudinal slip and corresponds to ABS braking conditions (Ueckermann et al., 2014). 
Both devices measured skid resistance under wet conditions and at a speed of 37 mph (60 kph). 
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Figure 4.14: Wehner/Schulze device (a) overall view and (b) skid resistance measuring unit 

(Ueckermann et al., 2014). 

 
Figure 4.15: Via Friction device (a) overall view and (b) ViaFriction measuring unit 

(Ueckermann et al., 2014). 

For comparison with the W/S device, 33 different surfaces covering a wide range of friction 
coefficients (low and high roughness) were tested. Thirteen of these samples were washed concrete 
slabs made in the laboratory exhibiting different maximum aggregate sizes (8 and 11 mm) and 
different polishing treatments. The polishing was performed by the ARTe (Aechen Rafeling 
Tester). On the other hand, the rest of the samples were asphalt concrete (AC) cores obtained from 
actual road surfaces and parking lots comprising the same maximum aggregate sizes of the 
concrete slabs. Among those, only one of the samples was a stone matrix asphalt (SMA). For 
comparison with the ViaFriction device, only five different surfaces were tested: three SMA and 
two AC pavements These surfaces were very homogenous regarding their skid resistance. 

Similar to the results found in Serigos et al., 2014, the linearized PSD was used to describe 
the wavelength or frequency dependency of the texture. In addition, a real contact area was 
considered, as the contact between tire and pavement surface only occurs on the top surface 
asperities. The study suggested that there is a close relationship between measured and predicted 
friction coefficients. Wavelengths between 1 mm and 60 micrometers were found to be crucial to 
explain the coefficient of friction from texture measurement. Due to both the temperature and the 
influence of the water, the friction that can be generated by the W/S device was found to be 
significantly lower than that of the ViaFriction device. 
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