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AN LCCA PROCEDURE FO R  SELECTING AND EVALUATING DURABLE 
PAVEM ENT STRUCTURES USING SH R P-LTPP 
M ECH A N ISTIC-EM PIRICAL RELATION SHIPS.

Patrick  J. P rancl, P.E.

Dr. Neville A. P a rk er - Advisor

ABSTRACT

A life-cycle cost m echanistic design-analysis procedure, utilizing SHRP-LTPP 

relationships, is presented in this dissertation as a significant im provem ent upon the 

existing AASHTO-guided design procedures for selecting and  evaluating durable 

pavements. In this procedure, the SHRP-LTPP equations a re  applied to predict pavement 

conditions, both roughness and  distresses, throughout the pavem ent’s analysis period.

Using this type o f analysis, the pavem ent’s life-cycle perform ance and maintenance 

requirem ents are  forecasted and  the associated agency expenditures and road user costs 

a re  estim ated. Finally, increm ental benefit-cost analysis is used to assess the im pact of 

increased agency spending on incurred road user costs, so th a t the most cost-effective 

alternatives may be determ ined as constrained by given system -wide requirem ents, 

including budget. The procedure is presented as a spreadsheet program .

The procedure is recom m ended to state highway agencies for the continuing 

revisions and updates o f th e ir  catalog designs, including m aintenance scheduling to ensure 

durability  o f pavements well into the newly propounded 50-70 y ear life. As an example, 

application o f the procedure as a case study for New Y ork S tate  suggests, among others, 

the following:

1. T here a re  lower cost m aintenance and higher benefit-cost alternatives to the cu rren t 

catalogue o f flexible pavem ent designs, which could be achieved by altering the asphalt mix
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characteristics ra th e r  than increasing HM AC layer thickness, and which would meet the 

new durability  requirem ents.

2. A single design s tan d ard  should be used fo r rigid pavements. This may be varied for 

im portant o r heavily traveled highways as dictated by agency policy based on return  on 

investments.

3. Using both agency and user costs, ra th e r  than the conventional m ethod of choosing the 

lowest agency cost, as economic decision criteria , will result in the most cost effective use of 

highway funds.

The procedure developed in this d issertation provides a new and improved method 

of analyzing pavem ent design alternatives. By examining the life-cycle implications of 

different design alternatives, in term s o f both condition and cost, the highway engineer will 

m ake more inform ed project level m anagem ent decisions. Finally, several topics are 

identified where there  is a need for subsequent research to improve upon the ideas brought 

forth in this dissertation.
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AN LCCA PROCEDURE FOR SELECTING AND EVALUATING DURABLE 
PAVEMENT STRUCTURES USING SHRP-LTPP 
MECHANISTIC-EMPIRICAL RELATIONSHIPS.

Patrick J. Prancl, P.E.

CHAPTER 1 : INTRODUCTION

1.1 - Background and Motivation.

The ratifying o f  the Intermodal Surface Transportation Efficiency Act (ISTEA) 

mandated state governments to generate pavement management systems in order to better utilize 

limited highway funds. As stated in the goals o f the Strategic Highway Research Program 

(SHRP)[45], one o f  the most effective ways to enhance pavement management is to improve the 

ability o f  the highway engineer to design new pavement structures and maintenance strategies. 

Therefore, as part o f  the Long Term Pavement Performance (LTPP) studies [44], the federal 

government has collected data and developed mechanistic equations which will assist in the 

prediction of life cycle pavement condition in terms o f  pavement roughness and pavement 

distresses. The SHRP data will be implemented to establish mechanistic design procedures 

which will be used to predict pavement condition and required maintenance strategies. As well, 

the proposed mechanistic design methodology may be used to enhance existing design 

procedures used by state highway agencies throughout North America, many which presently 

rely upon the AASHTO design procedures [2].

A deficiency o f  many pavement management systems, particularly at the project level, is 

the lack o f  consideration o f societal cost impacts as a result o f  pavement design and maintenance 

decisions. Current practice [23] is to select the design alternative which "minimizes" agency 

construction and maintenance costs during the analysis period. Factors such as service life, road 

deterioration, and user costs are considered only implicitly; relying upon the interpretation and 

experience o f the designer. Although practical experience is both valuable and essential, reliance 

upon individual opinion may lead to inconsistent and inefficient use o f funds. The proposed
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2

design procedure will assist highway engineers to evaluate the influence that design and 

maintenance decisions have on both total societal costs and agency spending.

The goal o f this dissertation will be to develop mechanistic based design equations and 

utilize them to improve existing procedures for newly constructed pavements. The proposed 

procedure will implement SHRP studies [45] to calibrate mechanistic design equations which 

relate pavement age to pavement condition. The proposed procedure will consider total cost 

evaluation in order to improve the efficiency o f  pavement design and maintenance strategy 

choice. Finally, the dissertation will utilize data gathered during associated university research 

[30] to illustrate how the proposed design procedure can be implemented to improve the design 

procedure currently employed by the New York State Department o f Transportation [34], a lead 

state in the implementation o f  SHRP products.

1.2 - P roblem  Statem ent.

The objective o f  this dissertation is to advance the state o f the art by using the data 

gathered during SHRP studies [44][45] to improve upon existing pavement design procedures 

used by state highway agencies. The procedure proposed in this dissertation will implement the 

mechanistic pavement performance relationships to predict pavement condition during the 

pavement’s analysis period. Pavement performance will dictate the required maintenance 

strategies and life-cycle costs associated with each design alternative. The incurred road user 

costs o f  each design alternative o f  the design choice will be evaluated as a function o f  the 

pavement condition. The end result will be a total cost algorithm which will assist the highway 

engineer in making the most effective pavement design and management choice.

1J - Dissertation Structure.

The dissertation is arranged into 12 chapters. Each chapter is presented in the basic 

format described below:

A. The background o f  the proposed theory is described.

B. The potential design application o f  developed equations is explained and evaluated.
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C. The need for subsequent investigation and improvements is discussed.

3

Chapter 1 describes the background and motivation for this dissertation, including the 

problem statement and dissertation structure. Chapter 2 summarizes and evaluates the SHRP- 

LTPP studies and how their conclusions may be utilized to improve upon existing pavement 

design methodologies. Chapter 3 defines the relationship between traffic and axle loading for 

pavement structures including contemporary methods for data collection and computation o f load 

equivalency factors, growth rates, and traffic composition and distribution. Chapter 4 presents 

the mechanistic design equations developed to predict pavement roughness and distresses for 

flexible pavements including the influences o f new Superpave mixes on pavement performance. 

Chapter 5 exemplifies how the mechanistic equations may be adapted to improve the existing 

flexible pavement design procedure used by New York. Chapter 6 introduces the design 

equations developed to predict pavement roughness and distress propagation for rigid pavements, 

including the consequences that high performance concrete mixes have on pavement 

performance. Chapter 7 demonstrates how the mechanistic equations may be adapted to improve 

the present rigid pavement design procedure employed by New York. Chapter 8 computes the 

fixed and variable agency costs associated with capital construction and maintenance policies for 

the design alternatives to be studied. Chapter 9 generates road user costs, including vehicle 

operating cost and accident cost, as a function o f  pavement condition. Chapter 10 explains how 

incremental benefits to cost analysis are used to evaluate alternative design and maintenance 

choices. Chapter 11 exhibits the micro-computer model which is used to implement the 

proposed design procedure and shows case studies for both flexible and rigid pavement 

structures. Chapter 12 examines the implications the proposed mechanistic analysis has on 

design optimization. Chapter 13 draws conclusions regarding the proposed procedure and 

identifies areas where subsequent study is needed.
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CHAPTER 2 - PROPOSED PAVEMENT DESIGN PROCEDURES.

2.1 Background Information - SHRP-LTPP Pavement Studies.

One o f the primary objectives o f  the Strategic Highway Research Project - Long Term 

Pavement Performance (SHRP-LTPP) study is to improve the ability o f the highway engineer to 

design new and overlaid pavement structures. Since 1985, SHRP has been collecting and 

analyzing data for 770 in-service pavements throughout the United States and Canada. The data 

has been used to construct the National Pavement Performance Data Base (later titled the LTPP 

Data Base) which has been used to achieve the study’s goals such as:

* Evaluating existing design methodologies.

* Developing improved design methods and strategies for pavement management.

* Developing improved design procedures for new and reconstructed pavements.

* Determining the effects o f  axle loading, environment, material properties, construction quality, 

and maintenance levels on pavement performance.

* Establish a long-term pavement data base to support SHRP objectives and future needs. 

Beginning in 1993, SHRP began the dissection o f pavement data collected to date and publishing 

the results in a series o f design reports. These reports represent state o f the art design 

methodology for pavement management and will serve as the source o f the design procedures 

presented in this dissertation.

2.2 Existing AASHTO Design Procedures.

The most commonly utilized design procedure accepted by most state highway agencies 

in North America is the AASHTO Guide For Design o f  Pavement Structures [2]. The AASHTO 

design procedure is the product o f  the road tests conducted in the 1950's by the federal 

government. The resulting design methodology consists o f  empirical equations which have been 

extrapolated and calibrated to represent the varied climatic and loading conditions found 

throughout North America. The original equations have been modified numerous times to 

account for additional design factors such as drainage, load transfer, and mix strength.

Pavement Condition Index.

The pavement condition index used by the AASHTO flexible and rigid pavement design 

method is the present serviceability index (PSI). The PSI is a  combined index which quantifies 

pavement condition as a function o f  pavement roughness, permanent deformation (rutting), and
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cracked / patched areas. As shown in AASHTO [2] the PSI equations are as follows:

Flexible Pavement

PSI = 5.03 - 1.91 log (1 + SV) - 1.38 RD2 - 0.01 (C+P)05 

Where: PSI = Present Serviceability Index (no units)

SV = Slope Variance as collected by the CHLOE Profilograph.

RD = Average Rut Depth (inches)

C = Square Feet o f Class 2 and 3 Cracks per 1000 Square Feet.

P = Square Feet of Patching per 1000 Square Feet.

Rigid Pavement

PSI = 5.41 -1 .80  log (1 +SV) -0.09 (C+P)05 

Where: PSI = Present Serviceability Index (No Units)

SV = Slope Variance as collected by the CHLOE Profilograph.

C = Square Feet o f Class 3 and 4 Cracks per 1000 Square Feet.

P = Square Feet o f Patching per 1000 Square Feet.

Through statistical analysis it is computed that the correlation coefficient only increases by 5 

percent due to pavement distresses. Thus, pavement distresses, especially, cracks and patches 

are not sensitive variables in the serviceability equation.

Existing AASHTO Flexible Design Procedure.

The AASHTO flexible design procedure is based upon the principles o f  layered design 

theory. It consists o f an empirical equation and design nomograph developed during the 

AASHTO Road Tests concluded in 1960. Pavement layer thicknesses are determined as a 

function o f traffic axle loading, subgrade resilient modulus, factor o f safety (reliability and 

standard deviation), allowable loss o f PSI, material property, and drainage characteristics. The 

design equation, as shown in AASHTO [2], is as follows:

log W I8 = ZRS0 + 9.36 log (SN+1) -0 .20  + log [APSI/(4.2-1.5)]/[0.4+1094/(SN+l)519]

+ 2.32 log Mr - 8.07 

where: W „ = Cumulative 18 kip Standard Axle Loads (ESAL).

Mr =  Resilient Modulus (pound per square inch).
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APSI = Change in Present Serviceability Index.

SN = Structural Number.

ZR = Normal Deviate for Reliability Level.

S0 = Standard Deviation for Loading Prediction Errors.

SN = E axmxdx 

where: SN = Structural Number.

a , = Layer Coefficient o f  layer x. 

m , = Drainage Coefficient o f  layer x.

Dx = Thickness of layer x (inches).

In performing layered design analysis, it is assumed that the Elastic Modulus (strength) o f each 

layer decreases from the surface course down to the subgrade (EAC > Ebase > Esubbase > M r) .  

The design equation is most sensitive to changes in axle loading and subgrade Resilient 

Modulus. Other variables such as factor o f safety, material properties, and drainage properties 

are usually fixed by the specifications o f the state highway agency.

Existing AASHTO Rigid Design Procedure.

The AASHTO rigid design procedure is based upon the principles o f  finite element 

analysis. The rigid design equation was also developed during the original road tests and has 

been updated numerous times to include design additions for drainage, load transfer, and 

concrete mix properties. Design is an iterative process which can be accomplished by using the 

empirical equation or design nomograph. The thickness o f the pavement slab is determined as a 

function o f traffic axle loading, factors o f safety (reliability and standard deviation), allowable 

loss o f PSI, load transfer between slabs, material properties o f concrete and subgrade, and 

drainage properties. The design equation, as shown in AASHTO [2], is as follows:

log W ,g = ZRS0 + 7.35 log (D + l) - 0.06 + !og[APSI/(4.5-1.5)]/[l +  1.624 *107/(D H )846]

+ (4.22 - 0.32pt)Iog{ [ScCd(D0-75-1.132)]/[215.63 J[D°75- 18.42(Ec/k)°75]]}

Where: W Ig = Cumulative 18 kip Standard Axle Loads (ESALs).

ZR = Normal Deviate o f Reliability Level.

S0 = Standard Deviation for Loading Prediction Errors.
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D =  Pavement Slab Thickness (inches).

APSI = Change in Present Serviceability Index, 

p, = Terminal Serviceability (PSI).

Sc = Concrete Modulus of Rupture (psi).

Cd = Drainage Coefficient.

Ec = Elastic Modulus o f Concrete (psi).

J = Load Transfer Coefficient.

K = Modulus o f Subgrade Reaction (pci).

The design equation is most sensitive to changes in axle loadings, most other variables including 

material properties, factors o f safety, allowable loss o f PSI, drainage properties and load transfer 

properties are commonly fixed by the specifications o f the state highway agency.

2.3 Deficiencies of the AASHTO Procedures.

Initial investigation, referenced in SHRP-P-394, Evaluation o f the AASHTO Design 

Equations and Recommended Improvements [45], shows that although many improvements have 

been made to the original AASHTO design equations, the equations still do not adequately 

represent North American pavements.

Pavement Condition Index.

Initial studies conducted by SHRP [45] echo the results o f  previous World Bank studies 

[52] regarding pavement condition indices. Most international and state highway agencies agree 

that pooling roughness and all distress types into a composite index is not desirable. The PSI 

measure employed by the AASHTO design procedure is an example o f  a composite index. O f 

all the variables which contribute to the prediction o f  PSI, only slope variance (roughness) 

contributes in a statistically meaningful manner.

There are also additional problems with PSI that render it ineffective as an accurate, 

overall measurement o f pavement condition. The qualitative portion o f  the PSI equation was 

based on the public’s perception o f  the highway pavements over 40 years ago. Since that time, 

travel speeds, vehicle characteristics, and highway design standards have changed dramatically. 

Quantitatively, the instrumentation used to collect the pavement roughness data for the PSI
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equation, the CHLOE Profilograph, is no longer in use. Contemporary equipment which 

measure pavement roughness in IRI, such as the Law profilometer, are not calibrated to collect 

slope variance data needed for the PSI equation and no study has been conducted which 

establishes a statistically reliable relationship between the slope variance and IRI measurements.

SHRP [45] advocates utilizing the International Roughness Index (IRI) as the primary 

measurement unit for pavement roughness. The IRI is a quantitative measurement developed by 

the World Bank [52] and measured by a profilometer. IRI is a measurement o f vertical 

distortions in the pavement surface which are caused by deformations in the pavement structure 

due to settlement and distresses, and therefore, may be considered an indicator of both structural 

capacity and surface condition. Patterson [40], Archondo-Faiz [4], and SHRP [45] have 

developed both quantitative and qualitative relationships between IRI, PSI, and other common

Table 2-1 : Pavement Condition Indexes.
AASHTO 

PSI 

(no units)

English

IRI

(inJm ile)

M etric

IRI

(m et./km )

NYSDOT 

SRS 

(no units)

C anadian  

R C I 

(No u n its!

AASHTO

Q ualitative

Description

W orld B ank 

Q ualitative 

D escription

5.0 0.00 0.00 10 10 — “N ew ”

4.5 25.70 0.41 9 9 •‘Initial” “N ew ”

4.0 54.43 0.86 8 8 — “Smooth”

3.5 86.99 1.37 7 7 — “Smooth”

3.0 124.59 1.96 6 6 “HP Terminal” “Smooth”

2.5 169.06 2.67 5 5 “Terminal” “Reasonable”

2.0 223.49 3.52 4 4 “LP Terminal” “Reasonable”

1.5 293.65 4.63 3 3 “Failure” “Rough”

1.0 392.55 6.19 2 2 — “Rough”

0.5 561.61 8.86 1 1 — “Rough”

Notes:
1. Quantitative relationship PSI = 5 * e <-O OM1‘IRr) [Ri = inch/mile.
2. Quantitative relationship PSI = 5 * e ("0 26‘IR,) IRI = meter/km.
3. Quantitative relationship PSI = SRS / 2
4. Quantitative relationship PSI = RCI / 2
5. “HP Terminal” = Terminal serviceability for a high-priority, high volume facility.
6. “LP Terminal” = Terminal serviceability for a Iow-priority, low volume facility. 
Source: Archondo [5], Patterson [40], SHRP [45].
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pavement indexes utilized in the United States and Canada. These relationships are shown in 

Table 2.1 : Pavement Condition Indexes.

SHRP [45] also advocates predicting individual distresses and roughness separately, and 

therefore, a pavement design process can be optimized to meet a given agency’s needs. Since 

road user cost is most closely related to roughness, as shown by Patterson [40], many agencies 

already rely on roughness as the primary measure o f  pavement condition. Traditionally, 

pavement distress data has been shown to have a small contribution to overall roughness and 

distress data is arduous and expensive to collect. However, using the models produced by SHRP, 

other important distresses such as rutting, thermal cracking, fatigue cracking, and surface skid 

resistance for flexible pavement and joint faulting, spalling, thermal cracking, and surface skid 

resistance for rigid pavements can be quickly predicted and included as a check to ascertain that 

unacceptable levels o f  distress do not occur during the pavement’s analysis period.

AASHTO Flexible Pavement Design Procedure.

Initial studies conducted by SHRP [45] show that the form o f  the 1986 AASHTO design 

equation does not fit the observed data for North American pavements. Analysis confirms that 

the flexible design equation generally represents a serious extrapolation outside the inference 

space from which the design equation was derived. The use of this equation leads to under­

designing the pavement structure and pre-mature failure prior to the intended design life. In 

many cases, the design equation predicted 100 times the estimated ESALs to produce the 

observed loss o f  pavement serviceability. In fitting the observed data to the flexible design 

equation, the coefficient o f determination (R squared) never exceeded 0.25 indicating a very poor 

fit. Overall, the 1986 AASHTO equation does not provide an adequate design for the majority o f 

test sections represented in the SHRP study.

AASHTO Rigid Pavement Design Procedure.

Initial studies conducted by SHRP [45] show that the form o f  the 1993 AASHTO design 

equation does not fit the observed data for North American pavements. The original 1960 design 

equation has been extended many times to include additional design factors such as drainage, 

load transfer and concrete strength properties. While these changes slightly improve the
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SHRP Environmental Zones

|  Wet, No Freeze 

| | Dry, No Freeze 

f  Dry, Freeze 

|  Wet, Freeze

reliability o f the design equation, the equation generally over-estimates the number o f 18 kip 

ESALs needed to cause a given loss o f serviceability. In fitting the observed data to the rigid 

design equation, the results o f  a t-test show that the data distributions may be statistically similar 

at 50 percent reliability but not at 90 percent. Overall, the 1993 AASHTO equation provides a 

very conservative design for the majority o f test sections represented in the SHRP studies.

2.4 SHRP-LTPP Design Procedures.

A number o f  equations have been developed from LTPP data in the SHRP Studies [45]. 

These equations predict distresses and roughness propagation for flexible and rigid pavements 

under various traffic loading and environmental conditions. SHRP has divided North America 

into 4 broad climate zones as shown in Figure 2-1, Environmental Zones For SHRP-LTPP 

Studies. These zones are wet-freeze, wet-no freeze, dry-ffeeze, and dry-no freeze.

For flexible pavements, SHRP identifies the following pavement condition indices as the 

primary causes o f  deterioration which contribute to agency and road user costs:
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1. Roughness (International Roughness Index {IRI}).

2. Permanent Deformation (Wheelpath Rutting).

3. Thermal Cracking (Low Temperature or Transverse Cracking).

4. Fatigue Cracking (Alligator Cracking).

5. Pavement Surface Friction (Skid Resistance).

Mechanistic based, flexible design equations have been developed which relate the pavement 

material properties to the predicted roughness and distresses as a function o f both traffic loading 

and environmental conditions. Presently, although considered an important distress, sufficient 

data does not exist to support a statistically accurate predictive equation for fatigue cracking. As 

well, the data collected by SHRP [45] was not adequate to determine a model for the loss o f 

surface friction for flexible pavements.

For rigid pavements, SHRP identifies the following pavement condition indices as the 

primary causes o f deterioration which contribute to agency and road user costs:

1. Roughness (International Roughness Index {IRI}).

2. Permanent Deformation (Joint Faulting).

3. Thermal Cracking (Low Temperature or Transverse Cracking).

4. Spalling (Expansion Cracking).

5. Pavement Surface Friction (Skid Resistance).

Mechanistic based, rigid design equations have been developed which relate the pavement 

material properties to the predicted roughness and distresses as a function o f both traffic loading 

and environmental conditions. Presently, although predictive equations have been developed for 

thermal cracking, the relationships do not prove to be meaningful due to poor statistical fits. As 

with flexible pavements, the present data collected by SHRP [45] was not adequate to determine 

a model for the loss o f surface friction for rigid pavements.

2.5 Total Cost Considerations.

In order for any pavement design process to be complete, the total cost o f each design 

alternative must be considered. The total cost includes the agency costs and road user costs. The 

agency costs consist o f  outlays by the highway agency to construct and maintain the pavement 

structure throughout its analysis period. Road user costs are the societal costs borne by the 

highway users throughout its analysis period and are directly related to the condition o f  the
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highway pavement. The proposed SHRP predictive equations are utilized to find the minimum 

pavement structure which can satisfy the roughness and distress criteria set by a given highway 

agency through the pavement’s design life. Total cost economic analysis may then be used to 

justify additional investment in the pavement structure or maintenance which could prove 

beneficial to overall societal savings. Such total cost consideration leads to the most prudent 

spending of limited highway funds during the design life o f a pavement structure and is an 

integral tool in efficient pavement management.

2.6 Proposed Pavement Design Procedures.

Figures 2-2 and 2-3 show the proposed pavement design procedure for flexible and rigid 

pavements to be utilized in this dissertation. The given set o f inputs include pavement 

characteristics such as pavement materials, environmental factors, subgrade properties, and 

traffic loadings; a specified degree o f risk; and trial pavement thickness and composition. For 

the given inputs, mechanistic analysis will be used to analyze specific pavement deterioration 

modes against the terminal criteria as specified by the highway agency for each mode. For 

flexible pavements, roughness, rutting, and thermal cracking will be considered; while for rigid 

pavements, roughness, joint faulting, and spalling will be considered. Life cycle maintenance 

needs will be forecasted and both agency and user costs will be estimated for the design 

alternative. Finally, economic analysis will be conducted to aid in the selection o f  the final 

pavement thickness and materials to be utilized in the newly constructed pavement structure.

It is noted that SHRP [43] acknowledges that the present data limitations preclude the 

use o f  the developed equations for design use at sufficient confidence levels. It is recommended 

that the predictive equations be used as a check for pavement structures designed using other 

procedures. This dissertation attempts to advance the state o f  the art by utilizing these equations 

to conduct mechanistic analysis which, in turn, will improve the existing design procedure used 

by many state agencies. Since New York is a lead state in implementing SHRP products, and the 

state in which the author practices, New York’s is utilized as a case study o f how mechanistic 

analysis may be implemented to improve present pavement design practices.
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CH APTER 3 - TRAFFIC VOLUM E AND AXLE LOADING COM PUTATIONS.

3.1 Background.

The prediction o f  future traffic loadings is a very sensitive and consequential parameter 

in pavement design and management. Errors in this prediction may lead to premature pavement 

failure if estimated too liberally and wasteful spending o f highway funds if  forecasted too 

conservatively. The following procedure, as described by AASHTO [2] and United States 

Department o f Transportation (USDOT) [51] will be used to estimate the axle loading during the 

analysis period o f a newly constructed pavement.

3.2 Traffic Volume Analysis Versus Axle Loading Analysis.

When conducting pavement analysis, the engineer must be cognizant o f the two types of 

traffic data, traffic volume and axle loading.

Traffic volume analysis, associated with traffic engineering, is the study of how the 

vehicle volume and composition affects parameters such as capacity, density, flow rate, and level 

o f  service. Traffic volume is the total number of vehicles which pass a specific point on a 

highway facility in a given day. Traffic volume is measured in terms o f average daily traffic 

(ADT). Traffic volume and composition data is usually gathered and compiled annually at the 

network level by the planning units o f state highway agencies. In this dissertation, annual traffic 

volume data will be utilized in the estimation o f road user costs.

Axle loading analysis, correlated with pavement engineering, is the investigation o f how 

axle weights affect highway pavement parameters such as damage ratio, pavement degradation, 

and remaining service life. An axle load can be converted to a standardized 18-kip Equivalent 

Single Axle Loads (ESAL). ESAL for a given axle is the number o f 18 kip single axles that will 

cause similar damages as the given axle. Axle loading data is gathered at weigh stations and load 

equivalency factors are calibrated for various vehicle classes by planning units o f  state highway 

agencies. In this dissertation, the annual axle loading data is used to design the initial pavement 

structure and to predict pavement performance throughout the design life.
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3.3 Traffic and Axle Loading G row th Rates.

Growth rate is the variable utilized to forecast the future traffic volume and axle loading 

during the proposed analysis period o f  newly constructed pavements. The USDOT [50] reports a 

trend that both traffic volume and axle loading are increasing annually. The deregulation o f  the 

trucking industry, demands from new population centers, and advancements in truck 

aerodynamic and tire design technology has caused axle weights to increase dramatically. Table 

3-1 shows the annual growth rate for both traffic volume and axle loading on typical highways in 

the Western United States. Due to the disparity between the traffic loading and axle loading 

growth rates, it is prudent to consider both rates when projecting future traffic.

Location T raffic

Volume

, w .......

T ruck

Volume

<%)

T ra ile r

Volume

w  .

18 Kip 

Axle Weight

(%)

M T 1-94, Wilbaux 3.4 5.4 6.3 10.3

M T 1-94, Billings 4.0 8.1 13.1 18.3

MT 1-94, Butte 2.6 4.2 9.9 9.5

MT 1-94, Superior 3.9 9.5 10.4 10.4

WA 1-94, Cle Elum 2.1 4.3 5.6 8.5

W A 1-5, Vancouver 3.6 6.5 10.1 13.2

OR 1-5, Ashland 4.1 8.8 11.7 12.6

OR 1-5, Border 4.4 8.0 10.4 11.1

Average Value 3.5 6.8 9.7 11.8

Source: U S D O T [51],

Traffic Volume Annual Growth Rate.

The traffic volume growth rate is the anticipated proportion by which average daily 

traffic is projected to increase during the analysis period. The USDOT [51] states that the 

nationwide traffic growth rate for mixed vehicular traffic ranges from 2 to 5 percent with a mean 

value o f 3 percent. NYSDOT [25] indicates that the statewide traffic volume growth rate is 

roughly 3 percent. However, the New York State Thickness Design Manual [33] specifies that 

Regional Planning Units should be consulted for project level data for specific facilities.
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Axle Weight Growth Rate

The axle weight growth rate is the anticipated proportion by which the truck axle weights 

expand over time. This variable is sensitive in the design equations for both rigid and flexible 

pavements as stipulated by AASHTO. The USDOT Manual [51] suggests the use o f  a 3 percent 

annual growth rate but advises that growth rates up to 10 percent have been observed in recent 

years. The NYSDOT Thickness Design Guide [33] specifies that the annual axle weight growth 

rate varies from 0 to 4 percent, compounded continuously. NYSDOT advocates consulting the 

appropriate Regional Planning Unit in forecasting this value for specific highways.

3.4 Traffic Com position.

Traffic composition is the categorization o f vehicles in the traffic stream by class. The 

USDOT Manual [51] classifies traffic using the grouping system initiated by the Federal 

Highway Administration (FHWA) listed below:

FHWA Vehicle Vehicle Description
1 Motorcycles
2 Passenger Cars
3 Utility Vehicles (2 axle, 4 tire)
4 Buses
5 2 Axle, 6 Tire Single Unit Trucks
6 3 Axle Single Unit Trucks
7 4 Axle (or more) Single Unit Trucks
8 4 Axle (or less) Single Trailer Trucks
9 5 Axle Single Trailer Trucks
10 6 Axle (or more) Single Trailer Trucks
11 5 Axle (or Less) Multiple Trailer Trucks
12 6 Axle Multiple Trailer Trucks
13 7 Axle (or more) Multiple Trailer Trucks

Presently, most state agencies do not collect detailed traffic composition data at either the 

planning or project level. However, it is customary to collect simple traffic data such as ADT 

and percent heavy vehicles for state highway facilities. Table 3-2 illustrates the typical traffic 

composition on highways in the United States.

3.5 Load Equivalency.

The load equivalency factor is the variable which converts traffic volume to equivalent 

axle loads for individual vehicle types. As each vehicle passes over a  specific point in the 

pavement structure, the load causes the pavement to deflect and generates stresses in the
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Vehicle 1 R ural 

Type 1 H ighway (% )

Urban 

Highway (% )

Total 

H ighw ay (%)

Passenger Car 88.90 95.20 92.60

Bus 0.40 0.20 0.30

Single Unit Truck 3.50 2.00 2.60

Trailer Truck 7.20 2.60 4.50

Source : Traffic Engineering Handbook [14].

pavement structure. The magnitude o f the induced stresses is a function o f the axle weight, axle 

configuration, tire pressure, and pavement strength. Load equivalency factors, also known as 

truck factors, are used to convert the stresses caused by different vehicles into a standard load 

unit. The standard axle load utilized by the AASHTO Guide [2] and USDOT Manual [51] is the 

18 kip Standard Axle Loads (ESAL).

Load equivalency factors are calibrated by state highway agencies from data amassed at 

weigh stations situated throughout the United States and Canada. The NYSDOT Design Manual 

[33] designates the following load equivalency factors to be utilized for heavy vehicles, FHWA 

class 5 through 13, on state highways:

Flexible Pavements : 1.85 ESAL /  truck.

Rigid Pavement: 1.35 ESAL/ truck 

It should be noted that FHWA class 1 through 4 vehicles, which includes motorcycles, passenger 

cars, utility vehicles, and buses, have negligible load equivalency factors. Due to the 

insignificant damage as compared to the standard truck, these vehicle types are not considered in 

the analysis o f  the pavement structure except for the case o f a parkway.

3.6 Traffic Volum e and Axle Loading Com putation Equations.

Traffic Loading Computations.

The annual traffic volume during any year o f the analysis period is calculated using the 

following equation:

ADTn = (ADTi * 365X l+ & v)n

where: ADT„ Annual Yearly Traffic in year n. (veh/year)
ATD-, Initial Year ADT. (vehicles per day).
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gp, Growth Rate - Traffic Volume, (decimal)
n Years after Initial Construction, (years)

Axle Loading Computations.

The total axle loading is the sum o f  the 18-kip equivalent axle loads utilizing the design 

lane o f  the highway pavement throughout the analysis period. New York [33][34] presently 

specifies a 50 year analysis period for both flexible and rigid pavements. The design lane, as 

defined by AASHTO [2], is the most heavily traveled lane o f the highway pavement.

Directional Distribution

The directional distribution factor accounts for variations o f vehicular volume or axle 

weight by direction. The USDOT [51] advises that, under normal circumstances, this factor is 

50 percent. However, in distinctive circumstances where one direction has a heavier loading, the 

directional distribution factor should be modified. Examples o f such circumstances would 

include highways leading to quarries or port facilities where heavily laden trucks depart and 

empty trucks arrive.

Lane Distribution

On a multi-lane highway, truck traffic will occupy all travel lanes, but the highest

proportion of trucks ordinarily utilize the right lane. The percentage o f  trucks traveling in the

design lane is a function o f the highway volume and number of lanes in each direction. The

following mathematical relationships are used in the prediction o f the lane distribution factor:

2 Lane Highway DlllIie = 1.00
4 Lane Highway Dlime = {(ADT° M)(10236)}/100
6 Lane Highway Dlane = {(ADT° l3)( 102 39) }/100
Greater than 6 Lanes Dlane = {(ADT"° l3)(10239)}/100

where: ADT Average Daily Traffic (vehicles/day)
D,„e Lane Distribution Factor (decimal)

These relationships are developed in Appendix D o f this dissertation. As shown in Table 

3-3, the relationships, which take the form o f  the power equation, are statistically good fits o f the 

observed data.
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Dim,,. = ADT* * (10b)

20

Facility Type b a R2 r Fit

4 Lane Highway 2.36 -0.11 0.998 0.999 “Good”

6 Lane Highway 2.39 -0.13 0.995 0.997 “Good”

Initial Axle Loading Computation

The axle loading in the initial year of the analysis period is computed using the following 

equation:

W18i = ADT * HVh * LEF * Dd * D, * 365

where: W18j Initial Year Axle Loading (ESAL)
HV% Percent Heavy Vehicles (decimal)
LEF Load Equivalency Factor (ESAL/vehicle)
Dd Directional Distribution (decimal)
D, Lane Distribution (decimal)
365 Number o f days per year.

Cumulative Axle Weight Loading

The final step in the computation of axle loading is to calculate the number o f 

cumulative axle loads during any year o f  the analysis or performance period. The cumulative 

axle loading at any time during the analysis period is computed using the following equation:

W 18c = W18i[ ( l+ g J M /g J  

where: Wl8c Cumulative Axle Loads in year “n” (ESAL)
W18i Initial Year Axle Loads (ESAL)

Annual Axle Weight Growth Rate (decimal)
n Number o f Years into analysis period (Years)

3.7 Need For F u rth e r  Study.

The current methodologies used to compute traffic volume and axle loading is described 

in the AASHTO Guide For Design o f  Pavement Structures [2]. Due to the significance and 

sensitivity o f traffic data in most design equations, researchers are striving to improve the present 

technologies used to collect and predict traffic and axle loading data.

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



21

Vehicle Classification.

Many state highway agencies, including the NYSDOT [33], presently utilize the 

“simple” method for computing load equivalency factors. This method considers a single load 

equivalency factor for all trucks in FHWA class 5 through 13. It is commonly used because 

adequate planning level data is not available regarding traffic composition. However, the 

USDOT [50] has initiated compiling specific vehicle composition data in order to develop 

individual load equivalency factors for all 13 FHWA vehicle classifications. Upon completion, it 

will be feasible to implement the “rigorous” method o f traffic loading prediction as proposed in 

the USDOT [51] and 1993 NYSDOT Thickness Design Manual [32]. This alternative procedure 

has the potential to make traffic and axle loading predictions more precise.

Advanced Technologies.

Traffic data is a sensitive variable in pavement design equations, therefore, current and 

accurate data are essential in pavement design. Traditionally, axle weight information used to 

compute load equivalency factors has been gathered at weigh stations, thus, the monitoring 

process is time consuming, unreliable, and costly. Advanced technologies, such as weigh-in- 

motion scales, are now being implemented by state highway agencies to maintain an accurate, 

reliable record o f loading information. This versatile equipment monitors and records traffic 

data using high speed micro-processors without interfering with the flow o f the traffic stream. 

Traffic data assembled using this apparatus may be used to verify past design assumptions and 

re-evaluate initial design and maintenance needs based upon real-time data.
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CH APTER 4 - FLEX IBLE PAVEM ENT M ECHANISTIC DESIGN EQUATIONS.

4.1 SH RP-LTPP Flexible Pavement Studies.

Full depth flexible pavement studies were conducted by SHRP [44] during General 

Pavement Studies (GPS) 1 and 2. In total 386 full depth asphalt pavements were constructed,

253 test projects consisting o f asphalt concrete over granular base and subbase materials and 133 

test projects consisting o f asphalt concrete over bound base, treated asphalt or Portland cement 

concrete. Data collected from the test sections includes pavement roughness and primary distress 

data including rutting, thermal cracking, and fatigue cracking.

Initial SHRP [45] studies attempted to develop models with an inference space that 

included all o f the United States and Canada. The results o f these studies showed that it is not 

possible to develop a single, predictive model across such diverse environmental conditions 

which would adequately address the effects o f the variation of independent variables. Therefore, 

separate equations were developed for a combination o f pavement types, distress types, and 

environmental regions. Specific models were developed to predict pavement roughness, rutting, 

and thermal cracking for the four environmental regions shown in Figure 2-1.

Regarding flexible pavements, SHRP [45] has developed mechanistic equations to model 

pavement roughness, rut depth, and thermal cracking for each o f the four climate zones. Each 

predictive equation was the best of several hundred trial equations in terms o f  statistical 

parameters which minimized the colinearities between independent variables. The quantitative 

analysis in determining the correlation coefficient for the predictive equations was completed by 

SHRP as referenced in manual SHRP P-394 [45]. From a purely statistical point of view, if the 

correlation coefficient is greater than 0.85, the equation represents a good statistical fit of the 

data points [8][16]. However, additional statistical methods are needed to make a qualitative 

judgement as to the equation’s applicability in this dissertation. These methods include 

comparing SHRP regional to local data ranges, studying the sensitivity analysis o f independent 

variables with respect to available data, and weighing the implications o f  the computed 

correlation coefficients. For example, Table 4-2, shows a correlation coefficient o f 0.933 for 

roughness in the wet-freeze zone, indicating that the predictive equation is a statistically good fit 

o f  the observed data. Figure A-l o f Appendix A shows that axle loading, air voids, asphalt 

viscosity, HMA layer thickness, and freeze index are particularly sensitive variables in the
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predictive equation for the wet-freeze zone. For the New York case study, the data inputs 

representing these variables are obtainable, therefore, the predictive equation is appropriate for 

use. Results o f this analysis are shown in Tables 4-2, 4-4, and 4-6 for flexible pavement and. 

Tables 6-1, 6-2, 6-3, and 6-4 for rigid pavement.

4.2 Flexible Pavem ent Roughness Equations.

Pavement roughness is defined as unevenness of the pavement surface or general 

distortions of the pavement profile caused by settlement, construction variability, pavement 

surface distresses, traffic loading, and environmental factors. Roughness is measured in terms of 

International Roughness Index (IRI) in units o f inches per mile. The equations developed to 

predict flexible pavement roughness are detailed in Table 4-1. The predictive equations take the 

form o f the power equation:

IRI = NB 10c

where: IRI International Roughness Index (inch/mile).
N Number o f Cumulative KESAL.
B bQ (Calibrated Constant).
C cQ + C|X, + ......+ c„.v

The coefficients in the linear equation to determine the value o f variable C are a function of 

pavement design, mix properties, and regional climate factors.

Statistical Analysis
Table 4-2 shows the correlation coefficients for the predictive roughness equations 

developed for the four climatic regions. The correlation constant is greater than 0.85 for each of 

the regional equations, indicating that the equations are a good statistical fit o f the data. Overall, 

as the data set is reduced from the entire set to the regional equations, the value o f the correlation 

constant increases, indicating that the regional equations are better data fit. Since the regional 

equations are more statistically sufficient, they will be used for mechanistic analysis in this 

dissertation.
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Table 4-1 : Flexible Pavem ent Equations - Roughness 

4-1 A. Entire Data Set.

E xplanatory  V ariable (xi) Units Bi Ci

Constant Term 0.153 -0.000543

Asphalt Content % Weight 0 -0.016

Annual Precipitation Inches 0 0.000359

Asphalt Viscosity at 140 degrees (F). Poise 0 0.000036

Base Thickness Inches 0 -0.00335

Base Compaction (AASHTO) % Density 0 0.0113

Subgradc < No. 200 Sieve % Weight 0 0.00062

Freeze Index Degree-Day 0 0.000081

Annual Days > 90 degrees (F) * 

HMAC Thickness

Number

Inches

0 -0.000437

Annual Days > 90 Degrees (F) * 

Air Voids in HMAC

Number 

%  Volume

0 0.000178

Note : Stars (*) represent multiplication in these tables.

4 -1 B. W et - N o F re e z e  D a ta  Set.

E xplanatory  V ariable (xi) Units Bi Ci

Constant Term — 0.21 0.0233

Base Thickness Inches 0 -0.0372

Annual number o f  Days > 90 degrees (F). Days 0 0.00249

Annual Precipitation. Inches 0 0.0214

HMAC Thickness *

Base Compaction (AASHTO)

Inches 

% Density

0 -0.000761

Log (A ir Voids in HMAC) * 

Daily Temperature Range

% Volume 

Degrees

0 0.0322

Asphalt Viscosity at 140 degrees (F) * 

Log (Annual Freeze-Thaw Cycles+ 1)

Poise

Number

0 -0.000299

Asphalt Viscosity at 140 degrees (F) * 

Daily Temperature Range

Poise

Degrees

0 0.000017
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4-1C. Wet - Freeze Data Set.

E xplanatory  V ariable (xi) Units Bi Ci

Constant Term — 0.25 0.0403

Asphalt Viscosity at 140 degrees (F) Poise 0 0.00014

Air Voids in HMAC %  Volume 0 0.0704

Log (HMAC Thickness) Inches 0 0.314

Base Thickness Inches 0 -0.00162

Annual Number o f Days > 90 degrees (F) Days 0 -0.00165

Freeze Index * Degree-Days 0 0.000016

A ir Voids in HMAC %  Volume

4-1D. Dry - No Freeze Data Set.

E xplanatory  V ariable (xi) Units Bi Ci

Constant Term — 0.406 -0.00994

HMAC Thickness Inches 0 0.0255

Asphalt Viscosity at 140 degrees (F). Poise 0 0.00024

Base Thickness Inches 0 -0.0329

Annual Precipitation Inches 0 0.0124

Annual Number o f Days > 90 degrees * 

HMAC Thickness

Days

Inches

0 -0.00114

Subgrade < No. 200 Sieve * 

Annual Precipitation

% Weight 

Inches

0 0.000268

♦ jO jj^ F r e a e D a ta S e t
E xplanatory  V ariable (xi) Units Bi Ci

Constant Term — 0.271 0.00393

Asphalt Viscosity at 140 degrees (F) Poise 0 0.000317

Base Thickness Inches 0 0.024

Annual N um ber o f Days > 90 degrees (F) Days 0 -0.0125

Log (Air Voids in HMAC) * 

HMAC Thickness

%  Volume 

Inches

0 -0.00197

Freeze Index *

Annual N um ber o f  Days > 90 degrees (F)

Degree-Days

Days

0 0.000015
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T ab le  4-2 : Resress ion D ata For Flexib e Pavem ent Eau:itions. Roue mess.

D ata Set Equation

Form

n RJ r Statistical

Fit

NYSDOT

A dequacy

1. Entire Set. Power 108 0.650 0.806 "Marginal” —

2. Wet, N o Freeze Zone. Power 32 0.850 0.922 "Good" . . .

3. W et, Freeze Zone. Power 35 0.870 0.933 "Good” Adequate

4. Dry, No Freeze Zone. Power 27 0.950 0.975 "Good” —

5. Dry, Freeze Zone. Power 14 0.940 0.970 "Good” —

Source : Adapted from SHRP [45].

Sensitivity Analysis

Sensitivity analysis reflects the different ways in which the independent variables 

manifest themselves in the various predictive equations. This type o f  analysis shows how the 

dependent variable in the predictive equation is affected by varying the value of the independent 

variables throughout their expected range o f values. The Engineer may use this information to 

establish the importance o f each variable in the prediction of a specific distress and can 

qualitatively judge if assumptions can be tolerated in the case o f  missing data. Appendix A 

shows the sensitivity analysis for flexible pavement roughness and distresses, while Appendix B 

does the same for the rigid pavement predictive equations. In this dissertation, the sensitivity 

analysis performed proves the importance o f  climatic and environmental factors in the prediction 

o f distresses for pavements in New York State.

The sensitivity analysis for roughness models is shown in Figure A-l of Appendix A. 

Roughness is most sensitive to changes in traffic loading in the wet, freeze and dry, no freeze 

regions; m ost sensitive to changes in the freeze index in the dry, freeze region; and most sensitive 

to changes in the number o f daily freeze cycles in the wet, no freeze region. Basic trends in other 

design variables which change the pavement structure are HMAC thickness and base thickness.

An increase in the thickness o f  the HMAC layer will result in:

* Substantial decrease in roughness in the wet, no freeze region.

* Substantial decrease in roughness in the dry, no freeze region.

* Increased roughness in the wet, freeze region.
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* Very slight decrease in the dry, freeze region.

An increase in the thickness o f the base and subbase layer will result in:

* Substantial decrease in roughness in the wet, no freeze region.

* Substantial decrease in roughness in the dry, no freeze region.

* Slight decrease in roughness in the wet, freeze region.

* Substantial increase in roughness in the dry, freeze region.

These basic trends help the engineer in making design decisions which best suit the pavement in 

his region o f the country.

4.3 Flexible Pavem ent Distress Equations - Rutting.

Rutting is longitudinal surface depressions in the pavement wheel paths caused by 

insufficient pavement thickness, unstable base, insufficient base compaction, excessive tire 

pressures, or permanent wear due to traffic abrasion. Rut depth is measured in units o f inches in 

the centerline o f each wheel path. The equations developed to predict flexible pavement rutting 

are shown in table 4-3. The predictive equations take the form of the power equation:

RD = NB 10C

where: RD Rut Depth (inches).
N Number o f Cumulative KESAL.
B b0 + b,x, + ......+ bnx„.
C c0 + c,x, + ......+ c„x„.

The coefficients in the linear equations to determine the values o f variables B and C are a 

function o f  pavement design, mix properties, and regional climate factors.

Statistical Analysis

Table 4-4 shows the correlation coefficients for the predictive equations developed for 

the four climate regions and for the entire data set. The correlation constant for each o f  the 

climate regions is greater than 0.8S indicating that predictive equation is a good statistical fit for
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Table 4-3 : Flexible Pavem ent Equations - Rutting.

4-3A. Entire Data Set.

E xplanatory  V ariable (xi) Units Bi Ci

Constant Term — 0.151 -0.00475

Log (HMAC Aggregate < No. 4 Sieve) %  Weight 0 -0.596

Log (Air Voids in HMAC) %  Volume -726 0

Log (Base Thickness) Inches 0 0.19

Subgrade < No. 200 Sieve %  Weight 0 0..00582

Freeze Index Degree-Days 0.000008 0

Log (HMAC Thickness) * Inches 0 -0.161

Log (Base Thickness) Inches

4-3B. Wet - No Freeze Data Set.

E xplanatory  V ariable (xi) Units Bi Ci

Constant Term — 0.0739 0.00998

Log (HMAC Aggregate < No. 4 Sieve) % Weight 0 -0.373

Log (Air Voids in HMAC) % Volume 0 -0.215

Subgrade < No. 200 Sieve %  Weight -0.00056 0

Annual Number o f  Days > 90 Degrees (F) Days 0 -0.00022

Log (Annual Freeze-Thaw Cycles + 1) Number 0 0.0337

Log (HMAC Thickness) * Inches 0 -0.135

Log (Base Thickness) Inches

4-3C. Wet - Freeze Data Set.

I E xplanatory  V ariable (xi) Units Bi Ci

Constant Term — 0.183 0.0289

Log (Air Voids in HMAC) % Volume 0 -0.189

Log (HMAC Thickness) Inches 0 -0.181

Log (HMAC Aggregate < No. 4 Sieve) % W eight 0 -0.592

Asphalt Viscosity at 140 Degrees (F) Poise 0 0.000018

Log (Base Thickness) Inches 0 -0.436

Annual Precipitation * Inches 0 0.000002

Freeze Index Degree-Days
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4-3D. Drv - No Freeze Data Set.

E xplanatory  V ariable (xi) Units Bi Ci

Constant Term — 0.156 -0.00163

Log (HMAC Aggregate < No. 4 Sieve) % Weight 0 -0.628

Log (HMAC Thickness) Inches 0 0.0918

Log (A ir Voids in HMAC) % Volume -0.0988 0

Base Thickness Inches 0 0.00257

Subgrade < No. 200 Sieve %  Weight 0 0.00153

Annual Precipitation * Inches 0 0.0000066

Annual Number of Days > 90 Degrees (F) Days

4-3  E . D ry  -  F re e z e  D a ta  Set.

E xplanatory V ariable (xi) Units Bi Ci

Constant Term — 0.0349 0.00451

Log (HMAC Thickness) Inches 0 0.06

Base Compaction (AASHTO) % Density 0 -0.00849

Base Thickness * 

Log (HMAC Thickness)

Inches

Inches

0 0.00875

Log (Subgrade < No. 200 Sieve) * 

Log (Freeze Index +1)

% Weight 

Degree-Days

0 0.0107

Log (Subgrade < No. 200 Sieve) * 

Log (A ir Voids in HMAC)

%  Weight 

%  Volume

0 -0.00567

the observed data. Similar to flexible pavement roughness, there is less variance for the regional 

equations than for the entire data set. The regional rutting equations are statistically sufficient 

for the limited use proposed in this dissertation.

Sensitivity Analysis.
The sensitivity analysis for the developed rutting equations are shown in Figure A-2 o f 

Appendix A. The plots illustrate the change in rut depth achieved by varying the value o f  each 

independent variable throughout its expected range. Flexible pavement rutting is most sensitive 

to variance in traffic loading except in the dry, freeze region where it is most sensitive to changes
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Table 4 - 4 : Reeressitin D ata Fo r Flexible Pavem ent Eo uations. Ru ttine.

Data Set Equation

Form

n R* r Statistical

F it

NYSDOT

Adequacy

I . Entire Set “Power” 152 0.450 0.671 “Marginal” —

2. Wet, No Freeze Zone. "Power” 41 0.720 0.849 “Good” —

3. Wet, Freeze Zone. “Power” 41 0.730 0.854 “Good” Adequate

4. Dry, No Freeze Zone. “Power” 36 0.750 0.866 “Good” —

5. Dry, Freeze Zone. “Power” 44 0.850 0.922 “Good" . . .

Source : Adapted from SHRP [45],

in the base compaction. With regard to pavement thickness design variables, the following 

trends are observed.

An increase in the thickness o f  the HMAC layer will lead to:

* A decrease in rutting in the wet, no freeze region.

* A slight increase in rutting in the dry, no freeze region.

* A decrease in rutting in the wet, freeze region.

* An increase in rutting in the dry, freeze region.

An increase in the thickness o f  the base and subbase layers will lead to:

* A slight decrease in rutting in the wet, no freeze region.

* A slight decrease in rutting in the dry, no freeze region.

* A slight decrease in rutting in the wet, freeze region.

* An increase in rutting in the dry, freeze region.

4.4 Flexible Pavem ent Distress Equations - T herm al Cracking.

Thermal cracks are visible fractures or separations of the pavement surface perpendicular 

to the pavement centerline caused by pavement shrinkage, frost action, or base settlement. 

Thermal cracking is measured as the number o f cracks per mile o f pavement. The equations 

which relate thermal cracking to pavement age in flexible pavements are shown in Table 4-5.

The predictive models again take the form o f a power equation:
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Where: CS Crack Spacing (feet).
N Pavement Age (years).
B b0 + b,x, + ..... + bn.v
C c0 + c,x, + ..... + cnx„.

The coefficients in the linear equations to determine the values o f variable B and C are functions 

o f pavement design, mix properties, and regional climate factors.

T ab le  4-5 : Flexible Pavem ent Equations - Therm al C racking 

4 -5 A . E n ti r e  D a ta  S e t.

E xp lanato ry  V ariable (xi) Units Bi Ci

Constant Term . . . -0.205 0.282

Log (HMAC Thickness) Inches 0 0.341

A ir Voids in HMAC % Volume 0 0.00686

Log (Base Thickness + 1) Inches 0 -0.0031

Base Compaction (AASHTO) % Density 0 0.00646

Asphalt Viscosity at 140 Degrees (F)* Poise 0 0.00013

Log (Base Thickness + 1) Inches

Log (Annual Precipitation) * Inches 0 0.301

Log (Base Thickness +1) Inches

4 -5D . D rv  - N o F re e z e  D a ta  S e t

E x p lana to ry  V ariable (xi) Units Bi Ci

Constant Term — -0.241 -0.00155

HMAC Thickness Inches 0 -0.0282

Log (Base Thickness +1) Inches -0.147 0

Log (Annual Precipitation) Inches 0 1.89
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4-5B. Wet - No Freeze Data Set.

E xplanatory V ariable (xi) Units Bi Ci

Constant Term . . . -1.12 0.0131

Log (Freeze Index + 1) Degree-Days 0 0.733

Log (Annual Precipitation) Inches 0 0.534

HMAC Thickness ♦
Log (Asphalt Viscosity at 140 Degrees (F))

Inches
Poise

0 0.0109

Base Thickness * 
Asphalt Content

Inches 
%  Weight

0 -0.00587

Base Compaction (AASHTO) * 
Daily Temperature Range

% Density 
Degrees

0 0.000295

4 -S C . W e t - F reeze  D a ta  S e t.

Explanatory V ariables (xi) Units Bi Ci

Constant Term — -0.106 -0.0201

HMAC Aggregate < No. 4 Sieve % Weight 0 -0.0131

HMAC Thickness Inches -0.00474 0

Log (Annual Precipitation) Inches 0 1.84

Annual Number o f  Days > 90 Degrees (F) Days -0.054 0

Base Thickness *
Log (Annual Precipitation)

Inches
Inches

0 -0.0159

Base Thickness *
Annual Number o f Days > 90 Degrees (F)

Inches
Days

0 0.0024

Subgrade < No. 200 Sieve * 
Log (Annual Precipitation)

% Weight 
Inches

0 0.00408

^ S E Jttrj^ F regeto taS et

I E xplanatory V ariables (xi) Units Bi Ci

Constant Term — -0.425 0.0468

Log (Annual Traffic) KESAL 0 0.854

Base Thickness Inches 0 -0.00853

Freeze Index Degree- Days 0 0.00013

HMAC Thickness * 
Base Thickness

Inches
Inches

0 0.00398

HMAC Thickness *
Asphalt Viscosity at 140 Degrees (F)

Inches
Poise

0 0.000016

HMAC Thickness *
Log (Subgrade < No. 200 Sieve)

Inches 
%  Weight

0 -0.035
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E xplanatory V ariables (xi) Units Bi Ci

Asphalt Viscosity at 140 Degrees (F) * 
Log (Subgrade < No. 20 0 Sieve)

Poise
%Weight

0 0.00011

Statistical Analysis.

Table 4-6 shows the correlation coefficients for the predictive equations developed for 

the four environmental regions and for the entire data set. The correlation constant for each of 

the climate regions is greater than 0.85 indicating that the equation is a good statistical fit o f  the 

observed distress data. The regional equations are an improvement over the entire data set as 

indicated by the reduction in variance. Overall, the regional thermal cracking equations are 

statistically sufficient for the limited use proposed in this dissertation.

Table 4-6 : Regression D ata For Flexible ’avemen t E auations. Therm al Cracking.

D ata Set E quation

Form

n R1 r Statistical

Fit

N YSDOT

A dequacy

1. Entire Set. "Power" 118 0.370 0.608 "Marginal" —

2. Wet, No Freeze Zone. "Power" 17 0.850 0.922 “Good” —

3. Wet. Freeze Zone. “Power” 44 0.860 0.927 "Good” Adequate

4. Dry, No Freeze Zone. "Power” 23 0.860 0.927 "Good" —

5. Dry, Freeze Zone. “ Power" 34 0.780 0.883 "Good" —

Source : Adapted from SHRP [45].

Sensitivity Analysis.

The sensitivity analysis for the crack spacing equations are shown in Figure A-3 o f 

Appendix A. Crack spacing is most sensitive to pavement age in the wet, no freeze region; most 

sensitive to annual precipitation in the dry, no freeze region; most sensitive to annual days above 

90 degrees Fahrenheit in the wet, freeze region; and most sensitive to asphalt viscosity in the dry, 

freeze region. The following trends are observed relative to pavement thickness variables.

An increase in HMAC layer thickness will lead to:

* A decrease in crack spacing in the wet, no freeze region.

* An increase in crack spacing in the dry, no freeze region.

* A slight increase in crack spacing in the wet, freeze region.
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* A decrease in crack spacing in the dry, freeze region.

An increase in the base and subbase thickness will lead to:

* An increase in crack spacing in the wet, no freeze region.

* A slight increase in crack spacing in the dry, no freeze region.

* An increase in crack spacing in the wet, freeze region.

* A decrease in crack spacing in the dry, freeze region.

4.5 G eneral Results and O bservations.

As shown in Chapter 5, the results o f the mechanistic design analysis show that the 

AASHTO [2] design procedure for flexible pavement over-estimates the number o f loads 

required to cause a specific loss o f serviceability, especially for cases o f higher axle loading. 

Therefore, using the AASHTO equation may result in pre-mature aging and failure o f the 

pavement structure.

The sensitivity analysis shows that environmental factors have a significant effect upon 

the performance o f a flexible pavement structure. The AASHTO equation fails to incorporate 

specific environmental factors including average annual precipitation, freeze index, average days 

below freezing (32 degrees Fahrenheit), and average days above 90 degrees Fahrenheit into the 

design equation. As per the above referenced sensitivity analysis, these design variables have a 

statistically significant effect on pavement roughness, rutting, and thermal cracking.

Layered design theory, the basic assumption underlying the AASHTO [2] flexible design 

theory, is shown to be invalid by mechanistic analysis. Layered design theory combines the 

strength properties, drainage properties, and thickness o f  each layer into a composite variable, 

the structural number. Mechanistic analysis shows that simply increasing layer thickness o f 

HMAC and base courses as per AASHTO [2] will not improve pavement performance, and in 

some climate regions will lead to increased distress. However, mechanistic analysis completed 

in this dissertation does show that altering the properties o f individual layers and the design mix 

has a positive impact on roughness, rutting, and thermal cracking. Material properties such as 

gradation, compaction, and moisture content may be adjusted so that pavement performance is
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optimized. Additionally, HMAC mix design properties such as percent o f air voids, asphalt 

content, asphalt viscosity, and aggregate gradation, may be modified to meet climate and loading 

conditions.

4.6 Effects o f Superpave Specifications.

The mechanistic analysis completed in this dissertation shows that Superpave 

specifications, issued by many state highway agencies, will have a positive effect on flexible 

pavement design in terms o f improved mix design and construction quality.

Superpave asphalt concrete mixes are designed to address specific pavement problems 

and distresses such as rutting and thermal cracking. In New York, Superpave mixes make 

adjustments to the aggregate gradation and asphalt cement properties depending on the predicted 

level o f traffic and climate region. For pavements expected to carry higher traffic loadings, 

larger aggregate is specified for the binder and top courses to stabilize the mix thereby reducing 

wheel path rutting. As well, changes in the performance grade o f asphalt cement content and 

viscosity are based on the predicted environmental conditions and help to reduce thermal 

cracking in the HMAC structure.

Superpave asphalt concrete mixes have specifications designed to improve construction 

quality. Laboratory testing o f the Superpave mix is conducted using the gyratory compactor, 

rather than the traditional Marshall hammer. The gyratory compactor better represents the field 

loading conditions which are encountered by a flexible pavement structure throughout its design 

life. As well, many state highway agencies have developed quality assurance or quality control 

(QA/QC) specifications designed to improve the quality o f construction o f superpave mixes. 

When implementing QA/QC specifications, contractors are given additional payment for high 

quality paving operations or less payment for a poor product. The nuclear density gauge is used 

to measure the overall quality o f paving with the idea that a better product will lead to a longer 

serviceable pavement life.

New York State Department o f  Transportation (NYSDOT) is presently considered a lead 

state in the implementation o f SHRP and superpave products and specifications [24].
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4.7 Need F o r F u rth e r Study.
It is expected that the collection o f  additional data will lead to more refinement and

betterment o f the predictive equations developed for flexible pavement roughness, rutting, and 

thermal cracking.

Fatigue Cracking.

SHRP has been collecting data regarding fatigue cracking, a primary distress in flexible 

pavements. Fatigue cracking, also called alligator cracking, are connected cracks located within 

the pavement wheel paths which form multi-sided, sharp angled pieces in a pattern resembling 

the skin o f an alligator. This distress is caused by fatigue due to the cyclic loads over the life of 

the pavement and is often the result o f  unstable base materials, inadequate drainage, or 

insufficient pavement thickness. This is a significant distress because its presence signifies the 

failure o f the pavement structure. In cold climates, it is assumed that fatigue cracks propagate 

from the bottom bound layer towards the surface, therefore, is difficult to quantify in its initial 

stages. To-date, very few of the flexible pavement test sections have been observed to develop 

this distress. Therefore, statistically accurate predictive equations for this distress could not be 

developed and future analysis is warranted.

Skid Resistance o f Pavement Surface.

SHRP has also been collecting data which will be used to predict the loss o f surface 

friction. Loss o f surface friction occurs as continual traffic loading wears the pavement surface. 

The loss o f surface texture is a serious problem because it affects the safety o f a given pavement. 

Presently, the data collected is not adequate to determine an accurate, meaningful model.
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CHAPTER 5 - ADAPTING T H E  M ECHANISTIC EQUATIONS T O  IM PROVE TH E 
EXISTING NYSDOT FLEX IBLE PAVEMENT DESIGN PROCEDURE.

5.1 Existing NYSDOT Flexible Pavem ent Design Tables - AASHTO M ethods.

The present pavement design methodology used by the New York State Department o f 

Transportation (NYSDOT) for the design o f flexible pavements is outlined in the New York 

State Thickness Design Manual For New and Reconstructed Pavements [33][34]. The design is 

based upon the layered analysis theory described by AASHTO [2]. Independent design variables 

such as materials, subgrade, and construction practices have been calibrated to reflect statewide 

conditions [9]. The selection o f HMAC thickness is dependent upon two primary independent 

variables, the predicted traffic loading in standard 18 kip axles (ESAL) and the Resilient 

Modulus of the subgrade soil. To improve drainage, a 4 inch layer o f permeable asphalt treated 

base material is placed below the HMAC layer. To improve subbase support, a 12 inch layer o f 

granular subbase is standard in design. Where very heavy traffic loads are anticipated, or 

locations where subgrade improvement is warranted, a layer o f select granular fill may be placed 

below the subbase material. The present design chart, as specified by NYSDOT [34], is shown 

in Table 5-1.

5.2 Flexible Pavem ent Roughness Equation Calibration.

The predictive equation for flexible pavement roughness takes the following form:

IRI = N025 10c

C = 0.0403 + 0.00014A C ^  + 0.0704 ACvojd + 0.314 logCAC^J - 0.00162 - 0.00165 DGT +
0.00001628 (FI*ACvoid)

Where: IRI Roughness (International Roughness Index) (inch/mile)
N Cumu lative KESAL (1000 ESAL)
ACyjj,. Asphalt Viscosity (Poise)
ACvoid Asphalt Air Voids (% Volume)
A C ^  HMAC Layer Thickness (inch)
B ^  Base Layer Thickness (inch)
DGT Annual Days Greater Than 90 Degrees (days)
FI Freeze Index.
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Table 5 -1 : NYSDOT Flexible Pavem ent Design.

38

Mr 4000 psi M r 5000 psi Mr 6000 psi

18 Kip 
ESAL 

(1(T6))

HMAC
Thick.
(Inch)

Fill
Thick.
(Inch)

18 Kip 
ESAL 

(10-6))

HMAC
Thick.
(Inch)

Fill
Thick.
(Inch)

18 Kip 
ESAL 
(10-6)

HMAC
Thick.
(Inch)

Fill
Thick
(Inch)

0-1 5 0 0-2 5 0 0-3 5 0

1-2 6 0 2-4 6 0 3-6 6 0

2-4 7 0 4-7 7 0 6-11 7 0

4-8 8 0 7-13 8 0 11-20 8 0

8-13 9 0 13-23 9 0 20-35 9 0

13-23 10 0 23-40 10 0 35-60 10 0

23-45 10 6 40-70 10 6 60-110 10 6

45-80 10 12 70-130 10 12 110-200 10 12

80-140 10 18 130-235 10 18 200-360 10 18

140-240 10 24 235-400 10 24 360-500 10 24

240-400 10 30 400-500 10 30 ---- ---- ----

400-500 10 36 ---- ---- ---- ---- ---- ----

Mr 7000 psi Mr 8000 psi M r 9000 psi

18 Kip 
ESAL 
(10-6)

HMAC
Thick.
(Inch)

Fill
Thick.
(Inch)

18 Kip 
ESAL 
(10-6)

HMAC
Thick.
(Inch)

Fill
Thick.
(Inch)

18 Kip 
ESAL 
(10-6)

HMAC
Thick.
(Inch)

Fill
Thick.
(Inch)

0-4 5 0 0-6 5 0 0-8 5 0

4-8 6 0 6-12 6 0 8-15 6 0

8-16 7 0 12-20 7 0 15-30 7 0

16-30 8 0 20-40 8 0 30-50 8 0

30-50 9 0 40-65 9 0 50-90 9 0

50-85 10 0 65-115 10 0 90-150 10 0

85-160 10 6 115-215 10 6 150-280 10 6

160-290 10 12 215-395 10 12 280-500 10 12

290-500 10 18 395-500 10 18 ---- ---- ----
Notes;
1. 500 million ESAL is practical limit o f  traffic volume.
2. Regional Soils Engineer should be contacted to determine proper value o f  Mr.

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



39

Table 5-2 shows the design input and predicted roughness for the existing NYSDOT 

flexible pavement design alternatives resulting from mechanistic analysis. The table shows that 

the predicted roughness will exceed the terminal roughness o f 170.00 inch per mile for 10 inch 

HMAC pavements above 85 million axle loads during the 50 year analysis period. Therefore, for 

the more heavily loaded pavements, the present NYSDOT catalog design table does not provide 

an adequate cross-section to support the number o f load applications to terminal serviceability. 

Mechanistic analysis also has proven the expected trend that increasing the HMAC thickness, 

given the same axle loading, will increase the predicted roughness for flexible pavements in the 

wet-freeze climate zone. Finally, it is noted that although the NYSDOT [33] design table 

considers two primary independent variables in flexible pavement design , axle loading and soil 

resilient modulus, the predictive equation for roughness does not consider soil strength as an 

independent variable.

Table 5-2 : Flexible P avem en t: Roughness Prediction.

HMA

Layer

Thick.

(inch)

Base

Layer

Thick.

(inch)

Input Output

Asphalt

Vise.

(Poise)

HMAC

Voids

(%Vol)

Days > 

90 Deg. 

(day)

Freeze

Index

(d-days)

Traffic

Volume

KESAL

B C Change

IRI

(in/mi)

Final

IRI

(in/mi)

5 14 1600 4.0 9 925 4000 0.25 0.79 48.82 74.82

6 14 1600 4.0 9 925 8000 0.25 0.81 61.48 87.48

7 14 1600 4.0 9 925 16000 0.25 0.83 76.74 102.74

8 14 1600 4.0 9 925 30000 0.25 0.85 93.64 119.64

9 14 1600 4.0 9 925 50000 0.25 0.87 110.40 136.40

10 14 1600 4.0 9 925 85000 0.25 0.88 130.30 156.30

10 19 1600 4.0 9 925 160000 0.25 0.87 149.81 175.81

10 24 1600 4.0 9 925 290000 0.25 . 0.87 170.61 196.61

10 29 1600 4.0 9 925 500000 0.25 0.86 191.89 217.89

Notes:
1. Base layer thickness includes permeable AC base, subbase course, and select fill (Adjusted by layer coefficients).
2. Initial roughness (IRI) = 26.00 inch/mile.
3. Terminal roughness (IRI) = 170.00 inch/mile.

5.3 Flexible Pavem ent Distress E quation Calibration - Rutting.

The predictive equation for flexible pavement rutting takes the following form:
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RD =  N 0183 10c

C = 0.0289 - 0.189 log (ACvoid) - 0.181 log (A C ^ J  - 0.592 log (AGG) + 0.0000180 A C ^  -
0.0436 log ( B ^ J  + 0.0000323 (PRE * FI)

W here: RD Predicted Rut Depth (inch).
ACvoid Voids in HMAC Layer (% Volume).
AC,hirL HMAC Layer Thickness (inch).
AGG HMAC Aggregate passing Number 4 Sieve (% Weight).
ACvjK. Asphalt Viscosity (Poise).
B,hirt Base Layer Thickness (inch).
PRE Annual Precipitation (inch).
FI Freeze Index (degree-days).

The NYSDOT Pavement Condition Guide [28] defines wheelpath rutting as longitudinal 

surface depressions in the wheelpath due to insufficient pavement thickness, unstable base, 

insufficient compaction, and pavement wear due to traffic abrasion. Rutting has the following 

levels o f severity:

Low Severity - Less than 0.38 inch.

Medium Severity - 0.38 inch through 0.75 inch.

High Severity - Greater than 0.75 inch.

Low severity rutting may be effectively repaired by shimming in the wheel ruts [30]. Medium to 

high severity rutting is corrected by milling the entire pavement surface and overlaying with a 

single course overlay [30]. If high severity, frequent rutting is most likely a sign o f  subgrade 

failure and usually warrants pavement reconstruction.

Table 5-3 displays the design variable input and predicted rutting for the existing 

NYSDOT flexible pavement design alternatives based upon mechanistic design analysis. As per 

the table, low severity rutting is expected for design alternatives 1 to 3, and medium severity 

rutting is for design alternatives 4 to 9, during the analysis life o f the flexible pavement. 

Mechanistic analysis has also been used to verify the trend that increasing the HMAC thickness, 

given a  fixed axle loading, will slightly decrease the rutting distress. As seen in the table, the 

present NYSDOT design does not increase the pavement thickness to limit rutting in proportion 

to the axle loading. Heavy duty asphalt, rut avoidance asphalts, and Superpave asphalt mixes 

will lessen the affects o f rutting by adjusting aggregate size to improve mix stiffness.
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Table 5-3 : Flexible P avem en t: R utting Distress.

HMA

Layer

Thick.

(Inch)

Base

Layer

Thick.

(Inch)

Input Output

Asphalt

Vise.

(Poise)

HMAC 

Voids 

(%  Vol)

Aggreg. 

Pass #4 

(%  Wt.)

Annual

Precip.

(Inch)

Freeze

Index

(d-day)

Traffic

Vol.

KESAL

B C Rut

Depth

(Inch)

5 14 1600 4.0 65.0 38 925 4000 0.183 -1.19 0.29

6 14 1600 4.0 65.0 38 925 8000 0.183 -1.21 0.32

7 14 1600 4.0 65.0 38 925 16000 0.183 -1.22 0.36

8 14 1600 4.0 65.0 38 925 30000 0.183 -1.23 0.39

9 14 1600 4.0 65.0 38 925 50000 0.183 -1.24 0.42

10 14 1600 4.0 65.0 38 925 85000 0.183 -1.25 0.45

10 19 1600 4.0 65.0 38 925 160000 0.183 -1.25 0.50

10 24 1600 4.0 65.0 38 925 290000 0.183 -1.26 0.55

10 29 1600 4.0 65.0 38 925 500000 0.183 -1.26 0.61

Notes:
1. Base layer thickness includes permeable AC base, subbase, and select fill layer (adjusted by layer coefficients).
2. Low severity rutting - less than 0.38 inches. [28]
3. Medium severity rutting - 0.38 to 0.75 inches. [28]
4. High severity rutting - more than 0.75 inches. [28]

5.4 Flexible Pavem ent Distress E quation Calibration • Therm al Cracking.

The predictive equation for thermal cracking takes the following form:

CS = Nb 10c

B = -0.106 -0.0074 AC*,* - 0.0504 DGT

C = -0.0201 - 0.0131 AGG + 1.84 PRE - 0.0159 (AC** * log (PRE)) + 0.0024 ( A C ^  * DGT) +
0.00408 ( SUB * log(PRE»

c s Predicted Crack Spacing (feet).
ACthick HMAC Layer Thickness (inch).
DGT Annual Days Greater Than 90 Degrees (days).
AGG Aggregate Passing Number 4 Sieve (% Weight).
PRE Annual Precipitation (inch).
SUB Subbase Passing Number 200 Sieve (% Weight).

The NYSDOT Pavement Condition Guide [28] defines full width transverse cracking as 

fractures or separations o f the pavement surface due to shrinkage, frost action, or base settlement. 

There are three levels o f thermal crack severity:

* Low Severity Cracking - A single crack.
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* Medium Severity Cracking - Multiple Cracks that have been raveling.

* High Severity Cracking - Multiple Cracks that have formed potholes.

Low and medium severity cracking is treated with bituminous crack filler as part o f preventative 

maintenance. High severity cracking is treated by asphalt pothole patching. A flexible pavement

Table 5-4 : Flexible Pavement: Transverse Crack Spacing Distress.
HMA

Layer

Thick.

(Inch)

Base

Layer

Thick.

(Inch)

Input Output

Subbase 

> #200  

(% Wt.)

Aggreg. 

Pass #4 

(% Wt.)

Annual

Precip.

(Inch)

Days > 

90 deg. 

(Days)

Pave.

Age

(years)

B C Crack

Spacing

(feet)

5 14 10 65 38 9 50 -0.616 2.05 10.10

6 14 10 65 38 9 50 -0.620 2.05 9.91

7 14 10 65 38 9 50 -0.625 2.05 9.73

8 14 10 65 38 9 50 -0.630 2.05 9.55

9 14 10 65 38 9 50 -0.635 2.05 9.38

10 14 10 65 38 9 50 -0.639 2.05 9.21

10 19 10 65 38 9 50 -0.639 2.03 8.84

10 24 10 65 38 9 50 -0.639 2.02 8.49

10 29 10 65 38 9 50 -0.639 2.00 8.15

Notes:
1. Base thickness includes permeable AC base, subbase, and select fill thickness (adjusted by layer 
coefficient).
2. Includes low, medium, and high severity cracks.

which exhibits frequent, high severity cracks indicates pavement failure and should be 

reconstructed. The above referenced equation only predicts low to medium severity thermal 

cracking.

Table 5-4 shows the input variables and predicted thermal cracking for the existing 

NYSDOT flexible pavement design alternatives based upon mechanistic analysis. The table 

indicates that crack spacing would be frequent by the time the flexible pavement reaches its 50 

year design life. Performance grade asphalt mixes, used with Superpave technologies, adjust the 

liquid asphalt content in the overall mix in order to minimize thermal cracking.
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5.5 Recommended Improvements to the Existing NYSDOT Flexible Design Equations.

Mechanistic analysis was utilized to recommend improvements to the present flexible 

pavement design tables [34] utilized by NYSDOT. Based on sensitivity analysis, the following 

general trends are observed:

1. The predictive equations for roughness, rutting, and thermal cracking are sensitive to changes 

in HMAC thickness, but not very sensitive to changes in base thickness.

2. Increasing the HMAC layer thickness will increase the predicted roughness.

3. Increasing the HMAC layer thickness will slightly decrease the quantity o f predicted rutting.

4. Increasing the HMAC layer thickness will slightly increase the quantity o f predicted thermal 

cracking.

Based on mechanistic analysis performed in this dissertation, the following design 

changes are recommended to improve flexible pavement performance.

1. Decrease the percentage o f aggregate passing the number 4 sieve (0.25 inch) from 65 percent 

to 40 percent. A greater percent o f larger aggregate in the asphalt mix will increase the stability 

and stiffness. This improvement will vastly decrease thermal cracking and while having 

negligible adverse effects on roughness and rutting.

2. Adjust the viscosity o f  the asphalt cement based on the regional climate. A decrease from 

1600 poise to 1200 poise is made in this dissertation. The result will be improved performance 

o f the mix causing a decrease in both roughness and rutting. It should be noted that NYSDOT 

[24] already has guidelines in place which specify different performance grades for asphalt 

cement based on climate to be utilized with Superpave mixes.

3. Decrease the percent o f air voids in the mix from 4 to 6 percent to 4 percent by volume. The 

result will be a denser HMAC layer which will reduce pavement roughness while having an 

inconsequential negative effect on rutting. It should be noted that NYSDOT [24] already has 

specifications in place for heavy duty and Superpave asphalt mixes which allow contractors a 

plant production bonus based on the air void content by volume of the asphalt concrete mix. As 

well, NYSDOT [24] has specifications in place for heavy duty and Superpave mixes which allow 

contractors a density quality adjustment based on the field measured density o f the asphalt 

concrete as determined by non-destructive testing. Both adjustments bonuses are paid upon 

verification that proper paving techniques have been used and that distresses due to improper 

paving techniques such as bleeding and raveling are not present.
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5.6 Life Cycle Maintenance Requirements.

Figures E-l, E-2, and E-3 o f Appendix E plot the predicted propagation o f pavement 

roughness, rutting, and thermal cracking, respectively, for the improved flexible pavement design 

alternatives during their 50 year analysis period. Figure E-l shows that, for flexible pavement, 

roughness increasing rapidly at first then leveling to a steady state increasing rate. Figure E-2 

shows that a similar relationship exists between rut depth and pavement age. Figure E-3 displays 

that there is similar, but inverted, relationship between the number o f thermal cracks and 

pavement age. The curve is inverted because crack spacing, rather than number o f cracks, is 

modeled. An unexpected trend o f the prediction equations, observed for the flexible pavement 

design alternatives, is that roughness and distress propagation increases as the HMAC layer 

thickness is increased. It is expected that as the strength o f the pavement structure is increased 

(by increasing the HMAC layer thickness), that the pavement deterioration will be decreased. 

However, it is noted that this trend only occurs in the wet-freeze climate region.

The predictive equations may also be utilized to forecast the life cycle maintenance 

requirements o f a flexible pavement structure. As per the present NYSDOT manual [34], it is 

expected that periodic preventative pavement maintenance will be required throughout the 50 

year analysis period, however, no specific maintenance treatment is mandated. Based on the 

roughness and distresses calculated using the predictive equations, it is possible to determine the 

combination o f periodic corrective treatments that are needed. In this dissertation, preventative 

maintenance consists o f treatments which correct minor defects and may slow down the rate of 

deterioration for up to 8 years. Corrective maintenance is correcting distresses and upgrading the 

pavement surface including improving strength, friction, ride quality and appearance for 8 years 

or until more extensive treatments are needed.

The maintenance treatments in this dissertation represent the theoretical, scheduled 

maintenance needs in response to the distresses predicted by mechanistic analysis. The 

individual strategies are implemented at fixed intervals, at which time the predicted distresses 

will be corrected. The following treatments will be employed as part o f the overall flexible 

pavement maintenance strategy.

1. Crack Filling. Using improved asphalt cements and placement equipment, crack filling has an 

expected service life o f  5 years [38]. This treatment is scheduled maintenance to be implemented
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at 5 year intervals throughout the pavement analysis period to remedy thermal cracking.

2. Patching and Shimming. Milling, patching, and shimming is used to correct low severity 

rutting, medium severity rutting, and high severity thermal cracking. This flexible pavement 

repair has an expected service life of 10 years and will be implemented at 10 year intervals as a 

responsive maintenance dictated by predicted pavement condition.

3. Single Course Overlay. Milling the pavement surface and paving a single course overlay is 

required to repair high severity rutting. The required thickness and predicted service life o f 1.5, 

2.0, and 2.5 inch thick HMAC overlays is calculated in Appendix J. A 1.5 inch HMAC Overlay 

is adequate to achieve a 10 year service life for flexible pavements where the original HMAC 

layer thickness ranges from 5 to 10 inches. A 2.0 inch HMAC Overlay is required to achieve a 

10 year service life for flexible pavements with original HMAC layer thickness o f 10 inches with 

composite base thicknesses o f 19 and 24 inches. Finally, a 2.5 inch HMAC Overlay is required

Table 5-5; Flexible Pavement: Predicted Maintenance Schedule.
Y ear Case 1 

5" AC

C ase 2 

6 " AC

Case 3 

7” AC

Case 4 

8" AC

Case 5 

9" AC

Case 6 

10"AC

Case 7 

10"AC

Case 8 

10" AC

Case 9 

10" AC

0 1 I I I I I I I I

5 C C C C C C C C C

10 c,s c,s C,S c,s c,s c.s c ,s c.s C.S

15 c c C C c c c C C

20 c,s c.s c,s c,s c,s c,s c.s c.s 2.5"

25 c c c c c c c C C

30 c,s c,s c,s c,s c,s c,s c,s 2.0" 2.5"

35 c c c c c c c C C

40 c,s c,s c,s c,s c,s c,s c.s 2.0" 2.5"

45 c c c c c c c C C

50 E E E E E E E E E

Notts:
1.1 =  Initial Construction.
2. C = Crack Filling.
3. S = Shimming.
4 .2 "  =  2 Inch HMAC Overlay preceded by crack filling and shimming.
5. 2.5" = 2.5 Inch HMAC Overlay preceded by crack filling and shimming.
6. E = End o f  pavement structure’s service life.
7. See tables F -l through F-9 for estimated quantities.
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to attain a 10 year service life for flexible pavements with HMAC thickness of 10 inches and 

composite base thickness of 29 inches.

Tables F-l through F-9 o f Appendix F show the maintenance strategies required for each 

o f  the proposed flexible pavement design alternatives in the NYSDOT design alternatives. The 

predicted maintenance strategies are summarized in Table 5-5. The combination o f maintenance 

treatments are scheduled in response to the predicted distress propagation at specific intervals 

during the pavement analysis period. The analysis shows the following:

1. Crack filling is scheduled maintenance to be implemented at 5 year intervals.

2. Patching and shimming is required at 10 year intervals in order to meet the pavement 

maintenance specifications shown in the NYSDOT rehabilitation manual [29].

3. Overlaying, in addition to shimming, is required for design alternatives 8 and 9, the most 

heavily loaded flexible pavements. For alternative 8, the 10 inch HMAC pavement with 24 inch 

composite base, a 2 inch, single course HMAC Overlay will be required in years 30 and 40 o f the 

design period. For alternative 9, the 10 inch HMAC pavement with 29 inch composite base, a 

2.5 inch, single course HMAC Overlay will be placed in years 20, 30 , and 40 of the analysis 

period.

It is to be noted that the life-cycle maintenance predictions in Appendix F for flexible 

pavements and Appendix H for rigid pavements are differential, not cumulative. As per the 

NYSDOT Pavement Rehabilitation Manual [29], and as stated in subsections 5.6 and 7.6 o f this 

dissertation, the expected service life o f  each maintenance treatment is known. The scheduled 

maintenance periods were chosen so as not to exceed the expected service life of the specific 

treatment to be implemented. At this time, mechanistic relationships have not yet been 

developed to model the performance o f  various maintenance treatments. However, when such 

predictive equations are made available, they will further enhance the mechanistic design 

procedure proposed in this thesis.

5.7 The Need For Future Research.

As maintained in Chapter 4 o f  this dissertation, two important predictive models which 

are missing for the effective analysis o f  flexible pavement are fatigue (alligator) cracking and 

skid resistance. Initial studies indicate that alligator cracks begin to form in the flexible
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pavement structure after 20 years o f  traffic loading. A predictive model for this distress is very 

important because high severity alligator cracking indicates failure o f  the lower pavement layers 

and overall structure. Preliminary skid resistance studies show that polishing o f the asphalt 

pavement surface varies with traffic loading, aggregate gradation, and material type. A 

predictive model for skid resistance may further alter the asphalt mix design and pavement 

treatment strategy to be implemented during the flexible structure’s analysis period. In 

conclusion, additional SHRP studies are expected to develop the mechanistic equations which 

model the performance o f  maintenance treatments during their expected service life.
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CHAPTER 6 - RIGID PAVEMENT MECHANISTIC DESIGN EQUATIONS.

6.1 SHRP-LTPP Rigid Pavement Studies.

Full depth rigid pavement studies were conducted by SHRP [45] during the General 

Pavement Studies (GPS) 3, 4, and 5. In total, 282 pavement test sections were constructed 

throughout the United States and Canada. Test strips for concrete pavements are divided as 

follows:

* GPS 3 - 1 2 6  sections o f  Jointed Plain Concrete Pavement (JPCP).

* GPS 4 - 7 1  sections o f Jointed Reinforced Concrete Pavement (JRCP).

* GPS 5 - 8 5  sections o f  Continuously Reinforced Concrete Pavement (CRCP).

Data collected from the test sections includes pavement roughness and primary distresses 

including joint faulting, spalling, and fatigue (transverse) cracking.

Unlike flexible pavements, which are divided into four distinct environmental regions, 

SHRP [45] classifies rigid pavements by pavement type. Four types o f concrete pavement are 

considered; JPCP (doweled), JPCP (non-doweled), JRCP (doweled), and CRCP. The following 

predictive equations have been developed by SHRP:

Rigid Pavement Roughness

* JPCP (doweled)

* JPCP (non-doweled)

* JRCP (doweled)

* CRCP

Rigid Pavement Joint Faulting

* JPCP (doweled)

* JPCP (non-doweled)

* JRCP (doweled)

Rigid Pavement Spalling

* JPCP (both types)

* JRCP (doweled)

Rigid Pavement Fatigue Cracking

* JPCP (both types)

* JRCP (doweled).

6.2 Rigid Pavement Roughness Predictive Equations.

The predictive equations for rigid pavement roughness are listed below. Rigid pavement 

roughness has been observed to increase linearly with increases in traffic loading. An important 

observation is that doweled JPCP, JRCP, and CRCP is not sensitive to changes in axle loading,
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only the age o f pavement since construction. Therefore, in the inference space o f the model, age 

represents a combination o f axle loading and environmental factors.

Jointed Plain Concrete Pavement (JPCP’) with Doweled Joints.

IRI = 105.9 + (AGE/KSIaoc) + (2.17*JTspacing) - (7.13 * THICK) + (13.50*EDGE)

Where:
IRI International Roughness Index (inches/mile)
AGE Pavement age since construction (years)
THICK Concrete Slab Thickness (inches)
^sta tic Mean Static Modulus o f Subgrade Reaction (pci/inch)
JTJ 1 space Mean Transverse Joint Spacing (feet)
EDGE 1 if Tied Concrete Shoulder, 0 if other

Jointed Plain Concrete Pavement (JPCP) with Non-Doweled Joints.

IRI = 38.85 + (12.9*CESAL) + (0.222*FT) + (l.50*PRECIP) - (10.97*BASE) - (13.7*SUB)
Where:
IRI International Roughness Index (inches/mile)
CESAL Cumulative 18 kip ESAL (million ESAL)
FT Mean Annual Air Freeze-Thaw Cycles (Number)
PRECIP Mean Annual Precipitation (inches)
BASE 1 if treated AC or PCC, 0 if untreated.
SUB 1 if course grained (AASHTO), 0 if fine grained (AASHTO)

Jointed Reinforced Concrete Pavement (JRCP) with Doweled Joints.

IRI = 141.4 + (0.8488*AGE) + (0.3469*PRECIP) + (1388*[l/K5taJ )  + (21.24*THICK) +
(15.09*EDGE)

Where:
IRI International Roughness Index (inches/mile)
AGE Pavement age since construction (years)
THICK Concrete Slab Thickness (inches)
V
^static Mean Static Modulus o f Subgrade Reaction (pci/inch)
PRECIP Mean Annual Precipitation (inches)
EDGE 1 if Tied Concrete Shoulder, 0 if  other

Continuously Reinforced Concrete Pavement

IRI = 262.0 + (1,47*CESAL) - (2.94*THICK) - (232.3*PSTEEL) - (29.79* WIDE) - ( 16.82*SUB) 
Where:
IRI International Roughness Index (inches/mile)
CESAL Cumulative 18 kip ESAL (millions ESAL)
THICK Concrete Slab Thickness (inches)
P steel Percentage o f  Steel (Longitudinal Reinforcement)
WIDE 1 if  widened lane, 0 if normal width lane.
SUB 1 if  course grained (AASHTO), 0 if  fine grained (AASHTO)
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Statistical Analysis - Rigid Pavement Roughness.

Table 6-1 shows the correlation coefficient for each o f the predictive equations 

developed for the roughness mechanism for various pavement types. The correlation coefficient, 

computed by SHRP [45], indicates how well the predictive equation statistically fits the observed 

data. Quantitatively, a correlation coefficient greater than 0.85 indicates a good statistical fit 

[8][16], while a value less than 0.70 indicates a poor fit. However, applicability o f the predictive 

equation to any given case study is a qualitative judgement based upon the availability and 

relative sensitivity o f the required data. The JRCP equation has an R value o f 0.88, indicating a 

good statistical fit o f  the observed data. The JPCP and CRCP equations have R values ranging 

from 0.74 to 0.80, a marginal statistical fit o f observed data, indicating that there is room to 

improve the reliability of the predictive equation. For the case study in New York, where 

doweled, plain concrete pavements are used, the most sensitive variables are joint spacing, slab 

thickness, edge support, age, and modulus o f subgrade reaction. Since all these variables are 

known, the roughness predictive equations are assumed to be adequate for use in this 

dissertation.

Table 6-1 : Regression 1)ata For lieid Pavement Ec uations. Rougliness.

Pavement Type n R1 r Statistical
Fit

NYSDOT
Adequacy

JPCP Doweled Joints. 21 0.548 0.740 “Marginal” Adequate

JPCP Non-Doweled Joints. 28 0.644 0.802 “Marginal” —

JRCP Doweled Joints. 32 0.782 0.884 “Good” —

CRCP 42 0.546 0.739 “Marginal” —

Notes:
1. “Marginal” means there is sufficient room for improvement. [8].
2. Source : Adapted from SHRP [45].

Sensitivity Analysis - Rigid Pavement Roughness.

The sensitivity analysis for the proposed rigid pavement roughness equations is shown in 

Figure B-l o f Appendix B. The plots o f sensitivity analysis reveal that the different type o f  rigid 

pavement are affected by input variables in different ways. For example:

* Doweled JPCP is most sensitive to changes in joint spacing.

* Non-doweled JPCP is most sensitive to changes in traffic loading.
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* JRCP is most sensitive to changes in pavement slab thickness.

* CRCP is most sensitive to changes in the percent of steel reinforcement.

With regards to rigid pavement design, an increase in slab thickness will lead to:

* A decrease in roughness for Doweled JPCP slabs.

* No change in roughness for Non-Doweled JPCP slabs.

* A slight increase in roughness for JRCP slabs. This increase is due to the fact that longer PCC 

slabs are usually utilized when pavement thickness is increased. These longer slabs are subject 

to thermal curling and joint failure over time, all o f which will increase roughness.

* A slight decrease in roughness for CRCP structures.

6.3 Rigid Pavement Distress Predictive Equations - Joint Faulting.

Joint faulting is the differential vertical displacement o f abutting concrete slabs at the 

transverse joint creating a step deformation on the pavement structure. Joint faulting is 

expressed in units o f inches and is generally measured one foot from the edge of the pavement 

lane. The predictive equations for jo in t faulting are listed below. The general trend for joint 

faulting is to increase rapidly then to level off in the future.

Jointed Plain Concrete Pavement (JPCP) & Jointed Reinforced Concrete Pavement (JRCP) with 

Doweled Joints.

FAULT = CESAL0 25 * [0.0238 + (0.0006*{JTSPACE/10}2) + (0.0037 * {100/KSTATIC}2) + 
(0.0039 * {AGE/10}2) - (0.0037*EDGE) - (0.0218 * DOWdia)]

Where:
FAULT Mean Transverse Joint Faulting (inches).
CESAL Cumulative 18 kip ESAL (million ESAL).
JTSPACe Mean Transverse Joint Spacing (feet).
^S T A T IC Mean Static Modulus o f  Subgrade Reaction (psi/inches).
AGE Age since pavement construction (years).
EDGE 1 if  tied concrete, 0 if other.
DOWdia Diameter o f Transverse Dowels (inches)

Jointed Plain Concrete Pavement ('JPCP') with Non-Doweled Joints.

FAULT = CESAL025 * [ -0.0757 + (0.0251*{AGE}°5) + (0.0013*{PRECIP/10}2) 
+ (0.0012*{FI*PRECIP/100}) - (0.0378 * DRAIN)]

Where:
FAULT Mean Transverse Joint Faulting (inches).
CESAL Cumulative 18 kip ESAL (million ESAL).
AGE Age since pavement construction (years).
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PRECIP Mean Annual Precipitation (inches).
FI Mean Freezing Index (Degree-days).
DRAIN 1 if longitudinal edge drain exists, 0 if  not.

Statistical Analysis - Rigid Pavement Joint Faulting.

Table 6-2 shows the correlation coefficients for the predictive equations for joint faulting 

in rigid pavements for doweled and non-doweled slabs. The R value for both models is roughly

0.74, indicating a marginal fit to the observed data, and that there is room for improvement in the 

reliability o f the equations.

Table 6-2 : Regression Data For Rigid Pavement Equations, Joint Faulting.

Pavement Type n R* r Statistical

Fit

NYSDOT

Adequacy

JPCP Non-Doweled Joints. 25 0.550 0.742 “Marginal”

JPCP / JRCP Doweled Joints 59 0.534 0.731 “Marginal” Adequate

Source: Adapted from SHRP [45],

Sensitivity Analysis - Rigid Pavement Joint Faulting.

The sensitivity analysis for joint faulting equations for rigid pavements is illustrated in 

Figure B-2 o f Appendix B. Joint faulting is most sensitive to changes in traffic loading for both 

the doweled and non-doweled prediction equations. Both models are also sensitive to the age 

variable which represents cycles o f climatic change including thermal curling, joint opening and 

closing, and freeze-thaw cycles.

The non-doweled joint faulting model is subject to failure due to pumping, therefore, 

independent variables such as precipitation, freeze index, and drainage play an important role in 

the predictive equation. For the doweled model, joint failure is due to bearing stresses in the 

pavement dowels and adjoining pavement, therefore, independent variables such as subbase 

stiffness, dowel diameter, and jo in t spacing are integral in the predictive equation. Neither 

model is sensitive to the thickness o f the concrete pavement slab.

6.4 Rigid Pavement Distress Predictive Equations - Spalling.

Transverse joint spalling is defined as pieces o f concrete jo in t edge which have cracked
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and broken away from the slab due to stresses caused by internal corrosion or external infiltration 

o f incompressible materials. Joint spalling is measured as percent o f  spalled length along the 

linear dimension o f the transverse joint. The predictive equations for joint spalling are listed 

below. In general, spalling increases slowly at first, then increases more rapidly after several 

years.

Jointed Plain Concrete Pavement (JPCP).

SPALL = 9 .79+  10.01 * [-1 .227  + (0.0022 * {0.985*AGE + 0.171 FT})]
W here:
SPALL Percentage o f Joint Spalling (%).
AGE Age since pavement construction (years).
FT Mean Annual Air Freeze-Thaw Cycles (Number).

Jointed Reinforced Concrete Pavement (JRCP).

SPALL =-79.01 +(0.603 * AGE15) + (0.129* T ^ ge15)
Where:
SPALL Percentage o f  Joint Spalling (%).
AGE Age since Pavement Construction (years).
Trange Mean Monthly Temperature Range (Number)
(Mean Daily Maximum - Mean Daily Minimum averaged for each month).

Statistical Analysis - Rigid Pavement Spalling.

Table 6-3 shows the correlation coefficients for the predictive equations generated for 

joint spalling for both JPCP and JRCP pavements. The R value is 0.58 for JPCP indicating a 

poor statistical fit o f  the existing data. The r value for JRCP is 0.80, a marginal statistical fit of 

the observed data. In general, there is considerable room for improvement o f the predictive 

equations for spalling.

Table 6-3 : Regression Data for Rigid Pavement Equations, Spalling.

Pavement Type n R2 r Statistical

Fit

NYSDOT

Adequacy

JCPC (All types) 56 0.335 0.579 “Poor” Adequate

JRCP (All types) 25 0.644 0.802 “Marginal”

Notes:
1. “Marginal” means there is sufficient room for improvement.
2. Source: Adapted from SHRP [45].
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Sensitivity Analysis - Rigid Pavement Spalling.

The sensitivity analysis for rigid pavement joint spalling is illustrated in Figure B-3 of 

Appendix B. There are only two independent variables which affect the joint spalling; pavement 

age and climate changes. Pavement age represents the effects o f thermal curling and joint 

opening and closing in relation to potential spalling mechanisms. Climate changes include 

annual freeze-thaw cycles for JPCP and average temperature range for JRCP. Spalling is not 

sensitive to pavement slab thickness.

One variable which is not considered in the predictive equations, yet is known to 

contribute to joint spalling, is the impact o f pavement maintenance. Joint expansion and 

contraction due to seasonal climate change causes the joint sealant to fail. A jo int which is not 

well maintained will fill up with incompressible materials, causing additional stresses and 

failures of the concrete adjacent to the joint. This problem will not affect well maintained 

pavements as much as poorly maintained ones.

6.5 Rigid Pavement Distress Predictive Equations - Transverse Cracking.

Transverse cracking, also known as fatigue cracking, are cracks in the pavement slab 

which occur later in pavement life due to the action o f traffic loading and environmental 

fluctuation. Fatigue cracking is measured as the number o f cracks per mile o f pavement. The 

predictive equations developed for fatigue (transverse) cracking are listed below. Fatigue 

cracking in rigid pavements is normally modeled on an “S” curve, cracking increases slowly at 

first, then rapidly increases to a critical value, then levels off.

Jointed Plain Concrete Pavement (JPCP).

P c r a c k  =  1 1 [0 .0 1  +  10  * 1 0 0 - '°B(n/N)]

Percentage o f Cracked Slabs (%)
Mean Number o f Allowable Edge Stress Loads.
Expected number o f  applied edge stresses based on traffic and 
thermal curling.

Jointed Reinforced Concrete Pavement (JRCP).

P crack = -72.59 + (1.907*CESAL) + 0.182(1/PCTEEL2) + 2474(1/KSTAT1C) + (0.697*PRECIP) 
Where:
P crack Number o f Transverse Cracks (high to medium severity) per mile.

Where:
P crack

N
n
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CESAL Cumulative 18 kip ESAL (million ESAL).
P steel Percentage of Steel (Longitudinal Reinforcement).
^ static Mean Modulus o f Subgrade Reaction (psi/inch)
PRECIP Mean Annual Precipitation (inches).

Statistical Analysis - Rigid Pavement Fatigue Cracking.

Table 6-4 shows the correlation coefficients developed for the relationships between 

JPCP and JRCP and fatigue cracking. The R values for JPCP and JRCP indicate a poor fit to 

observed data and that more comprehensive fatigue damage analysis needs to be developed and 

applied. It has been noted that very few test sections presently exhibit fatigue cracking at any 

severity.

Table 6-4 : Regression Data For Rigid Pave ment Ec uations. Thernlal Cracking.

Pavement Type n R1 r Statistical

Fit

NYSDOT

Adequacy^

JPCP (All types) N/A N/A N/A “Poor” Not Adequate

JRCP (All types) 27 0.480 0.693 “Poor” —

Notes:
1. The model developed for JPCP is not reliable, further study is needed.
2. Source: Adapted from SHRP [45].

Sensitivity Analysis - Rigid Pavement Fatigue Cracking.

As per the design equation for jointed, plain concrete pavement, the two independent 

variables are mean number o f allowable edge stress loads and expected number o f applied edge 

stress loads based upon traffic and thermal curling. Since this data is not collected in New York, 

even if the predictive equation had been a statistically good fit, the equation would not be 

adequate for use in the New York case study.

6.6 General Results and Observations.

As shown in Chapter 7, preliminary results o f mechanistic analysis reveal that the finite 

element methods used by the present AASHTO [2] design procedure for rigid pavements 

provides an adequate, but generally conservative, design. As with the 1986 and 1993 updates of 

the design formulas to include additional independent variables such as drainage factors, load 

transfer coefficients, and concrete strength parameters, it is expected that the rigid design 

procedure may be further improved by incorporating environmental factors such as freeze-thaw
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cycles, annual precipitations, and number o f days below freezing into the existing design 

methodology. As proven through sensitivity analysis in Appendix B, climatic factors have a 

statistically significant affect upon rigid pavement performance.

Regional models have not yet been developed for rigid pavement analysis, rather, 

specific predictive models have been developed for different rigid pavement types. The 

equations used to predict rigid pavement roughness, jo int faulting, and joint spalling are marginal 

fits o f  the observed data, and improvements are expected as additional regional data is collected 

and calibrated. Therefore, for the purposes o f this dissertation, the present predictive equations 

for roughness, joint faulting and joint spalling are sufficient to act as a comprehensive check of 

another design methodology. The equations which have been developed for rigid pavement 

fatigue cracking, however, are poor and can not be utilized.

6.7 Effects of High Performance Concrete Specifications.

Analogous to Superpave initiatives, many state highway agencies have been adapting 

high performance concrete specifications to improve the pavement performance during the 

analysis period. High performance concrete specifications, such as that proposed by the New 

York State Department o f  Transportation [32], utilize admixtures such as fly-ash and silica fume 

to improve the density o f  the concrete mix. The increased density, combined with concrete 

sealants, will decrease the infiltration of water and other substances which lead to the 

deterioration of the structure, especially pavement joints, in the form of spalling and joint 

faulting. Qualitatively, the utilization of high performance concrete will assist in decreasing the 

initiation and propagation o f the primary rigid pavement distresses such as faulting and spalling, 

however, it is not anticipated to have a significant effect on pavement roughness.

6.8 The Need For Further Research.

It is anticipated that the collection o f additional data will enhance the existing predictive 

equations developed for rigid pavement roughness, jo in t faulting, and joint spalling.

Skid Resistance.

SHRP [45] studies have been amassing data which may be used to predict the loss o f 

surface friction for concrete pavements. Presently, the data collected is not adequate to 

determine a model for this distress which greatly effects motorist safety.
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CH APTER 7 - ADAPTING TH E M ECH AN ISTIC EQUATIONS T O  IM PROV E THE 
EXISTING NYSDOT RIG ID  PAVEM ENT DESIGN PROCEDURE.

7.1 Existing NYSDOT Rigid Design Tables - AASHTO Methods.

The present methodology used by the New York State Department o f Transportation 

(NYSDOT) for the design of rigid pavements is outlined in the New York State Thickness 

Design Manual For New and Reconstructed Pavements [33][34] adapted in 1993 and revised in 

1994. Rigid pavement design is based upon the finite element procedure described by AASHTO 

[2] with the design variables adjusted for conditions encountered in New York [9], In 1993, New 

York modified the standard design o f rigid pavement from jointed, reinforced concrete pavement 

structures (9 inch thick, mesh reinforced PCC slab over 10 inch sandy subbase for commercial 

traffic; 8 inch thick, mesh reinforced PCC slab over 10 inch sand subbase for parkways) to 

jointed, plain concrete pavement (unreinforced PCC slab varying in thickness from 8 to 13 

inches). Standard slab length was reduced from 60 feet to 16 or 18 foot slabs, depending on the 

required pavement thickness. To improve pavement drainage and subbase stiffness, a 4 inch 

layer o f permeable base is placed below the pavement slab atop a 12 inch layer o f granular 

subbase material. Predicted axle loading is the primary independent variable used to determine

Table 7-1 NYSDOT Rigid Pavement Design

18 Kip PCC Treated Subbase PCC Dowel

(80KN) Slab Base Course Slab Bar

ESAL Thickness Thickness Thickness Length Diameter

(millions) (inch) (inch) (inch) (feet) (inch)

0-35 8 4 12 16 1.25

35-65 9 4 12 16 1.25

65-125 10 4 12 16 1.25

125-220 11 4 12 18 1.38

220-380 12 4 12 18 1.50

380-500 13 4 12 18 1.63

Notes:
1. Add 1 inch to pavement thickness with applicable slab length and diameter where there is curbing.
2. Transverse dowel bar length is 18 inches spaced at 12 inches on center.
3.500 million is the practical limit for traffic volume.
4. Effective modulus of subgrade reaction (k) is 200 pci. (Appendix B - Subgrade Improvement.) 
Source: NYSDOT Pavement Design Manuals [33][34],
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required pavement slab thickness. The present design table, as specified by NYSDOT [33][34], 

is shown in Table 7-1.

7.2 Pavement Roughness Equation Calibration.

When calibrated for use in New York, the predictive equation for rigid pavement

roughness takes the following form:

IRI = 105.9+159 (AGE/Kst) + 2.17 JS + 7.13 TH + 13.50

Where: IRI Roughness (International Roughness Index) (inch/mile)
AGE Pavement Age (Years)
Ksr Modulus o f Subgrade Reaction (pounds/cubic inch)
JS Joint Spacing (feet)
TH Pavement Thickness (inch)

Table 7-2 displays the input variables and predicted roughness for the existing NYSDOT 

rigid pavement design alternatives as computed by mechanistic analysis. The table confirms that

Table 7 -2  : Rigid Pavement - Roughness Eauation Com Dutations.
PCC

Slab

Thickness

(inch)

Input Com puted

Roughness

IRI

(inch/mile)

Pavement

Age

(years)

Subgrade

Reaction

(pci)

Join t

Spacing

(feet)

S 50 200 16 136.83

9 50 200 16 129.70

10 50 200 16 122.57

11 50 200 18 119.78

12 50 200 18 112.65

13 50 200 18 105.52

Note : Terminal serviceability is IRI = 170.00 inch/mile.

roughness will not exceed the terminal serviceability o f  170.00 inch per mile for any o f the 

proposed alternatives during the 50 year analysis period. It is noted that while axle loading 

is the most sensitive variable in the AASHTO [2] design equation, the mechanistic equation does 

not include traffic loading as an independent variable for predicting roughness. Instead, age 

since initial construction is included in the mechanistic equation.
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7.3 Pavement Distress Equation Calibration - Joint Faulting.

When adapted for use in New York, the predictive equation for joint faulting is as

follows:

F AULT=CES AL°25 [0.0201 +0.0006(JS/10) 2+0.0037( 100/K^)2+0.0039(AGE/10) 2-0.0218 DD]

Where : FAULT Predicted Joint Faulting (inch).
JS Joint Spacing (feet).
Ksj Modulus o f Subgrade Reaction (pound per cubic inch).
AGE Pavement Age (years).
DD Transverse Dowel Diameter (inch).

The NYSDOT Pavement Condition Guide [28] defines transverse joint faulting to be 

differential vertical displacement o f abutting slabs at joints creating a step deformation on the 

pavement surface. Faulting, measured one foot from the edge o f the pavement slabs, has the 

following levels o f  severity:

Low Severity - Less than 0.38 inch.

Medium Severity - 0.38 inch through 0.75 inch.

High Severity - Greater than 0.75 inch.

Critical faulting, defined as any faulting greater than 0.19, is that which affects the measurement 

o f pavement roughness, therefore, must be repaired promptly. Low severity faulting is addressed 

by milling and shimming the faulted jo in t [35]. Medium severity faulting is corrected by milling 

the entire pavement surface and placing a single course overlay [30], High severity faulting 

indicates failure o f the pavement joint and must be corrected by full depth pavement repairs [30]. 

If high severity jo in t faulting is observed at high frequencies, the pavement structure warrants 

reconstruction.

Table 7-3 utilizes mechanistic analysis to compute the forecasted joint faulting for the 

existing slab thickness alternatives used by NYSDOT [33][34]. The table indicates that low 

severity faulting is expected during the analysis period for pavements ranging in slab thickness 

from 8 to 11 inches. For 12 and 13 inch pavement slab thicknesses, medium severity faulting 

will be reached during the latter years o f  the 50 year analysis period. However, for all rigid 

pavement alternatives, corrective maintenance will be required during the analysis period as 

triggered by faulting exceeding the critical value o f 0.19 inch.

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



60

Table 7-3: Rigid Pavement - Faulting Distress.

PCC

Slab

Thickness

(inch)

Input Computed

Joint

Faulting

(inch)

Traffic

Loading

(Mil.

ESAL)

Pavement

Age

(years)

Subgrade

Reaction

(pci)

Joint

Spacing

(feet)

Dowel

Diameter

(inch)

8 35 50 200 16 1.25 0.23

9 65 50 200 16 1.25 0.26

10 125 50 200 16 1.25 0.31

11 220 50 200 18 1.25 0.35

12 380 50 200 18 1.25 0.39

13 500 50 200 18 1.25 0.40

Notes:
1. Critical faulting, which effects roughness, is greater than 0.19 inches. [20].
2. Low severity faulting - less than 0.38 inches. [28]
3. Medium severity faulting - 0.38 inches to 0.75 inches. [28]
4. High severity faulting - greater than 0.75 inches. [28]

7.4 Pavem ent Distress Equation Calibration - Jo in t Spalling.

When considered for use in New York, the predictive equation for joint spalling 

becomes:

S P A L L  = 9 .79+  10.01 [-1.23 + 0.022 {(0.985* AGE) + (0.17l*FT)}]

Where: SPALL Predicted Percent o f Joints Spalled.
AGE Pavement Age (years).
FT Annual Air Freeze-Thaw Cycles (number).

The NYSDOT Pavement Condition Guide [28] classifies transverse jo in t spalling as 

sections o f concrete joint edges which have cracked and broken away from the slab due to 

internal corrosion stresses or external infiltration stresses. There are three classifications o f joint 

spalling severity:

Low Severity Spalling - No spall with any dimension greater than 3 inches.

Medium Severity Spalling - 2 or less spalls per joint with dimensions greater than 3 

inches.

High Severity Spalling - 3 or more spalls per joint with dimensions greater than 3 inches. 

Low severity jo in t spalling is treated with joint sealer when the joints are cleaned and sealed as
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part o f  preventative maintenance. Medium to high severity spalling is treated by removing the 

unsound concrete and patching the area using rapid setting concrete. If the spalls are found to be 

very deep, the partial depth repair is superseded by a full-depth joint repair. The above 

referenced equation predicts medium to high severity joint spalling.

Table 7-4 displays the predicted jo in t spalling for all six design alternatives considered in 

the existing NYSDOT rigid pavement design as determined by mechanistic analysis. Results 

indicate that joint spalling does not vary by pavement thickness or traffic loading, but, with 

pavement age and air freeze-thaw cycles. For all design alternatives, approximately 12 percent of 

the pavement joints are forecasted to exhibit medium to high severity faulting by the end o f the 

50 year analysis period. In addition, it is qualitatively known that the frequency o f joint sealing 

treatments has an effect on joint spalling. However, the exact quantitative impact has not been 

modeled at the present time in the predictive equation. Additional SHRP studies are being 

conducted which will model the performance o f various, common maintenance strategies.

Table 7-4 : Rigid Pavement - Spalling Distress.

PCC

Slab

Thickness

(inch)

Design Input Computed

Spalled

Percentage

(%)

Pavement

Age

(years)

Air Freeze 

Thaw Cycles 

(#)

8 50 80 11.34

9 50 80 11.34

10 50 80 11.34

11 50 80 11.34

12 50 80 11.34

13 50 80 11.34

Notes:
1. SHRP Model [45] predicts spalling of medium and high severity.
2. Low severity spalling (less than 3 inches) is treated using joint sealant.
3. Medium severity spalling - 2 or less spalls per joint with dimensions greater than 3 inches.
4. High severity spalling - 3 or more spalls per joint with dimensions greater than 3 inches.
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7.5 Recommended Improvements to the Existing NYSDOT Design Equations.

Mechanistic design analysis was utilized to recommend improvements to the present 

pavement design tables [34] utilized by NYSDOT. Based on sensitivity analysis the following 

general trends are observed:

1. The predictive equation for roughness is most sensitive to changes in joint spacing, slab 

thickness, edge support, and pavement age.

2. The predictive equation for jo int faulting is most sensitive to changes in traffic loading, joint 

spacing, pavement age and dowel diameter.

3. The predictive equations for jo in t spalling is most sensitive to changes in age and number of 

freeze-thaw cycles.

4. Increasing the slab thickness will decrease the predicted roughness.

5. Increasing the slab thickness has no effect on jo int faulting and joint spalling.

Based on the mechanistic analysis performed in this dissertation, the following design 

changes are recommended to improve rigid pavement performance.

1. Increase transverse joint dowel diameter to 2 inches, the largest commercially available size, 

in order to reduce jo int faulting.

2. Decrease transverse joint spacing to 16 feet for slab thickness o f 11, 12, and 13 inches. 

Increasing dowel diameter and reducing slab length will reduce thermal and curling stresses in 

the transverse joint. The reduction in stresses will lead to a decrease in joint faulting (from 

medium to low severity) for the most heavily traveled pavements. However, increasing the 

dowel diameter to more than 2 inches is not recommended because the reduction in concrete 

cover will cause higher stresses in the concrete slab, resulting in additional joint spalling. 

Reducing the slab length to shorter than 16 feet will result in increased maintenance costs for 

cleaning and sealing, offsetting the benefits incurred due to the slight improvement in roughness. 

The recommendations for improvements to the contemporary NYSDOT rigid pavement design 

procedure are summarized in Table 7-5.
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Table 7-5 : Improved NYSDOT Rigid Pavement Design Table.___________
18 Kip 

(80 kN) 

ESAL 

(millions)

PCC

Slab

Thickness

(inch)

Treated

Base

Thickness

(inch)

Subbase

Course

Thickness

(inch)

PCC

Slab

Length

(feet)

Dowel

Bar

Diameter

(inch)

0-35 8 4 12 16 2.00

35-65 9 4 12 16 2.00

65-125 10 4 12 16 2.00

125-220 11 4 12 16 2.00

220-380 12 4 12 16 2.00

380-500 13 4 12 16 2.00

7.6 Life Cycle M aintenance Requirem ents.

The mechanistic predictive equations are utilized to generate the expected rigid 

pavement conditions throughout the 50 year analysis period. Figures G-l,  G-2, and G-3 of 

Appendix G illustrate the predicted pavement roughness, joint faulting, and joint spalling, 

respectively, for the improved NYSDOT rigid pavement design alternatives. Pavement 

roughness increases linearly with pavement age. Joint faulting initiates at year 20, then increases 

at an exponential rate during the remainder o f  the analysis period. The predicted joint faulting is 

reduced to low severity for all pavement thickness alternatives by using the improved NYSDOT 

rigid pavement design table. Joint spalling increases linearly with pavement age and is shown to 

be independent o f slab thickness.

The predictive equations are then utilized to forecast the life cycle maintenance needs for 

each design alternative o f the rigid pavement structure. In its design manual [34], NYSDOT 

acknowledges that pavement maintenance will be required to reach the 50 year analysis period, 

but does not specify the frequency or type maintenance required. Based on the roughness and 

distresses predicted by mechanistic analysis, a combination o f preventative and corrective 

treatments can be scheduled to maintain the pavement structure throughout the analysis period. 

NYSDOT [29] defines preventative maintenance as treatments which correct minor defects and 

slow down deterioration for up to 8 years. Corrective maintenance is defined as correcting 

deficiencies regarding ride quality, friction, and appearance and upgrading the roadway surface
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for 8 years or until more extensive treatments are needed.

The following treatments will be utilized as part of the overall rigid pavement 

maintenance strategy. As stated in Chapter 5, the life-cycle maintenance predictions are 

differential, not cumulative, and are based upon the expected service life o f the treatment as 

defined by NYSDOT [29] policy.

1. Joint and Crack Sealing. Using enhanced silicone sealants, jo in t sealing has an expected 

service life o f  10 years. This treatment is scheduled maintenance to be implemented at fixed 10 

year intervals to correct low severity spalling.

2. Spall Patching. Patching spalls with rapid setting concrete has an expected service life o f 10 

years when completed as specified in the NYSDOT Pavement Rehabilitation Manual [29], This 

treatment will be used to repair medium to high severity joint spalling.

3. Grinding and Shimming. Grinding faulted joints then patching with shim asphalt has an 

expected service life of 5 years. This maintenance treatment will be used to repair low severity 

faulting at 5 year intervals as needed. Joints must be resealed after grinding.

4. Single Course Overlay. Milling the concrete slab surface and placing a single course, 2 inch 

thick HMAC overlay has an expected service life of 10 to 12 years, as computed in Appendix I. 

This treatment will be utilized to repair faulted rigid pavements which have deteriorated to 

medium to high severity levels. The joints in the HMAC overlay must be cleaned and filled 

every 5 years after placement to minimize reflective cracking damage.

Tables H-l through H-6 o f Appendix H show the proposed maintenance strategies 

required for each o f the proposed pavement slab thickness design alternatives in the improved 

NYSDOT design table. Table 7-6 summarizes the predicted maintenance strategies for rigid 

pavement. The maintenance treatments chosen are dictated by the predicted distress propagation 

at specific intervals within the pavement analysis period.

1. Joint sealing and spall repair will be implemented at 10 year intervals throughout the analysis 

period.

2. Grinding and shimming will be implemented at 5 year intervals as triggered by predicted joint 

faulting exceeding 0.19 inches. For rigid pavement slab thicknesses o f  8 ,9  and 10 inches, 

faulting is limited to below the critical value o f 0.19 inches throughout the 50 year cycle, thus, no 

grinding is required. For a rigid pavement slab thickness o f 11 inches, grinding, shimming, and
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resealing will be required at year 45. For rigid pavement slab thicknesses o f 12 and 13 inches, 

grinding, shimming, and resealing will be required in years 40 and 45. No single course overlay 

will be required for rigid pavement structures designed using the improved NYSDOT design 

table.

Y ear C a se  1 
8 "  P C C

C a se  2 
9 "  P C C

C a se  3 
10" P C C

C a se  4 
11" P C C

C ase  5 
12" P C C

C a se  6 
13" P C C

0 I I I I I I

10 J,S J,S J,S J,S J,S J.S

20 J,S J,S J,s J,S J,S J.s

30 J.s J,S J,S J,S J,S J,s

40 J,s J,S J,s J.S J.s J.G.S

45 — — --- G,R G,R G.R

50 E E E E E E

Notes:
1.1 = Initial Construction.
2. J = Seal Joints.
3. S = Repair Spalls.
4. G = Grinding and shimming transverse joint faults.
5. R = Resealing joints.
6. 1.5" = 1.5" HMAC Overlay preceded by repairing spalls and sealing joints.
7. 2.0" = 2.0" HMAC Overlay preceded by repairing spalls and sealing joints.
8.2.5" = 2.5" HMAC Overlay preceded by repairing spalls and sealing joints.
9. E = End of pavement structure’s service life.
10. See tables H-l to H-6 for estimated quantities.

7.7 The Need For Future Research.

As stated in Chapter 6 o f  this dissertation, the development o f  prediction models for 

fatigue cracking and skid resistance will help to improve the ability o f  pavement engineers to 

better design and maintain pavements throughout their intended life cycle. Fatigue cracks begin 

to initiate and propagate in rigid pavements after roughly 60 percent o f  the design loading has 

occurred. A predictive model for fatigue cracking may indicate that additional crack routing and 

sealing is required during the analysis period. Preliminary studies exhibit that polishing o f  a 

rigid pavement surface occurs due to repeated traffic loading. A predictive model may 

demonstrate that pavement grooving or retexturing is required to maintain skid resistance during
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the pavement design life. Finally, SHRP [44] is developing mechanistic, predictive equations 

for determining the service life and failure modes o f various corrective treatments which can be 

used in tandem with the present models to better understand the condition o f the pavement and 

maintenance requirements.
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CHAPTER 8 : AGENCY COST COMPUTATIONS.

8.1 Definition and Components of Agency Cost.

Agency costs are the tangible costs incurred by state highway agencies for pavement 

construction and maintenance. Highway agencies customarily maintain an accurate record o f 

these costs for estimating and accounting practices at both the project and network management 

level. At the network level, annual pavement maintenance expenses are employed in the regional 

planning and budgeting process. At the project level, cost information is used in estimating 

project costs for pavement maintenance contracts. In this dissertation, project level cost data is 

utilized to estimate baseline costs for pavement designs and maintenance treatments, while 

network level cost statistics is used to determine regional cost factors depicting variance in 

statewide bidding trends.

Fixed and Variable Costs.

Pavement maintenance expenditures can be classified as either fixed or variable costs. 

Fixed cost is directly related to the surface area o f the pavement. Examples o f fixed cost include 

the initial construction o f pavement, overlays (not including preparations), and reconstruction. 

Variable cost is a function o f the pavement surface condition; the quantity o f work to be done 

and the cost of the work is a function o f the predicted condition of the pavement structure. 

Examples of variable cost repairs include crack sealing and shimming for flexible pavements and 

jo in t and crack sealing, patching, and grinding faults for rigid pavements. The total agency cost 

o f  pavement treatment is sometimes a combination both fixed and variable costs.

Line Item Budget.

State highway agencies often utilize a line item budget for pavement construction and 

improvement contracts. Each line item number corresponds to a particular construction 

operation and has its own work specifications as designated in the agency’s specifications. The 

item specification defines the exact work description, required materials, construction details, 

method o f  measurement, and basis o f payment associated with each item. Generally, the unit 

price bid for each item must include the cost o f  all requisite manpower, equipment, materials to 

perform the work as well as the contractor’s overhead costs such as insurance, contingencies, and 

profit. The aggregate o f  all the line item costs comprises the contract cost.
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Agency Overhead Costs.

In addition to the estimated total bid price, which comprises the contract cost of 

pavement management work, there are additional overhead costs associated with pavement 

management work which are incurred by the state highway agency. Typical agency expenses 

include preliminary and support engineering, mobilization, traffic protection, and construction 

inspection. NYSDOT [29] and USDOT [51] define the overhead costs as a fixed percentage o f  

estimated contract costs as follows:

Preliminary Engineering 8%
Mobilization 4%
Maintenance and Protection o f Traffic 10%
Construction Inspection 12%
Total Agency Overhead 34%

Therefore, the total agency cost o f pavement construction is inflated by approximately one-third 

to account for predicted overhead expenditures.

8.2 Typical Agency Costs - Flexible Pavement Construction and Maintenance.

Initial costs for flexible pavement are fixed costs affiliated with the new construction or 

reconstruction o f the pavement structure. These costs include excavation, subgrade preparation, 

subbase course, and asphalt paving. Table K.-1 o f Appendix K shows the typical line items used

Table 8-1 : Flexible Pavement - Initial Construction Costs.

Case
Num ber

HM AC
L ayer

Thickness
(Inch)

Select
Fill

Thickness
(Inch)

Estimated 
Cost per 

Lane-mile

, w

Estim ated 
Cost per 

Square Ft. 
(S)

C ost per 
Lane-mile 

w /O H  
(S)

Cost per 
Square Ft. 

W /O H  
($)

1 5 0 160606 2.53 215211 3.39

2 6 0 173129 2.73 231993 3.66

3 7 0 185656 2.93 248779 3.93

4 8 0 198184 3.13 265566 4.19

5 9 0 210711 3.33 282353 4.46

6 10 0 223238 3.52 299139 4.72

7 10 6 245355 3.87 328776 5.19

8 10 12 267473 4.22 358414 5.65

9 10 18 289590 4.57 388051 6.12

Source: NYSDOT [36][37]
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by NYSDOT for the construction o f a flexible pavement for the nine design cases proposed in 

the pavement design manual [34], Table 8-1 is a summary o f these typical costs given in cost 

per lane-mile and cost per square foot o f construction. As anticipated, unit agency costs escalate 

as pavement thicknesses increase.

Maintenance costs for flexible pavement are variable costs associated with alternative 

pavement treatments required to preserve the pavement facility at the desired level. Variable 

costs are a function o f the pavement condition, with costs multiplying as pavement condition 

worsens. Table L-l o f  Appendix L demonstrates the standard line items used by NYSDOT to 

pay for the various maintenance treatment strategies. Table 8-2 shows the mechanistic cost 

functions developed in this dissertation to predict the costs o f  each flexible pavement 

maintenance treatment. The cost equations are linear in form and express total cost in terms of 

dollars per lane mile.

Table 8-2 : Flexible Pavement - Maintenance Costs

Maintenance
Treatment

Variable Cost 
(S/Lane-mile)

Variable Cost w/ OH 
(S/Lane-mile)

Crack Filling 1.63 * LFC 2.18 * LFC

Patching & Shimming 13006 + (80.15*Tac) 17428 + (107.40*Tac)

1.5" HMAC Overlay 34644 +(80.15*Tac) 46423 + (I07.40*Tac)

2.0" HMAC Overlay 41223 +(80.15 *Tac) 55238 + (107.40*Tac)

2.5" HMAC Overlay 47837 +(80.15*Tac) 64101 + (107.40*Tac)

Notes:
1. LFC = Linear feet of thermal cracking.
2. Tac = Tons of asphalt shim course required.
Data Source : NYSDOT [36][37],

8.3 Typical Agency Costs - Rigid Pavement Construction and Maintenance.

Initial costs for rigid pavement construction are fixed costs related to the new 

construction or reconstruction o f the pavement structure. These costs consist o f excavation, 

subgrade preparation, subbase course, concrete paving including joints and ties, and sawing and 

sealing the new pavement. Table M -l o f  Appendix M shows the common line items used by 

NYSDOT in construction contracts for the six alternative slab thicknesses proposed in the design 

manual [33][34], Table 8-3 is a summary o f  these costs expressed in terms o f cost per lane-mile
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and cost per square foot o f new pavement. The unit cost increases as slab thickness is increased.

Table 8-3 : Rigid Pavement - Initial Construction Costs.

Case
Number

PCC
Slab

Thickness
(inch)

Transverse
Joint

Spacing
(feet)

Estimated 
Cost per 

Lane-mile 
($)

Estimated 
Cost per 

Square Ft. 
(S)

Cost per 
Lane-mile 

w/ OH 
(S)

Cost per 
Square Ft. 

w/OH 
(S)

1 8 16 413726 6.53 554393 8.75

2 9 16 435652 6.88 583774 9.22

3 10 16 461448 7.28 618340 9.76

4 11 16 487243 7.69 652907 10.30

5 12 16 513039 8.10 687473 10.85

6 13 16 538835 8.50 722039 11.39

Data Source: NYSDOT [36][37],

Maintenance costs for rigid pavement are variable costs associated with the alternative 

treatments proposed to maintain the pavement structure throughout the design life. Variable 

costs rise as the pavement condition, represented as roughness and distresses, deteriorates. Table 

N -l o f Appendix N illustrates the typical line items used by NYSDOT to pay for contractual 

maintenance work which includes joint and crack sealing, spall patching, joint grinding and 

shimming, and single course HMAC overlay. Table 8-4 shows the mechanistic cost functions

Table 8-4: Rigid Pavement - Maintenance Costs.

Maintenance Treatment Variable Cost 
(S/Lane-mile)

Variable Cost w/OH 
(S/Lane-Mile)

Joint & Crack Sealing 2.53 * LFS 3.39 * LFS

Spall Patching 10.43 * Asp 13.98 * Asp

Grinding & Shimming 0.64 * Agr 0.86 * Agr

2.0" HMAC Overlay 41716 55899

Notes:
1. LFS = Linear feet of joint spalling.
2. Asp = Area of spall repairs required.
3. Agr = Area of grinding required. 
Data Source: NYSDOT [36][37].
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developed in this dissertation to predict the costs of each rigid pavement maintenance treatment. 

The cost equations are linear in form and express total cost in terms o f dollars per lane mile. The 

single course overlay for rigid pavement is a fixed cost.

8.4 Development of Regional Cost Factors.

The cost o f construction, including pavement maintenance expenses, varies from 

location to location. During the project design stage, state highway agencies desire to have an 

accurate estimate o f costs for each contemplated project using local data. However, many times, 

adequate and accurate local data is not available. To account for the disparity in data, regional 

cost factors are generated and used to adapt available statewide costs to a particular region. State 

highway agencies utilize network level data to predict regional factors.

T able  8-5: VYSDOT R egional C ost F ac to rs .

NYSDOT Region 
Number

Flexible Pavement 
Factor

Rigid Pavement 
Factor

I 0.79 0.75

2 0.77 0.85

3 0.87 0.84

4 0.92 0.78

5 0.83 0.81

6 0.92 1.02

7 0.73 0.66

8 0.87 0.91

9 0.89 0.96

10 1.27 1.41

11 2.11 2.01

Statewide 1.00 1.00

Appendix O is an example o f  how network level pavement management data is utilized 

for determining regional cost factors. At the network level, NYSDOT [26] gathers annual cost 

data for various pavement maintenance strategies including; routine maintenance, preventative 

maintenance, corrective maintenance, rehabilitation, high cost rehabilitation, and reconstruction,
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Table 0-1 shows the regional cost factors calculated in this dissertation for flexible and rigid 

pavement construction and maintenance based upon network level costs in New York state. The 

table shows two rows o f  data for each maintenance treatment for flexible and rigid pavement.

The top row is the weighted average cost factor for each maintenance treatment. The bottom 

row, entitled “percent o f statewide” is the unit-less factor obtained by dividing the regional 

weighted average cost by the statewide average cost for each region. The final regional factor is 

the mean of the individual maintenance treatment factors for each region. Table 8-5 is a 

summary of the regional cost factors to be applied to adjust agency costs for flexible and rigid 

pavement construction for each o f  the eleven administrative regions in NYSDOT.

8.5 Need For Further Study.

State highway agencies maintain precise records o f agency construction costs at both the 

network and project management level. Annual weighted average bid price books [36] and 

annual network level cost reports [26] are valuable in estimating contract costs and planning 

budgetary needs. However, rarely do such documents consider the fluctuation of item unit costs 

with estimated contract quantity. It is common economic knowledge that unit bid prices 

normally decrease as contract demand (quantity) increases. Economic demand functions, if 

established for individual items, may provide a more accurate contract cost estimate than the 

average weighted bid price, which is insensitive to item quantity.
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CHAPTER 9 : ROAD USER COST COMPUTATIONS. 

9.1 - Background Information.

For efficient pavement management the impact o f design decisions on total societal costs 

should be considered. Total societal cost is the sum o f  agency cost outlays for capital 

construction and maintenance and user costs incurred by the motorists. User costs are directly 

influenced by the condition o f highway pavements, consisting o f vehicle operating costs and 

accident costs. Vehicle operating costs include fuel and lubricant consumption, vehicle 

maintenance, vehicle depreciation, and travel time delays incurred by the driver, passenger, and 

freight using the highway. Accident costs include the costs o f personal injuries or fatalities, as 

well as property damage as related to the pavement condition.

There is evidence that user costs comprise a large portion of overall societal costs of 

highway operations. The Organization for Economic Cooperation and Development reports that 

maintenance outlays by government agencies account for only two percent o f total vehicle 

operating costs in the United States [38]. Gichaga and Parker [11] cite studies which maintain 

that while more than 10 trillion dollars are spent annually on highway construction and 

maintenance in developing countries, the costs borne by the road users might be on the order of 

ten times that amount. More recently, the New Jersey Times Union [48] reported that drivers 

spend six times more on vehicle maintenance than New Jersey Department o f Transportation 

spends on highway maintenance. It can be deduced that the condition o f highway pavements has 

a direct effect on the economy o f  a region. Therefore, the consideration o f total societal costs 

will give a better idea as to the utility o f  different pavement design strategies.

9.2 - Historical Development of Road User Costs.

World Bank Models

The pioneer organization in realizing the impact o f  highway investment decisions on
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road user costs is the World Bank. Initiated in 1969 and continuing through the present, the 

World Bank has conducted studies in Brazil, Kenya, India, and the Caribbean to construct 

mathematical relationships which can predict road construction costs, road deterioration rates, 

and road user costs. The resulting models are utilized in the 1985 Highway Design and 

Maintenance Standards Model (HDM-HI) [52] which is employed by many road agencies around 

the world. Finally, the Highway Design and Maintenance Standards Model, Version 4, now 

commercially available, has further refined road user costs to include rigid pavements and cold 

weather applications which were not included in the HDM-III study.

The road user cost submodel, developed for the HDM-Model, is discussed in detail by 

Archondo-Callao and Diaz [4] and Patterson [40]. The submodel computes the average 

operating speed for various vehicle types based on the pavement roughness, gradient, and 

curvature. The submodel then computes and sums the cost components for each vehicle type as a 

function o f operating speed; these components include fuel consumption, lubricant consumption, 

tire wear, crew time, passenger time, cargo holding time, labor and parts cost o f maintenance, 

depreciation, interest, and overhead. It should be noted that since vehicle operating speed is a 

function o f roughness, all operating costs are implicitly a function o f roughness.

Saskatchewan Pavement Information System

The user cost functions proposed by the World Bank, HDM-III studies have been 

calibrated for use in North America. As reported by Bein [6], the Saskatchewan Pavement 

Management Information System (Saskatchewan PMIS) integrates agency and user cost models 

in order to conduct life cycle analysis in the maintenance strategy selection for provincial 

highways. In the Saskatchewan PMIS, vehicle operating cost components such as fuel and 

lubricant consumption, tire wear, vehicle maintenance and labor, user travel delay, and 

administrative costs were gathered and compared to roughness in terms of International 

Roughness Index (IRI) and riding comfort index (RCI). The results o f this study yielded the 

following models for vehicle costs.

VOCx ={ctx e(Ax + Bx‘,Rn}/1000 

IRI =  1.44 + 29.8*10"°2278RCI 

where: VOCx : Vehicle Operating Cost for vehicle type x. (Canadien $/km)
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dx : administrative cost parameter for vehicle type x.

: calibrated constants for vehicle type x.

IRI : International Roughness Index (m/km).

RCI : Saskatchewan Riding Comfort Index (Scale 1 to 10)

Table 9-1, shows the calibrated constants formulated for the Saskatchewan PMIS in terms of 

financial and economic cost analysis.

Table 9-1
Vehicle Financial Economic

Type a A B a A B

Small Car 1.00 5.77 0.0186 1.00 5.45 0.0129

Medium Car 1.00 5.88 0.0206 1.00 5.56 0.0213

Large Car 1.00 5.99 0.0196 1.00 5.67 0.0203

Utility Vehicle 1.00 5.96 0.0216 1.00 5.62 0.0228

2 Axle Truck 1.10 6.14 0.0564 1.10 5.79 0.0604

3 Axle Truck 1.10 6.39 0.0394 1.10 6.04 0.0417

5 Axle Truck 1.10 6.35 0.0343 1.10 5.98 0.0387

7 Axle Truck 1.10 6.60 0.0421 1.10 6.24 0.0465

3 Axle Bus 1.10 7.67 0.0115 1.10 7.33 0.0118

Source : Adapted from Bein [6].

9.3 - Existing User Cost Analysis By NYSDOT.

NYSDOT presently addresses the subject o f road user costs in two o f its highway 

management models. The first model, the Highway User Cost Accounting Model, is employed 

by traffic engineers in the appraisal o f  various highway capacity projects. The second reference 

to road user costs is employed during network level pavement management in an annual report 

which rates overall condition o f the pavement network in the state.

NYSDOT Highway User Cost Accounting Model

The NYSDOT Highway User Cost Accounting Model, known as HUCA, is used to
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estimate the impacts o f highway improvements on road user costs. This model defines road user 

costs as vehicle operating costs, user delay costs, and reduced accident costs. The main objective 

of the model is to compute project benefits as the result o f  capacity improvements for various 

facilities such as freeways, arterials, two lane highways, multi-lane highways, and signalized 

intersections. The model also appraises the impact o f capacity reductions due to lane closures, 

night time construction, and detour roads on road user costs. Given specific highway capacity 

improvement projects, their costs, projected analysis periods, and discount rates, the model 

estimates life cycle reductions in user cost compared to the no-build condition.

Although the HUCA model is a valuable tool, it is suited to the analysis o f highway 

capacity improvement projects. Presently, this model can not be employed to estimate road user 

costs due to the condition o f a highway pavement along a given facility. Therefore, this model 

may not be implemented to project road user costs in the context o f  this dissertation.

Network Level Road User Cost Estimation

Presently, NYSDOT produces an annual report entitled Pavement Condition o f New 

York's Highways [26] as part o f its network level pavement management activities. The annual 

report summarizes the overall condition of the state highway system. Pavements are classified 

according to their surface rating and categorized into groups ranging from "excellent" to "poor". 

Table 13 o f the Pavement Condition Report [27] estimates the road user costs which would be 

redeemed if ail pavements were improved to "excellent" conditions. The following relationships 

are utilized by NYSDOT to predict the excess operating costs based on pavement surface

conditions.

PSR Rating Excess Operating Cost (S/mile)
I to 5 0.035
6 0.016 
7 to 8 0.006
9 to 10 0.000

These correlations were generated by Irwin [15] based on rough estimates of road user costs 

calibrated from World Bank models. Although these operating cost figures are employed by 

NYSDOT in network level planning activities and management policy adjustments, their
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9.4 - Development of Road User Costs For NYSDOT.

The road user cost submodel developed for NYSDOT will model vehicle operating costs 

and accident costs as a function o f International Roughness Index (IRI). Since NYSDOT has not 

published any relationship between these parameters, models developed and utilized in regions 

with similar demographics will be borrowed.

Financial Cost Analysis or Economic Cost Analysis.

World Bank models as well as those calibrated for the Saskatchewan PMIS express 

vehicle operating costs in terms o f both financial and economic cost analysis. Financial cost 

analysis deals with the actual accounting costs incurred by various parties involved with the 

highway, including government and taxpayers. This type o f analysis is commonly utilized in 

budget planning since the computed costs represent the true accounting costs. Economic cost 

analysis is the financial cost minus the market distortions such as taxes, foreign exchange, duties, 

tariffs, government subsidies, and external impacts such as pollution. This type o f analysis is 

commonly employed at the planning level since policies resulting from the studies will reflect 

overall societal impacts. Adler [3] recommends that transport projects should only be undertaken 

if they are both financially and economically justified. However, with pavement management 

projects, it might be more appropriate to utilize economic cost analysis because the road users 

incur vehicle operating costs directly and agency costs indirectly as a taxpayer. Using financial 

costs, although more conservative, may double count for the governmental agency costs being 

indirectly absorbed by the taxpayer.

NYSDOT Vehicle Operating Cost Submodel.

The Saskatchewan Pavement Management Information System (PMIS) study, as sited by 

Bein [6], will be utilized to formulate a vehicle operating cost submodel for NYSDOT. The 

Saskatchewan PMIS, rather than World Bank HDM-HI, was selected because the vehicles 

utilized, time value o f money, and pavement structures are analogous to those found in the 

NYSDOT highway system.

The Saskatchewan PMIS data expressed vehicle operating costs in units o f 1986
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Canadian dollars. To convert to 1999 United States dollars, an exchange rate o f CAS 1.00 to 

US$0.75 was used, along with a 4 percent annual rate o f  inflation. Table 9-2 shows the 

relationship between vehicle operating costs and pavement condition assuming the use o f 

economic cost analysis. As anticipated, vehicle operating costs increase as pavement condition 

declines. A distinct observation involves the three axle bus. The high operating cost incurred by 

the bus is due to the travel time delay costs incurred by the passengers on the bus.

Table 9-2 : Vehicle Operating Costs as Related to Pavement Condition (Economic).
Veh.

Type

Small

Car

Med.

Car

Large

Car

Utility

Veh.

2

Axle

Truck

3

Axle

Truck

5

Axle

Truck

7

Axle

Truck

3

Axle

Bus

a 1.00 1.00 1.00 1.00 1.10 1.10 1.10 1.10 1.10

A 5.77 5.88 5.99 5.96 6.14 6.39 6.35 6.60 7.67

USA Can. B 0.019 0.021 0.020 0.022 0.056 0.040 0.034 0.042 0.012

PSI RCI IRJ

(m/km)

$/mile S/mile $/mile S/mile $/mile $/mile S/mile S/mile S/mile

0.5 I 8.85 0.62 0.70 0.78 0.75 1.37 1.49 1.37 1.90 4.17

1.0 2 6.19 0.59 0.66 0.73 0.71 1.17 1.34 1.24 1.68 4.04

1.5 3 4.63 0.57 0.64 0.71 0.69 1.06 1.25 1.16 1.56 3.96

2.0 4 3.54 0.56 0.63 0.70 0.67 0.99 1.20 1.11 1.49 3.91

2.5 5 2.67 0.55 0.61 0.68 0.66 0.94 1.15 1.05 1.43 3.87

3.0 6 1.96 0.54 0.61 0.67 0.64 0.91 1.12 1.05 1.38 3.84

3.5 7 1.37 0.53 0.60 0.67 0.64 0.87 1.09 1.03 1.34 3.81

4.0 8 0.86 0.53 0.59 0.66 0.63 0.85 1.07 1.01 1.31 3.79

4.5 9 0.41 0.52 0.59 0.65 0.62 0.82 1.05 0.99 1.29 3.77

Source : Adapted from Bein [6].

NYSDOT does not gather the detailed traffic composition information for which the 

Saskatchewan PMIS is calibrated. A t the planning level, NYSDOT only maintains average 

annual daily traffic (AADT) volumes and percentage o f  heavy vehicle utilization. More specific 

traffic composition collections are carried out at the project level when designing a particular 

project. For this dissertation, it is assumed that the composition o f vehicles registered in New
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York reflect the traffic composition utilizing the state highways. This information was obtained 

from the New York State Department o f  Motor Vehicles [21] (NYSDMV) and is displayed in 

Table 9-3. The NYSDMV records the number o f passengers cars, rental cars, taxis, single unit 

trucks, trailer trucks, ambulances, farm vehicles, buses, motorcycles, and mopeds registered in 

each county o f the state.

Table 9-3 : Vehicle Registration in New York State.

Vehicle
Classification

Vehicles
Registered

m

Overall
Composition

(%)

Passenger
Composition

(%)

Commercial
Composition

(%)

Passenger Car 7408033 81.12 98.81

Rental Car 33607 0.37 0.45 ----

Livery Car 55257 0.61 0.74 ----

Ambulance 2752 0.03 ---- 0.19

Farm Vehicle 8723 0.10 ---- 0.59

Single Unit Truck 960202 10.51 65.19

Trailer Truck 484399 5.30 ---- 32.89

Bus 16775 0.18 1.14

Motorcycle 162691 1.78

Total 9132439 100.00 100.00 100.00

Source : Adapted from NYSDMV Records [21].

Regression analysis executed on the data in Table 9-4 indicates that there is a statistically 

significant relationship between the vehicle operating costs and roughness index (IRI). The 

mathematical function takes the linear form:

VOC = a(IRI) + b 

where: VOC = Vehicle Operating Costs ($/mile).

IRI =  International Roughness Index (inch/mile). 

a,b = Regression parameter constants.
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Figure 9-4 : Vehicle Operating Cost vs. Roughness
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Table 9-4 : NYSDOT VOC versus Pavem ent Condition.

Pavement
Condition
AASHTO

PSI

Pavement
Condition

IRI
(Inch/mile)

Passenger
Vehicle
V.O.C.
(S/mile)

Commercial
Vehicle
V.O.C.
(S/mile)

4.5 25.69 0.58 1.03

4.0 54.42 0.59 1.05

3.5 86.99 0.59 1.07

3.0 124.59 0.60 1.10

2.5 169.09 0.61 1.14

2.0 223.48 0.62 1.18

1.5 293.65 0.64 1.24

1.0 392.54 0.66 1.33

0.5 561.60 0.69 1.51

Source : Adapted from NYSDMV [21] and USDOT [51].

Table 9-5 displays the regression parameter constants, a and b, for the various vehicle 

types and analysis methods as well as the correlation coefficients. The table shows that the 

computed functions are statistically good fits as indicated by the correlation coefficients.
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Tabic 9-5 : Regression Equations Relating NYSDOT VOC to IRI.

Analysis

Type

Vehicle

Type

a b Rz r Goodness 

of Fit

Economic Passenger Car 0.00021 0.576 0.9993 0.9996 “Good”

Economic Commercial 0.00088 0.995 0.9962 0.9981 “Good”

NYSDOT Accident Cost Submodel.

Little information exists correlating accident costs directly with pavement conditions. 

McFarland [19] reports that the Texas Highway Department completed an AASHTO research 

project which integrated various road user cost components and pavement conditions. 

McFarland's study defines the total road user cost as the sum o f  operating cost, travel time cost, 

discomfort cost, and accident cost. Since it was an AASHTO project, the road user costs are 

directly related to the present serviceability index (PSI) for pavement condition. The highway 

facility types included in this research are the two lane highway, undivided multi-lane highway, 

and divided multi-lane highway.

Table 9-6 : Accident Cost versus Pavement Condition.
Pavement

Condition

AASHTO

PSI

Pavement

Condition

IRI

(inch/mileT

2 Lane 

Undivided 

Highway 

($/mile)

Undivided

Multi-Lane

Highway

(S/mile)

Divided

Multi-Lane

Highway

(S/mile)

Average

Accident

Cost

(S/mile)

4.5 25.69 0.016 0.026 0.008 0.017

4.0 54.42 0.016 0.027 0.008 0.017

3.5 86.99 0.016 0.029 0.008 0.018

3.0 124.59 0.017 0.033 0.009 0.020

2.5 169.06 0.018 0.041 0.009 0.023

2.0 223.48 0.020 0.055 0.010 0.028

1.5 293.65 0.023 0.075 0.012 0.037

Source: Adapted from McFarland [19].
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0.08
Figure 9-6 : Accident Cost versus IRI
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Table 9-6 computes the accident costs to be utilized by NYSDOT as a function of 

pavement condition. These costs were adapted from McFarland's 1972 data by applying an 

annual inflation rate approximated at 4 percent. Figure 9-6 exhibits the accident costs versus IRI 

for the 2 lane highway, undivided multi-lane highway, and divided multi-lane highway. As 

expected, the data shows that as pavement roughness increases so do accident costs. However, 

as shown by McFarland’s data, other elements such as traffic volume and lateral clearance also 

influence the accident cost for the different highway facility types.

Regression analysis executed on the data contained in Table 9-6 indicates that there is a 

statistically significant relationship between accident cost and pavement condition for the 

assorted highway facility types. The mathematical function takes on the following exponential 

form:

AC = e a(IW)+b 

where: AC = Accident Cost ($/mile).

IRI = International Roughness Index (inch/mile). 

a,b = Regression parameter constants.

Table 9-7 presents the computed regression parameter constants, a and b, for the various 

highway facility types and the correlation coefficients. It is apparent that the computed functions
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are statistically good fits as indicated by the values correlation coefficients.

Table 9-7 : Retrression Eauation Rela ting Accid<:nt Cost to IRI.
Facility
Type

a b Rz r Goodness 
of Fit

Two Lane Highway 0.0014 -4.222 0.9379 0.9685 “Good”

Undivided Multi-Lane 0.0041 -3.848 0.9771 0.9885 “Good”

Divided Multi-Lane 0.0015 -4.916 0.9239 0.9612 “Good”

Average Cost 0.0030 -4.254 0.9675 0.9836 “Good”

9.5 - Need For Further Research.

In order to accurately employ road user costs as related to pavement condition, NYSDOT 

would have to complete studies such as those by Bein [6] and McFarland [19]. However, the 

methodologies used to generate correlations between the vehicle operating costs and roughness 

index and accident costs and roughness index are adequate in the context o f this dissertation. In 

practice, the Saskatchewan and McFarland studies were performed over a decade ago in different 

geographical regions. Independent research by NYSDOT would produce the data needed to 

adapt and calibrate models with the desired accuracy to be implemented at the project level.
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CH APTER 10 : ECO N O M IC ANALYSIS.

84

10.1 Life Cycle Analysis.

The analysis period of a highway pavement is defined as the design life o f the pavement 

structure. In the past, state highway agencies used an analysis period o f 30 years as 

recommended by the AASHTO [2] guide. However, in recent years, the trend amongst state 

highway agencies is to design thicker pavement structures capable o f sustaining an analysis 

period o f 50 years. This chapter designates how both agency costs and user costs will be 

computed and analyzed during the life cycle o f a newly designed highway pavement.

Typical life cycle cost analysis [29] for highway pavements, both flexible and rigid, 

involves the following steps:

1. Selection o f an adequate initial pavement design based on predicted loading and 

environmental conditions.

2. Designation of a suitable maintenance strategy o f treatments selected based on the prediction 

of pavement roughness and primary distresses.

3. Estimating the agency costs of the initial construction and maintenance strategies.

4. Comparison of alternative design options using the Present Worth method.

5. Conducting sensitivity analysis for primary independent variables in the design equation.

6. Designation of optimal design and maintenance strategy to be implemented based upon lowest 

life cycle cost.

At the discretion o f the pavement engineer, other considerations such as budgetary constraints, 

non-pavement construction activities, and traffic volumes may also influence the choice of 

treatment selection.

10.2 Present Worth Method (Agency Cost Computation).

The components o f  pavement construction and maintenance costs for flexible and rigid 

pavements have been discussed in Chapter 8 o f  this dissertation. Total agency expenditures for 

the pavement life cycle are evaluated for each design alternative using the present worth method.

Salvage Values.

When an individual maintenance treatment's performance life does not coincide with the
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end o f the pavement structure’s analysis period, a salvage value will be assigned for the unused

portion o f the treatment. USDOT [51] recommends calculating the salvage value using the

straight line depreciation method as follows:

Sn = Cn * (RSL„ / ESLJ

Where : Sn Salvage Value o f treatment n ($).
Cn Agency Cost of treatment n ($).
RSLn Remaining Service Life o f treatment n (years).
ESLn Expected Service Life o f treatment n (years).

Discount Rate.

The discount rate, or time value o f money, is the difference between the rate o f return on 

public investments and the rate o f inflation. Return on public investments is the outcome of 

improved infrastructure and its impacts on employment, income, sales tax, and other exogenous 

benefits to local economy. Adler [3] maintains that the prediction o f the discount rate is a 

complex process because it involves the economic concept of shadow pricing. However, he 

recommends that discount rates ranging from 2 to 10 percent are typical for transport projects, 

depending upon the local economy. NYSDOT [29] and other state highway agencies in the 

United States utilize a discount rate o f  4 percent on pavement and highway projects.

Present Worth Method.

Present worth of pavement treatment strategies is interpreted as the amount o f money 

that would have to be invested currently to fund future treatments when required. The present 

worth factor, which discounts future costs to the present, is calculated using the following 

mathematical function:

PWF = (P/F,r,N) = 1 / (l+ r)N

Where: r Discount Rate (percent, in decimal, typically 0.04)
N Pavement age when treatment is applied (years).

The present worth value o f the treatment “n” applied in year “N” is calculated by 

multiplying the estimated treatment cost per lane mile by the present worth factor, as shown:

P„ = Cn *PW F = C„*(P/F,r,N)

Where : P„ Present value o f  estimated agency cost o f treatment n ($).
Cn Estimated agency cost o f treatment n ($).
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The total agency cost for each alternative design is the sum of all discounted agency 

costs including initial construction and life cycle maintenance subtracted by the discounted 

salvage value of unused portions of maintenance treatments.

10.3 Total Road User Costs and Societal Benefits.

Road user benefits are the savings incurred by highway travelers as an effect o f improved 

pavement conditions. Chapter 9 of this dissertation establishes that road user costs are directly 

correlated with pavement roughness; as pavement roughness deteriorates, road user costs 

escalate.

Present Worth Method

Road user benefits are incurred annually during the 50 year analysis life o f  the pavement 

structure. The following process is used to estimate road user benefits for alternative design 

strategies by employing the present worth method:

1. Determine the present worth o f road user costs for each o f the design strategies to be 

considered for a particular pavement project. It should be noted that only design alternatives 

which meet the minimum strength requirements as specified in the design tables should be 

considered.

2. Select the base case alternative. This is the alternative with the lowest, discounted agency cost 

by the present worth method.

3. Compute the road user benefit for each alternative design using the following equation:

10.4 Economic Analysis Methodology.

There are two stages of economic analysis to be completed, strategy examination and 

rejection, and incremental cost analysis.

Strategy Examination and Rejection.

Strategy examination and rejection consists o f  conducting benefit-to-cost evaluations for 

each design alternative and rejecting those which are not economically sound. The benefit to

Where : B„
R u e *  
R uc„

B„ = RUChe-RUQ

Road user benefit of alternative n ($). 
Discounted road user cost o f base case ($). 
Discounted road user cost o f  alternative n ($).
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cost ratio for each design alternative is calculated using the following equation:

B/C„ = B „/C „

Where : B/C„ Benefit to Cost Ratio o f improved alternative n (no units).
Bn Discounted road user benefits o f improved alternative n ($).
C„ Discounted agency cost of improved alternative n ($).

According to Adler [3], a transport project is justified if its benefits outweigh its costs, 

thus, the benefit to cost ratio is greater than 1. Economically, any alternative with a benefit to 

cost ratio of less than 1 will be rejected from consideration. It is also recognized that the benefit 

to cost ratio o f the base case alternative will be zero by definition, therefore, the base case 

alternative is exempt from having to be greater than 1 to avoid rejection.

Incremental Cost Analysis.

Incremental benefit to cost analysis enables the pavement engineer to assess the societal 

impacts o f agency investment decisions. In this type of analysis, the engineer is evaluating if the 

additional benefits incurred by choosing an improved design justify the higher agency cost. The 

incremental benefit is the difference in road user benefit between the present alternative and the 

prior, lower cost alternative. The incremental functions are shown below:

ICn = c n- c n.,

IBn = Bn-B n.,

Where: IC„ Incremental Cost o f alternative n ($).
c„ Discounted agency cost o f  alternative n ($).
c„., Discounted agency cost o f  prior, lower cost alternative to n ($).
® n Incremental Benefit o f  alternative n ($).
B„ Discounted road user benefit o f alternative n ($).
B„.i Discounted road user benefit prior, lower cost alternative to n ($).

The World Bank [45] advocates that improved alternatives which possess an incremental 

benefit to cost ratio o f  1 or greater be considered for implementation. Incremental ratios of less 

than I indicate that government expenditure necessary to implement the higher cost alternative 

exceeds its supplementary incurred benefits. In practice, highway engineers could utilize 

incremental analysis to plan pavement maintenance projects which maximize road user benefits 

given a fixed budget.
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10.5 Need For Further Research.

The discount rate is a sensitive variable in the determination o f present worth and slight 

modification may have profound effects on the overall computations. Foreign governments 

usually consider the ramifications o f external factors on the shadow pricing o f the discount rate 

with transportation projects [3]. Domestic highway agencies may wish to consider factors such 

as environmental issues as associated with newly constructed pavements when determining the 

appropriate discount rate for analysis.
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CHAPTER 11 : SAMPLE APPLICATIONS OF PROPOSED DESIGN PROCEDURE.

11.1 - Choice of Micro-Computer Program.

A computer spreadsheet is adequate to perform computations to show the potential utility 

o f the design procedure proposed in this dissertation. The spreadsheet utilized is Lotus 1-2-3 of 

the Lotus Smartsuite 97 software for the purposes o f this dissertation. The spreadsheet was 

prepared using NYSDOT pavement specifications and environmental data gathered in the 

various state regions. Therefore, the flexible pavement spreadsheet is only valid for the wet- 

freeze region, and the rigid pavement spreadsheet is only valid for jointed, plain concrete 

pavement. However, using the guidelines proposed in the design algorithm, similar spreadsheet 

applications may be calibrated for any region as a function o f the climate, pavement type, and 

local data available.

11.2 - Description of Design Spreadsheets.

The spreadsheet developed for the proposed design procedure, as calibrated for 

NYSDOT flexible pavements, is shown in Appendix P and summarized in Figure 11-1 The 

spreadsheet generated for NYSDOT rigid pavements is shown in Appendix Q and is outlined in 

Figure 11-2.

Spreadsheet Input.

The input for the spreadsheet application consists o f the following requirements:

/. Traffic Data: Data entails average daily traffic, percent commercial vehicles, load equivalency 

factor, directional and lane distribution, and forecasted growth rate.

2. Environmental Data: Data consists o f annual number o f  freeze-thaw cycles, annual number of 

days greater than 90 degree Fahrenheit, freeze index, and annual precipitation.

3. Pavement Mix Characteristics: Data required for flexible pavements includes asphalt 

viscosity, percent air voids, asphalt aggregate gradation, and subbase aggregate gradation. 

Needed data for rigid pavements entails modulus o f subgrade reaction, joint spacing and dowel
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diameter.

Fj£ure_^^iL;Flexi|yej^avement_^!£oritJyil^î otus_^223_SjHjeadshe£t_Ljwout

INPUT SCREEN
1. Traffic Data

2. Climate Data
3. Pavement Mix Data 

4. Geometric Data

Computation
Sheet:

Do Not Alter

OUTPUT 
SCREEN 

AASHTO Flexible 
Design Analysis

OUTPUT 
SCREEN 

Mechanistic 
Design Analysis 
Case I - 5" AC 
Case 2 - 6" AC 
Case 3 - 7" AC 
Case 4 - 8" AC 
Case 5 - 9" AC 

Case 6 -1 0 "  AC 
Case 7 -19" Base 
Case 8 - 24" Base 
Case 9 - 29" Base

OUTPUT SCREEN 
Economic Analysis
1. Agency Cost vs. 

Age
2. User Cost vs. Age

3. Incremental Benefit 
to Cost Analysis

OUTPUT SCREEN 
Distress Propagation
1. Roughness vs. Age.

2. Rutting vs. Age.
3. Cracking vs. Age.

Computation Sheet: 

Do Not Alter

4. Highway Geometry Information: Required data input is lane width, shoulder width, and project 

length.

5. Economic Data: The discount rate to be used in economic study must be entered.
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Spreadsheet Output.

The output generated by the spreadsheet consists o f the following information: 

FigiuxJJLjl-RjsidJijLygnienlAlggnljlllLzJzJlluiJjjzj-Sin^dsh^jXayout

Computation Sheet: 

Do Not Alter

OUTPUT SCREEN 
AASHTO Rigid 
Design Analysis

OUTPUT SCREEN 
Mechanistic Design 

Analysis 
Case 1: 8" PCC 
Case 2: 9" PCC 

Case 3: 10" PCC 
Case 4: 11" PCC 
Case 5: 12" PCC 
Case 6: 13" PCC

Computation Sheet: 

Do Not Alter

OUTPUT SCREEN 
Economic Analysis
1. Agency Cost vs. 

Age
2. User Cost vs. Age

3. Incremental Benefit 
to Cost Analysis

OUTPUT SCREEN 
Distress 

Propagation
1. Roughness vs. 

Age.
2. Faulting vs. Age.
3. Spalling vs. Age.

/ . AASHTO Design Analysis: Calculates if  each design alternative is feasible or overloaded based 

on the present NYSDOT Design Manual [34] and AASHTO [2] methodology.

2. Mechanistic Design Analysis: Predicts roughness and primary distress propagation throughout the 

50 year pavement analysis period for each design alternative. For flexible pavement, primary

INPUT SCREEN
1. Traffic Data

2. Climate Data
3. Pavement Mix Data 

4. Geometric Data
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distresses are rutting and thermal cracking; for rigid pavement, primary distresses are joint faulting 

and spalling. The predicted, responsive maintenance strategies required for each design alternative 

are also determined.

3. Agency and User Cost Computations: The agency expenditures for initial capital investment and 

maintenance is computed for each design alternative. The annual vehicle user cost due to pavement 

roughness and distresses is estimated. Finally, the incremental benefit to cost ratio is plotted so that 

the consequences o f supplementary agency investment may be examined.

4. Distress Propagation: The propagation o f roughness and individual distresses is predicted and 

charted throughout the analysis period so that the implications o f choosing different alternatives may 

be explored.

11.3 - Case Study - NYSDOT Flexible Pavement.

The case study for flexible design considers a typical, rural, two lane highway pavement 

reconstruction. The forecasted average daily traffic is 22000 vehicles, with 10 percent 

commercial traffic, increasing at a combined growth rate of 2.0 percent. The pavement structure 

will be constructed using a standard AC-20 mix. The highway geometry will consist o f 1 travel 

lane in each direction and will be constructed to the standard width o f 12 feet per travel lane with 

full depth outer shoulders o f 8 feet width over the proposed 1 mile project.

AASHTO Design Analysis.

Assuming the median soil resilient modulus o f 7000 pounds per square inch, using the 

NYSDOT table [34], the pavement thickness required would be design alternative four; 7 

inches o f HMAC over a  4 inch permeable drainage course and 12 inches o f  subbase material.

Mechanistic Design Analysis.

Mechanistic analysis o f  the proposed flexible pavement yields the following results as 

shown in Table 11-1.

1. Roughness: Roughness does not exceed the terminal limit o f 170.00 inches per mile
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throughout the 50 year design life for any alternative. Roughness increases as the HMAC 

thickness increases from 5 to 10 inches, then, decreases slightly as the base thickness is increased 

from 0 to 29 inches.

Table 11-1; Pavement Performance - Case Study - NYSDOT Flexible Pavement.

OUTPUT -  PREDICTED ROUGHNESS
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Thermal Cracking versus Pavement Age

0 I  *  60
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to )9 31 40.29 41 43 42.30 43 60 44.72 44.72 44.72 44.72
IS so n SI.A2 32.34 33 07 3312 34 59 34.59 34 39 34.39 VI *°
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U 20 
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23 22.10 23 22 23.66 24 II 24.56 2502 25 02 2502 23.02
SO 20 4S 2010 21 17 21 54 21.91 22.29 22.29 2229 22 29
SS HAS 11.93 1926 1951 1919 2022 20.22 20 22 20.22

Pavement Age (Yean)

1.5" AC ^ ^ 4 .1 “ AC ir*A C  
^ • 2 .4 "  AC “*■5. 9- AC * • * 6  10“ AC 

X 7** AC 6. ir* AC 9.18- AC

40 17 22 1749 17.73 1102 11.30 11.31 11.31 1151 1631
43 16 05 1621 16.52 16.76 17.00 1724 17.24 1724 1724
SO tS.OI 1521 13.49 15.70 15.91 16.13 16.1) 1613 16.13

Total
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2. Rutting: Rutting exceeds 0.38 inch for design alternatives 1, 2, and 3, therefore, higher cost 

maintenance efforts will be required to maintain the pavement for these options. Rut depth 

decreases as the pavement thickness, both HMAC and select base, is increased.

2. Thermal Cracking. The number o f thermal cracks in the HMAC layer of the pavement 

structure increases as the thickness o f the HMAC layer is decreased.

Maintenance Requirements.

The predicted, life-cycle pavement maintenance requirements for all nine pavement 

design alternatives consist o f filling o f thermal cracks at 5 year intervals and grinding and 

shimming wheel path ruts at 10 year intervals throughout the design life o f the pavement. The 

estimated quantity o f crack filling and shimming required varies by design alternative.

Generally, as the thickness of the pavement structure is increased, the quantity of maintenance 

repairs is decreased.

Economic Analysis.

As expected, the initial capital cost incurred by the highway agency increases as does the 

thickness o f the pavement structure. Maintenance costs decrease as the pavement thickness is 

increased. It is observed that the incurred road user costs are tangibly larger than the forecasted 

agency expenditures for all nine alternatives.

Incremental benefit to cost analysis is shown and plotted in Table 11-2. From 

alternatives 1 to 6, as the agency increases spending to increase HMAC thickness, the user costs 

increase. From alternative 6 to 9, increased agency spending to increase base thickness will 

result in slightly decreased road user costs. However, since the incremental benefit to cost ratio 

never exceeds I, it is economically justified to choose the lowest cost alternative available. 

Therefore, for the given two lane highway, as per mechanistic analysis, the minimum feasible 

alternative as limited by rutting distress, is alternative 4; 8 inches o f  HMAC over 4 inches 

permeable base and 12 inches o f granular subbase material.
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Table 11-2; Incremental B/C Analysis - Case Study - NYSDOT Flexible Pavement.

O U T P U T - INCREM ENTAL B/C ANALYSIS

Incremental Benefit to Cost Ratio
<S)

101)27411
1718202

127
I 12

2190707
101485204

892 J178 IS 879
297228 494S32

Incremental Coif (J)

General Observations and Recommendations.

The final cross section required by mechanistic analysis is less than what is required by 

the present AASHTO [2] methodology utilized by NYSDOT. For this case study, mechanistic 

analysis refutes the contemporary layer design theory for flexible pavement which assumes that 

increases in HMAC thickness will result in a stronger, better performing pavement. As per 

mechanistic analysis, the HMAC layer thickness should be limited to the minimum required to 

satisfy rutting requirements in order to minimize pavement roughness and associated road user 

costs.

11.4 - Case Study - NYSDOT Rigid Pavement.

The case study for rigid pavement considers a reconstructed suburban expressway with 

average daily traffic of 64000 vehicles, consisting o f 12 percent commercial traffic, forecasted to 

increase at a combined growth rate o f  2.0 percent. Standard 3000 pound per square inch concrete 

will be used to construct the concrete slab. The highway geometry will be reconstructed to 

consist o f  two lanes in each direction with full depth rigid shoulders. Existing right-of-way will 

allow standard travel lanes o f  12 foot width, inner shoulder o f  4 feet, and outer shoulder o f 8 feet 

along the 1 mile project.
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AASHTO Design Analysis.

Using the recommended modulus o f subgrade reaction o f 200 pounds per cubic inch 

shown in the NYSDOT Design Manual [34], the minimum allowable pavement thickness for the 

proposed suburban expressway would be alternative 4, a 11 inch thick concrete slab over 4 

inches o f  permeable base and 12 inches of granular subbase.

Mechanistic Design Analysis.

Mechanistic analysis o f the proposed rigid pavement yields the following results as 

shown in Table 11-3.

/. Roughness: Roughness is not expected to exceed the terminal value o f 170.00 inch per mile 

during the analysis period for any design alternative. The predicted roughness increases as the 

thickness o f the pavement structure decreases.

2. Joint Faulting. Predicted faulting is expected to exceed the terminal value o f 0.19 inches at 43 

years for all design alternatives. Since faulting is not a function o f slab thickness, increasing the 

slab thickness will not decrease the presence of this distress.

3. Joint Spoiling. Predicted spalling increases linearly as pavement age increases. Since this 

distress is dependent upon weather parameters, increasing the pavement thickness will not have 

any positive affect.

Maintenance Requirements.

The forecasted, life-cycle pavement maintenance requirements for all six pavement 

design alternatives consist o f  jo int sealing and spall repairs at 10 year intervals and grinding, 

shimming, and resealing o f  joints at year 45. Generally, increasing the thickness o f the pavement 

structure will decrease pavement roughness, but will not affect the predicted quantity o f  primary 

distresses. No structural overlays are required during the design life o f the suburban expressway.
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Table 11-3: Pavement Performance - Case Study - NYSDOT Rigid Pavement.

O U T P U T  -  P R E D IC T E D  R O U G H N E S S
Year Alt 1. 

s- PCC 

inch/mile

Alt 2.

9" PCC 

inch/mile

Alt 3 

10" PCC 

inch/mile

AH 4. 

11" PCC 

inch/mile

AltS 

12" PCC 

inch/mile

AH 6 

13" PCC 

'inch/mile

Terminal

Houghnesi

inch/mtle

i

180

«  160 
£

1 140 
s
X  120
X
X  ioo
3e

80
30

*  60

toughness versus Pavement Age

0 97 08 89 95 82.82 75 69 68.36 61 43 17000
2 9" PCC

3 10" PCC

4 11" PCC

5 12" PCC

6 13" PCC 

Terminal

5 101 06 93 93 86 80 79 67 72.54 65 41 17000

10 105.03 97 90 90 77 S3 64 76 51 69 33 170 00

15 10901 101 88 94.75 87 62 80 49 73 36 170 00

:o 112.98 105 85 98 72 91 59 84 46 77 33 170 00

25 110 96 109 83 102 70 95 57 88 44 81 31 170 00

30 120 93 11380 10667 99 54 92 41 85 28 170 00

35 12491 11778 110 65 103 52 96 39 89 26 170 00

40 128 88 121 75 114 62 107 49 100 36 93 23 170 00

45 132 86 125 73 118 60 III 47 104 34 97 21 170 00 0 10 20 30 40 50

50 136 83 129 70 122.57 115 44 108 31 101 18 170 00 5 15 25 35 45 

Pavement Age (Years)Tout — „ — — _

o u TPU r -  f»REE)IC T ED  I7AULTIISfG
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Alt 2

r  pee
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11“ PCC 
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-
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03  
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? 0 2  u

“ 0 15 
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£ o i 
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2 9" PCC
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0 000 ooo 000 000 000 000 0 19 

0 195 000 OOO 000 000 000 000 L .10 000 000 000 000 ooo 000 0 19

15 000 000 000 000 0 00 000 0 19 7 ^ 4 II" PCC

5 12"* PCC

6 13" PCC

:o 000 000 000 000 000 000 0 19 

0 19 
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25 001 OOI 0 01 001 001 001

30 004 004 004 004 0 04 0 04 /
35 009 009 009 009 009 009 0 19

.  - J
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40 0 14 0)4 0 14 0 14 0 14 0 14 0 19

45 021 021 021 021 021 021 0 19 0 10 20 30 40 50
50 0 28 0 28 0.28 0 28 0.28 0 28 0 19 5 15 25 35 45 

Pavement Age (Years)Tool — — — _ _ _
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8* PCC 

(%)

A lt!  

9" PCC 
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<%>
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Spalling versus Pavement Age

1. 8" PCC

2. 9  PCC

3. 10" PCC
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0 0.49 049 0.49 0.49 0.49 0.49
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<
SS , ---------------- 7 ^ —
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Economic Analysis.

The initial capital expenditure increases as does the thickness o f the pavement structure. 

The maintenance costs are similar for each alternative. The incurred road user costs are 

substantially greater than the predicted agency expenditures.

Table 11-4: Incremental Benefit to Cost Analysis - Case Study - NYSDOT Rigid Pavement.

O U T PU T  - IN C R E M E N T A L  B/C ANALYSIS
Alternative

Number

Agency

Cost

<S)

User

Cost

(I)

Incremental

Cost

(J)

Incremental

Benefit

(J)

Incremental

B/C

Ratio

I 3968622 303045031 0 0

2 4147297 304085843 178675 959186 5 37

3 43S2383 303126659 205286 959186 467

4 4557870 302167473 205286 959186 467

5 4766958 301208287 209088 939186 4 59

6 4972244 300249100 205286 959186 4 67

I
J i
?  i  
8 '■ 
8 E

Incremental Benefit to C ost Ratio
6
5

4

3

I
0

0 17867) 383962 589248 798336 1003622
Incremental Cost (S)

Incremental benefit to cost analysis is shown and plotted in Table 11-4. For this case 

study, as the agency invests more funds for a thicker pavement structure, the road user benefits 

increase. Since the ratio o f benefits to cost is greater than one, it would be economically viable 

to select alternatives other than the minimum allowable design. In this case, interpreting the plot 

o f the incremental benefit to cost ratio indicates that alternative two provides the maximum 

return on agency investment at a ratio o f 1.34. However, the plot also implies that there still may 

be a more costly design alternative which would optimize total cost. For the given suburban 

expressway, as per mechanistic analysis, the minimum feasible design would be alternative one 

as limited by roughness requirements. However, the agency would incur maximum societal 

benefits by increasing agency spending to the limit o f the project budget.

General Observations and Recommendations.

The pavement cross section required by mechanistic analysis is less than what is required 

by the present NYSDOT catalog design based on AASHTO [2] methods. In this case.
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mechanistic analysis has proven that the contemporary AASHTO [2] formulae produced a very 

conservative design in regards to the rigid pavement structure. However, as per economic 

analysis, the concrete slab thickness should be maximized, with the parameters o f  the project 

budget, in order to optimize total societal benefit incurred by better pavement performance.

11.5 - Need For Further Research.

For the purpose o f this dissertation, the use of a spreadsheet is adequate to exhibit the 

benefits o f the proposed design procedure. In practice, a more user friendly program, similar to 

the HDM-IV Model [54] developed by the World Bank, must be developed for commercial use. 

The commercial model would be capable o f  receiving a larger number o f inputs, as required for 

all 4 climatic regions. As well, the commercial model should be able to conduct sensitivity 

analysis on independent variables in order to help the pavement engineer in making design 

decisions as to an input’s importance.
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CHAPTER 12 : IMPLICATIONS FOR NEW CATALOGUE DESIGNS.

12.1 - The Need For Design Optimization.

The purpose o f this chapter is to employ the proposed pavement design procedure and 

spreadsheet model to redefine the design alternatives in terms of incremental cost of initial 

pavement structure plus maintenance strategies in order to identify the optimal design. The ideal 

result would be a cost effectiveness curve with a shape which rises to a maximum then decreases, 

thus, providing a rational catalogue of increasingly costly structures. This chapter utilizes the 

proposed mechanistic analysis to explore the recommendations given for flexible and rigid 

pavements given in chapters 5, 7, and 11. To illustrate the utility o f  the proposed methodology, 

modifications will be made to the state catalogue design used by New York as a case study. 

Improvements to the design catalogues represent the advancement o f the state o f the art 

technology and further contribute to the validity o f the design procedure proposed in this 

dissertation.

12.2 - Flexible Pavement Design.

General trends to be examined are the economic and performance impacts o f altering the 

thickness o f the HMA and subbase layers o f the flexible pavement structure. A matrix o f 

possible thickness combinations will be tested in order to determine the optimal design. HMA 

layer thickness will be varied from 3 to 25 inches. For each o f the HMA layer thicknesses, 

granular subbase thickness will be tested at intervals o f  0, 6, 12, 18, 24, 30, and 36 inches thick. 

As per present specifications [32], the minimum practical HMA layer thickness which may be 

properly placed during new construction is 3 inches. The minimum design thickness to be 

considered for the granular subbase, with respect to practical construction practice, will be 6 

inches. A 4 inch permeable asphalt drainage layer will be placed between the HMA and granular 

subbase layers to facilitate drainage. The maximum number o f axle loadings for a given HMA 

thickness will be determined by governing values o f roughness as 170.00 inches per mile or rut 

depth o f  0.38 inches. Therefore, the need for high-cost maintenance treatments will be
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Results o f the mechanistic analysis performed on the matrix o f flexible design 

alternatives are shown in the following tables and appendices:

* Table R l, Appendix R, shows the initial cost estimates for each of the alternatives to be 

considered.

* Tables SI through SI 2, Appendix S, display the results o f economic analysis for each trial 

HMA thickness.

* Tables T1 through T12, Appendix T, forecast the performance of each design alternative 

during the analysis period.

Table 12-1 is an illustration of the results o f  economic analysis performed for the 3 

inch HMA flexible pavement structure. As per the analysis, 19.4 million equivalent 18 kip axle 

loads is the maximum allowable in order to limit rut depth to the governing value o f 0.38 inches.

Table 12-1: Sample Economic Analysis - NYSDOT Flexible Pavement Trials.

OUTPUT - INCREMENTAL B/C AWALYS1S (3" HMA).
Ukt

Incremental Benefit to Cost RatioCmNumber Cm B/C
ta u o

OOfl

11744112461

716*71 1071
53*317 175393

lacremcnlil Coil (S)

Incremental benefit-to-cost analysis shows a nearly uniform, incremental benefit to cost ratio less 

than 1 indicating that, although increasing granular subbase thickness from 6 to 36 inches will 

slightly improve roughness, the additional expenditure to attain this improvement is not
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economically justified. Therefore, for the 3 inch HMA trial thickness, the depth o f subbase 

which minimizes total cost is the minimum value o f 6 inches. This procedure was repeated for 

other trial HMA layer thicknesses ranging from 4 to 25 inches.

The results of economic benefit-to-cost analysis show that for all feasible flexible 

pavement trial thicknesses examined, increasing granular subbase thickness, while slightly

Table 12-2; NYSDOT Flexible Pavement - Design Optimization.
HMAC

Thickness
(inch)

HMAC
Drainage

(inch)

Subbase
Thickness

(inch)

Maximum
ESAL*

(millions)

Governing
Distress

3 4 6 19.4 Rutting
4 4 6 26.7 Rutting
5 4 6 32.7 Rutting
6 4 6 40.0 Rutting
7 4 6 48.5 Rutting
8 4 6 53.4 Rutting
9 4 6 59.5 Rutting
10 4 6 66.7 Rutting
11 4 6 _ 7 L 8 ^ _ _ R u t t i n g _ _

Notes:
1. Shaded regions represent designs which were examined but are 
not economically justified.

2. Assumed soil Resilient Modulus is 7000 psi.
3. Assumed traffic: 10% truck volume at 2% combined growth rate.

Figure 12-2: HMA Thickness versus Allowable Loading
no
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E
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u
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<
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improving roughness and rutting, is not economically justified. Therefore, the recommended 

thickness o f granular subbase is 6 inches. Table 12-2 summarizes the results o f  the economic 

and mechanistic analysis and also represents the revised flexible pavement design catalogue for 

NYSDOT. Rutting is the governing distress from 3 to 15 inches HMA thicknesses. For HMA 

thickness o f 15 to 20 inches, rutting still governs, but roughness also is near to the maximum 

allowable criteria. For HMA thickness exceeding 20 inches, roughness governs. Therefore, an 

HMA layer thickness o f 20 inches is the point o f diminishing returns, when increasing the layer 

thickness will no longer improve the ability o f  the pavement structure to carry axle loads within 

accepted performance and economic criteria. Therefore, based upon mechanistic analysis, 97 

million ESAL is the maximum number o f axle loads which may be considered during the 50 year 

analysis period for flexible pavement. However, based upon economic analysis, increasing the 

HMA layer thickness any more than 11 inches is not justified. For thicknesses greater than 11 

inches, a flexible pavement structure becomes more expensive to construct than a rigid structure 

which would support the same number o f axle loads. Therefore, the maximum number of axle 

loads which should be considered for flexible pavement design is 72.8 million at an HMA layer 

thickness o f 11 inches.

12.3 Rigid Pavement Design.

General trends to be explored are the economic and performance impacts o f  altering 

concrete slab thickness, granular subbase thickness, and joint spacing o f the rigid pavement 

structure. A matrix o f possible input combinations will be tested in order to determine the 

optimal design values including:

* Varying PCC layer thickness from 7 to 15 inches.

* Varying depth o f granular subbase from 6 to 18 inches.

* Varying transverse joint spacing from 16 to 20 feet.

The minimum pavement slab thickness for construction purposes, as recommended by both 

AASHTO [2] and the Portland Cement Association [13], is 7 inches. The minimum subbase 

thickness, which allows a k-static value o f 200 pounds per cubic inch [33], is 6 inches. A 4 inch
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thick permeable asphalt drainage layer will be installed between the pavement slab and granular 

subbase to facilitate drainage. The maximum number o f standard, 18 kip load application 

allowed for any trial thickness will be chosen as to limit roughness to 170.00 inches per mile and 

joint faulting to 0.38 inches. Therefore, maintenance requirements will be limited to lower cost 

treatments such as sealing, patching, grinding, and shimming throughout the analysis period.

Results o f the mechanistic analysis performed on the matrix o f rigid design alternatives 

are shown in the following tables and appendices:

* Table R2, Appendix R, shows the initial cost computations for the alternatives to be tested.

* Tables U1 through U8, Appendix U, display the results of economic analysis for each trial 

concrete slab thickness.

* Tables VI through V8, Appendix V, forecast the performance o f each design alternatives 

during the analysis period.

Table 12-3 is a typical sample of the economic analysis performed, illustrating the 

results for the 8 inch PCC slab thickness trial.

Table 12-3: Sample Economic Analysis - NYSDOT Rigid Pavement Trials.

Alt

No.

Agency

C m

m

lite r

C m

(f)

ocronents

C m

(D

Incremental

Benefit

(S3

Incr

B/C

Ratio

Incr

B/C

Ratio**

1 36241 IS 991042106 0 0 - -

2 3651014 989214739 33899 1827366 53.91 53.91

J 3699390 987387373 41536 IS27366 44.00 44.00

4 3806232 989586785 106682 •2199412 •20 62 —

5 3840132 987759419 33899 1827366 5391 -

6 3881667 985932053 41536 1827366 44 00 7 9 9

7 3988448 988243413 106781 •2311360 •2165 —

1 4022347 986416047 33899 1827366 5391 -

9 4041645 98458S68I 26298 1827366 69 49 1 0 5

* Comdenng viable opaom.

Incremental Benefit to Cost Ratio

0
0 75435 216017 364333 424330

33199 112117 257552 391232

lac rcn en u i Coat (S)
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The table and adjacent plot illustrate the following points:

A. Design alternatives 4, 5, 7, and 8 are not economically feasible based on incremental benefit- 

to-cost analysis showing that increased investment results in the loss o f  incurred benefits.

B. Increasing agency investment from alternative 1 to 2 and 2 to 3, by decreasing joint spacing, 

is economically justified since the increase in agency costs due to additional discounted 

maintenance costs is outweighed by the additional incurred road user savings.

C. Increasing agency investment from alternative 3 to 6 and 6 to 9, by increasing granular 

subbase thickness, is also economically justified because the additional costs are outweighed by 

the projected extra benefits o f such action.

D. The alternative which results in the greatest return on investment for this slab thickness is 

alternative 2, an 8 inch pavement slab with drainage course over 6 inches o f granular subbase 

with transverse joints spaced at 18 feet on center.

The results o f economic analysis for all trial thicknesses o f rigid pavements yields 

similar results. Decreasing joint spacing from 20 to 18 feet will slightly increase initial 

construction costs and future maintenance requirements, but is economically justified due to the 

magnitude o f the incurred benefits. Increasing subbase thickness from 6 to 18 inches is also 

feasible, but, will not provide as much return on investment as decreasing joint spacing.

Table 12-4 summarizes the results o f the mechanistic analysis for the proposed matrix of 

rigid pavement alternatives. Joint faulting is the governing distress and manifests itself in all 

trial thicknesses to a point where it must be addressed by the fortieth year of the analysis period, 

after 40.6 million 18 kip axle loads. Analysis also shows that joint spacing is at the optimal 

condition; decreasing joint spacing from 60 to 18 feet greatly improves faulting, however, 

decreasing the spacing to less than 16 feet will result in minimal returns. However, by limiting 

faulting to year 40, the affects o f the discounted maintenance treatment costs have little impact 

on the total cost optimization for the pavement.
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Table 12-4 : NYSDOT Rigid Pavement - Design Optimization.

PCC
Thickness

(inch)

HMAC
Drainage

(inch)

Subbase
Thickness

(inch)

Joint
Spacing

(feet)

Critical
Faulting

(Year)

Agency 
Cost 

(million S)

User 
Cost 

(million S)

Total 
Cost 

(million S)

Incr.

B/C
Ratio

7 4 6 18 40 3.45 992.22 995 67

8 4 6 18 40 3.66 989.21 992.87 14.33

9 4 6 18 40 3.87 986.21 990.08 14.29

10 4 6 18 40 4.08 983.21 987.29 14.29

11 4 6 18 40 4.3 980.21 984.51 13.64

12 4 6 18 40 4.51 977.21 981.72 14.29

13 4 6 18 40 4.73 974.2 978.93 13 68

14 4 6 18 40 4.94 971.2 976.14 14.29

15 4 6 18 40 5.15 968.2 973.35 14.29

Figure 12-4A: T o ta l C ost M in im ization  
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F igure 12-4B: Increm ental B/C Analysis 
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PCC Thickness

For jointed, plain concrete pavements used in New York, the predictive equation for 

roughness is dependent upon age since construction, not axle loading. As shown in Table V 1 

through V8, all slab thicknesses limit roughness to below the allowable maximum value o f 170 

inch per mile. As well, all pavement thicknesses have similar deterioration predictions for both 

faulting and joint spalling, an indication that joint faulting is not terribly sensitive to changes in 

slab thickness. Therefore, the choice o f rigid pavement thickness shall not be based upon traffic 

loading, but rather, based upon economic analysis and allowable budget constraints.

Figure 12-4 A plots the total cost versus slab thickness for the trial thicknesses o f rigid 

pavements considered. As computed, the total cost is minimized by selecting the thickest
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available slab thickness. Figure 12-4B illustrates the incremental benefit-to-cost analysis and 

indicates that, in all cases, increased agency investment is outweighed by the additional benefits 

which will result from such spending. Quantitatively, both figures may be interpreted to mean 

that rigid pavement slab thickness may be increased to 30 to 40 inches, to a point where 

roughness will be reduced to negligible value. At this point o f diminishing returns, additional 

investment to increase pavement thickness would not further improve performance. However, 

qualitatively, it is known that pavement design, at the project level, is limited by the budgetary 

constraints governed by network level needs.

Therefore, based on this analysis, New York should revise their present project level 

catalogue [33] from the present method, which is based solely on axle loading, to a policy where 

a single design standard is used for rigid pavement regardless o f axle loading. Prior to the 

present design tables [33], New York had utilized a standard thickness of a 9 inch thick, jointed, 

reinforced, concrete slab over 10 inches o f granular subbase for commercial highways and an 8 

inch thick, jointed, reinforced, concrete slab over 10 inches o f granular subbase for parkways, 

both, with 60 foot transverse joint spacing. Based upon the completed mechanistic analysis, an 8 

inch thick, plain, jointed concrete slab over a 4 inch thick asphalt drainage course and 6 inch 

granular subbase, with transverse joints spaced at 18 feet, is recommended for all rigid pavement 

in New York. The 8 inch slab thickness is the minimum required in order to provide enough 

depth to accommodate the recommended 2 inch diameter transverse dowel with 3 inches of 

concrete cover above and below the steel. As well, it is recommended that network level policy 

be revised in order to optimize investment in rigid pavement structures. In order to accomplish 

this task, a new specification would be developed which would allow the pavement designer to 

increase rigid pavement thickness for highways which are very high volume or are o f  particular 

importance to a region. The increase in spending for these facilities will be offset by the 

additional incurred benefits resulting from the improved pavement performance.
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CH A PTER  13 : CONCLUSIONS AND RECOM M ENDATIONS.

13.1 - G eneral Conclusions.

This dissertation advances the pavement design state o f the art by demonstrating that 

existing design procedures used for flexible and rigid highway pavements can be improved by 

utilizing mechanistic equations to predict life-cycle pavement condition and required 

maintenance strategies. The major contributions brought forth include the following:

1. Illustrating the utility of the mechanistic models in an improved design methodology.

2. Demonstrating the effects o f mechanistic analysis on present flexible and rigid pavement 

design methods.

3. Demonstrating the utilization o f the proposed mechanistic analyses to optimize flexible and 

rigid pavement design.

The referenced contributions are illustrated by applied case studies o f both flexible and rigid 

pavements in New York State in Chapters 11 and 12.

Utility of Mechanistic Analysis in Pavement Design.

The mechanistic models developed by SHRP [45] are equations that relate pavement 

strength, mix properties, and environmental conditions to predicted conditions including 

roughness, rutting, and thermal cracking for flexible structures and roughness, faulting, and 

spalting for rigid structures. At the stage of data collection and development, SHRP only 

recommends utilizing these models to improve upon more established design models, such as 

AASHTO [2], that are utilized by most state highway agencies in North America. However, as 

demonstrated by the case studies o f this dissertation, the use o f mechanistic models o f  roughness 

and distress is shown to improve design in the following aspects:

A. Forecast pavement performance throughout the design period. This is shown to be an 

improvement over the present, catalog type AASHTO [2] methodology which fails to predict the 

pavement condition throughout the design period and its economic impacts.

B. Forecast maintenance needs during the design period. This allows the highway agency greater
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flexibility in budgetary and policy decisions by enabling the engineer to examine impact o f initial 

design choices against future m aintenance needs.

Both o f  the above mentioned advantages o f  mechanistic analysis shown in this dissertation, are 

then combined to develop optim ized pavement design tables in terms o f life-cycle total costs, the 

most significant contribution o f  this dissertation.

Flexible Pavement Design.

The SHRP mechanistic relationships invalidate some o f the basic assumptions o f 

standard design procedure regarding flexible pavement. For example, contrary to the impact o f 

layered design theory, the basic assumption underlying the AASHTO procedure, analysis using 

the SHRP relationships indicates that increasing the thickness o f the HMAC layer, without 

adjusting the mix properties, as in Superpave, will worsen pavement performance by increasing 

roughness, resulting in greater maintenance requirements and higher user costs. The following 

points illustrate the results o f  analy sis completed in this dissertation, and how it may be used to 

alter contemporary design practices and policy decisions:

1. Pavement Thickness versus Axle Loading. M echanistic analysis illustrates that the present 

NYSDOT [33][34] design table is inadequate. As per the tables in Chapter 5, the present design 

catalogue will result in overloading for flexible pavements at higher levels o f  axle loading as per 

the excessive roughness exhibited for design alternatives 7 through 10. Based on the analysis 

completed in Chapter 12, the maximum number o f  axle loads which can be adequately supported 

and limit roughness and rutting to acceptable levels is approximately 73 million.

2. Economic Impacts. Econom ic analysis for the flexible pavement case study in New York 

State shows that increasing agency spending to increase the initial flexible pavement structure’s 

thickness is not econom ically justified . As per the economic analysis in Chapter 12, increasing 

the depth o f  base material, w hile slightly improving the pavement’s ability to resist deterioration, 

is not economically feasible.
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Rigid Pavement Design.

The application o f mechanistic distress relationships may also be used to improve the 

standard design procedures regarding rigid pavement. These relationships already suggest that 

increasing the thickness o f  the pavement slab will decrease predicted roughness and distresses 

throughout the analysis period for doweled, plain concrete pavement. However, they also 

indicated that jointed, plain concrete pavement thickness is less dependent upon axle loading 

than on age o f  the pavement since construction. This clearly leads to the suggestion that the 

AASHTO equations may be deficient in considering the effects o f environmental conditions.

The following points illustrate how this type o f analysis may alter design practice:

1. Governing Distress. Mechanistic analysis shows that joint faulting, rather than pavement 

roughness, is the governing factor limiting rigid pavement design. As per analysis performed in 

chapters 7 and 12, improvements such as decreasing joint spacing will significantly improve the 

performance o f  a rigid pavement, rather than increasing slab thickness. Table 7-5 illustrates how 

the present New York State catalog may be modified to achieve improved performance.

However, as indicated in Table 12-4, as per mechanistic and economic analysis, NYSDOT may 

be better served by adopting a uniform, minimal design standard for rigid pavement and policy 

allowing for increasing the pavement thickness for heavily traveled and other important 

highways where increased thickness will result in an increased return on the agency investment.

2. Conservative Design. Mechanistic analysis confirms that the present methodology in the 

AASHTO Design Guide [2] produces a conservative design regarding rigid pavement thickness. 

As shown in the Chapter 11 case study, using the present design table, a slab thickness o f  11 

inches would be chosen, however, as per mechanistic analysis in Chapters 11 and 12, any of the 

design trial alternatives would be sufficient to limit roughness to an acceptable value throughout 

the design period.

3. Economic Impacts. Economic analysis shows that increasing pavement thickness, thereby
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increasing agency spending, will produce an economically feasible return on investments. As 

interpreted from the incremental benefit to cost analysis, although there may be a quantitative 

optimal design, this design is qualitatively limited by the project’s budget.

13.2 - Recom mendations.

Based on the results o f this analysis, the following would be recommended to NYSDOT:

In respect of flexible pavement design:

1. Revisit the decisions made in the 1993 Design Manual [33] which base flexible pavement 

thickness on axle loading and soil resilient modulus. The designs selected by using this 

methodology neither optimize pavement performance nor maximize road user benefits.

However, as shown in Table 12-2, mechanistic analysis may be used to predict improved flexible 

pavement alternatives based on a rational catalogue of increased agency investments to minimize 

total societal costs, including the agency and road user.

2. Continue to implement Superpave specifications as they will improve performance o f asphalt 

pavement by adjusting mix design to loading and climate conditions.

In respect of rigid pavement design:

1. Revisit the 1993 Design Manual [33] which yields a conservative design in terms o f pavement 

thickness. Mechanistic analysis demonstrates that the pavement thickness may be reduced 

without compromising performance.

2. Improve load transfer design and decrease joint spacing, the result o f  which will be better 

performing and more economical pavements.

More generally, as pavement designers adapt to the use o f SHRP-LTPP mechanistic- 

empirical relationships to specific localities, it is recommended that:

I. In addition to correlation coefficient, the models be evaluated qualitatively for “adequacy” of 

applicability, in terms o f the availability and feasibility o f acquiring the data that represent those
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independent variables to which the roughness and distress measure are sensitive.

2. Design methodology shift away from the “closed-form” analytical approach o f the current 

AASHTO procedure, to an “open-form” evaluative approach of selected pavement structures, in 

terms of predicted roughness and distress.

3. Life-cycle cost analysis, considering both agency and road user costs, be integral to the design 

process.

4. In considering the life-cycle maintenance costs of durable pavement structures, major 

rehabilitation, such as overlays, be avoided during the analysis period.

5. Benefit-cost ratios and return on investment be used as explicit criteria for determining the 

subset o f feasible pavement structures to be entered into the design catalogues.

6. Spreadsheet models, such as the one developed for this dissertation (Chapter 11), be 

developed as the analysis procedure for improved design outcomes.

13.3 - General Need For Further Research.

Although the design procedure introduced in this dissertation is sound, a number of 

additional factors should be resolved before the methodology can be considered complete.

Fatigue Cracking.

Fatigue cracking is considered to be a primary distress for both flexible and rigid 

pavement structures. It is an important indicator of pavement condition because frequent 

occurrences o f high severity fatigue cracking indicates a failure o f the subgrade support and of 

the pavement structure in general. Initial SHRP-LTPP [45] studies have indicated that many of 

the test pavement sections are just beginning to exhibit this distress. It is expected that future 

studies will have adequate data to produce a statistically meaningful mechanistic equation for 

this distress.

Skid Resistance.

Skid resistance is an important indicator o f pavement condition and is directly related to
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highway safety. Initial studies have proven unfruitful in producing a statistically meaningful 

model for pavement surface skid resistance. A potential problem is that skid resistance is related 

to the type o f materials used to construct the pavement surface course. Since available paving 

materials vary widely from region to region, it is difficult to generate a model which accurately 

predicts skid resistance as a function o f loading, climate, or material composition. Some state 

highway agencies, such as NYSDOT, have conducted their own studies showing which native 

paving materials are appropriate for use assuming regional loading and environmental 

conditions.

Maintenance Strategies.

Initial published SHRP [47] studies did not include mechanistic models for pavement 

maintenance strategies. General pavement studies [44], have commenced to mechanistically 

quantify the performance o f pavement maintenance strategies including crack sealing (rigid 

pavement), crack filling (flexible pavement), patching, resealing (thin overlay), and structural 

overlays (thick overlay). Maintenance models will be used to evaluate the performance of 

selected maintenance strategies and guide agencies in establishing policy relating pavement 

management decisions on predicted pavement condition and road user costs.

Road User Costs.

The road user costs were calculated based upon past studies [6][19][40]. Analysis in this 

dissertation proves that changes in pavement design and maintenance policy significantly impact 

road user costs which are substantial when compared to agency highway spending. Since vehicle 

operating cost factors are very sensitive, it is beneficial to develop accurate local factors rather 

than relying on past studies. Although such a study is beyond the scope o f this dissertation, it 

may be feasible at the network level for state highway agencies to implement such research.
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NOTES AND CO M M ENTS:
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NOTES AND COM M ENTS:
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A PPENDIX A :
Sensitivity Analysis - Flexible Pavement Equations.

Contents:
F ig u re  A - l  : S en s itiv ity  A na lysis  - F lex ib le  P avem en t - R oughness.
F ig u re  A -2  : S en s itiv ity  A na lysis  - F lex ib le  P avem ent - R utting .
F igu re  A -3  : S en s itiv ity  A nalysis  - F lex ib le  P avem ent - T h erm al C rack in g .
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F ig u r e  A - l :  S e n s i t iv i t y  A n a ly s i s  -  F l e x ib le  P a v e m e n t  -  R o u g h n e s s  -  C h a n g e  in  I R I  f in c h /m i le l

Independen t

V ariable

W et, No 

Freeze

Dry, No 

Freeze

W et,

Freeze

Dry,

Freeze

F-T C ycles 33 0 0 0

B ase thickness 20 25 4 33

K ESAL 13 47 45 20

P recip ita tion 19 32 0 0

H M A C T hickness 16 35 12 1

Tem p. R ange 15 0 0 0

A C V iscosity 13 27 15 53

A ir V oids 9 0 33 1

D ays > 90  degrees 7 35 4 25

S ubgrade < # 200 0 27 0 0

F reeze Index 0 0 11 57

C om paction 2 0 0 0
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Source : Adapted from SHRP [45].
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F i g u r e  A - 2 :  S e n s i t iv i t y  A n a ly s i s  -  F l e x ib l e  P a v e m e n t  -  R u t t in g  -  C h a n g e  in  R u t  D e n th  ( in c h ) .

Independent

V ariable

W et, No 

Freeze

Dry, N o 

Freeze

W et,

Freeze

Dry,

Freeze

H M A C  Thickness 0.048 0.033 0.038 0.042

A C  A ir Voids 0.045 0.114 0.038 0.019

S ubgrade  <  11200 0.038 0.052 0.000 0.004

A ggregate  >  No4. 0.029 0.052 0.062 0.000

B ase  Thickness 0.024 0.014 0.017 0.042

F -T  Cycle 0.000 0.000 0 0 0 0 0.000

D ays >  90 degrees 0.007 0.067 0.000 0 0 0 0

P recip ita tion 0.000 0.073 0.033 0.000

F reeze Index 0.000 0.000 0.105 0.010

A C  V iscosity 0 0 0 0 0.000 0.012 0 0 0 0

C om paction 0.000 0 000 0.000 0 0 6 7

Wet, No Freeze Region
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Source : Adapted from SHRP [45].
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F ig u r e  A -3 :  S e n s i iv i tv  A n a l y s i s  -  F l e x ib le  P a v e m e n t  -  T h e r m a l  C r a c k in g  -  C h a n g e  in  C r a c k  S p a c in g  ( f e e t i .

Independent

V ariable

W et, N o 

Freeze

D ry, No 

Freeze

W et,

Freeze

Dry,

Freeze

A ge 91 19 34 20

Freeze Index 68 0 0 0

Com paction 65 0 0 0

Base Thickness 57 8 20 21

HM AC Thickness 31 21 4 8

Precipitation 10 81 34 20

Percent AC 10 0 0 0

Temp. Range 8 0 0 0

V iscosity 3 0 0 64

Days > 90 degrees 0 0 39 0

Subgrade 0 0 34 2

Aggregate > No. 4 0 0 27 0

KESAL 0 0 0 55

Sensitivity Analysis - Thermal Cracking
.8 100

F F F = j = j

a . g g g s g o a g . g
l i m n s t ! . .

* I
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Variable
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Source : Adapted from SHRP [45],
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APPENDIX B :
Sensitivity Analysis - Rigid Pavement Equations.

Contents:
F igure B -l : S en s itiv ity  A nalysis - R ig id  P av em en t - R oughness.
F igure B -2 : S en s itiv ity  A nalysis - R ig id  P av em en t - Jo in t Faulting . 
F igure B-3 : S en s itiv ity  A nalysis - R ig id  P av em en t - Jo in t S palling .
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F i g u r e  B - l  : S e n s i t iv i t y  A n a ly s i s  : R ig id  P a v e m e n t  -  R o u g h n e s s  -  C h a n g e  in  I R I  f i n c h / m i l e l

121

Independent D ow eled , N o D ow els, Doweled, C on tinuous

V ariab le P lain P lain W /R einf. Reinf.

Jo in t S pacing 21 0 0 0

P C C  T hickness 15 0 21 6

E dge Support 13 0 15 14

Age 11 0 9 0

1C- S tatic 10 0 16 0

C E S A L 0 55 0 9

P recip ita tion 0 40 3 0

F-T C ycles 0 19 0 0

S ubgrade  <  tt 200 0 13 0 16

B ase  T h ickness 0 9 0 0
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Source : Adapted from SHRP [45].
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F ig u r e  B -2  : S e n s i t iv i t y  A n a ly s i s  -  R ig id  P a v e m e n t  -  J o in t  F a u l t in g  -  C h a n g e  in  F a u lt in g  f in c h ) .

Independent

V ariable

D ow eled ,

P lain

N o D owels, 

Plain

D ow eled , 

W /R e in f.

Continuous

Reinf.

C ESA L 0 .020 0.074 0 .0 2 0 0.000

Jo in t S pacing 0 .020 0.000 0 .0 2 0 0.000

A ge 0 .0 )8 0.020 0 .0 1 8 0.000

K -Static 0 .017 0.000 0 .0 1 7 0.000

D owel D iam eter 0.011 0.000 0 .0 1 1 0.000

Edge S uppo rt 0 .006 0 0 0 0 0 .0 0 6 0.000

P recip ita tion 0 .000 0.068 0 .0 0 0 0.000

Freeze Index 0 .000 0.068 0 .0 0 0 0.000

D rainage 0 .000 0.043 0 .0 0 0 0.000

Doweled, Plain
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9  0.015
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Source : Adapted from SHRP [45].
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F ig u r e  B -3 :  S e n s i t iv i t y  A n a l y s i s  -  R ig id  P a v e m e n t  -  J o in t  S p a l l in e  -  C h a n g e  in  P e r c e n t  S i ia l l s f % 3 .

Independent

V ariable

D ow eled ,

P lain

N o  Dowels, 

P lain

D ow eled, 

W /R ein f.

C ontinuous

Reinf.

A ge 7.20 7 2 0 31.50 0.00

F-T Cycles 8.08 8.08 0.00 0.00

T em p. Range 0 .00 0.00 30.50 0.00

Rigid Pavement -  Spading Sensitivity
S
^  30

_
■  Doweled, Plain

%  20
£

■  r
r  r ■  No Dowel, Plain

b 10
QO
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u
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c j *
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Variable
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Variable

Source : Adapted from SHRP [45].
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Contents;
T ab le  C - l  
T ab le  C -2 
T ab le C -3 
T ab le  C -4  
T ab le  C -5

APPENDIX C :
NYSDOT Flexible Pavement Specifications.

: N Y S D O T  F lex ib le  P av em en t S p ecifica tio n s - A sp h a lt V iscosity .
: N Y S D O T  F lex ib le  P av em en t S p ecifica tio n s - H M A C  A ggregate G rad a tio n .
: N Y S D O T  F lex ib le  P av em en t S p ecifica tio n s - S u b b ase  A ggregate G rad a tio n . 
: N Y S D O T  F lex ib le  P av em en t S p ecifica tio n s - H M A C  A sphalt C o n ten t.
: N Y S D O T  F lex ib le  P av em en t S p ecifica tio n s - H M A C  A ir V oids.
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Table C-l : NYSDOI ' Flexible Pavement S aerifications - AsDhalt Viscosity.

Asphalt NYSDOT Minimum Maximum Mean General
Cement Material Viscosity Viscosity Viscosity Use of
Grade Spec. No. (Poise) (Poise) (Poise) Asphalt

AC 2.5 702-0100 200 300 250 Recycle Mixes

AC 5.0 702-0200 400 600 500 Extreme Cold Climate

AC 10 702-0300 800 1200 1000 Very Cold Climate

AC 15 702-0400 1200 1800 1600 Moderate Climate

AC 20 702-0500 1600 2400 2000 Standard Mixes.
Source: Adapted from NYSDOT Standard Specifications [31][32],

Table C-2 : NYSDOT Flexible Pavement - HMA Aggregate Gradation.

HMA
Type

Minimum 
Passing 

No. 4 Sieve 
(% Weight)

Maximum 
Passing 

No. 4 Sieve 
(% Weight)

Mean 
Passing 

No. 4 Sieve 
(% Weight)

Job 
Mix 

Tolerance 
(%  Weight)

NYSDOT 
General 
Use Of 

Mix

1 40 72 56 7 Dense Base

2 5 20 13 6 Open Base

3 48 74 61 7 Dense Binder

5 100 100 100 0 Shim

6F 65 85 75 7 Top (Urban Arterial)

7F 90 100 95 0 Top (One Course)

8F 90 100 95 0 Top (Street w/Curb)

9F 48 64 56 5 Permeable Top
Source : Adapted from NYSDOT Standard Specifications [31][32],

Table C-3 : NYSDOT Flexible Pavement - Subbase Aggregate Gradation.

Subbase
Type

Minimum 
Passing 

No. 200 Sieve 
(% Weight)

Maximum 
Passing 

No. 200 Sieve 
(%  Weight)

Mean 
Passing 

No. 200 Sieve 
(% Weight)

General
Materials

1 0 10 5 Blast slag, stone, sand, gravel.

2 0 10 5 Blast slag, stone

3 0 10 5 Blast slag, stone, sand.

4 0 10 5 Blast slag, stone, sand.
Source: Adapted from NYSDOT Standard Specifications [31][32].
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Table C -4 : NYSDOT Flexible Pavement Specifications - H1VLV Asnhalt Content.

Asphalt
Type

Minimum 
Asphalt 
Content 

(% Weight)

Maximum 
Asphalt 
Content 

(% Weight)

Mean 
Asphalt 
Content 

(% Weight)

Job 
Mix 

Tolerance 
(% W eighty

General
Use

1 4.0 6.4 5.0 0.40 Dense Base

2 2.5 4.5 3.5 0.40 Open Base

3 4.5 6.5 5.5 0.40 Dense Binder

5 7.0 9.5 8.3 0.40 Shim

6F 5.8 7.0 6.4 0.40 Dense Top

7F 6.0 8.0 7.0 0.40 Dense Top

8F 6.2 8.0 7.1 0.40 Dense Top

9F 5.5 7.0 6.3 0.40 Permeable Top
Source: Adapted from NYSDOT Standard Specifications [31][32],

Table C-5 : NYSDOT Flexible Pavement Specifications - HMAC Air Voids.

Asphalt
Design

Mix
Method

Minimum 
Air 

Voids 
(% Volume)

Maximum 
Air 

Voids 
(% Volume)

Mean 
Air 

Voids 
(% Volume)

NYSDOT
General

Use

Marshall 2.0 4.0 3.0 No adjustments made.

Superpave 2.0 6.0 4.0 Quality adjustment for 
value closer to 4.0.

Source: Adapted from NYSDOT Standard Specifications [31][32] and EI-98.041 [24],
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APPENDIX D :
Lane Distribution For Trucks.

Contents:
T ab le  D -l L ane
Figure D -l Lane
T ab le D -2 Lane
Figure D -2 Lane
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T a b le  D - l L a n e  D istribu f ion - 4 L a n e  H ighw ay .

ADT
Total

(Veh/day)

Left
Lane
(%L .

Right
Lane
(%)

Log (X) Log (Y) Regression
Data

4000 6 94 3.602 1.973

8000 12 88 3.903 1.944 Form:

12000 15 85 4.079 1.929 y = x* (IO6)

16000 18 82 4.204 1.914

20000 20 80 4.301 1.903 a = -0.105628

30000 23 77 4.477 1.886 b = 2.357387

40000 25 75 4.602 1.875 R2 = 0.9977668

50000 27 73 4.699 1.863 N = 11

60000 29 71 4.778 1.851

70000 30 70 4.845 1.845

80000 31 69 4.903 1.839

100000 33 67 5.000 1.826

120000 34 66 5.079 1.820

100 

80 

60 

40 

20 

0
4000 8000 12000 16000 20000 30000 40000 SOOOO 60000 70000 80000 100000 120000

ADT (vehicle/day)

Right Lane ™  ■■ ■ Left Lane

Figure D-l: Lane Distribution For Trucks
Four Lane Highway

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



129

Table D-2 Lane Disitribution - 6 Lane Hi]jhwav.

ADT
Total

(Veh/day)

Left
Lane
<% )

Center
Lane
( % )

Right
Lane
(% )

Log (X) Log(Y) Regression
Data

4000 6 12 82 3.602 1.914

8000 6 18 76 3.903 1.881 Form :

12000 7 21 72 4.079 1.857 y = x* (10b)

16000 7 23 70 4.204 1.845

20000 7 25 68 4.301 1.833 a =  -0 .130035

30000 7 28 65 4.477 1.813 b = 2 .389957

40000 7 30 63 4.602 1.799 R: = 0.9948281

50000 7 32 61 4.699 1.785 N =  14

60000 8 33 59 4.778 1.771

70000 8 34 58 4.845 1.763

80000 8 35 57 4.903 1.756

100000 8 37 55 5.000 1.736

120000 8 39 53 5.079 1.724

140000 8 4 0 52 5.146 1.716

160000 8 41 51 5.204 1.708

200000 9 41 50 5.301 1.699

Figure D-2: Lane Distribution For Trucks
Six Lane Highway

100

a
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3wb
GU

4000 8000 12000 16000 20000 30000 40000 30000 60000 70000 80000 100000120000140000160000200000
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APPENDIX E :
Flexible Pavement - Predicted Roughness& Distress Data with Improved Design. 

Contents:
Table E-l Flexible Pavement - Predicted Roughness with Improved Mix Design.
Figure E-l Flexible Pavement - Predicted Roughness.
Table E-2 Flexible Pavement - Predicted Rutting with Improved Mix Design.
Figure E-2 Flexible Pavement - Predicted Rutting.
Table E-3 Flexible Pavement - Predicted Thermal Cracking with Improved Mix Design.
Figure E-3 Flexible Pavement - Predicted Thermal Cracking.
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Age

H M AC
5"

Base
14"

(in/mile)

HM AC
6"

Base
14"

(in/mile)

H M AC
7"

Base
14"

(in/mile)

HM AC
8"

Base
14"

(in/mile)

HMAC
9"

Base
14"

(in/mile)

H M AC
10"

Base
14"

(in/mile)

HM AC
10"

Base
19"

(in/mile)

HM AC
10"

Base
24"

(in/mile)

H M AC
10"

Base
29"

(in/mile)

5 42.24 46.69 51.76 57.57 62.71 69.89 76.24 82.96 89.79

10 45.31 50.61 56.64 63.54 69.95 78.19 85.74 93.74 101.86

15 47.37 53.23 59.91 67.55 74.31 83.76 92.12 100.97 109.95

20 48.96 55.26 62.44 70.65 77.91 88.07 97.05 106.56 116.21

25 50.28 56.94 64.53 73.21 80.89 91.63 101.12 111.18 121.39

30 51.41 58.38 66.32 75.41 83.45 94.69 104.63 115.15 125.83

35 52.41 59.65 67.91 77.35 85.71 97.39 107.72 118.66 129.76

40 53.31 60.80 69.33 79.09 87.73 99.81 110.49 121.80 133.28

45 54.12 61.84 70.63 80.68 89.58 102.02 113.01 124.66 136.48

50 54.87 62.79 71.82 82.14 91.27 104.05 115.34 127.30 139.43

W l» 4.00 8.00 16.00 30.00 50.00 85.00 160.00 290.00 500.00

Notes:
1. Terminal serviceability is 170.00 inches per mile.

Figure E-l: Flexible Pavement (NYSDOT)
Roughness vs. Pavement Age

140
120
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40

SO23 35 40 455 IS 3010 20

Pavement Age (Years)

5" HMAC 

r  HMAC 

9* HMAC 

10* A C  19* B u e  

10* AC 29* B u c

 6" HMAC

S" HMAC

  10* HMAC

 10* AC 24* Base
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Table E-2: Flexi lie Pavement - Predicted Rutting (NYSDOT Inmroved .

Age

H M A C
5"

Base
14"

Onch)

HM AC
6"

Base
14"

(inch)

HM AC
7"

Base
14"

(inch)

HM AC
8"

Base
14"

(inch)

H M AC
9"

Base
14"

(inch)

H M A C
10"

Base
14"

(inch)

HM AC
10"

Base
19"

(inch)

HM AC
10"

Base
24"

(inch)

HM AC
10"

Base
29"

(inch)

5 0.29 0.32 0.35 0.39 0.41 0.45 0.49 0.55 0.59

10 0.32 0.36 0.40 0.44 0.74 0.51 0.56 0.62 0.67

15 0.35 0.39 0.43 0.47 0.51 0.55 0.60 0.67 0.72

20 0.37 0.41 0.45 0.50 0.53 0.57 0.63 0.70 0.76

25 0.38 0.43 0.47 0.52 0.56 0.60 0.66 0.73 0.79

30 0.40 0.44 0.49 0.54 0.57 0.62 0.68 0.76 0.82

35 0.41 0.45 0.50 0.55 0.59 0.64 0.70 0.78 0.84

40 0.42 0.46 0.51 0.56 0.61 0.65 0.72 0.80 0.86

45 0.43 0.47 0.53 0.58 0.62 0.67 0.73 0.82 0.88

50 0.44 0.48 0.54 0.59 0.63 0.68 0.75 0.83 0.90

w „ 4.00 8.00 16.00 30.00 50.00 85.00 160.00 290.00 500.00

Notes:
1. Low severity rutting is less than 0.38 inches.
2. High severity rutting is greater than 0.75 inches.

Figure E-2: Flexible Pavement (NYSDOT)
Rutting vs. Pavement Age

1
•S 0.8
a

0.4
0.206

0.6

 i 1 r  1 i i i i

5 10 15 20 25 30 35 40 45 50
Pavement Age (Years)

------------  5" HMAC ------------ 6" HMAC

------------  7" HMAC 8" HMAC

------------9" HMAC ------------  10" AC 14” Base

------------ 10" AC 19" B a s e -----------------10" AC 24" Base

------------10" AC 29" Base
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Table E-3: F exiblc Pavement - Predicted Therm al1

Age

H M AC
5 "

Base
14"

(feet)

HM AC
6"

Base
14"

(feet)

HM AC
7"

Base
14"

(feet)

HM AC
8"

Base
14"

(feet)

H M A C
9"

Base
14"

(feet)

H M AC
10"

Base
14"

(feet)

HM AC
10"

Base
19"

(feet)

HM AC
10"

Base
24"

(feet)

HM AC
10"

Base
29"

(feet)

5 89.01 88.44 87.73 87.03 86.33 85.77 81.91 78.23 76.45

10 58.08 57.54 56.89 56.23 55.59 55.08 52.60 50.23 49.09

15 45.24 44.75 44.15 43.56 42.97 42.51 40.60 38.77 37.89

20 37.89 37.44 36.89 36.34 35.80 35.37 33.78 32.26 31.52

25 33.03 32.60 32.08 31.57 31.07 30.67 29.29 27.97 27.33

30 29.52 29.12 28.63 28.15 27.67 27.30 26.07 24.90 24.33

35 26.84 26.47 26.00 25.54 25.09 24.74 23.62 22.56 22.05

40 24.72 24.36 23.92 23.48 23.05 22.71 21.69 20.71 20.24

45 22.99 22.65 22.22 21.80 21.39 21.07 20.12 19.21 18.78

50 21.55 21.21 20.80 20.40 20.01 19.70 18.81 17.96 17.55

w ,. 4.00 8.00 16.00 30.00 50.00 85.00 160.00 290.00 500.00

Notes:
1. Crack spacing is measured in feet.

Figure E-3: Flexible Pavement (NYSDOT)
Thermal Cracking vs. Pavement Age
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APPENDIX F :
Flexible Pavement - Predicted Life Cycle Maintenance Plan with Improved Mix 

Design.

Contents;
Table F-l : Flexible Pavement - Life Cycle Maintenance Plan - Case 1.
Table F-2 : Flexible Pavement - Life Cycle Maintenance Plan - Case 2.
Table F-3 : Flexible Pavement - Life Cycle Maintenance Plan - Case 3.
Table F-4 : Flexible Pavement - Life Cycle Maintenance Plan - Case 4.
Table F-5 : Flexible Pavement - Life Cycle Maintenance Plan - Case 5.
Table F-6 : Flexible Pavement - Life Cycle Maintenance Plan - Case 6.
Table F-7 : Flexible Pavement - Life Cycle Maintenance Plan - Case 7.
Table F-8 : Flexible Pavement - Life Cycle Maintenance Plan - Case 8.
Table F-9 : Flexible Pavement - Life Cycle Maintenance Plan - Case 9.
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Table F-l: Flexible Pavement: Life Cycle Maintenance Plan - HiYlAC 5 Inch, Base 14 Inch.
Y ear M aintenance

T reatm ent
Predicted

Roughness
(in/mile)

Predicted
R utting
(inch)

Predicted
C racking

(feet)

Required
Filling

(LF/m ile)

R equired
Shimming
(ton/mile)

Required
Overlay

(ton/mile)

0 Initial Construction — — — — —

5 Crack Filling 42.24 0.29 89.01 712 0 0

10 Filling & Shimming. 45.31 0.32 58.08 1091 63.06 0

15 Crack Filling 47.37 0.35 45.24 1401 0 0

20 Filling & Shimming. 48.96 0.37 37.89 1672 72.92 0

25 Crack Filling 50.28 0.38 33.03 1918 0 0

30 Filling & Shimming. 51.41 0.40 29.52 2146 78.83 0

35 Crack Filling 52.41 0.41 26.84 2361 0 0

40 Filling & Shimming. 53.31 0.42 24.72 2563 82.77 0

45 Crack Filling 54.12 0.43 22.99 2756 0 0

50 End o f  Service Life — — — . . . — —

Notes:
1. Single Course Overlay required for high severity rutting (>0.75") else use shimming & patching.
2. 1.5" Single Course Overlay has 15.0 year service life (See Appendix J).

Year M aintenance
T reatm ent

Predicted
Roughness

(in/mile)

Predicted
R utting
(inch)

Predicted
C racking

(feet)

Required
Filling

(LF/mile)

Required
Shimming
(ton/mile)

Required
Overlay

(ton/mile)

0 Initial Construction — — — — — —

5 Crack Filling 46.69 0.32 88.44 716 0 0

10 Filling & Shimming. 50.61 0.36 57.54 1101 70.95 0

15 Crack Filling 53.23 0.39 44.75 1416 0 0

20 Filling & Shimming. 55.26 0.41 37.44 1692 80.80 0

25 Crack Filling 56.94 0.43 32.60 1944 0 0

30 Filling & Shimming. 58.38 0.44 29.12 2176 86.71 0

35 Crack Filling 59.65 0.45 26.47 2394 0 0

40 Filling & Shimming. 60.80 0.46 24.36 2601 90.65 0

45 Crack Filling 61.84 0.47 22.65 2797 0 0

50 End o f  Service Life — _ — — — —

Notes:
1. Single Course Overlay required for high severity rutting (>0.75") else use shimming & patching. 
2 .1 .5" Single Course Overlay has 15.0 year service life (See Appendix J).
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Y ear M aintenance
T reatm en t

P redicted
Roughness
(in/m ile)

Predicted
Rutting
(inch)

Predicted
C racking

(feet)

R equired
Filling

(LF/m ile)

Required
Shimming
(ton/mile)

R equired
O verlay

(ton/mile)

0 Initial Construction — — - - — — —

5 Crack Filling 51.76 0.35 87.73 722 0 0

10 Filling & Shimming. 56.64 0.40 56.89 1114 78.83 0

15 Crack Filling 59.91 0.43 44.15 1435 0 0

20 Filling & Shimming. 62.44 0.45 36.89 1718 88.68 0

25 Crack Filling 64.53 0.47 32.08 1975 0 0

30 Filling & Shimming. 66.32 0.49 28.63 2213 96.57 0

35 Crack Filling 67.61 0.50 26.00 2437 0 0

40 Filling & Shimming. 69.33 0.51 23.92 649 100.51 0

45 Crack Filling 70.63 0.53 22.22 2851 0 0

50 End o f  Service Life — . . . — — . . . —

Notes:
1. Single Course Overlay required for high severity rutting (>0.75") else use shimming & patching.
2. 1.5" Single Course Overlay has 10.0 year service life (See Appendix J).

Y ear M aintenance
T reatm en t

Predicted
Roughness

(in/mile)

Predicted
Rutting
(inch)^

Predicted
C racking

(feet)

R equired
Filling

(LF/m ile)

Required
Shimming
(ton/mile)

R equired
Overlay

(ton/mile)^

0 Initial Construction — — — — — —

5 Crack Filling 57.57 0.39 87.03 728 0 0

10 Filling & Shimming. 63.54 0.44 56.23 1127 86.71 0

15 Crack Filling 67.55 0.47 43.56 1455 0 0

20 Filling & Shimming. 70.65 0.50 36.34 1744 98.54 0

25 Crack Filling 73.21 0.52 31.57 2007 0 0

30 Filling & Shimming. 75.41 0.54 28.15 2251 106.42 0

35 Crack Filling 77.35 0.55 25.54 2481 0 0

40 Filling & Shimming. 79.09 0.56 23.48 2698 110.36 0

45 Crack Filling 80.68 0.58 21.80 2906 0 0

50 End o f  Service Life — _ — ~ — —

Notes:
1. Single Course Overlay required for high severity rutting (>0.75") else use shimming & patching.
2. 1.5" Single Course Overlay has 10.0 year service life (See Appendix J).
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Table F-5: Flexible Pavement: Life Cycle Maintenance Plan - HMAC 9 Inch, Base 14 Inch.
Y ear M aintenance

T rea tm en t
Predicted
Roughness
(in/m ile)

Predicted
R utting
(inch)

Predicted
C racking

(feet)

R equired
Filling

(LF/mile)

Required
Shimming
(ton/mile)

Required
Overlay

(ton/mile)

0 Initial Construction — — — — ~ —

5 Crack Filling 62.71 0.41 86.33 734 0 0

10 Filling & Shimming. 69.65 0.47 55.59 1140 92.63 0

15 Crack Filling 74.31 0.51 42.97 1475 0 0

20 Filling & Shimming. 77.91 0.53 35.80 1770 104.45 0

25 Crack Filling 80.89 0.56 31.07 2039 0 0

30 Filling & Shimming. 83.45 0.57 27.67 2290 112.33 0

35 Crack Filling 85.71 0.59 25.09 2525 0 0

40 Filling & Shimming. 87.73 0.61 23.05 2749 102.22 0

45 Crack Filling 89.58 0.62 21.39 2962 0 0

50 End o f  Service Life — — ... ... —

Notes:
1. Single Course Overlay required for high severity rutting (>0.75") else use shimming & patching.
2. 1.5" Single Course Overlay has 10.0 year service life (See Appendix J).

Y ear M aintenance
T rea tm en t

Predicted
Roughness
(in/m ile)

Predicted
Rutting
(inch)

Predicted
C racking

(feet)

R equired
Filling

(LF/mile)

Required
Shimming
(ton/mile)

Required
Overlay

(ton/mile)

0 Initial Construction — — — — - - —

5 Crack Filling 69.89 0.45 85.77 739 0 0

10 Filling & Shimming. 78.19 0.51 55.08 1150 100.51 0

15 Crack Filling 83.76 0.55 42.51 1490 0 0

20 Filling & Shimming. 88.07 0.57 35.37 1791 112.33 0

25 Crack Filling 91.63 0.60 30.67 2066 0 0

30 Filling & Shimming. 94.69 0.62 27.30 2321 122.19 0

35 Crack Filling 97.39 0.64 24.74 2561 0 0

40 Filling & Shimming. 99.81 0.65 22.71 2790 128.10 0

« Crack Filling 102.02 0.67 21.07 3007 0 0

» End o f  Service Life _ — — — — —

Notes:
1. Single Course Overlay required for high severity rutting (>0.75”) else use shimming & patching.
2. 1.5" Single Course Overlay has 10.0 year service life (See Appendix J).
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Table F-7: Flexible Pavement: Life Cycle Maintenance Plan - HMAC 10 In., Base 19 In-
Y ear M aintenance

T reatm ent
Predicted

Roughness
(in/m ile)

Predicted
R utting
(inch)

Predicted
C racking

. . .  ...

R equired
Filling

(LF/mile)

R equired
Shim m ing
(ton/m ile)

R equired
O verlay

(ton/mile)

0 Initial Construction — — — — — —

5 Crack Filling 76.24 0.49 81.91 774 0 0

10 Filling & Shimming. 85.74 0.56 52.60 1205 110.36 0

15 Crack Filling 92.12 0.60 40.60 1561 0 0

20 Filling & Shimming. 97.05 0.63 33.78 1876 124.16 0

25 Crack Filling 101.12 0.66 29.29 2163 0 0

30 Filling & Shimming. 104.63 0.68 26.07 2430 134.01 0

35 Crack Filling 107.72 0.70 23.62 2682 0 0

40 Filling & Shimming. 110.49 0.72 21.69 2921 141.89 0

45 Crack Filling 113.01 0.73 20.12 3149 0 0

50 End o f  Service Life - - - - — - - — —
Notes:
1. Single Course Overlay required for high severity rutting (>0.75") else use shimming & patching.
2. 2.0" Single Course Overlay has 10.0 year service life (See Appendix J).

Table F-8: Flexible Pavement: Life Cvcle Maintenance Plan - HMAC 10 In., Base 24 In-
Y ear M aintenance

T reatm ent
Predicted

Roughness
(in/m ile)

P redicted
R utting
(inch)

Predicted
C racking

(feet)

Required
Filling

(LF/mile)

R equired
Shim m ing
(ton/m ile)

Required
Overlay

(ton/mile)

0 Initial Construction — — — — — —

5 Crack Filling 82.69 0.55 78.23 810 0 0

10 Filling & Shimming. 93.74 0.62 50.23 1261 122.19 0

15 Crack Filling 100.97 0.67 38.77 1634 0 0

20 Filling & Shimming. 106.56 0.70 32.26 1964 137.95 0

25 Crack Filling 111.18 0.73 27.97 2265 0 0

30 Filling & 2” Overlay. 115.15 0.76 24.90 2545 149.78 568.26

35 Crack Filling 118.66 0.78 22.56 2809 0 0

40 Filling & 2" Overlay. 121.80 0.80 20.71 3059 157.66 568.26

45 Crack Filling 124.66 0.82 19.21 3298 0 0

50 End o f  Service Life — — — — — —
Notes:
1. Single Course Overlay required for high severity rutting (>0.75”) else use shimming & patching. 
2 .2 .0 ” Single Course Overlay has 10.0 year service life (See Appendix J).
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Year Maintenance
Treatment

Predicted
Roughness

(in/mile)

Predicted
Rutting
(inch)

Predicted
Cracking

(feet)

Required
Filling

(LF/mile)

Required
Shimming
(ton/mile)

Required
Overlay

(ton/mile)

0 Initial Construction — — — — — —

5 Crack Filling 89.79 0.59 76.45 829 0 0

10 Filling & Shimming. 101.86 0.67 49.09 1291 132.04 0

15 Crack Filling 109.95 0.72 37.89 1672 0 0

20 Fill & 2.5" Overlay. 116.21 0.76 31.52 2010 149.78 568.26

25 Crack Filling 121.39 0.79 27.33 2318 0 0

30 Fill & 2.5" Overlay. 125.38 0.82 24.33 2604 161.60 568.26

35 Crack Filling 126.76 0.84 22.05 2873 0 0

40 Fill & 2.5" Overlay. 133.28 0.86 20.24 3130 169.49 568.26

45 Crack Filling 136.48 0.88 18.78 3374 0 0

50 End o f  Service Life — — — — — —

Notes:
1. Single Course Overlay required for high severity rutting (>0.75") else use shimming & patching.
2. 2.5" Single Course Overlay has 10.0 year service life (See Appendix J).
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APPENDIX G :
Rigid Pavement - Predicted Roughness& Distress Data with Improved Design. 

Contents;
Table G -l Rigid Pavement - Predicted Roughness with Improved Design.
Figure G-l Rigid Pavement - Predicted Roughness.
Table G-2 Rigid Pavement - Predicted Joint Faulting with Improved Design.
Figure G-2 Rigid Pavement - Predicted Joint Faulting.
Table G-3 Rigid Pavement - Predicted Joint Spalling with Improved Design.
Figure G-3 Rigid Pavement - Predicted Joint Spalling.
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Tab Pavement -

Age
PC C  Slab 
Thickness 

8  Inch 
(in/mile)

PC C  Slab 
Thickness 

9 Inch 
(in/mile)

PC C  Slab 
Thickness 

10 Inch 
(in/mile)

PC C  Slab 
Thickness 

11 Inch 
(in/mile)

PC C  S lab 
Thickness 

12 Inch 
(in/m ile)

PCC Slab 
Thickness 

13 Inch 
(in/mile)

5 101.06 93.93 86.80 79.67 72.54 65.41

10 105.03 97.90 90.77 83.64 76.51 69.38

15 109.01 101.88 94.75 87.62 80.49 73.36

20 112.98 105.85 98.72 91.59 84.46 77.33

25 116.96 109.83 102.70 95.57 88.44 81.31

30 120.93 113.80 106.67 99.54 92.41 85.28

35 124.91 117.78 110.65 103.52 96.39 89.26

40 128.88 121.75 114.62 107.49 100.36 93.23

45 132.86 125.73 118.60 111.47 104.34 97.21

50 136.83 129.70 122.57 115.44 108.31 101.18

Note:
1. Terminal serviceability is 170.00 inch/mile.

Figure G-l: Rigid Pavement (NYSDOT)
Predicted Roughness vs. Age

o H 1--------1--------1--------1--------1------- 1--------1--------1
5 10 15 20 25 30 35 40 45 50

Pavement Age (years)

8" PCC —  

10" PCC 

12" PCC

 9" PCC

  11" PCC

  13" PCC
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Table G-2: Rieid Pavement - Pr edicted Joint Faultins flm|Droved NYSI >OT Desien).

Age
PC C  Slab 
Thickness 

8 Inch 
(inch)

PC C  Slab 
Thickness 

9 Inch 
(inch)

PC C  Slab 
Thickness 

10 Inch 
finch)

PC C  Slab 
T hickness 

11 Inch 
(inch)

PCC Slab 
Thickness 

12 Inch 
(inch)

PCC Slab 
Thickness 

13 Inch
(inch)

5 0 0 0 0 0 0

10 0 0 0 0 0 0

15 0 0 0 0 0 0

20 0 0 0 0 0 0

25 0.01 0.01 0.01 0.01 0.01 0.01

30 0.03 0.04 0.04 0.05 0.05 0.06

35 0.06 0.07 0.08 0.09 0.11 0.12

40 0.10 0 .II 0.13 0.15 0.17 0.18

45 0.14 0.16 0.19 0.22 0.25 0.27

50 0.19 0.22 0.26 0.29 0.34 0.36

Note:
1. Critical faulting, effecting roughness, is greater than 0.19 inches.

Figure G-2: Rigid Pavement (NYSDOT)
Faulting versus Pavement Age
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Table

Age
PCC Slab 
Thickness 

8 Inch 
(% Joints)

PC C  Slab 
Thickness 

9 Inch 
(%  Joints)

PC C  Slab 
Thickness 

10 Inch 
(“/•  Jo in ts)

PC C  Slab 
Thickness 

11 Inch 
(%  Joints)

PC C  Slab 
Thickness 

12 Inch 
(%  Jo in ts)

PCC Slab 
Thickness 

13 Inch 
(%  Joints)

5 1.58 1.58 1.58 1.58 1.58 1.58

10 2.66 2.66 2.66 2.66 2.66 2.66

15 3.75 3.75 3.75 3.75 3.75 3.75

20 4.84 4.84 4.84 4.84 4.84 4.84

25 5.92 5.92 5.92 5.92 5.92 5.92

30 7.01 7.01 7.01 7.01 7.01 7.01

35 8.10 8.10 8.10 8.10 8.10 8.10

40 9.18 9.18 9.18 9.18 9.18 9.18

45 10.27 10.27 10.27 10.27 10.27 10.27

50 11.36 11.36 11.36 11.36 11.36 11.36

Note:
1. Model predicts medium to high severity spalling only.

Figure G-3: Rigid Pavement (NYSDOT)
Predicted Spalling vs. Pavement Age
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APPENDIX H :
Rigid Pavement - Predicted Life Cycle Maintenance Plan with Improved Design. 

Contents:
Table H-l : Rigid Pavement - Life Cycle Maintenance Plan - PCC Slab Thickness 8 Inches. 
Table H-2 : Rigid Pavement - Life Cycle Maintenance Plan - PCC Slab Thickness 9 Inches. 
Table H-3 : Rigid Pavement - Life Cycle Maintenance Plan - PCC Slab Thickness 10 Inches. 
Table H-4 : Rigid Pavement - Life Cycle Maintenance Plan - PCC Slab Thickness 11 Inches. 
Table H-5 : Rigid Pavement - Life Cycle Maintenance Plan - PCC Slab Thickness 12 Inches. 
Table H-6 : Rigid Pavement - Life Cycle Maintenance Plan - PCC Slab Thickness 13 Inches.
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Table H-l: Rigid Pavement: Life Cycle Maintenance - PCC Slab Thickness 8 Inches.
Y ear M aintenance

T reatm ent
Predicted

Rough.
(in/mile)

Predicted
Faulting

Cinch)

Predicted
Spalling
(% Jo in t)

R equired
Sealing

(LF/m ile)

R equired
G rind ing
(SF/m ile)^

R equired
Patching
(SF/mile)

R equired
O verlay

(SF/mile)^

0 Initial Const. — — — — — — —

10 Seal Joints & 
Spalls

105.03 0.00 2.66 14520 0 105.34 0

20 Seal Joints & 
Spalls

112.98 0.00 4.84 14520 0 191.66 0

30 Seal Joints & 
Spalls

120.93 0.03 7.01 14520 0 277.60 0

40 Seal Joints & 
Spalls

128.88 0.10 9.18 14520 0 363.55 0

50 End o f 
Service Life

136.83 0.19 11.36 — — — —

Note:
1. Grinding is required if faulting is greater than 0.19 inches, overlay required if faulting is greater than 0.75 inches.

Table H-2: Rigid Pavement: Life Cycle Maintenance - PCC Slab Thickness 9 Inches.

Y ear M aintenance
T reatm ent

Predicted
Rough.

(in/mile)

Predicted
Faulting

(in c h l

Predicted
Spalling
(% Joint)

R equired
Sealing

(LF/m ile)

Required
G rinding
(SF/mile)

R equired
Patching
(SF/mile)

R equired
Overlay

(SF/mile)

0 Initial Const. — — — — — — —

10 Seal Joints & 
Spalls

97.90 0.00 2.66 14520 0 105.34 0

20 Seal Joints & 
Spalls

105.85 0.00 4.84 14520 0 191.66 0

30 Seal Joints & 
Spalls

113.80 0.04 7.01 14520 0 277.60 0

40 Seal Joints & 
Spalls

121.75 0.11 9.18 14520 0 363.53 0

50 End of 
Service Life

129.70 0.22 11.36 — — — —

Note:
1. Grinding is required if  faulting is greater than 0.19 inches, overlay required if  faulting is greater than 0.75 inches.
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Table H-3: Rieit Pavementt: Life Cvc e Mainten ance - PCC Slab Thickness 10 Inches.
Y ear M aintenance

T reatm en t
Predicted

Rough.
(in/m ile)

Predicted
Faulting

(inch)

Predicted
Spalling
(% Jo in t)

R equired
Sealing

(LF/m ile)

Required
G rinding
(SF/m ilel

R equired
Patching
(SF/mile)

R equired
O verlay

(SF/mile)

0 Initial Const. — — — — — —

10 Seal Joints & 
Spalls

90.77 0.00 2.66 14520 0 105.34 0

20 Seal Joints & 
Spalls

98.72 0.00 4.84 14520 0 191.66 0

30 Seal Joints & 
Spalls

106.67 0.04 7.01 14520 0 277.60 0

40 Seal Joints & 
Spalls

114.62 0.13 9.18 14520 0 363.55 0

50 End o f 
Service Life

122.57 0.26 11.36 — — — —

Note:
1. Grinding is required if  fa

Table H-4: Risk

ulting is great 

Pavemenl

er than 0.19 inches, overlay required if faulting is greater than 0.75 in 

1: Life Cvcle Maintenance - PCC Slab Thickness 11 In

ches.

ches.
Y ear M aintenance

T reatm ent
Predicted

Rough.
(in/mile)

Predicted
Faulting

(inch)

Predicted
Spalling
(% Jo in t)

R equired
Sealing

(LF/m ile)

Required
G rinding
(SF/mile)

R equired
Patching
(SF/mile)

R equired
O verlay

(SF/mile)

0 Initial Const. — — — — — — —

10 Seal Joints & 
Spalls

83.64 0.00 2.66 14520 0 105.34 0

20 Seal Joints & 
Spalls

91.59 0.00 4.84 14520 0 191.66 0

30 Seal Joints & 
Spalls

99.54 0.05 7.01 14520 0 277.60 0

40 Seal Joints & 
Spalls

107.49 0.15 9.18 14520 0 363.55 0

45 Grind & 
Reseal.

111.47 0.22 10.27 14520 7920.00 0.00 0

50
End o f 

Service Life
115.44 0.29 11.36 — — — —

Note:
I . Grinding is required if  faulting is greater than 0.19 inches, overlay required if  faulting is greater than 0.7S inches.
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Y ear M aintenance
T reatm ent

Predicted
Rough.

(in/mile)

Predicted
Faulting

(inch)

Predicted
Spalling
(% Join t)

Required
Sealing

(LF/mile)

R equired
G rind ing
(SF/mile)

Required
Patching
(SF/mile)

Required
Overlay

(SF/mile)

0 Initial C o n st — — — — — — —

10 Seal Joints & 
Spalls

76.51 0.00 2.66 14520 0 105.34 0

20 Seal Joints & 
Spalls

84.46 0.00 4.84 14520 0 191.66 0

30 Seal Joints & 
Spalls

92.41 0.05 7.01 14520 0 277.60 0

40 Seal Joints & 
Spalls

100.36 0.17 9.18 14520 0 363.55 0

45 Grind & 
Reseal

104.34 0.25 10.27 14520 7920.00 0..00 0

50 End o f  
Service Life

108.31 0.34 11.36 — — — —

mess 12 Inches.

Note:
1. Grinding is required if faulting is greater than 0.19 inches, overlay required if faulting is greater than 0.75 inches.

Table H-6: Rigid Pavement: Life Cycle Maintenance - PCC Slab Thickness 13 Inches.

Year M aintenance
T reatm en t

Predicted
Rough.

(in/mile)

Predicted
Faulting

(inch)

Predicted
Spalling
(% Join t)

Required
Sealing

(LF/mile)

R equired
G rind ing
(SF/mile)

R equired
Patching
(SF/mile)

Required
Overlay

(SF/mile)

0 Initial Const. — — — — . . . — —

10 Seal Joints & 
Spalls

69.38 0.00 2.66 14520 0 105.34 0

20 Seal Joints & 
Spalls

77.33 0.00 4.84 14520 0 191.66 0

30 Seal Joints & 
Spalls

85.28 0.06 7.01 14520 0 277.60 0

40 Seal, Spalls & 
Grind

93.23 0.19 9.18 14520 7920.00 363.55 0

45 Grind & 
Reseal

97.21 0.27 10.27 14520 7920.00 0.00 0

50 End o f  
Service Life

101.18 0.36 11.36 _ — — —
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APPENDIX I :
Predicted Service Life - One Course HMAC Overlay - Rigid Pavement. 

Contents:
Table 1-1 : Predicted Service Life - One Course HMAC Overlay - Rigid Pavement. 
Computation Sheets - One Course HMAC Overlay - Rigid Pavement.
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Table 1-1 : Predicted Service Life - One Course HMAC Overlay - Rigid Pavement.

Case
No.

PCC
Slab

Depth
(Inch)

Perm.
Base

Depth
(Inch)

Subbase
Course
Depth
(Inch)

SNy Allowable
Load

(Million
ESAL)

Annual
Load

(Million
ESAL)

Predicted
Service

Life
(Years)

1 8 4 12 6.04 7.20 0.70 10

2 9 4 12 6.55 13.80 1.30 11

3 10 4 12 7.05 24.50 2.50 10

4 11 4 12 7.55 42.60 4.40 10

5 12 4 12 8.06 74.10 7.60 10

6 13 4 12 8.56 123.00 10.00 12
Source: AASHTO [2], Huang [13], NYSDOT [33][34],
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Computation Sheet - One Course HMAC Overlay - Rigid Pavement.

AASHTO [21 Design Equation 
hoL = (SNy - Frl (0.8Dx + Snx.,p)} /  aoL
* h0L = 2 inches Proposed one course overlay thickness.
* aoL = 0-^2 Layer Coefficient (Source: NYSDOT [33][34])
* Remaining Life Factor
* Dx Effective depth o f existing concrete pavement.
* Effective strength o f existing subbase layer.

Effective Strength o f Existing Subbase Laver 
SN x.fp = aSB * d SB * m SB
* a SB = 0.12 Subbase layer coefficient (Source: NYSDOT [33]).
* d SB= 12.0 Depth o f subbase course (Source: NYSDOT [33]).
* m SB= 0.90 Subbase drainage coefficient (Source: NYSDOT [33]).
SN ^  = (0.12X12X0.90)= 1.30

Effective Depth o f Existing Concrete Pavement 
D X= D 0 *CX
* D0 = 8 to 13 Depth o f concrete pavement (Varies from 8 to 13 inches)

(Source : NYSDOT [33]).
* C x = 0.70 Structural condition factor (Source : AASHTO [2]).
Dx = 0.70( D0)

Remaining Life Factor.
Frl = f  (Rlx. Rly)
Rlx = 10% Source : AASHTO [2].
Rly= 85% Source : AASHTO [2].
FRl = 0.90 Source : AASHTO [2].

Derived Formula:
SNY = hOL * aoL + Frl (0.8 Dx + SN,.^)
SNY= 2(0.42) + 0.90 (0.8(0.7Do ) + 1.30)
SNY = 2.01 +0.504 D0

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



151

APPENDIX J :
Predicted Service Life - One Course HMAC Overlay - Flexible Pavement. 

Contents:
Table J-l : Predicted Service Life - 1.5 Inch HMAC Overlay - Flexible Pavement.
Table J-2 : Predicted Service Life - 2.0 Inch HMAC Overlay - Flexible Pavement.
Table J-3 : Predicted Service Life - 2.5 Inch HMAC Overlay - Flexible Pavement. 
Computation Sheet - One Course HMAC Overlay - Flexible Pavement.
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Table J -l : Predicted Service Life - 1.5 Inch HMAC Overlay - Flexible Pavement.

Case
No.

HM A
L ayer
Depth
(Inch)^

Perm .
Base

Depth
(Inch)

Sub.
Course
Depth
(Inch)

Select
Fill

Depth
(Inch)

SN x-eff SNy Allowed
Load

(Million
ESAL)

Annual
Load

(M illion
ESAL)

Predict.
Service

Life
(Years)

1 5 4 12 0 5.07 3.67 1.48 0.08 19

2 6 4 12 0 5.60 3.99 2.56 0.16 16

3 7 4 12 0 6.12 4.30 4.31 0.32 13

4 8 4 12 0 6.65 4.62 7.06 0.60 12

5 9 4 12 0 7.17 4.93 11.32 1.00 11

6 10 4 12 0 7.70 5.25 17.82 1.70 10

7 10 4 12 6 8.24 5.57 27.88 3.20 9

8 10 4 12 12 8.78 5.90 42.89 5.80 7

9 10 4 12 18 9.32 6.22 64.89 10.00 6

Source : Adapted from AASHTO [2], Huang [13], NYSDOT [33|[34],

Table J-2 :Predicted Service Life - 2.0 Inch HMAC Overlay - Flexible Pavement.

Case
No.

HM A
L ayer
Depth
(In c h )^

Perm .
Base

Depth
(Inch)

Sub.
Course
Depth
(Inch)

Select
Fill

Depth
(Inch)

SN x-eff SNy Allowed
Load

(Million
ESAL)

Annual
Load

(M illion
ESAL)

Predict.
Service

Life
(Years)

I 5 4 12 0 5.07 3.88 2.14 0.08 27

2 6 4 12 0 5.60 4.20 3.63 0.16 23

3 7 4 12 0 6.12 4.51 6.00 0.32 19

4 8 4 12 0 6.65 4.83 9.69 0.60 16

5 9 4 12 0 7.17 5.14 15.35 1.00 15

6 10 4 12 0 7.70 5.46 23.87 1.70 14

7 10 4 12 6 8.24 5.78 36.93 3.20 12

8 10 4 12 12 8.78 6.11 56.20 5.80 10

9 10 4 12 18 9.32 6.43 84.16 10.00 8

Source : Adapted from AASHTO [2], Huang [13], NYSDOT [33][34],
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Table J-3 : Predicted Service Life - 2.5 Inch Overlay - Flexible Pavement.

Case
No.

HM A
Layer
Depth
(Inch)

Perm .
Base

D epth
(Inch)

Sub.
Course
Depth
(Inch)

Select
Fill

Depth
(Inch)

SNx-eff SNy Allowed
Load

(M illion
ESAL)

A nnual
Load

(M illion
ESAL)

Predict.
Service

Life
(Years)

1 5 4 12 0 5.07 4.09 3.06 0.08 38

2 6 4 12 0 5.60 4.41 5.09 0.16 32

3 7 4 12 0 6.12 4.72 8.28 0.32 26

4 8 4 12 0 6.65 5.04 13.19 0.60 22

5 9 4 12 0 7.17 5.35 20.64 1.00 21

6 10 4 12 0 7.70 5.67 31.74 1.70 16

7 10 4 12 6 8.24 5.99 48.57 3.20 15

8 10 4 12 12 8.78 6.32 73.14 5.80 13

9 10 4 12 18 9.32 6.64 108.47 10.00 11

Source : Adapted from .AASHTO [21, Huang [131, NYSDOT [33][34],
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Computation Sheet - One Course HMAC Overlay - Flexible Pavement.

AASHTO [2] Design Equation.
Hol = SNol / = {SNy - (S N ^ ^  )}
* Hol Proposed one course overlay thickness.
* aoL Layer Coefficient (0.42) (Source: NYSDOT [33][34])
* Remaining Life Factor.
* SNx.eff Effective Strength (Structural Number).
* SNy Structural Number of pavement with overlay.

Effective Strength o f  Existing Pavement Structure fSNy EFF).
SNj(.eff âc âc ^ac p̂ac p̂ac ^pac ŝub ŝub ̂ sub ®sf ̂ sf ^sf
* dac Thickness of HMA layer (inch).
* dpac Thickness o f HMA drainage course layer (4  inches).
* dsub Thickness o f subbase layer (12 inches).
* dsf Thickness of select fill if required (inch).
* mac Drainage Coefficient of HMA layer (1.25) [33].
* m ^  Drainage Coefficient of HMA drainage layer (1.25) [33].
* msub Drainage Coefficient of subbase layer (0.90) [33].
* msf Drainage Coefficient of fill layer (0.90) [33].
* aac Layer Coefficient of HMA (0.42) [33].
* ap,,,. Layer Coefficient of HMA drainage layer (0.23) [33].
* a,ub Layer Coefficient of subbase (0.12) [33],
* ajf Layer Coefficient of fill (0.10) [33].

Remaining Life Factor fFP, ).
F r l =  f  ( ^ lx» R ly)-
* Rlx = 20% Source : AASHTO [2].
* Rly = 70% Source : AASHTO [2].
* Frl = 0.60 Source : AASHTO [2].

Derived Formula:
SN Y =  (H ol * A jlj +  ( F rl * SNX.EFF).
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APPENDIX K :
Flexible Pavement - Typical Line Items Associated With Initial Construction Costs. 

Contents:
Table K-l : Flexible Pavement - Initial Construction Cost Computations.
Table K-l Continued : Flexible Pavement - Initial Cost Construction Computations.
Table K-l Continued : Flexible Pavement - Initial Cost Construction Computations.
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Table K -l: Flexible Pavement - Initial Construction Costs Computations.

Case 1 . - 5  Inch HMAC. 0 Inch Select Fill.
NYSDOT

Line
Item

Line
Item

Description

Units Unit
Cost

(S/unit)

Estim ated
Q uantity
(unit/lane

mile)

Subtotal
Cost
($)

203.02 Excavation (21") CY 6.60 4107.00 27106.20

203.07 Select Fill Subgrade Course (0") CY 12.25 0.00 0.00

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 Asphalt - Permeable Base Course (4") TON 31.09 1325.00 41194.25

403.11 Asphalt - Base Course (2") TON 31.00 725.00 22475.00

403.13 Asphalt - Binder Course (1.5") TON 32.63 571.00 18631.73

403.17 Asphalt - Top Course (1.5") TON 34.81 568.00 19772.08

Total (Cost per lane mile) . . . — — 160605.59

Total (Cost per square foot) — — . . . 2.53

Source: NYSDOT [36][37],

Case 2 . - 6  Inch HMAC. 0 Inch Select Fill.
NYSDOT

Line
Item

Line
Item

Description

Units Unit
Cost

(S/unit)

Estimated
Q uantity
(unit/lane

mile)

Subtotal
Cost
(S)

203.02 Excavation (22") CY 6.60 4302.22 28394.67

203.07 Select Fill Subgrade Course (0") CY 12.25 0.00 0.00

304.01 Subbase Course (12”) CY 13.39 2347.00 31426.33

403.10 Asphalt - Permeable Base Course (4") TON 31.09 1325.00 41194.25

403.11 Asphalt - Base Course (3") TON 31.00 1087.42 33709.90

403.13 Asphalt - Binder Course (1.5”) TON 32.63 571.00 18631.73

403.17 Asphalt - Top Course (1.5") TON 34.81 568.00 19772.08

Total (Cost per lane mile) — — — 173128.95

Total (Cost per square foot) — — — 2.73

Source: NYSDOT [36][37].
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Table K -l: Flexible Pavement - Initial Construction Costs Computations
('Continued!.

Case 3 . - 7  Inch HMAC. 0 Inch Select Fill.___________________________________
NYSDOT

Line
Item

Line
Item

Description

Units Unit
Cost

(S/unit)

Estim ated
Q uantity
(unit/lane

mile)

Subtotal
Cost
(S)

203.02 Excavation (23") CY 6.60 4497.78 29685.33

203.07 Select Fill Subgrade Course (0") CY 12.25 0.00 0.00

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 Asphalt - Permeable Base Course (4") TON 31.09 1325.00 41194.25

403.11 Asphalt - Base Course (4") TON 31.00 1449.89 44946.53

403.13 Asphalt - Binder Course (1.5") TON 32.63 571.00 18631.73

403.17 Asphalt - Top Course (1.5") TON 34.81 568.00 19772.08

Total (Cost per lane mile) — — . . . 185656.25

Total (Cost per square foot) — — . . . 2.93

Source: NYSDOT [36][37],

Case 4 . - 8  Inch HMAC. 0 Inch Select Fill.
NYSDOT

Line
Item

Line
Item

Description

Units Unit
Cost

(S/unit)

Estim ated
Q uantity
(unit/lane

mile)

Subtotal
Cost
(S)

203.02 Excavation (24") CY 6.60 4693.33 30976.00

203.07 Select Fill Subgrade Course (0") CY 12.25 0.00 0.00

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 Asphalt - Permeable Base Course (4") TON 31.09 1325.00 41194.25

403.11 Asphalt - Base Course (5") TON 31.00 1812.36 56183.16

403.13 Asphalt - Binder Course (1.5") TON 32.63 571.00 18631.73

403.17 Asphalt - Top Course (1.5") TON 34.81 568.00 19772.08

Total (Cost per lane mile) — — — 198183.55

Total (Cost per square foot) — — — 3.13

Source: NYSDOT [36][37],
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Table K -l; Flexible Pavement - Initial Construction Costs Computations 
(Continued).

NYSDOT
Line
Item

Line
Item

D escription

Units Unit
Cost

(S/unit)

Estimated
Q uantity
(unit/lane

mile)

Subtotal
Cost
(S)

203.02 Excavation (25”) CY 6.60 4888.89 32266.67

203.07 Select Fill Subgrade Course (0") CY 12.25 0.00 0.00

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 Asphalt - Permeable Base Course (4") TON 31.09 1325.00 41194.25

403.11 Asphalt • Base Course (6") TON 31.00 2174.83 67419.79

403.13 Asphalt - Binder Course (1.5") TON 32.63 571.00 18631.73

403.17 Asphalt - Top Course (1.5") TON 34.81 568.00 19772.08

Total (Cost per lane mile) — . . . . . . 210710.85

Total (Cost per square foot) — . . . — 3.33

Source: NYSDOT [36][37],

Case 6 . - 1 0  Inch HMAC. 0 Inch Select Fill.
NYSDOT

Line
Item

Line
Item

Description

Units Unit
Cost

(S/unit)

Estimated
Q uantity
(unit/lane

mile)

Subtotal
Cost
(S)

203.02 Excavation (26”) CY 6.60 5084.44 33557.33

203.07 Select Fill Subgrade Course (0") CY 12.25 0.00 0.00

304.01 Subbasc Course (12") CY 13.39 2347.00 31426.33

403.10 Asphalt - Permeable Base Course (4") TON 31.09 1325.00 41194.25

403.11 Asphalt - Base Course (7") TON 31.00 2537.30 78656.42

403.13 Asphalt - Binder Course (1.5") TON 32.63 571.00 18631.73

403.17 Asphalt - Top Course (1.5") TON 34.81 568.00 19772.08

Total (Cost per lane mile) — — — 223238.15

Total (Cost per square foot) — — — 3.52

Source: NYSDOT [36][37|.

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



159

Table K -l: Flexible Pavement - Initial Construction Costs Computations
(Continued!.

Case 7 . - 1 0  Inch HMAC. 6 Inch Select Fill.
NYSDOT

Line
Item

Line
Item

Description

Units Unit
Cost

(S/unit)

Estim ated
Q uantity
(unit/lane

mile)

Subtotal
Cost
(S)

203.02 Excavation (32") CY 6.60 6257.78 41301.33

203.07 Select Fill Subgrade Course (6") CY 12.25 1173.33 14373.33

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 Asphalt - Permeable Base Course (4") TON 31.09 1325.00 41194.25

403.11 Asphalt - Base Course (7") TON 31.00 2537.30 78656.42

403.13 Asphalt - Binder Course (1.5") TON 32.63 571.00 18631.73

403.17 Asphalt - Top Course (1.5") TON 34.81 568.00 19772.08

Total (Cost per lane mile) — — — 245355.48

Total (Cost per square foot) — — — 3.87

Source: NYSDOT [36][37],

Case 8. -1 0  Inch HMAC. 12 Inch Select Fill.
NYSDOT

Line
Item

Line
Item

Description

Units Unit
C ost

(S/unit)

Estim ated
Q uantity
(unit/lane

mile)

Subtotal
Cost
(S)

203.02 Excavation (38") CY 6.60 7431.11 49045.33

203.07 Select Fill Subgrade Course (12") CY 12.25 2346.67 28746.67

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 Asphalt - Permeable Base Course (4") TON 31.09 1325.00 41194.25

403.11 Asphalt - Base Course (7") TON 31.00 2537.30 78656.42

403.13 Asphalt - Binder Course (1.5") TON 32.63 571.00 18631.73

403.17 Asphalt - Top Course (1.5") TON 34.81 568.00 19772.08

Total (Cost per lane mile) — — — 267472.81

Total (Cost per square foot) — — — 4.22

Source: NYSDOT [36][37],
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Table K-l: Flexible Pavement - Initial Construction Costs Computations
(Continued!.

Case 9 . -1 0  Inch HMAC. 18 Inch Select Fill._________________________________
NYSDOT

Line
Item

Line
Item

D escription

Units Unit
Cost

(S/unit)

Estimated
Q uantity
(unit/lane

mile)

Subtotal
Cost
(S)

203.02 Excavation (44") CY 6.60 8604.44 56789.33

203.07 Select Fill Subgrade Course (18") CY 12.25 3520.00 43120.00

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 Asphalt - Permeable Base Course (4") TON 31.09 1325.00 41194.25

403.11 Asphalt - Base Course (7") TON 31.00 2537.30 78656.42

403.13 Asphalt - Binder Course (1.5") TON 32.63 571.00 18631.73

403.17 Asphalt - Top Course (1.5") TON 34.81 568.00 19772.08

Total (Cost per lane mile) — — — 289590.15

Total (Cost per square foot) — — — 4.57
Source: NYSDOT [36][37],
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APPENDIX L :
Flexible Pavement - Typical Line Items Associated With Initial Construction Costs. 

Contents:
Table L-l : Flexible Pavement - Maintenance Cost Computations.
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Table L-l: Flexible Pavement - Maintenance Cost Computations.

Crack Filling
NYSDOT Line Units Unit Estim ated Subtotal

Item Item C ost Q uantity Cost
N um ber D escription (S/unit) (unit/lane

mile)
(S)

18403.76 Clean and Seal Cracks LF 1.63 Varies* Varies*

Total (Cost per Lane Mile) — 1.63

Notes:
1. Total quantity varies with predicted linear feet of thermal cracking per lane mile.
2. Cost per lane mile = 1.63 * Predicted feet o f cracking.

3atching and Shimming.

NYSDOT
Item

N um ber

Line
Item

D escription

Units Unit
Cost

(S/unit)

Estimated
Q uantity
(unit/lane

mile)

Subtotal
C ost
(S)

04403.93 Shimming & Patching Asphalt Concrete TON 80.15 Varies* Varies*

490.30 Cold Milling o f Asphalt Concrete SY 3.37 3520.00 11862.40

633.0202 Clean Pavement Surface SY 0.07 7040.00 492.80

407.01 Tack Coat GAL 1.85 352.00 651.20

Total (Cost per Lane Mile) — — — 13006.40

Notes:
1. Quantity o f shimming varies with predicted rut depth.
2. Cost per lane mile = 13006 + (80.15 * Predicted Tons o f AC).

Single Course HMAC Overlay (1.5 Inches).
NYSDOT

Item
N um ber

Line
Item

Description

Units U nit
Cost

(S/unit)

Estim ated
Q uantity
(unit/lane

mile)

Subto tal
C ost
(S)

04403.93 Shimming & Patching Asphalt. TON 80.15 Varies* Varies*

490.10 Production Cold M illing o f  Asphalt. SY 1.95 7040.00 13728.00

633.0202 Cleaning Pavement Surface. SY 0.07 7040.00 492.80

407.01 Tack Coat. GAL 1.85 352.00 651.20

403.17 Asphalt -  Top Course TON 34.81 568.00 19772.08

Total (Cost per Lane Mile) — — — 34644.08

Notes:
1. Quantity o f  shimming varies with predicted rut depth.
2. Cost per lane mile =  34644.08 + (80 .15 * Predicted Tons o f  AC).
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Table L-l: Flexible Pavement - Maintenance Cost Computations (Continued).

Single Course HMAC Overlay ( 2.0 Inches).
NYSDOT

Item
N um ber

Line
Item

Description

Units Unit
Cost

(S/unit)

Estimated
Q uantity
(unit/lane

mile)

Subtotal
Cost
(S)

04403.93 Shimming & Patching Asphalt. TON 80.15 Varies* Varies*

490.10 Production Cold Milling o f  Asphalt. SY 1.95 7040.00 13728.00

633.0202 Cleaning Pavement Surface. SY 0.07 7040.00 492.80

407.01 Tack Coat. GAL 1.85 352.00 651.20

403.17 Asphalt - Top Course TON 34.81 757.00 26351.17

Total (Cost per Lane Mile) — — — 41223.17
Notes:
1. Quantity o f  shimming varies with predicted rut depth.
2. Cost per lane mile = 41233.17 +■ (80.15 * Predicted Tons o f AC).

Single Course HMAC Overlay (2.5 Inches).

NYSDOT
Item

N um ber

Line
Item

Description

Units Unit
Cost

(S/unit)

Estimated
Q uantity
(unit/lane

mile)

Subtotal
Cost
(S)

04403.93 Shimming & Patching Asphalt. TON 80.15 Varies* Varies*

490.10 Production Cold Milling o f  Asphalt. SY 1.95 7040.00 13728.00

633.0202 Cleaning Pavement Surface. SY 0.07 7040.00 492.80

407.01 Tack Coat. GAL 1.85 352.00 651.20

403.17 Asphalt - Top Course TON 34.81 947.00 32965.07

Total (Cost per Lane Mile) — — — 47387.07

Notes:
1. Quantity o f  shimming varies with predicted rut depth.
2. Cost per lane mile = 47837.07 + (80.15 * Predicted Tons o f  AC).
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APPENDIX M :
Rigid Pavement - Typical Line Items Associated With Initial Construction Costs. 

Contents:
Table M-l : Rigid Pavement - Initial Construction Cost Computations.
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Table M -l: Initial Construction Cost Computations.

Case 1 - PCC Slab Thickness - 8 Inches.
NYSDOT

Item
N um ber

Item
W ork

D escription

Units U nit
C ost

(S/unit)

Estim ated 
Q uan tity  

(unit/lane m ile)

Subtotal
Cost
($)

203.02 Excavation (24") CY 6.60 4693.33 30976.00

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 AC - Permeable Base (4") TON 31.09 1325.00 41194.25

502.06 Concrete Pavement (8") CY 131.91 1564.44 206365.87

502.20 Transverse Joints LF 6.57 3960.00 26017.20

502.30 Longitudinal Joints EA 5.80 2622.00 13119.60

18502.4402 Saw and Seal Joints LF 5.44 11880.00 64627.20

Total (Cost per lane mile) — — __ 413726.45

Total (Cost per square foot) . . . — . . . 6.53

Source : Adapted from NYSDOT [36][37].

Case 2 - PCC Slab Thickness - 9 Inches.
NYSDOT

Item
N um ber

Item
W ork

D escription

Units U nit
C ost

(S/unit)

Estim ated 
Q uan tity  

(unit/lane mile)

Subtotal
Cost
(S)

203.02 Excavation (25”) CY 6.60 4888.89 32266.67

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 AC - Permeable Base (4") TON 31.09 1325.00 41194.25

502.06 Concrete Pavement (9") CY 131.91 1760.00 232161.60

502.20 Transverse Joints LF 6.57 3960.00 26017.20

502.30 Longitudinal Joints EA 5.80 2622.00 13119.60

18502.4402 Saw and Seal Joints LF 5.44 11880.00 64627.20

Total (Cost per lane mile) __ ___ — 440813.05

Total (Cost per square foot) __ ___ — 6.96

S o u rc e : A dapted from N Y S D O T  [36][37].
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Table M -l: Initial Construction Cost Computations (Continued).

Case 3 - PCC Slab Thickness -1 0  Inches.
N YSDOT

Item
N um ber

Item
W ork

Description

Units Unit
Cost

(S/unit)

Estimated 
Q uantity  

(unit/lane mile)

Subtotal
C ost
(S)

203.02 Excavation (26") CY 6.60 5084.44 33557.30

304.01 Subbase Course (12”) CY 13.39 2347.00 31426.33

403.10 AC - Permeable Base (4") TON 31.09 1325.00 41194.25

502.06 Concrete Pavement (10") CY 131.91 1955.56 257957.33

502.20 Transverse Joints LF 6.57 3960.00 26017.20

502.30 Longitudinal Joints EA 5.80 2622.00 13119.60

18502.4402 Saw and Seal Joints LF 5.44 11880.00 64627.20

Total (Cost per lane mile) — __ — 467899.21

Total (Cost per square foot) — — — 7.38

Source : Adapted from NYSDOT [36][37],

Case 4 - PCC Slab Thickness - 11 Inches.

N YSD OT
Item

N um ber

Item
W ork

Description

Units Unit
Cost

(S/unit)

Estimated 
Q uantity  

(unit/lane mile)

Subtotal
Cost
(S)

203.02 Excavation (27") CY 6.60 5280.00 34848.00

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 AC - Permeable Base (4”) TON 31.09 1325.00 41194.25

502.06 Concrete Pavement (11) CY 131.91 2151.11 283753.07

502.20 Transverse Joints LF 6.57 3960.00 26017.20

502.30 Longitudinal Joints EA 5.80 2622.00 13119.60

18502.4402 Saw and Seal Joints LF 5.44 11880.00 64627.20

Total (Cost per lane mile) — — — 494985.65

Total (Cost per square foot) — — — 7.81

Source: Adapted from NYSDOT [36][37].
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Table M-l: Initial Construction Cost Computations (Continued!.

Case 5 - PCC Slab Thickness -12  Inches.
NYSDOT

Item
N um ber

Item
W ork

Description

Units U nit
C ost

(S/unit)

Estim ated 
Q uantity  

(unit/lane mile)

Subtotal
Cost
(S)

203.02 Excavation (28") CY 6.60 5475.56 36138.70

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 AC - Permeable Base (4") TON 31.09 1325.00 41194.25

502.06 Concrete Pavement (12") CY 131.91 2346.67 309548.80

502.20 Transverse Joints LF 6.57 3960.00 26017.20

502.30 Longitudinal Joints EA 5.80 2622.00 13119.60

18502.4402 Saw and Seal Joints LF 5.44 11880.00 64627.20

Total (Cost per lane mile) — ____ ____ 522072.08

Total (Cost per square fool) — — — 8.24

Source : Adapted from NYSDOT [36][37],

Case 6 - PCC Slab Thickness -13 Inches.

NYSDOT
Item

N um ber

Item
W ork

D escription

Units U nit
C ost

(S/unit)

Estim ated 
Q uantity  

(unit/lane mile)

Subtotal
Cost
(S)

203.02 Excavation (29") CY 6.60 5671.11 37429.33

304.01 Subbase Course (12") CY 13.39 2347.00 31426.33

403.10 AC - Permeable Base (4") TON 31.09 1325.00 41194.25

502.06 Concrete Pavement (13") CY 131.91 2542.22 335344.53

502.20 Transverse Joints LF 6.57 3960.00 26017.20

502.30 Longitudinal Joints EA 5.80 2622.00 13119.60

18502.4402 Saw and Seal Joints LF 5.44 11880.00 64627.20

Total (Cost per lane mile) ___ ___ ___ 549158.44

Total (Cost per square foot) — - - — 8.67

Source : Adapted from NYSDOT [36][37].
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APPENDIX N :
Rigid Pavement - Typical Line Items Associated With Maintenance Costs. 

Contents:
Table N-l : Rigid Pavement - Maintenance Cost Computations.
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Table N-l: Maintenance Cost Computations.

Joint & Crack Sealing .
NYSDOT Item Units Unit Estim ated Subtotal

Item W ork Cost Q uantity Cost
N um ber Description ($/unit) (unit/lane mile) ($)

502.70 Clean and reseal joints. LF 2.53 Varies Varies

Total (Cost per linear foot) — — — 2.53
C ost per lane mile = $2.53 * (Predicted feet o f  cracking).

Spall Patching.
NYSDOT

Item
N um ber

Item
W ork

D escription

Units Unit
Cost

($/unit)

Estim ated 
Q uantity  

(unit/lane mile)

Subtotal
Cost

_  . w „

502.4467 Repair and fill PCC spall SF 10.84 Varies Varies

Total (Cost per square foot) — — — 10.84

C ost per lane mile = $10.84 * (Predicted Square Feet o f  Spading).

Grinding & Shimming.
NYSDOT

Item
N um ber

Item
W ork

Description

Units Unit
Cost

($/unit)

Estim ated 
Q uantity  

(unit/lane mile)

Subtotal
Cost
(S)

490.40 Misc. Milling o f  PCC SY 4.10 0.111 0.46

633.0202 Clean Surface SY 0.07 0.111 0.01

407.01 Tack Coat GAL 1.85 0.024 0.04

403.15 AC - Shim Course TON 45.12 0.003 0.14

Total (Cost per square foot) __ __ 0.64
C ost per lane mile = $0.64 * (Predicted Square feet o f Grinding & Shimming).

Single Course HMAC Overlay 12.0"').
NYSDOT

Item
N um ber

Item
W ork

Description

Units Unit
Cost

(S/unit)

Estim ated 
Q uantity  

(unit/lane mile)

Subtotal
C ost
(S)

490.20 Cold Milling o f  PCC SY 2.02 7040.00 14220.80

633.0202 Clean Surface SY 0.07 7040.00 492.80

407.01 Tack Coat GAL 1.85 352.00 651.20

403.17 AC - Top Course TON 34.81 757.00 26351.17

Total (Cost per lane mile) — — — 41715.97

Cost per lane mile = $41715.97
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APPENDIX O :
Typical Network Level Construction Costs.

Contents;
Table 0-1 : Network Level Pavement Construction Costs (Flexible Pavement). 
Table 0-2  : Network Level Pavement Construction Costs (Rigid Pavement).
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Table 0 -1  : Network Level Pavement Construction Costs (Flexible Pavement)
Maintenance

Type
Reg.

1
Reg.

2
Reg.

3
Reg.

4
Reg.

5
Reg.

6
Reg.

7
Reg.

8
Reg.

9
Reg.

10
Reg.

11
Ave.

Routine Maint. 1.01 0.89 0.92 0.72 0.78 1.26 0.59 0.88 0.80 0.90 1.88 0.97

% o f Statewide 104 92 95 74 80 J 130 61 91 82 93 194 100

Preventive Maint. 5.26 5.26 6.05 6.58 5.96 6.13 5.09 5.96 6.21 8.50 15.00 6.99

% of Statewide 75 75 87 94 85 88 73 85 89 122 215 100

Corrective Maine 9.97 10.11 11.84 13.68 11 85 11.24 10.29 12.31 12.63 20.35 32.26 14.26

% of Statewide 70 71 83 96 83 79 72 86 89 143 226 too

Rehabilitation 13.9 14.22 16.67 1921 16.73 15 83 14 52 17.10 17 73 28.34 44.74 19.94

% of Statewide 70 71 84 96 84 79 73 86 89 142 224 100

High Cost Rehab. 26.69 26.94 30.85 34.21 28.35 33.44 28 08 32.00 34.79 50.43 85.18 37 19

% of Statewide 72 72 83 92 76 90 76 86 94 136 224 100

Reconstruction 51.46 51.82 57.16 63.29 57.69 55 59 53.32 57 26 59.42 82.26 118.2 64.22

% of Statewide 80 81 89 97 90 87 83 89 93 128 184 100

Average 
% of Statewide

79 77 87 92 83 92 73 87 89 27 211 100

S o u rc e : N Y SD O T

Table O-

•[2 6 ] .

2 : Network Level Pavement Construction Costs (Rigid Pavement
Maintenance

Type
Reg.

1
Reg.

2
Reg.

3
Reg.

4
Reg.

5
Reg.

6
Reg.

7
Reg.

8
Reg.

9
Reg.

10
Reg.

11
STW
Ave.

Routine Maint. 1.62 2.00 2.19 1.54 1.86 3.02 1.08 1.98 2.19 338 5.21 2.37

% of Statewide 68 84 92 65 78 127 46 84 92 143 220 100

Preventive M aint 1.72 2.19 2.33 1.68 2.00 3.16 1.22 2.15 2.35 3.55 5.42 2.53

% of Statewide 68 87 92 66 79 125 48 85 93 140 214 100

Corrective Maint. 3.86 4.21 2.96 2.55 3.02 3.84 2.39 4.43 4.58 5.96 7.98 4.17

% of Statewide 93 101 71 61 72 92 57 106 110 143 191 100

Rehabilitation 15.88 16.87 19.69 21.74 19.59 20.44 17.07 20.59 20.93 32.72 51.59 23.38

% of Statewide 68 72 84 93 84 87 73 88 90 140 221 100

High Cost Rehab. 18.25 19.31 22.55 25.00 22.48 23.34 19.58 23.42 23.86 37.46 59.80 26.73

% o f Statewide 68 72 84 94 84 87 73 88 89 140 220 100

Reconstruction 96.66 102.6 91.52 98.29 101.9 104.2 111.1 108.3 112.0 156.4 154.6 112.5

% o f Statewide 86 91 81 87 91 93 99 96 100 139 137 100

I Average % 
I  o f Statewide

75 85 84 78 81 102 66 91 96 141 201 100

Source: NYSDOT [26].
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APPENDIX P :
Predicted Life Cycle Cost Computations - NYSDOT Flexible Pavement Case Study.

Contents: Page:
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Output Screen - Predicted Roughness and Distresses. 179

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



173

F L E X IB L E  P A V E M E N T  : L IF E  C Y C L E  P A V E M E N T  D E S IG N  A N A L Y S IS .

By : P a trick  J. Prancl 
January 6 , 2000 .

* N ote : A lgorithm  is valid  fo r S H R P  W et-Freeze C lim ate R egion and  has been developed 
for use  b y  th e  N ew  Y ork S ta te  D epartm ent o f  T ransportation .

INPUT SCREEN

Traffic Data:

Data Input Units Data
Input

Default
Value

ADT veh./day 20000 . . . .

Heavy Vehicles % 10
Load Factor ESAL/truck 1.85 1.85
Direction Distribution % 50 50
Lane Distribution % 85 —

Combined Growth % 2 —

Environmental D ata :

Data Input Units Data
Input

Default
Value

Annual Freeze-Thaw Cycles # Cycles 80 SO
Annual Days > 90 Degrees Days 9 ')
Freeze Index Deg-day 925 ‘U5
Annual Precipitation Inch 38 ;N

Pavement Characteristic Data:

Data Input Units Data
Input

Default
Value

Asphalt Viscosity Poise 1600 1600
HMAC Voids (% Volume) % 4 4
MHAC Aggregate Passing #4 Seive % 65 o5

Subbase Passing #200 Seive % 10 10

Geometric D a ta :

Data Input Units Data
Input

Default
Value

Travel Lane Width feet 12 12
Inner Shoulder Width feet 4 4
Outer Shoulder Width feet 8 12
Travel Lanes Per Direction # 2
Pavement Length mile I
Discount Rate % 4 4

fife: flcx.123
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OUTPUT - AASHTO FLEXIBLE DESIGN ANALYSIS.

Design
A lt

HMAC
Slab

Thickness

(inch)

Subbase

Course
Thickness

(inch)

Select

Fill
Thickness

(inch)

Total

Base
Thick*

(inch)

Alternative
Feasibility

1 5 12 0 Overload
2 6 12 0 14 Overload

3 7 12 0 14 Overload
4 8 12 0 14 Overload

S 9 12 0 14 Overload

6 10 12 0 14 Feasible

7 10 12 6 19 Feasible

8 10 12 12 24 Feasible

9 10 12 18 29 Feasible

• Bose layer thickness includes 4" permeable AC base, subbase, and select till; adjusted by layer coefficient.

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



175

A L T E R N A T I V E  I : M E C H A N I S T I C  D E S I G N  A N A L Y S I S  -  H M A C  T H I C K N E S S  OF 5 I N C H E S  i  14 I N C H  B A S E )

Ye* Cumulative
Loading

ESAL*!0*6

Predicted
IRJ

(indVmile)

Predicted
Rutting
(inch)

Predicted
Cracking
(Spacing)

Predicxcd
Maintenance

Strategy

Required
Crack FiU 

(LF)

Required
Shiramtnf

(TON)

Required
Overlay

(SF)
Agency
Cost

LCC
Agency
Cost

v o c .

Cw
(millionS)

v o c

Truck 
(million 1)

LCC
User
Coat

0 0 0 0 00 - Initial Construction — — — 1211742 1218742 4 16 0 80 0

S 3 46 025 59 55 Crack Fill 63 S4 0 0 13917 11439 423 0 13 20603356

10 7 56 0.21 39.31 Shim A Fill 9654 12 0 92091 62211 425 0 14 17144740

15 11 63 0.31 30.92 Crack Fill 12296 0 0 26105 14814 426 0.14 14141976

20 15 61 0.33 26.04 Shun A Fill I459S 14 0 103017 47048 4 2 7 015 11654998

25 20 73 0.35 22.10 Crack Fill 16677 0 0 36355 13637 427 0.85 9601366

20 26 71 0.36 2045 ShimA Fill 11593 16 0 111949 34516 421 0 85 7907631

35 32 12 0.37 1165 Crack FiU 20314 0 0 44437 11261 4.29 0 86 6511648

40 31 16 0.39 17 22 Shun A FiU 22074 17 0 119667 24925 429 0 86 3361511

45 45 90 0.40 1605 Crack Fill 23611 0 0 51625 SS3I 4 30 0 86 4414177

50 53 93 0.41 1501 End Life — ------ — 0 0 430 0 86 3634026

Tout ------- ____ ------ ------ ------ — ------ — ------ 1517509 ____ 100975435

A L T E R N A T I V E 2: M E C H A N I S T I C  D E S I G N  A N A L Y S I S  -  H M A C  T H I C K N E S S  OF 6 I N C H E S  f  14 I N C H  B A S  E l

Yew Cumulative
Loading

ESA LM Pfi

Predicted
HU

(inch/nule)

Predicted
Rutting
(inch)

Predicted
Cracking
(Spacing)

Predicted
Maintenance

Strategy

Required 
Crack Fill 

(LF)

Required
Shimming

(TON)

Required
Overlay

(SF)
Agency
Cost

LCC
Agency
Cost

v o c

Car 
(million D

VOC 
Track 

(million J)

LCC
User
Coat

0 0 0 0 0 0 UutiaJ Construction — — — . 1391386 1391386 4 16 

4 24

0 80 

0 83

0

5 3 49 0 24 61 39 Crack FiU 6192

9411

0 0 13499 11095 20615872

10 7 59 0 27 4039 Shun A Fill 12 0 91526 61832 425 0 84 17167417

15 11 66 0 30 31 62 Crack FiU 12023 0 0 26210 14554 4 26 0 85 14163576

20 15 72 0 32 26 51 Shun A Fill 14305 14 0 102391 46733 4 27 0 85 11674597

25 20 7* 033 23.22 Crack Fill 16369 0 0 35614 13385 4 21 0 85 9611759

30 26 >2 035 2010 Shun A Fill 11274 15 0 111199 34285 4 29 0 86 7922178

35 32 17 0 36 11.95 Crack Fill 20057 0 0 43725 11081 4 29 0 86 6524890

40 31 91 0.31 17 49 Shun A Fill 21742 17 0 118383 24762 4 30 0 86 5372949

442401545 45 95 0 39 (6 21 Crack Fill 23345 0 0 50192 1713 431 0 87

50 53 99 0.40 15.21 End Life — ------ — 0 0 431 0 87 3642459

Toul ____ ____ ____ ------ — — ------ — ------ 1617824 ------ ------ 101127411

A L T E R N A T I V E J :  M E C H A N I S T I C  D E S I G N  A N A L Y S I S  -  H M A C  T H I C K N E S S  O F  7  I N C H E S  1 1 4  I N C H  B A S E 1

Yew Cumulative

ESAL*I0*6

Predicted
IR1

(indv'mile)

Predicted
Rutting
(inch)

Predicted
Cracking
(Spacing)

Predicted
Maintenance

Strategy

Required 
Crack Fill 

(LF)

Required
Shimming

(TON)

Required
Overlay

(SF)

Estimated
Agency
Cost

LCC
Agency
Coat

VOC-
Cw

(million S)

v o c

Track
(mdliooS)

LCC
User
Coat

0 0 0 0.00 — Initial Construction — — — 1494029 1494029 4.16 0 80 0

5 3 52 0 23 63.30 Crack FiU 6006 0 0 13092 10761 424 0 14 20627027

10 7 62 0.27 41 43 Shun A Fill 9175 12 0 90976 61460 426 0 14 17187629

15 11 70 0 29 32.34 Crack Fill 11756 0 0 25629 14231 4 27 0 85 14182828

20 15 76 0.31 27.12 ShunAFtU 14017 14 0 101730 46421 4 28 0 85 11692066

25 20 11 0 32 23 66 Crack FiU 16066 0 0 35024 13138 4.29 0.86 9634263

30 26 16 0.34 21.17 Shun A  Fill 17961 15 0 110470 34060 4 2 9 0.86 7936461

35 32 91 0.35 19.26 Crack Fill 19736 0 0 43024 10903 4.30 0.16 6536692

40 31 95 0 J 6 17.75 Shun A Fill 21415 16 0 111(21 24603 4.31 0.87 5313145

45 45 100 0.31 16.52 Crack Fill 23014 0 0 50170 8589 4.31 0.87 4432713

50 53 104 0 J 9 15.49 End Life ------- ------- — 0 0 4.32 0 1 7 3649976

Total ____ — . ____ ____ ____ -- -- — -- 1718202 -- -- 101262169

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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A LTE R N A TIV E 4 : M EC H A N ISTIC  D ESIG N  ANALYSIS -  HM A C TH IC K N E SS O F  8 IN CH ES f 14 IN CH  RASE)

Year Cumulative

Loading
ESALMW

Predicted

nu
(ndv’nuk)

Predicted

Rutting
(inch)

Predieted
Cracking
(Spacing)

Predicted
Maintenance

Stratecv

Required 

Crack Fid 
(LF)

Required
CTiiwumg

(TON)

Required
Overlay

(SF)
Agency

Coat

LCC
Agency
Coat

v o c .

Car

(millions)

v o c
Truck 

(million S)

LCC
User
Coat

0 0 0 0.00 — Initial Construction — — — 1592870 1592870 4.16 010 0
5 3 54 0.23 65 26 Crack Tilt 5125 0 0 12698 10437 4 24 084 20637137
10 7 65 026 42.50 Shun A Fill 1945 11 0 90443 61100 4 26 014 17205946

IS II 73 0.21 33 07 Crack Fill 11496 0 0 25061 13915 4 27 015 14200275
20 15 79 OJO 27 61 Shim A Fid 13736 13 0 101081 46132 421 085 11707897
25 20 15 0.32 24.11 Crack Fill 15769 0 0 34377 12896 429 016 9648312
30 26 90 0.33 2154 Slum A Fill 17653 15 0 109760 33141 4.30 016 7948771
35 32 93 0J4 19.58 Crack Fill 19420 0 0 42335 10728 431 017 6547318
40 31 99 036 11.02 Shim A FiU 21092 16 0 117377 24448 4.31 0 87 5392384
45 45 104 0.37 16.76 Crack Fill 22617 0 0 49458 8467 432 0 87 4440729
50 53 101 0.31 15 70 End Life ---- ---- — 0 0 4.33 088 3656788

Total _ — _ _ — — ---- — -- 1814836 — _ 1013856X7

A LTE R N A TIV E 5 : M EC H A N ISTIC  D ESIG N  ANALYSIS - HM A C T H IC K N E SS O F  9 IN CH ES (U INCH BASE)

Year Ctanulativc

ESAL*10"6

Predicted

IRI

(tndVtmk)

Predicted

Rutung

(inch)

Predicted
Cracking
(Spacing)

Predicted

Mamtenance
Strategy

Required 
Crack Fill 

(LF)

Required

Shimming
(TON)

Required

Overlay
(SF)

Eaumated

Agency
Coat

LCC

Agency

Cost

v o c .

Cw
(mid ion 5)

VOC.

Truck

(midionS)

LCC

User
Coat

0 0 0 000 Initial Construction — — — 1695514 1695514 4 16 0 80 0

5 3 56 022 67 29 Crack Fill 5650 0 0 12316 10123 425 084 20646413
10 7 67 026 43 60 Shim A FiU 1720 11 0 89928 60752 4 26 085 17222753

15 11 75 021 3312 Crick Fill 11241 0 0 24505 13607 428 085 14216283
20 15 12 0.30 21.24 Shim A Fill 13460 13 0 100449 45844 429 0 86 11722423

23 20 I I 0.31 24 56 Crack Fill 15471 0 0 33742 12657 4 30 086 9661203

30 26 93 032 2191 Shun A Fill 17350 14 0 109061 33628 4 30 016 7960066
35 32 91 034 1919 Crack FiU 19108 0 0 41656 10556 431 087 6557202
40 31 103 035 1130 Shun A Fill 20775 15 0 116649 24297 4 32 0 87 5400861
45 45 101 036 1700 Crack FiU 22365 0 0 48756 8347 433 088 4448021
50 53 112 0.37 15.91 End Life -- -- — 0 0 433 0 88 3663038

Total _ _ _ — -- -- — -- 1915324 _ _ 101498264

A LTE R N A TIV E 6 : M EC IIA N 1STIC  D ESIG N  ANALYSIS -  HM AC TH IC K N E SS O F  10 IN C H E S (14 IN CH  BASE!

Yew Cumulative

Loafing
ESAL'IONJ

Predicted

IRI

(inch/nulc)

Predicted

Rutting

(inch)

Predicted
Cracking
(Spacing)

Predicted

Maintenance
Strategy

Required 
Crack Fill 

(LF)

Requred
Shmvraci

(TON)

Required
Overlay

(SF)

Eittmatcd
Agency

Coat

LCC
Agency

Coat

v o c .
Cw

(mtdionS)

VOC.
Truck

(midionS)

LCC
User

Cost

0 0 0 0.00 — Initial Construction — — -- 1794355 1794355 4.16 0 80 0

5 3 51 0.22 6938 Crack FiO 5480 0 0 11946 9818 425 084 20655007

10 7 70 0.25 44.72 Shim A FtQ 1501 II 0 89428 60414 4.27 085 17238323

15 II 7* 027 34.59 Crack Fid 10992 0 0 23962 13305 428 085 14231114

20 15 15 0.29 21.12 Shim A Fid 13189 13 0 99833 45563 4.29 0.16 11735879

25 20 91 0.30 25.02 Crack Fid 15192 0 0 33119 12424 430 0.86 9673146

30 26 97 0J2 2X29 Shim A Fid 17053 14 0 108390 33419 4.31 017 7970530

35 32 102 0.33 20.22 Crack Fid 18802 0 0 40989 10387 4.32 0.87 6566294

40 31 107 0.34 I8JB Shim A Fid 20462 15 0 115936 24148 4.32 0.87 5408715

45 45 111 0.35 17.24 Crack Fid 22048 0 0 48064 8228 4.33 0.88 4454775

50 53 116 0J6 16.13 End Life -- -- — 0 0 434 018 3668828

Total _ — — _ _ -- -- — — 2012062 — -- 101602611

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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A L T E R N A T IV E  7: M E C H A N IS T IC  D ESIG N  A NA LY SIS -  H M A C TH IC K N E SS O F  10 IN C H E S (19 INCH BASE!

Year Cumulative

Loading

ESAL"I0"6

Predicted

DU
(inch/mile)

Predicted
Rutting

(me*)

Predicted
Cracking

(Spacing)

Predicted
Maintenance

Strategy

Required 

Crack F01 

(LF)

Required
Stumming

(TON)

Required
Ovwiay

(SF)
Agency

Coat

LCC
Agency

Coat

VOC

Car

(millions)

v o c
Truck

(millions)

LCC
User

Coat
0 0 0 0.00 — Initial Construction — — ---- 1973030 1973030 4 16 0 80 0
5 3 57 0.22 69 31 Crack Fill 5410 0 0 11946 9818 425 0 84 20650127
10 7 61 025 44.72 Shim A Fill 1501 II 0 89412 60404 4 27 0 85 17229482
15 U 77 0.27 3459 Crack Fill 10992 0 0 23962 13305 428 0.85 14222693
20 15 S3 0.29 21.12 Shim A Fill 13119 13 0 99815 45554 429 0 86 11728238
25 20 19 030 25 02 Crack Fill 15192 0 0 33119 12424 430 0 86 9666365
30 26 95 0 31 22.29 Shim A Fill 17053 14 0 108370 33413 431 0.87 7964589

35 32 100 0.33 20 22 Crack Fill 18802 0 0 40989 10387 431 087 6561131
40 31 105 0.34 1151 Slum A Fill 20462 15 0 115915 24144 4 32 0 87 5404255
45 45 109 035 1724 Crack Fill 22048 0 0 48064 8228 433 088 4450940
so 53 114 0.36 16.13 End Life ---- ---- — 0 0 4.34 0 88 3665540

Total ---- ---- ---- _ — ---- ---- — ---- 2190707 _ — 101543360

A L T E R N A T IV E  S: M EC H A N IST IC  D ESIG N  A NA LY SIS - HM A C TH IC K N E SS O F  10 IN C H E S (24 INCH BASE!

Yew Cumulative

ESALM0"6

Predicted
DU

(inchftntlê

Predicted

Rutting
(inch)

Cracking

(Spacing)

Predicted
Maintenance

Strategy

Required 
Crack Fdl 

(LF)

Required
Stumming

(TON)

Required
Overlay

(SF)

Estimated
A|ney

Coct

LCC
Agency

Con

VOC. 

Car 
(million S)

VOC.

Truck

(mdlicnS)

LCC

User

Cost

0 0 0 0.00 Initial Construction — — — 2147904 2147904 4 16 080 0

5 3 56 021 69 31 Crack Fill S480 0 0 11946 9818 4.25 0 84 20645338

10 7 67 024 44 72 ShimAFin 1501 II 0 89400 60396 4 26 0 85 17220804

15 II 75 027 34 59 Crack FiU 10992 0 0 23962 13305 428 0 85 14214427
20 15 12 0 28 21.12 Shim A Fill 13189 12 0 99801 45548 4 29 0 86 11720738

25 20 IS 0 30 25 02 Crack FiU 15192 0 0 33119 12424 430 086 9659709
30 26 93 0 31 22.29 Shun A FiU 17053 14 0 I0S355 33408 4.30 0 86 7958757

35 32 91 032 2022 Crack Fill 18802 0 0 40989 10387 431 0 87 6556064
40 31 103 0.33 II3S Slum A FiU 20462 15 0 115899 24140 432 0 87 5399878

45 45 107 035 17 24 Crack FiU 22048 0 0 48064 8228 4 33 0 87 4447175

50 53 112 036 16 13 End Life -- -- — 0 0 4 33 0 88 3662313

Total _ -- — — _ -- — — -- 2365559 -- -- (01485204

A LTE It a A I l Y E 9: MF.CH

iz<

DESIGN ANALYSIS . i l l M AC TH IC K N ESS O F  10 IN C H E S (29 INCH BASE)

Yew Cumulative

Loading

ESAL’ I(r6

Predicted
IRI

(inch/mile)

Predicted

Ruttmg
(inch)

Predicted

Cracking
(Spacing)

Predicted

Mamtenance

Strategy

Required 

Crack Fdl 

(LF)

Required
Shimming

(TON)

Required

Overlay

(SF)

Estimated
Agency

Cow

LCC
Agency

Cod

VOC

Car

(mtllionS)

V OC

Truck

(mdlicnS)

LCC

User

Coat

0 0 0 0.00 initial Construction — — — 2326579 2326579 4 16 080 0

5 3 55 0.21 69.31 Crack FtD 5480 0 0 11946 9818 425 0.84 20640637

10 7 66 0.24 44.72 ShunAFiU 1501 I) 0 89391 60389 4.26 0.85 17212287

15 11 74 0.26 34.59 Crack FiU 10992 0 0 23962 13305 4.27 0.85 14206314

20 15 SO 0.21 2112 ShunAFiU 13189 12 0 99790 45543 428 0 86 11713377

25 20 16 030 25 02 Crack Fdl 15192 0 0 33119 12424 429 0.86 9653176

30 26 9! 0.31 2229 Shim A Fill 17053 14 0 108343 33404 4.30 0.86 7953033

35 32 96 0.32 20.22 Crack FiM 18802 0 0 40989 10387 4JI 0.87 6551091

40 31 101 0J3 1151 ShunAFOI 20462 15 0 115886 24138 4.32 0.87 5395582

45 45 105 0.34 17.24 Crack FiU 22048 0 0 48064 8228 4.32 0.87 4443480

50 53 110 0.35 16.13 End Lift _ -- — 0 0 4.33 0.88 3659146

Total 101428122

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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OUTPUT - ECONOMIC ANALYSIS - AGENCY EXPEPITURE

Yar Alt 1 
S* HMAC 
14* Ban

(Bullion S3

AH 2 
6* HMAC 
14* Baa

(million S>

Alt 3 
7* HMAC 
14* Bam 

(nullionS3

AH 4 
r  HMAC 

14* Baa
(suU»S3

AH S 
9* HMAC 
14* Baa

(Bullion S3

Ait 6. 
10* HMAC 
14* Bat 

(mOmS)

Alt 7 
10* HMAC 
19* Baa 

(Bullion S3

AH 1 
10* HMAC 
24* Bat

(Bullion S3

AH 9 
10* HMAC 
29* Bat 

(fluHisa S)

Discounted Agency Cost vs. Age
w

I-
1 “

1 ............... n  i. s" a c

n  2.4" AC 
■  j . 7 ” AC 
0  4,»" AC 
H 5 .»" AC 
n  4 . 10" AC 
n 7 . 10" AC 
H S. 10" AC 
H  9. 10" AC

0 1.29 1.39 1 49 1 59 ',70 ■ » 1.97 215 2J3

5 0.01 0.01 0.01 001 001 001 001 001 001 i ..........10 006 006 006 006 006 006 006 0.06 006

IS 001 0.01 0.01 OOI 0.01 001 001 OOI 001 I
20 QOS 003 OOS OOS OOS OOS OOS OOS OOS

!■
■

2S 0.01 0.01 0.01 001 0.01 001 OOI 001 OOI I30 0 03 0 03 003 003 003 003 003 003 003
35 0.01 0.01 0.01 001 0.01 001 0.01 001 001 140 002 0.02 002 002 002 002 0.02 002 0.02
45 001 001 0.01 001 001 001 001 001 001 • ! • » » « »
SO 000 ooo 000 000 0.00 000 000 0.00 OOO S IS 29 39 49 

Pavement Age (Yean)Total 1 32 1 62 1.72 1II I 92 201 219 237 254

OUTPUT - ECONOMIC ANALYSIS - USER COSTS

Yen Alt 1 
3* HMAC 
14* Baa

(Bullion S3

AH 2 
6* HMAC 
14* Baa

(Bullion S3

AH 3 
7* HMAC 
14* Bat

(mllienSl

AH 4 
I* HMAC 
14* Bat

(Bullion S3

AH 3 
9* HMAC 
14* Baa

(Bullion S3

Alt & 
10* HMAC 
14* Baa

<aull»n S3

AH 7 
10* HMAC 
19* Baa 

(Bullion S3

AUI 
10* HMAC 
24* Baa 

(BulliaS3

AH 9 
10* HMAC 
29* Baa 

(Bullion S3
0 000 ooo 000 000 ooo 000 000 000 000

s 2060 20 62 20 63 2064 2065 20.66 20 63 20 63 2064

10 1714 17 17 17 19 17 21 1722 1724 1723 1722 1721

IS 14.14 14 16 14 II 1420 14.22 14 23 14 22 14 21 1421
20 II 65 II 67 II 69 1171 tl 72 II 74 11 73 11 72 1171

25 960 962 9 63 9 65 966 9 67 9 67 966 963

30 7 91 792 794 7 95 796 797 796 796 79S

IS 6.31 632 634 655 6.56 637 436 636 655
40 336 5.37 331 3 39 340 541 340 540 540

4S 444

30 363 364 3 63 366 366 3 67 3 67 166 1.66

Total 10091 101 13 101 26 101.39 101 50 101 60 101 34 101 49 101.4]

QU1 PUT - INC:rem ENT M B / CAN ACY<11$
ABanaQve A*mey Uar Iniuailal bcraantai
Numtar Cat Cat Cat Benefit PC

(S3 (S3 (S3 Ratio
1 1317309 100973435 0 0 -
2 1617124 I0II274I! 100313 ■131976 •1 SI
1 1711202 101262169 100371 •135439 •1 35

1114136 I0I31S627 96633 •122731 •1 27
S 1913324 101491264 100411 •112636 •I 12
6 2012062 101602611 96731 •104341 •10*
7 2190707 101343360 171646 39231 033
1 2363339 101413204 174151 31156 0.33
9 2S442I6 101421122 171657 57012 0.32

Discounted User Cost versus Age

1 .5" AC
2.6" AC

L J 4 . I "  AC

6.10" AC
7.10" AC
a. io "  a c

9 .1 0 "  AC

J3 45 
P iv m o r i Age (Yean)

Incremental Benefit to Cost Ratio

■ m

J97IIS
4MSS2 

Cert (5)

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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O U T P U T -  P R E E I I C T E D  R O U G H N E S S

Yew Ah 1. 

3* AC 

14* Bm c

AH 2. 

6* AC 

14* BMC 

tad A m k

A h 3. 

7* AC 

14* Bmc 

ta d /ta tk

Ah 4. 

I* AC 

14* B«c 

ta d /m k

AH)

9* AC 

14* Bmc 

tachAiik

All 6 

10* AC 

14* Bmc  

m cV nak

Alt 7 

10* AC 

19* Bmc  

atah/tadc

All 1 

10* AC 

24* BMC 

ta c M sk

All 9 

10* AC 

29* Bmc 

tachAtak

To b m c I

toothacs

tad /ta tk

R o u g h n e s s  v e r s u s  P a v e m e n t  A g e

l  1M

3  m

I :

0 0 0 0 0 0 0 0 0 0 170

5 46 49 52 34 56 SI 57 16 33 170

10 36 39 62 65 67 70 61 67 66 170

IS 63 66 70 73 75 71 77 75 74 170

60 72 76 79 12 15 13 12 10 170

25 T3 71 I t 15 U 91 19 11 16 170

SO 71 12 16 90 93 97 93 93 91 170 L m  , -  ■■ — --------------- ------------- ■ ■ ■■ - J

)S 12 n 91 95 91 102 too 91 96 170 1 5 19 I3 29 2S 39 3S 49 43 S9

P m a m l  A |>  ( V e i n )

I . S’* AC - t i p  A r  AC ^ ^ 7 .  19" AC ^ 9 . 1 1 - AC 
* ♦ •  2 .6 "  AC “♦ *  S. 9" AC 1  19" AC T i f t a t a  j 

7"  AC ^ ^ 6  19" AC

40 16 41 95 99 103 107 103 103 101 170

45 90 95 100 104 101 111 109 107 105 170

SO 93 99 104 101 112 116 114 112 n o 170

Toni _ — — - - - _ - - -

O U T P U T -  P R E I I I C T E D  R I J T 1 r i N C .

Y w AH t. 

3* AC 

14* Bm c  

(a d )

Alt 2. 

6* AC 

14* Bm c

Ah 3.

r  a c

14* Bmc

(inch)

AH 4 

1* AC 

14* Bmc

( a d )

Ah 5. 

9* AC 

14* Bmc

(tacfe)

AH 6 

10* AC 

14* Bmc

( ta d )

AH 7 

10* AC 

19* Bmc

( ia d )

AH! 

10* AC 

24* Bmc 

d a d )

Ah 9 

10* AC 

29* Bmc

( a d )

ToMtnai

R attttf

d a d )

R u t t i n g  v e r s u s  P a v e m e n t  A g e

9.4

L

i n

K ,

9

________

i 0 23 0 04 0 23 023 022 0 22 0 22 021 021 0 31

10 0 21 0 0 7 0 27 0 26 0 26 025 023 024 0 24 0 31

IS 031 0 3 0 0 29 021 0 21 0.27 0 2 7 027 0 26 O i l
f20 0 j ) 0.32 031 0 10 030 0.29 0 29 021 021 0.31

23 0 35 0.33 0 12 012 031 0 30 0 3 0 030 030 0 ) 1 J
» 036 0.35 034 0.13 032 0 3 2 031 031 031 031 •

S3 037 0.36 0.33 034 034 031 033 032 0 )2 031 9 5 19 13 2 9 2 3 ) 9 3 3  49 43 39

P a v e  m e a t  A f t  ( Y e a n )

1. 3"  AC A 1" AC 7. 19" AC 9 .1 9 "  AC 
« ♦ •  1  6 "  AC 1 9 "  AC 19"A C ♦ T c m M a l  
* ^ X 7 "  AC ^ 6  19" AC

40 0 39 0.31 0.36 036 0.33 0.34 0 34 0 )3 0 33 031

43 040 0.39 031 0.37 036 0 35 0.35 035 034 031

30 041 0.40 0 39 0.31 03 7 0.36 0.36 036 0 )3 0 ) 1

Total

O U T P U T -  P R E E I I C T E D  7 f H E R M A L C * A C K I N G

Y or AH 1 

3* AC 

14* Bmc 

(fata)

AH 2. 

6* AC 

14* Bm c

(1m »)

AU 3

r  a c

14* Bmc 

(fata)

A It 4 

•*AC 

14* Bmc 

(fata)

AM 3 

9* AC 

14* Bmc 

(fata)

Alt 6 

10* AC 

14* Bmc  

( fata)

AH 7 

10* AC 

19* Bmc  

(fata)

AMI 

10* AC 

24* Bmc

(fata)

AH 9 

10* AC 

29* Bmc

(fata)

T h e r m a l  C r a c k i n g  v e r s u s  P a v e m e n t  A g e

j T O

£  ao

f 90
J .  40

1 30 
20 

10

0

s 34 35 61 39 6330 65.26 6729 69 11 6911 64 31 6931

to 3 9 J t 40.39 41.43 42.50 43 60 44.72 44.72 44.72 44.72

IS 10.92 31 62 12.34 13.07 13.12 3 4 J9 34.59 34.39 34.59

20 26.04 26.51 2712 2761 2X24 21.12 21.12 21.12 2112

23 22.10 2302 23 66 24 11 24.56 2502 25 02 25 Q2 25 02

30 20.43 20.10 21 17 21 34 21 91 22.29 22.29 23.29 22.29

35 11.65 11.95 1906 19.51 19.19 20 22 20.22 20.22 2022
P a v t f  l  A f t  ( Y e a n )

♦  1 .1 "  AC n ^ 4 r * C  - 9 ^ 7 . 1 9 "  AC 
2 . 6 " AC ^ ^ 5 . 9 " AC 1 9 "AC 

- ^ X 7 ~ A C  L 19" AC ♦  9. 19" AC

40 1722 1749 17.75 11.02 11.30 11.31 11.51 11.51 1151

43 16.05 1601 I6 J 2 16.76 1700 17.24 1724 1724 1724

30 15.00 1501 15.49 15.70 15.91 16.13 16 13 16.13 16.13

Total
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APPENDIX Q :
Predicted Life Cycle Cost Computations - NYSDOT Rigid Pavement Case Study.

Contents: Page:
Input Screen. 181
Output Screen - AASHTO Rigid Design Analysis. 182
Output Screen - Mechanistic Design Analysis (Alternatives 1 through 3). 183
Output Screen - Mechanistic Design Analysis (Alternatives 4 through 6). 184
Output Screen - Economic Analysis. 185
Output Screen - Predicted Roughness and Distresses. 186
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RIGID PAVEMENT : LIFE-CYCLE PAVEMENT DESIGN ANALYSIS.

B y : Patrick J. Prancl 
January 6,2000.

* Note : Algorithm is valid for SHRP Wet-Freeze Climate Region and has been developed 
for use by the New York State Department o f Transportation.

INPUT SCREEN

Traffic Data:

Data Input Units Data
Input

Default
Value

ADT veh./day 64000 —

Heavy Vehicles % 12 —

Load Factor ESAL/truck 1.85 1.85
Direction Distribution % 50 50
Lane Distribution % 85 —

Combined Growth % 2 —

Environmental Data :

Data Input Units Data
Input

Default
Value

Annual Freeze-Thaw Cycles # Cycles 80 80

Pavement Characteristic Data:
Data Input Units Data

Input
Default
Value

Subgrade Reaction (Kstatic) p.c.i. 200 200
Transverse Joint Spacing feet 16 16
Transverse Dowel Diameter inch 2 2

Geometric D a ta :
Data Input Units Data

Input
Default
Value

Travel Lane Width feet 12 12

Inner Shoulder Width feet 4 4
Outer Shoulder Width feet 8 12
Travel Lanes Per Direction # 2 ------------

Pavement Length mile 1 ------------

Discount Rate % 4 4

IUe:ri(fd.l23
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OUTPUT - AASHTO DESIGN ANALYSTS

Design
A lt

PCC
Slab

Thickness

(inch)

ermeabl 

AC Base 
rhicknes 

(inch)

Subbase

Course
rhicknes

(inch)

PCC

Slab
Length

(feet)

Dowel

Bar

Diameter
(inch)

Alternative

Feasibility

1 S 4 12 16 2 Overload
2 9 4 12 16 2 Overload
3 10 4 12 16 2 Overload
4 11 4 12 16 2 Feasible
5 12 4 12 16 2 Feasible
6 13 4 12 16 2 Feasible
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M E C H A N IS T IC  D E S IG N  A N A L Y S IS  -  S L A B  T H IC K N E S S  O F  8  IN C H E S

Yew Cumulative rom ulaov Predicted Predicted Predicted Predicted Required Required Required Required Eatunated LCC V O C . v o c LCC

Loading Loading IRI h u ttin g Spatting M aintenance Sealing Patching Grinding Overlay Agency Agency O r T m dt l/te r

(ESAL) SAL* 10* Inch/Bite (Inch) (H S lab ) Strategy (LF) (SF) (SF) (SF) C w Com (nnllionS) (million S) Com

0 0 0 97 0.00 0.49 Initial Const. — -- — — 3326400 3326400 1126 303 0

3 11469711 11 101 0.00 1.57 — 0 0 0 0 0 0 1228 304 62885433

10 24133360 24 105 0.00 2.66 Seal A  Patch 55440 6740 0 0 282169 190623 1129 3.05 31778328

13 3S1I496I 38 109 0.00 3.74 — 0 0 0 0 0 0 1131 3.06 42632876

20 53331792 54 113 0.00 4.83 Seal A  Patch 55440 12238 0 0 359023 163834 12.33 307 35102649

23 70393293 71 117 0.01 5.91 — 0 0 0 0 0 0 1133 308 28902395

30 19412696 89 121 0.04 7 0 0 S ca lA P w ch 53440 17733 0 0 433880 134390 1136 3 0 9 23797231

33 110188629 110 123 0.09 1.08 — 0 0 0 0 0 0 1138 3 10 19593757

40 133126937 133 129 0.14 9.17 Seal A  Patch 53440 23233 0 0 312736 106797 1140 3 11 16132723

43 138432684 151 133 0.21 10 23 G rind A  R a ta l 53440 0 97679 0 27t945 46557 1141 3.12 13283004

SO 186414354 186 137 0.28 11.34 End Lite -- -- -- — 0 0 1143 3.13 10936633

T oo l 303045031

M E C H A N IS T IC  D E S IG N  A N A L Y S IS  -  S L A B  T H IC K N E S S  O F  9  IN C H E S

Yew Cumulative rom ulaov Predicted Predicted Predicted Predicted Required Required Required Required Estimated LCC V O C . v o c . LCC

Loading Loading DU Faulting Spading M aintenance Sealing Patching Grinding Overlay Agency Agency Car Track User

(ESAL) ilUomES/ indVrmk (inch) (% Slab) Strategy (LF) tSF? (SF) (SF) Cere C od (m illions) (m dlioaS) Com

0 0 0 90 0.00 0.49 Initial Cono. — — _ 3305073 3503075 1123 3 0! 0

3 11469788 I I 94 0.00 1 37 — 0 0 0 0 0 0 1225 3 02 62686660

10 24133360 24 98 0 0 0 1 6 6 Seal A  Patch 33440 6740 0 0 282169 190623 12.26 3 03 51614949

13 38114968 38 102 0.00 1 74 — 0 0 0 0 0 0 12.28 304 42498590

20 33551792 34 106 0 0 0 4.83 Seal A  Patch 55440 12238 0 0 359025 163834 1130 3 05 34992277

23 70593293 71 110 001 591 — 0 0 0 0 0 0 12.31 106 288)1676

30 19412696 89 114 0.04 7 0 0 Seal A  Patch 53440 17733 0 0 435880 134390 12.33 307 23722668

33 110188629 110 118 0 0 9 8 0 8 — 0 0 0 0 0 0 1135 3 0 8 1933247)

40 133126937 133 122 0.14 9 17 Seal A  Patch 33440 23233 0 0 512736 106797 12.37 109 16082350

43 158452684 158 126 0  21 1025 G nnd  A  Reaeal 55440 0 97679 0 271945 46357 1138 1 10 13241602

30 186414354 186 130 0.28 11.34 End L i* -- -- -- — 0 0 12.40 3 11 10902603

T ou t 304083845

M l HA N IS T 1C  DBS IG N A NALY5i t s  -  S I .A B  T H IC K N E S S OF 10 IN C H Es
Yew Cumulative ta a n la a v Predicted Predicted Predicted Predicted Required Required Required Required Estimated LCC V O C . v o c LCC

Loading Loading DU Faulting Spelling M aintenance Sealing Patching Grinding Overlay Agency Agency Cw Track Uaer

(ESAL) itUonES> (inch) <%Sla*» Strategy (LF) (SF) (SF) (SF) Cow C od (million f ) (mttUonS) Com
0 0 O 13 0 0 0 0.49 Initial Contt. -- — — — 3710362 3710362 12.20 1 9 9 0

3 11469788 I I 87 0 0 0 1.37 — 0 0 0 0 0 0 1122 )0O 62487884

10 24133360 24 91 0 0 0 1 6 6 Seal A  Patch 35440 6740 0 0 282169 190623 12.23 301 51451570

13 38114968 38 95 0 0 0 3.74 — 0 0 0 0 0 0 1123 302 42364303

20 33351792 54 99 0.00 4.83 Seal A  Patch 55440 12238 0 0 339025 163834 1127 3.03 34881904

23 70595293 71 103 0.0! 5.91 — 0 0 0 0 0 0 1128 3.04 28720938

30 89412696 89 107 0.04 7 0 0 Seal A  Patch 55440 17735 0 0 433880 134390 1130 3.05 23648104

33 110118629 110 111 0.09 8 0 8 — 0 0 0 0 0 0 1132 3.06 19471183

40 133126937 133 115 0.14 9.17 Seal A  Patch 55440 23233 0 0 512736 106797 1134 3.07 16031977

43 138452684 158 119 0.2! 10.25 G n ad A R o em l 55440 0 97679 0 271945 46357 1135 3 0 8 13200199

30 1864 M334 186 123 0.28 (1.34 End L ift -- -- _ _ 0 0 1137 3 0 9 10868373

Too l 303126639
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MECHANISTIC DESIGN ANALYSIS - SLAB THICKNESS OF 11 INCHES
Year Cumulative

Leading

(ESA U

^ g m lm v

Loading

U lhm E&

Predicted

Maintenance

Strategy

Required

Scaling

(LF)

Required

Patching

<SF)

Required

Grinding

(SF)

Required

Overlay

(SF)

Eati mated 

Agency 

Coat

LCC

Agency

Cod

V O C .

Car

(auU k»S )

v.o.c
Truck 

(million S)

LCC

Utcr

Coat

LRI

|nrKAmlf

F latting

(inch)

Spelling

(%Slato)

0 0 0 76 0.00 0  49 Initial ComL — — — 3 9 1 5 6 a 3915648 12,17 2.98 0

5 11469718 It 10 0 0 0 1.57 — 0 0 0 0 0 0 12.18 2.99 62289109

10 24133300 24 84 0 0 0 2 6 6 Seal A  Patch 55440 6740 0 0 282169 190623 1220 100 51288191

15 31114961 38 18 0.00 3.74 — 0 0 0 0 0 0 1222 101 42230019

20 53551792 54 92 0.00 4.83 Seal A Patch 55440 12238 0 0 359025 163854 1224 3 02 34771531

25 70595293 71 96 0 0 1 5.91 — 0 0 0 0 0 0 1225 102 28630240

20 19412696 89 too 0.04 700 Seal A  Patch 55440 17735 0 0 435880 134390 1227 303 23573540

35 110118629 n o 104 0.09 80S _ 0 0 0 0 0 0 1229 1 04 19409898

40 133126937 133 107 0.14 9.17 Seal A Patch 55440 23233 0 0 512736 106797 1230 305 15981605

45 158452684 158 111 0.21 10.25 Grind A R cm ai 55440 0 97679 0 271945 46557 12.32 3.06 13158796

50 186414354 186 115 0.28 11.34 End L ift ----- ----- ----- _ 0 0 1234 3 0 7 10834543

T o o l 302167473

MEGHANISTIC DESIGN ANALYSIS - SI.AB TH1Q(NESS.QE.12 INCHE s
Year Cumulative

Loading

(ESA U

runuO uv 

Loading 

ill ion E S/

P itd k iad  

OU 

inch/mile

Predicted

Faulting

(inch)

Predicted

Maintenance

Strategy

Reqoucd

Scaling

(LF)

Required

Patching

tSFf

Required

Grinding

(SF)

Required

Overlay

(SF)

Eadntaied

Agency

Coat

LCC

Agency

Cm

V O C .

Car

(million J )

V O C . 

Truck 

(million J )

LCC

Urer

Cm
Spoiling 

(96 Slab)

0 0 0 69 0 0 0 0 4 9 IrnttaJ Co o l — — ___ 4124736 4124736 1214 2.96 0

5 11469788 II 73 0.00 1.57 — 0 0 0 0 0 0 12.15 2 9 7 62090334

10 24133360 24 77 0.00 1 6 6 Seal A Patch 55440 6740 0 0 282169 190623 1217 2.98 51124813

IS 38114968 38 80 0 0 0 3.74 — 0 0 0 0 0 0 1219 2.99 42095734

20 53551792 54 14 0 0 0 483 Seal A  Patch 55440 12238 0 0 359025 163854 1221 1 00 14661158

25 70595293 71 U 0 0 1 591 — 0 0 0 0 0 0 12.22

12.24

101 28539521

30 19412696 19 92 0.04 7 0 0 Seal A  Patch 55440 17735 0 0 435880 134390 302 23498976

15 110188629 110 96 0.09 1 0 8 — 0 0 0 0 0 0 12 26 3 03 19348612

40 133126937 133 100 0  14 9 17 Seal A  Patch 55440 23233 0 0 512736 106797 12.27 3 04 15931232

45 158452684 151 104 0 2 1 10 25 Gnnd A  RcscaJ 35440 0 97679 0 271945 ♦6557 12 29 3 05 13117394

50 186414354 186 108 0.2S 1134 End Life ----- ----- ----- ___ 0 0 12.31 106 10800513

T o o l ----- ----- -- ----- ----- — ----- ----- — ___ _ 4766958 ----- ----- 301208287

MEGHANISTICDES IGN ANALY2>IS • SI^ B T IIIC I(NESS O F  1 3 INCHE s

Yew Cumulative

Loading

(E SA U

rumuiattv

Loading

UUoaE&i

Predicted

OU

lnch/m tk

Predicted

Faulting

(lack)

Predicted

Maintenance

Strategy

Required

Scaling

(LF)

Required

Patching

(SF)

Required

Grinding

(SF)

Required

Overlay

(SF)

Em  mated 

Agency

Cam

LCC

Agency

Coat

V O C . 

Car 

(Bullion f )

V O C  

Truck 

(million S)

LCC

Uacr

Com

Spoiling 

(%  Slah)

0 0 0 61 0.00 0 4 9 Initial C oo*. — — — _ 4330022 4330022 12.11 2 9 4 0

s 11469788 II 65 0 0 0 157 ___ 0 0 0 0 0 0 12.12 295 61891539

10 24133360 24 69 0.00 1 6 6 Seal A  Patch 55440 6740 0 0 282169 190623 1214 2 9 6 S096I434

15 38114968 38 73 0.00 3.74 ___ 0 0 0 0 0 0 1216 2 9 7 41961449

20 53551792 54 77 0 0 0 4.83 Seal A  Patch 55440 12238 0 0 359025 163854 12.17 2 9 8 34550785

25 70595293 71 81 0.01 5.91 — 0 0 0 0 0 0 1219 2 9 9 28448803

30 89412696 89 85 0.04 7.00 Seal A  Patch 55440 17735 0 0 435880 134390 1221 3.00 23424412

35 I 10188629 no 89 0.09 8.08 ___ 0 0 0 0 0 0 1223 301 19287326

40 133126937 133 93 0.14 9.17 Seal A  Patch 55440 23233 0 0 512736 106797 1224 3.02 15880859

45 158452684 158 97 O JI 10.25 G riadA R caeal 55440 0 97679 0 271945 46557 1226 3.03 13075991

so 186414354 186 101 0.28 IL 3 4 End L ilt ___ ___ ___ ___ 0 0 1228 3.04 10766483

T o o l 300249100
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OUTPUT - ECONOMIC ANALYSIS - AGENCY EXPEDITURE

Year Ah I 

8" PCC 

(millions)

Alt 2.

9" PCC 

(millions)

Alt 3 

10-PCC 

(millions)

All 4. 

11" PCC 

(millions)

Alt 5 

12* PCC 

(millions)

Alt 6. 

13- PCC 

(million S)

0 3.33 3.51 3.71 392 4.12 4 33

5 000 000 0.00 000 0 00 0.00

10 0.19 0.19 0.19 019 0 19 0 19

15 0.00 000 0.00 000 000 000

20 0 16 0 16 0 16 0 16 0 16 0 16

25 000 0.00 0 00 0 00 0.00 000

30 0.13 0.13 0.13 0.13 0 13 0.13

35 000 0.00 0.00 0.00 0.00 0.00

40 0.11 O il 0.11 o.u 0.11 O il

45 0.05 0.05 0.05 0.05 0.05 0 05

50 0.00 0.00 0.00 0.00 000 0 00

Total 3.97 4 15 4.35 456 4.77 4.97

Discounted Agency Cost vs. Age

v*

i .

r
■  i s" pcc
B  1  T  PCC
■  3 10" PCC 
□  4 11-PCC
■  3 12* PCC
■  6 13 'PCC

10 IS 20 25 30 35 40 45 SO 

Pavement Age (Yean)

OUTPUT - ECONOMIC ANALYSIS - USER COSTS

Year Alt).

8* PCC 

(millions)

Alt 2 

9* PCC 

(millions)

Alt 3. 

10- PCC 

(millions)

Alt 4.

11-PCC 

(million S)

Alt 5. 

12* PCC 

(million S)

Alt 6 

13- PCC 

(million S)

0 000 000 000 000 000 000

5 6289 6269 6249 6229 6209 61 89

10 51.78 5161 51.45 5129 51 12 50.96

15 4263 4250 4236 4223 4210 41 96

20 35 10 34 99 34.88 3477 34 66 34 55

25 28.90 2881 28.72 28 63 28.54 2845 

23 4230 23 80 23 72 23.65 2357 23.50

35 19.59 1953 19.47 1941 19 35 19 29

40 16.13 16.08 16.03 15 98 1593 15 88

45 13.28 13.24 13 20 13 16 13.12 13 OS

50 10.94 10.90 10.87 10 83 10.80 10.77

Total 305 05 304.09 303.13 30217 301.21 300.25

OU1 PUT - INCREMENTAL B/C AN
Alternative

Number

A*«icy

Com

(S)

User

Com

it)

tncremmtal

Com

(S)

Incremental

Benefit

(J)

Incremental

B/C

Ratio

I 3968622 305045031 0 0 _
2 4147297 304085845 178675 959186 5.37

3 4352583 303126659 205286 959186 4.67

4 4557870 302167473 205286 959186 4.67

5 4766958 301208287 209088 959186 459

6 4972244 300249100 205286 959186 4.67

Discounted User Cost vs. Age

2 r  p cc
io- PCC

5 12" PCC
13" PCC

5 10 15 20 25 30 35 40 45 50

Pavemcat Age (Yean)

Increm ental Benefit to  C ost Ratio
6

0
178675 383962 589248

latfMONaJ Con (S)
798336 1003622
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OUTPUT - PREDICTED ROUGHNESS
Year A lt 1.

8" PC C  

inch/m ile

A lt 2. 

9" PCC  

inch/m ile

Alt 3. 

1 0 -PCC  

inch/m ile

Alt 4. 

I t - P C C  

inch/m ile

Alt 5. 

12" PCC 

inch/m ile

Alt 6  

13" PCC 

inch/m ile

T erm inal

Roughness

inch/m ile

0 97 08 8 9 9 5 82.82 75.69 68.56 61.43 170.00

5 101.06 9 3 9 3 86.80 79.67 72.54 65.41 170 00

10 105.03 9 7 9 0 90.77 83 64 76.51 6 9 3 8 170.00

IS 109.01 101.88 94.75 87.62 80.49 73.36 170.00

20 112.98 103.85 98.72 91 59 84.46 773 3 170.00

25 116.96 109.83 102.70 95 57 88 44 81.31 1 7 0 0 0

30 120.93 113 80 106.67 99.54 92.41 85.28 170.00

35 12491 117.78 110.65 103 52 96.39 89 26 170.00

40 128.88 121 75 114.62 1 0 749 100.36 93.23 170 00

45 132.86 125.73 1 1 860 111 47 104.34 97 21 170 00

SO 136.83 129 70 122.57 115.44 108.31 101.18 1 7 0 0 0

Total

Roughness versus Pavement Age

1 .8 -  PCC

2 .9 *  PCC

3. 10" PCC

4 11" PCC

5. 12" PCC

6  13" PCC

Term inal

P a v e m e n t A g e  ( Y e a n )

OUTPUT - PREDICTED FAULTING
Year A lt 1. 

8" PC C  

(inch)

A lt 2. 

9* PCC  

(inch)

Alt 3.

io -  PCC 

(inch)

Alt 4. 

i r  PCC  

(inch)

Alt 5. 

1 2 -PCC 

(inch)

All 6. 

13-PC C  

(inch)

C riucal

Faulting

(inch)

0 0 0 0 0 0 0 0.00 0.00 0.00 0 0 0 0  19

5 o o o 0 0 0 0,00 0 0 0 0.00 0 0 0 0  19

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.19

15 0.00 0.00 0.00 0.00 0 0 0 0.00 0  19

20 0.00 0  00 0 0 0 0 0 0 0 0 0 0 0 0 0  19

25 0.01 0 0 1 0 0 1 0 01 00 1 0.01 0  19

30 0 0 4 0  04 0.04 0.04 0.04 0 0 4 0.19

35 0.09 0 .0 9 0.09 0.09 0 0 9 0.09 0  19

40 0.14 0  14 0.14 0.14 0  14 0.14 0  19

45 0.21 0 2 1 0.21 0 21 0 21 021 0  19

50 0 28 0 2 8 0.28 0 2 8 0.28 0 2 8 0.19

Total

Faulting versus Pavement Age (Years)
0 3  

0 2 5  

3 “ 0 2

/
1 8" PCC

/
2. 9" PCC

3. 1 0 - PC C  

4 1 1 - PCC
a
“  0  15 

3

£ o i

r
/ 5 12" PC C

/
6  1 3 -P C C

_____________________ /
C ritical

0  10 20  30  4 0  50 
5 15 25 35 45

P a v e m e n t A g e  ( Y e a n )

OUTPUT - PREDICTED SPALLING
Year A lt 1. 

8* PC C

w

A lt 2  

9 - PC C

<%)

Alt 3.

1 0 -PCC  

<*>

A lt 4. 

1 1 -PCC

W

A ltS . 

1 2 -PCC 

< * )

Alt 6. 

13-PC C  

(H )

0 0.49 0 4 9 0.49 0.49 0.49 0.49

5 1.57 1.57 1.57 1.57 1.57 1.57

10 2 6 6 2 6 6 2 6 6 2 6 6 2 6 6 2 6 6

15 3.74 3.74 3.74 3.74 3.74 3 7 4

20 4 8 3 4.83 4.83 4.83 4 8 3 4.83

25 5.91 5 9 1 5.91 5.91 5.91 5.91

30 7.00 7  00 7.00 7.00 7.00 TOO

35 8 0 S 8.08 1 0 8 8.08 8.08 8.08

40 9 .1 7 9 .1 7 9.17 9.17 9.17 9 1 7

45 10.25 10.25 10.25 10.23 10.25 1 025

so 11.34 11.34 11.34 11.34 11.34 11.34

Total — — — - - —

Spading versus Pavement Age

Paveacat Age (Yean)
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APPENDIX R:
Initial Agency Cost Matrices, New York State.

Contents:
Table R - l: NYSDOT Flexible Pavement - Initial Agency Cost Matrix.
Table R -l: NYSDOT Flexible Pavement - Initial Agency Cost Matrix (Continued). 
Table R-2: NYSDOT Rigid Pavement - Initial Agency Cost Matrix.
Table R-2: NYSDOT Rigid Pavement - Initial Agency Cost Matrix (Continued).
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Table R-l: NYSDOT Flexible Pavement - fnital Agency Cost Matrix
Cost dollars is per square foot

AC Subbase Depth Depth Initial POH Total
Thickness Thickness Excavation AC Base Cost Cost i.e .

(inch) (inch) (inch) (inch) (sf) (34%) (sf)
3 0 7 0 1.56 0.53 2.09
4 0 8 1 1.77 0.60 2.37
5 0 9 2 1.98 0.67 2.65
6 0 10 3 2.19 0.74 2.93
7 0 11 4 2.40 0.82 3.22
8 0 12 5 2.61 0.89 3.50
9 0 13 6 2.82 0.96 3.78
10 0 14 7 3.03 1.03 4.06
11 0 15 8 3.24 1.10 4.34
15 0 19 12 4.08 1.39 5.47
20 0 24 17 5.13 1.74 6.87
25 0 29 22 6.18 2.10 8.28
3 6 13 0 1.92 0.65 2.57
4 6 14 I 2.13 0.72 2.85
5 6 15 2 2.34 0.80 3.14
6 6 16 3 2.55 0.87 3.42
7 6 17 4 2.76 0.94 3.70
8 6 18 5 2.97 1.01 3.98
9 6 19 6 3.18 1.08 4.26
10 6 20 7 3.39 1.15 4.54
11 6 21 8 3.60 1.22 4.82
15 6 25 12 4.44 1.51 5.95
20 6 30 17 5.49 1.87 7.36
25 6 35 22 6.54 2.22 8.76
3 12 19 0 2.28 0.78 3.06
4 12 20 1 2.49 0.85 3.34
5 12 21 2 2.70 0.92 3.62
6 12 22 3 2.91 0.99 3.90
7 12 23 4 3.12 1.06 4.18
8 12 24 5 3.33 1.13 4.46
9 12 25 6 3.54 1.20 4.74
10 12 26 7 3.75 1.28 5.03
11 12 27 8 3.96 1.35 5.31
15 12 31 12 4.80 1.63 6.43
20 12 36 17 5.85 1.99 7.84
25 12 41 22 6.90 2.35 9.25

Notes;
Assume 1.5" minimum depth o f  AC top course and 1.5" minimum depth for AC binder. 
Depth o f  AC Permeable drainage course is fixed at 4".
Depth Excavation = AC Thickness + 4" Permeable AC + Subbase Thickness 
Cost o f  Top Course Asphalt =  $34.81 per Ton [36][37].
Cost o f  B inder Course Asphalt = $32.63 per Ton [36][37].
Cost o f  B ase Course Asphalt = $31.00 per Ton [36][37].
Cost o f  Permeable Asphalt Drainage Course =  $31.09 per Ton [36][37].
Cost o f  Subbase Material =  $13.39 per Cubic Yard [36][37],
Cost o f  Excavation =  $6.60 per Cubic Yard [36][37].
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Table R-l: NYSDOT Flexible Pavement - Inital Agency Cost Matrix (Continued-*.

189

Cost dollars is per square foot

AC
Thickness

(inch)

Subbase
Thickness

(inch)

Depth
Excavation

(inch)

Depth 
AC Base 

(inch)

Initial
Cost
(sf)

POH
C ost

(34% )

Total
i.e .
(sf)

3 18 25 0 2.64 0.90 3.54
4 18 26 1 2.85 0.97 3.82
5 18 27 2 3.06 1.04 4.10
6 18 28 3 3.27 1.11 4.38
7 18 29 4 3.48 1.18 4.66
8 18 30 5 3.69 1.25 4.94
9 18 31 6 3.90 1.33 5.23
10 18 32 7 4.11 1.40 5.51
11 18 33 8 4.32 1.47 5.79
15 18 37 12 5.16 1.75 6.91
20 18 42 17 6.21 2.11 8.32
25 18 47 22 7.26 2.47 9.73
3 24 31 0 3.00 1.02 4.02
4 24 32 1 3.21 1.09 4.30
5 24 33 2 3.42 1.16 4.58
6 24 34 3 3.63 1.23 4.86
7 24 35 4 3.84 1.31 5.15
8 24 36 5 4.05 1.38 5.43
9 24 37 6 4.26 1.45 5.71
10 24 38 7 4.47 1.52 5.99
11 24 39 8 4.68 1.59 6.27
15 24 43 12 5.52 1.88 7.40
20 24 48 17 6.57 2.23 8.80
25 24 53 22 7.62 2.59 10.21
3 30 37 0 3.36 1.14 4.50
4 30 38 1 3.57 1.21 4.78
5 30 39 2 3.78 1.29 5.07
6 30 40 3 3.99 1.36 5.35
7 30 41 4 4.20 1.43 5.63
8 30 42 5 4.41 1.50 5.91
9 30 43 6 4.62 1.57 6.19
10 30 44 7 4.83 1.64 6.47
11 30 45 8 5.04 1.71 6.75
15 30 49 12 5.88 2.00 7.88
20 30 54 17 6.93 2.36 9.29
25 30 59 22 7.98 2.71 10.69
3 36 43 0 3.72 1.26 4.98
4 36 44 1 3.93 1.34 5.27
5 36 45 2 4.14 1.41 5.55
6 36 46 3 4.35 1.48 5.83
7 36 47 4 4.56 1.55 6.11
8 36 48 5 4.77 1.62 6.39
9 36 49 6 4.98 1.69 6.67
10 36 50 7 5.19 1.76 6.95
11 36 51 8 5.40 1.84 7.24
15 36 55 12 6.24 2.12 8.36
20 36 60 17 7.29 2.48 9.77
25 36 65 22 8.34 2.84 11.18
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Table R-2: NYSDOT Rigid Pavement - Initial Agency Cost Matrix.
Cost is dollars per square foot.

PCC Subbase Depth Joint Initial POH Total
Thickness Thickness Excavation Spacing Cost Cost i.e .

(inch) (inch) (inch) (feet) (S/sf) (34%) ($/sf)
7 6 17 20 5.39 1.83 7.22
7 6 17 18 5.46 1.86 7.32
7 6 17 16 5.54 1.88 7.42
7 12 23 20 5.75 1.96 7.71
7 12 23 18 5.82 1.98 7.80
7 12 23 16 5.90 2.01 7.91
7 18 29 20 6.11 2.08 8.19
7 18 29 18 6.18 2.10 8.28
7 18 29 16 6.26 2.13 8.39
8 6 18 20 5.81 1.98 7.79
8 6 18 18 5.88 2.00 7.88
8 6 18 16 5.96 2.03 7.99
8 12 24 20 6.17 2.10 8.27
8 12 24 18 6.24 2.12 8.36
8 12 24 16 6.32 2.15 8.47
8 18 30 20 6.53 2.22 8.75
8 18 30 18 6.60 2.24 8.84
8 18 30 16 6.68 2.27 8.95
9 6 19 20 6.23 2.12 8.35
9 6 19 18 6.30 2.14 8.44
9 6 19 16 6.38 2.17 8.55
9 12 25 20 6.59 2.24 8.83
9 12 25 18 6.66 2.26 8.92
9 12 25 16 6.74 2.29 9.03
9 18 31 20 6.95 2.36 9.31
9 18 31 18 7.02 2.39 9.41
9 18 31 16 7.10 2.41 9.51
10 6 20 20 6.65 2.26 8.91
10 6 20 18 6.72 2.28 9.00
10 6 20 16 6.80 2.31 9.11
10 12 26 20 7.01 2.38 9.39
10 12 26 18 7.08 2.41 9.49
10 12 26 16 7.16 2.43 9.59
10 18 32 20 7.37 2.51 9.88
10 18 32 18 7.44 2.53 9.97
10 18 32 16 7.52 2.56 10.08

Notes;
1. Assume 7" minimum depth o f PCC slab as per PCA [13].
2. Depth o f Permeable AC drainage course is fixed at 4".
3. Depth Excavtion = PCC thickness + subbase thickness + 4".
4. Cost o f excavation =  $6.60 per cubic yard [36][37].
5. Cost o f  subbase =  $13.39 per cubic yard [36][37].
6. Cost o f  concrete =  $131.91 per cubic yard [36][37].
7. Cost o f  Asphalt drainage course = $31.09 per ton [36][37].
8. Cost o f  transverse joints = $6.57 per linear foot [36][37].
9. Cost o f  longitudinal ties = $5.80 each [36][37].
10. Cost o f sawing and sealing = $5.44 per linear foot [36][37].
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Table R-2: NYSDOT Rigid Pavement - Initial Agency Cost Matrix (Continued).

Cost is dollars per square foot.

PCC Subbase Depth Joint Initial POH Total
Thickness Thickness Excavation Spacing Cost Cost i.e .

(inch) (inch) (inch) (feet) (S/sf) (34% ) ($/sf)
11 6 21 20 7.07 2.40 9.47
11 6 21 18 7.14 2.43 9.57
11 6 21 16 7.22 2.45 9.67
11 12 27 20 7.43 2.53 9.96
11 12 27 18 7.50 2.55 10.05
11 12 27 16 7.58 2.58 10.16
11 18 33 20 7.79 2.65 10.44
11 18 33 18 7.86 2.67 10.53
11 18 33 16 7.94 2.70 10.64
12 6 22 20 7.49 2.55 10.04
12 6 22 18 7.56 2.57 10.13
12 6 22 16 7.64 2.60 10.24
12 12 28 20 7.85 2.67 10.52
12 12 28 18 7.92 2.69 10.61
12 12 28 16 8.00 2.72 10.72
12 18 34 20 8.21 2.79 11.00
12 18 34 18 8.28 2.82 11.10
12 18 34 16 8.36 2.84 11.20
13 6 23 20 7.91 2.69 10.60
13 6 23 18 7.98 2.71 10.69
13 6 23 16 8.06 2.74 10.80
13 12 29 20 8.27 2.81 11.08
13 12 29 18 8.34 2.84 11.18
13 12 29 16 8.42 2.86 11.28
13 18 35 20 8.63 2.93 11.56
13 18 35 18 8.70 2.96 11.66
13 18 35 16 8.78 2.99 11.77
15 6 25 20 8.75 2.98 11.73
15 6 25 18 8.82 3.00 11.82
15 6 25 16 8.90 3.03 11.93
15 12 31 20 9.11 3.10 12.21
15 12 31 18 9.18 3.12 12.30
15 12 31 16 9.26 3.15 12.41
15 18 37 20 9.47 3.22 12.69
15 18 37 18 9.54 3.24 12.78
15 18 37 16 9.62 3.27 12.89

Notes;
1. Assume 7" minimum depth of PCC slab as per PCA [13].
2. Depth o f  Permeable AC drainage course is fixed at 4".
3. Depth Excavtion = PCC thickness + subbase thickness + 4".
4. Cost o f excavation = $6.60 per cubic yard [36][37].
5. Cost o f subbase = $13.39 per cubic yard [36][37].
6. Cost o f concrete = $131.91 per cubic yard [36][37].
7. Cost o f Asphalt drainage course = $31.09 per ton [36][37].
8. Cost o f  transverse joints = $6.57 per linear foot [36][37].
9. Cost o f  longitudinal ties = $5.80 each [36][37],
10. Cost o f  sawing and sealing = $5.44 per linear foot [36][37],
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APPENDIX S :
NYSDOT Flexible Pavement - Economic Optimization Trials.

Contents;
Table S - l : NYSDOT Flexible Pavement - Economic Optimization - 3" HMA Trial. 
Table S-2: NYSDOT Flexible Pavement - Economic Optimization - 4" HMA Trial. 
Table S-3: NYSDOT Flexible Pavement - Economic Optimization - 5" HMA Trial. 
Table S-4: NYSDOT Flexible Pavement - Economic Optimization - 6" HMA Trial. 
Table S-5: NYSDOT Flexible Pavement - Economic Optimization - 7" HMA Trial. 
Table S-6: NYSDOT Flexible Pavement - Economic Optimization - 8" HMA Trial. 
Table S-7: NYSDOT Flexible Pavement - Economic Optimization - 9" HMA Trial. 
Table S-8: NYSDOT Flexible Pavement - Economic Optimization - 10" HMA Trial. 
Table S-9: NYSDOT Flexible Pavement - Economic Optimization - 11" HMA Trial. 
Table S-10: NYSDOT Flexible Pavement - Economic Optimization - 15" HMA Trial 
Table S-l 1: NYSDOT Flexible Pavement - Economic Optimization - 20" HMA Trial 
Table S -l2: NYSDOT Flexible Pavement - Economic Optimization - 25" HMA Trial
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T ib le  S - l :  N Y S D O T  F l t i ib le  P a v e m e n t -  E con om ic O p t lm ia t lo o  - 3"  H M A  T r i l l
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OUTPUT • ECONOMIC ANALYSIS - AGENCY EXPEDITURE f3" HMAI

Year Alt 1 All 2 Alt) Alt 4 AltS Alt 6 All 7

j* ac 3* AC 3* AC 3* AC 1* AC 3* AC 1* AC

0*Bam 6* Bam 12* Bam II* Bam 24* Bam 30* Bam 36* Bam

(millioaf) (milliooS) (■ulUon S) (Bullion f) (Bullions) (million $) (Bullion S)

0 0.79 0.9t 1.16 1.35 133 1.71 1.19

s 001 0.01 0.01 0.01 0.01 001 0.01

10 006 0.06 006 0.06 006 006 0.06

i s 001 0.01 001 0.01 001 001 0.01

20 0.03 o o s OOS 0.04 004 004 0.04

25 0.01 001 0.01 0.01 001 001 001

30 0.03 0.03 003 003 0.03 003 0.03

IS 0 01 001 001 001 001 001 001

40 002 002 002 0.02 002 002 0.02

4S 0.01 001 001 001 001 001 0.01

30 000 0.00 000 0.00 000 000 0.00

Toul 1.02 1.20 US 1.36 1.74 1.91 2.10

OUTPUT - ECONOMIC ANALYSIS - USER COSTS 13" IIMA)

Discounted Agency Cost vs. Age

Alt
All
Alt
Ait
Alt
Alt
Alt

Pavement Age (Yean)

Year All 1 Alt 2 AH) Alt 4 AltS Alt 6. AH 7

3* AC 1* AC J* AC 1* AC 3* AC 1* AC 1* AC

0* Bam 6* Bam 12* Bam II* Bam 24* Bam JO* Bam 36* Bam

(Bullion S) (Bullions) (Bullion S) (Bullion S) (BullionS) (Bullion S) (sullionS)

0 000 000 000 000 000 000 000

s 747 7 47 7 47 746 746 746 746

10 6 19 6 19 6.19 6 11 6 11 6 11 6 II

IS 3 10 3.10 5.10 309 309 309 309

20 4.20 4 20 420 4.19 4 19 « 19 4 19

25 346 346 343 3 43 3.43 143 3 45

30 i t s 2.W 2.14 2.14 214 214 214

13 2.34 2.34 2.34 2.34 2.34 234 234

40 1.93 1.9) 193 192 192 192 192

43 159 139 LSI 1.51 LSI LSI 131

30 131 1.30 1.30 1.30 1.30 130 1.30

Total 36.42 36.41 36.40 36.31 36 37 36.36 36.34

OUTP1 JT -  INC:r e m e iSTA LB/ C ANALYSIS (3 * HMA).
Alt Aftnqr User InciemeMa) Incremental tncranruul

Number Com Con Con Benefit a/c
(S) <S) (S) <S) Ratio

1 1011405 364243U 0 0 —

2 1196331 36410134 177953 14253 0.0!
3 1371345 36396196 III9I7 13931 00!

4 1556722 36312367 171377 13630 006

S 1735276 36369239 171534 13321 0.07

6 1913997 36336206 171721 13033 007

7 2096439 36343462 112461 12744 0.07

Discounted User Cost vs. Age

•  S ! l l 5  2 e 2 3 J a J S 4 0  49 3a  

Pavement Age (Yeara)

I Alt I. 
I Alt 2. 
I Alt 3. 
I All 4. 
I All S. 
I Alt 6. 
I Alt 7.

Incremental Benefit to Cost Ratio

714171 
33*117 I

Incremental Con (S)
•95393
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OUTPUT - ECONOMIC ANALYSIS - AGENCY EXPEDITURE (4“ HMA)

194

Year Alt I All 2 AK3 Alt 4 AMS Alt 6. AH 7

4* AC 4* AC 4* AC 4* AC 4 - AC 4* A C 4“ A C

0*B am 6* Bam 12* B ast 11* Bam 24* Bam 30* Bam 36* Base

(millions) (Bullion S) (Bullion S) (au ilioaS ) (Bullion S) (million D (nuDiooS)

0 0.90 IDS 1.27 1.45 1.63 1.12 2 0 0

s 0 0 1 001 0.0! 0.01 0.01 001 001

10 0.06 0.06 0.06 0.06 0 0 6 0 0 6 0 0 6

1) 0.01 001 0.01 0.01 0 0 1 0.01 0.01

20 0  05 0 0 5 0 0 5 0.04 0 0 4 0 0 4 0.04

23 0 0 1 0.01 001 0 0 1 0.0! 0.01 0 0 1

iO 0  0 ] 0.03 0.03 0 0 3 0.03 0.03 0.03

IS 0 0 1 001 001 0.0! 0 0 1 0 0 1 001

40 0.02 0 0 2 0 0 2 0.02 0 0 2 0 0 2 0 0 2

45 o .o t 0 0 ! 0.01 o .o t 0 0 1 0.01 001

SO 0 0 0 0 0 0 0.00 0.00 0.00 0.00 0 0 0

Total 1.(3 1.31 1.49 167 114 102 2.21

Discounted Agency Cost vs. Age

S 1 0 I 3  2 O 1 3 J 6 J 5 4 O 4 5 5 6  

Pavement Age (Years)

I Alt 1. 
I AU 2. 
I All 2. 
I All 4. 
I All 5. 
I All 6. 
I Alt 7.

OUTPUT - ECONOMIC ANALYSIS - USER COSTS M ' HMA)

Year AH 1 AH 2 AH 3 AH 4 AH 5 AH 6 AH 7

4* AC 4* AC 4* AC 4* AC 4* AC 4* AC 4* AC

0* Base 6* Bam 12* Bam 18* Bam 24* Bam 10* 3 am 36* Bam

(million S) (Bullion S) (million f) (millions) (Bullion S) (million S) (Bullion S)

0 0.00 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0 0 0

s 10.2S 10 21 10.2S 1021 1027 10 27 i o n

10 1 5 4 153 153 1 53 1.52 1.52 1 5 2

IS 7 0 4 703 703 703 7 0 2 7 0 2 702

20 3 1 0 3.79 5.79 5.79 371 3.71 3.71

25 4.77 4.77 4.77 4.77 4.76 4 76 4.76

10 1.93 393 3.93 3.92 392 3.92 3.92

IS 3 23 323 3 23 3.23 323 323 322

40 2.66 266 2.66 2.66 1 6 6 165 2.63

45 2.19 2.19 2.19 2.19 1 1 9 1 1 1 M S

SO I.IO ISO t.ao 1.10 ISO 110 ISO

Total 50.25 50.22 30.20 30.11 50 16 30.14 SO 12

O U T P ! J T -  INCrR E M E fU T A L B / C A N A J . v s i s  a * H M A ),

AH A feacy User Ineroaeatal lacrememal Incremental

N am ier Com Com Com Benefit B/C

(S) (I) (D (D Raoo

1 1127231 50247565 0 0 —

2 1305092 50224336 177154 23229 0.13

3 1416984 50201621 111192 22715 0.12

4 1665270 50179409 178216 22212 0  12

S 1143737 SOI37611 I7S467 21720 0.12

6 2022375 50136441 171631 21240 0 1 2

7 2208631 50115679 116263 20770 0.11

Discounted User Cost vs. Age

S 1 8 I S 2 i 2 9 J 8 3 S 4 i 4 S S i  

Pavement Age (Years)

■  Alt 1.
a  ah 2. 
a  ah j. 
a  ah 4. 
a  ah s. 
a ah & 
a  ah 7.

Incremental Benefit to Cost Ratio

I f

i sa

m

9 JS9T46
177194

714499 I « 1 «
>99137

ital Coat ($)

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
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OUTPUT - ECONOMIC ANALYSIS - AGENCY EXPEDITURE 15" HMA)

Year A h 1 

5* AC 

0* Bam

(m illion S)

Alt 2 

3" AC 

6* Bam

(million S)

A H ]

5* AC 

12* Baae

(mUlim S)

Ah 4 

5* AC 

II*  Bam

(Bullion S)

Ah 5 

5* AC 

24* Bam

(n u U k atfl

Ah 6.

5* AC 

30* Dam

(m illion D

Ah 7 

5* AC 

36* Bam

(Bullion 5)

0 1 01 119 111 156 1 74 193 2.11

5 0 0 1 001 001 0  01 001 0 0 1 0 0 1

10 0 0 6 0 0 6 0.06 0 0 6 0 0 6 0 0 6 0 0 6

15 0 0 1 001 001 0.01 0.01 0.01 0.01

20 0.05 0 0 5 0 05 0 0 5 0 0 4 0 0 4 0 0 4

25 0.01 0.01 001 001 0.01 0.01 0 0 1

30 0 0 3 0 0 3 003 0 0 3 0.03 0.03 0.03

35 0 0 1 0.01 001 001 001 001 0 0 1

40 0 0 2 0.02 0 0 2 0 0 2 0 0 2 0 0 2 0 0 2

45 0 0 1 0 01 001 001 001 001 0 0 1

50 0 0 0 0.00 0.00 OOO 0 0 0 0 0 0 OOO

Total 1.24 1.42 160 1.77 1.95 2.13 2.32

Discounted Agency Cost vs. Age

■  All I.
■  Alt 2.
■  All 3.
■  All 4.
■  All S.
■  A l t  6 .

■  All 7.

8  S I I 1 S  2 0 2 S J 9 J S 4 I 4 S S I

Pavement Age (Yean)

OUTPUT - ECONOMIC ANALYSIS - USER COSTS IS" HMAI

Year Ah I Ah 2 A h 3 A h 4 Ah 5 Ah 6. Ah 7

5* AC 5* AC 3* AC 5* AC 5* AC 5* AC 3* AC

0* Bam 6* Bam 12* Bam 18* Bam 24* Bam 30* Bam 36* Bam

(Bullion S) (Bullion S) (Bullion f) (Bullion 5) (Bullion S3 (millions) (nullkm  S)

0 0 0 0 OOO 0 0 0 0 0 0 0 0 0 OOO 0 0 0

3 1263 12.63 1163 1162 12.62 1262 1262

10 10 50 1050 10.49 10 49 10.48 1048 1047

15 1 6 6 1 6 6 1.63 1.65 1 64 1 6 4 163

20 7 14 7 13 7 13 712 7 12 7 12 7 II

25 5 18 5 1 7 517 517 516 5 1 6 586

30 4 1 4 484 413 4.83 413 4 8 2 4 8 2

35 3 9 1 398 3.98 398 397 397 397

40 3 2 8 328 3 28 3.27 327 1 2 7 327

45 2.70 2.70 2.70 169 169 2 6 9 1 6 9

50 1 2 2 2.22 2.22 122 2.22 221 221

Total 61.83 61.80 61.77 61.74 61.71 61.68 61 65

OUTPI JT -  I N < H E M E T H T A J L B l C A N A 1 . Y S I S  I S H f r L U

Ah A fenqr Umr lacraiK M al laoaBKntal Incwimnial

Number Coat O a t Com Benefit B/C

<*) <S> (S> (SI Ratio

1 1236105 61133531 0 0 -

2 1417659 61801347 111535 32184 o n

] 1595653 61769875 177993 31471 O i l

4 1773847 61739101 171194 30775 0.17

5 1952225 61709007 171371 30094 0 17

6 2134579 61679579 182354 29428 0.16

7 2317041 61650803 182461 28776 0.16

Discounted User Cost vs. Age

S I* 
8

I t  IS  28 25 JO 35 48  4S 

Pavement Age (Yean)

I Alt 1. 
I All 2. 
I All 3. 
I All 4. 
I All 5. 
I Alt 6. 
I AH 7.

Incremental Benefit to Cost Ratio

g

a

m

ist
-aB
3 >«oMH

59
!

f  359549 716128 IB
181555 537742 (98473

Incremental Coat (S)
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T a b le  S -4: N Y S D O T  F ltx ib k  P iv e m c a t  -  E c o n o m ic  O p tim iza tio n  -  <" H M A  T r ilL

O U T P U T  ■ E C O N O M IC  A N A L Y S IS  -  A G E N C Y  E X P E D IT U R E  (6"  H M A i

Year All I Alt 2 All 3 All 4 Alt 5 Alt 6. All?

6* AC 6- AC 6* AC 6* AC 6* AC 6* AC 6* AC

O’ B an 6* Base 12* B u t IS* B an 24* B an 30" B an 36* B an

(Bullion S) (Bullion S) (million S) (Bullion S) (millions) (nuBiooS) (nuUionS)

0 1.11 I JO 1.4S 1.67 1*5 103 122

S 0.01 0.01 001 o.ot 001 001 0.01

10 0.06 0.06 0.06 006 006 0.06 0.06

15 002 001 0.01 0.01 001 0.01 0.01

20 0.05 0.05 005 005 0.04 0.04 0.04

25 001 0.01 001 001 001 001 001

10 003 0.03 003 003 0 03 003 003

15 001 001 001 001 001 001 001

40 003 002 002 0.02 002 0 02 002

45 0.01 0 01 001 0.01 0.01 001 001

50 0.00 0.00 000 0.00 000 000 000

Tool 1.35 U 3 1.70 I.SS 106 124 143

O U T P IJ T -  E C D N O M IC  A N A L Y S IS  -  U S E R  C O S T S  (6 " H M A )

Year Alt 1 Alt 2 All 3 Alt 4 AMS Alt 6. Alt 7

6* AC 6* AC 6* AC 6* AC 6* AC 6* AC 6* AC

0* Bam 6* Baa* 12* Ban IS* B an 24* B an 30” Ban 36* Ban

(BUllionS) (aullionS) (Bullion S) (BUlliooS) (Bullion S) (Bullion*) (nullionS)

0 000 000 000 000 0.00 000 000
5 1546 15.45 1545 1545 15.44 1544 15 44

10 12*7 12.16 11*5 11*5 11*4 11*3 1113

15 1061 106) 1060 10.59 10 59 10.51 105*

20 S.7S S.74 174 173 *73 *72 *71

25 7 21 7 20 720 719 7 19 7 1* 7 1*

10 594 5 73 5.93 592 3.92 591 5.91

15 4 19 4 8* 4.IS i n 4*7 4*7 4*7

40 402 402 402 4.01 401 4.01 401

45 3 31 331 331 3 31 330 330 330

SO 2.73 173 172 172 172 172 171

Tool 75.7* 75.73 73.69 7565 75.61 75.57 73 53

O U T P LIT -  1N<^ R E M E N T A L  B /C  A N A L Y S IS  (6 * H M A ).

Ail Afeacy Uter Incmaeatai Incremental Incremental

rPnuitirr Con Con Con Benefit B/C

(I) IS) <S) <S) Ratio

1 1345044 75775154 0 0 —

2 1526499 7573205* 1*1431 43796 024

3 1704319 756*9231 177*94 42127 0.24

4 IBI24S8 75647352 171099 41*79 0.24

5 2060776 75606400 1712*7 40952 0.23

6 2243043 75566354 1*2267 40046 0.22

7 2425504 75527195 1*2461 39159 0.21

Discounted Agency Cost vs. Age

■ Alt 1.
■ Alt 2.
■ Alt 3.
■ Alt 4.
■ AltS.
I S All 6.
■ Alt 7.

0 S l # 1 5  2a 25 36 3 S 4 a 4 S S 6

Pavement Age (Years)

Discounted User Cost vs. Age

I All 1. 
I All 2. 
I All 3. 
I All 4. 
I Alt S. 

El All 6. 
I All 7.

a 3  i a i S 2 * 2 3 M J S « 4 3  9« 

Pavement Age (Yean)

Incremental Benefit to Cost Ratio
m

m
3»»

H  I N

•  399349 715731
1S I451 537444

Incremental Cost (S)
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T a b le  S-5: N Y S D O T  F le i ib le  P a v em en t -  E con om ic O p tim iza tion  -  7"  H M A  T ria l.

O U T P U T  - E C O N O M IC  A N A L Y S IS  -  A G E N C Y  E X P E D IT U R E  17" H M A )

Year Alt 1 A lt 2 Alt 3 Alt 4 AltS All 6. Alt 7

r  ac r  ac 7 - AC r  ac r  ac 7* AC r  AC

Q*Bme 6* B ate 12* B am It*  Bam 24* Bam 30* Bam 36* Bam

(miUkmS) (Bullion J ) (m illio n s) (million S) (m illions) (m llk m  S) (nullioaS)

0 1.22 1.41 1.39 1.77 1.96 114 132

5 001 0.01 0 0 1 0.01 0 0 1 001 0.01

10 0.06 0.06 0.06 0.06 0.06 0.06 0.06

13 0.02 0 0 1 0 0 1 001 0.01 001 0.01

20 0.05 0 0 3 0.03 0.03 0 0 3 0.04 0 0 4

23 001 0 0 1 0 0 1 001 0 0 1 0.01 001

30 0 0 4 0 0 3 0.03 0 0 3 003 003 003

33 001 001 0  01 001 0 01 001 0.01

40 0.03 0 0 3 0 0 2 0.02 0.02 0.02 0 0 2

43 001 0 0 1 0.01 001 0.01 001 0.0!

30 0.00 0  00 0.00 0.00 0 0 0 0.00 0 0 0

Total 1.46 164 t . s i 1.99 117 1 J3 133

Discounted Agency Cost vs. Age

I All I. 
I All I. 
I All]. 
I .Alt I. 
I All S. 
I All 6. 
I Alt 7.

a s i t  i !  »  a  a  i ]  «  u  a  

Pavement Age (Years)

O U T P U T  ■ E C O N O M IC  A N A L Y S IS  -  U S E R  C O S T S  (7 "  H M A I

Year A lt! All 2 A lt) Alt 4 AltS Alt 6 Alt 7

r  AC 7* AC r  AC 7* AC 7* AC 7* AC 7* AC

0*Bam 6* Bam 12* Bam II*  Bam 24* Bam 10* Bam 16* Bam

(m illions) (m illions) (m illio n s) (million S) (million S) (nullioaS) (m illions)

0 0.00 000 000 0.00 0.00 OOO 000

3 1173 11.75 11.75 11.74 11.74 11.73 11.73

10 1563 1562 1361 15.60 1560 13.59 15 31

13 1190 12.19 I l l S 12.17 1117 1216 1215
20 1063 1063 1062 1061 1060 1060 10.39

23 1 7 6 1.76 1.75 1.74 1.74 173 1.72

30 722 721 721 7.20 720 719 7 19

33 595 594 3.94 5.93 393 3.92 5 92

40 4.90 4 1 9 4 1 9 4.11 4 I I 4.11 4 1 7

43 4.03 4.03 402 4.02 4 0 2 4.01 401

30 3.32 3.32 3.31 1.31 ).31 1 30 l.JO

Total 9109 9103 91.91 91.92 91.17 9 t . l t 91.76

O UTP1 IT  .  IN C R E M E N T A L  E/C A N A L Y S IS  (7 '  H M A ).

ah A p a q r llm r Incremental Incremental Incremental

Number Com Com Com Benefit b/c

<s> (S) (S) Ratio

! 1437132 92092309 0 0 -

2 1635393 92034045 177343 31464 0.33

3 I I I3 I IS 91976S74 177793 57170 0 32

4 I99IIS9 91920969 171001 53905 0.31

3 2173113 91166302 111996 34661 0J0

6 2331361 918I2S44 171376 33431 OJO

7 2534022 91760369 IS246I 32273 0.29

Discounted User Cost vs. Age

Ait 2* I
Alt 3.

•  3 10 13 2 0 2 3 ) 0 3 3 4 0 4 3 5 0

Pavement Age (Years)

Incremental Benefit to Cost Ratio
330

/
X

J r
= i Jr

-
j Y

y
y /
•  353334 713333 IQ74I71 

177343 513337 B J W

lacrcaMalal Coat (S)
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O U T P U T  -  E C O N O M I C  A N A L Y S IS  -  A G E N C Y  E X P E D IT U W E 18" H M A t

Year All t Alt 2 Alt 3 Alt 4 Alt 5 All 6. Alt 7

r  a c r  a c I 'A C « '  AC 1* AC I*  AC 8* AC

O 'B am 6* Base 12* Bam IS* Bate 24* Bam 30* Base 36* Bate

(mUlionS) (million t ) (m ilie u  S) (Bullion O (nullioaS) (million S) (m illion S)

0 M 3 M l 1.70 I.SS 106 2 25 2.43

S 0 .01 001 0.01 0  01 001 0.01 0 0 1

10 0.06 0 0 6 0 0 6 0 0 6 0 0 6 0.06 0 0 6

13 0.02 0 02 0.01 0.01 001 0.01 0 0 1

20 0.05 0.05 0.05 0.05 0.05 0.04 0 0 4

25 0.01 001 0.01 0.01 001 001 0 0 1

30 0.04 003 0.03 0  03 003 0.03 0.03

35 0.01 001 0.01 0.01 001 0.01 0 0 1

40 0.03 0.03 0.02 0 0 2 0.02 0.02 0 0 2

45 0 01 001 00 1 0.01 0.01 001 0 0 1

30 0.00 0.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Total 1.57 1.74 1.92 2.10 1 28 1 4 6 1 6 4

O U T P U T  -  E C O N O M IC  A N A L Y S IS  -  U SE R  C O S T S  fS” H M A ).

Discounted Agency Cost vs. Age

S t

3
j

■  A lt 1.

2  2 ■  A ll 3 .
■  AIM.
■  A ll S. 
B  A ll 6. 
B All 7.

r i

i - 1

i

•  j  I S I 5 » 1 5 J 4 J 5 4 4 1 3 »

Pavement Age (Years)

Year Alt 1 All 2 Alt 3 Alt 4 AltS All 6. Alt 7

r  a c I* AC I*  AC 8* AC I* AC 8* AC 8* AC

0*Baac 6’ Base l2*Baaa 18* Bam 24*8aaa 30* Bam 36* Base

(oullionS) (million S) (m illio n s) (m illion S) (mUlioaS) (mtUfamS) (m illion S)

0 0 0 0 0 0 0 0.00 0.00 0 0 0 0.00 OOO

3 206 5 2064 20.64 20 63 20 62 20 62 2061

10 17 22 1721 1 720 17 19 17 11 17 17 17 16

15 1422 1421 14.20 14 19 14 11 14.17 14 16

20 It 72 II 71 11.71 II 70 1169 II 68 1167

25 9 6 6 965 9 6 5 9 6 4 9 63 9 62 9 6 2

30 7 9 6 7 95 7 95 7 9 4 7 9 ) 7 9) 7 92

35 6 5 6 6.55 6.55 6.54 6.53 6  33 6  52

40 5.40 340 5.39 3.39 538 5.38 5 37

45 4.45 4.44 4.44 4.44 4.43 4.43 4 42

50 3 6 6 3.66 3.66 3.65 365 364 3.64

Total 101.50 101.43 101.36 I 0 I J 0 101.23 101.17 101.11

O U T P 1 J T -  INCrR E M E N T A L  B /C  A N A I•Y SIS (8 ’ H M A )

Alt AfOKjr U icr Incremental Inert m e a a l laocm cau l

N aancr Com Coal Com Benefit B/C

(S> IS) (S) (*> Ratio

1 1566884 101499250 0 0 _
2 1744319 101430569 177435 68682 0.39

3 1922008 101363407 177689 67162 0 3 8

4 2099910 101297732 177902 65675 0 J 7

5 22SI8I1 101233510 181901 64222 0.35

6 2460096 IO1I7D7I0 I7S2S5 62800 0.35

7 2642557 101109300 182461 61410 0.34

Discounted User Cost vs. Age

•  S 19 IS  28 25 39 S3 4 8  49 58 

Pavement Age (Years)

■  A lt I.
■ a h  2.
■  A ll 3.
■  A ll 4.
■  A ll 5. 
13 All 6.
■  A ll 7.

Incremental Benefit to Cost Ratio

•3
S

1e
. c

m

m
ise

355123
5339X7 893212

Incremental Cost (S)
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O liT P U T  .  E C O N O M IC  A N A L Y S IS  -  A G E N C Y  E X P E D IT U R E  19" H M A ).

Y ew Alt 1 

9* AC 

0*B am

(nullioaS)

All 2 

9* AC 

6* D o t  

(m illioaS )

A h 3 

9* AC 

12* Bm b  

(m illioaS )

AH 4 

9* AC 

11* Bam

(■ullioaS)

Ah S 

9* AC 

24* Bam

Ah 6.

9* AC 

30* Bam 

(■aOioaS)

Ah 7 

9* AC 

36* Bam 

(nullioaS)

0 1.44 162 1 . 0 1.99 1 1 7 1 3 3 154

5 001 001 0 0 1 0.01 0.01 0 0 1 001

10 0 0 6 0 0 6 0.06 0.06 0 0 6 0 0 6 0 0 6

IS 002 0.02 0 0 1 0.0! 0.01 0 0 1 001

20 OOS OOS 0.05 0.05 0.05 0.03 0 0 5

23 002 0.01 0 0 1 o.ot 0 01 0 0 1 001

10 004 0.04 0.03 0 03 0 0 3 0 03 0 0 )

IS 001 0.01 0 0 1 0.01 0.01 0 0 1 001

40 0.03 0.03 0 0 3 0.02 0 0 2 0 0 2 0 0 2

45 001 0.01 0.01 001 0.01 0.01 001

SO 0.00 0 9 0 0 0 0 0.00 0.00 0 0 0 0 0 0

T o o l 161 115 1 0 3 2.21 1 ) 9 1 5 7 175

O U T P 1 J T -  E C O N O M I C A N A L Y S IS  - U S E R  CC►STS (9 M H M A ).

Year Alt i

r  a c

0* Base

{Bullion S)

All 2 

9" AC 

6* B ate

(nu llioaS )

A H )

9* AC 

12* Bam 

(im lltoa S)

All 4 

9* AC

II* Bam

(BuOkmS)

A ltS  

9* AC 

24* Bam 

(m illioaS)

Alt 6 

9* AC 

30* Bam

OmUioaS)

Alt 7 

9* AC 

36* Bam

(oulUoaS)

0 0 0 0 0 0 0 0  00 0.00 0 00 0 0 0 0 0

s 2301 23 00 23.00 2199 2 199 2 19* 2197

to 1921 1920 19 19 19 11 19.17 19.16 19 14

IS 1SS6 IS IS IS M 1513 1312 1SSI 15 0

20 13 OS 1307 13.06 13.05 1304 1 30) 1302

23 10 79 10.71 10.77 10 76 1075 10.74 1 07)

10 1 19 I U 1 1 7 1.16 1.16 1 1 5 S M

IS 7 32 7 32 731 7.30 7.29 7.29 7 2 1

40 603 6.03 6  02 6.0! 6.01 6 00 6 . 0

43 4 9 7 4.96 4 9 6 4 9 5 4.95 4.94 4.94

SO 4 0 9 4.09 4 0 1 4 0 1 4 0 7 4 0 7 4.07

Total 113 26 113.11 113.10 113.02 11195 11117 1 1 1 0

O U T P I J T -  INCH t£ M £ ] K T A L  B /C  A N A L Y S IS  19" H M A )

Ah

Number

A p n cy

Con

(I)

Umr

C M

(S)

C M

|S>
Benefit

(I)

B/C

Rjuo

t 167390 113261260 0 0 —
2 IS533I4 113179721 177325 11533 0.46

3 2030197 tu to o o o o 177313 79721 0.45

4 2212499 113022036 111602 77964 0.43

S 2390)00 1I294S791 171002 76231 0.43

6 236*692 112171247 171191 74551 0.42

7 2791153 112791347 112461 72901 0.40

Discounted Agency Cost vs. Age

1 m
1

I All I. 
I All 2. 
I All 3. 
I All 3. 
I All 5. 
I A lii. 
I All 7.

0  S I 6 I 3  2 6 2 S . ) # J S 4 6  43 34 

Pavement Age (Yean)

Discounted User Cost vs. Age

1 15 
J

■  All 1.
a  ah 2. 
a  ah 3. 
a  ah 4. 
a  ah s.
ffl A lii.
a  ah 7.

•  9 u i s a a a u a i s a  

Pavement Age (Yean)

Incremental Benefit to Cost Ratio

M

3 I N

714311 10751*4
534510 01703

lacreatoatal Cott (S)
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OUTPUT ■ ECONOMIC ANALYSIS - AGENCY EXPEDITURE (10" HMA).

Year AH 1 

10" AC 

0a Bam

(milUonS)

All 2 

10* AC 

6* B ate 

(million S)

All 3 

10* AC 

12* B a n  

(nulIiooS)

Ah 4 

10* AC 

IS* Bam

(million S)

Ah 5 

10“ AC 

24* Bm * 

(salU oaS )

Ah 6. 

10* AC 

30* B ate

(million S)

Alt 7  

10* AC 

36* Bam

(nullioaS)

0 154 1.73 1.91 2 0 9 22 1 246 2.64

J 0 0 1 001 0.01 0 0 1 001 001 0 0 1

10 0 0 6 0 0 6 0 0 6 0 0 6 0 0 6 0.06 0 0 6

15 0.02 0.02 002 0.01 0.01 001 0 0 1

20 0.03 0.05 0.05 0 0 5 0 0 5 0 0 5 0  05

25 0 0 2 0.01 001 0 0 1 001 0.01 0.01

)0 0.04 0 0 4 0 03 0.03 0.03 003 0 0 3

J5 0 0 1 001 001 0.01 0.01 001 0.01

40 0.03 0 0 3 003 0 0 2 0 0 2 002 0 0 2

45 0 0 1 0.01 001 0.01 0.01 001 001

50 0.00 0 0 0 0.00 0.00 0.00 0 0 0 0 0 0

Total 1.79 1.96 2.14 2 3 2 2 5 0 261 2.16

O IJT P 1 J T  -  E C O N O M 1 C  A N A L Y S IS  -  U S E R  C O S T S  (10 "  H M A l

Year All 1 

10* AC 

0* Base

(nulUouS)

Alt 2 

10* AC 

6* BMC 

(million S)

AU3 

10* AC 

12* Bam 

< million S)

Ah 4 

10* AC 

IS* Bo h

(million 13

Ah 3 

10* AC 

24* 8am

(nu llioaS )

Ah 6 

10* AC 

30* B an

(million D

All 7 

10“ AC 

36* Bam 

(m illion S)

0 0 0 0 0 0 0 0.00 0 0 0 0.00 0 0 0 OOO

3 25 15 25 S4 2514 2513 2512 2511 2511

10 2161 21.39 2131 21.56 2133 2134 21 52

IS 17 14 1713 17 >2 1710 17 79 17 71 1777

20 14 72 14 71 14.70 1461 1467 1466 14 65

25 12.14 12.13 1211 12.10 1209 1201 12.07

10 10 00 9 9 9 991 9 9 7 9 9 6 996 9 95

15 S.24 1.23 123 1 2 2 121 120 1.19

40 6.79 6.71 6.71 6.77 6.76 6  76 6.75

45 5.39 5.39 331 s.ss 3.57 536 556

30 461 4 6 0 460 4.59 4 3 9 4.31 4 5 1

Total I2 7 J 9 127.30 12720 127.11 127.02 126.93 126.14

O U T P I J T -  INI :r e m e ]T A I .  B/c A N A L Y S IS  flO" H M A )

Ait

Number
A ceaey

C on

(J)

Um
Con

(J)

In in n n im J

Con

(D

Inc/cmcmaJ

(t>

B/C

Ratio

I 1715166 127394295 0 0 —
2 1962377 127296929 177211 97366 0.55

) 2143653 12720I7 II 111276 95211 0.53

4 2321349 127101614 177696 93104 0.52

5 249925! 127017571 177902 91043 0.3!

6 2677346 126921543 171096 19021 OJO
7 2159*07 126141415 112461 17051 0.41

Discounted Agency Cost vs. Age

■ Alt 1.
■ Alt 2.
■ Alt 3.
■ Alt 4.
■ Alt 5.
■ Alt 6.
■ Alt 7.

•  I i a i 5 » ] 5 M 1 9 M 4 S S t  

Pavement Age (Yean)

Discounted User Cost vs. Age

£ 2*

T 15

Alt I
Alt 2. 
Alt 3. 
Alt 4. 
AltS. 
Alt 6. 
All 7.

•  S ! 0 I S 2 * 2 S M J 5 « 4 S S «

Pavement Age (Years)

Incremental Benefit to Cost Ratio
6«
sea

■3 m
e

3o
m
IM* . .

f  351417 714MS 1974*42
177311 536113 m i l l

Incremental Cost ($)
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O U T P U T  -  E C O N O M IC  A N A L Y S IS  -  A G E N C Y  E X P E D IT U R E  (1 1 "  H M A ).

Year Alt 1 Ait 2 Ait 3 Ait 4 ABS Alt 6 A il 7

II* AC 11* AC 11* AC II*  AC 11" AC i r  a c II*  AC

0* Bam 6* B ate 12* Baa* IS* Bm * 24* B u* 30" B u* 36* Bb k

(Bullion 5) (million f t (minion ft < million ft (m ilU aaft (Bullion ft ^ a iJU o ttft

0 1,63 113 2.02 220 131 1 5 7 2 7 5

3 001 ooi 0.01 0.01 001 0.01 001
10 0.06 0.06 0 0 6 0.06 0 0 6 0.06 0 .06

IS 0.02 0.02 002 0.01 0.01 0.01 0.01

20 0.03 0.05 0.05 0  03 0 0 5 0.05 0.05

25 002 0.02 0.01 001 OOI 0.01 0 01

30 0 0 4 0 0 4 0.04 0.03 003 0 0 3 0 03

IS 001 o .o t 001 001 001 0.01 001

40 0 0 3 0.03 0 0 3 0.03 002 0 0 2 0 02
4S 001 0 Q | 001 0.01 001 0.01 0 0 1

SO 0 0 0 0.00 0 0 0 0 0 0 0 0 0 0.00 0 0 0

Total 1.19 2.07 2.25 2.43 261 279 2 9 7

O U T P U T -  E C O N O M IC  A N A L Y S IS  - U S E R  C O S T S  f l l "  H M A ).

Discounted Agency Cost vs. Age

et i
i a ah i. 

a ah 2.

I;1 a ah 3. 
a ah 4. 
a ah s. 
a ah 6. 
a ah 7.

11I - r
0 5 I I 1 S B 2 3 1 0 J S 4 4 4 S 3 4

Pavement Age (Yean)

Alt 1 

II*  AC 

0* Bm
(n u lU oall

All 2 

I I*  AC 

6* B ate

(m illion S)

Ail 3 

I I*  AC 

12* Bm *

(tmllioB ft

AH 4 

11* AC 

I t*  Bm *

(million ft

Alt 5 

II*  AC 

24* Bm * 

(million I)

Ail 6. 

II*  AC 

30*B*m

(m illion*)

Ait 7 

II*  AC 

36* Bm * 

(m illion ft
000 0.00 000 000 000 0.00 000
2122

O U T P U T  -  IN C R E M E N T A L  B/C ANALYSIS (11- HMA)
A*BKT

Cm

(>)
1194391

User

Cm

( f t

Cm

( f t

Benefit

( f t

Inc iuno m i

B/C

Rano
Incremental Benefit to Cost Ratio

m
-3a
IoXL*-

IW

177193 SHM 191647
Incremental Coat ($)

Discounted User Cost vs. Age

T I* Ilk.
"imiiiiii

•  3 I B I S  20 2 3 J 1 3 3 4 1 4 S 3 1  

Pavement Age (Years)

I All 2. 
I Alt 3. 
I Alt 4. 
I All 3. 
I Alt 6. 
I All 7.
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O U T P U T  -  E C O N O M IC  A N A L Y S IS  -  A G E N C Y  E X P E D IT U R E  (1 5 "  H M A ).

Year All 1 All 2 Alt 3 Alt 4 All 5 Alt 6. All 7

15* AC 15* AC 15* AC 15* AC 15* AC 15* AC 15* AC

0* Bam 6* Bam 12* Bam IS* Bam 24* Bam 30* Bam 36* Bam

(m illion 1) < Bullion S) (milUosS) (million S) (nu llioaS ) (million S) (nullioaS)

0 2.0S 2.26 1 4 4 263 2 11 300 3.11

S 001 001 0 01 0.01 0.01 0 0 1 001

10 0 0 6 0 0 6 0.06 0.06 0.06 0.06 0 0 6

15 0.02 0.02 0 0 2 0 02 0 0 2 001 o a t

20 0 0 5 0 05 0 0 5 0.05 0 0 3 0 0 5 005

25 0.02 0 0 2 0.02 0.02 0 0 1 0 0 1 0.01

20 0 0 « 0.04 0 0 4 0 0 4 0 0 4 0 0 3 003

15 001 001 0 01 001 0 0 1 001 001

40 003 0 03 0 0 3 0 03 0 0 3 0 03 0.03

45 0.01 001 0.01 0 01 0 0 1 001 0.0)

10 0.00 0.00 0 0 0 0.00 OOO 0 0 0 0 0 0

Total 2.34 2.51 2 6 9 217 3 0 5 323 3 41

D i s c o u n t e d  A g e n c y  C o s t  v s .  A g e

a j
J  3 
f  *
s  .

B All 1.

1
f l  All 2. 
B Alt 3.

1 ' J I B All 4. 
B All S. 
B All 6.*  , I

j - I B All 7.

1
1 S l * t S 2 a 2 S J * 3 S  40 4S S*

Pavement Age (Yean)

O U T P U T  -  E C O N O M IC  A N A L Y S IS  -  U S E IL C Q S T S  H M A ).

Y en Alt 1 Alt 2 A lt) Ah 4 Alt 5 All 6. Alt 7

IS* AC 15* AC 15* AC 15* AC 15* AC 15* AC 15* AC

0*B am 6* Bam 12* Bam II* Bam 24* Bam 30* Bam 16* Bam

(m illton S) (million S) (million S) (million S) (m illions) (million S) (million f )

0 0 0 0 0.00 0 0 0 0 0 0 OOO 0 0 0 OOO

5 35.S4 3512 15 SI 3510 35.71 15 77 15 76

10 3 0 0 7 30 04 JO 02 2 999 29 97 29 95 29 9)

15 24 S6 2413 24.11 24 79 24.77 24 75 24 72

20 20 52 20 50 20.41 20.46 20 44 20 42 20 40

25 16.93 1691 16.19 16.11 1616 16.14 1612

30 13.96 13.93 1 )9 3 1)91 1390 1 )1 1 13 17

35 1151 1150 11.41 1147 11.46 I I  44 I t  43

40 9 49 941 9 4 6 945 9 4 4 9 4 ) 942

45 712 7 SI 7 1 0 7.79 7.71 7 7 7 7 76

so 6.43 6.44 6 4 3 6.42 6 .4) 6 4 0 6.39

T oo l 177.44 177 21 177.11 176.96 176.10 176.65 17650

O U T P I J T -  IN (t i e  m e :U TA L B /c  A N A L Y S IS  f l 5 ”  H M A 1
AM A fta q r Umr lucrm antal Incremental Incremental

Number Com Coal Coal Benefit B/C

<S) (S> (S) (S) Ratio

1 2335713 177442529 0 0 —

2 2912311 177276151 176604 165671 0 9 4

3 2619210 177)14140 176192 162011 0 9 2

4 2166411 176956415 177)31 151425 0 1 9

5 3047516 17&101496 I I I  161 154919 0.16

6 3225)69 176650006 177513 151490 0 1 5

7 3407630 I76S0IM 9 IB246I I4SI37 0.11

D i s c o u n t e d  U s e r  C o s t  v s .  A g e

•  9 I t  15 20 25 J# Jfl 4* 45 5#

Pavement Age (Yean)

■  Alt I.
■  All J.
■  All 3.
■  All 4.
■  All 5. 
B All 6. 
B All 7.

Incremental Benefit to Cost Ratio

x

a m-30 m
sm

.0H
m
IM

3534*7 7111*3 1«71I4?
1766*4 53*05 M W

Im r m m UI Coat (S)
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T a b le  S - l l :  N Y S D O T  F te i ib le  P i v t m m t  -  E con om ic O p tim iz it lo n  -  20"  H M A  T riiL

O U T P U T  -  E C O N O M IC  A N A L Y S IS  -  A G E N C Y  E X P E D IT U R E  <20" H M A ).

Year Alt 1 AM 2 A U ! Alt 4 Alt 5 Ail 6. A lt?

20* AC 20* AC 20“ AC 20* AC 20* AC 20* AC 20* AC

IT Bam 6’ Base 12* Base It*  Base 24* Bam 30* Bam 16*Bam

(m illioaS) (Bullion f ) (m iltta aS ) (nullioaS) (Bullion S) (au llioaS ) (m illioaS)

0 161 1 1 0 1 9 1 1.16 3 J5 1.53 3 .7 t

5 001 0.01 0 0 1 0.01 001 0.01 001

10 0.07 0 0 7 0.06 0.06 006 0 0 6 0 0 6

15 0.02 0.02 0.02 0.02 002 0 0 2 0  02

20 0 0 5 0 0 5 0.05 0.05 0 05 0 0 5 0 0 5

25 0.02 0 0 2 0 0 2 0 0 2 002 00 2 0 0 2

30 0.04 0 0 4 0 0 4 0.04 004 0 0 4 0 0 4

35 0 0 2 0 0 2 0 0 2 001 001 001 001

40 0 0 3 0 0 3 0 0 3 003 003 001 0 0 3

45 0 0 1 OOI 0.01 0.01 001 0.01 001

50 0.00 0.00 0 0 0 0.00 000 0 0 0 0.00

Total m 306 1.24 1.42 359 1.77 3.96

O U T P 1J T .  E C D N O M I C A N A L Y S IS  .  1 S E R  C O S T S  (2 0 ”  H M A ).

Year All 1 All 2 Alt 3 Alt 4 All 5 Ail 6. All 7

20“  AC 20" AC 20“ AC 20* AC 20* AC 20* AC 20* AC

0* Beat 6* Base 12* Bam II*  Dam 24* Bam 30* Bam 36* Bam

(nullioaS) (Bullion S) (m illio aS ) (Bullion S) (Bullion I) (Bullion S) (Bullion S)

0 0 0 0 0.00 0 0 0 0 0 0 00 0 0 0 0 0.00

5 17.77 17 71 17 76 37.75 17.73 17 72 17 70

10 11.71 11.75 31.72 31 69 3166 1164 1161

15 26 29 2626 26 23 26 21 2611 26 16 2613

20 21.71 2169 21 66 2164 2162 2159 21.57

25 17 92 1790 17 11 1716 1713 1711 1779

30 14.71 14.76 14.74 14.73 14.71 14 69 1467

15 1119 1 1 1 ! 12.16 1114 1113 12.11 12.10

40 10 OS 1004 1002 1001 1000 991 9 9 7

45 1 2 9 1.21 1 26 1.25 124 121 122

50 6.13 6.12 6.11 6.10 679 6.71 6.77

Total 11764 IS7.44 117.26 11707 116.19 116.71 116.34

O U T P JT - 1N<: h e m e j "IT A L  a C  A NA J Y S IS  (2 0 ”  H M A )

All A feaqr I t e r Incremental lo m n c a u i

H u n te r Com Cam Com B £

(S) (S) (1) <S) Ru m

1 2114339 117637146 0 0 -

2 3064066 117444491 179727 193341 IOC

3 3240305 117255429 176239 119069 1.07

4 3416117 117070545 176512 114 0 4 1.05

5 3593513 II6M 9752 176766 10793 1.02

6 1774392 116712961 110009 176791 0.9S

7 3956154 116540013 I 12462 172171 0.93

Discounted Agency Cost vs. Age

V9
3 = . ■  Alt 1.| 3 
3

■  Alt 2.
■  Alt 3.
■  Alt 4.
■  Alt S. 
B Alt 6.

IX(al
fr 1 8 ■  Alt 7.
&<

0 3 10 15 2 0 2 5 3 0 3 5 4 0 4 5 5 0

Pavement Age (Yean)

Discounted User Cost vs. Age

m
•  S 10 IS 20 25 30 J S  46 45 50

Pavement Age (Yean)

■  AU 1.
■  All 2.
■  All 3.
■  All 4.
■  Alt 5. 
H  Alt 6.
■  All 7.

Incremental Benefit to Cost Ratio
1200
1«M

m

7W244 
592471 >»

laci ital Cost (5)
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T t b lc  S -12: N Y S D O T  F t a l b l e  P iv t m t n t -  E co n o m ic  Q p l lm in l io n  -  25" H M A  T r iiL

O U T P U T  -  E C O N O M IC  A N A I.V S 1S  -  A G E N C Y  E X P E D IT U R E  125" 1.

Year AU 1 

23" AC 

0s Bam

(BuU loaf)

AU 2 

23* AC 

6* Bam

(m illioaS)

AU 3 

23* AC 

12* Bam

(n u llio aS )

AU 4 

23* AC 

II* Bam

(m illioaS)

Aft 5 

23* AC 

24* B am 

(mtUioa S)

Aft 6. 

23* AC 

30* Bam

(m illioaS )

Aft 7 

25* AC 

36’ Bam 

(nullioaS)

0 3.13 3.33 3.32 1.70 i n 4.06 4.25

3 0 0 1 0  01 0 .0 1 0.01 0.01 0.01 001

10 0.07 0.07 0.07 0 0 7 00 6 0 0 6 a.06

13 0.02 0 0 2 0 0 2 0.02 00 2 0 0 2 0.02

20 0.06 0.03 0.03 003 0.03 0.05 0.03

23 0.02 0.02 0.02 0.02 00 2 0.02 0 0 2

30 0 0 4 0 0 4 0.04 0.04 00 4 0 0 4 0 0 4

33 0.02 0 0 2 0.02 0.02 00 2 00 2 0 0 2

40 0 0 3 0.03 0.03 0.03 003 00 3 0.03

43 0 0 2 0.01 0 0 1 OOI 001 ooi 0.01

30 0.00 0.00 0.00 000 0 0 0 0 0 0 0 0 0

T ou t 3.44 361 3.79 3 97 4.15 4 3 2 4.31

O U T P IJ T  -  E C O N O M IC A N A L Y S I S - l S E R  C O S T S  (2 5 ’M.

Year AU 1 

23* AC 

O 'B am

(nulU oaS)

All 2 

23* AC 

6* Bam

(m illio a f)

A h 3 

23* AC 

12* Bam

(Bullion S)

AU 4 

23* AC 

II* Bam

dm llioaS)

Alt 5 
23* AC 

24* Bam

(mtUioa S)

Aft 6  

25* AC 

3ti*Bam  

(m llio a S )

Aft 7 

23* AC 

36* Bam 

(nulboa S)

0 000 000 0.00 000 000 OOO 000

3 21.34 21.33 21.32 21.31 21.30 2129 2121

10 2313 2311 23.79 23.77 23.73 23 73 B .71

13 19 71 19 69 19 67 1963 19 63 19 62 19 60

20 16.21 1626 16.23 16.23 1621 16.19 16 I I

23 13.44 1342 13.41 13.39 13.37 1336 13.34

10 11.09 11.07 11.06 1104 11.03 1102 1100

13 9.14 9 13 9  12 9 II 9 0 9 90S 9 0 7

40 7.34 7 53 7 32 731 7 3 0 7 49 7 4 1

43 621 6.21 6.20 6.19 6.11 6 1 7 6.16

30 3 12 3 12 5.11 5.10 5.09 5 0 1 5 0 1

Total 140.72 140.37 140.43 14029 140.16 140.02 13919

O IIT P I JT - IM T IE M E J T T A L  BiC A N A 1 .Y S 1 S I2 S " ]

AU A*ency

C m

(S)

Uam

C M

(S>

Incremental

Cm

(S)

InciiawBtal

Benefit

(I)

iBcxa— atal

B/C

RMo

1 3431631 140716253 0 0 -

2 3613796 14OS713I0 175165 144743 0 1 3

3 3793105 140429971 179309 141539 0  79

4 3961914 140291364 175109 131407 0 7 9

3 4143006 140136221 176092 I3J343 0.77

6 4321367 140023173 176361 132341 0.75

7 4307632 139*94455 116265 129419 0.69

Discounted Agency Cost vs. Age

I Alt I. 
I Alt 2. 
I Alt]. 
I Alt 4. 
I Alt S. 
I Alt 6. 
I Alt 7.

5 10 IS  M  15 »  JS «  45 50

Pavement Age (Years)

Discounted User Cost vs. Age

a s i o i s m 2 S M J S 4 a 4 S s a  

Pavement Age (Yean)

I Alt I. 
I Alt 2. 
I Alt ]. 
I Alt 4. 
I Alt 5. 
I Alt 6. 
I Alt 7.

Incremental Benefit to Cost Ratio

tea
sm
m
m
m
m

m m3 N2TM 
Incremental Coat ($)

im
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APPENDIX T :
NYSDOT Flexible Pavement - Performance Optimization Trials.

Contents:
Table T - l : NYSDOT Flexible Pavement - Performance Optimization - 3" HMA Trial. 
Table T-2: NYSDOT Flexible Pavement - Performance Optimization - 4" HMA Trial. 
Table T-3: NYSDOT Flexible Pavement - Performance Optimization - 5" HMA Trial. 
Table T-4: NYSDOT Flexible Pavement - Performance Optimization - 6" HMA Trial. 
Table T-5: NYSDOT Flexible Pavement - Performance Optimization - 7" HMA Trial. 
Table T-6: NYSDOT Flexible Pavement - Performance Optimization - 8" HMA Trial. 
Table T-7: NYSDOT Flexible Pavement - Performance Optimization - 9" HMA Trial. 
Table T-8: NYSDOT Flexible Pavement - Performance Optimization - 10" HMA Trial. 
Table T-9: NYSDOT Flexible Pavement - Performance Optimization -11" HMA Trial. 
Table T-10: NYSDOT Flexible Pavement - Performance Optimization -15" HMA Trial 
Table T-l 1: NYSDOT Flexible Pavement - Performance Optimization - 20" HMA Trial 
Table T -12: NYSDOT Flexible Pavement - Performance Optimization - 25" HMA Trial
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Tible T-l: NYSDOT Fleiiblt Pivemcnt - Performing Qptimimtioii - 3" HMA Tri»l

OUTPUT- PREDICTED ROUGHNESS f3 "  HMA*.
All 1. 
3* AC 

O' Bm  

(ntai)

AMI 
3'AC 

6* Bub

(ratal)

Alt). 
)' AC 

12* Bub

(ratal)

AM 4. 
3'AC 

i r  Bu*
(mftm)

AMS. 
3* AC 

24’ Bau
(B rim )

AM 6 

3* AC 
30* Baa*
(oVmi)

AM 7 
3* AC 

36* Baa*
(ratal)

Tcraunal
Ifluthnu

[mfaAail*

R o u g h n e s s  v e r s u s  P a v e m e n t  A g e

-n

4  ” *
0 0 0 0 0 0 0 0 170

i *

i  ’«

1 »  M U0
J  •

5 32 31 31 30 29 29 21 170
10 31 31 37 36 35 34 34 170
IS 43 42 41 40 39 39 31 170

.......................  ■ -
20 47 46 45 44 43 42 41 170
25 30 49 41 47 46 45 44 170
30 S3 32 Si 30 49 41 47 170

35 S6 S3 54 53 51 50 49 170 •  S 1 8  1S 2 8 2 S 3 8 J 9  48 4 S 5 0  

Pavement Age (Years)
♦  AM 1. AM 4. - fa -  AM 7.
•♦■ A M I AM S. HfaTcnabad 

AM 1  ^fa AM 6

40 J* 31 36 35 54 53 51 170
45 62 60 39 38 56 55 54 170
50 64 63 61 60 39 57 56 170

Total

OUTPUT - PREDICTED RUTTING f l "  HMA*.
Yor AM I. 

I'AC 
0*Bua

(mil)

AMI 
3* AC 

6* Rub

(mil)

AM)
3* AC 

12* Bub 
(mb)

AM 4. 
3* AC 

II* Bu*
(mb)

AM 5 
3* AC 

24*Baa*

(mb)

AMO 
3* AC 

30* B*u
(mb)

AM7 

3* AC 
36* Baa*
(mb)

Tttnuml
RutUn|

limb)
85

^  64
■3
3  o j
a*
f  62
a
•  l !  

•

R u t t i n g  v e r s u s  P a v e m e n t  A g e

5 0.24 023 022 022 022 0 22 022 0)8

10 027 026 0 26 025 0 25 0 25 025 0)1

15 030 029 021 028 0 27 027 0 27 0)8 f20 032 030 030 0 29 0 29 0 29 0 29 0)8

25 033 0)2 031 0)1 0)1 0)0 0 30 0)8 J
30 035 0)3 0)3 032 0)2 0 32 031 0 38 *• *  ---------
35 036 0)3 034 0)3 0)3 0)3 0)3 0)8 •  S I 8 i a  2 0 2 S J O i S 4 6  4 5 S a

Pavement Age (Years)
♦  AM 1. ■ * »  AM 6  AM 7.

AM 1  AM S. * ♦ “ Tambaal 
•^■AMJ. ^ f a  AM6

40 037 036 0 35 0.35 034 034 034 0 38

45 0 39 0)7 036 036 035 033 035 038

50 0.40 0.31 0)7 0.J7 036 036 0)6 0.38
Total

o i m ►UT- 1’REDH:t e d <: r a c k in g  (}" a i m
AM 1. 
3* AC 

0* Bait
(fat)

AMI 
3'AC 

6* Bub 

(fat)

AM)
3* AC 

I2*Bbu

(fat)

AM 4. 
3* AC 

II*Bau 

(fat)

AM 5 
3* AC 

24*Bau 
(fat)

AM 6 

3* AC 
30* Bu* 

(fat)

AM 7 
3* AC 

36* Bau 

(fat)

T h e r m a l  C r a c k in g  v e r s u s  P a v e m e n t  A g e

0 s  
&  88

?  *
*  „

5 60.91 6363 6639 692? 7127 7541 7541

10 40.74 42JI 44 J6 4628 4829 30.31 30.38

15 3118 33J8 3504 3655 3814 3910 3910 to

20 27.22 28.40 2964 30.92 3126 33 66 33 66 ?  Jl
25 23 91 2495 260) 27.16 2833 29 56 2956 U  2 0

30 21.50 2143 23.41 24 42 25.48 26.59 2659 18

35 1966 2051 2140 2133 23 30 2431 24)1 1 5 18 IS 28 29 50 35 48 4S

Pavement Age (Years)
^►AM 1. « ^ A M 4 . -fa *  AM 6  
^ A * l  ^faAM S. ^ fa A * 7 .
^ * A M i .

40 I I 19 1898 19.80 20.66 2156 2149 2149

45 16.98 1772 1849 1919 20.13 2100 2100
50 1197 1667 1739 1814 1893 19.73 1975

Tufa
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O U T P U T  .  P R E D IC T E D  R O U G H N E S S  (4 "  H M A i

Year Alt 1. 
4* AC 

0* Baa*
(mtau)

All!  
4-AC 

6* B ur

(itttaO

Aft 3. 
4* AC 

12* Bau
(htai)

All 4. 
4* AC 

18* Bau

CnftnO

Aft 5. 
4* AC 

24* Bau
(iafoai)

AH 6  
4* AC 

30* Bau 

fortnO

Alt 7 

4* AC 
36* Bau
lia/tm)

Tcvmmal
Inmhaaai R o u g h n e s s  v e r s u s  P a v e m e n t  A g e

r̂
 13*

l  -
■ai
at •

0 0 0 0 0 0 0 0 170
5 31 37 36 35 IS 34 3) 170
to 46 45 44 43 42 41 40 170
IS 51 50 49 46 47 46 45 170

120 56 54 53 52 51 50 49 170

IS 00 51 57 56 54 33 52 170
30 63 62 60 59 38 57 53 170 ^  ~ '*' " “
35 67 65 64 62 61 60 SI 170 8 S 18 19 20 29 38 35 48 49 58 

Pavement Age (Yean)
- ♦  AM 1. ^ ta A 8 4 . Mta A87.

AH2. AR 3. '♦ •T tn ta u l

40 70 61 67 65 64 62 61 170
45 73 71 70 66 67 65 64 170
50 76 74 73 71 69 68 66 170

Total

OUTPUT- PREDICTED RUTTING (4” HMA).
Alt 1.

0* Bm

(intfe)

All 2.

6* Bau
(inchl

AM)

12* Ban
(inch!

All 4

II* Bau
(iwfa)

Ait 3

24* Bau
(tod))

Alt 6

30* Bau 
(mdO

AH 7

36* Bau
(inch)

Ttnremi
Ruttmf

(inch)

R u t t i n g  v e r s u s  P a v e m e n t  A g e

^  M 
*8I 8J 
W
J  82
a

8

j 0 24 023 023 0.22 022 0.22 022 0 31
10 027 026 026 0 26 025 0.25 025 0 31
IS 030 029 026 026 027 0 27 027 0 31
20 032 031 030 0.30 029 029 0 29 0 31

IS 033 032 031 031 031 0 30 030 031 J
30 035 034 0.33 0.32 0 32 0.32 0 32 0 31 4  ---
35 0 36 035 034 034 033 0 33 0 33 031 8 5 I 8 I S  28 29 J 0 3 S  48 49 S8 

Pavement Age (Yean)
• ♦ A M .  ♦ *  A84. AH 7.
“ta" A l t  « ♦ ■  AR S. HHTavanaal 
• ^ A l i  ^ t a  A 88

40 0 31 036 035 035 035 034 0 34 0 31
43 039 0.37 0.37 0.36 036 033 0 35 0 31
50 040 0.31 0.38 0.37 0 37 036 0.36 0 31

Total

OUTI>UT -  P R E D IC T E D  C R A C K IN G  (4" UMM
Alt 1 
4* AC 

0* Bau 
<ta«

Ait 2. 
4* AC 

6* Bau 

(fat)

All 3. 
4* AC 

12* Bau

(M3

All 4. 
4* AC 

II* Bau
(tat)

A* 5 
4* AC 

24* Bau
(Mt)

Ait 6 

4* AC 
30* Bau 

( ta t )

All 7 
4* AC 

36* Bau 
( ta t )

Thermal Cracking versus Pavement Age

0 iZ 
f  "

5 6026 62.1? 65 60 68.45 7142 74 52 74.32
10 40.06 41.79 4361 45.50 4747 49 53 49 51
IS 31.34 32.91 34.34 35.81 3738 3901 3901 SA m

a ) 26.63 27.7* 26.99 30.24 3IJ6 3192 3292 2 J'
25 2333 24 36 25 41 26.52 2767 2817 2817 U 28

30 20 97 2 i.a 2263 23 82 24.65 23 93 23.91 18

35 19.15 1990 20 64 21.75 2169 23 61 23 68 8 5 18 19 2 8 2 9 3 8 3 9 4 8 4 9  

Pavement Age (Yean)
♦  A l l .  ♦ A l i  ♦ A l l  
^ A 8 2 .  * A » 9 .  ta^ A B 7.
♦  A l l

40 17.70 16.47 1927 20.10 2098 2118 2118
45 16.51 17-23 1796 t876 1957 20.42 20.42
50 15.52 16.19 16.69 17.61 1839 1919 19.19

Total
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OUTPUT - PREDICTED ROUGHNESS (5” HMAX
Yew All t. 

5* AC 

0* Bum

AH 2  

5* AC 

6* B u t

Att 3 

5* AC 

12* B m  

(to tal)

AH 4. 

5* AC 

IS*Bue

Hntai)

AH 5 

5* AC 

24* B m

(iataO

AH 6  

5* AC 

30* B m  

(iotas)

AH 7 

5* AC 

36* Bate

(ta ta i)

Tonunet

i n i | |w s

mcVtrok
S "

Roughness versus Pavement Age

0 0 0 0 0 0 0 0 170 ■ | i »

3  I N

I "
3at •

5 43 42 41 40 39 11 37 170

to 51 50 49 41 47 46 45 170

i15 51 56 35 54 33 52 so 170

20 63 61 60 59 57 56 55 170

25 o7 o£ 64 63 61 60 59 170

30 71 70 61 67 65 64 62 170

35 75 74 72 70 69 67 66 170
P a v e m e n t  A g e  ( Y e a n )

AH 1. AH 4. t e t e  AH 7. 
- 6 “  AH 1  ^  AH5. ^ T a m l a a l  
- • P A H  3. ^ t e »  AH 6

40 79 77 75 74 72 70 69 170

45 12 10 79 77 75 74 72 170

50 16 14 12 10 71 77 75 170

Tout

O U T I * U T -  I>REDHr a m I I J T T U s a  < 5 " QMAl
Yew A M  

5* AC 

0* Dew

(inch)

AH 2  

5* AC 

6* Bw*

(11*6)

AH). 

5* AC 

12* B m  

(inch)

AH 4 

5* AC 

I F  B m  

( « h )

AH 3 

5* AC 

24* B m  

(B*h)

AH 6  

5* AC 

30* B m  

(inch)

AH 7 

5* AC 

36* B m  

(inch)

Tmnmal

Rumnf

(tncH)
6 5  

^  6 4

I  0 ,
a

*  0.1 

0

Rutting versus Pavement Age

0 000 0 0 0 0 0 0 000 0 0 0 OOO 0 0 0 0 31 - a  a  a -
5 0 24 023 023 022 0 22 022 0  22 0 )1

10 0 27 0 26 0  26 0 25 025 025 0 2 5 0 31

15 030 0 29 0  21 0 21 0 2 7 0 27 0 27 0 ) 1

20 0 32 0 3 0 0  30 029 0 2 9 0 29 0  29 0 ) 1

25 033 0  32 0 )1 031 0  31 0 30 0 3 0 0 31 J
30 0.3S 033 0  3) 032 0 ) 2 0 ) 2 0 ) 2 0 ) 1 *
35 036 0 3 5 0.34 0.34 0 33 033 0  33 0 ) 1

Pavement Age (Yean) 
♦  A H I. ^ * A H 4 .  - 4 t e  AH7.

40 0 37 0 3 6 033 0  35 0 )4 0.34 0  34 0 31

45 039 0 37 0 ) 6 0.36 0.36 0.35 0 ) 5 0.31

50 040 0.31 0.31 037 0.37 0 3 6 0 3 6 0.31
^  AH 1  *  AH S. ♦  T u a H a l  

A H 3. ^ » A H 6
Tout

O U T I ' U T -  1’REDI1r a m : r a o ONGfir  HM/u
Yew ah  t. 

J* AC 

0 * B m  

(te l)

a h i  

5* AC 

6* Saw  

(tel)

A ft)

3* AC 

12* B m  

(tel)

AH 4. 

5* AC 

II* B m

(te l)

AH 3 

5* AC 

24* B m

(te l)

AH 6  

5* AC 

30* B m  

(tel)

AH 7 

5* AC 

36* B m  

(tel)

Thermal Cracking versus Pavement Age

0 SS  M
f a  
¥ „

5 5955 6 1 1 ) 6413 6764 7057 73 63 73.63

10 3931 41.09 4117 44 73 4667 4669 4 669

>5 30.92 3126 3366 35.12 3664 3623 3623 (/»
20 26.04 27.17 2135 2951 3016 3120 3120 I *
25 2110 23.7* 24.12 2519 2702 2119 2619 u n
30 20.43 21.33 2126 2312 2413 25.21 2521 it
35 tt-65 1946 2030 21 11 2110 23 06 23 06

Pavement Age (Yean)
^ N A H K  - * » A H 6  ^ A H 6  
^ ^ A H l  • ♦ ‘ AH 6  H t e  A H 7. 
♦  A H l

40 17.22 1797 IMS 1956 20.41 21.30 2130

45 1605 16.75 1741 1623 1903 19.15 1915

50 ISOt 15.7) 1641 17.12 1717 1664 1664

Tout -
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T«bte T-4: NYSPOT Flexible Pivtmral - Perfonnince Opliaization - <" HMA Trial.

OUTPUT- PREDICTED ROUGHNESS (6" HM Al
Ymr All t. 

4* AC 

0*8mr

AMI 
6* AC 

6* Ban
(«vtai)

AM 3. 
6* AC 

12* Bate
(uvnu)

AM 4. 
6* AC 

II* Bur

(mtai)

AM 5 
6* AC 

24* Brm

(ntai)

AM 6. 
6* AC 

30* Brm

inftni)

AM7 
6* AC 

36*Brm

(iitai)

Terminal
frmUhnw

mcMmla
S  *

R o u g h n e s s  v e r s u s  P a v e m e n t  A g e

0 0 0 0 0 170 ^  IN

2  IN

I  NM•R9
£  0

5 41 46 45 44 43 43 42 170

10 57 56 55 54 52 51 SO 170

13 64 63 61 60 59 57 56 170

20 70 61 67 65 64 62 61 170

y 74 T\ n 70 61 67 65 170

JO 79 71 76 74 73 7| 69 170

35 14 12 10 71 77 75 73 170
Pavement Age (Yean)

• ♦ A M I . AM 4. -4 ^  AM 7. 
- ^ A M i  • ♦ A M S  ■ ♦ T tm taa l

AM 3. AM 6.

40 IS 16 14 12 to 71 n 170

45 92 90 u 16 u 12 40 170

50 95 93 91 19 n 15 S3 170

Tool _ — _ — - -

OIJTI> tn r - 1 'R E D H c t e d i h i t t i n g  ( 6 Mf l M A l

Yaw Alt i. 
6* AC 

Q*Baw
(inch)

AMI 
6* AC 
6* BMt
Until)

AM 3 
6* AC 

12* But
(ukM)

AM 4. 

6* AC 
18* Brm

(inch)

AM 5 
6* AC 

24* Brm

(mch)

AM 6. 
6* AC 

30* Bur

(inch)

AM7 
6* AC 

36* Brm

(inch)

TermmaJ
Runmf

(inch)

R u t t i n g  v e r s u s  P a v e m e n t  A g e

•8
1  0J
M
3 <u
a
*  <li 

•

______________________
1 0 24 023 0 23 022 022 022 o n 0)1

10 0 21 0 26 026 026 025 025 025 031

15 0 30 029 021 021 0.27 0.27 027 0 31 f20 0 32 0 31 0 30 0 30 0 29 0 29 029 0)1

25 0 33 0 32 032 031 031 031 030 0)1 J
30 0 35 034 0.33 0)2 032 0.32 0.32 031 *
JS 036 0 35 034 0)4 0 33 033 033 0 31

Pavement Age (Yean)
♦  ami. ^^A M 4. -*■ AM7.

AM 1 ^ N a M S  ♦  Terminal
AM 3. AM 6.

40 0 31 036 035 0)5 035 034 0)4 0)1

43 0 39 0 37 0 37 036 036 0 35 0)5 0)1

50 040 0 31 0 31 037 0)7 036 036 031

Total

■ Q in j•ITT - 1’ B E D H r m > < ''RACKING <6” HMAL
Year AM 1 

6* AC 
0*Bw  

(CM)

AM 2. 
6* AC 
6* But 

M

AM)
6* AC 

12* But 
(tael)

AM 4. 

6* AC 
I1*Bhc

<IM)

AM 5 
6* AC 

24* Bm  

(fcn)

AM 6. 
6* AC 

30* But 
(fart)

AM 7 
6* AC 

36* Brm 

(Cm )

T h e r m a l  C r a c k i n g  v e r s u s  P a v e m e n t  A g e

0 8
£  M

I n

1 N

5 5114 61.39 64.06 66. M 6974 7176 7176

10 31.71 40.39 42.15 43.77 4511 4717 47.17
15 30.30 31.62 3199 34 42 35.92 3747 3747 V)

20 25.47 26.51 2773 2193 30 19 31.50 31.50 I *
25 22.26 23.22 2423 25.21 26.31 27 32 27 52 U  2t

)0 19.94 20.10 2171 2165 23.63 24.65 24 65 11

35 IB. 17 11.95 1971 20.63 2153 2146 2146 •  5 l i  IS 20 23 JO 35 40 43 

Pavement Age (Yean)
♦  AMI. ♦  AM4. ♦ a m i
♦  ami. ♦ • A M S  ♦  AM7.
♦  AMS

40 16.76 17 49 1124 1903 1916 20.72 20.72

45 1561 16.21 16.99 17.73 1150 1930 19.30

50 14.65 15-21 15.94 16.63 1736 1111 t i l l

Tout
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T ib te  T -5 ; N V S P O T  F l t i ib le  P iv c m c n t  -  P t r f o m u n c e  O p tim in t io a  -  7 "  U M A  T r i iL

O U T P U T  -  P R E D IC T E D  R O U G H N E S S  <7" H M A t

Year All 1. 
7* AC 

0* Buc
(nrtni)

All I  
7* AC 

6* Baaa
(total)

Alt 3 
7* AC 

12* Baaa
(uVnu)

Alt 4. 
7* AC 

II* Buc
(mfta)

Ah 5 
7* AC 

24* Baaa
(ortm)

Ah 6. 
7* AC 

30* Baaa
(uvtaO

Ah 7 
7* AC 

36* Baaa
(j^n)

Tmzunal
1

mchteh

Roughness versus Pavement Age
S  ” •  
a
^  IM

a IM

i »an
9

£  •

0 0 0 0 0 0 0 0 170

5 52 51 50 49 41 47 46 170

10 63 62 60 59 56 56 55 170

is 71 69 61 66 65 63 62 170

____________

20 77 75 74 72 70 69 67 170

25 n 91 T9 TT 75 74 77 170

20 r 16 14 12 n 71 76 170
15 92 90 U 16 14 12 11 170 •  5 I 6 I 5  2 9 2 3 J 9 3 3 4 6 4 5 S 6  

Pavm nl A |t (Yean)
♦  AMI. ^ A h 4 .  - * ■  Ah7.
^ » A M L  Ah* Terminal 
^■A M J. Ah6

40 97 94 92 90 a 16 14 170
45 101 99 97 94 92 90 U 170

50 103 103 101 90 96 94 92 170

Total

O U T I • t r r - 1 PR ED IC TED  R U T T IN G  (7 "  H M A k

Y«*r Alt 1 
7* AC 

0* Baa*
(mch)

Alt 2. 
r  ac

6* Bata
(inch)

Ah 3 
7* AC 

!2*Baac
(inch)

Ah 4
r  ac

II* Baa*
(nch)

Ah 5 

7* AC 
24*Bata
(inch)

All 6 
7* AC 

MT Baaa
(mch)

All 7

r  AC
36* Baaa
(mch)

Terminal
Rutunf

(mch)
U

A  64 
*8
S  # j
a*
!  *2 
a

*  u

•

Rutting versus Pavement Age

5 0 24 023 0 23 0 22 0 22 022 022 0 31
10 0 2S 0 27 0 26 026 023 023 025 031

15 030 029 0.21 021 021 027 027 031

20 0 32 031 030 030 0 29 0 29 0 29 0 31

25 034 0 32 0 32 0.31 031 011 031 031
30 033 0.34 0 33 0 33 032 032 0 32 0 31

)5 0 37 033 0 34 0 34 0 34 033 033 0 31 0 S l t l 3  2 a Z S M i 9 4 a 4 9 3 a

Pavement Age (Yean)
"••A M I. kfr>Ah4. t e t e A h t  

AM2. Ah* ^KTarmhte 
AM* Ah6

40 0 31 0 36 036 035 035 035 0 34 o n

45 0 3? 0 31 0 37 036 036 036 0 35 0 31

50 040 0 39 0 31 0 37 0 37 037 036 0 31

Tout

O U T P U T -  P R E D IC T E D  C R A C K IN G  (7 "  H M A k

All 1. 
7* AC 

0* Baa*
(CM)

AA 2. 
7* AC 
6* Bate
(tel)

Ah 3 
7* AC 

12*Baa*
(CM)

Ah 4. 
7* AC 

IT Baaa
(tel)

Ah 5. 
7* AC 

24* Baaa
(CM)

Ah 6 
7* AC 

30* Baaa 

(tel)

Ah 7 
7* AC 

36* Baaa 

(tel)

Thermal Cracking versus Pavement Age

0 5  7*
^  M 
aa
S SB
*

5 5*15 6067 6130 66.05 6*91 7190 7| 90

10 3106 3971 4143 4323 45 11 4706 47 06

(5 2? 70 30.99 3134 33.74 35 20 3673 36 73 t/J

20 24.91 23.99 2712 21.30 2952 3011 3011 g  J .

23 2174 2161 23 66 24.69 23 76 26 SI i n U  2B

30 19.44 20 29 21.17 2106 23 04 24 04 24.04 IB
13 1769 11.46 1926 20.10 20.97 2I.SB 2 i n •  3 I B 1 9 2 B 2 9 J B J 9 4 B 4 9

Pavement Age (Yean)
♦  AML - ^ A i A  ^ te * M 6  
■♦•AMX. *  Ah* H te  AM7.
^ A h i

40 16.31 1701 1775 11.52 1933 20.16 20.16

43 13.17 13.13 16.32 1724 17.91 1*76 1*76

50 14.23 1414 15.49 16.16 16.16 17.59 1759

Total
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T i b le  T -< : N Y S D O T  F l t i ib le  P iv tm e n t  -  P e r f o r m ia c e  O p tim ization  -  g "  H M A  T r i iL

O U T P U T -  P R E D I C T E D  R O U G H N E S S f M '*  H M A l

Alt 1 

I* AC 

0* Bern

(m/rai)

Ah 2. 

»*AC 

6* Bm

(mAa)

AH). 

••A C  

12* Bam

( io ta )

All 4 

••A C  

I P  Bm

(HWtal)

AhS 

P A C  

24* Bam

(infou)

A h 6. 

P A C  

30* Bam

(inAw)

Ah 7 

P A C  

36* Bam

(mhni)

T « bbm I

lM |l m i

S *

Roughness versus Pavement Age

0 0 0 0 0 0 0 0 170 ^  IM

3  IM

l -
■A
3
O
as •

5 56 55 53 52 51 50 49 170
______________ — ■to 67 66 64 63 62 60 59 170

13 75 74 72 71 69 61 66 170

:o t2 10 79 77 75 73 72 170

25 n 96 •4 92 91 79 77 170

30 n 91 19 •7 •5 14 12 170 m  -.... . . . ,  -  —

15 94 96 94 92 90 N •6 170
0  S i a i S 2 0 Z S » 3 9 4 * 4 S »  

P a v e m e n t  A | e  ( Y e a n )

♦  A h l .  ♦ • A h  4. t a t a A H 7 .
- ^ A 1 2 .  • ♦ ■ A h !  • ♦ T e r a f c a l
♦  A I 3 .

40 101 101 99 97 94 92 90 170

45 lo t 105 103 101 99 96 94 170

50 112 110 107 103 103 100 91 170

Tout

O U T P U T -  P R E D I C T E D  1u r r r n s g  r i " H M A )

Alt 1.

O 'B am

(inch)

Alt 2

6* B u t

(inch)

All 3

12* Bam

(mch)

AM 4

II* Bam

(mch)

AHS

24* Bam

(inch)

A lt 6

30* Bam

(inch)

Ah 7

36* Bam

(mch)

Tm unal

Ruttmc

(inch)

Rutting versus Pavement Age

^  1 4

■5
£  4.3

J u

4

_

3 0 24 0 2 ) 023 0 22 022 0  22 0 2 2 0 31

10 0 21 0 2 6 026 0 2 6 025 0.25 0.25 031

15 0 1 0 029 021 0  21 027 0.27 0 2 7 0.31
f20 0 1 2 031 0.30 0 3 0 0 29 0 2 9 0 2 9 0 31

25 0 ) 4 0 ) 2 0 )2 031 031 031 0 30 031 J
10 0 ) 5 0 ) 4 0  33 0.32 032 0 32 0 32 0 31

13 0 ) 6 0 3 5 0.34 0 34 0 33 0 3) ■13) 0 31
4  5 14 15 24 25 30 35 4 1 4 5 5 4

P a v e m e n t  A g e  ( Y e a n )

^ A H I .  ♦ A l t !  - ♦ A h 7 .
* ^ t a A h 2. ■ ♦ A h !
♦ »  A h 3. ♦ ■ A H !

40 0 ) 1 0 3 6 035 0 ) 5 0 33 0 34 034 0 )1

43

SO

0 ) 9 0 ) 7 0 )7 0 3 6 0 ) 6 0 3 ) 0 ) 5 031

0.40 0 3 1 031 0.37 0 ) 7 0 ) 6 0 3 6 0.31

Tool

O U T P U T -  P R E D I C T E D  C R A C K I N G  r l r  HMA).
Alt 1. 

»*AC 

0* Bam  

(t a t )

Alt 2. 

r  a c

6* Bam  

(t a t )

A lt)  

r  AC 

12* Bam  

(ta t )

Alt 4 

P A C  

I P  8 am  

(taO

Ah 5. 

P A C  

24* Bam  

(t a t )

A h 6.

r  a c

30* Bam

(tat)

Alt 7 

P A C  

36* Bam  

(t a t )

Thermal Cracking versus Pavement Age

0 s
S  M

|  “

5 37 46 3995 62J5 65.26 6409 71.05 7105

10 17 42 39.04 40.73 42.30 44.34 4627 46.27

15 29 II 3 0 )1 3169 3307 34.50 3600 3600

20 2437 25.42 26 5) 27.61 2 i n 30.13 30.13 *5 *

25 21.22 22.14 23.11 24.11 2515 26.24 26.24 O  2B

30 1196 19.71 20 64 21.54 224? 23.44 23.44 11

15 17.2) 17 91 11.76 1951 2043 2 I J I 21.31
•  5 11 15 20 29 J i  39 4V 45

P a v e m e n t  A g e  ( Y e a n )

^ A l l .  - ♦ A h 4.
♦ • A h 2. ' ♦ A h S .  t a t a A 1 7 .
♦  A h !

40 1517 16.56 1727 I t  02 l l l l 1962 1962

45 1475 I5 J9 1606 1676 17 41 11.24 1124

50 13.12 14.42 1505 15.70 16)1 1709 17.09

Tottl
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T ib le  T-7: N YSD O T F lu ib le  P iv e m tm  -  P tr fo n n in c e  A n i lv .i l  -  9 ” H M A  T riiL

O U T P U T  -  P R E D IC T E D  R O U G H N E S S  (9 "  H M A ).

Alt 1. 

9* AC 

0*B m

(m /tu)

All 2. 

9* AC 

6* Bm

(taAmi)

AM . 

9* AC 

12* Bm  

(Bw'nn)

AM 4. 

9* AC 

II* Bm

luvtai)

AM 3 

9* AC 

24* Bm

(iaton)

AM 6. 

9* AC

30* Bm  

(in tai)

AM7

r  a c

36* Bm  

(inAnO

Tvnunal

[ncMmlo

Roughness versus Pavement Ager8 t9t

3 I N

1 -  
1 .

0 0 0 0 0 0 0 0 170

5 60 S t 57 56 55 53 52 170

^ —  - T ^ .
10 n 70 69 67 66 64 63 170

15 ao 79 77 75 74 72 70 170

u 96 14 12 10 71 77 170

25 ■H 92 90 U 16 44 12 170

30 100 97 95 91 91 19 17 170

IS 105 103 100 91 96 94 92 170
0 5 11 15 2 0 2 5 3 6 3 5 4 1  49 5#

P a v e m e n t  A | e  ( Y e a r s )

♦  AMI. ♦ A M  4. - 9 ^  AM 7.
♦ • A M  2. ♦ • A M S .  ^ T i m l u l  
* ♦  AM 3. ♦  AM 6.

40 110 101 105 103 101 91 96 170

45 115 112 110 107 105 103 too 170

50 120 117 114 112 109 107 105 170

Total — _ - — - -
o i m * U T -  1* R E D H [ T T E D I IU T T 1N G  <9" H M A ).

Yew Alt 1.

r  a c

0* Bm

(BKfa)

AH I  

r  a c  

6* Bm  

(inch)

A M . 

9* AC 

12* B a*

(inch)

AM 4

9* AC 

II* Bm

(acfe)

AM 3 

9* AC 

24* Bm

(inch)

AM 6  

9* AC

10* Bm  

(inch)

AM7 

9* AC 

36* Bm  

uneh)

Tvm nal

R tttng

(inch)

I S

M

*
5 , 1 3
M

3  u
a

*  M 
•

Rutting versus Pavement Age

3 0  24 023 023 022 0.22 022 0.22 031

10 0  27 0.26 0.26 0 2 6 0.25 025 0.25 0 1 1

IS 0 1 0 0.29 021 0.21 0 27 027 0 2 7 O i l

20 012 0.11 0.10 0.30 0 29 0  29 0 29 O i l

25 O i l 012 0.11 031 O i l 0 3 0 010 0.31

10 013 0 34 013 0 32 0 32 0 12 0 32 O i l

15 0 3 6 015 014 0 34 O i l 0  31 031 O i l
1 5 l i l S  20 25 J 6  55 4 S 4 S 3 e

P a v e a i e a l  A g e  ( Y e a r s )

ĤaM 1. AM 4 . «♦ AM7.
- ♦ - A M 2. ♦  AMS. ^ T r a M d  
♦ • A M  3. •♦ AM 6.

40 0  31 016 015 015 0 35 0.34 0 34 O i l

45 0 1 9 017 017 0 1 6 0 3 6 015 0 33 0  31

SO 040 O i l 0.31 0 J 7 0 37 0.36 0 3 6 0.31

Tool

O U T 1»U T - | ’ R E D H H U M : r a c > O N G  (5 > " D 1 W U

A M  

9* AC 

O'B m

A M I 

9* AC 

6* Bm

(Mm)

AMI 

9* AC 

12* Bm  

( M

AM 4 

9* AC 

II* Bm

(5m )

AM 5 

9* AC 

24* Bm

t r « »

AM 6 

9* AC 

30* Bm

(BM)

AM 7 

9* AC 

36* Bm  

(fa t )

Thermal Cracking versus Pavement Age

0 i
S  M

t m
5 56.71 S9.24 6111 64 49 67 29 7021 7021

10 )6 .7 t 1131 4005 41.71 4360 4549 45 49

15 2154 2977 11.07 32.41 33.12 35,29 3529

20 23.13 24.1? 25.94 2707 2124 2947 29 47 a  *

25 20.72 21.62 22J6 23.54 24.56 25 63 2563 0  2*

10 I t .  49 19.29 20.13 21.00 21.91 2196 2116 18

15 16.79 1752 1121 1907 1919 20.76 20.76
Paveaieal A g e  (Years)

♦  A M I. ♦ am  4 .  ^  A M I  
^ A M l  ♦ A M S *  ^ ^ A M 7 .
♦  A B J.

40 15.44 16.11 1611 1754 1130 1909 1909

45 14.34 1496 1561 1629 1700 17.74 17.74

50 13.43 14 01 1462 1525 15.91 16.60 16.60

Tottl -
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T ib le  T-«: N Y SD O T  Flexible P .v e m e n t -  Perform ance Q p tim izitio ii -  10" H M A  T r ill.

O U T P U T -  P R E D IC T E D  R O U G H N E S S  H O " H M A ).

All 1 

10* AC 

0* B m

(BvW)

AMI 

10* AC 

6* Bm* 

dotai')

AH 3 

10* AC 

12* Bi n  

(iotai)

AH 4 

10* AC 

i r  b * m

(ioAiii)

AHS 

10* AC 

24* Bm*

(tataO

AJl 6 

10* AC 

30* Bm* 

(into)

AH 7 

10’ AC 

36* Bm*

(in/m)

Temmai

Raufhnta!

nctrtmk
209

15*

3  100

i *X
2 •

Roughness versus Pavement Age

0 0 0 0 0 0 0 0 170

3 61 62 61 39 31 37 35 170

■ i ■ ■ ♦10 76 75 73 71 70 61 67 170

IS •6 14 12 10 7S 77 73 170

20 93 91 19 «7 13 13 12 170

15 100 <W 96 91 91 19 17 170

10 106 104 101 99 97 95 93 170

15 112 109 107 104 102 100 91 170
•  5 19 1 3 2 9 Z 5 J 9 J 9 4 0 4 9 3 6

P a v e a c a l  A g e  (Y e a n )

AH 1. AH 4  ♦  AH 7.
- ^ A H l  ^  AHS. ♦ T i w H * l  
♦  A X ! AH6

40 117 114 112 109 107 105 102 170

43 t22 120 117 114 112 109 107 170

30 127 125 122 119 116 114 III 170

Total _

Qun>UT- I’REDI1r m i i tirrruW f l P  H M A*.

Year AH | 
10* AC 

0* Bm*

(nth)

AH 2. 

10* AC 

6* B u t

(tack)

AH 3. 

10* AC 

12* Bus

dock)

AH 4 

10* AC 

II* Bm*

inch)

AH 5. 

10* AC 

24* Bm *

(inch)

AH 6  

10* AC 

10* Bm*

(inek)

AH 7 

10* AC 

36* Bm*

(inch)

Tanuml

Rximt

(inch)
15

_  64  
•81 63

h ,
K ,

0

Rutting versus Pavement Age

3 0 24 023 023 022 022 0 22 0 22 O il

10 0 2* 026 026 026 0.23 025 025 0 31

13 0J0 0 29 0 21 021 026 0 27 o n 0 31 f20 032 0.31 030 030 0 29 029 0 29 O il

23 0.34 032 0 32 0 31 Oil OJl 030 O il J
K> 0 33 0.34 033 032 0 32 0 32 0 32 0 31 *
13 016 035 0 34 034 0 33 013 0 33 0 31

P a v e a c a t  A ge (Y e a n )

♦  a h  l. ♦ A H l  ♦  AH7. 
- ♦ ■ 4 X 2 .  AHS. ^ ► T m X a e i 
< ♦ 4 X 3 .  AH6

40 0 31 036 0 33 035 0 33 0 34 034 O il

43 0 39 0.37 0 37 036 036 0 33 0 35 O il

30 040 031 0 31 037 0.37 036 036 0.31

Total

- Q i r n •U T  -  1’REDHCTEDiTRACIUNG(1Q“ HMAl
ah i

10* AC 

0*Bu« 

(fax)

AH 2. 

10* AC 

6* B ut 

(fax)

AH 3 

10* AC 

12* Bm* 

(fa*0

AH 4 

10* AC 

11* Bm* 

(fax)

AH 3 

10* AC 

24* Bm* 

(fax)

AH 6  

10* AC 

30* Bm* 

(fax)

AH 7 

10* AC 

16* Bm* 

(fax)

Thermal Cracking versus Pavement Age
1

0 i Z

’f *.

3 36.10 3134 6101 63.73 66.49 6931 69 31

10 36 16 3773 3937 41.OS 4116 44 72 44 72

13 2797 29.11 1043 31.77 33.15 34.59 34.39 co

20 23JI 24J2 2331 26.41 2763 2B.S2 21.12 i "
23 20.24 21.11 2103 2199 23.91 2502 23.02 U  2 0

30 11.03 I t t l 1963 20.4S 21J7 2129 2129 1 9

13 1633 1706 17 n 11.57 19.31 20 22 20.22
•  5 l i ! 9 2 X Z S J H J 9 4 X 4 9

P a v c i x i l  A g t  (Y e a n *

■ ♦ a h  1. ^ A H 4  - ♦ a x 6  
A H 1 ♦ A H S .  ^ * 4 X 7 .

- f a - A H l

40 1302 I5.6S 1636 1707 1711 11.51 IL5I

43 1394 14.53 15.11 15.64 1653 17 24 1724

30 13.04 13.61 14.20 14.12 15.46 16.13 1613

To*l
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T ib le  T -9: NY SD O T  F le iib le  P i v t m cnt -  P e r fo m ia c e  A m lv ii i  -  11" HM A T riiL

O U T P U T -  P R E D IC T E D  R O U G H N E S S  H I "  HMAY.

Yew AA I. 

II* AC 

0* Bom 

data ))

AA 1  

II* AC 

6* B m

(n taa)

AA 3 

II* AC 

12* B u i  

(ia ta i)

AA 4 

11* AC 

II* B m

(n tou )

AA 3 

II* AC 

24* B m

(mAw)

AA 6. 

II*  AC 

10* B m  

(intaO

AA 7 

II* AC 

36* B m  

(ia ta i)

TotbimJ

taighm si

ruKfawh

Roughness versus Pavement Age

f  *

IM

i
I m*m9
Oac o

0 0 0 0 0 0 0 0 170

s 67 65 64 62 61 60 » 170

10 •0 79 n 7S 74 72 70 170

IS to IS 16 14 12 II 79 170

s> n 96 94 92 90 U 16 170

/is 103 101 101 41 96 94 92 170

w 112 I09 107 104 102 too 91 170

IS I I I IIS 112 110 107 tos 103 170 0 S 10 15 2 0 2 5 3 6  35 40 45 56 

P a v e m e n t  A | c  ( Y e a n )

^ 4 1 1. ^ 4 1 4 .  -4 f a A A 7 .
A A L  AAS. Term inal 
AA3. AAA.

40 123 121 I I I IIS 111 110 101 170

43 129 126 123 120 I I I IIS 113 170

SO 134 131 12S 125 123 120 117 170

Total _ - — — — — - _

O U T P U T -  1’ R E D I C T E D  R U T T I N G  ( 1 1 '  I 1 M A ) .

AA 1. 

II* AC 

0* B uo

(inch)

AA 2 

II* AC 

6* Dm*

(inch)

AA 3 

II* AC 

12* B m  

(inch)

AA 4. 

11* AC

i r o m

inch )

AA S 

11* AC 

24* B m  

(neb)

AA 6 

II* AC 

W  B m  

(inefa)

AA 7 

11* AC 

36* B m  

(neb)

T«m»Bl

Rumn|

(mdi)

Rutting versus Pavement Age

■8
£  O J

K ,

0

■  ■ ■ ■ ■ ■ a0 000 000 000 o o o 0 0 0 0 0 0 000 O i l

s 0 24 023 023 0 22 022 022 022 O i l

10 021 026 0 26 0 2 6 0 25 025 025 0 31

IS 030 0 29 0 21 0 2 1 0 27 0 27 0 27 031

us 0 32 0.31 030 0 3 0 029 0 29 0 29 0 31

25 031 032 032 031 031 0 1 0 030 031

10 0.3S 0 34 0 33 0 32 0 32 032 0 32 0 31

IS 0 3 6 0 35 034 034 0 33 0 33 0 31 031 9 5 I 0 I 5 2 9 2 5 J 0 3 9 4 6 4 S 5 6

40 0  31 0 3 6 035 035 015 0 34 034 031 P a v e a i e a l  A g e  ( Y e a n )  j

♦  AA 1. AA 4  - * ■  AA 7.
AA 2. AA 5. Terminal

45 0.39 0 3 7 0 3 7 0.36 0.36 0 ) 5 0 33 0 ) 1

*0 0.40 0 3 1 0 3 1 0 37 0 3 7 036 036 0 31

Total

O U T P U T -  P R E D IC T E D  C R A C K IN G  H I "  H M A ).

AA 1. 

II* AC 

0* B uo 

(ft* )

AA 2 

11* AC 

6* B an  

(fax)

AA 1 

II* AC 

12* B m

(fax)

AA 4. 

11* AC 

11* B m  

( M

AA S 

II* AC 

24* B m  

( fa t)

AA 6. 

11* AC 

W  B m  

(fa t)

AA? 

II* AC 

16* B m  

(fa t)

Thermal Cracking versus Pavement Age

0 i »
i »
3  40

S 55.44 57 IS 60.36 6197 65 70 61.56 6636

10 35.33 1709 11.70 40.31 4113 43 96 4396

IS 2742 21.60 2915 31.14 12.49 33.90 33.90 t/j ) o

1  *
u

20 2110 23.79 24.12 25 90 2702 21.19 2119

25 19.76 20.62 2151 22.44 23.42 24 43 24 43

10 17.51 11.34 19.14 1997 20.14 2174 21.74 0

IS 13.93 16,62 17 34 1109 l t . l t 1969 1969 •  5 10 IS 20 23 30 35 40 45 

Pavtaeal Age (Yean)

^ H a A L. ^  A A A  ^ f a A A A .
^ f a A A l  AAS. f a f a A A T .
- * - A A 3 .

40 14.62 13.25 1392 1661 17 33 I tO t n o t
4S 1336 14.14 14.76 13.40 16.07 16,76 16.76

50 1267 1332 13.79 I4 J 9 15.02 15.67 1567

Total
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T i b k  T-lQ L ffV SD O T  F lt i ib le  Pavem ent -  Perform ance O ptim ization  - 1 5 ” H M A  Trial.

Q U T R U T  -..PREDICTED ROUGHNESS ( 1 5 "  HMA1
Alt 1. 

15* AC 

0* B uo

(in tai)

All 2. 

15* AC 

6* Baa*

(ratal)

Ail 3. 

IS* AC 

t2* Baa*

(ia ta i)

A lt 4. 

15* AC 

II*  Baa*

(ia ta i)

AHS. 

15* AC 

24* Baa*

(in tai)

Ait 6  

15* AC 

JO* Baa*

(intai)

All 7 

IS* AC 

36* Baa* 

(ra tal)

T s tn a c l

I n g h a m

DKh/tmU

Roughness versus Pavement Age
4  m

0 0 0 0 0 0 0 0 170 IS*

3  is*

I -
3 .

5 71 76 75 73 71 70 61 170

10 94 92 90 n K 14 12 170

15 105 101 101 99 96 94 92 170

20 115 112 110 107 105 103 100 170

23 123 120 111 i 15 112 n o 101 170

10 110 121 125 122 119 117 114 170

15 117 114 111 129 126 123 120 170 •  S l * I S 2 * ] 3 3 * J S « I S S *  

P a v M c a t  A g e  ( Y e a n )

A* 1. AB A  AB ?.
AB i ,  AB S. T .ra la * !

■  AB J .  A B 4.

40 144 141 111 135 132 129 126 170

45 151 147 144 14| 111 135 132 170

50 i n 151 150 147 143 140 137 170

Total - - - — _ _ _

OUTPUT- PREDICTED RUTTING ( 1 5 ”  IIMAL
y  m All 1 

15* AC 

0* Baa*

(inch)

A l l  

15* AC 

6* Baa* 

bach)

A ll)  

15* AC 

12* Baa*

bnch)

Alt 4 

15* AC 

14* Baa*

(inch)

All 5. 

IS* AC 

24* Baa*

(inch)

All 6  

IS* AC 

30* Baa*

(mch)

AA7 

15* AC 

36* Baa*

(inch)

Tonunal

Rutting

iwch)

Rutting versus Pavement Age

— * *  ■8
£  o j
a*

- J  6 2
a

■ *.i

i 024 025 022 0 2 2 022 0 22 021 0 31
■  ■  ■  ■ ■

10 0 2 7 0 2 6 0 2 6 0 2 5 025 025 025 031

15 0.10 021 021 0 2 7 0 2? 027 0 2 7 O i l
f20 011 0 1 0 0  30 0 2 9 0.29 0 29 0 2 1 O i l

25 O i l 012 0.11 O i l 0.10 030 0 1 0 O i l J
10 0 1 5 O i l 012 0 3 2 012 on 011 031

15 0.16 0 34 034 O i l O i l 0 33 012 O i l 6 5 16 IS 2* 25 36 55 40 45 30

P a v e m e n t  A g e  ( Y e a n )

All 1. AM 4. AM 7.
^ ■ A M L  AM5. ^ k T * r m i a a i  

AM3. AM6

40 0 1 7 0.16 015 0  34 0.14 014 0 34 O i l

45 O i l 037 0 1 6 0 3 6 015 035 0  33 0.11

50 0.19 0.11 0 J 7 0 3 7 0.16 0 J6 0 3 6 031

Total - - — _ - _ —

OUTPUT -  PREDICTED CRACKING f 15" HMA1
All 1. 

13* AC 

0*Baaa

■ M .

A l l  

15* AC 

6* Baa*

(hat)

A ll!  

15* AC 

12* Baa* 

(fc«)

All 4. 

15* AC 

II* Baa*

( to o

A lt5 

15* AC 

24* Baa*

(tot)

A 1 6  

13* AC 

10* Baa* 

(to t)

AH 7 

13* AC 

16* Baa* 

( to t)

Thermal Cracking versus Pavement Age

0 - - - — I *
3 49

5 52.16 55.15 5755 60.04 6165 63 37 65.37

10 31.21 14 65 16 15 17 72 3936 4107 41.07

15 25.30 2640 2735 21.74 2999 11 29 11 29 to 19
20 2016 21.77 2171 23.70 24.73 2510 2510 j jia
25 1796 1674 1956 20.41 2129 2121 2121 U 11
30 15.90 1659 17.31 1106 11.14 1966 1966 ■
IS 14.54 14.96 15.61 1621 1699 1773 1773 0  3 10 15 20 25 30 IS 40 45 

P sveM K M l Age (Yean)
♦  a m i .  ♦  A M I. ^ A M 6  
^ t o A M l .  AMS. ^ t o A M 7 .
- ^ A M  J.

40 11.11 13.61 1427 14.19 15.33 1621 1621

45 llll 1164 13 19 13.76 14.35 14.91 14.91

50 11 -29 11.71 1129 1112 13.31 13.96 13.96

Total -
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T ih t e T - l l :  N Y SD O T  F l t i ib t e P iv t m t n t -  P tr fo n a in c e Q p tim iz it io n - 2 0 ” H M A T r iiL

OUTPUT- PREDICTED ROUGHNESS( 2 0  " HMA).
AH 1 

20* AC 

0* Brm

(inAm)

AH 2. 

20* AC 

6* Brm

(intai)

All 3. 

20* AC 

12* Bm *

(total)

AH 4. 

20* AC 

H*Bm *

(tataO

AH 3 

20* AC 

24* Bm* 

(atai)

AH 6  

20* AC 

)0*Bmc

(mftm)

AM 7 

20* AC 

36* Bm *

(uktai)

Tcrmm)

lomHnwi

mchAul*

R o u g h n e s s  v e r s u s  P a v e m e n t  A g e

S  m
■ | 13*

S  tot

1 -Ma
£  .

0 0 0 0 0 0 0 0 170

5 17 15 S3 II 79 77 76 17010 104 102 too 97 95 93 91 170

15 117 114 112 109 107 105 102 170

20 127 124 122 119 116 114 III 170 J25 116 133 130 121 125 12 119 170

10 145 141 13* 135 132 129 126 170

IS 152 149 146 14] 139 116 133 170
Pavement Age (Yean)

* ♦ •  Aft 1. Aft 4. Aft 7.
AH 2. ^  AH 5. - ^ T e m l M )  

- * •  AftX AH 6

40 160 156 153 149 146 143 140 170

45 167 163 164 IS6 151 149 146 170

so 174 17D 166 163 159 155 1)2 170

Tout — _ _ _ _ _ _

o u n » i r r -1’ R E D I 1ZTEVli v n u H G f 2 Q 'HMA i .

AH t. 

20* AC 

0*B w

(mch)

AH 2 

20* AC 

6* Brm

(inch)

Aft] 

20* AC 

12* Bm * 

(msfa)

AH 4. 

20* AC 

II* Bm *

(tad!)

AHS 

20* AC 

24* Bm* 

(mch)

AM 6  

20* AC 

10* Bm *

(inch)

AM 7 

20* AC 

)6* Bm * 

(mch)

Ttnnn*!

RilOmf

inch)
14

a
M 12
12 i i

9

R u t t i n g  v e r s u s  P a v e m e n t  A g e

■ ■ H h * ’- *
0 000 000 000 000 000 000 000 0 31

S 0 23 022 021 021 021 0.21 021 0 )1

10 026 025 024 024 0 24 024 0 24 0 )1 f15 02S 027 027 026 0 26 0 26 026 01*

0) 010 029 0 21 0 21 0.21 0.27 on on J25 012 030 0 30 0.29 0 29 0 29 0 29 0 )1

10 0 33 012 031 0)1 0)0 010 0 10 0 )l *
IS 034 0 33 0 32 0 )2 0)2 O il 0)1 0 )S

Pavement Aft (Years)
AH 1. AH A -9h» Aft 7. 

^ ^ A H 2 .  ^ * A H i  ^ T t n W i l
AM J. Aft 6.

40 036 034 0 33 0)3 0 3) 0.12 0 )2 0 11

45 017 035 0.33 014 0 14 on 0 )3 0 )1

SO O il 036 0.36 0.15 0.3S 014 034 0 31

Tout _ — — _ —

OUT1> i r r -1> R E D H □ E I U ; r a o U N G  (J r  mL U

Yew AH 1. 

20* AC 

0* B u t

(ft*)

AH 2 

20* AC 

6* Bn* 

(fan

AMI 

20* AC 

12* Bm*

(Am )

AH 4. 

20* AC 

II* Bm * 

(ha)

AHS 

20* AC 

24* Bm * 

(ha)

AM 6  

20* AC 

10* Bm*

(ha)

AH 7 

20* AC 

36* Bm* 

(ha)

T h e r m a l  C r a c k i n g  v e r s u s  P a v e m e n t  A g e

*

0 i
£  M ? «

t/J 

1  *

| L

5 4911 5197 54.22 36.57 59 01 61.59 61.59

10 JO 50 31.12 1320 3464 16.14 1771 37.71

15 2119 23 IS 2492 2600 2713 2131 213120 1*67 19.49 20 33 212) 2113 2309 2309

25 15.95 16.64 1736 I I I ) 1190 1972 19.72 ( J  11

10 1402 1463 15.26 15.92 16.61 17.33 I7J3 0

15 I2J7 13.11 1361 1421 14.90 13.54 1554
•  5 IB 19 21 29 Jft Jo 40 49

Pavcacal Age (Years)
^ A l l .  Aft4. ^ A l i  

A ftL  * ^ A f t S  AM7.

40 1144 11.93 12.43 1199 13.55 14.14 14.14

45 10.52 10.91 11.45 11.95 12.47 13.01 13.01

SO 9.77 10.19 10.63 11.09 U J7 HOB 12.01

To* “ - - “ - ~ -
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T ib le  T-12: N Y SD O T  F lt i ib le  P avem m l -  P tr fo n n in c e  O p tim isation  -  25" H M A  T r i ll .

OU TPU T -  PRED ICT ED  ROUGHNESS (25" HMAU
Alt 1. 

25* AC 

0* Boat

(intai)

AM 2. 

25* AC 

6* B w  

(ib/toi)

AM 3 

25* AC 

12* B u t

(intai)

AM 4. 

25* AC 

19* B u t

(iatai)

AMS. 

25* AC 

24* B u t

(mm)

AM 6 

25* AC 

30* B u t

(iatai)

AM 7 

25* AC 

36* B u t

(ttai)

Tonuatl
Roughness versus Pavement Age

mehtaUt

j—i

«  "

■3 i»

3 i n

] »ataoat 9

■  ■ ■ ■ ■ ■ -  -  m m M
0 0 0 0 0 0 0 0 170

5 •6 15 93 91 79 77 76 170

to 104 102 100 97 95 93 91 170

IS 117 114 112 109 107 104 102 170

20 127 124 121 119 116 114 111 170 J25 134 133 130 127 124 122 119 170

JO 144 Ml 131 135 1)2 129 126 J70

35 152 149 145 142 139 1)6 133 170 •  5 1 B I 3  2 0 2 3 J 9 J 5  49 4 9 S O

Pavement Age (Years)

♦  a m i . Ah 4. tataA M 7.
AH 2. AM 5. ♦ “ T tra taal 
AMJ. ^ t a A M t

40 160 156 153 149 146 143 1)9 170

45 167 163 159 156 152 149 146 170

50 174 170 166 162 159 155 152 170

Tool

Q l T D * U T -  1’ R E D N HTED 1w n T IN G (2 5 ”  H M A l

Ym AMI 

25* AC 

0* B ut

(inch)

AMI. 

25* AC 

6* Bm«

(inch)

AM) 

25“ AC 

IT  B u t 

(nth)

AM 4.

25“ AC 

11’ B u t

(mdt)

AMS. 

25* AC 

24* B u t

(«*A)

AM 6 

25* AC 

30* B u t 

(tacfe)

AM7 

25* AC 

36* Buc

(inch)

Tununal

Rutting

(mch)
6.4

«

a  12

!
aat i i  

•

Rutting versus Pavement Age

0 000 000 0.00 000 000 000 000 0.39

J 021 0.20 0 19 0 19 019 0 19 0 19 0 31

to 0 24 023 0 22 022 022 022 021 0 39

15 026 025 0.24 0.24 024 023 023 0 39

20 027 026 026 025 025 025 025 0 39

25 029 029 027 027 027 026 026 039

30 030 029 0 29 029 029 027 027 0 39

35 031 030 0 29 029 029 029 0 29 0 )9
Pavement Age (Yean)

♦  AM 1. ■ ♦ A M  4. ♦  AMI 
■ ♦ A M I  - ♦ A M i  • ♦ T uM m I 
- ♦  AMJ. - ♦ A M I

40 0 32 031 031 0.30 030 030 0 29 0 39

45 0 33 032 0.31 031 031 030 030 0 )9

SO 034 033 032 032 0)2 0 31 031 0 39

Tout

Q i m * U T -  1’ R E D M [-TED CRACKING (25" HMA).

AMI. 

25* AC 

0*Buc

(tat)

AM 2. 

25* AC 

6* Brm 

(tat)

AM) 

25“ AC 

12* B u t

(fat)

AM 4 

25* AC 

IS* B u t

(tat)

AMS- 

25* AC 

24* B ut 

(tat)

AM 6. 

25* AC 

30* B u t 

(tat)

AM 7 

25* AC 

36* B u t 

(ruti

Thermal Cracking versus Pavement Age

0 -
I n

5 46.93 4196 31.09 53 30 5361 31.03 5903

10 2101 29 22 30 49 3191 33.19 34.63 34 63

15 20.71 21.61 2154 23.52 2454 25 61 25.61 «  "
20 16.72 1744 1120 1199 1911 20.67 20 67 3 “
25 14 16 14.77 13.41 16. Of I67S 1751 1751 o  I t

JO 12.36 1190 1346 14.04 14.65 I5.2S 15.29 t

35 11.02 II JO 1100 1152 1306 13.63 1363
Pavearcat Age (Yean)

♦  AM 1. ' ♦ A M  4. - ♦  AMI 
• ♦ A M I  ■ ♦  AMS. ■ ♦ A t? .  
- • • A M I

40 9.91 1041 10.96 IIJ3 11.12 I2J4 I2J4

45 9 14 954 9.95 I0JS 1013 II J0 11.30

50 145 112 9.20 9.60 1001 10.45 10.45

ToUl - - - - .. “ -
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APPEN D IX  U :
NYSDOT Rigid Pavement - Economic Optimization Trials.

Contents:
Table U -l: NYSDOT Rigid Pavement - Economic Optimization - 7" PCC Trial. 
Table U-2: NYSDOT Rigid Pavement - Economic Optimization - 8" PCC Trial. 
Table U-3: NYSDOT Rigid Pavement - Economic Optimization - 9" PCC Trial. 
Table U-4: NYSDOT Rigid Pavement - Economic Optimization - 10" PCC Trial. 
Table U-5: NYSDOT Rigid Pavement - Economic Optimization - 11" PCC Trial. 
Table U-6: NYSDOT Rigid Pavement - Economic Optimization - 12" PCC Trial. 
Table U-7: NYSDOT Rigid Pavement - Economic Optimization - 13" PCC Trial. 
Table U-8: NYSDOT Rigid Pavement - Economic Optimization - 15" PCC Trial.
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T i b l t  U - l:  N Y S D O T  R ig id  P a v e m en t ■ E con om ic O n tlm iza tio n  ■ 7"  P C C  T r ia l.

OUTPUT -  ECONOMIC ANALYSIS - AGENCY EXPEDITIJRE <7" PC O

Yesr Ah i. 

7* PCC 

[million?

Alt 2.

r  p c c

(million S3

Ah 3. 

7" PCC 

m illions

Ah 4.

r  p c c

(million S)

Ah 5.

r  p c c

[miilioa?

AM 6.

7* PCC 

[millions

All 7

r  p c c

[million S

Alt 1  

r  p c c  

[millions

Ah 9

r  p c c

[Bullion f

0 2.74 2.71 212 293 297 3.01 3.11 3.15 3.19

s 0 00 0.00 0.00 0.00 0.00 0.00 0.00 o r a o r a

10 0 19 0.19 0.19 0 19 0.19 0 19 0 19 0.19 0.19

15 000 a  oo 0.00 0.00 000 0.00 0.00 0.00 o r a

20 0.16 0.16 0.16 0 16 0 16 0.16 0.16 0 16 0.16

23 000 o r a OOO 000 0.00 o r a o r a 0.00 o r a

30 0.13 0.13 0 13 0 13 0.13 0 13 0.13 0 13 0 13

33 000 000 0.00 0 00 000 000 0.00 000 000

40 0 12 0.12 0 12 0.12 0 12 0 12 0 12 0 12 o i l

43 005 0.03 0.05 005 005 0.05 0.03 0.05 0 05

30 0.00 0 00 000 0 00 000 o r a 0.00 0.00 0.00

Tool 341 3 43 341 3.59 3.63 3 67 371 111 314

o i n T U T - ECONOMIC ANALYSIS - USER COSTS (7 * PC O

Year Ah l 

7* PCC 

[millions

All 2.

r  p c c

(million I)

Ah 3. 

7* PCC 

[millions

Ah 4.

r  p c c

(Bullion S3

Ah 5. 

r  PCC 

million S

Ah 6

r  p c c  

tmllioo?

Ah 7 

7* PCC 

[milliao?

Ah 1 

7* PCC 

[million S

Alt 9

r  p c c

[Bullion S

0 000 o ra 000 000 000 000 o r a 000 000
5 204 71 204.33 203 93 204 66 204.29 203 91 204 62 204.25 203*7

10 161.61 164 30 167 99 164 30 161 19 167.14 16141 161.09 167 71

15 I3I.S1 13162 131.37 131.73 131 41 131.22 131.60 13134 13109

20 114 39 114 11 113 97 114 22 114 01 113.10 11407 113.15 113 64

23 94 22 94 04 93 47 94.04 9317 93 69 9317 93.70 93.33

30 77 60 77 46 7732 77 42 77 24 77 14 77.26 77 12 76.97

35 63.92 63 10 63 64 63-74 6363 63.51 63 51 63.47 63.35

40 32.65 3135 3245 32.41 5231 32 29 52.33 32.23 5214

43 43.36 43 21 43 20 43.21 43 13 4305 4307 42.99 42.91

30 3371 33 65 33.54 3557 33.51 33.44 35.44 35 31 35 31

Total 994 04 992.22 990 39 99239 990 76 914.93 99123 919 42 917 39

o i n [TUT - INCREMENT,IL B /C ;ANALYSIS 17' PCO
Ah

No.

Atency
Com

(S3

Ukt
Com

(S)

ncranenti
Com

(S)

Incremental

Benefit
<S)

lacr.
B/C

Ratio

Incr.
B/C

Ratio**

1 3407424 994044207 0 0 - -

2 3445123 992216141 37701 1127366 41.47 41.47

3 34S2I39 990319473 37734 1427366 41.43 a .4 3

4 3393343 992344117 110414 •2199412 •19.91 —

S 3627242 990761321 33499 1127366 53.91 _

6 3664771 941934133 41536 1127366 44 00 7.13

7 3773339 991245315 106711 •2311360 •21.65 —

t 3109451 9194111a 33199 1127366 5391 —

9 3133753 917590712 26291 1127366 69.49 105

Discounted Agency C ost versus Age

]

I 13 
*

■I 1,5
° 5 
0

Alt I. 
AJt 2. 
Ah 3 
Ah 4.
Ah 3.
Alt 6 
Alt 7 
AltS. 
Alt 9

0 3 10 13 20 23 30 33 40 43 30

Pavement Age (Y o n )

Discounted User Cost versus Age

□  Ah 4

u 00

0 3 10 13 20 23 30 33 40 43 30

Pavement A f t (Yews)

Incremental Benefit to Cost Ratio
7

6
3

4

3

2

0
0 73433 219111 361133 42S332

37701 113919 261334 402034
Co*t(J)
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T a b le  U -2: N Y S D O T  R ig id  P avem en t -  E co n o m ic  O p tim iza tion  -  8"  P C C  T r ia l

OUTPUT - ECONOMIC ANALYSIS - AGENCY EXPEDITURE (8" PC O

Year Alt I.

r p c c

[Bullion!

All 2.

r p c c

(nulUoaS)

A ltl.

r  pc c

(Bullion S

Ab 4.

r p c c

(milliaaS)

All 5.

r p c c

[Bullions

Ab 6.

r p c c

[buIUo b S

Ah 7.

r p c c

(millions

Alt*.

r p c c

nullioaS

Ah 9.

r p c c

[nullioaS

0 296 300 304 3.14 3.1* 322 333 3.36 340

3 0.00 000 000 0.00 0.00 0.00 000 0.00 0.00

10 0.19 0.19 0.19 0.19 0 19 0.19 0.19 0.19 0 19

15 000 0.00 000 0.00 OOO 000 000 000 0.00

20 0 16 0.16 0.16 0 16 0 16 0 16 0 16 0 16 0.16

25 0.00 000 000 000 0.00 0.00 OOO 0.00 OOO

30 0.13 0.13 0 13 0.13 0.13 0.13 0.13 0.13 0.13

35 000 0.00 000 0.00 000 000 000 0.00 OOO

40 0 12 0.12 0.12 0.12 0 12 0.12 0.12 0.12 0.11

45 003 005 005 003 005 005 0.05 0.05 005

50 000 000 0.00 000 OOO 000 0.00 0.00 0.00

Total 362 366 370 111 3*4 3.IS 3.99 402 4.05

o n rptrr- ECONCmiCA NALYS I S .  U S E R  C O S T S  (H' PCO

Year Ah 1 

I* PCC 

[nuiltoQ S

Alt 2. 

r  p c c

(millions)

A b)

r p c c

[nullioaS

Ab 4.V PCC 

(million S)

Ab 3.

r p c c

[millions

Ab 6.

rpcc
[Bullions

Alt 7

r  p c c

[BulliooS

A b*

rpcc
[Bullions

Ah 9

r p c c

[Bullion 5

0 000 000 000 000 000 000 000 000 000

3 204.09 203.71 20333 204.04 203 66 203.21 204 00 203 62 20324

10 16*. 10 16779 1674* 167 99 16761 16737 16719 16751 167 27

15 131.46 13120 137 95 1313! 13*06 13710 1311* 13792 13767

20 114 04 11313 11362 1111* 113 66 113 45 113.72 11351 11330

25 91 93 93 76 93 39 93 76 9) 51 93 41 9) 39 93 42 93 25

30 77 37 77 23 7709 77 19 77 03 76 91 77 0) 76 t l 76 74

35 63 73 63.61 63.49 63.55 6343 63.32 63 39 63 27 63 16

40 3149 3139 3130 5132 5123 3113 5117 32.07 51.9*

45 43.23 43.13 43.07 430* 43.00 4192 4194 41*6 417*

50 3561 3534 35 41 35.47 35.40 35.34 35.34 35.27 3521

Total 991.04 909.21 9*7 39 9*9 59 9*7.76 9*5.93 9*1.24 916 42 9*459

GUI PUT- USCREiWENT/a  B/C/1NALYSIS (S'• p ro
Ah

No.

Ajency

Cm

<S>

Ukt

Cm

(S)

ntrtm tnu

Cm

<S)

Incm nm il

Benefit

(I)

locr.

BJC
Ratio

lacr.

B/C

Ratio**

1 3624113 991042106 0 0 — -

2 3651014 9*9214739 33199 1*27366 33.91 53.91

3 3699550 9*73*7373 41536 1127366 44.00 4400

4 3*06232 9*95167*5 106612 •2199412 •2062

5 3140132 9*7759419 33199 1*27366 53.91 —

6 3111667 9*5932053 41536 1*27366 44.00 7.99

7 390441 9*1243413 1067*1 •2311360 •21.65 —

1 4022347 9*6416047 33199 1*27366 53.91

9 4041645 9*4306*1 2629* 1*27366 69.49 *.03

D iscounted Agency C ost versus Age
4

3

2

0

■ Ab I.
■ Ah 1
■ Ab 3.
□ Alt 4
■ AhS.
■ Ab 6.
■ Ah 7
■ A ltl.
■ Ah 9

0 3 10 13 20 25 30 35 40 43 30

Pavement A*e (Yean)

Discounted User Cost versus Age

■  A ll] 
□  All I
■  A ll) 
S3 All 6
■  All 7

0  3 10 13 20 23 JO J ]  40 43 10

Pam neut A f t  (Yean)

Increm ental Benefit to Cost Ratio

0
0 73433 216017 364333 424330

33199 112117 237332 391232

Coat(S)
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OUTPUT - ECONOMIC ANALYSIS - AGENCY EXPEDITURE <9" PC O

Year AH 1. 

9* PCC 

[millions

AH 2.

9 -PCC 

(nullioaS)

AH 3.

9“ PCC 

[auIUoaf

Alt 4.

9* PCC 

(million S)

AHS 

9* PCC 

[aulUonS

AH 6. 

9" PCC 

[atilliooS

AH 7 

9* PCC 

million S

AH I. 

9" PCC 

! million f

AH 9. 

9* PCC 

[oulliaaS

0 1.17 321 1.25 3.36 3.39 3.43 354 131 3.51

5 0.00 0.00 000 0.00 000 ooo 000 0.00 000

10 0.19 0.19 0.19 0.19 0.19 0.19 0 19 0.19 0.19

15 0.00 0.00 000 000 OOO 0 00 000 000 0.00

20 0 16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16

25 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00

30 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13

35 0.00 0.00 000 0.00 000 0 00 000 0 00 000

40 0 12 0 12 0 12 0 12 0 12 0  12 0.12 0.12 O il

43 005 005 0.05 0.05 003 0.05 0.05 005 005

30 0.00 000 0.00 0.00 0.00 000 000 000 0.00

Total 3.M 3.17 3.91 4.02 4.05 409 420 4.24 4.23

Discounted Agency Cost versus Age
4

3

2

0
(0  (5 20 25 30 35 40 43 50 

P ivtiucm  Age (Yean)

Alt I 
All 2. 
Alt 3 
Alt 4
Alt 3.
Alt 6. 
AH 7. 
All I. 
All 9

OUTPUT»_ECONOMIC ANALYSIS - USER COSTS (9" PC O .

Year AH 1. 

9* PCC 

[million!

AH 2.

9“ PCC 

(nulttoa 5)

AH 3. 

9“ PCC 

[million S

AH 4 

9* PCC 

(millkm SI

AHS 

9* PCC 

[nullioaS

Ah 6 

9* PCC 

(millions

Alt 7 

9* PCC 

[million S

AH 1 

9* PCC 

[million S

Alt 9 

9« PCC 

[million S

0 000 000 000 000 000 000 000 000 000

3 203.46 203 00 202.71 203 42 203 04 202.66 20331 203 00 202.62

166.7610 167 39 167.21 166.97 167 41 167.17 16616 167 31 167 07

15 131.04 137.71 137 33 13719 13764 137 31 137 76 137 30 137 25

20 113.70 113.49 11321 11353 113.32 113 II 113 37 113 16 112.95

25 93 65 93 41 93.30 93.47 93.30 93 13 93 31 93.13 92.96

30 77 14 76.99 76.15 76.96 7611 7667 76.79 76 65 76.51

35 63.53 63.42 63.30 63.36 6324 63.13 63 20 63.01 6197

40 32.33 32.23 32.14 52.17 5207 51.97 52.01 51.92 51.12

45 43.10 43 02 42.94 42.95 42.17 42.79 4211 42.73 42.65

50 35.30 33.44 35 37 13.J6 35.29 35.23 35 23 33.16 35.10

Total 911.04 916.21 914.39 916.51 914.76 912.93 91524 913.41 911.59

o i n TUT - INCRE YIENT/VLB/C/ANALYSIS ( 9 "  PC O
AH

No.

A*ency

Ca«

<S)

Uacr

CM

<s>

Incr.

B/C

Ratio

Incr.

B/C

Ratio**

Cm

<*>

Benefit

(S)

1 3137005 911040004 0 0 - -

2 3170904 916212631 33199 1127366 53.91 53.91

1 3912440 914315272 41536 1127366 44.00 44.00

4 4019122 9163146*4 106612 •2199412 •20.62 _

5 4053021 914757311 33199 1127366 53 91 -

6 4094557 912929951 41536 1127366 44.00 799

7 4201331 915241311 106711 •2311360 •21.65

1 4239039 913413945 37701 1127366 41.47 -

9 4227320 911316579 •11711 1127366 •155.94 10.12

* •  C nM rhriag  vMbte cptiona.

Discounted User Cost versus Age

0 5 10 15 20 25 30 33 40 45 30

Pavancat Age (Y o n )

Incremental Benefit to Cost Ratio

o
0 73433 216017 364333 390316

33199 (12(17 257552 402034

Cm (S)

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



222
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OUTPUT - ECONOMIC ANALYSIS - AGENCY EXPEDITURE < 10" P f f l

Year All 1. 

10* PCC 

[miilMa ff

A l t l  

10* PCC 

(BullkaiS)

AMI. 

10* PCC

[minion o

Alt 4. 

10* PCC 

(miUkmS)

Alt 5. 

10* PCC 

[million f

Alt 6.

io-PCC 

million 5

AM 7. 

10* PCC 

[million 5

AMS. 

10-PCC 

[million S
All 9 

10* PCC 

[Bullion 5

0 3.39 3.42 3.46 357 361 3.65 3.76 3.79 383

5 0.00 0.00 0.00 000 000 0.00 000 OOO 000

10 0.19 0.19 0.19 0.19 0.19 0.19 0 19 0 19 0 19

15 0.00 000 000 000 000 0.00 0.00 0.00 000

20 0.16 0.16 0.16 016 0.16 0 16 0 16 0 16 0 16

25 0.00 0.00 000 000 000 000 000 000 000

30 0.13 0 13 0.13 013 0 1) 0 1) 0 13 0 13 0 13

35 0.00 0 00 0.00 0.00 000 0.00 000 000 000

40 0.12 0.12 0.12 012 0.12 0  12 0 12 0.12 O i l

43 0.03 0.05 005 005 0 05 005 0.05 0.05 0.05

50 0.00 000 000 000 000 000 000 000 000

Total 405 4.00 4 13 423 427 431 4.42 445 4.48

oinrptrr- ECONCMICAlNALYS i s  -  r s f .r  c n stsh r  p m

Year Att 1. 

10* PCC 

[million 5

AM 2. 

10* PCC 

(million 5)

AM) 

10* PCC 

million I

AM 4.

10* PCC 

(million 5)

Alt 3 

10“ PCC 

[mi Ilian 2

AM 6. 

10* PCC 

[million S

AM 7. 

10* PCC 

[nulltoo I

AMS. 

10* PCC 

[million 5

AM 9. 

10- PCC 

[million J

0 0.00 000 000 000 000 000 000 000 000

3 202.14 20146 2010S 20110 20142 202.04 20176 202.31 202.00

10 167.01 166. T7 166.43 166.97 166 66 166)5 166.17 166.56 166.25

IS 13762 I37J6 137.11 13747 137 22 136.96 1)7 34 137 08 13612

20 11335 113.14 11193 113.18 112.97 112.76 113 03 112.82 112.61

25 93.37 93.19 93.02 93.19 93 01 92.14 93 02 92.85 9168

30 76.90 76.76 76.62 76.72 76 58 76 44 76.56 76 42 76.27

35 63 34 63 23 63 11 63.17 63.05 6193 6301 6219 62.77

40 5217 52.00 5191 52.01 51 9! 5142 5116 51 76 51 66

45 4197 42.09 4111 42.12 42.74 4266 4161 42 60 42.52

50 33 39 35.33 3526 35 25 35 19 35.12 )3 12 )3 06 14 99

Total 905.04 903.21 911.31 983.58 981.76 97993 98124 980.41 978.58

o i n rpiJT- INCREMENTAL B/C ANALYSIS M0" PCO
AM

N a

AfoKyCam
(S>

UmrCom
(S)

a c w c m

Con

(J)

Incremental

Benefll

(I)

lacr.

B/C

Ratio

lacr.

B/C

Ratio**

1 4049094 905037902 0 0 — -

2 4003794 903210536 33199 1827366 53.91 53.91

) 4125329 901303170 41536 1827366 44.00 44 00

4 4232011 903502502 106412 •2199412 •20.62 -

5 4269712 901755216 37701 1827366 48.47 -

6 4307446 979927050 37734 1827366 48.43 7.99

7 4410029 902239210 110582 •2311360 •20.90 -

I 4431920 90411044 33199 1827366 53.91 -

9 4471226 971504477 26298 1827366 69.49 7.17

D iscounted Agency C ost versus Age

0

■ AJt 1.
■ All 2.
■ Alt 3
□ AM 4
■ AMSaAM 6.
■ AM 7
■ AMI
■ Alt 9

10 IS 20 25 30 35 40 45 30

Pnmneal A ft (Y cm )

Discounted User Cost versus Age

■  A » i  
•  AU3 
□  Alt 4
■  Ak 5 
H  Alt 6. 
B  Alt 7

a s to  u  20 2] io  a  to  to  50 

Pivement A |e (Y ean)

* Cawnrirtiai viaMt ofUo—►

Incremental Benefit to C ost Ratio

0
0 75435 2)9111 361135 421332

33199 II21I7 257552 402034

■»(*)
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T a b le  U -5: N Y S D O T  R l«td  P iv e m m l -  E con om ic  O p tim iza tio n  -  11" P C C  T r i l l .

OUTPUT - ECONOMIC ANALYSIS - AGENCY EXPEDITURE ( 11" PCO

Year Ah i.

11* PCC 

[miUion S

Ah 1

11* PCC 

(millions)

Ah 3.

1 r  PCC 

[nullioaS

Ah 4. 

11* PCC 

(Bullion S)

Ah 5. 

11-PCC 

[millions

Ah 6. 

II* PCC 

[Bullions

Ah 7. 

ll-P C C  

[Bullion?

AhS.

ll-P C C

[nullioaS

Ah 9.

11- PCC 

[Bullions

0 360 364 I6S 3.79 3 (2 3.S6 397 400 404

3 0.00 0.00 0 00 0.00 0.00 0.00 000 000 000

10 0.19 0.19 0.19 0.19 0.19 0 19 0.19 0 19 0 19

15 0.00 0.00 0.00 0.00 0.00 000 000 OOO 000

20 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16

25 0.00 000 0.00 0.00 000 000 000 000 000

30 0.13 0 13 0.13 0 13 0.13 0 13 0 13 0 13 0 )3

15 000 000 000 000 000 000 000 000 000

40 0.12 0.12 0.12 0 12 0 12 0.12 0 12 0 12 0 II

45 005 003 005 005 005 005 005 005 0 05

30 0.00 0 00 0.00 000 000 000 000 000 000

Total 4.26 4.30 4.34 445 4.4( 4.52 463 466 469

o i n r p u T - ECONCHVtIC ANALYSIS - IISFR COSTS M l" PCO.

Year Ah i. 

n -P C C  

[Bullion S

A lt!

irpcc
(million SI

AJt 1 

II -  PCC 

[million f
Ah 4.

II-PCC 

(nuUioa S)

Ah 5 

II* PCC 

(nulUoaS

Ah 6. 

ll-PC C  

[million S

Ah 7 

II* PCC 

[million S

AJt S 

ll-PC C  

[million S

Alt 9 

ll-PC C  

[millions

0 000 0.00 0.00 0.00 0.00 0.00 000 000 000

3 202.22 201.(4 201.46 2011( 201.(0 201.42 20114 201.76 20! 3(

10 166.57 166.25 165.94 166.46 166.15 165(4 166.36 166 OS 16574

IS 137 20 136 94 13669 137 05 136.(0 136.54 136 92 13666 136 40

10 113 01 112.10 112 59 111(4 11163 11142 112 64 11147 112.26

25 93 OS 9191 9174 9190 92.73 9156 9174 92.57 92 39

30 76.67 76 33 76.3S 76.49 76.35 7621 76 32 76 IS 7604

13 63 13 63 03 62.92 619S 61(6 6174 62.(2 62.70 62.51

40 32.01 51.92 51.12 SI 85 51.73 51.66 51.70 5160 51.51

45 4114 4176 42.6S 42.69 42.61 42.53 42.55 42.47 42.39

30 35.29 35.22 35.16 35.15 35.0( 35.02 3502 34 9) 34(9

Total 9(104 9(0.21 97S.3S 900.5S 970.75 976.93 97924 97741 975.54

o in rp irr- INCRE WENT.U -B /C . \NALY s i s m "  p e n
Alt

No.

Ageney

Com

(S)

U rn

Con

<S)

aoementi

Con

(S)

lacraneataJ

Benefit

<S>

Incr.

a c

Ratio

Incr

B/C

Ratio**

I 42627S4 9(2035(01 0 0 - -
2 4300415 9(020(435 17701 1(27366 40.47 4(.47

3 433(219 97(3(1061 37734 1(27366 4143 4(43

4 4441703 9(05BD4S1 1104M •2199412 •19.91 -

5 44(2602 97(753114 33199 1(27366 53.91 —

6 4524I3S 976923741 41536 1(27366 44.00 7.(3

7 4630919 979237100 I067SI •2311360 •21.65 _

S 4664(11 977409742 33(99 1(27366 33.91 -

9 4691113 9735(2376 2629( 1(27366 69 49 (.05

D iscounted Agency C ost versus Age
5

4

}

I

0

Ah I. 
Ail 1  
AJt 3. 
Alt 4
A h ) 
Alt 6. 
Ah 7. 
Ah I. 
Alt 9

0 3 10 1 3 20 23 3 0 33 4 0 43 30

Pavement Age (Y ean)

Discounted User Cost versus Age

■  a j i i

Q  Ail 4.
■  A il) 
9  All 6
■  All 7

I Alt

0 1 10 15 20 a  30 33 40 4 ] 30

Paraueat Age (Yean)

Incremental Benefit to Cost Ratio

o
0 75435 219I1S 361135 421332

37701 183919 261354 402034

(*)
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T a b le  U -6: N Y S D O T  R igid  P a v em en t -  E con om ic O p tim iz a tio n  - 1 2 "  P C C  T r ia l .

OUTPUT - ECONOMIC ANALYSIS - AGENCY EXPEDITURE <12” PC O

Yew Alt 1. 

12“ PCC 

[mitUoa J

A l t l  

12“ PCC 

(mtllioMS)

All 3. 

12“ PCC 

[milUoaS

AJt 4. 

12“ PCC 

(milttooS)

All 5. 

12“ PCC 

[■ilUooS

AH 6. 

12“ PCC 

[aottioaS

Alt 7 

12“ PCC 

[ouiUoaS

AH*. 

12“ PCC 

[millions

AH 9. 

12“ PCC 

[miUioaS

0 3.12 3.15 319 400 4.03 4.01 4.11 422 4.26

5 000 0.00 0.00 0.00 0.00 OOO 000 OOO 0.00

10 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0  19 0.19

15 000 ooo 000 ooo 0.00 000 000 0.00 0.00

20 0 16 0 16 0 16 0 16 0 16 0 16 0 16 0  16 0 16

25 000 000 0.00 0.00 000 000 000 0.00 0.00

30 0 13 0 13 0 13 0.13 0.13 0 13 0.13 0.13 0.13

33 000 000 000 0.00 000 0.00 000 000 0.00

40 0 12 0 12 0.12 012 0.12 0.12 0 12 0.12 0.11

43 0.03 0.03 005 003 0.05 0.05 005 005 005

50 0.00 000 000 0.00 0.00 000 0.00 0.00 0.00

Total 4.41 4.51 4.55 4.66 4.70 4.74 4.14 4 I t 4.90

o i n r p u T - E C O N C > M I C A lN A L Y S I S - U S ER C O S T S  < 1 2 "  P C O .

Yew AH 1.

12“ PCC 

null ton 5

A l t l  

12“ PCC 

(null ton D

AJt 3 

12“ PCC 

[millions

A0 4

12“ PCC 

(nullioaS)

ah 3. 

12“ PCC 

[nullioaS

AH 6. 

12“ PCC 

null too S

Alt 7 

12“ PCC 

[million S

All S. 

12“ PCC 

[million S

AH 9 

12“ PCC 

[million S

0 000 000 000 000 000 000 000 0 00 000

5 201.60 20122 20014 201.35 201.11 200*0 201.51 201.14 200 76

10 166 05 165.74 16543 165 95 165 64 165.33 165 15 16534 165 23

15 136.71 136.52 13627 13663 136.31 136 12 136.30 136.24 135 91

20 11166 112.43 1)124 11149 11121 11107 11134 112.13 111 92

25 92.10 9162 9145 9162 9145 9127 92 46 9121 9111

30 76.44 76.29 76.15 76.26 76.11 73.97 7609 73.95 7511

35 6196 6214 6172 6171 6167 6155 62 62 6151 6239

40 3116 31.76 31.66 51.69 5160 51.50 51.54 3144 3135

45 4171 42.63 4136 4136 414* 4140 4142 42.34 4126

50 35 II 35.12 3305 35.04 34.91 34 91 34.91 34*5 34.71

Total 979.03 97721 973.31 97731 973.75 973.92 976 24 97441 97131

o i n r p i r r - INCRE M E N T ia s / c ; INALY s i s u ; t" p c c )

No. Com

<*>
Com

(*>

Com

(*>

Benefit

<S)

B/C

Rj Oo

B/C

Rate**

1 4479475 9790)3699 0 0 - -

2 4513374 977206333 33199 1127366 53.91 53.91

3 4554910 97537*967 41536 1127366 44.00 44 00

4 4061592 977571379 106612 •2199412 •20.62 —

3 4095492 973751013 33199 1127366 53.91 _

6 4737027 973923647 41536 1127366 4400 79#

7 4*43*0* 976235007 106711 •2311360 •21.65 _

1 4*11509 974407640 37701 1127366 41.4? —

9 4904005 972510274 22496 1127366 11.23 1.03

Discounted Agency Cost versus Age
5

4

3

2

0

■ AH 1.
■ AJl 2.
■ AJt 3
a AH 4.
■ AH 5
■ AH 6.
■ AH 7
■ AH*.
■ AH 9

0 3 10 13 20 25 30 33 40 43 30

Pavement A*e (Y ean)

Discounted User Cost versus Age

■  A ll] 
□  a im

■  a id

■  All 6.
■  All 7

m
0 3 10 13 20 25 30 33 40 45 30

Pavement A*e (Y ean)

•  CoMtftfiag vuM t aptioaa.

Incremental Benefit to Cost Ratio

0
0  75435 216017 364333 424330

33199 112117 257332 402034

L tuuum ul  Com (I)
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OUTPUT - ECONOMIC ANALYSIS - AGENCY EXPEDITURE (13" PCC)

Yea# A h! 

13* PCC 

[million I

Aft 1  

13* PCC 

(Bullion S)

AJt J 

13* PCC 

[Bullions

Ah 4 

13* PCC 

(Bullion S)

Ah 5. 

13- PCC 

[Bullion!

Ah 6. 

13“ PCC

[BUlliOBS

Ah 7. 

13* PCC 

[BUlUoaS

A hi. 

13* PCC 

[Bullion S

Ah 9. 

13- PCC 

million SI

0 403 406 4 11 4.21 4.25 4.29 439 4.43 4,47

S 0.00 0.00 0.00 000 0.00 0.00 000 0.00 0.00

10 0 19 0.19 0.19 0 19 0.19 0 19 0.19 0 19 0.19

15 ooo 000 000 000 000 000 000 000 000

20 0 16 0.16 0.16 0 16 0.16 0 16 0 16 0 16 0 16

23 ooo 000 000 0.00 0.00 0.00 000 000 000

30 0.13 0 13 0 13 0 13 0.13 0.13 0 13 0 13 0.13

35 000 000 000 000 0.00 000 000 000 000

40 0 12 0.12 0.12 0 12 0.12 0.12 0 12 0 12 O il

45 003 0.05 0.05 0.05 005 005 005 005 0.05

50 000 000 0.00 0.00 0.00 000 000 0.00 000

Total 469 4.73 4 77 4.17 4.91 4.95 506 509 5.12

o n c p u t . ECONC>MIC AANALYSIS - USER COSTS f 13" PCO .

Year Ait l. 

13* PCC 

[millions

A lt!  

13" PCC 

(Bullion S)

Alt 3 

13* PCC 

[million 1

Ah 4.

13- PCC 

(millions)

Alt 5. 

13- PCC 

[nullionS

Ah 6. 

13- PCC 

[Bullioa S

Alt 7 

13- PCC 

[million S

Ah 1 

13- PCC 

[Bullion S

Ah 9.

13- PCC 

[Bullions

0 000 000 000 000 OOO 000 000 000 000

5 200.97 200 60 200.22 200.93 20055 200.17 20019 200 51 200.13

10 165 54 165 23 164 92 165.44 165 12 16411 165 34 16503 164.72

13 136.36 136.10 135.15 136.21 135.96 13570 136 01 135.12 13556

20 11132 l l l l l 11190 112.15 111.94 111.73 11199 111.71 111.57

25 9151 9134 92.17 9134 92.16 91,99 9117 92.00 91.13

30 76.20 76.06 7592 76.02 75*1 75.74 7516 75.72 7557

33 6177 62.65 62.33 62.59 62.41 62.36 6143 62 32 62.20

40 51.70 5160 31 31 31.33 51 44 31 34 51 31 31 29 51 19

43 413S 4150 42 43 42.43 4135 42.27 4129 42.21 4113

50 33 07 35.01 34.94 34.93 3417 3410 34 10 34.74 34 67

Total 976.03 974 20 97131 974.3( 97175 970.92 973 23 971.41 969 31

o i n r i r r - INCRE W E N T / t L B / C r I N A L Y SISflJ ”  PCC)

Ah

No.

Aftner
Con

(!)
Cod

(S)

ncw m m i

Coat

<S)

laauncntal

Benefit

(S)

[net.

B/C

Ratio

lacr.

B/C

Ratio**

1 4692365 976031591 0 0 - -

2 4726264 974204231 33199 1127366 53.91 3391

3 4767100 972376*63 41536 1127366 44 00 44 00

4 4174412 974376277 1066(2 •2199412 •2062

5 4912113 97274191) 37701 1127366 41.47 —

6 4949917 970921545 37734 1127366 41.43 7.99

7 5056691 973232905 106711 •2311360 •21.65 —

1 5094399 971405539 37701 1127366 41.4?

9 5120696 969371173 26291 1127366 69.49 717

Discounted Agency Cost versus Age
i

4

3

2

0

■ Ah l.
■ Ah 2
■ Alt 3
□ Alt 4
■ Alt 3
s Ah 6.
■ Alt 7
■ Alt 1
■ Alt 9

0  3 10 15 20 25 30 33 40 43 30

it Age (Yean)

Discounted User Cost versus Age

0 5 10 15 20 23 30 33 40 45 30

« Age (Yean)

* Conaufcn ng vatte  optic—.

Incremental Benefit to Cost Ratio

o

□  AJt 4

a  An 6

0 75435 219IIS 364333 421332
33199 112117 237352 402034

JCoat(S)
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OUTPUT - ECONOMIC ANALYSIS ■ AGENCY EXPEDITURE (IS" PC O

Year Ah 1. 

13* PCC 

[million!

Ab 1  

13* PCC 

(million!)

Ah 3. 

13* PCC 

[million f

Ah 4.

13* PCC 

(Bullion S3

Ah 5. 

13" PCC 

[million S

Ah 6. 

13" PCC 

[million!

Ah 7. 

13" PCC 

[million!

A h i  

15" PCC 

[million!

All 9 

15" PCC 

[million S'

0 4.46 4.49 4.54 4.64 461 4.72 412 4.16 490

3 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19

13 000 000 0.00 0.00 0.00 0.00 000 000 0 00

20 0.16 0 16 0.16 0.16 0.16 0 16 0.16 0.16 0.16

23 000 OOO 0.00 0.00 0.00 000 0.00 0.00 0.00

30 0 13 0.13 0 13 0.13 0.13 0.13 0.13 0 13 0.13

33 000 000 000 0.00 000 0.00 0 00 000 OOO

40 0.12 0.12 0.12 0.12 0.12 0.12 0 12 0.12 0 11

43 005 005 003 0.05 0.03 003 0.05 0.03 003

30 0.00 0.00 0.00 0.00 000 000 000 0.00 0.00

Total 3.12 5.16 5.20 5.30 534 3.31 5.49 532 3.35

o i n T U T - ECONCIMICANALYSIS - USER COSTS flS" PC O .

Yew All 1 

15* PCC 

[million!

Ah 2. 

13* PCC 

(million S3

Ah 3. 

15* PCC 

[millions

Ah 4

15* PCC 

(millions)

Ah 3 

13" PCC 

[million t

All 6. 

13" PCC 

[million !

All 7 

13" PCC 

[ruIDoq r

A ltl 

15" PCC 

[million S

Ah 9 

15" PCC 

[million !

0 OOO 000 000 000 000 000 ooo 000 OOO

3 199 73 199 33 19197 199 69 199.31 19193 199 63 199 27 191.19

10 164.52 16421 163 90 164.41 164.10 163.79 164.31 164 00 163 69

15 135.52 135.26 13301 135.37 135 11 13416 133.24 134.91 134.72

20 111.61 111 42 11121 111.46 11123 11104 II I  30 111.09 110.11

23 91.95 91.77 9160 91.77 91.60 9142 91 60 91.43 91 26

30 73.74 75.39 73.45 73.56 7541 75.27 73 39 75 23 73 II

33 6 2 JI 6127 6115 62.21 6109 61.91 62.03 61 93 61 12

40 51.31 51.29 51.19 31.22 31 12 31 03 3107 50 97 5011
43 4132 4125 4117 4117 4109 4101 4103 41.95 41.17

30 34.16 34.10 34 73 34.72 34 66 34 39 14.59 14.53 14.46

Total 970.03 961.20 966.37 961.57 966.74 964.92 967 23 965 40 963.37

o i n TU T - INCRE MENTAL B/C >ANALYSIS flS" PC O
Ab

No.

A*ency

Com

(D

Uk t

Com

IS)

ocmmcMti

Com

It)

Benefit

<I)
B/C

Ratio

Incr.

a c
Ratio**

1 3121945 970027394 0 0 _ -
2 5133645 961200021 33199 1127366 33.91 53.91

3 3197310 966372662 41536 1127366 44.00 44.00

4 3304063 961972074 106612 •2199412 •20.62 -

3 5337962 966744701 33199 1127366 53.91 -

6 5379491 964917342 4)536 1127366 44.00 7.99

7 3416279 967221702 106711 •2311360 •21.63

1 5320171 963401336 33199 1127366 53.91 -

9 5346473 963573969 26291 1127366 69.49 103

Discounted Agency C ost versus Age

0

■ Ah I
■ A l t l
■ Ah 3
□ All 4.
■ Ah 5
a Ah 6.
a All 7
a Ah 1.
a Ah 9

10 IS 20 23 30 33 

Pivcaent Age (Yean)

Discounted User Cost versus Age

B  A S]. 
□  AS 4.
■  A S ) 
SI AS 6

0 3 10 IS 20 23 10 13 40 43 30

Pivaacnl Age (Y o n )

Incremental Benefit to Cost Ratio

o
0 73433 2160)7 364333 424330

33199 112117 237332 391232

laoxaieaul Coat (S)

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



227

APPENDIX V :
NYSDOT Rigid Pavement - Performance Optimization Trials.

Contents:
Table V - l: NYSDOT Rigid Pavement - 
Table V-2: NYSDOT Rigid Pavement - 
Table V-3: NYSDOT Rigid Pavement - 
Table V-4: NYSDOT Rigid Pavement - 
Table V-5: NYSDOT Rigid Pavement - 
Table V-6: NYSDOT Rigid Pavement - 
Table V-7: NYSDOT Rigid Pavement - 
Table V-8: NYSDOT Rigid Pavement -

Performance Optimization - 7" PCC Trial. 
Performance Optimization - 8" PCC Trial. 
Performance Optimization - 9" PCC Trial. 
Performance Optimization - 10" PCC Trial. 
Performance Optimization - 11" PCC Trial. 
Performance Optimization - 12" PCC Trial. 
Performance Optimization - 13" PCC Trial. 
Performance Optimization - 15" PCC Trial.
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T ib le  V -l:  N Y S D O T  R ig id  P iv c m tn l -  P erform ance OntlmlMtiOB -  7" PC C  T r i l l

OUTPUT -  PREDICTED ROUGHNESS (7" PCO
Yew Alt t. 

7* PCC 

(iatai)

AA 1  

7* PCC 

(intai)

Alt 3. 

r  p c c

(intai)

Ah 4.

7* PCC 

(intai)

AhS. 

7* PCC 

(iatai)

Ah 6.

7* PCC 

(intai)

Ah 7 

7* PCC 

(intai)

A h l

7* PCC 

(intai)

Ah 9 

7* PCC 

(intai)

Tcnnmal

inHghnra

inchtaik

R
IIO 

170 

|  160 

1  150 

5  140 

]  130

1  120 
HO

oughness versos Pavement AEC

Ah 1 Alt 6. 

A h l  Ah 7 

Ah 3. A ltl 

Ah 4. Ah 9 

AhS. r a n .

0 112.19 10155 104.21 11119 10155 104.21 11219 101.55 104 2) 17000

5 11716 11)52 109 II ! 16.17 U153 10119 115 95 11161 107 27 17000

10 122.13 11149 114 IS 12014 116.50 11216 11901 114 67 110 33 170 00

IS 12710 l a  46 119 12 12412 120.41 116 14 12106 117 72 113 31 17000

20 132.77 12143 124 09 12179 124.4$ 120 11 i a i 2 120.71 116.44 17000

IS 137 73 (33 39 12905 13177 12143 (24 09 (2111 12314 11950 (70.00

w 142-70 13136 134 02 136.74 13240 IJ106 13124 12690 12256 170.00

a 14767 143.33 13199 140 72 136.31 13204 134.29 12995 i a 6 i 17000

40 IS2-64 14130 14396 144 69 140.35 13601 I373S 133 01 12167 17000

4S 157 61 IS) 27 14193 14167 144.33 139 99 14041 13607 131 73 170 00 0 10 20 30 40 50

SO 161 SI 15124 15390 IS164 14130 143.96 143 47 139 13 13479 17000 5 15 a  35 45 

Psvonsn Aje (Y e n )Tout -

OUTI UT- 1R E D K T E D  1AULTI N G  (7** PCG
Yew AA 1. 

V  PCC 

(mch)

Art 2. 

7* PCC 

(inch)

A h)

r p c c

(inch)

AA 4.

7« PCC 

(mch)

AA 5. 

7* PCC 

(md»)

Ah 6 

7* PCC 

(mch)

Art 7

r p c c

(inch)

A h l

7* PCC 

(mch)

All 9 

7* PCC 

(mch)

Cnhcal

Fnihm|

(mch) 0.4

0.3

1r
0 1

Faulting versus Pavement Ag 

/

e

A hl. Ah 6. 

A h l  Art? 

Ah 3. Ah 1

0 000 000 ooo 000 000 000 000 000 000 0 19

s 000 000 00 0 ooo 000 000 000 ooo 000 0 19

10 000 000 000 000 000 000 000 ooo 000 0 19 /IS 000 000 000 000 QUO 000 000 000 000 0 19

20 000 ooo 000 000 OGO ooo 000 000 000 0 19

- A
Ah 4 Alt 9 

Ah 5 Tam.
a 002 002 001 0 02 001 001 001 001 001 0 19

10 006 006 006 006 006 0.06 006 006 oos 0 19

is 012 0 12 0 11 o n o n O il O il O il o n 0 19

40 0 19 0 II 0 II o n O i l 0.11 O il 0 II O i l 0 19

4S 027 0 27 027 0 27 027 0 26 0 27 0 26 026 0 19 0 |0  20 30 40 SO

SO 037 0 37 0.37 0 37 037 0.36 0J7 0.36 036 0 19 5 15 a  35 45 

Pavement A |c  (Yean)Total

m m » trr - 1 ’ R E D H "TEDS PALL u s e  17" P C O

Yew aa i 

7* PCC

(*>

A rt! 

7* PCC 

(%>

Ah 3

7* PCC 

(%)

All 4

7* PCC

(%)

AhS

7* PCC

(%)

Ah 6.

7* PCC

(H)

AA 7

r p c c

i%)

A h l

r p c c

(%)

Art 9

r p c c

(*)

s

12

palling versus Pavement Age

A h l. Ah 6. 

A h l  Ah 7. 

Ah 3. A h l. 

Ah 4 A h9  

AhS.

0 049 049 0 49 049 049 049 049 049 049

5 157 1.57 1 57 1 57 157 157 1.57 1.57 1 57

I  '

£  *

-------------------------
10 166 166 166 166 166 266 266 266 266

IS 3.74 374 374 374 3.74 374 3.74 3.74 374

20 413 413 4.13 413 4 0 4 .0 413 413 413

- y / — ----------------------
a S.9I 5.91 5.91 591 591 5.91 591 S.9I 591

30 700 700 700 700 7.00 700 700 700 700

35 1.01 l.0 t 1 0 t l o t 109 l o t l o t 1.0t l.0 t 2

/40 9 17 9 17 9 17 917 9 17 917 917 9 17 9 17

4S io .a i o a i o a io .a io .a io .a i o a to .a io .a 0 10 20 30 40 SO

SO 11.34 1134 11.34 11.34 11.34 11.34 11.34 II J 4 11.34 5 15 a  35 45 
Pivonent A ft (Yews)

Total
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Year Altl

rrcc
(H)

Aft 2. 

rpcc
1%)

Aft 3

rpcc
(H)

Aft 4

rpcc
(%)

Aft 5

rpcc
(%>

Aft 6.

rpcc
m>

Aft?

r  pcc
(H)

Aft I..

r  pcc 
<H)

Alt 9

rpcc
(H)

0 049 049 0  49 049 049 049 049 0 49 049

5 15? 157 1 37 157 157 13? 157 I 57 157

10 166 266 266 166 266 266 266 2.66 266

15 3.74 J.74 3 74 374 374 3.74 174 3.74 3 74

20 4.13 4.13 413 4.83 483 413 483 4.83 483

25 5.91 591 5.91 591 591 591 591 5.91 591

30 7 X 700 700 700 700 700 700 700 700

33 101 too SOS 108 108 <08 1.08 8.08 108

40 9.1? 9 17 91? 9 17 917 91? 917 9 17 917

43 10.25 1025 1025 1023 1025 10.25 1025 1025 t0.25

» 11.34 1134 1134 11 34 1134 1134 11.34 1)34 11 34

Total

Y «r Aft 1 Aft 2 Aft 3 Aft 4 Aft 5 Aft 6 Aft? Aft 8. AJt 9 Tomtnal R
r p c c r  pc c r  PCC 8* PCC r p c c r p c c r p c c 8* PCC 8* PCC Rouftoes

IM(u ta i) (inftni) (intai) (iatai) (iatai) (in/rai) (total) (iatai) (ioAnt) [tochtaOe

0 105.76 101 42 9708 105.76 101 42 9708 105.76 10142 97 08 I70X 170

5 110.73 10639 I020S 10974 105 40 10106 10882 104 48 100 14 I70X 1 ,6°
10 115.70 111 36 10702 113 71 109.37 10503 III.88 107 54 103 20 170 00 1 150
IS 12067 11633 II I  99 117 69 113 35 10901 114.93 11059 106 25 I70.X I  140
20 12564 121 30 116 96 12166 117 32 11298 117 99 11365 10931 170® ®  130

25 130 60 126 26 12192 125 64 12130 11696 121 OS 1167! 11237 170 X I  120
30 13557 131 23 12689 12961 125 27 120 93 124 II 11977 11543 I7 0 X 1  no
35 140 54 13620 131116 133 59 12925 124.91 127 16 122.82 IIS 48 170® I X
40 145 51 141 17 13683 137.56 133 22 128 88 130.22 125 88 121.54 170®

90
45 15048 14614 141 80 141 54 137 20 13286 133 28 128 94 124.60 I7 0 X

50 155 45 151 II 14677 145.51 141.17 13683 13634 13200 127 66 I7 0 X

Total -

o i r n M I T .  1PREDICTED FAUL1TN fi<*" prc>
Yew Aft 1 Ait 2 Aft 3. Alt 4 Aft 5. Aft 6 Aft? Aftft Aft 9 Critical

r  pcc rpcc r  pcc 8* PCC rpcc rpcc rpcc r  pcc rpcc Faiftmf
0 4

(mch) (mch) (mch) (mch) (mch) (incfa) (inch) (mch) (inch) (inch)

0 000 000 ooo 000 000 000 000 OOO O X 0 19

5 000 000 ooo 000 000 000 000 000 O X 0 19 03

10 000 000 ooo 000 000 000 000 000 o x 0 19

IS 000 000 0 00 000 000 000 000 000 o x 0 19 3

I ”20 000 000 000 000 000 000 000 000 o x 0 19

25 0 02 002 001 002 001 001 001 001 o u t 0 19 a
30 006 006 006 006 006 006 006 006 005 0 19 0 1

35 0 12 0 12 0 tl O il O il o i l o i l 0  II O lt 0 19

40 0 19 0 t< 018 018 018 0 IS 0 18 0 18 o t s 0 19

45 0 27 027 027 027 0 27 026 02? 0 26 0 26 0 19

50 0.37 0 37 0 37 037 037 036 037 0.36 0.36 0 19

Total -

Roughnesj versus Pavement Age

A ltl Alt 6.

Aft 2 Alt 7.
m s^»
Alt 3. Ah 8.

AJt 4 Aft 9m+m
Aft 5. Tom.

0 10 20 30 40 JO
5 IS 25 33 43

Pavement Age (Yean)

Faulting versus Pavement Age

AJt I Alt 6.
^ ^ m

Aft 2. Alt?

Aft 3. AftS.

Aft 4 Ah 9

Aft 5 Tam.
*

0 10 20 30 40 30
3 13 23 33 45

Pavement Age (Yean)

Spalliog versus Pavement Age

A h l. Aft 6.

A l t l Aft 7

Aft 3. A h a

All 4. Ah 9.

Aft 5

0 10 20 30 40 30
3 15 23 35 43

Pavement Age (Y o n )
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T a b le  V -3: N Y S D O T  R ig id  P avem en t -  P e r fo rm a n ce  O p tim ization  -  9 " PC C  T riiL

OUTPUT- PREDICTED ROUGHNESS (?" P C Q
a m

r p c c

(iaAtt)

9*63

AA2. 

9* PCC

(WtOl)

94 29

AH 3 

9* PCC 

(tnAm)

89 95

AA4

r p c c

(iataO
9*63

All 5.

r p c c

(n ta i)

94.29

AA 6. 

9* PCC 

(mfag)

•995

Ah 7 

9* PCC 

(total)

91.63

Aft I.

r p c c

(intai)

94 29

Aft 9

r  PCC 

(iatai)

19 95

Tanunal Roughness versus Pavement Age

A hl Aft 6.
•n ^ N
Ah 2. Ah 7.

Aft 3. AltS.

Aft 4. Aft 9

Aft 5 Tam.
*

Pavement A |c  (Yean)

OUTPUT- PREDICTED FAULTING (9” P C O
Aft 4 AltSAft)Alt 1 AA 2. Faulting versus Pavement Age

r  p cc 9* PCC r  p cc r  pc cr p c c
04(inch)(inch) (inch)

000 000000 000000 000
AAI Aft 6000 0 19000 0J
Aft 2. All?0 19

ooo 0 190.00 000000 ooo
0 2

0 19000000
Ah 4. Aft 9

002 001 001 001 019001 001002 002
AhS005 019006 006006 006

019o n0  12 012

Oil 0190 It on0 19 o n

027 027 027 026027 o n
037 0 37 036037 036 019037 037

Tout

OUTPUT- PREDICTEDSPALLINCf9w PC Q

45

SO

Aft 1

r  pcc  

(*>

049

AJl 2. 

9* PCC

(H)

049

Aft)

r  pc c

(H )

0 49

Aft 4.

r p c c

(%)

0 49

Aft 5

9* PCC

(H )

049

Aft 6.

r p c c

>H)
049

Aft 7

r p c c

(*)
0.49

Aft I

r p c c

(%)
0 49

All 9

r  pcc

(%)
0 49

Spelling versus Pavement Age
12
10
S
6

4

2

0

All 1. Aft 6.
^ ■
Ah 2. Aft 7m+m
Alt 3 All S.

Aft 4. Aft 9

Aft 5.

0 10 20 30 40 30
5 15 25 35 45

(Y o n )
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T ab le V-4: N Y S D O T  R ig id  P avem en t -  P e r fo rm a n ce  O p tim ization  -  10" P C C  TriaL

OUTPUT -  PREDICTED ROUGHNESS f 10" P C O
Yew AH 1. 

io- PCC 

(isfoi)

A lt !  

10* PCC 

(nAm)

Alt 3

10* PCC 

(inftra)

Alt 4. 

10* PCC 

(n/na)

AHS. 

10* PCC 

(iaftm)

Alt 6

10* PCC 

(Bvftra)

Aft 7 

10* PCC 

(lobn)

All 8

10* PCC 

(tnftm)

Aft 9

10* PCC 

(inftni)

Tcrmmai

Roushnoi

[inrMnilc

R
ISO 
170 

£  160 
|  150 

S  140

£  130 
C- 120
j  110
| i o o
*  90 

80

oughness versos Psvemeot Ae *

All 1 All 6. 

Alt 2  AJt 7 

A ll). A ltl. 

Alt 4. Alt 9. 

Alt 5. Tom.

0 91.30 47 16 8282 9130 17 16 8282 91 SO 87 16 1282 n o n

3 9617 9213 87 79 9548 91 14 86 80 94 56 90 22 85 88 n o n

10 10144 97 10 9276 99 45 95 11 90 77 97 62 9) 28 8894 17000
------------------------------------------

13 10641 10207 97 73 103 43 9909 9475 10067 9633 91 99 n o n

20 111 31 10704 10270 107 40 10306 9872 103 7) 99 39 95 05 n o n

23 11634 11200 107 66 I I I  38 10704 10270 106.79 10245 9811 i7o n

30 121JI 116.97 11263 I15.J5 III 01 106 67 109 85 105 51 101 17 17000

35 12621 121 94 11760 119 33 114.99 H 065 11290 10856 104 22 n o n

40 13I2S 126.91 12257 123 30 IIS 96 114 62 115 96 III 62 107 21 n o n

43 13622 111 18 127 54 12728 12294 11860 11902 11468 110 34 17000 0 10 20 30 40 50

30 141 19 136.85 13251 131.25 126 91 12257 12208 117 74 11J 40 n o n 5 15 25 35 45 

Pavement Afe (Yews)Toni — — — — —

o i m * U T -  1F R E D I O E D J F A U L T T N G  f l 0" PCI3

Yew Alt 1. 

10* PCC 

(neb)

Alt 2  

10* PCC

i neb)

Altl. 

10* PCC 

(neb)

AH 4.

10* PCC 

(neb)

AH 5. 

10* PCC 

(incb)

Aft 6

10* PCC 

(neb)

Aft 7 

10* PCC 

(neb)

A lt!

10* PCC 

(neb)

Aft 9 

10* PCC 

(neb)

Cnucat

Fauftnf

(neb) 0 4

03

fr
0.1

'suiting versus Pavement Ag

I
e

Aft 1 Alt 6.
0 ooo 000 000 000 000 000 000 000 0 00 0 19

5 000 000 000 000 000 000 000 000 000 0 19

10 ooo 000 000 000 0 00 OOO 000 000 000 0 19 / Ah 2  AH7 

Aft 3 Alt 815 ooo 000 000 000 000 000 000 000 0 00 0 19

20 ooo 0.00 000 000 000 000 OOO 000 000 0 19

“  r Ah 4 Alt 9.
25 002 002 001 002 001 001 001 001 001 0 19

30 006 006 006 006 006 006 006 006 0 05 0 19 ---------------------------------------------------------- j Alt 5. Tom.

33 0 12 0 12 O il 0.11 O il o n O il O il 0 II 0 19

40 0 19 0 II 0 18 0 II 0 18 O i l 0 18 0 18 O i l 0 19

43 o n 027 0 27 027 0 27 0 26 027 0 26 0 26 0 19 0 10 20 30 40 !0

30 0 )7 037 0 37 0.37 037 036 037 036 0.36 0 19 5 15 25 35 45

Total — _ - — Pivemott Age (Yean)
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(H)

Alt 2
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(H)
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(H)

Aft 4 
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Aft 5 
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Ait 6  
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(H)

Aft? 

10* PCC

(H>

AltS. 

10* PCC

(H)

Aft 9
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(H)

s
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palling versus Pavement Age

A h l. Aft 6. 

Alt 2  Ah 7. 

Ah 3. Aftft 

Ah 4. Aft 9 

Ah 5.

0 0 49 0 49 049 049 0 49 049 049 0 49 0 49

5 IJ7 1 57 157 157 1.57 1.57 157 1.57 1 57

1  ‘ -----------------10 206 266 266 266 266 266 266 266 266

15 3 74 3.74 374 3.74 3.74 374 3.74 3 74 3 74

20 4 S3 483 413 4 8 ) 4.83 483 4.83 483 483

23 3 91 591 391 591 591 5 91 5.91 591 591

30 700 700 700 700 700 700 700 700 700 jf
35 i n 8.08 80* 8.08 808 808 8.08 8.08 808 2

/40 9.17 9 17 9 17 9 17 9.17 917 9.17 9 17 917

43 10.25 10.25 10.25 10.25 10.25 10.25 10.23 1025 1025 0 10 20 30 40 50

50 IIJ4 11.34 11.34 11.34 1134 11.34 1134 II 34 11 34 5 15 25 33 45 

ParaaoN A p  (Yewi)Total
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T ab le  V -S: N Y S D O T  R if  id  P avem en t -  P erform an ce  O p tim ization  -  11" P C C  T riiL

OUTPUT- PREDICTED ROUGHNESS H I "  PC O
Yeir AJt 1

i r p c c

(bVdm)

AH 2. 

i r p c c  

(inton)

A lt) 

II* PCC 

(iatou)

Alt 4.

11* PCC 
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AHS 

II* PCC 
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Ah 6. 

II* PCC 
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Ah 7 
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Ah* 
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AJl 9

i r p c c

(iatou)
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Roufbnca

rmchhrate

R
1*0

160

l  140
5  120

I  10Q 

1 , 0

oughness versus Pavement Ae t

0 *4.37 1003 7569 14.37 1003 7569 *4 37 *003 7569 17000

5 >9 34 15 00 8066 0 .3 5 140) 7967 *7 43 *3 09 7875 17000 AH 1 AJl 6 

Ah 2  AJt 7 

Ah 3 A ll! 

Ah 4 Alt 9

10 94.31 19 97 *5 63 9232 87 98 8364 9049 *6.13 8181 17000

IS 99 21 94.94 'JO 60 96.30 9) 96 1762 93 54 *9 20 *4 86 17000

20 104 25 9991 95 57 100 27 95 93 9159 9660 92 26 *7 92 170 00

- s g p i25

10

10921 104 m100 53 104 25 9991 95 57 9966 95 U 00 98 tTo on

114.11 109*4 105 50 10*22 103 88 99 54 10272 98 38 94 04 170 00 AJl 5. Tom.

JS 119 15 114 St 110 47 11220 107*6 103 52 105 77 101 4J 97 09 17000

40 124.12 119 7* US 44 116.17 t i l  S3 107 49 10883 104 49 tu o ts 17000

45 12909 124 75 120 41 12015 115 81 II I  47 111 89 107 55 10121 17000 0 10 20 30 40 50
50 134 06 12972 123.31 124 12 11978 11544 114 95 11061 10627 170.00 5 15 25 35 45 
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OUTPUT- PREDICTED FAVL1TNGM I" PCI□
Yew AJl 1 
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AJt 5 
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Ah 7 
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(mch) 04

03

!

i "
0 1

Faulting versus Pavement Ag 

__________________  /

e

Ah 1 Ah 6. 

A h l  AH7 

Ah 3 Ah 8. 

Ah 4 Alt 9 

Ah 3 Tern.

0 0 00 000 000 OOO 000 000 000 000 000 0 19

5 000 000 000 ooo 000 000 000 QUO ooo 0 19

10 0 00 000 ooo 000 000 000 000 000 000 0 19

j15 0 00 000 000 ooo 000 000 000 OOO 000 0 19

20 000 000 000 ooo 000 000 000 ooo ooo 0 19

25 0 02 002 001 002 001 001 00 ) 001 001 019

JO 006 006 006 006 006 006 006 006 0 05 0 19

J5 0 12 0.12 o i l O il o n o n O il O il O il 0 19

40 0  19 0 )8 018 018 O il 0 18 0 18 018 0 18 0 19

45 0 27 0 27 027 027 0 27 0 26 027 0 26 026 0 19 0 10 20 JO 40 50
50 0 37 037 0 37 0 37 037 0 36 0 37 0 36 0 36 0 19 5 IS 25 15 45 

Pavement A** (Yean)Total —

OUTPUT- PREDICTED.SPALUNGfl r  pccn
Y«r All 1

i rp c c
(* )

AJl 2

II* PCC 

(%)

AJl 3 

II* PCC

1%)

All 4

II* PCC

(H)

All 3 

II* PCC 

(HI

Ah 6

11‘ PCC

(*>

Ah 7 

Il'P C C

<H)

Ah 8

i rpcc
(H)

Alt 9

I l ’ PCC

(HI

s

12

palling versus Pavement Age

A h l AJl 6. 

A h l  Ah 7. 

Ah 3. A hS  

Alt 4. Ah 9. 

Ah 5.

0 0 49 0  49 049 0 49 049 049 049 049 0 49

5 1.57 157 157 1 57 1 57 157 1 57 1 57 1 5?

!  ‘& * -------------------------

to 266 266 266 166 166 166 266 266 266

15 374 374 3.74 174 J.74 3 74 J.74 J 74 J.74

20 483 483 413 413 483 483 483 483 4*3

r
j t

25 591 591 59) 3.91 391 3.91 3.91 591 5.91

JO 7 00 700 700 700 700 700 700 700 700
2 7 ^ - -----------------35 so* 108 I 0 t 808 808 808 808 808 8.08

40 917 9 17 917 917 9 17 9 17 917 917 9 17

45 10.25 1025 1025 1025 1025 10.25 1025 1025 10.25 0 10 20 30 40 50
50 I I J 4 11.34 11.34 IU 4 11.34 I1J4 1134 1134 1134 5 15 25 35 45 

P tv e sn u  A |«  (Yews)Tout
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T able V-6: N Y S D O T  R ig id  P a v e m en t -  Perform anc e  O p tim iza tion  -  12" P C C  T r ilL .

O U T P U T  -  P R E D I C T E D  R O U G H N E S S  1 1 2 "  P C O

Y ar All 1. 

12* PCC 

(iatari

AH 2. 

12* PCC 

(iatai)

AH 3 
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(iatai)

AHS. 
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(a ta ri
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R

180

~  160 

|  140

S  120 

1:

oughness versus Pavement A fie

0 77 24 72.90 68.56 77 24 7190 6856 77 24 7190 68.56 17000

S 8121 77 S7 71 S3 81.22 7688 7154 8010 75 96 7162 17000 A h l AH 6. 

A h l  AH 7. 

AH 3. AHS.

10 17 I t 1184 78.50 15.19 80 85 76 51 83 36 7902 7468 170.00

IS 92.13 <781 8147 89 17 84 83 8049 8641 8207 77 73 17000

20 97 12 9178 88.44 93.14 88.80 8446 89 47 85 13 •0 79 17000
Aft 4 Ah 9. 

AhS. Tom.
25 102. OS 97 74 9140 97 |2 9178 8844 9153 88.19 83 83 17000

30 10703 10171 9817 101 09 9675 9141 93 59 91 25 86 91 17000

JS 112 02 107 68 103.34 10507 100.73 9639 98 64 94 30 89 96 170 00

40

4S

11699 1126S 10831 10904 104 70 10036 101.70 97 36 93 02 17000

12196 117 62 113.28 113 02 10S6S 10434 10476 10042 96 08 17000 0 10 20 30 40 10

SO 126.91 122.59 IIS25 116.99 11265 108.31 107 82 10348 99 14 170 00 5 15 25 35 45 

Pavement A |c  (Y o n )Toul -
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Aft 2 
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0 1

Faulting versus Pavement Age

Alt 1 All 6
0 000 000 000 0 00 OOO 000 000 000 000 0 19

S 000 000 000 000 000 000 000 000 000 0 19

10 OOO 000 000 0.00 000 000 000 o n 000 0.19 / All 2. AH7 

All 3 AH 8.IS ooo 000 000 0 00 000 000 000 ooo 000 0 19
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All 4 AH 9 

All 5 T om
23 002 002 001 002 001 001 001 001 001 0.19

JO 006 006 006 0 06 006 006 006 006 005 0.19

JS 012 0 12 0.11 0 II on Oil O il 0 II 0 11 0 19

40 0 19 0 18 0 IS 0 18 0 18 0 18 0 18 0 18 018 0.19

45 027 027 027 027 027 0 26 027 026 0 26 0 19 oooe
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(%)

Aft 2
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12* PCC

(H)

Ah 4

12* PCC

(H)

Aft 5

12* PCC

(H>
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(S)

AH 7 

12* PCC

(%>

AHS. 

12* PCC 
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AH 9 
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(%)

s

12

pilling versus Pavement Age

AH 1. AH 6. 

AH 2. AH 7. 

All 3 AH 8. 

AH 4. Aft 9 

AH 3.

0 049 0 49 0 49 0 49 049 049 049 0 49 0.49

S 1 57 1.57 157 157 157 157 157 I.S7 1.57

1 *
6 6

------------10 2-66 166 266 266 266 266 266 166 266

IS J.74 3.74 3 74 3 74 3 74 374 J 74 J 74 3 74
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_ y / _ -----------25 591 S.9I 5.91 $.91 5.91 3.91 5 91 591 591
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JS SOS 808 SOS SOS SOS 808 SOS 80S SOS 2
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T ib tc  V -7: N Y S D O T  R ig id  P iv e m ta t  -  P tr fo r m in c e  O p lim iza llon  -1 3 "  P C C  T rilL

OUTPUT- PREDICTED ROUGHNESS M3" PC O
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16.27 

91 24

AM 4

13* PCC

7011

Ait S. 
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Roughness versus Pavement Age
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0.49

Alt 3 

13* PCC

(%)
049

All 4

13* PCC

(H)
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Spalling versus Pavement Age

Ait I Ait 6.
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OUTPUT - PREDICTED ROUGHNESS (15" PC O
Yew AH 1 
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AH 1
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AH 3 

15* PCC 
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AH 9 

15* PCC 

(nfai)

Tommal

Rruighneai

mehAvnU
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i

3 "

AH I Alt 6.
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AH1  AH 7 
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20 000 000 0.00 000 000 000 000 000 O X 0 19

25 002 002 001 002 001 001 001 001 001 0 19
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(H)
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AH 2  AH 7. 

Alt 3 AHS 

Alt 4. AH9 
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0 0.49 0 49 0.49 049 0 49 0 49 049 049 0 49

5 1.57 1.57 1.57 1.57 1.57 1.57 157 157 1 57
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35 S.0S ■.OS SOS 80S SOS SOS SOS SOS I 0S 2
/40 9.17 9.17 9.17 9.17 917 917 9.17 917 9 17
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APPENDIX W:
Climate Information: New York State. 

Contents:
Table W -l: Annual Weather Parameters: New York State.
Table W-2: Climate Information: New York, New York.
Table W-3: Climate Information: Islip, New York.
Table W-4: Climate Information: Binghamton, New York.
Table W-5: Climate Information: Buffalo, New York.
Table W-6: Climate Information: Rochester, New York.
Table W-7: Climate Information: Syracuse, New York.
Table W-8: Climate Information: Albany, New York.
Table W-9: Climate Information: Plattsburg, New York.
Table W-10: Climate Information: Potsdam, New York.
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Table W -l: Annual Weather Parameters: New York State.
Code Location A verage

A nnual
Precipitation

(Inches)

A verage 
A nnual 

Days 
Exceeding 
90 Degrees

Average 
Annual 

Days 
Below 

32 Degrees

A verage
A ir

Freeze
Index

(Deg-day)

Average
Annual

A ir
F-T

Cycles

A New York, NY 43.1 15 73 675 73

B Central Islip, NY 46.0 6 98 680 76

C Binghamton, NY 36.9 3 145 800 61

D Buffalo, NY 38.1 4 131 880 65

E Rochester, N Y 31.8 11 135 925 65

F Syracuse, NY 38.5 9 136 930 68

G Albany, NY 35.8 11 147 1010 61

H Plattsburg, NY 34.1 6 157 1200 55

I Potsdam, NY 40.8 3 152 1180 52

__ Mean 38.34 7.55 130.44 920.00 64

— Median 38.50 9.00 115 938.00 64

Source : Adapted from Williams [53], Lindberg [17], and Huang [13].

Table W-2: Climate Information: New York. New York.
M onth A verage

Precipitation
(Inches)

A verage
Snow

(Inches)

Average
Relative

Hum idity

W ind
Speed
(m ph)

January 3.2 7 57 16.1

February 3.0 8 55 17.3

March 3.8 4 52 17.3

April 3.8 1 51 I6.I

May 3.8 0 53 11.5

June 3.3 0 54 11.5

July 4.0 0 54 11.5

August 4.2 0 56 11.5

September 3.3 0 56 10.4

October 3.2 0 56 12.7

November 3.8 1 57 15.0

December 3.6 4 59 16.1

Source: Adapted from Williams [53].
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Table W-3: Climate In formation: Central IsliD. New York.
M onth Average Average Average W ind

Precipitation Snow Relative Speed
(Inches] (Inches) H um idity (m ph)

January 3.69 6.6 61 9.4

February 3.48 4.1 60 9.9

March 4.10 3.9 55 10.6

April 4.23 0.3 55 9.8

May 3.94 0.0 57 8.8

June 3.82 0.0 57 8.5

July 3.46 0.0 61 7.5

August 4.04 0.0 61 7.3

September 3.48 0.0 61 7.8

October 3.55 0.0 59 8.6

November 4.23 1.0 61 9.7

December 4.05 3.7 59 9.6

Source: Adapted from Williams [53].

Table W-4: Climate Information: Binghamton, New York.

M onth Average
Precipitation

(Inches)

Average
Snow

(Inches)

Average
Relative

H umidity

W ind
Speed
(mph)

January 2.4 19 69 13.8

February 2.4 16 65 13.8

March 2.8 13 60 13.8

April 3.2 5 54 12.7

May 3.4 0 55 11.5

June 3.6 0 57 9.2

July 3.6 0 57 8.1

August 3.4 0 59 8.1

September 3.2 0 62 9.2

October 2.9 0 60 9.2

November 3.1 8 69 10.4

December 2.9 18 72 13.8

Source: Adapted from Williams [53],
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Table W-5; Climate Information: Buffalo. New York.
M onth A verage

P recip ita tion
(Inches)

Average
Snow

(Inches)

A verage
Relative

H um idity

W ind
Speed
(m ph)

January 2.9 24 73 18.4

February 2.5 18 70 17.3

March 2.9 11 65 16.1

April 3.0 3 57 15.0

May 3.1 0 55 13.8

June 3.1 0 55 13.8

July 2.9 0 53 12.7

August 3.9 0 56 12.7

September 3.3 0 59 12.7

October 3.0 0 60 9.3

November 3.9 11 70 15.0

December 3.5 22 74 15.0

Source: Adapted from Williams [53].

Table W-6; Climate Information: Rochester. New York.
M onth A verage

P recip ita tion
(Inches)

Average
Snow

(Inches)

Average
Relative

H um idity

W ind
Speed
(m ph)

January 2.2 24 71 16.1

February 2.3 23 69 15.0

March 2.5 14 63 15.0

April 2.6 4 56 13.8

May 2.7 0 53 12.7

June 2.8 0 53 11.5

July 2.6 0 52 8.1

August 3.3 0 55 8.1

September 2.8 0 59 8.1

October 2.5 0 61 11.5

November 2.8 7 69 13.8

December 2.6 20 74 13.8

Source: Adapted from Williams [53].
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Table W-7: Climate Information: Syracuse, New York.
M onth Average

Precipitation
(Inches)

Average
Snow

(Inches)

Average
Relative

Humidity

W ind
Speed
(m ph)

January 2.5 28 69 15.0

February 2.5 25 67 13.8

March 3.0 16 60 13.8

April 3.2 4 53 13.8

May 3.2 0 53 11.5

June 3.5 0 54 11.5

July 3.6 0 53 9.2

August 3.5 0 56 9.2

September 3.5 0 60 9.2

October 3.2 1 60 10.4

November 3.5 9 68 12.7

December 3.1 25 72 13.8
Source: Ada

Table >

pted from Williams [53].

iV -8 : Climate Information: Albanv. New York.
M onth Average

Precipitation
(Inches)

Average
Snow

(Inches)

Average
Relative

H umidity

W ind
Speed
(m ph)

January 2.4 16 64 15.0

February 2.3 14 60 15.0

March 2.8 II 54 15.0

April 2.9 3 49 15.0

May 3.6 0 51 9.2

June 3.4 0 53 9.2

July 3.1 0 53 8.1

August 3.3 0 55 8.1

September 3.1 0 57 8.1

October 2.9 0 56 9.2

November 3.1 4 64 13.8

December 2.9 14 67 13.8
Source: Adapted from Williams [53].
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Table W-
M onth Average

Precipitation
(Inches)

Average
Snow

(Inches)

Average
Relative

Hum idity

W ind
Speed
(m ph)

January 1.8 19 65 12.7

February 1.8 16 61 11.5

March 2.2 13 58 11.5

April 2.7 4 52 11.5

May 3.0 0 51 11.5

June 3.5 0 54 10.4

July 3.5 0 53 10.4

August 4.0 0 56 10.4

September 3.2 0 61 11.5

October 2.9 0 61 11.5

November 3.1 7 68 11.5

December 2.4 19 69 12.7

Source: Adapted from Williams [53].

Table W-10: Climate Information: Potsdam. New York.
M onth Average

Precipitation
(Inches)

Average
Snow

(Inches)

Average
Relative

Hum idity

W ind
Speed
(m ph)

January 3.8 22 69 12.7

February 3.0 18 65 11.5

March 3.5 13 61 11.5

April 2.6 7 55 11.5

May 3.1 0 53 11.4

June 3.4 0 57 10.3

July 3.7 0 56 10.3

August 3.5 0 59 10.3

September 3.7 0 63 9.7

October 3.4 2 64 11.3

November 3.5 12 71 11.3

December 3.6 21 72 12.7

Source: Adapted from Williams [53],
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