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PREFACE 
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Design (RPOD) procedure. This report represents one phase of this 
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rehabilitation design system (RPRDS). 
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ABSTRACT 

This report describes the development, use, and applicability of a rigid 

pavement rehabilitation design system, RPRDS, developed for use by the Texas 

State Department of Highways and Public Transportation. Like other pavement 

design systems, RPRDS makes use of the systems approach to incorporate a 

number of pavement design and analytical models into a computer program, 

RPRDS-l, for the generation, analysis, and comparison of numerous pavement 

design strategies. Unlike other pavement design systems, RPRDS considers 

only structural rehabilitation, i.e., overlay construction, where the design 

model used is an improved and extended version of the ARE, Inc./FHWA and 

Texas State Department of Highways and Public Transportation rigid pavement 

overlay design procedures, RPODI and RPOD2. In addition, provision is made 

in RPRDS for the consideration of other factors which affect pavement 

performance and accompany overlay construction. These include ACP, CRCP, and 

JCP type overlays; concrete shoulder construction; and variable concrete 

flexural strength; as well as variable overlay thickness. 

Basically, RPRDS generates a number of feasible overlay design 

strategies based on user inputs, performs a present value cost analysis on 

each, and then presents those which are optimal. The other design and 

analytical models used to complete this task include (1) a 

distress/maintenance prediction model, (2) a traffic delay cost (during 
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overlay construction) model, and (3) a model for the prediction of overlay 

construction cost. 

It is hoped this paper will provide not only a description of RPRDS but 

also some basis for its use nationwide. 

KETI~ORDS: Overlay, rehabilitation, design system, fatigue, damage, 

remaining life, distress prediction, cost analysis. 



SUMMARY 

Many of the pavements which make up our Interstate Highway System are 

approaching the end of their serviceable lifetimes. ConsequentlY, the need 

arose for a rational rehabilitation design method. One method, RPOD, a 

mechanistic rigid pavement overlay design procedure developed under the 

sponsorship of the FHWA, seemed to be very practical to the Texas State 

Department of Highways and Public Transportation, and was therefore modified, 

adapted and partially implemented into department practice. 

This report discusses the next logical step in the evolutionary process 

of development and implementation of this new procedure: its incorporation 

into a system program for the analysis of alternative rehabilitation 

strategies. This first gene.ration program, RPRDS-l, allows the highway 

design engineer to consider several factors associated with overlay design 

and construction in the selection of an optimum rehabilitation strategy. The 

most significant of these factors include overlay type, time of placement, 

maintenance costs, traffic delay costs, construction costs, and time value of 

money. Finally, RPRDS-l is designed to be modular in nature so as to ease 

the systematic process of feedback modification and improvement. 
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IMPLEMENTATION STATEMENT 

A rigid pavement rehabilitation design system (RPRDS) has been developed 

for the Texas State Department of Highways and Public Transportation as the 

next major phase in the implementation of the Department's rigid pavement 

overlay design (RPOD) procedure. Since most of the models incorporated into 

RPRDS may be expected. The RPRDS-l computer program was developed using 

ANSII Fortran standards and should, therefore, run atuomatically on the State 

Department of Highways and Public Transportation's IBM computer. 

The system should be introduced, gradually, by trial application on 

several design projects in the various districts. Then, as confidence in the 

procedure grows, it can be implemented on a statewide basis. Finally, the 

program should be continually improved and modified based upon feedback from 

the districts and any advancements in the state-of-the-art. 
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CHAPTER 1. INTRODUCTION 

BACKGROUND 

There are many factors which affect the design and performance of a 

roadway. Some of these are traffic, load, material properties, temperature, 

moisture, availability of raw materials, construction methods and controls, 

costs, and the variations of many of these, both in time and space. Due to 

the large number of these factors and the fact that many of them interact 

with each other, any rational pavement design method which attempts to 

consider them will necessarily be complex. However, this was not the case 

for the early pavement design methods. 

Because of a lack of precise analytical techniques for predicting 

pavement response and performance, these early methods were very simple and 

thus unable to adequately consider many of the important factors. They 

depended mainly on experience and empiricism; i.e., the view that what has 

worked in the past will work in the future. The fact that they were simple 

does not imply, however, that they were always erroneous. In fact, the 

methods did provide designs which were adequate fur many cases. 

Unfortunately, their simplicity set a precedent which has become very hard to 

change, even with the development of modern computers to handle the new, 

complex analytical techniques. It may also be stated that, although these 

early design methods did provide adequate designs, they did not necessarily 

1 



2 

provide ones which were optimal as far as performance and economics are 

concerned. 

Compared to other areas of engineering, the analysis and design of 

highway (and airport) pavements is in its infancy. Recognition of the 

nation's large investment in its highway system is probably the factor most 

responsible for the research and development made thus far in this area. 

This research and development began with the design and analysis of new 

pavements and has only recently been extended to overlays and other forms of 

rehabilitation. 

The AASHO Road Test (Ref 4), conducted in the early 1960's, provided the 

most complete experimental data upon which to base a rational pavement design 

method. The AASHTO Interim Guide for Design ~ Pavement Structures 1972 

(Ref 5) is a result of combining the data obtained from the experiment with 

pavement response models available at the time. Though these response 

models, i.e., the Spangler and Westergaard Equations, were relatively simple, 

they did consider some of the key factors which affect pavement performance. 

This along with the fact that they w~re correlated with a large amount of 

field data insured reasonableness and wide use of the design ·Jlethod. 

Another significant development at the AASHO Road Test was the attempt 

to define pavement failure. The term "failure" is very ambiguous when used 

in connection with pavement design because pavements seldom "fail", at least 

not in the traditional catastrophic sense. The approach adopted at the Road 

Test was the serviceability concept, whi.:!h provided not only for the point 

where a pavement becomes unserviceable and/or ceases to provide adequate 

service to the user but also for the concept of pavement performance. 

Performance, which is the serviceab.Hity history of a pavement, allows the 

designer to compare alternative designf. based on an overall level of service 
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provided during their lifetimes. This comparison may, in some cases, be more 

important than the total cost comparison. 

In spite of these efforts at the MSHO Road Test, .. failure" continues to 

be used loosely to identify everything from a localized pavement defect to a 

point during the pavement's life when maintenance costs become excessive. 

The reasons for these different definitions are sometimes excusable, however, 

since the development of different types of design and analytical models 

require different definitions for failure criteria. 

With the development of these better design methods, it was recognized 

that it was possible to develop a procedure for analyzing a large number of 

feasible pavement design alternatives on an economic basis. This method, 

known as the systems approach to pavement design (Ref 10), attempts to 

systematically consider most of the factors which have an effect on pavement 

performance and cost. In Texas, this approach has manifested itself in two 

design systems, the Flexible Pavement System, FPS (Refs 12 and 8), and the 

Rigid Pavement System, RPS (Refs 11 and 7). Both have been significantly 

modified to improve their capabilities for predicting total cost and 

reliability of the designs. Since a large portion of the new pavements 

constructed in Texas are asphaltic concrete, FPS has been widely used and is, 

consequently, highly developed. Most PCC pavements, on the other hand, were 

constructed well before the development of RPS and, therefore, RPS has not 

been fully implemented in Texas. 

Most PCC pavements were built in the 1950's and early 1960's, many of 

which are suffering or have begun to suffer significant distress and loss of 

structural integrity. Fortunately, the Federal Highway Administration (FHWA) 

recognized that these pavements (particularly those on the Interstate 

network) were approaching the end of their service life and would soon 
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require major rehabilitation. Consequently, they sponsored a project in 1975 

to develop a design method for pavement rehabilitation. The result was the 

Rigid Pavement Overlay Design procedure (RPOD) completed in 1977 (Ref 1). 

RPOD represents the first practical mechanistic design procedure since it 

uses advanced analytical techniques (layer theory and plate theory) to 

predict pavement response and extend the use of the AASHO Road Test data to 

the design of overlays. 

Since there was very little data on the performance of overlays, it was 

necessary to develop neW failure criteria for use in RPOD. According to the 

new criteria, when a pavement reaches a certain level of distress (i.e., 

initial class 3 and 4 cracking for PCC pavements), it loses its load-carrying 

capacity and begins to deteriorate rapidly. Although this point does not 

necessarily lie in a region of unacceptable serviceability, it does 

correspond to a level below which there would be excessive development of 

severe distress manifestations. This, in turn, implies high maintenance 

costs and, eventually, poor riding quality. 

The Texas State Department of Highways and Public Transportation (SDHPT) 

considered the FHWA procedure viable and launched their own project to adapt 

the procedure for use in Texas (Ref 9), begin its implementat ion into 

department prat::tice, and to develop a systems program for rigid pavement 

rehabilitation which uses the new procedure as its design model. 

OBJECTIVES OF THE STUDY 

The goal of this study, then, is to develop a rigid pavement 

rehabilitation design system in the form of a computer program (RPRDS-l) 
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which can provide the user with specific criteria for the selection of an 

optimal rigid pavement rehabilitation strategy for a given project. The 

specific objectives for achieving this goal are as follows: 

SCOPE 

(1) The system should use the most recent version of the Texas SDHPT 

rigid pavement overlay design procedure as its primary method of 

rehabil itation. 

(2) The system should be able to consider many of the factors which 

influence a design strategy. Moreover) the system should be able 

to consider several levels of the factors over which the designer 

has control, overlay type and thickness, shoulder 

construction, etc. 

(3) The system should use the available proven models for 

distress/maintenance prediction and overall cost prediction to 

insure consistency with other existing design systems. 

(4) The computer program which performs the analysis should be modular 

in nature and amenable to future modification. It should also be 

written to insure compatability with most computers. This includes 

minimizing computer time and storage requirements. 

This report includes: (a) the systems methodology and its application 

in rigid pavement rehabilitation (Chapter 2), (b) descriptions of each of the 

specific models incorporated into the RPRDS-l computer program (Chapters 2, 
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3, 4 and 5), (c) a user's manual to describe the input and output of the 

program (Chapter 6), (d) a summary of the results of the study (Chapter 7), 

(e) conclusions drawn from the study results (Chapter 7), and finally (f) 

recommendations for improvements and further work on the design system. 



CHAPTER 2. RIGID PAVEMENT REHABILITATION 
DESIGN SYSTEM - RPRDS 

Chapter 1 discusses the history of the development of pavement design 

methods from the early empirical methods up to the methods which took 

advantage of the systems approach to pavement design and finally the FHWA and 

Texas SDHPT overlay design procedures (Refs land 9). Logically, the next 

step in the chain of development is the incorporation of the new overlay 

design procedures into a comprehensive pavement rehabilitation design system. 

This is the main goal of this study. 

SYSTEMS HETHODOLOGY 

Haas and Hudson (Ref 32) provide a detailed description of the systems 

methodology. They state generally that 

In effect, 

the structure or framework of any problem-solving process should 
provide for systematic incorporation of all the technical, 
economic, social, and political factors of interests. Moreover, it 
should be a logical simulation of the progression of activities 
involved in efficiently solving a problem. 

systems methodology comprises a body of knowledge that has been 
developed for efficient planning, design, and implementation of new 
systems, and for structuring the state of knowledge on an existing 
system or modeling its operation. 

7 
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Th~ systems methodology is not as complicated as it may sound. It is 

basically a method for handling or managing a network of interrelated 

problems and/or tasks on a global basis to achieve the maximum utility or 

benefit. This may mean, in some cases, accepting a suboptimal solution to 

one problem for the benefit of the entire system. Therein lies the contrast 

with the piecemeal approach to problem-solving that is prevalent in many of 

today's decision making and management processes. 

Figure 2.1 provides an illustration of how the components of the systems 

m~thodology fit together. Haas and Hudson state: 

In this general form, it (Fig 2.1) is applicable to a wide variety 
of engineering and other problems. The diagram illustrates that 
the recognition of a problem comes from some perceived inadequacy 
or need in the environment. It leads to a definition of the 
problem that involves a more in-depth understanding.. This provides 
the basis for proposing alternative solutions. These alternatives 
are then analyzed in order to predict their probable outputs or 
consequences. Evaluation of the outputs is the next step in order 
that an optimal solution may be chosen. Implementation involves 
putting this solution into service, and its operation. Feedback 
for improving the future solutions, or checking on how well the 
system is fulfilling its function, is provided by periodic 
performance measurements. 

Also, since new problems are always developing and the feedback from the 

solutions to old problems is continuous, the process shmm in Fig 2.1 is 

continuous, and it is hoped, this will lead to constant improvement of the 

system. 

Another factor associated with the systems approach is Hs ability to 

analyze a problem at different levels, depending on how the system is 

formulated. For the case of highway pavement analysis, systems programs have 

been developed for two basic levels of application, project and network. 

Project level systems programs generally provide criteria for the selection 

of an optimum pavement design strategy for a specific section of road. On 

the other hand, systems programs at the network level are basically 
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management oriented. (Examples of management type functions include the 

establishment of priorities for various design or construction projects, the 

best use for funds in a limited budget, and the selection of optimum 

maintenance policies for the entire network.) Obviously, the advantage of a 

network level system is its ability to minimize total overall costs while 

maximizing utility. The disadvantage of network level systems, however, is 

that their design models are necessarily simple and therefore do not 

adequately consider all the factors associated with design at the project 

level. This separation between the two system levels also exists for 

pavement rehabilitation and makes it necessary to define lorhat system level 

RPRDS was designed for. 

RPRDS-l 

Ideally, a systems model for pavement rehabilitation should encompass 

the entire management and decision making process for design, construction, 

and maintenance for both the project and network levels. Unfortunately, such 

a system is not presently possible, polH ically or technologically. 

Consequently, the first version of the Rigid Pavement Rehabilitation Design 

System, RPRDS-l, begins at the project level. At this level, the problem or 

task is to select a pavement rehabilitation strategy for a given length of 

roadway which will provide the maximum service to the user over a given 

period of time and at a minimum overall cost. 

Bas ically, RPRDS-l at tempts to solve this problem by analyzing a large 

number of rehabilitation strategies on a total cost basis where the primary 

method of rehabilitation considered is overlay construction. Though there 
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are some other promising methods, such dS pressure grouting, precast slab 

repair, polymer concrete patching, prestressed concrete overlays, and 

flexible overlays with either a sulfur or sulfur-asphalt binder, they cannot 

be considered in RPRDS-1 at this time due to a lack of experience and 

performance data on these methods. The methods that are considered in 

RPRDS-1, however, include a multitude of factors dealing with overlay 

construction such as (1) concrete shoulder construction, (2) type of overlay 

(ACP, CRCP and JCP), (3) number of overlays (one or two during the analysis 

period), (4) aggregate type, (5) overlay thickness, and (6) flexural 

strength. These are all discussed in later chapters. 

It is appropriate now to present a general flowchart of RPRDS-1 

(Fig 2.2) and discuss the logical structure and components of the program. 

First of all, the inputs to the system are read and printed by the INPUT 

routine. These inputs are summarized as follows: 

(1) Any data which affect the performance of an overlay strategy (Le., 

material properties, layer thicknesses, construc tion methods, 

maintenance, etc.). 

(2) Cost data (i.e., materials, construction, maintenance, 

discount rate, etc.). 

user, 

(3) Constraints (i.e., analysis period, mimimum time between overlays, 

maximum overlay thickness, etc.). 

Detailed discussion of these is presented in the RPRDS-1 User's Manual in 

Chapter 6. 

Next, the interior pavement responses required for the appropriate 

overlay design strategies are generated by the CONRSP routine. Discussion of 
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de~iEn system computer program, RPRDS-l. 

N 
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the specific function of this routine and the routines it uses to predict the 

required responses, FETCH, LAYER, and REGRSP, is presented in Chapter 3. 

Thirdly, all feasible overlay design strategies (i.e., those which meet 

the constraints) are generated by the STRTGY routine. The discussion of (a) 

fatigue life prediction and the available overlay design strategies, (b) the 

method of distress prediction, and (c) how feasible strategies are selected 

and stored is presented in Chapter 4. 

Fourth, each feasible overlay design strategy is analyzed (by the COSTRY 

routine) on the basis of net present value where (a) overlay construction 

costs, (b) user delay costs during overlay construction (TDCSY routine), (c) 

maintenance costs (MNTCST routine), (d) value of extended life, (e) salvage 

value, and (f) a form of discount rate (PRVAL routine) are considered. In 

the process, strategies which have the least overall cost are stored in order 

of increasing cost (ORDER routine). This analysis is discussed in Chapter 5. 

Fifth, the details and predicted costs of the optimal strategies are 

printed for user inspection by the OUTSET, PRNTST, and OUT20 routines. The 

discussion of how the output of the RPRDS-1 program should be interpreted so 

that the best overall rehabilitation alternative can be selected is presented 

in the RPRDS-1 User's Manual in Chapter 6 of this report. 

Finally, Chapter 7 provides a summary of the results of this study and 

the applicability of RPRDS-1 to overlay design problems. Chapter 7 also 

provides some conclusions that can be derived from the results of the study 

and some recommendations for improvements and further work in this area. 
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CHAPTER 3. PREDICTION OF PAVEMENT RESPONSE 

In order to predict how a pavement structure will perform during its 

lifetime, it is necessary in any rational or mechanistic design method to 

predict how the pavement will respond under load. The purpose of this 

chapter then, is to describe the mechanism through which these responses, 

i.e., stress, strain, and displacement, are generated for use in RPRDS-1. 

Accordingly, three specific topics concerning pavement response prediction 

will be discussed. 

The first is the RPRDS-1 routine called CONRSP (see Fig 2.2) which 

controls the generation of the required responses. This includes identifying 

the types of pavement structures that can be considered and the responses 

required for each. 

The second topic discussed is the approach used for predicting pavement 

response in RPRDS-1, which is a combination of elastic layer theory and the 

finite element method to achieve maximum precision with minimum computation 

time. The third topic addressed is elastic layer theory, the history of its 

development and its use in two submode1s incorporated into RPRDS-1. 

15 
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CONTROL ROUTINE FOR GENERATING RESPONSES 

RPRDS-1 can consider a variety of different overlay strategies (as 

discussed in Chapter 2). Since this multitude of possible strategies 

requires an even larger number of pavement responses for predicting their 

lifetimes, it was not considered feasible to calculate or recalculate 

responses every time they are needed. Consequently, a computer routine, 

CONRSP, was developed for RPRDS-1 to generate the required r,esponses. It is 

capable of (1) making the appropriate decisions on what responses are 

required for each strategy, (2) preparing the necessary inputs to calculate 

each response, (3) calling the appropriate routine to calculate the response, 

and (4) storing the response for later use. A simplified flowchart of this 

routine is presented in Appendix A of this report. 

A method of coding each required response was developed and is used in 

the CONRSP flowchart. In this code, the first letter indicates whether a 

given response is a stress, S, or strain, E. The second character, a number, 

indicates the location in the pavement of the response. A :~ero indicates a 

response in the original pavement, a one indicates a response in the first 

structural overlay, and a two indicates a response in the second structural 

overlay. The next characters in the string (shown in Table 3.1 identify the 

pavement structure. The subscript, i, at the end of a string means that the 

response takes on multiple values depending on the thic:~ness of first 

overlay. The subscript, ij, means that the response depends on the 

thicknesses of both the first and second overlays. 

Figure 3.1, which is a section of the CONRSP flowchart in Appendix A, is 

provided to help illustrate this coding method. In the bottom box of this 

figure, one of the pavement structures considered in RPRDS-1 is illustrated. 



TABLE 3.1. CHARACTERS OF A CODE WHICH IDENTIFY A PARTICULAR PAVEMENT 
STRUCTURE FOR WHICH RESPONSES ARE DETERMINED 

First Second 
Characters Overlay Overlay Remarks 

(None) (None) (tione) No overlays 

A AC (None) 

AA AC AC 

AP AC PCC 

API AC PCC Original PCC uncracked 

AP2 AC PCC Original PCC cracked 

BP Bonded PCC (None) 

BPA Bonded PCC AC 

UP Unbonded PCC (None) 

UPI Unbanded PCC (N:me) Original PCC uncracked 

UP2 U.nbonded PCC (N:me) original PCC cracked 

UPA Unbonded PCC AC 

UPAI Unbonded PCC AC Original PCC uncracked 

UPA2 U nbonded PCC AC Original PCC cracked 

17 
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For each combination of 

composite layer stiffness, 

E2cECACli' .and AC second AC O/LITHI EI 

overlay th1ckness, TH1=ACT2 .• 

predict maximum strain, 
J Composite 

E2AA .. , in second AC 
1J 

overlay. 

For each combination of 

bonded PCC first overlay 

thickness, TH2=PCCTi , and 

AC second overlay thickness, 

THl =ACT2
j

, predict maximum 

stress, S0BPA .. , in 
1J 

original PCC. 

layer 

AC OIL 

pee OIL 

pce 

Base 

Sub~rade 

TH, EI V, 

TH2 EZ V2 

TH3 E3 S0BPAij 
........ V3 

TH4 E4 114 

lis 

Fig 3.1. Section of CONRSP flowchart. illustrating 

E2 E1 

F2 F1 

the method for coding the required responses. 
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Note that it consists of the original PCC pavement, a bonded PCC first 

overlay, and an AC second overlay. The desired response, coded SOBPA is 

shown at the bottom of the third layer. Since the first letter of the code 

is an S, the response is a stress; and, since the second character is a 0, 

this stress exists in the original pavement. Referring to Table 3.1, then, 

it is evident that the next three characters, BPA, indicate that the first 

overlay consists of bonded PCC while the second consists of asphaltic 

concrete. The subscript, ij, indicates that this stress corresponds to the 

i-th thickness of the first overlay and the j-th thickness of the second 

overlay. The other variables depicted in the figure, TH, E, and V, represent 

(respectively) the layer thicknesses, elastic moduli, and Poisson's ratios 

used to calculate the desired response. Using this coding method, it should 

be apparent then, that E2AA in the top box of Fig 3.1 represents a strain 

in an AC second overlay where the first overlay was also AC. 

Inspection of the flowchart in Appendix A (and the top box of Fig 3.1) 

shows that in some cases, a cracked pavement structure will be characterized 

as a single composite layer (with a composite stiffness) prior to placing of 

an AC overlay. This method of characterization, developed by Schnitter 

(Ref 9), insures that the AC overlay will carry the load which cannot be 

carried by the underlying cracked layers. The composite stiffness is 

determined by matching the l8-kip single axle deflections of the cracked and 

composite pavement structures. 

Chapter 4. 

This is discussed in greater detail in 



20 

APPROACH TO PREDICTING CRITICAL PAVEMENT RESPONSE 

RPRDS-l uses a combination of elastic layer theory and the finite 

element method to predict the critical pavement response required for 

estimating the lifetime of an overlay strategy. This approach is similar to 

that adopted for use in the FHWA and Texas SDHPT overlay d1esign procedures 

(Refs I, 3,and 9). The combination of the two methods was necessary because 

(1) layer theory cannot predict pavement response at a discontinuity such as 

a pavement edge or crack and (2) computer models based on finite element 

theory require too much data preparation and computer time for practical use 

in RPRDS-l. 

The marriage of the two methods can briefly be described as follows. 

First, prediction models based on layer theory are used to predict the 

pavement response for the interior condition (away from an edge, corner or 

crack). Then this interior response is adjusted for the other conditions 

using relationships developed from finite element theory in which the 

response at a discontinuity is correlated with the interior response. For 

example, if the stress near a pavement edge were required, it would be 

determined by computing the interior stress using the layer theory model and 

then mUltiplying by an edge stress factor developed from finite element 

theory. 

A description of elastic layer theory is provided in the next section of 

this chapter; however, a description of the finite element method and its use 

in RPRDS-l is not discussed until Chapter 4. 
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ELASTIC LAYER THEORY 

The development of layer theory, as documented by McCullough (Ref 2), 

began with the Bouissinesq solution of stresses and deflection for what is 

technically considered a one-layer problem. Burmister (Ref 16) extended the 

solution to two layers assuming no slippage at the interface and conceptually 

established the solution for three-layered problems. He also developed a 

formulation for the state of stress directly beneath the wheel load (Ref 17). 

Unlike the Bouissinesq approach, Burmister considered the modulus of 

elasticity (Young's modulus) of the layers, a factor which has a considerable 

effect on the state of stress and strain in the pavement structure. Hank and 

Scrivner (Ref 18) and Peat tie and Jones (Ref 19) provided the physical 

solution to Burmister's conceptual solution for the three-layered problem and 

also solved for the complete state of stress and strain in the pavement 

structure. Hank and Scrivner also provided the solution for the case of 

varying friction between the layers. 

The advent of the computer in the 1960's provided the means for the 

solution to multi-layered problems. Chevron Research Corporation developed 

the CHEV5L (5 layer) and CHEV15L (15 layer) computer programs which permitted 

the determination of the complete state of stress at any point in the 

pavement structure (Ref 20). Both treated elastic moduli, Poisson's ratio, 

and thicknesses of the layers as variables and both also assumed full 

friction at the interfaces between the layers. They were limited, however, 

to predicting only stress and deflection and the consideration of only one 

vertical load at the surface. Ahlborn (Ref 21) extended the CHEV5L program 

to develop ELSYM5 which could predict strain and could handle up to ten 

vertical loads. In this program, the principle of superposition was used to 
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predict the effect of multiple loads at anyone point. Additionally, ELSYMS 

was capable of using a Mohr's circle type analysis to compute the principal 

stresses and strains at any point. 

The Shell Oil Company, meanwhile, also developed a computer program, 

BISAR (an improved version of their earlier BISTRO program), for analyzing 

the state of stress and strain in multi-layered elastic systems 

(Refs 22 and 23). It not only had the capability to handle multiple loads 

and mUltiple layers, but it could also consider varying degreE~s of friction 

at the interfaces between the layers and horizontal as "'ell as vertical 

surface loads. This made BISAR the most flexible and the most precise 

computer model available for elast ic layer s imulat ion. Unfortunately. all 

these capabilities make BISAR relatively slow and unsuitable for use in 

RPRDS-l. 

The pertinent assumptions inherent in elastic layer theory and all of 

these computer models are as follows: 

(1) The theory of linear elasticity (and all its inherent assumptions) 

are applicable. 

(2) Each layer extends to an infinite distance horizontally and the 

materials of each are assumed to be weightless, homogeneous, and 

isotropic. 

(3) The surface of the top layer is assumed to be free of normal and 

shearing stresses outside the loaded area. 

(4) Stresses, strains, and deflections in the bottom layer must be 

equal to zero at infinite depth. 

The third and fourth assumptions are certainly valid for pavement 

applications and although the second assumption never applies to cases in the 
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field, its effects may be neglected or indirectly considered when applying 

adjustments from finite element theory to the response. These adjustments 

are discussed in Chapter 4. 

There are two alternatives available in RPRDS-l for predicting interior 

response. Both are based on elastic layer theory and the first, the LAYER 

submodel, is a computer model similar to ELSYMS (Ref 21). Unlike ELSYMS, it 

can consider only one load. It does, however, give the same results as 

ELSYM5 for a one-load problem and is approximately 30 percent faster. 

The second alternative for predicting interior response is the LAYER 

regress ion submodel called REGRSP. It represents a series of regression 

equations developed from the LAYER submodel and is approximately five times 

faster. Unfortunately, though they are quite accurate, their results, when 

used in conjunction with the fatigue equations, are often significantly 

different from those using the LAYER submodel. Consequently, it is 

recommended that the LAYER submodel be Ilsed for any practical application of 

RPRDS-l on highway design problems. 

LAYER Submode1 

The co~puter model in RPRDS-l used to predict the precise elastic 

response is a version of the CHEV1SL program which has gone through several 

modifications. The first resulted in the LAYER1S program (Refs 20,and 24), 

which was then modified at Texas A & M University (Ref 26) for compatibility 

wi th IBM machines. The version used here, labelled LAYER, represents a 

modified version of LAYER15. The allowable number of layers was decreased 

from fifteen to eight to reduce computer storage requirements. 

was also modularized to fit within the RPRDS-l framework. 

The program 
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LAYER was selected for use in RPRDS-l mainly because of its minimal 

computer time and storage requirements. The problem of mul tiple loads was 

overcome by considering the effect of superposition externally from LAYER. 

Also, it was decided that there was no need for considering variable friction 

between the layers since McCullough (Ref 2) determined that the effect was 

negligible for pavement applications. 

The model can basically be described using Fig 3.2. An elastic layer 

system which simulates the pavement structure may consist of up to eight 

layers in which the thickness, D, elastic modulus, E, and Poisson's ratio, 

V , for each must be defined. The coordinate system is two-dimensional axis 

symmetric where r represents the horizontal (or radial) axis and z the 

vertical axis. The origin (r=O, z=O) is at the surface directly beneath the 

load. The load is defined by some magnitude, F, with some pressure, p. Note 

also that the model is independent of units (so long as they are consistent). 

The response at any point (r,z) consists of radial stresses and strains 

(along a horizontal line passing through the z-axis), tangential stresses and 

strains (along a horizontal line perpendicular to a line passing through the 

z-axis), shear stresses and strains, bulk stresses and strains, and, finally, 

vertical stress and vertical displacement. 

The load used to predict the responses required by RPRDS-l is a 

simulated 18-kip single axle used in the FHWA and Texas SDHPT overlay design 

procedures (Ref 1, 3, 9). Figure 3.3 provides an illustration of the I8-kip 

single load and how it is simulated. The figure also shows how the total 

response at a given point is determined using the principle of superposition. 

Although the actual I8-kip single axle consists of four tires, the 

simulation used considers only two tires, or one-half the axle. This is to 

remain consistent with the fatigue equations (Refs 6 and 31), which were 
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Fig 3.2. Illustration of an elastic layer system. 
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(a) Standard IS-kip single axle: 4 tires, 
each 4500 lb. at 75 psi tire pressure. 

I~+'\ 
I I I 
I I 
I I 
I I 
I I 
I r 
I I 
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(

Load magnitude 
4500 Ib 

Toto I response 

(b) Simulated lS-kip axle load (half the standard axle) 
and illustration of superposition of responses. 

Fig 3.3. Standard IS-kip axle config~ration and 
simulation used in RPRDS-I. 
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developed using this half-axle simulation. Part (b) of Fig 3.3, then, 

illustrates how the total response (due to the two loads) at a particular 

point is determined. Point A represents the maximum response due to a single 

load. Since there is some effect (point C) due to the second load nearby, it 

must be estimated and then added to the response at point A to get the total 

response, point D. Also, since the two loads are identical, the effect of 

point C is equivalent to that at point B. Therefore, the total response at 

point D is simply the algebraic sum of the responses at points A and B due to 

a single load. It should be noted, however, that this superposition of 

responses gets much more complicated for multiple load configurations. 

LAYER Regression Submodel (REGRSP) 

This submodel was developed as part of this study in an effort to reduce 

RPRDS-l computer time requirements and in anticipation of the need to 

incorporate some measure of reliability into the program. Comparison of this 

submodel (called REGRSP) with the other available model (LAYER) shows that 

REGRSP takes less than one-fifth the computer time with greater than 85 

percent (generally 95 percent) accuracy. Unfortunately, due to the precision 

required by the equations for predicting pavement fatigue llves, there is 

usually a significant difference between the fatigue lives predicted by each 

submodel. Consequently, the LAYER submodel is strongly recommended for 

specific highway design applications. The REGRSP submodel is more than 

accurate enough, however, for use in developing a reliability model for the 

RPRDS-l program. 

Basically, the REGRSP submodel consists of l2 regression equations 

(presented in Appendix B) which predict a particular response in one of the 
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various paveme.nt structures considered in RPRDS-l. These equations were 

developed from designed experiments on the LAYER submodel where advantage is 

taken of the fact that (1) the design 18-kip single axle load is fixed (as in 

Fig 3.3), (2) the effect of superposition of loads on the design axle can be 

considered within each equation, and (3) the variation of Poisson's ratio for 

each of the layer materials has little effect on the predicted response. 

The specific procedure followed for the development of each equation is 

simple. It should be noted here, however, that each equation represents an 

expression for a single response within a particular pavement structure. 

This may help to avoid confusion later when the case arises in which there 

are two responses required from a particular pavement structure. 

The first step of the procedure was to select a particular pavement 

structure and the location of the desired response. These were selected on 

the basis of what responses were required by RPRDS-l to predict the fatigue 

lives of the available strategies. 

The second step, then, was to design an experiment (Refs 27 and 28) 

where the significant factors (the independent variables) which affect the 

response (dependent variable) predicted by LAYER could be varied to produce a 

factorial of LAYER solutions. Three equally spaced levels (high, medium, and 

low) of each significant factor were used in the experiments. Less 

significant factors, such as Poisson's ratio, were fixed according to the 

types of materials making up the layers of the pavement structure. In the 

experiments where there were more than five significant factors, a full 

factorial of solutions would have required exorbitant amounts of computer 

time and money, (3 or 59,049 LAYER solutions for the ten-factor case); 

consequently, fractional factorials as recommended by Connor and Zelen 
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(Ref 27) were used to generate the required set of LAYER solutions. This 

resulted in 243 observations (data points) in all but one of the experiments. 

The third step of the procedure was to perform an analysis of variance 

on the data. This was accomplished using a computer program, SUMSQ2 

(Ref 29), which computes the sums of squares about the grand mean for all 

main effects (original factors), both linear and quadratic, and the 

two-factor interactions of each. So, for a term such as the interaction 

between layer one thickness, D , and layer two modulus squared, (E ) , a 

large sums of squares indicates that the term explains much of the variation 

observed in the data. The objective, then, was to select the terms which 

explained the most variation and use them in the equation to predict 

response. However, a practical limit of 20 terms (less than one-tenth the 

number of observations) was imposed on each multi-factor regression equation. 

Preliminary results showed that most of the variation of a linear 

dependent variable could not be explained with the available terms. 

Consequently, it was necessary to try to explain the variation using 

different transformations of the dependent variable. Trial and error showed 

that a considerable amount of the variation (greater than 98 percent) in the 

log (base 10) of the response could be explained. Therefore, this 

transformation was used in all of the experiments. 

The fourth and final step of the procedure was to perform a stepwise 

regression analysis on the data using the log transform of the response as 

the dependent variable and the terms which explained most of its variation. 

The STEPOI computer program (Ref 30) was used to perform the regression 

analysis. Significant information about the constraints on each equation and 

plots of the accuracy of each equation, as well as the regression equations, 

themselves are presented in Appendix B of this report. 
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Another coding system was developed to aid in identifying each equation. 

The first letter indicates whether the response is a stress, S, or strain, E. 

The second letter (if there is one) indicates whether the first PCC overlay 

is bonded, B, or unbonded, U, by means of a bond breaker. The first number 

indicates how many different layers are considered and the second number 

identifies in which layer (counting from the top down) the response is 

determined. The letter C at the end of a code means that an underlying 

concrete layer is considered to be cracked. 

There are two other important things that were discussed previously but 

should be emphasized again. One is that the equations are based on a fixed 

axle load, as shown in Fig 3.3, and the other is that the effect of 

superposition is considered within the equations. 



CHAPTER 4. GENERATION OF FEASIBLE OVERLAY DESIGN STRATEGIES 

The purpose of this chapter, basically, is to show how feasible overlay 

design strategies are generated. Accordingly, several topics dealing with 

design constraints and fatigue life prediction will be discussed. Note here, 

too, that this chapter specifically describes the components of the routine 

called STRTGY, which is incorporated into RPRDS-1 (refer to Fig 2.2) to 

generate the feasible overlay design strategies. 

DESIGN CONSTRAINTS 

There are several types of design constraints which differentiate 

between overlay design strategies which are feasible and those which are not. 

These constraints are, for the most part, defined by the highway designer and 

therefore are largely subjective. The constraints which are considered 

within the Rigid Pavement System, RPS (Ref 7), include 

(1) maximum funds available for initial construction, 

(2 ) maximum allowable slab thickness, 

(3) minimum allowable time to first overlay, 

(4) minimum allowable time between overlays, 

(5) length of analysis period or minimum life of strategy, 

31 
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(6) maximum ACP and PCC overlay thicknesses, and 

(7) minimum ACP and PCC overlay thicknesses. 

All of these types of constraints seem practical for use in any type of 

pavement design system; therefore, a discussion of their applicability and 

use in RPRDS-l is in order. 

To begin with, it should be pointed out that RPS is a design system for 

pavements which are to be constructed from scratch, whereas RPRDS-l is a 

design system for pavement rehabilitation only. Though RPS can consider 

strategies where an overlay is required during the analysis period, the model 

it uses to predict the life of such an alternative is very primitive and may 

be subject to gross inaccuracy. The model RPS uses for PCC overlay design is 

an extension of the Corps of Engineers method for airfield pavements 

(Refs 13 and 15), while the method for ACP overlay design is based on an 

equivalent thickness concept (Ref 11). In any case, RPRDS-l is recommended 

for design of rehabilitation for existing rigid pavements, but, due to its 

nature, some of the constraints which are considered in RPS are not 

considered in RPRDS-l. 

listed. 

Such is the case for the first three constraints 

The constraints on maximum funds available for initial construction and 

maximum allowable slab thickness do not apply in RPRDS-l as it is assumed 

that a rigid pavement structure already exists. This also applies to some 

extent to the constraint on the minimum allowable time to first overlay. In 

most overlay design problems, the existing pavement is available for an 

.. immediate" overlay, and, consequently, it doesn't matter how long ago it was 

constructed. The constraint is still considered indirectly, however, since 
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the program requires that the designer specify certain levels of pavement 

life at which the first overlay may be placed. 

The fourth constraint listed is the minimum allowable time between 

overlays. This is considered directly within RPRDS-I. Any strategy in which 

a second overlay is required too soon after the first overlay will be 

eliminated from further consideration. 

Due to the type of maintenance cost model used in RPRDS-l, the fifth 

constraint, minimum strategy life, is handled differently than in RPS. 

RPRDS-l allows the user to specify some maximum period of heavy maintenance, 

which, in effect, allows some strategies to be considered which do not quite 

last the analysis period without some period of heavy maintenance. The 

result is that only strategies which require a longer period of heavy 

maintenance to last the analysis period are removed from further 

consideration. This is explained in further detail in Chapter 5. 

The sixth and seventh constraints listed are the maximum and minimum 

thicknesses of ACP and PCC overlays. These constraints are also considered 

within RPRDS-l, but in a slightly different way. First of all, RPRDS-l 

requires that the designer select the specific thicknesses of ACP and PCC 

overlay to be considered. Therefore, infeasible thicknesses are eliminated 

immediately. Second, the program allows the designer to specify a maximum 

total overlay thickness. Consequently, a strategy in which the combined 

thickness of two overlays is so great that it does not provide adequate 

bridge clearance will be eliminated. 

Finally, RPRDS-l attempts to limit the number of thickness design 

alternatives by omitting those which provide excessive lifetimes. Once a 

feasible thickness design is generated, no further designs are considered in 

which only the overlay thickness is greater. For example, if a 4-inch ACP 
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overlay is found to be feasible, there is no need to consider a 5-inch 

overlay. 

In summary, an RPRDS-l strategy is constrained by how long it will last, 

the total allowable thickness of overlay, and the time at which a second 

overlay (if used) is placed. 

PREDICTION OF FATIGUE LIFE 

The basic method used in RPRDS-1 for predicting the fatigue life of an 

overlay design strategy is that suggested by McCullough (Ref 2) and developed 

by Austin Research Engineers, Inc., for the Federal Highway Administration 

(Ref 1). That original method has experienced significant improvements 

during adaptation and implementation for the Texas SDHPT. The process of 

improvement and adaptation began with a study by Schnitter, Hudson, and 

McCullough (Ref 9). Further improvements to the design method were 

accomplished by Taute (Ref 31) in the areas of materials characterization and 

fatigue relationships for CRCP. The latter accomplishments were a result of 

practical implementation on several overlay projects in Texas. 

Finally, there were several improvements which took place as a part of 

this study to consider some factors not considered before. These include 

concrete shoulder construction, two overlays (instead of just one) to provide 

the desired lifetime, and the consideration of the additional life left in an 

overlay after the original PCC loses its load carrying capacity_ 

The effect of all of these improvements along with the basic approach to 

fatigue life prediction are discussed in this section. 
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Details of the Approach 

The overall approach to predicting the fatigue life of a pavement 

structure is very simple, even for the case of an overlaid pavement 

structure. The reader may, however, find the jargon and the logic difficult 

at first to understand. Therefore, this discussion will begin with the 

simplest problem imaginable, a two layer pavement structure, concrete and 

subgrade, subject to cyclic loading of a fixed magnitude. This is analogous 

to a repeated load flexural beam test in the lab. 

First, an estimate of the maximum tensile stress in the concrete is 

obtained from the available analytical methods. In this case, the method 

used is elastic layer theory with finite element adjustments for the 

particular types of discontinuities considered. The use of this analytical 

method requires the determination of thicknesses of each layer; material 

properties, elastic modulus, and Poisson's ratio for each layer, and the 

flexural strength of the concrete. 

Then, the maximum tensile stress and concrete flexural strength are used 

in a fatigue equation (discussed later) based on AASHO Road Test data. The 

result, then, is an estimated number of load cycles the structure will carry 

before it reaches the level of "failure" inherent in the fatigue equation. 

This may be when 10 percent of the surface area is cracked. 

The discussion of elastic layer theory and how it is used to predict 

response was presented in Chapter 3 while the discussion of how material 

properties are to be determined is presented in Chapter 6 (the RPRDS-1 User's 

Manual). Discussion of how fatigue lives are predicted for the various types 

of overlay strategies considered in RPRDS-1, the finite element adjustments 

to elastic layer stresses, and the fatigue equation used is presented later 



36 

in this chapter, but, first, it is important to complete the discussion of 

the approach to fatigue life prediction. 

The discussion above describes how RPRDS-l predicts the fatigue life for 

the simplest possible case, the original pavement structure. This should, 

however, provide the foundation necessary for understanding how the fatigue 

lives are predicted for the more complex overlay problems. 

As mentioned previosly, McCullough (Ref 2) first suggested the approach 

to predicting the fatigue life of an overlaid pavement and, later, Austin 

Research Engineers, Inc., developed it for the Federal Highway Administration 

(Ref 1). The method assumes that Miner's linear damage hypothesis is valid 

for such applications and uses it to develop the concepts of pavement damage 

and remaining life. 

The term damage is used to identify a certain amount of pavement 

deterioration. Damage due to the cyclic application of a constant stress 

level may be mathematically expressed by the following relationship 

where 

d. 
1 

n. IN. 
1 1 

th 
n. number of applied cycles at some i constant stress, 

1 

th 

(4.1) 

N. allowable number of cycles at that i constant stress, and 
1 

d. 
1 

damage experienced by the pavement after n. 
1 

cycles. 

For example, if the allowable number of cycles to failure, Ni ' was 100 and 

the number of applied cycles, n. 
1 

was 40, then the damage, d. 
1 
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experienced by the structure due to those 40 applications would be 0.40 or 40 

percent. 

The linear damage assumption, now, says that the individual damages, 

d. may be algebraically summed to determine the total damage due to the 
1 

application of a variety of stress levels. 

mathematically as 

= 
rn 
E 

i=l 
(n./N.) 

1 1 

where n. and N. are as defined before and 
1 1 

This may be expressed 

(4.2) 

d
T 

= total damage due to the application of a variety of stress 

levels, i, and 

rn number of different stress levels. 

In the example, if the damage due to 600 cycles of another stress level 

(in which the allowable number of cycles was one thousand) is accumulated 

according to Miner's hypothesis, then, the total damage the structure would 

suffer 1s 

0.40 + 600/1000 1.0 

Or, in other words, the damage to the structure is 100 percent, which implies 

that it has reached the failure level inherent in the fatigue equation. 

Now, to illustrate how this is used to predict the fatigue life of a 

structure after it is overlaid, consider the example of placing a bonded PCC 
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overlay on an existing PCC which has already experienced some fatigue damage. 

Equation 4.2 will become 

where 

(4.3) 

fatigue life obtained from the fatigue equation using 

predicted maximum stress due to the design l8-kip single axle 

load on the original pavement (see Fig 4.la), 

n l the number of l8-kip equivalent single axle loads (ESAL) the 

original pavement was subjected to before overlay (this is 

determined from past traffic estimates), 

N2 fatigue life obtained from the fatigue equation using the 

predicted maximum stress in the original PCC due to an l8-kip 

single axle load on the overlaid structure (see Fig 4.lb), 

n
2 

the number of l8-kip ESAL the pavement structure can carry 

after overlay, and 

d
T 

1.0, since the damage to the pavement at the end of its 

lifetime is 100 percent. 

The meaning of each term can be expressed graphically in a 

versus l8-kip cycles as shown in Fig 4.2a. Line 1 

plot of damage 

represents the 

deterioration (or fatigue) of the original PCC. Line 2 represents the 

deterioration of the original PCC if the bonded PCC overlay was placed before 

any damage to the original PCC had occurred. 

line 3 must represent the deterioration 

It should be apparent now, that 

of the original PCC in which the 
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bonded PCC overlay was placed after n
l 

cycles of the l8-kip single axle load. 

It should be apparent, also, that the slopes of lines 2 and 3 are identical. 

Finally, it should be noted that it is the slopes of these lines that are the 

most affected by the different overlay strategies. 

Since n , the life of the pavement structure after overlay, in this case 
2 

is the number required to estimate the year in which the strategy will 

"fail", its value can be determined by rearranging Eq 4.3: 

(4.4) 

where dr ' Nl ' nl ' and N2 are know quantities. 

Now that the equation for predicting the fatigue life of the original 

PCC after overlay has been derived, an explanation of the concept of 

remaining life is in order. 

Remaining life may be defined as the amount of damage left in a pavement 

layer after it has been subjected to cyclic loading. It is the term in 

parentheses in Eq 4.4, d T - nl/N l , where dT is equal to one. The notation 

adopted for remaining life is RL; therefore, 

1 - d 
1 

It can be expressed as either a fraction or a percent. 

(4.5) 

If Fig 4.2a were 

plotted with remaining life on the vertical axis, it would result in the 

graph shown in Fig 4.2b. 
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There are two reasons why the remaining life concept was adopted. One 

was to allow the designer to estimate the amount of life left in a pavement 

where there is little past traffic data available. The second and more 

important reason is that remaining life is considered to be highly correlated 

with data gathered from field observations or condition surveys of the 

distressed pavement. The development of such a relationship would help 

eliminate the need for precise past traffic information and allow the 

designer to rely on up-to-date surveys of in-service pavements for overlay 

design problems. 

Improvements to the Approach 

Up to now, the discussi.on has been on the approach to predicting the 

fatigue life of a single concrete layer, the original pee. In general, this 

is the extent of the FHWA and Texas SDHPT design procedures (Refs 1 and 9); 

the life of a specific overlay design strategy is expressed only in terms of 

the fatigue life of a single load carrying layer. This approach is certainly 

conservative, but, in some cases, it may be too conservative. An extension 

of the approach is to consider the life left in the overlay after the 

original pee loses its load-carrying capacity-

The extension of the approach can be described with the aid of Fig 4.3. 

At the time of overlay placement, the original pee has already experienced a 

certain amount of damage and, therefore, is at some level of remaining life, 

RL which is well below 100 percent. The overlay, however, has 
e 

experienced no damage and has a remaining life of 100 percent. Then as 

fatigue applications due to heavy trucks continue, the overlay will 

deteriorate to a point, ~ , where the original pee would have no load 
o 
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Fig 4.3. Graph of remalnlng life versus fatigue applications,which 
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fatigue life (after overlay) was extended to consider the 
additional life left in the overlay after the original 
PCC loses its load-carrying capacity. 
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carrying capacity. The fact that the original PCC has become totally damaged 

does not necessarily mean the overlay has. Depending on the type of overlay 

and how it was placed, the structure may yet be able to carry a significant 

number of load applications. This is definitely the case for ACP and 

unbonded PCC overlays. 

Since the load-carrying capacity of a layer is dependent on the amount 

of cracking it has incurred, remaining life must be a function of cracking. 

So, when predicting how the overlay will deteriorate, it is important to 

consider how cracking in the underlying PCC layer will affect the cracking 

(and therefore remaining life) of the overlay. In the bonded PCC overlay 

example discussed previously, experience has shown that any crack which 

exists or originates in the original PCC will always propagate up through the 

bonded PCC overlay. (This is known as reflection cracking and may be 

explained by the existence of stress concentrations above a crack once it is 

initiated). After a short period of time, the cracking and remaining life of 

the bonded PCC overlay will be identical to that of the original PCC. 

Accordingly, by the time the original PCC reaches the level of no remaining 

life, the bonded PCC overlay will also. This is illustrated in Fig 4.4. 

As for the ACP and unbonded PCC overlays, their deterioration is as 

shown previously in Fig 4.3. Generally, the remaining life for both overlay 

types will be significantly high at the point when the original PCC reaches 

the level of zero remaining life. The explanations for this high level of 

remaining life for each overlay type are, however, quite different. 
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For the case of the unbonded PCC overlay, the fact that there is a bond 

breaker between the two PCC layers (to help absorb any differential movement 

which may lead to reflection cracking) insures that the overlay will 

deteriorate primarily due to its own fatigue. In fact, the tensile stresses 

which cause fatigue in the overlay can be computed using elastic layer theory 

(with finite element adjustments for discontinuities). The bond breaker 

which separates the two PCC layers usually consists of a thin layer of 

low-stiffness asphaltic concrete which not only helps shield reflection 

cracking but also acts as a level-up course. 

Unlike an unbonded PCC overlay, an ACP overlay comes into intimate 

contact with the surface of the original PCC, much like a bonded PCC overlay. 

But, unlike those of the bonded PCC overlay, material properties peculiar to 

asphaltic concrete help keep it from reflecting a crack which may exist in 

the underlying PCC. Results of an experimental overlay project on an 

existing CRCP along IH-4S in Walker County, Texas, obtained from studies by 

McCullough (Ref 2) and McCullough and Chesney (Ref 33) and from several 

condition surveys of the project (conducted by the Center for Highway 

Research at The University of Texas) indicate that structural ACP overlays 

(those at least 3 inches thick) are much less susceptible to reflection 

cracking than bonded PCC overlays, particularly on existing CRC pavements. 

For one thing, asphaltic concrete is not as brittle as portland cement 

concrete and can develop greater horizontal tensile strains (i.e., those due 

to temperature drop related movements of the underlying pavement) without 

cracking (so long as the underlying horizontal movements at the crack are not 

as large as they are at the joint of a JCP). Secondly, asphaltic concrete 

tends to relax and heal itself at higher temperatures, which, in turn, 

interrupts the reflection cracking process. Finally, it is apparent that 
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since CRC pavements depend on aggregate interlock for load transfer across a 

crack, there is little differential vertical movement across the crack and 

therefore the induced vertical shear strains in an ACP overlay are low. The 

combination of all these tends to limit the reflection of underlying cracks 

through an ACP overlay as long as the underlying PCC pavement has some 

load-carrying capacity. Even so, reflection cracking is still the ultimate 

mechanism of distress which destroys the structural integrity of the ACP 

overlay. Since this is not the usual process of fatigue, it was necessary to 

adopt a different approach to predicting the allowable number of 18-kip 

single axle cycles an ACP overlay can carry. 

Earlier, it was pointed out that an ACP overlay is placed so that it 

will "stick" to the existing surface (a delamination between the two layers 

may lead to serious problems with pop-outs). Because of this, the ACP 

overlay, theoretically, can not carry any bending tensile stresses (or 

strains) since most of it, if not all, is above the neutral axis of the 

two-layer combination (see Fig 4.5). This is even true for the case in which 

the original PCC has no load carrying capacity, since the effective stiffness 

of the two layers is almost the same. The stiffness of the original PCC, 

however, is usually not indicative of the kind of tensile stresses and 

strains it can carry since it is based only on measured Benkelman Beam 

deflections at the AASHO Road Test. Recognizing this, Schnitter (Ref 9) 

developed a model which does not allow the underlying PCC to carry any 

tensile stresses if it is cracked and has no load-carrying capacity. In the 

model, the cracked pavement below the ACP overlay is characterized as a 

single semi-infinite layer with a composite stiffness. Then, a fatigue 

strain which hopefully simulates the reflection cracking strain is calculated 

and used in the ACP fatigue equation. The composite stiffness is determined 
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by matching the deflection under the design 18-kip single axle load for the 

composite and cracked structures. This model is illustrated in Fig 4.6 and 

is similar to the approach used in the AASHTO Interim Guide (Ref 5) for 

determining a composite k-value for a subbase layer on top of a subgrade. 

The model temporarily solves the problem for an ACP overlay on an 

existing PCC pavement. Unfortunately, it does not solve the problem of an 

ACP overlay on a PCC pavement which still has load-carrying capacity. For 

this case, it is necessary to assume that the damage incurred by the overlay 

due to a single load cycle is equivalent to that incurred by the underlying 

PCC (or, in other words, assume the rate of deterioration of the ACP overlay 

is the same as that of the original PCC). Though this assumption is not 

necessarily conservative, it was found that its effects, when it is used in 

conjunction with the AC fatigue equation, were negligible for ACP overlays 

less than 8 inches thick. Still, a better overall approach would be to 

estimate the maximum strains which cause reflection cracking using finite 

element theory and then correlate them with field measurements of load 

transfer, horizontal movement at the crack or joint, and 18-kip equivalent 

single axle traffic. The lack of this data, however, makes it impossible to 

develop such a relationship at this time. 

Available Overlay Strategies 

Now that the background of the overlay design model has been presented; 

it is convenient to discuss the overlay design strategies available in 

RPRDS-l. Figure 4.7 illustrates the alternatives which are possible with 

regard to the type of the existing pavement and the type of overlay. Note 

that a two-overlay strategy can be considered but that at least one of the 
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two must consist of asphaltic concrete. Though the discussion of the 

approach to predicting fatigue life did not cover the method for a 

two-overlay combination, it will become apparent later when the specific 

models for each possible design are presented. 

Besides the type of overlay, the other variable components of an overlay 

strategy include 

(1) remaining life of the existing surface layer at time of overlay 

placement, 

(2) overlay thickness, 

(3) flexural strength of a PCC overlay, and 

(4) concrete shoulder construction. 

The remaining life of the existing surface layer at the time of overlay 

construction is considered to be an important component of a strategy since 

it corresponds to a particular future year which, due to discount rate, may 

significantly affect the net present value of a given strategy. The method 

in which the future year is determined for a given value of remaining life is 

discussed later in this chapter. 

The other three variable components are considered because of their 

effect on the life of a given strategy. There are two things, however, that 

should be kept in mind about the overlay flexural strength and concrete 

shoulder construction components. The 

flexural strength is highly correlated 

first 

with 

is that 

concrete 

although concrete 

stiffness (elastic 

modulus), the variation of the stiffness is not taken into consideration 

because of the additional computer time and storage it would require. Also, 

there is some question as to the validity of varying the overlay's flexural 
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strength since the concrete fatigue equation (discussed later) is based only 

on the mean flexural strength of the AASHO Road Test sections (690 psi). 

The second important thing to keep in mind is that concrete shoulder 

construction can be considered only if a concrete overlay is to be 

constructed at the same time. This leaves out the option of constructing a 

concrete shoulder at grade with the original structure. This option is not 

considered practical or economically feasible due to. the amount of work 

involved with tying the PCC shoulder into the original structure. 

The best way to show how each component is considered and at the same 

time present the equations which predict the fatigue life of each possible 

strategy is to present a flowchart of the RPRDS-1 routine (STRTGY) which 

performs the analysis. The flowchart of STRTGY is presented in Appendix C. 

Each strategy that is generated is identified by ten different indices. 

A feasible strategy is stored with this set of indices and other design 

factors relating to time of overlay placement and time of overlay failure 

(loss of load carrying capacity). This set of indices is described below. 

(1) IRL1 - Index of the remaining life of the original pavement at the 

time of the first overlay. IRL1 varies from 1 to NRL1 for each 

user-specified remaining life (10 maximum). 

(2) IOV1 - Index to the type of first overlay (l=ACP, 2=Bonded CRCP, 

3=Unbonded CRCP, 4=Bonded JCP, 5=Unbonded JCP). 

(3) IC1 - Index which identifies whether a concrete shoulder is 

constructed at the time of first overlay (O=No, l=Yes). Concrete 

shoulder construction cannot be considered if the first overlay is 

ACP. 
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(4) IFRI - Index to the level of the flexural strength of the first 

overlay. IFRl varies from 1 to NFROV, the number of user-specified 

flexural strengths to consider (5 maximum). IFRI will be zero if 

the first overlay is ACP. 

(5) IOV1T - Index to the thickness of first overlay. IOV1T varies from 

1 to NACT1 for an ACP first overlay and from 1 to NPCCT for a PCC 

first overlay (8 maximum for both cases). 

(6) IRL2 - Index of the remaining life of the first overlay at the time 

of the second overlay. IRL2 varies from 1 to NRL2 for each 

user-specified remaining life (10 maximum). 

second overlay is not part of the strategy. 

IRL2 is zero if a 

(7) IOV2 - Index to the type of second overlay (l=ACP, 2=CRCP, 3=JCP). 

(8) Ie2 - Index which identifies whether a concrete shoulder is 

constructed at the time of second overlay (O=No, l=Yes). Concrete 

shoulder construction cannot be considered if the second overlay is 

ACP. 

(9) IFR2 - Index to the level of flexural strength of the first 

overlay. IFR2 varies from 1 to NFROV, the number of user-specified 

flexural strengths to consider (5 maximtw). IFR2 will be zero if 

the second overlay is ACP. 

(10) IOV2T - Index to the thickness of second overlay. IOV2T varies 

from 1 to NACT2 for an ACP second overlay and from 1 to NPCCT for a 

PCCT second overlay (8 maximum for both cases). 

There are several submode19 used by the STRTGY routine which are not 

explained in Appendix C. These include 
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(1) the fatigue equations, 

(2) the method for adjusting the elastic layer stresses for the 

particular discontinuities associated with a given alternative, and 

(3) the method for predicting the year corresponding to some cumulative 

traffic. 

They are discussed next, in the order shown. 

The Fatigue Equations 

The term fatigue equation is used in this context to identify the 

relationship between the response of a pavement under load (i.e., stress or 

strain) and the number of cycles of that load the pavement can carry before 

it reaches some failure criteria. RPRDS-l uses three fatigue equations: two 

for portland cement concrete (PCC) and one for asphaltic concrete (AC). 

PCC Equations. The concrete fatigue equations used in RPRDS-l are the 

result of an anaysis performed by Taute (Ref 31) on AASHO Road Test data 

(Ref 4) and data from statewide condition surveys in Texas (Ref 44). They 

represent an improvement over the original equation developed by Austin 

Research Engineers (ARE) for the Federal Highway Administration (Ref 1), 

since the seasonal variation of subgrade strength was taken into account 

during their development. One of the equations also attempts to account for 

the better moisture environment provided by the placement of an overlay. 

These two equations along with the original ARE equation are shown in 

Fig 4.8. In order to better understand the use of these equations in 

RPRDS-l, it is useful to first describe (and contrast) their development. 



56 

100 

en 
C 
0 

E 

-00 ..... 
Z 

en 
C 
0 -0 to 
.~ 
Q. 
Q. 
<I 

-l 
<I 
(f) 

W 

Q. 

.:It: 
I 

co -

Taute Equation 

(Ref 31) 

Overlaid Pavements 

N1S '43000(aj·2 --.. 

Taute Equation 

(Ref 31) 

Non-overlaid Pavemenfs 
~ ARE Equation 

(Ref I) 

N1S ' 46000(~3.0 N1S ' 23440(~21 

2 4 6 8 

Ratio of Concrete Flexural Strength (f) to 

Critical Stress in Concrete (O"c) 

4.8. PCC fatigue equations. 

10 



57 

Development of the ARE equation began with the characterization of the 

material properties of the PCC sections at the Road Test. The significant 

aspects that should be pointed out here are that a mean subgrade stiffness 

(elastic modulus) of 5000 psi and a concrete flexural strength, f, of 690 psi 

were used for all sections in the analysis. 

The elastic layer program, ELSYM5 (Ref 21), was then used to predict the 

critical stress, 0c' under the simulated 18-kip axle load for each section. 

(Note that since the outer wheel path for approximately 90 percent of the 

applications was well away from the pavement edge, an interior stress 

condition was assumed. This, in turn, eliminated the need for adjustments 

for higher stress conditions near the edge.) Equivalency factors developed 

at the Road Test were then used to estimate the equivalent 18-kip single axle 

applications, N18 , carried by each section. A regression anaysis was then 

performed to determine the "best-fit" line through this data. Also, it 

should be pointed out that the failure criterion used for this equation was 

the point when the pavement first exhibited Class 3 and 4 cracking. 

A slightly different approach was used by Taute (Ref 31) to develop the 

two new PCC equations. First of all, a higher level of distress (a cracking 

index of 50 feet per 1000 square feet, AASHO definition) was selected for the 

failure criteria for non-overlaid pavements. This point seemed to correspond 

with a point (determined from the statewide condition survey of CRCP in 

Texas) where distress levels began to increase rapidly. This point is 

assumed to correspond to a loss of pavement load-carrying capacity and no 

remaining life. 

Next, the strength of the subgrade was characterized (using Benkelman 

Beam deflections) for two main seasons, one when the subgrade was firm and 

the other when the subgrade was weakened due to spring thaw. Like the ARE 
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development, a mean value of 690 psi Was used for the concrete flexural 

strength for all sections since little variation was observed in the data. 

Once again, ELSYMS Was used to predict the interior concrete stress for both 

seasons; however, some adjustments were applied in estimating the average 

critical stress, 0 , for each section. These adjustments were to account for c 

the distribution of wheel loads across the pavement. It is important to 

note, also, that these stresses were determined using a simulation of the 

actual axle loads used at the Road Test and not a simulation of the IS-kip 

equivalent single axle used in the ARE development. This eliminated the need 

for using AASHO equivalency factors to estimate the equivalent IS-kip single 

axle traffic on each section. (Some equivalency factors were used, however, 

to account for the difference in load duration between single and tandem 

axles.) 

The next step of the iterative process was to estimate an equivalent 

critical stress for each section, using Miner's linear da~age hypothesis and 

the traffic and critical stresses for each season. A regression analysis was 

then performed to generate a neW fatigue equation using the equivalent 

critical stress as an independent variable and the total traffic as the 

dependent variable. The iterative process would continue until the new 

fatigue equation differed insignificantly from the assumed fatigue equation. 

Though this equati.on was developed with as few limiting assumptions as 

possible, Taute points out four factors to consider when using it: 

(1) The AASHO rigid pavement sections were all jointed and had only 

granular subbases which often exhibited extreme amounts of pumping. 
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(2) The effects of spring thaw at the Road Test were severe, which may 

not be the cases in many areas, especially in Texas. 

(3) The Road Test sections had only granular shoulders, which are 

certainly not common on today's Interstate Highway system. 

(4) There was very little traffic encroachment near the pavement edge 

at the Road Test, which is, once again, not the case for many of 

today's highways. 

Furthermore, this equation is recommended for use only with non-overlaid 

pav~lents or those which have poor moisture environments. 

For overlaid pavements, Taute recommends the use of the second PCC 

equation (shown in Fig 4.8). This equation is basically an adjustment of the 

first equation based on results that showed that overlaid pavements in Texas 

were far exceeding their design life predicted by the previous design method 

(Ref 9). This was attributed to the improved moisture environment provided 

by overlay placement. Because of this, the new equation is also used in 

RPRDS-l for predicting the life of pavements which have a concrete shoulder, 

since they are not subject to water ponding at the pavement edge. 

AC Equation. The fatigue equation used in RPRDS-l for the design of 

asphaltic concrete (AC) overlays is the original one developed by Austin 

Research Engineers, Inc. (ARE), for the Federal Highway Administration 

(Ref 6). Like the pec equations, this one was based on data from the AASHO 

Road Test (Ref 4); however, this one was not based directly on field data. 

The AC equation represents a correlation with the AASHO cracking equation 

(Eq 4.6) which is a function of the pavement structure and axle load: 

log W 
c 

5.484 + 7.275 10g(O.33D1 + O.10D2 + O.08D
3 

+ 1) (4.6) 

+ 2.94710gL2 - 3.13610g(L
1 

+ L
2

) 



60 

where 

We allowable load applications before Class 2 cracking (the 

failure criteria), 

pavement layer thicknesses, 

axle load, and 

1 for single axle configuration and 2 for tandem. 

The AASHO equation had a squared correlation coefficient of 0.79 and the AC 

equation used here (see Fig 4.9), which attempts to model it using elastic 

layer theory, has a squared correlation coefficient of 0.93. The materials 

characterization method used to develop the AC equation is similar to that 

used to develop the ARE concrete fatigue equation. 

characteristics used in the elastic layer analysis. 

Table 4.1 shows the 

It should be noted that the critical tensile strains predicted for the 

AASHO Road Test sections were relatively high (greater than 10 in./in.). 

This, in turn, limits the application of the AC fatigue equation used in 

RPRDS-1 to ACP overlay thicknesses of less than 8 inches. 

Finite Element Adjustments 

As discussed in an earlier section of this chapter, elastic layer theory 

is used to predict pavement response in RPRDS-1. Unfortunately, real 

pavements are not as simple as those modelled by elastic layer theory. They 

have joints, cracks, edges, corners, nonuniform support, and other similar 

types of discontinuities which have a large effect on pavement response. 

This section, then, describes how finite-element adjustment factors were 

developed to account for these types of discontinuities in overlay design. 
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TABLE 4.1. CHARACTERISTICS OF THE AASHO ROAD TEST FLEXIBLE SECTIONS 
v,1UCH VERE USED IN THE DEVELOPHENT OF THE AC FATIGUE 
EQUATION 

Elastic Range of 
Modulus, Poisson's Thickness, 

Layer Ratio in. 

AC Surface 460,000 .30 1 - 6 

Base 40,000 .40 o - 9 

Subbase 20,000 .40 o - 16 

Sub grade 5,000 .45 Semi-infinite 
in all cases 
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There are several computer models which use finite-element theory to 

solve engineering problems and the one used in this study is similar to most. 

It is called SAP-2 (Static Analysis Program - Version 2) and was developed at 

the University of California at Berkeley (Ref 40). Some thought was also 

given to using the discrete-element method incorporated into SLAB49 

(Refs 41 and 42) as used in the development of the original design procedure 

(Ref 1), but it was rejected since SLAB49 is basically for a single slab pce 

pavement and can not consider multiple overlays. 

The approach used to develop a set of adjustment factors to account for 

pavement discontinuities was to (1) run SAP-2 to determine the response for 

an interior slab condition (this is similar to the elastic layer response due 

to differences in modelling the load and the subgrade), then (2) run SAP-2 

for the critical loading condition (near the pavement edge or corner) to 

determine the critical response, and finally, (3) calculate the adjustment 

factor by taking the ratio of the critical response to the interior response. 

This adjustment factor was then used to adjust the interior response 

predicted by elastic layer theory. 

Figure 4.10 illustrates these different stresses in an unbonded PCC 

overlay on an existing PCC pavement. Figure 4.10a shows the interior tensile 

stresses developed in the overlay and existing pavement due to a simulated 

18-kip axle load. Figure 4.10b illustrates the edge stresses in both PCC 

layers for the case when there is a PCC shoulder. The critical stress 

factors for both PCC layers, in this case, are simply the ratio of the edge 

stress to the interior stress: 

For the original PCC pavement, 

/ cr p. 
:L 

(4.7) 
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Figure 4.11 shows how the pavement structure in Fig 4.lGb is modelled in 

SAP-2 to determine the interior and edge stresses. The figure also shows 

typical plan, front, and side views of the modal frame as well as the 

elements, loads, and boundary conditions which make up the model. It should 

be pointed out, also, that every advantage of symmetry is taken in modelling 

the structure. This is illustrated particularly in the side view of Fig 4.11 

which represents half of the longitudinal profile of the structure. The 

other half is modelled without the additional elements and nodes (which 

increase computation time dramatically) by (1) fixing movement in or out of a 

transverse vertical plane in the structure under the load and (2) fixing the 

rotation about the transverse axes in the transverse vertical plane. 

Rotations are also fixed about vertical axes in the transverse vertical 

plane, as shown in Fig 4.11. 

By varying some of the variables which affect the ratio of the critical 

to interior stresses the most (such as concrete, subgrade, and subbase 

stiffness), a range of critical to interior stress ratios can be determined. 

A summary of these ranges (as developed in this study) is provided in Table 

6.3 of the RPRDS-l User's Manual for all possible overlay combinations 

considered by RPRDS-l. Some gUidelines for selecting the appropriate stress 

factors are also provided in the User's Manual. 
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Year Corresponding to Cumulative Traffic 

This section describes how RPRDS-l computes the year (relative to year 

zero of the analysis period) corresponding to some cumulative l8-kip ESAL 

traffic. This model is used to estimate the approximate year of overlay 

placement and the year in which a strategy will" fail." This model is 

contained within the YEAR routine in RPRDS-l and is illustrated in Fig 4.12. 

Basically, the equation used by the Texas State Department of Highways 

and Public Transportation to compute the average daily traffic (ADT) at some 

future year is used here to compute the future year given the cumulative 

traffic. The equation for the future traffic is 

where 

W. 
1 

Wo (1 + iG) 

yearly traffic in .th 
1 year, 

W = initial yearly traffic, o 
i = future year, and 

G = traffic growth rate (expressed as a fraction). 

(4.9) 

The total cumulative traffic, W, in year i, may be expressed by the summation 

of W. 
J 

as j goes from 1 to i. Then by replacing the summation with an 

equivalent mathematical expression, Eq 4.9 can be rearranged to give the year 

corresponding to the cumulative traffic: 

i 
-2 -G + ,,(2 + G)2 + 8GW/W

O (4.10) 
2G 
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Fig 4.12. Illustration of how the year (YR) corresponding 
to some future cumulative 18-kip ESAL traffic 
(W) is determined. 



69 

This equation cannot be solved, however, if the traffic growth rate, G, is 

equal to zero. In this case, the following equation is used: 

i (4.11) 

SUMMARY 

As pointed out earlier, the purpose of this chapter is to describe how 

feasible overlay design strategies are generated in RPRDS-l. Now that the 

components of the routine (STRTGY) used to generate these feasible strategies 

have been discussed, it is useful to provide a brief summary of how these 

components fit together. 

First of all, it is necessary to generate a candidate strategy, keeping 

in mind some of the constraints on overlay thickness. To do this, certain 

cumulative l8-kip ESAL applications must be obtained: (1) the traffic from 

year zero to the time of overlay placement and (2) the traffic from year zero 

to the time of overlay failure. These l8-kip ESAL traffic values are 

determined by first combining the results of layer theory and the finite 

element analyses to predict the required critical responses. These critical 

responses are then used in conjunction with the fatigue equations and the 

fatigue life prediction models to obtain the l8-kip ESAL traffic values. 

Next, the years corresponding to these l8-kip ESAL traffic values are 

determined (using the YEAR routine), so that a check for feasibility can be 

made using the remaining time constraints. If the candidate strategy meets 

these remaining constraints, it is stored as a feasible strategy for later 

cost analysis and optimization. 
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CHAPTER 5. COST ANALYSIS OF EACH FEASIBLE STRATEGY 

The purpose of this chapter is to provide a description of how the 

individual and total costs for each feasible overlay design strategy are 

determined. The structure of the routine, COSTRY, within the RPRDS-1 program 

which performs this analysis is so simple that a detailed flowchart of the 

routine is not warranted. Figure 2.2 and 5.1 should provide the reader a 

good idea of what the individual costs are as well as the order in which they 

are determined. 

Inspection of Fig 5.1 shows that there are several different cost 

submodels required to estimate the component costs of each strategy. These 

components include traffic delay cost (associated with overlay construction), 

overlay construction cost, distress/maintenance cost, value of extended life 

(beyond the end of the analysis period), and salvage value. The latter two 

are actually negative costs since they represent a future return on the 

investment made in a particular rehabilitation strategy. 

Each of these cost submodels, along with the method for determining net 

present value and the method of optimization, is discussed below. 
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At 

COS TRY 

Read a feasible strategy 

Compute traffic delay cost associated 
with first overlay construction 

Compute first overlay construction cost 
(site establishment, surface preparation, 
overlay and shoulder thickness, and 
steel reinforcement) 

NO 

Compute traffic delay cost associated 
with second overlay construction 

Compute construction cost of 
second overlay 

Fig 5.1. General flowchart of the cost analysis, 
COSTRY, routine. 

(Continued) 



At 

YES 

Compute total maintenance cost of 
strategy (up to end of analysis period) 

Compute value of the extended life 
of a strategy which lasts beyond 
the end of the period 

Compute sa value 

Compute total strategy cost (sum 
of all individual costs) 

Print strategy 

Arrange strategy in order of 
increasing total cost 

Return to RPRDS control routine 

Fig 5.1. (Continued). 
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TRAFFIC DELAY COST SUBMODEL 

This mOGe1 was originally developed by Scrivner, Moore, McFarland, and 

Carey (Ref 12). It has been continually updated and modified with each 

version of the Rigid Pavement System, RPS. Carmichael (Ref 7) made the most 

significant improvement~ in 1974, while Daniel (Ref 43) has provided the most 

up-to-date user delay costs (1978) for Texas conditions. With the exception 

of some minor changes to incorporate the routine into the framework of 

RPRDS-l, the traffic delay cost routine (TDCSY) is the same as that used by 

Daniel. Since the development of this routine is well documented in these 

previous studies, only a cursory description of its method of predicting 

costs is presented here. A detailed description of the inputs required by 

the model is, however, provided in Chapter 6, the RPRDS-l User's Manual. 

Basically, the model first predicts the delay times incurred by each 

vehicle as it passes through the restricted overlay zone. Daily 

distributions of traffic for rural and urban areas of Texas, as well as the 

incremental user delay costs per unit time, are built into the routine. 

These, along with the user-specified traffic volumes and periods during which 

the delays will occur, are used to determine the total overall traffic delay 

cost. The cost is then converted to a per square yard basis and is brought 

back to net present value using the PRVAL routine discussed later in this 

chapter. 

It should be pointed out, also, that the routine is capable of 

predicting what the vehicle delay times are, so long as the user provides 

information regarding traffic volume, overlay construction rate, detour 

models, and traffic speed profiles through the restricted zone. Once again, 
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Chapter 6 discusses in detail the selection of these inputs required by the 

model. 

OVERLAY CONSTRUCTION COST SUBMODEL 

The cost of overlay construction can be broken down further into four 

categories, site establishment cost, pavement surface preparation cost, 

overlay and shoulder thickness, and steel reinforcement. Each is determined 

on a per square yard basis and numerically summed to give the total overlay 

construction cost. The submodel which estimates these costs is incorporated 

directly into the COSTRY routine. A description of how each of these costs 

is determined is provided next. 

Site-Establishment Cost 

This refers to the cost of mobilizing the men and equipment necessary to 

perform the overlay construction. It does not include the cost of 

right-of-way or any other cost which is not dependent on the type of overlay 

to be constructed. Since RPRDS-l predicts costs on a per square yard basis, 

the value of this cost is divided by the total pavement area in the project 

before summation. 

Surface-Preparation Cost 

This refers to the cost of any cleaning and milling which must be 

performed on an existing surface prior to overlay. It is entered on a per 

square yard basis and is therefore ready for immediate summation. 
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Overlay and Shoulder Thickness Cost 

First of all, the cost of shoulder construction is included in RPRDS-l 

since the capability exists for considering the effect of a PCC shoulder (in 

lieu of a flexible or ACP shoulder) on the overlay strategy's fatigue life. 

The calculation of the shoulder construction cost is handled in the same way 

as that of the overlay thickness cost; that is, the cost of a certain 

thickness of overlay (or shoulder) consists of a fixed cost (dollars per 

square yard) and a variable cost (dollars per square yard per inch of 

thickness) • 

The fixed cost takes care of the cost of any traffic detour arrangements 

which need to be made and the cost of machinery and manpower required to 

perform the actual construction. Examples of the latter include the cost of 

vibrating and surface finishing for PCC overlays, and compaction, rolling, 

and surface finishing for ACP overlays. The units of fixed cost are dollars 

per square yard. 

The variable cost accounts for the differences in thickness between 

different overlay strategies. ConsequentlYt the units of variable cost are 

dollars per square yard per inch. 

In addition to the thickness cost, the construction cost submodel also 

considers the increased voltune of material required for level--up and the cost 

of bond breaker placement for unbonded PCC overlay strategies. 

Steel Reinforcement Cost Submodel 

Unlike the Rigid Pavement System, RPS (discussed earlier), RPRDS-l does 

not use a sophisticated model for the prediction of the steel reinforcement 

percentages required by PCC pavements. Instead, it must rely on the 
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designer's empirical estimates of the steel percentages required for the 

different overlay types. 

There are two reasons why RPRDS-l must use this simple method. The 

first is that the design here is for PCC overlays, a case where the method 

used in RPS (for new PCC pavements) is not applicable. The second, and more 

important, reason is that existing models for the design of reinforcement in 

PCC overlays are not at the st~ge where they can be easily incorporated into 

a design system. In any case, the method used here is more than adequate for 

use in the cost estimates. It is the responsibility of the user or designer 

to determine the required steel design in the event that a PCC overlay 

strategy is selected. 

Basically, the steel percentages selected by the user (which should 

include transverse as well as longitudinal steel) are used to estimate the 

volume and weight of steel in a square yard of overlay. The cost per square 

yard is then calculated by multiplying the weight of steel per square yard by 

the cost per pound of steel, another user input. 

DISTRESS/MAINTENANCE COST SUBMODEL 

The purpose of this section is to describe how maintenance costs are 

predicted in RPRDS-l. Due to the interaction between the occurrence of 

pavement distress and the need for maintenance, some discussion is also 

provided on distress prediction. Also, since distress and maintenance are so 

confounded, it should be pointed out that the two are combined and considered 

simultaneously in RPRDS-l in the MNTCST routine. 



78 

This submodel was developed in this study on the basis of an analysis by 

Taute (Ref 31) of a statewide condition survey of CRC pavements in Texas 

(Ref 44). As a result, it is largely exogenous and requires a lot of user 

input on the rates of distress occurrence during different stages of a 

pavement's life. Fortunately, however, this approach is general enough to 

allow for future improvements in the areas of distress prediction. 

Method for Calculating Maintenance Costs 

The mechanics of the model are simple. The user first defines the rate 

of distress occurrence and the cost for a single repair on the existing 

pavement. Then for each overlay type considered the user must specify (1) 

the cost of repairing a typical distress manifestation (or defect) which may 

occur, (2) the rates at which these defects occur during two stages of the 

fatigue life of the overlay, and (3) the rates of defect occurrence for any 

number of years (after the end of the fatigue life) the user wishes to 

consider to extend the life of a given overlay strategy (these additional 

years considered represent a period of heavy maintenance). With this 

information, the program will increment its way through the life of a 

strategy, multiplying the number of defects which occur during a given year 

by the cost of repairing them and then bringing them back to net present 

value. Then, when the end of the anaysis period is reached, these yearly 

costs are accumulated to give the maintenance costs for the existing pavement 

and overlay(s), as well as the total maintenance cost of the strategy. Note 

here that, since the costs are computed after every year, there is an 

inherent assumption that maintenance will occur after every year. This is 

not a bad assumption, however, since it is only used to compute the present 
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value of any future maintenance costs. If maintenance does occur less often, 

the error may be considered negligible, especially in view of the fact that 

the error in distress prediction may be much more significant. 

Distress Prediction 

As pointed out earlier, the basis of the distress/maintenance cost 

submodel is a statewide condition survey of CRC pavements in Texas (Ref 44). 

In an analysis of this data performed by Taute (Ref 31), a pattern of 

distress development in these CRC pavements was observed. This pattern is 

illustrated in the graph shown in Fig 5.2. The vertical axis represents the 

total number of defects (i.e., punchouts or patches) which may occur in a 

typical mile of CRCP and the horizontal axis represents a normalized scale of 

the predicted fatigue life of that CRCP. As can be seen, no defects occur 

between 0 and 20 percent of the fatigue life, while they occur at a rate of 

one per mile per year between 20 and 60 percent and at a rate of 2 per mile 

per year between 60 and 100 percent of the pavement's fatigue life. 

Obviously, since these distress levels a-ce low, the corresponding maintenance 

costs will be low. But, as the pavement is subjected to traffic beyond the 

end of its predicted fatigue life, its distress will increase dramatically. 

The geometric progression which was observed in the sur.vey data is also shown 

in Fig 5.2. This section of the CRCP distress curve corresponds to a period 

of heavy maintenance which the user may want to consider to allow a certain 

design strategy to last the analysis period. 

Before concluding this discussion of distress and maintenance, there is 

one important point which should be considered by the user when using the 

model; the data obtained from the Texas condition survey were from existing 
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eRC pavements only. This means that there is some question as to the 

validity of applying these results to CRCP overlays of rigid pavements. 

Hopefully, this and the two other reports (Refs 31 and 44) will provide the 

user enough background to aid in the selection of appropriate values for both 

CRCP overlays and ACP overlays on CRCP. Unfortunately, no background can be 

provided here for JCP overlays or. ACP overlays on JCP. 

VALUE OF EXTENDED LIFE 

This quantity represents a future return (negative cost) resulting from 

the additional years of service past the end of the analysis period that some 

strategies will provide due to the fact that they are "over-designs." This is 

different from salvage value and comes about because of the nature of the 

input thicknesses in RPRDS-l. While one overlay thickness strategy may not 

last the analysis period, the next overlay strategy, which may be only one 

inch thicker, may last an additional five to ten years depending on the 

traffic. Obviously, it is not reasonable to el iminate these strategies from 

consideration (since the cost of the additional inch of thickness may be 

small) nor is it fair not to consider the value of these additional years of 

service. 

Consequently, provision is made in RPRDS-l for the user to assign some 

value (on a per square yard basis) to each additional year of service. These 

values are brought back to present value using the combined interest and 

inflation rate model discussed later. 

The RPRDS-l User's Manual in Chapter 6 will provide the user some 

guidance in the selection of the value of extended life. It should be noted 
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here, however, that some consideration should be given to (1) the fact that 

there is greater uncertainty in costs and traffic in the years past the 

analysis period, (2) the fact that maintenance costs were not computed for 

these additional years of service, and (3) the fact that salvage value is 

computed at the year the pavement reaches the end of its life and not at the 

end of the analysis period. 

SALVAGE VALUE 

This is another quantity that represents future return (negative cost). 

It accounts for the value of the overlay structure after it reaches the end 

of its life. Note (as pointed out earlier) that this does not necessarily 

correspond to the end of the analysis period since some strategies may last 

significantly longer. 

Salvage value is computed by mUltiplying the total cost of overlay 

construction (in doliars per squ3re yard) by a percentage specified by the 

user and once again returning this value to net present value. Note here 

that only the value of overlay construction cost is considered. (Original 

pavement construction cost need not be considered since it wouid be the same 

for all strategies.) 

NET PRESENT VALUE 

This submodel is used to account for the time value of money, namely, 

inflation and the opportunity cost of capital (prime interest). Ideally, the 

present value of some inflated future cost can be determined by first 
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determining what the future cost would be due to inflation and then 

calculating the amount of money that should be invested now to accrue 

interest and pay for that future cost. This can be done using specified 

values of interest and inflation, but, since these tend to fluctuate over the 

years, a better approach would be to use the difference between the two rates 

to compute net present value. There seems to be a little more stability in 

this value and the mathematical error in using it is negligible (a second 

order term is not considered). The expression for computing net present 

value using this method is shown below: 

where 

NPV PC/(l + d)n 

NPV net present value, 

PC present cost, 

. (5.1) 

d difference between interest and inflation (expressed as a 

fraction), and 

n year in which the future cost is incurred. 

Generally, the opportunity cost of capital (prime interest) is greater 

than inflation. Therefore, the net present value of a future cost for some 

item is less than today's cost for the same item. Consequently, there is a 

tendency for future rehabilitation strategies to be more optimal than early 

strategies when there is a large difference between prime interest rate and 

the rate of inflation. The offsetting factor for overlay construction, 

however, is that the overlay required at some future date may be considerably 



84 

thicker and, therefore, much more expensive than an overlay constructed at an 

earlier date. 

METHOD OF OPTIMIZATION 

The method of optimization used in RPRDS-I Is very simple and the same 

as that used in other pavement design systems. Basically, RPRDS-l will order 

the top 20 strategies (ORDER routine) in order of increasing net present 

value. Then after all feasible strategies are printed, these top 20 are 

printed in an easily readable form (OUT20 routine). 

SUMMARY 

This chapter was intended to provide a brief but concise description of 

how the indi.vidual and total costs for each strategy are determined. 

Hopefully, this has been accomplished. Summarizing, each individual cost is 

computed on a per square yard basis and brought back to net present value 

before summing to get total strategy cost. Then, each of the strategy's 

individual costs is printed in the program's output to give the user an idea 

of what the major constituents of the total costs are. 



CHAPTER 6. RPRDS-l USER'S MANUAL 

The overall objective of this report is to develop a design system for 

rigid pavement rehabilitation by combining the Texas SDHPT Rigid Pavement 

Overlay Design (RPOD) procedure (Refs 9 and 31) developed initially for the 

Federal Highway Administration by Austin Research Engineers, Inc. (Ref 1) 

and some other design and cost models into a computer program, RPRDS-l, which 

could economically analyze a large number of feasible overlay design 

strategies. Chapters 1 through 5 have discussed in detail, the individual 

models and their development, improvement and incorporation into the first 

version of the rigid pavement rehabilitation design system, RPRDS-l. The 

purpose of Chapter 6, then, is to provide the user of the RPRDS-l computer 

program a detailed description of how to use the program and how to interpret 

its results. Accordingly, guidelines for the selection of the inputs 

required (as well as some description of how the inputs are treated) will be 

presented. Then, in order to both illustrate [he capabilities of the program 

and to discuss its output, a sample problem (complete with output from a 

single run) is presented. 

Before beginning the description of the inputs, however, it is first 

useful to briefly discuss the most recent version of Texas SDHPT RPOD 

procedure since many of the same inputs are required by RPRDS-l. 
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TEXAS SDHPT RPOD PROCEDURE 

The significant steps of this procedure are illustrated in the flow 

diagram shown in Fig 6.1. A short discussion of each of these is provided 

below. They are not, however, intended to replace the reports referenced 

earlier. 

Step 1: Select the design criteria. This includes l8-kip equivalent 

single axle load (ESAL) traffic estimates (past and 

projected), lane and directional distribution factors, overlay 

and shoulder types to be considered, available aggregates, 

bond breaker criteria, construction methods, geometric 

constraints, and any other criteria which constrain the 

overlay design. 

Step 2: Conduct condition survey of the pavement in order to classify 

and quantify the cracking and other distress modes observed. 

The soil type in the area should also be inspected and 

classified. 

Step 3: Gather Dynaflect deflection data at approximately lOO-foot 

intervals along the length of the project. Readings should be 

taken from all five sensors and the data should distinguish 

between measurements made at mid slab and those made at 

discontinuities such as joints or cracks. 

Step 4: Select design sections. This is done be analyzing the 

Dynaflect deflection profiles where the sensor 5 and the 

difference between sensor 1 and sensor 5 are plotted for each 

longitudinal Dynaflect measurement. Figure 6.2 provides an 



TEXAS SDHPT 
RIGID PAVEMENT OVERLAY DESIGN 

PROCEDURE 

~ 
SELECT DESIG N CRITERIA 

• .. 
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MATERIALS CHARACTERIZATION 

~, 

REMAINING LIFE ESTIMATES 
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+ 
DEVELOP OVERLAY THICKNESS 

DESIGN CURVES (RPOD) 

~ 
THtCKNES S SELECTION 

Fig 6.1. Flowchart 6f the Texas SDHPT Rigid Pavement 
Overlay Design procedure (Ref 31). 
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ideal illustration of how the sections are divided. Keep in 

mind that the sensor 5 reading is indicative of the variation 

of subgrade stiffness while sensor 1 minus sensor 5 indicates 

the variation of stiffness in the stronger pavement layers 

(particularly the concrete). 

Step 5: Characterize the material properties of the pavement and 

subgrade, i.e., concrete flexural strength and the elastic 

properties for all layers in each section. This should be 

done by a combination of lab testing (i.e., indirect tensile 

tests on portland cement concrete and other bound layers and 

resilient modulus tests on subgrade and base materials) and 

Dynaflect deflection basin fitting (e.g., for a design 

Dynaflect deflection basin in each s~ction, select elastic 

material properties of each layer which correspond to the best 

"fitted" basin predicted by elastic layer theory. Results of 

the lab tests should be used to home in on the solution). 

Adjustments to these layer moduli should then be made for 

stress sensitivity (since the design axle load is much heavier 

than the Dynaflect load) and predicted temperature conditions. 

Step 6: Estimate the fraction of remaining life left in the existing 

pavement for each design section. This is obtained from 

estimates of the life of the existing pavement, past traffic 

estimates (Step 1), existing pavement condition (Step 2), and 

subgrade strength (Step 5). 

Step 7: Use the rigid pavement overlay design (RPOD-2) computer model 

to generate overlay thickness designs for each design section. 

Note that several design curves may be generated for a 
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particular design section due to the range in acceptable 

design criteria. 

Step 8: Select the overlay thickness required for each design section 

using the design future traffic and the design curves 

generated in Step 7. If alternative designs exist, the 

optimum should be selected based on projected cost and 

performance comparisons. 

Note that the last sentence in Step 8 describes the need to compare 

alternative overlay design strategies, which is the purpose of RPRDS-l. 

DESCRIPTION OF RPRDS-l INPUT VARIABLES 

The inputs to RPRDS-l have been divided into 11 broad categories for 

ease of description. These eleven categories include 

(1) Project Description, 

(2) Original Pavement, 

(3) Traffic Variables, 

(4) Time Constraints, 

(5) Remaining Life Variables, 

(6) Overlay Characteristics, 

(7) Overlay Construction Cost Variables, 

(8) Traffic Delay Cost Variables, 

(9) Distress/Maintenance Cost Variables, 

(10) Cost Returns, and 

(11) Combined Interest and Inflation Rate. 
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For each of these headings, one or more data cards is required. Each 

separate input variable is assigned a number which corresponds to the order 

of the card on which it is placed and its order on the card. For example, 

the directional distribution factor, which falls under the category of 

Traffic Variables, is the fifth variable on the ninth card in the data, and, 

therefore, it is identified by the number 9.5. This method of classification 

will be adhered to in the later discussion of each variable. 

The inputs required for a single problem are contained within 60 data 

cards (plus one to terminate program execution). The input guide which 

identifies the input field and the location of each variable in the data set 

is presented in Appendix D. It does not provide the detailed description of 

each variable that is presented here. 

Project Description 

1.1 Title Card. This card should provide information regarding the 

type, location, and date of the project, as well as the name or initials of 

the program user. 

Original Pavement 

The following cards are for the identification and description of the 

original pavement structure. 

2.1 Surface Type. This variable identifies the type of existing 

pavement surface, either CRCP or JCP. This variable is used as part of a 

check which keeps a bonded CRCP overlay from being placed on an existing JCP 

or a bonded JCP overlay from being placed on an existing CRCP. Note also 
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that the program cannot handle an existing overlay unless it is considered as 

part of an overlay design strategy. In other words, the variable must define 

the type of original concrete surface. 

2.2 Concrete Shoulder. This variable acts as a switch on which PCC 

fatigue equation (see Chapter 4) to use to predict the fatigue life (number 

of 18-kip ESAL cycles to loss of pavement load-carrying capacity) of the 

existing pavement. An existing rigid pavement with a concrete shoulder is in 

a much better moisture environment than one without a concrete shoulder. The 

specification of an existing concrete shoulder, then, allows the program to 

account for its lower rate of deterioration by using the PCC fatigue equation 

developed for these conditions. 

2.3 Number of Pavement Lanes. This variable identifies the number of 

existing pavement lanes (in one direction). It is used primarily for 

estimating the quantity and area of overlay. It is also used in estimating 

traffic delay costs during overlay construction. 

2.4 Number of Pavement This variable identifies the number of 

separate pavement layers (including subgrade) in the original pavement 

structure. For each layer, thicknesses and elastic properties (elastic 

modulus and Poisson's ratio) will be requi.red for estimating pavement 

responses. A maximum of five existing layers may be considered. 

tho This variable defines the length of the project. 
------~~------~--

It is used mainly to compute overlay quantities. Depending on the trade-offs 

between long and short projects, the project length may range from a 

one-half-mi1e section selected from Dynaf1ect profiles (see Step 4 of Texas 

SDHPT RPOD procedure) up to a lO-mile section which will require an overlay 
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which is thicker overall (due to larger variations in the design data) but 

more consistent. 

3.2 Lane Width. This variable defines the average width of the existing 

pavement lanes. It is also used to compute overlay quantities. 

3.3 Total Shoulder Width. This variable is used primarily to compare 

the cost of flexible shoulder versus concrete shoulder construction at the 

time of overlay. Consequently, the total width refers to the width of 

shoulder (inside and out) which may be constructed with portland cement 

concrete in lieu of asphaltic concrete. 

4.0 Pavement Thicknesses. This card may contain up to five values which 

represent the thicknesses of each pavement layer, including the subgrade. 

The thickness of the bot tom layer is always assumed to be semi-infinite, and, 

therefore, it may be left blank. Note, too, that the bottom layer does not 

necessarily have to be subgrade; it can be some type of rigid base or bedrock 

below the subgrade. Bedrock should not normally be considered, however, 

since it has very little effect on the stresses and strains carried by the 

load-carrying layer. 

The thicknesses of each layer should be determined from measurements of 

cores taken in the field. 

specifications may be used. 

If this is not possible, initial construction 

5.0 Elastic Moduli. This card contains the elastic moduli of each of 

the layers which make up the pavement structure. Taute, McCullough, and 

Hudson (Ref 31) recommend a method of materials characterization which is a 

combination of lab testing and Dynaflect deflection basin fitting for 

estimating the elastic moduli of each layer. This was described briefly in 
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Step 5 of the Texas RPOD procedure earlier in this chapter, but the user 

should still refer to the reference for further detail. 

These values are used to compute the remaining life of the existing 

pavement. Consequently, they should be representative of the pavement in an 

uncracked condition, (i.e., concrete modulus should be greater than 3,000,000 

psi) . 

6.0 Poisson's Ratios. Like the elastic moduli, this value should be 

defined for each existing layer, including the subgrade. Since the variation 

of Poisson's ratio has little effect on the predicted responses, however, 

Table 6.1 may be used to select appropriate values according to material 

type. 

7.1 Concrete Flexural Strength. This value should be representative of 

the existing pavement's flexural strength over the remaining years of its 

service life. Accordingly, it should be estimated from correlations with the 

concrete tensile strength determined from the indirect tensile test (Ref 9). 

Alternatively, it may be estimated from correlations with the concrete 

stiffness and aggregate type (Refs 37 and 38) or even from past records of 

the strength at construction. 

The flexural strength entered is used in the PCC fatigue equations 

(Chapter 4) to estimate the additional number of l8-kip cycles that can be 

carried by the existing concrete pavement. This value should always be 

specified, but a value of 500 psi may be used if the existing pavement has 

less than 10 percent remaining life. 

7.2 Critical Stress Factors. This value is also used in the PCC fatigue 

equations to estimate the additional life left in the existing pavement. It 
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JCP 

TABLE 6.1 RECOMMENDED VALUES OF POISSON'S RATIO 
FOR DIFFERENT PAVEMENT MATERIALS 

Range of 
Material Type Poisson's Ratio 

Portland cement concrete 
Asphaltic concrete 
Cement stabilized base 
Asphalt stabilized base 
Unbound granular base 
Granular subgrade 
Clayey or silty subgrades 

.15 - .20 

.25 - .35 

.20 - .30 

.25 - .35 
.40 
.40 
.45 

TABLE 6.2 EXISTING PAVB1ENT CRITICAL STRESS FACTORS 

Existing 
Existing Pavement PCC Range of Critical 

Shoulders Stress Factor 

CRCP No 1.20 - 1.25 
Yes 1.05 - 1.10 

(with load transfer) No 1.25 - 1.30 
Yes 1.10 - 1.20 

(without load transfer No 1.50 - 1.60 
Yes 1.40 - 1.50 

95 
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represents the ratio of the critical stress to the interior stress in the 

existing pavement (Chapter 4). This value should always be specified, even 

if the existing pavement has no remaining life. Table 6.2 provides ranges of 

this value for different types of existing pavement. The low level for each 

category should be used if the results of the condition survey indicate that 

the existing pavement has performed well. Likewise, a high level should be 

used if poor performance has been observed. 

7.3 Concrete Stiffness After Cracking. This value represents the 

elastic modulus of the existing PCC after it loses its load-carrying 

capacity. 

CRCP. A 

pavements. 

A value of 800,000 psi is recommended if the existing pavement is 

range of 300,000 to 500,000 psi is recommended for jointed 

The high level should be used normally, unless there is excessive 

pumping or a high joint to interior deflection ratio (greater than 1.5). It 

may also be necessary to use a lower value if severely distressed areas will 

not be repaired prior to overlay. This variable should not be left blank. 

8.1 of Defects. This value is the number of defects (per mile) -----------------------
which are present in the existing pavement. This number is used to estimate 

the cost of repairs which are to be performed on the existing pavement prior 

to overlay. This number is not required if these repairs will not be 

performed or if they are not to be considered. 

8.2 Cost. This value should be the total cost for repairing a 
~~~~~~~~-

defect in the existing pavement. It is not required if repairs will not be 

made prior to overlay. 

8.3 Rate of Defect This value represents the rate of 

development of defects over the remainder of the service life of the existing 
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pavement. It is used to compute the cost of repairs that will be performed 

to the existing pavement prior to some future overlay. A value recommended 

for CRC existing pavements is 2 per year per mile. Due to a lack of data, no 

recommendation is made for jointed pavements (see Chapter 5). This value is 

not required if no repairs are to be made prior to overlay. 

Traffic Variables 

The data on the following card relate to the traffic, both vehicle and 

truck, that is to be carried by the facility over the analysis period. 

9.1 Average Daily Traffic. This value (ADT) should be the present 

average number of vehicles per day carried by the facility. It is used to 

predict the user delay cost associated with construction of some future 

overlay (see Chapter 5). 

9.2 ADT Growth Rates. This value represents the yearly rate of growth 

of ADT. Note that a linear type growth is assumed, which is commensurate 

with Texas SDHPT practice. 

9.3 Initial Yearly 18-kip ESAL. This value is the number of yearly 

18-kip equivalent single axle loads (18-kip ESAL) presently being carried by 

the facility in both directions. This quantity is used to predict the life 

(in years) of a given rehabilitation strategy and is, therefore, always 

required. 

9.4 l8-kip ESAL Growth Rate. Like the ADT growth rate, this value is 

used to estimate traffic growth over the analysis period. In this case, 

however, it is used to project the growth of 18-kip ESAL, which may be 
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different from the growth of ADT. Note, too, that if this value is left 

blank, zero growth is assumed. 

9.5 Directional Distribution Factor. Certain highways, such as those 

near a seaport, have shown a marked difference in distribution of traffic in 

one direction from the other. Even though the vehicle distribution may be 

split evenly, there may be heavier trucks and, therefore, greater 18-kip 

equivalencies moving in one direction. The directional distribution factor, 

expressed as a percent of the total l8-kip ESAL traffic in both directions, 

is used to account for this possibility. Note that if this value is not 50 

percent, then the optimum designs generated by RPRDS are only for the 

direction being considered. 

9.6 Lane Distribution Factor. This f2ctor accounts for the distribution 

of truck traffic across the facility (in one direction). Since most of the 

heavy traffic is carried by the inside lane, it is generally the "design" 

lane. The lane distribution factor then defines what percent of the l8-kip 

ESAL traffic is carried by the design lane. This factor usually has a value 

of 90 to 95 percent for four-lane facilities and may be as low as 70 percent 

for eight-lane facilities. 

Time Constraints 

10.1 Analysis Period. This constraint defines how many years (from the 

present) the user desires the facility to last (See Chapter 4). This value 

is generally 2C years. 

10.2 Minimum Time Between Overlays. This constraint specifies the 

minimum number of years that can be allowed between two overlays. This value 
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should not be greater than the analysis period. Also, if a second overlay 

will not be considered, this value is not required. 

10.3 Maximum Number of Years of Heavy tfuintenance. According to the 

relationship between the fatigue life and the rate of distress occurrence 

developed by Taute (Ref 31) and discussed in Chapter 4, it may be feasible to 

consider strategies which may require a period of heavy maintenance to last 

the analysis period. Accordingly, this value defines the maximum number of 

years of heavy maintenance (maximum of 10 years) the user may wish to 

consider to allow a strategy to last the analysis period. Note that for each 

additional year, distress increases rapidly, and therefore maintenance costs 

will increase correspondingly. It should also be noted that the user must 

provide data on these distress rates (in the Distress/tfuintenance Cost 

Variables Section) for each additional year considered. Since, at this time, 

very little reliable data exist, the user may not consider this option until 

more data become available. 

Remaining Life Variables 

The remaining life data on these two cards are used to define specific 

times at which an overlay may be placed. Recall that remaining life 

corresponds to some level of damage in the surface (load-carrying) layer, 

and, consequently, remaining life is related to accumulated l8-kip ESAL 

traffic and a corresponding future year (see Chapter 4). 

11.1 Number of Original Pavement Remaining Life Values. This number 

defines how many different values of remaining life of the original pavement 

at which the first overlay may be placed. This number should be at least one 
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(otherwise an overlay will never be placed). This maximum limit on this 

number is 10. 

11.2 Minimum Existing Pavement Remaining Life. Since it is not 

practical to bond a PCC overlay to an existing PCC pavement which has a very 

low level of remaining life (due to problems with reflection cracking), this 

constraint is provided. For user-specified values of remaining life below 

this value, bonded PCC overlays will not be considered. It does not affect 

ACP or unbonded PCC overlays. A practical range for this value is between 10 

and 20 percent. 

11.3 Original Pavement Remaining Life Values. These values of 

remaining life of the existing pavement identify points during the life of 

the original pavement at which the first overlay may be placed. Variable 

11.1 defined how many of these values will be entered. They must be entered 

in order of decreasing magnitude and the first is assumed to correspond to 

year zero of the analysis period (Taute, Ref 31, provides some information on 

the relationship between remaining life and the level of distress observed in 

the existing pavement). It is suggested that these values be entered in 

increments of no less than 10 percent, with the last value equal to zero. 

12.1 Number of First Overlay Remaining Life Values. This number is 

similar to that used in variable 11.1. It defines how many different values 

of remaining life in the first overlay at which the second overlay may be 

placed. The maximum limit is 10. This value should be zero if two-overlay 

strategies are not desired. 

12.2 First Overlay Remaining Life Values. These values of remaining 

life of the first overlay identify points during the life of the pavement 
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structure at which a second overlay may be placed. Variable 12.1 defines how 

many of these values will be entered. As in 11.3, they must be entered in 

order of decreasing magnitude. It is suggested that, for practical design 

problems where a second overlay is to be considered, the list of these values 

should begin with 70 percent and decrease in 10 percent increments. This 

card may be left blank if no two-overlay strategies are to be considered. 

Overlay Characteristics 

The information required for the following cards and variables is used 

to identify what types of overlay strategies are to be considered and to 

define the pertinent properties for each alternative (see Chapter 4). 

13.0 Types of First Overlay. This card identifies the types of first 

overlay that are to be considered. Five different types are available: 

(1) ACP, (2) bonded CRCP, (3) unbonded CRCP, (It) bonded JCP, and 

(5) unbonded JCP. It should be pointed out that any or all may be considered 

in a single run. 

In cases where the user is interested in comparing various type overlays 

where there is some uncertainty about the relative costs between the two, it 

is recommended that separate RPRDS-l runs be made for the different overlay 

types. This will allow the user to compare optimum overlay strategies of the 

various types considered, keeping in mind their cost uncertainty. 

1/ ... 0 Types of Second Overlay. This card identifies the types of second 

overlay that are to be considered. There are three different types 

available: (1) ACP, (2) CRCP, and (3) JCP. Note that for strategies where 

the second overlay is CRCP or JCP, the first overlay will always be ACP since 
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RPRDS-l can only consider one PCC overlay during the analysis period. Also, 

this card may be left blank if no two-overlay strategies are to be 

considered. 

15.1 Number of ACP First Overlay Thicknesses. This value defines how 

many different ACP first overlay thicknesses are due to be considered. A 

maximum of eight is allowed. 

15.2 Number of ACP Second Overlay Thicknesses. RPRDS-l allows the user 

to select a different set of thicknesses to use for the second ACP overlay. 

(This is useful, since the user may be constrained to one thickness for the 

first overlay). This value defines how many second ACP overlay thicknesses 

are to be considered. A maximum of eight is allowed. 

15.3 Number of PCC Overlay Thicknesses. This value defines how many PCC 

thicknesses are to be considered. The thicknesses apply to both CRCP and JCP 

overlays, whether they make up the first overlay or the second overlay. A 

maximum of eight is allowed. 

16.0 ACP First Overlay Thicknesses. This card identifies what ACP 

thicknesses (in inches) to use for the first overlay. The number of these 

different thicknesses is set in variable 15.1. These thicknesses should be 

entered in order of increasing magnitude. The first should be no less than 2 

inches (a minimum for structural rehabilitation) and the largest thickness 

should be no greater than 8 inches. This card may be left blank if an ACP 

first overlay is not to be considered. 

17.0 ACP Second Overlay Thicknesses. This card identifies what ACP 

thicknesses (in inches) to use for the second overlay. The number of these 
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different thicknesses is set in variable 15.2. Once again, these thicknesses 

should be entered in order of increasing magnitude with the first no less 

than 2 inches and the last no greater than 8 inches. This card may be left 

blank if an ACP second overlay is not to be considered. 

18.0 PCC Overlay Thicknesses. This card identifies what CRCP and/or JCP 

thicknesses (in inches) to use for either the first or second PCC overlay. 

The number of these different thicknesses is set in variable 15.3. These 

thicknesses should be entered in order of increasing magnitude, with the 

first no less than 5 inches (a minimum practical construction thickness). 

The maximum practical thickness is left up to the designer. 

19.1 Allowable Total Overlay Thickness. This variable acts as a 

constraint on those two-overlay strategies in which the combined thickness of 

both overlays may be too large for bridge clearance (or some other similar 

factor). Consequently, those strategies in which the combined thickness is 

greater than this allowable will not be considered. This value should not be 

left blank if two-overlay strategies are to be considered. 

19.2 Average Level-up Thickness. This value is used to compute the cost 

of the additional overlay thickness required for level-up. It has no effect 

on the fatigue life calculations or the constraint on total overlay 

thickness. Also, it is assumed that this value applies to both first and 

second overlays, regardless of type. 

19.3 Bond Breaker Thickness. This variable is used in the fatigue life 

calculations for unbonded PCC overlays. A value of one inch is recommended. 

This value should not be left blank if an unbonded PCC overlay strategy is to 

be considered. 
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20.1 ACP Overlay Design Stiffness. This variable defines the ACP 

elastic modulus to use for pavement response calculations. Various methods 

are available for predicting what this value should be for given 

environmental conditions. Kasianchuk's traffic-weighted mean stiffness 

method (Ref 25) is recommended. The range on this value should be between 

300,000 and 500,000 psi. A value of 400,000 psi is recommended for Texas 

conditions if no other data are available. 

20.2 Poisson's Ratio, ACP Overlay. This variable is also used to 

predict pavement response. Its variation has 

predicted responses; however, it cannot be ignored. 

recommended (see Table 6.2). 

very little effect on the 

A value of 0.30 is 

20.3 PCC Overlay Design Stiffness. This variabJe defines the elastic 

modulus of the portland cement concrete for both CRCP and JCP overlays. The 

variation of this value has a significant effect on the prediction of 

pavement response, and, therefore, it should be estimated with a good degree 

of accuracy. The factor Which most affects this value is the type of 

aggregate used in the mix. If a crush~d stone aggregate is used, this value 

is generally in the range of 4,000,000 to 5,000,000 psi. If a siliceous 

river gravel is used, this value will probably be in the range of 5,000,000 

to 7,000,000 psi (Refs 37 and 38). The ACI equation (Ref 39), 

Ec 57000F 

where 
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Ec concrete elastic modulus, psi, and 

ftc concrete compressive strength, psi, 

may also be used to estimate the stiffness (elastic modulus) of the concrete 

if concrete compressive strengths are available. 

20.4 Poisson's Ratio, PCC Overlay. This value is also used to predict 

pavement response. Like the Poisson's ratio for the ACP overlay, its 

variation has little effect on pavement response. Therefore, a value of 0.15 

is recommended. 

20.5 Bond Breaker Stiffness. A bond breaker is used for unbonded PCC 

overlays to help prevent reflection cracking. Consequently, a low stiffness 

asphaltic concrete layer is recommended for design (a value of 100,000 psi or 

lower). 

20.6 Poisson's Ratio, Bond Breaker. Since this layer consists of a low 

stiffness asphaltic concrete, a value of 0.35 is recommended. Once again, 

its variation has little effect on the predicted pavement responses. 

21.1 Number of Overlay Flexural Strengths. RPRDS-1 allows the des igner 

to consider up to five different concrete flexural strengths in the various 

PCC overlay design strategies. An increased flexural strength may make a 

significant difference in the predicted life of a strategy. and, therefore, 

it may be worthy of consideration. It should be realized, however, that the 

concrete fatigue equations are based on a mean value measured at the AASHO 

Road Test, 690 psi, which limits the range of inference to between 600 and 

800 psi. Also, since an increased cement content is necessary to achieve a 
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higher flexural strength, the designer must later input the cost associated 

with these different concrete strengths. 

21.2 Number of Flexural Strength for Bonded PCC Overlays. Since the 

flexural strength of bonded PCC overlays has no effect on the fatigue life of 

those strategies, only one strength need be considered. Consequently, this 

number identifies which flexural strength in the list (of those to be 

considered in card 22.0) is to be used for a bonded PCC overlay. For 

example, if three flexural strengths are to be considered and the strength 

which would normally be used for a bonded PCC overlay is the second in the 

list, the user should enter a 2 for this variable. 

22.0 PCC Overlay Flexural Strengths. These values should be entered in 

increasing order (in psi). As discussed under variable 21.1, the limits of 

flexural strength that may be considered is 600 to 800 psi. This card may be 

left blank if no PCC overlays are to be considered. 

Pavement Stress Factors After Overlay 

This section of overlay characteristics deals with the selection of 

stress factors (ratios of critical stress to interior slab stress) for all 

possible overlay combinations selected by the user. Though there may be 

several of these combinations, the selection of the appropriate stress 

factors for each is simple. Basically, all the user must do is refer to 

Table 6.3, which identifies the inputs required for cards 23 through 40. 

Each card represents a particular overlay combination where the critical 

stress to be computed is located in either the existing pavement or the PCC 

overlay. Most of these cards also allow the specification of a second stress 



Card/ 
Variable 

No. 

23.1 
24.1 
25.1 
25.2 
26.1 
26.2 
27.1 
27.2 
28.1 

~.2 
29.1 
29.2._ 
30.1 
30.2 
31.1 

,:31.2_ 
32.1 
32.2 
33.1 
33.2 
34.1 
34.2 
35.1 

~.2 
36.1 
36.2 
37.1-
37.2 

TABLE 6.3 CRITICAL STRESS FACTORS FOR THE VARIOUS EXISTING PAVEMENT
OVERLAY-SHOULDER COMBINATIONS CONSIDERED IN RPRDS-l. 

First Second Location of Overlay Ratio of Critical to Interior Stress 
Overlay Overlay Critical Shoulder CRCP Existing JCP Exist 

Type " .... J'5P~_. Stress Type Pavement Pavement 
--------------- r--

ACP none Exis t. Pavt. ACP 1. 20 - 1. 30 1.40 - 1.50 
-----------

ACP CAP Exist. Pavt. ACP 
ACP CRCP Exist. Pavt. ACP 
ACP CRCP Exis t. Pa"l..'h ___ CRCP 

-------------- I-
ACP CRCP CRCP Overlay ACP 
ACP CRCP CRCP Overlay CRCP 

---------------

ACP JCP Exist. Pavt. ACP 
ACP JCF Exist. Pavt. JCP 
ACP JCP JCP Overlay ACP 
ACP JCP JCP Overlay JCP 

Bonded CRCP none Exist. Pavt. ACP 
Bonded CRCP none Exist. Pavt. CRCP 

---_ ..... - .. 

Bonded CRCP ACP Exist. Pavt. ACP 
Bonded CRCP ACP Exis t. Pavt. CRCP 
Bonded JCP none Exist. Pavt. ACP 
Bonded JCP none Ex t. Pavt. JCP c--- . 
Bonded JCP ACP Exis t. Pavt. ACP 
Bonded JCP ACt> Exis t. Pavt. JCP 

---_ .. - f-.---
Unbonded CRCP none Exist. Pavt. ACP 
Unbonded CRCP none __ JIxi~ t. Pavt. CRCP 
Unbonded CRCP none CRCP Overlay ACP 
Unbonded CRCP none CRCP Overli'l,Y CRCP 

.. -
Unbonded CRCP ACP Exist. Pavt. ACP 
Unbonded CRCP ACP Exi:.§J::...] a v t • CRCP 
Unbonded CRCP ACP CRCP Overlay ACP 
Unbonded CRCP ACP c:RCP Ovgrlav CRCP 

I Unbanded JCP none Exist. Pavt. ACP 
Unbonded JCP none Exis t. Pavt. JCP 

(continued) 
I-' 
o 
-...J 



Card/ First Second 
Variable Overlay Overlay 

.No •. . Type TytJe 

38.1 Unbonded JCP none. 
I- 38.2 Unbonded JCP none 

3Y.1 Unbonded JCP ACP 
39.2 Unbonded JCP ACP 
40.1 Unbonded JCP ACP 
40.2 Unbonded JCP ACP 

TABLE 6.3 (Cont 

Location of Overlay 
Critical Shoulder 
stress TYRe 

JCP Overlay 
JCP Overlay 

Exis t. Pavt. 
Exist. Pavt. 

JCP Overlay 
JCP Overlay 

Ratio of Critical to Interior Stress 
CRCP Existing JCP Existing 

P?vement - -- . Pavement 

I-' 
o 
co 
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factor (for the same overlay combination) to simulate the effect of a PCC 

shoulder constructed along with the PCC overlay. 

The user should use Table 6.3 to select the stress ratio required from 

the column corresponding to the type of existing pavement. Any stress factor 

left blank or specified to be zero will keep RPRDS-1 from considering the 

corresponding overlay strategy. This is an important point because an error 

of this type will probably go unnoticed since these strategies will appear to 

be infeasible in the RPRDS-1 program output. It is recommended, then, that 

the user pay close attention to selecting and recording these variables. 

For a detailed desc~iption of how these stress factors were developed, 

see Chapter 4. 

41.1 Method of Response Prediction. This variable defines the method in 

which the pavement responses are to be determined either by the elastic layer 

submodel, LAYER, or the elastic layer regression submodel, REGRSP. Use of 

the REGRSP submodel allows the user to familiarize himself with the operation 

of the program and the particular overlay design problem using a minimum of 

computer time. However, the LAYER submodel should be used if the program is 

to be used for the selection of an optimal rehabilitation design strategy. 

See Chapter 3 for a detailed description of the LAYER and REGRSP submodels. 

Overlay Construction Cost Variables 

This begins the description of the inputs associated with the cost of an 

overlay strategy. None of the remaining inputs that will be discussed has 

any effect on the performance (i.e., fatigue life) prediction of an overlay 

strategy. 
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The next seven ca.rds (numbers 42.0 through 49.0) define the variables 

associated with overlay construction cost. 

42.0 Site Establishment Cost. This card identifies the cost associated 

with establishing the overlay site. This cost is considered because the cost 

of mobilizing manpower and equipment may differ according to overlay type. 

Consequently, there are five different costs that may be specified. 

Variables 42.1, 42.2, and 42.3 represent the costs for ACP, CRCP, and JCP 

equipment, respectively. In cases where both PCC and ACP construction 

equipment are required for a particular strategy, such as a CRCP overlay with 

an ACP bond breaker a~d ACP shoulder, variables 42.4 and 42.5 are prOVided. 

They may be used to reflect a lower equipment unit cost when the two types 

are required. It should be noted that each represents a total cost for the 

entire project, regardless of length. 

43.0 Pavement Surface Preparation Cost. This cost should represent the 

cost of preparing the pavement surface (i.e., cleaning and milling) prior to 

overlay placement. Variable 43.1 applies to the existing pavement while 

variables 43.2, 43.3, and 43.4 apply to the first overlay prior to the second 

and may be neglected if no two-overlay strategies are to be considered. Note 

that the units on this cost are dollars per square yard of surface area. 

44.1 Fixed Cost of ACP Overlay Construction. This input defines the 

fixed component of the ACP overlay placement cost. It is used along with the 

variable cost to predict the total placement cost. This method allows some 

flexibility to account for the sensitivity of placement cost to overlay 

thickness. The units of fixed cost are dollars per square yard while the 

units for variable cost are dollars per square yard per inch of thickness. 
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An example is to specify a f:Lxed cost of 6.00 dollars per square yard 

and a variable cost of 0.50 dollar per square yard per inch, so that the cost 

of a 6-inch ACP overlay would be 6.00 + (6xO.50) or 9.00 dollars per square 

yard. 

44.2 Variable Cost of ACP Overlay Construction. This variable, along 

with the fixed component (variable 44.1) is used to compute the total cost of 

ACP overlay plac.ement. The units of variable cost are dollars per square 

yard per inch. 

44.3 Fixed Cost of Flexible Shoulder Construction. This input defines 

the fixed component of flexible shoulder placement cost. The units are 

dollars per square yard and it is similar in application to variable 44.1. 

44.4 Variable Cost of Flexible Shoulder Construction. This input 

defines the variable component of flexible shoulder construction. Its units 

are dollars per square yard per inch. See the description of variables 44.1 

and 44.2 for further discussion on fixed and variable costs. 

44.5 Cost of Bond Breaker Construction. Unlike ACP overlay and flexible 

shoulder placement cost, the cost for bond breaker placement has only one 

component since only one thickness (variable 19.3) is ever considered. 

Consequently, the units of this variable are dollars per square yard. 

45.0 CRCP Fixed Costs. These inputs define the fixed component of CRCP 

overlay placement cost. They are similar in nature to variable 44.1, with 

one exception. The user must specify a fixed cost for each PCC flexural 

strength specified in card 22.0. Once again, the units are dollars per 
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square yard. This card should be left blank if no CRCP overlays are to be 

considered. 

46.0 CRCP Variable Costs. These inputs define the variable component of 

CRCP overlay placement cost. They correspond to the fixed cost specified for 

each PCC flexural strength to be used for CRCP overlay construction. The 

units are dollars per square yard per inch. This card should be left blank 

if no CRCP overlays are to be considered. 

47.0 JCP Fixed Costs. These inputs define the fixed component of JCP 

overlay placement cost. They are similar in nature to variable 44.1. The 

difference is that the user must specify a fixed cost for each PCC flexural 

strength specified in card 22.0. The units are dollars per square yard. 

This card should be left blank if no JCP overlays are to be considered. 

48.0 JCP Variable Costs. These inputs define the variable component of 

JCP overlay placement cost. They correspond to the fixed cost specified for 

each PCC flexural strength to be used for JCP overlay construction. The 

units are dollars per square yard per inch. This card should be left blank 

if no JCP overlays are to be considered. 

49.1 Total CRCP Overlay Steel Percentage. This variable defines the 

total percentage of steel, both longitudinal and transverse required in a 

CRCP overlay. Generally, this value ranges between 0.5 and 0.7 percent for 

CRCP overlays but may be left blank if no CRCP overlays are to be considered. 

49.2 Total JCP Overlay Steel Percentage. This variable defines the 

total steel percentage, both longitudinal and transverse, required in a JCP 

overlay. Generally, this value ranges between zero and 0.4 percent for JCP 
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overlays. (The higher end represents a jointed reinforced concrete pavement, 

JRCP.) This variable may be left blank if no JCP overlays are to be 

considered. 

49.3 Cost of Steel Reinforcement. This variable defines the cost per 

unit weight of steel used in a reinforced concrete overlay. The user need 

not consider the cost of placement if it was considered in the fixed cost of 

placement. The units of this variable are dollars per pound. Also, it may 

be left blank if no PCC overlays are to be considered. 

Traffic Delay Cost Variables 

This section describes the variables associated with user costs arising 

from traffic delay during overlay construction. The traffic delay cost model 

is discussed in Chapter 5. Basically, the model attempts to predict the 

length of delay as well as the number of vehicles that are delayed due to 

overlay construction. Then, built-in unit costs are used to estimate the 

total delay cost. To predict this total cost, the user must provide 

information on the size and length of the overlay project, its location, how 

traffic is to be handled, estimates of present traffic volumes, average 

vehicle speeds, and overlay construction rates. Each of the variables which 

make these up are described next. 

50.1 Location of Project. The model uses "built-in" average daily 

distributions of traffic to predict the amounts of traffic which will be 

delayed during the periods when traffic is detoured or constricted. Since 

these average daily distributions are different in rural areas than in urban, 

the user must specify which of the ~wo best applies to his conditions. 
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50.2 Model Number for Handling trafffic. Since the delay duration and 

the number of vehicles delayed are dependent upon the method in which traffic 

is detoured, it is necessary for the user to specify which method will be 

used. The choices available are shown in Fig 6.3. 

50.3 Number of Open Lanes, Overlay Direction. This variable specifies 

how many lanes are open to traffic in the overlay direction. This includes 

detour lanes, the lane provided by the shoulder (if it is used to carry 

traffic), and a lane which may be shared with traffic in the non-overlay 

direction. This variable should never be zero. 

50.4 Number of Open Lanes, Non-Overlay Direction. This variable 

specifies how many lanes are open to traffic in the non-overlay direction. 

Unless it is necessary to close a lane in this direction due to encroachment 

of overlay construction equipment and personnel, this variable should be 

equal to variable 2.3. 

51.1 Time of Day Overlay Construction Begins. This variable, along with 

the next, is used to define the period during the day during which traffic 

will be delayed. In the case of PCC overlays, where traffic may be detoured 

for two weeks or more, this period should cover the entire day. For ACP 

overlays, however, these variables may correspond to the beginning and ending 

of construction since the overlay lanes may be opened to traffic immediately 

after the hour that construction ends. Note that the hours are specified 

using military time where 4:00 a.m. is 0400 hours, 4:00 p.m. is 1600 hours, 

etc. 
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Fig 6.3 .• Illustration of the detour models available in RPRDS-l 
for use in estimating traffic delay cost. 

( Continued) 
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51.2 Time of Day Overlay Construction Ends. This variable and the 

preceding one are used to specify a total daily traffic delay period. Its 

units are also in military time (see variable 51.1). 

51.3 Hours Per Day Overlay Construction Occurs. This variable is used 

to determine how many days it will take to complete overlay construction. 

This variable is not necessarily the difference (in standard hours) between 

variables 51.2 and 51.1, since they define the period during the day during 

which traffic will be delayed. The value of this variable must be greater 

than zero. 

51.4 Number of Days Concrete Is Allowed to Cure. This variable is used 

to account for the additional period of traffic delay after PCC overlay 

construction for concrete curing. 

51.5 Detour Distance. This variable defines a length over which traffic 

will be detoured. It applies to modelS only (see Fig 6.3). 

52.1 Average Approach Speed. This variable, along with the others on 

card 52, is used to calculate how much time each vehicle will be delayed due 

to the reduction of speed through the overlay zone. This variable is 

basically the average speed of traffic under unrestricted conditions. 

variable defines the 52.2 Average Speed, Overlay Direction. This 

average speed of vehicles traveling through the restricted zone in the 

overlay direction. It is used with variable 52.1 to calculate the vehicle 

delay due to reduced speed. 

52.3 Average Speed, Non-Overlay Direction. This variable defines the 

average speed of vehicles traveling through the restricted zone in the 
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non-overlay direction. It is used with variable 52.1 to calculate the 

vehicle delay due to reduced speed and may be equal to variable 52.1 if 

traffic in the non-overlay direction is not disturbed. 

53.1 Distance Traffic Is Slowed, Overlay Direction. This variable 

accounts for the length over which traffic is slowed in the overlay direction 

during overlay construction. Its value is not necessarily the length of the 

project since the restricted zone may be much shorter. 

53.2 Distance Traffic Is Slowed, Non-Overlay Direction. This variable 

is similar to variable 53.1 except that it is for traffic in the non-overlay 

direction. In many cases where traffic is not disturbed in the non-overlay 

direction, this variable will have a value of zero. 

53.3 Percent of Vehicles Stopped, Overlay Direction. In some cases 

where traffic is heavy or forced to share a traffic lane (such as in detour 

model 2, Fig 6.3), the closing of a single lane for overlay construction may 

force many vehicles to slow down and stop. This variable attempts to account 

for the percentage of these vehicles which are stopped, due to either traffic 

or overlay construction equipment and personnel. 

53.4 Percent of Vehicles Stopped. Non-Overlay Direction. This variable 

is the same as variable 53.3 except that it is for the non-overlay direction. 

Depending on the detour model, the value may vary from zero to the value for 

the overlay direction. 

53.5 Average Vehicle Delay, Overlay Direction. This variable defines 

the average amount of delay incurred by stopped vehicles (during the stopped 

period only). This variable, along with variable 53.3, defines the total 
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amount of vehicle stop time during overlay construction in the overlay 

direction. Tt,is value is then added to the time lost due to slowing down, to 

get the total vehicle delay time in the overlay direction. 

53.6 Average Vehicle Delay, Non-Overlay Direction. This variable is the 

same as variable 53.5 except that it is for the non-overlay direction. This 

value may be zero if no delay occurs in the non-overlay direction. 

54.1 Asphaltic Concrete Production Rate. This variable along with the 

overlay thickness and length of construction day is used to compute the total 

number of days required to complete overlay construction. It is assumed, 

then, that this calculated number of days is the period over which the 

traffic delays will occur. Note that the units of this variable are in cubic 

yards per hour so that a thick overlay will require more construction time 

than a thin overlay. 

54.2 CRCP Production Rate. This variable is the same as variable 54.1 

except that it is for a CRCP overlay. Note that the placement of steel 

reinforcement may have an effect on this value. 

54.3 JCP Production Rate. This variable is the same as variable 54.1 

and 54.2 except that it is for a JCP overlay. Also, some consideration 

should be given here to the time required for joint preparation as well as 

for the placement of steel reinforcement, 

54.4 Bond Breaker Production Rate. This variable is similar to the 

production rates discussed previously. In fact, the value for this variable 

may be the same as that for an ACP overlay (variable 54.1). The difference 
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is that this variable will be used to estimate construction time required for 

a bond breaker used in an unbonded PCC overlay strategy. 

Distress/Maintenance Cost Variables 

This set of data is used to compute the maintenance cost of each 

feasible strategy. Basically, the data required on the next four cards (55 

through 58) consist of the cost to repair a defect and the yearly rates of 

defect or distress development for different periods during the life of the 

strategy. These values are entered for four)ossible overlay combinations, 

(1) CRCP, (2) JCP, (3) ACP on CRCP, and (4) ACP on JCP, which correspond to 

the four cards required. 

For use in this application, the life of a pavement overlay strategy is 

divided into several periods as a result of work done by Taute (Ref 31). The 

first is the zero distress rate period (between zero and 20 percent of the 

overlay life) where very few (if any) severe distress manifestations will 

occur. The second period (between 20 and 60 percent of the overlay life) is 

the initial distress rate period, where distress develops at a slow but 

significant rate. The third period (between 60 and 100 percent of the 

overlay life) represents a secondary rate of distress development, which will 

occur up to the end of the overlay fatigue life. From this point out to the 

maximum allowable number of years of heavy maintenance (variable 10.3), the 

periods consist of one year intervals, where distress development should 

increase geometrically. The user, then, must define values for the initial 

distress rate, the secondary distress rate and the distress rate, for each 

year up to the maximum allowable number of years of heavy maintenance. 



121 

Further detailed discussion of this is provided in Chapter 5, but some 

recommended values for CRCP overlays and ACP/CRCP overlays are provided 

below. Unfortunately, no recommendations are made for JCP overlays, due to 

the lack of field data. Also, it should be pointed out that all of these 

data (in ca~s 55 through 58) may be left blank if the user does not wish to 

consider maintenance cost. 

55.1 CRCP Overlay Distress Repair Cost. This variable should represent 

the cost of repairing a severe distress manifestation such as a punchout in a 

CRCP overlay. This cost should reflect the manpower, material, and equipment 

required to repair a single severe defect. 

55.2 Initial CRCP Overlay Distress Rate. This variable defines the 

initial CRCP distress rate that is exhibited during the period between 20 and 

60 percent of the overlay life. Results of statewide condition surveys in 

Texas (Ref 31) indicate that this value is about one per mile per year. 

55.3 Secondary CRCP Overlay Distress Rate. This variable defines the 

secondary CRCP distress rate that is exhibited during the period between 60 

and 100 percent of the overlay fatigue life. Results of statewide condition 

surveys in Texas indicate that this value is about two per mile per year. 

55.4 CRCP Overlay Distress Rate for Each Year After Loss of Pavement 

Load-Carrying Capacity. This actually consists of a set of CRCP distress 

rates, one for each year up to the maximum allowable number of years of heavy 

maintenance (variable 10.3). Once again, results of the statewide Texas 

condition survey indicate the following progression for each year after the 

loss of pavement load-carrying capacity: first year - 3 per mile, second - 5 

per mile, third - 8 per mile, fourth - 16 per mile, and fifth year - 40 per 
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mile. (It is recommended that heavy maintenance of CRCP not be considered 

for more than five years.) 

56.1 JCP Overlay Distress Repair Cost. This variable should represent 

the cost of repairing a distress manifestation, such as a defective jOint or 

badly cracked slab in a JCP overlay. This cost should reflect the manpower, 

material, and equipment required to repair a single severe defect. 

56.2 Initial JCP Overlay Distress Rate. This variable defines the 

initial JCP distress rate that is exhibited during the period between 20 and 

60 percent of the overlay fatigue life. Due to a lack of field data and the 

fact that the definition of a JCP severe distress manifestation is highly 

subjective, no recommendation is made for this value. It is hoped that 

future research will provide better information on which to base a 

recommendation. 

56.3 Secondary JCP Overlay Distress Rate. This variable defines the 

secondary JCP distress rate that is exhibited during the period between 60 

and 100 percent of the overlay fatigue life. For the same reasons given in 

variable 56.2, no recommendation is made for this value. 

56.4 JCP Overlay Distress Rate for Each Year After Loss of 

Pavement Load-Carrying Capacity. This actually consists of a set of JCP 

distress rates, one for each year up to the maximum allowable number of years 

of heavy maintenance (variable 10.3). For the same reasons given in variable 

56.2, no recommendation is made for these values. 

57.1 Distress Repair Cost, ACP Overlay on CRCP. This variable should 

represent the cost of repairing a distress manifestation in an ACP overlay 
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over a CRCP. Once again, this cost should reflect the manpower, material, 

and equipment required to repair a single defect. Examples of such defects 

include punchouts and potholes. The cost of ACP repairs, however, should be 

relatively low compared to PCC pavement repairs. 

57.2 Initial ACP/CRCP Overlay Distress Rate. This variable defines the 

initial distress rate for an ACP overlay (on a CRCP) for the period between 

20 and 60 percent of the overlay fatigue life. The results of an 

experimental CRCP with an ACP overlay on IH-45 in Walker County, Texas 

(Ref 31), have shown good ACP overlay performance with little distress. On 

the other hand, other ACP overlay projects in Texas have shown poor 

performance. Due to the fact that there is a large variation in field data, 

no recommendation is made here for this value. It should, however, be at 

least as high as the recommended initial CRCP distress rate (one per mile per 

year). 

57.3 Secondary ACP/CRCP Overlay Distress Rate. This variable defines 

the secondary distress rate for an ACP overlay (on a CRCP) for the period 

between 60 and 100 percent of the overlay fatigue life. As discussed in 

variable 57.2, there is a lot of variation in the results of field 

observations of this overlay combination and, therefore, no recommendation is 

made here. The value of this variable, however, should be at least as high 

as the recommended secondary CRCP distress rate (two per mile per year). 

57.4 ACP/CRCP Overlay Distress Rate for Each Year After Loss of Pavement 

Load-Carrying Capacity. This consists of a set of ACP/CRCP distress rates, 

one for each year up to the maximum allowable number of years of heavy 

maintenance (variable 10.3). For the same reasons discussed in variables 
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57.1 and 57.2, no recommendation is made for these values. They should, 

however, be at least as high as those distress rates for a CRCP (variable 

55.4). 

58.1 Distress Repair Cost, ACP Overlay on JCP. This variable should 

represent the cost of repairing a distress manifestation in an ACP overlay 

over a JCP. The cost should reflect the manpower, material, and equipment 

required to repair a single defect. An example of such a defect would be a 

pothole. Also, the cost of such a repair should be relatively low compared 

to PCC pavement repairs. 

58.2 Initial ACP/JCP Overlay Distress Rate. This variable defines the 

initial distress rate for an ACP overlay (on a JCP) for the period between 20 

and 60 percent of the overlay fatigue life. Due to the lack of information 

on ACP overlay performance on JCP, no recommendation is made for this value. 

This value should, however, be as least as high as that used for the initial 

JCP distress rate (variable 56.2). 

58.3 Secondary ACP/JCP Overlay Distress Rate. This variable defines the 

secondary distress rate for an ACP overlay (on a JCP) for the period between 

60 and 100 percent of the overlay fatigue life. Once again, this value 

should be at least as high as that used for the secondary JCP overlay 

distress rate (variable 56.3). 

58.4 ACP/JCP Overlay Distress Rate for Each Year After Loss of Pavement 

Load-Carrying Capacity. This consists of a set of ACP/JCP distress rates, 

one for each year up to the maximum allowable number of years of heavy 

maintenance (variable 10.3). As before, no recommendation is made here, but 
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the values should be at least as high as those used for a JCP overlay 

(variable 56.4). 

Cost Returns 

There are two input variables that fall under the heading of cost 

returns. They are both included on card 59 and they are both used to 

estimate the return (a negative cost) from an overlay design strategy at the 

end of the analysis period (see Chapter 5). 

59.1 Salvage Value. This variable refers to the value (expressed as a 

percent of the construction cost) an overlay structure has after it has 

reached the end of its life. Salvage value may refer to the value the 

pavement has as a base layer for some future overlay, or it may refer to the 

value the concrete and steel have for other uses. Note, however, that it 

refers to the value of the overlay only, and that the computed value for the 

future year is brought back to net present value. 

59.2 Value of Each Year of Extendea Life. Due to the nature of the 

method for generating overlay design strategies in RPRDS-l, all strategies do 

not last the same period of time. In fact, some may last well beyond the 

analysis period. Accordingly, the purpose of this variable is to account for 

the additional life so that feasible strategies with different lifetimes may 

be compared on a somewhat equal basis (see Chapter 5). 

The selection of the value of the extended life should be based on the 

estimated cost of the optimum strategy and some other factors pointed out in 

Chapter 5: 1) the present availability of funds for initial construction, 2) 

the uncertainty in costs and traffic beyond the analysis period, 3) the fact 
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that RPRDS only computes maintenance costs up to the end of the analysis 

period, and 4) the fact that salvage value is computed at the end of the 

strategy life and not at the end of the analysis period. 

Consider the following example. The analysis period is 20 years and the 

designer expects that 

dollars per square yard. 

the cost of the optimtw strategy will be about ten 

Though the project is paid for at the time of 

initial construction, the average value for each year of service is fifty 

cents per square yard. Considering some of the factors listed above, the 

value of extended life may range from zero to 20 cents per square yard per 

year. Using a value of ten cents per square yard per 

year in the example, the cost of a strategy that lasts twenty-four 

years would be reduced by approximately forty cents per square yard, 

depending on interest and inflation factors. This may result in a favorable 

comparison with other strategies that last only 20 years. 

If on the other hand, the user elects not to consider the value of 

extended life (especially in cases where construction funds are limited), he 

may do so by specifying a value of zero for this variable. 

Combined Interest And Inflation Rate 

60.1 Interest Rate Minus Inflation Rate. This variable is the numeric 

difference between the interest rate and inflation rate that may be expected 

during the analysis period (see Chapter 5). This variable is used to 

determine the net present value of some cost incurred at some future date. 

The estimation of this value may be illustrated by the following 

example. If the average prime interest rate (or the opportunity cost of 

capital) anticipated during the analysis period is 18 percent and inflation 
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is 13 percent, then the value of this variable would be the difference 

between the two, or 5 percent. 

It is important to note that a high value will favor stage (or delayed) 

overlay construction strategies while a low value will favor early overlay 

construction strategies. 

DESCRIPTION OF RPRDS-l PRINTOUT 

The printout of the RPRDS-l program can be divided into two parts, the 

input summary and the output. The input summary is, basically, an echo print 

of all the i.nputs specified by the user, complete with any error diagnostics 

detected by the INPUT routine. (Note here that any error in the data will 

cause the program to terminate execution, but only after it completes its 

error scan of the input data.) 

The output of the program basically consists of a list of all the 

feasible strategies that were generated plus a full-page printout for each of 

the optimal 20 strategies. The li.st of feasible strategies (provided first) 

allows the user to inspect all of those that were generated. The full-page 

printouts of the optimal strategies provided afterwards, then, allow the user 

to inspect the best strategies and select one or two for use as his 

recommended design. 

A sample of the RPRDS-I printout for an example problem (discussed next) 

is provided in Appendices F (Input Summary) and G (Output). 
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RPRDS-l EXAMPLE PROBLEM 

In order to give the user an idea of how to operate the RPRDS-l program, 

an example problem was prepared using some design data from an overlay design 

project where the Texas SDHPT rigid pavement overlay design (RPOD) procedure 

was first used. The project is located at the northern intersection of 

IH-4l0 and IH-35 in San Antonio, Texas. This intersection is known as the 

Fratt Interchange and the section under consideration is a jointed concrete 

pavement just north of the interchange. 

In the example problem, all the data were selected from either this 

design project or from information contained within this chapter. The 

RPRDS-l input guide (Appendix D) was then used to code the data to run the 

program. The coded data are presented in Appendix E, and the input summary 

generated by the program (as discussed earlier) is presented in Append ix F. 

The user should be able to relate all the data used in this example problem 

back to the discussion of the RPRDS-l inputs presented earlier in this 

chapter. However, it is useful to point out some of the significant aspects 

about the data: 

(1) Original pavement structure is JCP. 

(2) Layer moduli were determined using the Dynaflect basin fitting 

procedure, since no laboratory tests were available. 

(3) The projected l8-kip ESAL traffic estimates over the analysis 

period were very large. 

(4) The possibility of up to five years of heavy overlay maintenance to 

last the analysis period was considered. 
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(5) Original pavement had carried a lot of traffic, and, therefore, its 

present remaining life was estimated to be quite low (30 percent). 

(6) Two first overlay types were considered, ACP and unbonded CRCP. 

(7) Two second overlay types were considered, ACP and CRCP. 

(8) Two levels of PCC flexural strength for the CRCP overlay strategies 

were considered. 

(9) All cost estimates were based on judgement. (Therefore, the user 

should be sure to use his own estimates.) 

(10) The CRCP steel reinforcement percentages were based on experience 

and engineering judgement. (The user should always use a reliable 

design method to predict the actual steel percentage required if a 

PCC overlay strategy is selected.) 

(11) Finally, salvage value and the value of each year of extended life 

(past the end of the analysis period) were considered. 

RPRDS-l Output 

The output from the program for the example problem is presented in 

Appendix G. The first four pages of this output represent the list of all 

feasible strategies that were generated and considered. (The first page 

provides a description of each column in this list). Note that 183 feasible 

strategies were generated dnd that the total net present value (column 28) 

ranged from a minimum of $13.56 per square yard (strategy 182) to a maximum 

of $18.42 per square yard (strategy 152). Note also that all possible 

overlay combinations of those specified were generated and that the bulk of 

these required two overlays during the analysis period. 
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The last part of the output following this list of feasible strategies, 

is the 20 most optimum strategies (only the top ten are presented in Appendix 

G). Inspection of the most optimum strategy (that with the least total net 

present value) shows that it consists of a single six-inch unbonded CRCP 

overlay (with a PCC shoulder) that is placed at year two of the analysis 

period, i.e., when the original pavement has no remaining life. Note that 

the strategy is projected to last 30 years, where the value of the extended 

life (the additional ten years of service) is worth $0.73 per square yard. 

(This value, along with the salvage value, $0.50 per square yard, actually 

reduces the total net present value.) 

Inspection of the next eight optimal strategies shows that all consist 

of the same 6-inch unbonded CRCP strategy as the first. The only basic 

differences are the remaining life at the time of overlay placement, the 

design PCC flexural strength, and the type of shoulder construction. 

It isn't until the ninth optimal strategy that an ACP overlay strategy 

comes in. Inspection of this strategy shows that two ACP overlays are 

actually required, the first 6 inches (placed at year one) and the second 4 

inches (placed at year eight). Note, finally, that in optimal strategy 10, 

(which is similar to 9), the predicted fatigue life is only 18 years. This 

means that this strategy would require two years of heavy maintenance near 

the end of the analysis period. 

SUMMARY 

The purpose of this chapter is to provide the user with a detailed 

description of the use and application of the rigid pavement rehabilitation 
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design system computer program, RPRDS-l. Discussion was first provided on 

the Texas SDHPT rigid pavement overlay design (RPOL) procedure, which makes 

up the basic rehabilitation design method in RPRDS-l. This discussion was 

then used as a background for the next topic: the detailed description of 

the RPRDS-l input variables, which discusses the restraints on the inputs, 

how the inputs are used in the program, and how they may be determined. 

Finally, an example problem was presented in order to illustrate the 

application of the program on an actual rehabilitation design project in 

Texas. 
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CHAPTER 7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FURTHER RESEARCH 

SUMMARY 

The main objective of this study was to develop a design system for 

rigid pavement rehabilitation using the systems methodology as a guide for 

the process of selecting, modifying, improving, and incorporating appropriate 

design and cost models into a comprehensive computer program (RPRDS-l) for 

the analysis of rigid pavement rehabilitation strategies. Accordingly, a 

summary of the significant aspects and accomplishments of this study is 

provided here. 

A review of the practices followed by many highway and transportation 

agencies indicated several methods of rigid pavement rehabilitation which 

should be considered in a rigid pavement rehabilitation design system. These 

include undersealing joints or cracks, pressure grouting, conventional ACP 

and PCC overlay placement, new overlay types (sulfur-asphalt, rubber-asphalt, 

and sulflex), and replacement of worn-out sections by either cast-in-place or 

precast slabs. Unfortunately, none of these methods (with the exception of 

overlay placement) has a rational design method suitable for use in RPRDS-l. 

Consequently, at the present time, only overlay placement can be considered 

within the system framework of RPRDS-l. As a result of efforts by the 

Federal Highway Administration (FHWA) and the Texas State Department of 

Highways and Public Transportation (Texas SDHPT), much work has been 

133 



134 

accomplished (Refs 1, 3, and 9) towards the development of a rigid pavement 

overlay design procedure (RPOD). 

design model used within RPRDS-l. 

This procedure forms the basis for the 

Basically, the procedure in RPRDS-l uses 

(1) a combination of layer theory and finite element theory to predict 

pavement response under load and 

(2) fatigue models based on pavement response and Miner's linear damage 

hypothesis to estimate the life of an overlay strategy. 

These, in turn, allow for the consideration of several other factors 

associated with overlaying as a means for rehabilitation. These include 

(1 ) overlay type , 

(2 ) time of placement, 

(3 ) varying overlay thickness, 

(4 ) varying overlay strength, 

(5 ) concrete shoulder construction, and 

(6 ) mUltiple overlays. 

With all these available options, a large number of pavement rehabilitation 

strategies can be generated. However, many of them may be eliminated from 

consideration if they do not meet the user-specified constraints. 

Several cost models are incorporated into RPRDS-l to analyze the economy 

of each feasible strategy and allow the user to select the optimum. 

Basically, these cost models include 

(1) overlay construction cost, 

(2) maintenance cost, 



(3) traffic delay cost (during overlay construction), and 

(4) salvage value. 

Each of these was discussed in Chapter 5. 
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The output of the program is divided into three components (as discussed 

in Chapter 6): 

(1) a summary of all the user-specified inputs, 

(2) a list of all of the feasible strategies that were generated with 

both the design and cost components, and 

(3) a summary of the twenty most optimum rehabilitation strategies for 

inspection by the user. 

The RPRDS-l computer program was developed with the aid of The 

University of Texas CDC Cyber 170 computer. The program requires a field 

length of approximately 70,000 (octal) to compile and 102,000 (octal) to run. 

Furthermore, every effort was made to insure that the program would be 

transportable to other computer installations, including IBM. 

CONCLUSIONS 

Based upon the main result of this study, i.e., the development of the 

rigid pavement rehabilitation design system, RPRDS-l, the following specific 

conclusions can be made: 

(1) It is possible to apply the systems approach to the design and 

analysis of rigid pavement rehabilitation. More specifically, it 

is possible to incorporate the Texas SDHPT RPOD procedure into a 
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comprehens ive systems program to aid the highway engineer in the 

selection of optimum rigid pavement rehabilitation strategies. 

(2) Since the components which make up RPRDS-l (a) consist of the 

latest in analytical methods for predicting pavement response and 

performance and (b) are based on observed field data, RPRDS-l will 

provide practical and reliable solutions for a multitude of 

different overlay problems. 

Since RPRDS-l has only recently been completed, it is difficult at this 

time to make any other conclusions relative to how it will perform. Only 

time and extensive use of the program will provide a basis for any further 

conclusions. 

RECOMMENDATIONS FOR FURTHER RESEARCH 

Several areas of needed research were recognized during the development 

of RPRDS-l. Some of these represent uncertainty in some of the models which 

are based on little or questionable data. Others represent suggestions for 

detailed analysis of RPRDS-l as well as extending its capabilities. 

Imp"roved Fatigue _Models 

First, it is recommended that an improved fatigue model be developed for 

ACP overlays since the existing model in RPRDS-l is not based on observations 

of ACP overlays on rigid pavements. Perhaps the results of experimental 

overlay projects can be used to verify or improve it for rigid pavement 

application. Also, it should be recognized that the cracking in an ACP 
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overlay on a rigid pavement is probably the result of a combination of 

fatigue and reflection cracking. 

Continued observation and surveys of rigid pavements are also 

recommended, so as to provide some verification of the PCC fatigue models 

developed thus far. 

Distress Models for Overlays 

Information on the rate of distress development over the life of an 

overlay strategy is used in RPRDS-l to compute the maintenance cost of the 

strategy. Though the results of statewide condition surveys in Texas have 

provided some information on CRC pavements, it needs to be verified for CRCP 

overlays through the data feedback process. More importantly, data should be 

collected on the distress rates of JCP and ACP overlays to insure an equal 

comparison with CRCP overlay strategies. This again calls for a review of 

the data available from other states as well as continued observation of 

in-service pavements. 

Additional Rehabilitation Methods 

RPRDS-l considers only one method of rehabilitation, overlay placement. 

In order to achieve a total comprehensive rehabilitation design system, other 

methods should be incorporated as more rational design models are developed. 

Sensitivity Analysis 

In order to identify the relative importance of each of the inputs to 

RPRDS-l and to get an idea of their effect on the results, a sensitivity 
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analysis of the program should be conducted. Such a study would show which 

input variables require precise determination as well as those which may 

require less attention. 

Reliability 

It is also recommended that at some point, some measure of reliability 

be incorporated into the program. Such an improvement would allow the 

consideration of the inherent variability of many of the inputs on the 

predicted lifetimes and costs of each strategy. This, in turn, would 

emphasize the strategies which have a greater degree of certainty. 
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APPENDIX A. FLOW DIAGRAM OF CONRSP ROUTINE 

CONRSP 

Control Generation of Responses 

Define original 

pavement structure 

and estimate 

maximum s tr ess , 

50, in original 

PCC. 

Predic t maximum 

surface deflection. 

PCC 

Base 

Subgrode 

No 

DEFEP, and composite 

modulus, ECEP, of 

structure after PCC 

... _ l(~EFEP, __ 
CrockeCl-T- -T-

PCC E,::ECKPCCr; Composite 

becomes cracked. 

For each AC first 

overlay thlckness, 

THl=ACTli , predict 

maximum stress, 

layer 

AC OIL THI Ej V, 
PCC TH2 E2 ~ 112 

149 

Al 
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For each AC first 

overlay thickness, 

TIIl=ACTl i , predict 

maximum strain, 

ElA., in AC overlay. 
1 

For each AC first overlay 

thickness, TIIl=ACTli , 

predict maximum surface 

deflection, DEFACl, and 

composite modulus, ECACl i , 

of structure after 

AC becomes cracked. 

For each bond ed PCC 

I 
AC O/LITHI EI .. E1Ai • VI 

Composite 
layer E2= ECEP V2 

No 

No 

Composite 
layer 

EI = ECAC1j 

first overlay thickness, pec OIL THI EI VI 

TH =PCCT., predict 
PCC THZE2~0B: V2 

1 1 

maximum stress, 
Base TH3E3 v3 

S0EP. , in original PCC. 
\ 1 

Subgrade E4 v4 

A1 

81 



For each bonded PCC 

first overlay thickness, 

THl=PCCTi , predict 

maximum surface 

deflection, DFBPCl, and 

composite modulus, EBPCl., 
l. 

of structure after PCC 

overlay becomes cracked. 

For each unbonded 

No 

Cracked TH· ... -t: ....... EI = 
PCC OIL 1 T ECKPCC 

Cr~2~ed ECKElc~ P 

No 

Composite 
layer 

E1=ECBPC1i 

PCC first overlay PCC OIL TH, £, SlUPlj 111 .......-.. 
thickness, TH =PCCT., 

1 1. Bond Breaker TH2 E2 lI2. 
predict maximum 

stresses, S0up. and 
l. 

SlUP., in original 
1. 

PCC and unbond ed 

PCC overlay. 

PCC 

Base 

Subgrade 
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for each unbonded 

PCC first overlay 
PCC OIL 

~ 
THI EI SlUP2i VI 

thickness, THl=PCCT
i

, ~ 

predict maximum Bond Breaker TH2 E2 112 
~C-ra-c~k-e-d~~~~----~~ 

stress, SlUP2., in 
1 PCC TH3 E3 =ECKPCC 113 

PCC overlay after 

original PCC 

becomes cracked. 

Base TH4 E4 114 

For each unbonded 

PCC first overlay 

//A,\V// 

Subgrode E5 V5 

No 

o FU PCl 

Cracked- --r-~I = - - -..,--
thickness, THl=PCCTi , PCC OIL THI 1 ECKPCC T 

predict maximum 

surface deflection, 

DFUPCl, and composite 

modulus, ECUPl., of 
1 

structure after PCC 

Bond B rea ker 

Cracked 
PCC 

overlay becomes cracked. 

No 

Composite 

layer 

E1=ECUPClj 

00 

STOP, no more 

responses are 

required; return 

to RPRDS. 

C1 



For each combination of AC 

first overlay thickness 

Yes 

No 

No 

TH2=ACTl
i

, and AC second AC OIL TH2 E2 liZ 

overlay thickness, 11ll =ACT2 j , pec TH3E3 ~ij lI3 

predict maximum stress, 

S0AA .. , in original PCC. 
lJ 

For each combination of AC 

first overlay thickness, 

Base 

Subgrade E5 

AC OIL THI EI VI 
TH2=ACTl., and AC second 

overlay ~hickness, THl=ACT2j,_A_C __ O_I_L~T_H __ 2_E_2_E_._1A_~ __ ij_lI_2 

predict maximum strain, Composite 
ElAA .. , in first AC overlay. layer E3 = ECEP lI3 

lJ 
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E2 E1 
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For each combination of 

composite layer stiffness, 

EZ=ECACl i , and AC second AC OIL 1 THI E. ~ 
overlay thickness, THl=ACTZ., ___ ...1.-____ =--___ _ 
predict maximum strain, 

J Composite 
layer 

EZAAij , in second AC 

overlay. 

For each combination of 

bonded PCC first overlay 

thickness, THZ=PCCTi , and 

AC second overlay thickness, 

THl=ACTZ
j

, predict maximum 

stress, SWBPA .. , in 
1J 

original PCC. 

AC OIL 

pec OIL 

pec 

Base 

Subgrade 

No 

THI E, VI 

TH2 E2 )/2 

TH3 E3 S0BPAij 
4-+ )/3 

TH4E4 )/4 

V5 

E2 E1 

F2 Fl 



For each combination of 

composite layer stiffness, 

E2=ECBPCl
i

, and AC second 

overlay thickness, TH
l

=ACT2 .• 
J 

predict maximum strain, 

E2BPA .. , in AC second 
1.J 

overlay. 

For each combination of 

Composite 
layer E2= ECBPClj 112 

No 

unbonded PCC first overlay AC OIL THI EI VI 

thickness, TH2=PCCTi , and pec OIL TH2 E2~ij 112 

AC second overlay thickness, 
Bond BreakerlTH3£3 V3 

TH
1

=ACT2
j

, predict maximum 

stresses, S\!1UPA .. and PCC TH44Seij V4 
1.J 

SlUPAl .. , in 
1.J 

PCC 

and unbonded PCC overlay. 
Base 

Subgrade E6 

F2 F1 

G1 



156 

For each comhination of 

unhonded PCC first overlay 

thickness, TH
2

=PCCT
i 

and AC 

second overlay thickness, 

AC OIL TH, EI 

PCC OIL TH E SlUPA2iJ' ZlZ 2 2.. ~ 

Bond Breaker 
TH

1
=ACT2

j
, predict maximum 

stress, SlUPA2 .. , in unhonded PCC 
1J 

PCC overlay after original 

PCC becomes cracked. 

For each combination of 

composite layer stiffness, 

E2=ECUPCl
i

, and AC second 

overlay thickness, TH
l

=ACT2
j

, 

predict maximum strain, 

E2UPAij , in AC second 

overlay. 

Base 

Subgrade 

AC OIL THI EI E2UPAij VI --... 
Composite 

layer 

~ ... N_O .......... STOP, no more 

responses are 

G1 

required; return 

to RPRDS. 



H 

'r 

For each combination of 

AC first overlay thickness, 
pee Oil THI EI S2APl ij VI .......... 

THZ=ACTl i , and PCC second AC 
overlay thickness, THl=PCCTJ.,-p-C-C----~-------~-A-----

TH3 E3 Sill Pij V3 
predict maximum stress, 

SZAPZ .. , after original 
1J 

PCC becomes cracked. 

. ... 

\\V/ f,<:, 

Subgrode Es 115 

, , 

For each combination of 

AC first overlay thickness, 

THZ=ACTli , and PCC second 

overlay thickness THl=PCCT
j

, 

predict maximum stresses, 

S0AP .. , and SZAPli ., in 

pee Oil THI EI S2AP2r v 
.. ... J 

1J J 
original PCC and PCC 

overlay. 
Subgrode ES 

STOP, no more 

responses are 

required; return 

to RPRDS. 
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REGRESSION MODELS FOR PREDICTING PAVEMENT RESPONSE 
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APPENDIX B. REGRESS ION MODELS FOR PREDICTING PAVEMENT RESPONSES 

This appendix provides all of the regression models developed as a part 

of this study to predict pavement response. Twelve models are presented and 

coded as follows: 

(1) E2l 

(2 ) S31 

(3) S41 

(4 ) SB42 

(5 ) SUS1 

(6 ) SUS1C 

(7) SBS2 

(8 ) SBS3 

(9) SUS3 

(10) SU62 

(11 ) SU62C 

(12 ) SU64 

The first equation is for predicting strain in an asphalt concrete layer 

while the rest are for predicting stress in the concrete layers of various 

rigid pavement structures. 
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The following information is provided for each regression model: 

(1) an illustration of the pavement structure and the location of the 

predicted response, 

(2) the details of the experiment used to generate the equation, i.e., 

the inference space over which the equation may be applied, 

(3) the terms, coefficients and predictive accuracy of each equation, 

and 

(4) an illustration (from the experimental data), of the predictive 

accuracy of the equation. 



Pavement Structure 

and Response: 

(Code: E2l) 

Details of the Experiment: 

AC 

Composi te 
Layer 

Simulated 
l8-kip axle 

Dl El 

E 
2 

163 

~t 
E:: 1) 1 0.35 

u 
2 

0.40 

1. Full factorial, 3 factors, no. of observations = 33 27 
2. Levels of the significant factors: 

Factors 

El (psi) 

E2 (psi) 

01 (in) 

Prediction Equation - E2l: 

10glO a = I (Term x Coefficient) 

2 
r = 0.994 

std. error = 0.0204 

High 

800,000 

60,000 

10 

Levels 

l'-Iedium Low 

500,000 200,000 

40,000 20,000 

7 4 

Term Coefficient 

Intercept - 2.835 x 100 

El - 9.309 x 10- 7 

E2 - 7.530 x 10-6 

°1 
- 5.870 x 10- 2 

(E ) 2 
1 + 4.108 x 10- 13 

El x E2 + 4.035 x 10-l2 

El x 01 2.356 
. -8 - x 10 

Fig B.l. E2l Regression model: for predicting tensile strain in an 
asphalt concrete surface layer. 
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0 
lJJ . 
0 

cr'I 

0 
..-t 

IE 
0 .. . 
0 

o 
"""""(T) 

z· 
1-1 0 

.......... 

Z 

o 
N 

z· 
1-1 0 

a: 
0:::: 
r
if) 

o 
0--: 
wo 
r
u 

o 
WO 

E21 

C!) 

Line of Equal-ity 

0:::: 0 
~------~--------~------~~------~------~ 

CL 9J. 00 0 .10 0.20 0.30 

ELASTIC LAYER STRAIN (IN/IN) 

Fig B.2. Illustration of predictive accuracy of E21 Equation. 



Pavement Structure 

and Response: 
PCC 

Base or Subbase 
(Code: S3l) 

Subgrade 

Details of the Experiment: 

Simulated 
lS-ki axle 

Dl El 

D2 E2 

E3 

00 

165 

a ul = 0.15 ........ 
u2 = 0.40 

I' 

u3 = 0.45 

1. Full factorial,S factors, no. of observations = 3
5 

= 243 
2. Levels of the significant factors: 

Levels 

Factors High Medium Low 

p (psi) 6,500,000 5,000,000 3,500,000 
'~l 

E2 (psi) 600,000 320,000 40,000 

E3 (psi) 20,000 11,000 2,000 

Dl (in) 10 S 6 

D2 (in) 12 9 6 

(continued) 

Fie n.3. 531 Regression model: 
concrete pavement. 

for predicting concrete stress in a 3-layer 



166 

Prediction Equation - S31: 

log10 a L (Term x Coefficient) 

2 
r = 0.989 

std. error = 0.0202 

Fig B.3. (continued) 

Term Coefficient 

Intercept 

E1 

E2 

E3 

°1 
E2 x 02 

E2 x 01 

E1 x E2 

(E ) 2 
3 

(E ) 2 
2 

E2 x E3 

+ 2.880 x 10
0 

+ 1.972 x 10- 8 

- 1.210 x 10-6 

- 1. 720 x 10-5 

- 8.113 x 10- 2 

- 5. 097 x 10 - 8 

+ 6.121 x 10- 8 

+ 7.135 x 10- 14 

+ 3.818 x 10- 10 

+ 3.312 x 10-13 

+ 5. 034 x 10- 12 



a 
a 
(Y') 

a 
IJ) 
N 

S31 

a 
-. ~ Line of Equality 

a 
(f)1J) 
(f) .... 

w 
a: 
~ 
(f) 

og 
w .... 
~ 

u 

o 
W 
[l:a 
a.....1J) 

100 150 0 2 0 
ELASTIC LAYER STRESS (PSI) 

Fig B.4. Illustration of predictive accuracy of S31 equation. 
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Pavement Structure Simulated II 
l8-kin axle / 

and Response: 
PCC Dl El a \)1 ::: 0.15 

........... 
(Code: 541) AC or Stab. Base D2 E2 \)2 ::: 0.27 

Subbase D3 E3 \)3 ::: 0.40 

Subgrade E4 .""" ".,. if 

Details of the Experiment: 

1- Fractional factorial, 7 factors, no. of observations 1 x 3
7 

243 ;: 

2. Levels of the significant factors: 

Levels 

Factors High Medium Low 

El (psi) 6,500,000 5,000,000 3,500,000 

E2 (psi) 800,000 500,000 200,000 

E3 (psi) 500,000 270,000 40,000 

E4 (psi) 20,000 11 ,000 2,000 

D1 (in) 10 8 6 

D2 (in) 10 8 6 

D3 (in) 12 9 6 

(continued) 

B.S. 841 Regression Model: 
concrete pavement. 

for predicting stress in 4-layer 



Prediction Equation - S41: 

= (Term x Coefficient) 

2 
r = 0.987 

std. error = 0.0203 

Fig B.S. (Continued) 
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Term Coefficient 

Intercept 

El 

E2 

E3 

E4 

D1 

°2 

E1 x E2 

E2 x 01 

(E
3

) 2 

E3 x E4 

E2 x 02 

E3 x 0 2 

E3 x 03 

E4 x 01 

(E ) 2 
4 

(E2) 
2 

+ 2.660 x 100 

+ 3.326 x 10-8 

- 9.386 x 10- 7 

- 6.715 x 10-7 

- 5.279 x 10-6 

- 5. 9ll x 10 2 

- 1.153 x 10- 2 

+ 5.406 x 10 14 

+ 3.909 x 10- 8 

+ 4.712 x 10- 13 

+ 8. 343 x 10- 12 

- 3.106 x 10-8 

+ 3.016 x 10- 8 

-2.718xl0-8 

- 6.465 x 10 7 

+ 1.959 x 10- 10 

+ 1.826 x 10-13 
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o 

en 
en 
w 
0:: 0 

t- 0 -en 

o 
w 
t
U -DID 
W 
0:: 
(L 

541 

Line of Equality 

6 10 1 20 2 
ELASTIC LAYER STRESS (PSI) 

Fig B.6. Illustration of predictive accuracy of 841 equation. 



Pavement Structure 

and Response: 

(Code: SB42) 

Details of the Experiment: 

1. Fractional factorial, 

171 

Simulated j 
l8-kip axle-, 

AC or PCC Dl El 0
1 

= 0.27 

PCC D2 E2 a O
2 

= 0.15 ....... 
Base or Subbase D3 E3 0 3 = 0.40 

II~'QA\'(/~Yh 

Subgrade E4 0 4 = 0.45 

00 

7 factors, no. of observations 1 
x 3

7 
243 = 

2. Levels of the significant factors: 9 

Fig B.7. 

Levels 

Factors High Medium Low 

El (psi) 6,250,000 3,250,000 250,000 

E2 (psi) 6,500,000 5,000,000 3,500,000 

E3 (psi) 600,000 320,000 40,000 

E4 (psi) 20,000 11 ,000 2,000 

Dl (in) 8 6.5 5 

D2 (in) 10 8 6 

D3 (in) 12 9 6 

(continued) 

5B42 Regresion Model: for predicting stress in a 5-layer 
concrete pavement with a bonded overlay. 
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Prediction Equation - SB42: 

L(Term x Coefficient) 

2 
r = 0.987 

std. error = 0.0213 

Term 

Intercept 

E1 

E2 

E3 

E4 

°1 

°2 

°3 

(E ) 2 
1 

E3 x 03 

E1 x E3 

(E ) 2 
4 

E2 x E3 

E3 x 02 

E1 x 01 

E1 x 03 

E3 x (E
1

) 2 

B. 7 . (Continued) 

Coefficient 

+ 2.667 x 100 

- 9.509 x 10-8 

+ 3.368 x 10- 8 

- 6.977 x 10- 7 

- 1.644 x 10-5 

- 2.719 x 10- 2 

5.441 x 10- 2 

- 5.797 x 10- 3 

+ 8.702 x 10- 15 

- 3.814 x 10- 8 

+ 9.055 x 10-14 

+ 3.764 x 10- 10 

+ 4.602 x 10- 14 

+ 3.225 x 10 8 

- 2.891 x 10-9 

+ 1.323 x 10-9 

- 8.115 x 10- 21 



o 

(J') 
(J') 

W 
0:: 0 

1-- ..... 
(J') 

o 
W 
I-
U 
........ (1) 

o 
W 
0:: 
(L 

S842 

Line of Equality 

1 0 1 0 2 0 2 0 

ELASTIC LAYER STRESS (PSI) 

Fig B.8. Illustration of predictive accuracy of 5B42 equation. 
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Details of the Experiment: 

1 39 1. Fractional factorial, 9 factors, no. of observations = Sf x = 243 
2. Levels of the significant factor: 

Levels 

Factors High l-tedi urn Low 

El (psi) 6,500,000 5,000,000 3,500,000 

E2 (psi) 550,000 300,000 50,000 

E3 (psi) 6,500,000 5,000,000 3,500,000 

E4 (psi) 
600,000 320,000 40,000 

E5 (psi) 20,000 11,000 2,000 

°1 (in) 
8 7 6 

D2 (in) 7 4 1 

°3 (in) 10 8 6 

°4 (in) 
12 9 6 

(continued) 

Fig B.9. SU5l Regression Model: for predicting stress in unbonded 
concrete overlay of 5-1ayer concrete pavement. 



Prediction Equation - SU51: 

log10 a = L: (Term x Coefficient) 

2 
r = 0.986 

std. error = 0.0317 

Fig B. 9. (Continued) 

Term 

Intercept 

E1 

E2 

E3 

E4 

0
1 

O2 

0 3 

(E ) 2 
2 

E1 x E2 

E2 x O2 

O2 
x 0

3 

E3 x O2 

E2 x (02) 

E') x 01 "-

E2 x E3 

0
1 

x O2 

E2 x ES 

2 

E (0 ) 2 
1 x 2 

175 

Coefficient 

0 
+ 2.461 x 10 

+ 4.790 x 10- 8 

- 2.780 x 10-6 

- 2.149 x 10- 8 

- 5.871 x 10- 8 

- 5.780 x 10 
-2 

+ 3.569 x 10 
-2 

- 3.495 x 10 
-2 

+ 1.161 x 10 
-12 

+ 1.093 x 10- 13 

-7 
+ 1.583 x 10 

+ 4.019 x 10- 3 

-9 
+ 4.103 x 10 

- 1.483 x 10 
-8 

+ S.646 x 10 
-8 

- 3.550 x 
-14 

10 

- 4.068 x 10 
-3 

+ 4.396 x 10- 12 

- 7.478 x 10 
-10 
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o 

o 
.... 

a.... .... 

U') 
U') 

W 
0:

0 
~CD 
U') 

o 
w 
~ 
U 
1--1 0 
0 .... 
W 
0: 
a.... 

SU51 

Line of Equality 

48110 2 

ELASTIC LAYER STRESS (PSI) 

Fig B.lO. Illustration of predictive accuracy of SUSl equation. 
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Pavement Structure Simulated ~ 
l8-kip axle -' 

and Response: 
PCC 01 El a 

........... vI = 0.15 

AC O2 E2 v 2 = 0.30 
(Code: SU5lC) 

Cracked PCC D3 E = 500, ?00v3 = 0.15 
3 

PSl 

Base or Subbase 0
4 

E v 4 = 0.40 
4 

Subgrade E5 v5 = 0.45 

Details of the Experiment: 

l. 
2. 

Note: 

Fractional factorial, 8 factors, no. of observations = JL x 38 = 243 27 Levels of the significant factors: 

Levels 

Factors High Medium Low 

El (psi) 6,500,000 5,000,000 3,500,000 

E2 (psi) 550,000 300,000 50,000 

E4 (psi) 500,000 270,000 40,000 

(psi) 20,000 11,000 2,000 

01 (in) 8 7 6 

O2 (in) 7 4 1 

03 (in) 10 8 6 

04 (in) 12 9 6 

E3 in experiment was fixed at 500,000 psi to simulate cracked PCC. 

(continued) 

Fig B.Il. SUSIe Regression Model: for predicting stress in unbonded concrete 
overlay of 5-layer concrete pavement (original pce cracked), 
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Prediction Equation - SU51C: 

Term Coefficient 

log10 0 = ~ (Term x Coefficient) 
Intercept + 2.696 x 10

0 

2 
r = 0.986 

std. error = 0.0189 

El + 3.354 x 10- 8 

E2 - 1.455 x 10-6 

E4 - 5.530 x 10- 7 

E5 - 4.660 x 10-6 

°1 - 7.299 x 10- 2 

°3 - 2.170 x 10- 2 

°4 - 1. 899 x 10- 3 

E2 x 02 - 5.900 x 10- 8 

(E ) 2 
2 +8.141x 10- 13 

El x E2 + 6.601 x 10 
-14 

E4 x 02 + 2.420 x 10-8 

E2 x D1 + 5.436 x 10- 8 

(E ) 2 
4 + 3.316 x 10-13 

E4 x E5 + 5.807 x 10- 12 

°2 x 03 + 1. 066 x 10- 3 

E4 x 04 - 1. 267 x 10-8 

E4 x 03 + 1. 869 x 10- 8 

E5 x 02 + 2.859 x 10- 7 

E2 x E4 - 1. 273 x 10- 13 

Fig B.II. (Continued) 



en 

o 
o 
N 

o 
CO -

en 
w 
0:

0 I-co 
en 
Cl 
W 
I
U 
............. 
CI 
W 
0: 
fl.. 

SU51C 

Line of Equality 

4811020 

ELASTIC LAYER STRESS (PSI) 

Fig B.12. Illustration of predictive accuracy of SUSIe equation. 
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Pavement Structure Simulated ,it 

and Response: 18-kip axle ...... 

AC or PCC 0
1 El U = 0.27 

1 

(Code: SB52) PCC O2 E2 cr U
2 

0.15 
............ 

AC or Stab. Base D~ E~ U~ = 0.27 

Subbase 04 E4 U 4 = 0.40 

Subgrade E5 Us 
:..' ,~".¥I 
0.45 

Details of the Experiment: 

l. 
2. 

Full factorial, 9 factors, no. of observations 
Levels of the significant factors: 

243 

Levels 

Factors High Medium Low 

El (psi) 6,250,000 3,250,000 250,000 

E2 (psi) 6,500,000 5,000,000 3,500,000 

E3 (psi) 800,000 650,000 500,000 

E4 (psi) 500,000 270,000 40,000 

(psi) 20,000 11 ,000 2,000 

01 (in) 8 6 4 

O2 (in) 8 7 6 

0
3 

(in) 10 8 6 

04 (in) 12 9 6 

(continued) 

Fig B.13. 8B52 Regression Model: for predicting stress in 
5-1ayer concrete pavement with bonded overlay. 
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Prediction Equation - SB52 

Term Coefficient 

loglO 0 E(Term x Coefficient) Intercept + 2.173 x 10
0 

2 r = 0.983 

std. error = 0.0202 

El - 3.538 x 10- 8 

E2 + 7.741 x 10- 8 

E4 - 5.965 x 10- 7 

E5 - 1.472 x 10-5 

°1 - 2.788 x 10- 2 

°2 - 3.204 x 10-2 

°4 - 6.584 x 10- 3 

(E ) 2 
4 + 3.372 x 10- 13 

E4 x E5 + 7.174 x 10- 12 

E4 x D3 + 1. 787 x 10- 8 

El x [; 
4 

+ 2.296 x 10- 14 

E4 x D4 - 2.377 x 10- 8 

El x E2 - 2.750 x 10- 15 

El x E - 2.551 x 10-14 
3 

E3 x 03 - 4.774 x 10-8 

El x D3 + 1.195 x 10-9 

E x D - 1. 399 x 10-9 
1 1 

10- 15 (E ) 2 + 2.168 x l' 

E1 x - 2.598 x 10- 13 

(E ) 2 
5 + 2.346 x 10-10 

E5 x D4 + 3.573 x 10- 7 

Fig B.13. (Continued) 
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en 
en 
w 
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o 
o 
...... 

0:: 
i-I.f.) 
en 
Cl 
W 
i-
t..) 
....... I.f.) 

ON 
W 
0: 
a... 

5852 

Line of Equality 

271 
ELASTIC LAYER STRESS (PSI) 

1 

Fig B.14. Illustration of predictive accuracy of SB52 equation. 



Pavement Structure 
Simulated ~~ and Response: l8-kip axle 

AC or pee 01 El 

(Code: S853) PCC O2 E2 

pec 03 E3 a -
Subbase 04 E4 

Subgrade E5 

Details of the Experiment: 

l. 
2. 

1 39 Fractional factorial, 9 factors, no. of observations = Sf x = 
Levels of the significant factors: 

Levels 

Factors High Medium Low 

El (psi) 6,250,000 3,250,000 250,000 

E2 (psi) 6,500,000 5,000,000 3,500,000 

E3 (psi) 6,500,000 5,000,000 3,500,000 

E4 (psi) 600,000 320,000 40,000 

Es (psi) 20,000 11,000 2,000 

01 (in) 8 6 4 

O2 (in) 8 7 6 

03 (in) 10 8 6 

04 (in) 12 9 6 

183 

U
l 

:;; 0.27 

U2 = 0.15 

U3 
:;; 0.15 

U4 
:;; 0.40 

r"v,"'~'" 

Us 0.45 

243 

(continued) 

B.lS. SBS3 Regression Model: for predicting stress in ori.ginal 
PCC of S-layer concrete pavement. 



184 

Prediction Equation - 5B53: 

Term Coefficient 

log10 a = L (Term x Coefficient) 

Intercept + 2.256 x 100 

2 
r = 0.988 El - 4.030 x 10-8 

std. error = 0.0167 E2 - 6.979 x 10-9 

E3 + 3. 705 x 10- 8 

E4 - 1.970 x 10- 7 

E5 - 1.464 x 10-5 

°1 - 1. 614 x 10-2 

°2 - 3.452 x 10-2 

°3 - 3.388 x 10-2 

(E ) 2 
1 + 4.159 x 10- 15 

E4 x 04 - 2.820 x 10- 8 

E1 x 01 - 3.127 x 10-9 

(E ) 2 
5 + 3.159 x 10- 10 

E3 x E4 + 2.993 x 10-14 

El x E 
4 

+ 1. 410 x 10-14 

Fig B.lS. (Continued) 
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Fig B.16. Illustration of predictive accuracy of SB53 equation. 
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Pavement Structure Simulated ! 
IS-kip axle ../ 

and Response: 
pec 

°1 El °1 == 0.15 

AC °2 E2 °2 == 0.30 
(Code: SUS 3) 

PCC °3 E3 0 °3 == 0.15 ..... 
Base or Subbase D4 E4 ° == 4 

0.40 

", 
Subgrade ES ° = 5 

0.45 

Details of the Experiment: 

l. 
2. 

Fractional factorial, 9 factors, no. of observations 
Levels of the significant factors: 

1 9 
== 8T x 3 = 243 

Levels 

Factors High Mediwn Low 

El (psi) 6,500,000 5,000,000 3,500,000 

E2 (psi) 550,000 300,000 50,000 

E3 (psi) 6,500,000 5,000,000 3,500,000 

E4 (psi) 600,000 320,000 40,000 

ES (psi) 20,000 11,000 2,000 

Dl (in) 8 7 6 

D2 (in) 7 4 1 

°3 (in) 10 8 6 

°4 (in) 12 9 6 

(continued) 

Fig B.17. SU53 Regression Model: for predicting stress in original PCC of 
5-layer concrete pavement with an unbonded FCC overlay. 
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Prediction Equation - SU53: 

Term Coefficient 

log10 a = L (Term x Coefficient) 
Intercept + 2.453 x 10

0 

2 
r = 0.983 

std. error = 0.0215 

E1 - 1. 730 x 10- 8 

E3 + 4.018 x 10- 8 

E4 - 5.075 x 10- 7 

E5 - 1.566 x 10-5 

°1 - 4.548 x 10- 2 

°2 - 4.037 x 10- 2 

°3 - 3.535 x 10- 2 

°4 - 3.833 x 10- 3 

E4 x °4 - 3~892 x 10- 8 

E2 x E4 + 2.597 x 10- 13 

(E ) 2 
5 + 3.087 x 10- 10 

E3 x E4 + 4.087 x 10- 14 

E4 x 03 + 2.717 x 10- 8 

E2 x 03 - 2.861 x 10- 8 

°2 x 03 + 1. 739 x 10- 3 

E2 x 04 + 1. 071 x 10- 8 

E2 x E5 + 3.848 x 10- 12 

Fig B.17. (Continued) 
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1--1 

lJ) 
N .... 

o 
.... 

enlJ) 
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en 
en 
w 
a: 
~lJ) 
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1--IlJ) 
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SU53 

Line of Equality 

2571015 
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Fig B.18. Illustration of predictive accuracy of SUS3 equation. 
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Simulated ~ 
l8-kip axle--

Pavement Structure 

and Response: 
AC !)1 El u] = 0.30 

(Code: SU62) 

PCC D2 E2 a U = 0.15 
....- 2 

Bond Breaker D ,=1 " E, u, = 0.30 

PCC D4 E4 U = 
4 0.15 

._-
Base or Subbase Ds ES Us = 0.40 

"''V ",,,,. 

Subgrade E6 U
6 

= 0.45 

Details of the Experiment: 

l. 
2. 

1 310 Fractional factorial, 10 factors, no. of observations = 243 x = 
Levels of the significant factors: 

243 

Levels 

Factors High l'vledium Low 

El (psi) 800,000 500,000 200,000 

E2 (psi) 6,500,000 5,000,000 3,500,000 

E3 (psi) 200,000 110,000 20,000 

E4 (psi) 6,SOO,000 S,OOO,OOO 3,500,000 

ES (psi) 600,000 320,000 40,000 

E6 (psi) 20,000 11,000 2,000 

Dl (in) 8 6 4 

D2 (in) 8 7 6 

D4 (in) 10 8 6 

DS (in) 12 9 6 
(continued) 

Note: D in experiment was fixed at 1" to simulate a thin bond breaker. 
3 

Fig B.19. SU62 Regression Model: for predicting stress in concrete 
overlay of 6-layer concrete pavement. 



190 

Prediction Equation - SU62: 

log10 0 = ~ (Term x Coefficient) 

2 
r = 0.987 

std. error = 0.0260 

Fig B.19. (Continued) 

Term 

Intercept 

Coefficient 

+ 2.471 x 100 

- 9.153 x 10-8 

+ 4.652 x 10-8 

E3 - 4.790 x 10-6 

°1 

°2 

°4 

°5 

(E
3
) 2 

E2 x E 3 

E3 x 04 

E3 x E4 

E3 x 02 

E1 x E3 

- 1. 098 x 10- 7 

- 3.761 x 10-2 

5.153 x 10-2 

- 1. 926 x 10- 2 

- 3.928 x 10- 3 

+ 8.508 x 10- 12 

+ 2.205 x 10-13 

- 1. 166 x 10- 7 

- 1.620 x 10-13 

+ 1.440 x 10- 7 

+ 4.716 x 10-13 
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Fig B.20. Illustration of predictive accuracy of SU62 equation. 
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Pavement Structure Simulated ! 
l8-kip axle --' 

and Response: 
AC D, E, u, = 0.30 

PCC D2 E2 a u 2 = 0.15 

(Code: SU62C) ......... 
Bond Breaker D =1" E3 u 3 = 0.30 

3 

PCC D4 E = sOO,OOOu = 0.15 
4 PSl 4 

Base or Subbase Dc; Ec;: Uc;: = 0.40 

'" ," '" 
Subgrade E6 u = 6 0.45 

Details of the Experiment: 

1. Fractional factorial, 9 factors, no. of observation = 8~ x 39 =243 
2. Levels of the significant factors: 

Levels 

Factors High Medium Low 

El (psi) 800,000 500,000 200,000 

E2 (psi) 6,500,000 5,000,000 3,500,000 

E3 (psi) 200,000 110,000 20,000 

Es (psi) 500,000 270,000 40,000 

E6 (psi) 20,000 11,000 2,000 

Dl (in) 8 6 4 

D2 (in) 8 7 6 

D4 (in) 10 8 6 

Ds (in) l2 9 6 

(continued) 

Note: D3 
E4 

Fig B.2l. 

in this experiment was fiKed at 1" to simulate a thin bond breaker. 
was fixed at 500,000 psi to simulate cracked PCC. 

SU62C Regression Model: for predicting stress in concrete overla~' 
of 6-layer concrete pavement (original PCC cracked). 



Prediction Equation - SU62C: 

log10 a = L (Term x Coefficient) 

r2 0.988 

std. error 0.0167 

Fig B.21. (Continued) 
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Term Coefficient 

Intercept 

E1 

E2 

E3 

Es 

E6 

D1 

D2 

°4 

°5 

(E ) 2 
3 

Es x E6 

(E ) 2 
5 

E3 x 

E 2 x E3 

Es x 05 

(E ) 2 
6 

E 6 x Ds 

Es x 04 

E3 x 02 

E6 x 04 

E3 x 04 

E1 x E3 

+ 2.686 x 100 

- 1. 034 x 10- 7 

+ 4.675 x 10-8 

- 2.873 x 10-6 

- 5.247 x 10- 7 

- 1. 705 x 10-5 

- 3.231 x 10- 2 

- 5.267 x 10- 2 

- 2.267 x 10- 2 

- 6.684 x 10- 3 

+ 5.357 x 10- 12 

+ 8. 304 x 10-12 

+ 4.216 x 10- 13 

- 6.900 x 10-13 

+ 1.037 x 10-13 

2.004 x 10- 8 

+ 1.903 x 10- 10 

+ 3.434 x 10-7 

+ 1.987 x 10 8 

+ 9.607 x 10-8 

+ 4.388 x 10- 7 

- 4.152 x 10-8 

+ 2.548 x 10- 13 
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Fig B.22. Illustration of predictive accuracy of SU62C equation. 
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Simulated ~ 
l8-kip axle ~ 

Pavement Structure 

and Response: 
AC D, E, u l = 0.30 

PCC D2 E2 u
2 

= 0.15 

Sond Breaker D~=r' E~ u,<; = 0.30 (Code: SU64) 

PCC D4 E U
4 = 0.15 

4 a 
~ 

Base or Subbase DS ES Us '" 0.40 

." 
Subgrade E6 U = 

6 
0.45 

Details of the Experiment: 

-- 24
1

3 x 3
10 

= 243 1. Fractional factorial, 10 factors, no. of observations 
2. Levels of the significant factors: 

Levels 

Factors High Medium Low 

El (psi) 800,000 500,000 200,000 

E2 (psi) 6,500,000 5,000,000 3,500,000 

E3 (psi) 200,000 110,000 20,000 

E4 (psi) 6,500,000 5,000,000 3,500,000 

ES (psi) 600,000 320,000 40,000 

E6 (psi) 20,000 11,000 2,000 

Dl (in) 8 6 4 

D • 
2 (in) 8 7 6 

D4 (in) 10 8 6 

DS (in) 12 9 6 

Note: D3 in experiment was fixed at 1" to simulate a thin bond breaker. 

(continued) 

Fig B.23. SU64 Regression Model: for predicting stress in original PCC 
of 6-1ayer concrete pavement. 
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Prediction Equation - SU64: 

Term Coeffi ci ent 
log10 a : E (Term x Coefficient) 

r2 0.983 

0 
Intercept + 2.257 x 10 

E2 1.226 x 10-8 

std. error = 0.0204 
E3 + 7.180 x 10-7 

E4 + 4.318 x 10-8 

E5 - 4.756 x 10- 7 

E6 - 1. 776 x 10-5 

°1 1.155 x 10-2 

°2 - 4.257 x 10 2 

°4 - 2.253 x 10- 2 

°5 4.381 x 10- 3 

E5 x 05 - 4.004 x 10- 8 

(E ) 2 
6 + 3.490 x 10 10 

E4 x E5 + 3.949 x 10- 14 

E5 x 04 + 2.659 x 10-8 

E3 x E5 + 5.826 x 10-13 

E3 x 04 - 7.963 x 10- 8 

(E ) 2 
3 - 2.212 x 10-12 

E3 x E6 + 1.148 x 10-11 

E1 x °1 - 1.533 x 10-8 

E3 x °5 + 3.088 x 10-8 

Fig B.23. (Continued) 
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Fig B.24. Illustration of predictive accuracy of SU64 equation. 

197 

1 a 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



APPENDIX C 

FLOW DIAGRAM FOR STRTGY ROUTINE 
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APPENDIX C. FLOW DIAGRAM OF STRTGY ROUTINE 

STRTGY - Generates all feasible overlay 
design strategies for RPRDS 

Define IS-kip ESAL* fatigue equations (defined 
by statement functions) 

PCC equation - poor environment: 
FR 3.0 

SFATIG (FR, c, S) = 0.046 x (CxS) 

PCC equation - good environment: 
FR 3.2 

OFATIG (FR, c, S) = 0.043 x (C xS) 

ACP equation: 

EFATIG (EPS) = 9.73 x 10- 21 x (EPS)-S.16 

*NOTE: IS-kip ESAL fatigue applications are in 
millions. 

Compute fatigue life of original pavement, 
both for poor and good environments. 

Poor environment: 
It

I 

FATEP
I 

= SFATIG (FREP, CEP, S0) RL 

Good environment: 

~ , , , , , , 
I I I 

j. FATEP~ I 

I 

FATEP 2 = OFATH:: (PREP, CEP, syi) 

~ FATEP2 

" 

201 

.... 

N 



;;'02 

10 

8t 

Set minimum fatigue life (in years) equal 
to analysis period minus maximu~ years of 
heavy maintenance. 

ANTI-fAX = ANPER - TI1AXMT 

Initialize: IRLl = 0 

Increment: IRLI IRLI + 1 

Compute IS-kip ESAL traffic on existinp 
pavement prior to first overlay: 

RlE ~R Ll I.----~ 

TREPEQ FATEFiEPSH 

TREPEQ = (1 - RLEP IRLl ) x FATEPIEPSH 

Compute existing pavement remaining life 
after overlay rehabilitation: 

RELPR = 1 - (TREPEQ/FATEP2) 

RETURN 
(to RPRDS) 
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Cl 

Compute IS-kip ESAL traffic from now till first 
overlay: 

RL 1ST OIL 
t k-------r - - _ 

RLEPt I----~ 

RLEPIRL1 

~ ~ 
TRNT01 

N 18 
FATEPIEPSH 

TRNTOI = (RLEPI - RLEP IRLl ) x FATEPIEPSH 

Determine year (relative to now) of first 
overlay: 

cumulative 
N 18 

TRNTOI 

~~--------~--------~ Year 
YR1 

Initialize: IOVI 0 

Increment: IOVI IOVI + 1 

YES 

203 



BRANCH A: ACP first overlay 

BRANCH B: Bonded CRCP first overlay 

BRANCH C: Unbonded CRCP first overlay 

BRANCH D: Bonded JCP first overlay 

BRANCH E: Unbonded JCP first overlay 

H 
II 0 
N<: 

I-' 

H 
0 

w<: 
I-' 

H 
II 0 
~<: 

I-' 

rt 
~ 
"0 
ro 

0 
M> 

H1 
f-'. 
'i 
CJJ 
rt 

0 
<: 

~ In ..... 
(J1 

~ 

N 
o 
.j:--



C1 

110 

AA1 

BRANCH A: ACP first overlay 

Initialize: IOVIT 0 

Increment: IOVIT IOVIT + I 

YES 

Calculate unfactored fatigue lives (IS-kip ESAL) 
for existing pavement after ACP overlay, F0A, 
and for ACP on no-remaining life PCC, FIA: 

F0A OFATIG (FREP, C0A, S0AIOVIT) 

FlA EFATIG (EIAIO~JlT) 

Calcula te fatigue life (lS-kip ESAL) of existing 
pavement after first overlay: 

FATEPI = RLEPR x F0A 

Calculate ACP overlay remalnlng life when 
existing PCC reaches no-remaining life: 

RLOVIX = I - RLEPR 

Calculate fatigue life (lS-kip ESAL) of ACP 
overlay after existing PCC reaches no-remaining 
life: 

FATOVI = RLOVIX x FIA 

205 
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Compute total fatigue life (18-kip ESAL) of strategy: 

RL 1ST OIL 

1 r- ..... 
I 

..... ..... ..... 
....... 

....... ..... 

RLEP1 
\ 

\ 

RLEPR \ 
\ 

RLEP1RU \ 

~ ~ ~ ~ 
TRNT01 FATEP1 FATOVl 

FATOTl = TRNTOI + FATEPl + FATOVl 

Determine year corresponding to FATOTI: 

cumulative 

N1B FATon 

__ ~ __________ -L ____ ~ Year 

YRFl 

YES 

Save feasible strategy 

N18 

AB1 



AAt C1 

Act 

YES 

Strategy lasts the analysis period, 
therefore go to new first overlay type. 

YES 

YES 

Initialize: IRL2 0 

130 Increment: IRL2 IRL2 + 1 

YES 

2C7 

AS1 

120 
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Compute existing pavement remalnlng life corresponding 
to overlay remaining life. Also compute traffic 
(18-kip ESAL) on first overlay prior to second: 

RLOV 1RL2 "-

RLEPC 

TROt 

...... 
...... 

\ 

\ 
\ 

Set remaining life of existing PCC at second 
overlay (and after repairs) equal to RLEPC: 

RLEPCR = RLEPC 

Compute 18-kip ESAL traffic from now till 
second overlay: 

RL 
1 

RLOVlRL2 

RLEPl 

: ........ . ...... . " 
"- , . 

.l-,~---;--------"i-- _ 
t'--....... -... 

\ 

\ 

R lE peR +--I----I--l.---....:::.....""--

\ 
\ 

\ --.-," 

TRN TO 1 ;,.tI TROt 

TRNT02 = TRNTOI + TROI 



AC1 

AE1 

Determine year corresponding to TRNT02: 

cumulative 

N1B 

TRNT021------~v 

YR2 

YES 

Initialize: IOV2 0 

16¢ Increment: IOV2 IOV2 + 1 

YES 

YES 

BRANCH 

Year 

20.9 



210 

AE1 

160 

AFt 

BRANCH Al7f/J: 

ACP first overlay, ACP second overlay 

Calculate rema1n1ng life of first ACP overlay, 
RLOVlY, when existing pavement has no-remaining 
life. Also calculate remaining life of second 
ACP overlay, RLOV2Y, when first ACP overlay 
has no-remaining life: 

~ ........................... ............. ... 

RLOV1Y 

RLEPR 

'f~-· 
~R.;V~~; . - \ 

! 
RLOV2Y 

L-_~ ___ "";:""_"';;;:::',"--__ ....i.-~ N
18 

RLOVlY = RLOV1RL2 - RLEPCR 

RLDV2Y = 1 - RELPCR - RLOVlY 

Ini tialize: IOV2T = It' I 

18 ¢ Increment: IOV2T = IOV2T + 1 

YES 



Calculate unfactored fatigue lives (IS-kip ESAL) 
for existing pavement after second ACP overlay, 
F0AA, for first ACP overlay on no-remaining life 
PCC, FlAA, and for second ACP overlay on 
no-remaining life first ACP overlay, F2AA: 

F0AA = OFATIG (FREP, C0AA, S0AAIOVIT, IOV2T) 

FlAA = EFATIG (ElAAIOVIT, IOV2T) 

F2AA: EFATIG (E2AAIOVIT, IOV2T) 

Compute fatigue life (IS-kip ESAL) of existing 
pavement after second ACP overlay: 

FATEP2 = RLEPCR x F0AA 

Compute fatigue life (IS-kip ESAL) of first ACP 
overlay after no-remaining life in existing PCC: 

FOVl2 = RLOVly x FlAA 

Compute fatigue life (18-kip ESAL) of second ACP 
overlay after no-remaining life in first ACP 
overlay: 

FOV22 = RLOV2Y x F2AA 

211 
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AE1 AFt 

16 

180 

Compute total fatigue (IS-kip ESAL) of strategy: 

.. ... 
RLOV lR L2 -I---\~--o----"'...:."'_: : ~, ........... 

RLEP - \ 
\ 

\ 
\ 
\ 

\ 
~~--~~~- \ 

TRNT02 FATEP2 

--"~ RLOV1Y 

RLOV2Y 

FOVi2 

FATOT2 = TRNT02 + FATEP2 + FOV12 + FOV22 

c1..IDlulative 

N18 

YES 

FATOT2 

--~------------~--~Yeor 
YRF2 

Save feasible strategy 

YES 

Strategy lasts the analysis period, 
therefore go to new second overlay type. 
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AE1 
BRANCH A200 

ACP first overlay, CRCP second overlay 

160 
Initialize: IC2 ~ 0 

21 (/) Increment: IC2 = IC2 + 1 

210 Initialize: IRF2 0 

22 <2S Increment: IFR2 = IFR2 + 1 

YES 

220 Initialize: IOV2T = 0 

230 Increment: IOV2T = IOV2T + 1 

AHt AH2 
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AHt 

220 

YES 

Calculate unfactored fatigue lives (18-kip ESAL) 
for existing pavement after CRCP overlay, F¢AC, 
for unbonded CRCP overlay on PCC existing 
pavement, F2ACI, and for unbonded CRCP overlay 
on no-remaining life pavement, F2AC2: 

F¢AC OFATIG (FREP, C¢AC1C2 ' S¢APIOVIT, IOV2T) 

F2ACI = OFATIG (FROV1FR2 , C2AC1C2 ' S2APIIOVIT,IOV2T) 

F2AC2 OFATIG (FROV1FR2 , C2AC1C2 ' S2AP2IOVIT,IOV2T) 

Compute fatigue life (IS-kip ESAL) of existing pavement 
after CRCP second overlay: 

FATEP2 = RLEPCR x F0AC 



Compute rema1n1ng life of CRCP overlay after 
original PCC reaches no remaining life: 

RLOV2X = 1 - FATEP2/F2ACI 

Compute fatigue life (18-kip ESAL) of CRCP 
overlay after original PCC reaches no-remaining 
life: 

FOV22 = RLOV2X x F2AC2 

Compute total fatigue life (18-kip ESAL) of strategy: 

RL tSTO/L 2ND OIL 
t 

RLEPIRU 

", ", r········ .. " ........ . 

I ', ". ..... . . ...... . 
+--\--"-,----"1 

" 
I 

TRNT02 

, , 
\ 
\ 

FATEP2 

RLOV2X 

\ 

FOV22 

FATOT2 = TRNT02 + FATEP2 + FOV22 

NO 

215 

AJ1 
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AH1 AH2 

23(2) 

220 

Re-compute total fatigue life of strategy: 

RLOVIRL2 

RLEPl 

RLEP1RU 

, : ". 
+-'I.------,,-------"'->i...,. ' .. '. 

~ " ..... 
: ' 

" 

TRNT02 F2AC1 

" 
'. 

", 

FATOT2 TRNT02 + F2AC1 

cmnN~;tive t ... _FA==::-?L=:O:.....T_2 ___ ....L.._~ Year 

YRF2 

Save feasible strategy 

Strategy lasts the analysis period; 
therefore go to new second overlay type. 

AJ1 
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BRANCH A250 

ACP first overlay, JCP second overlay 

This branch is almost identical to 
BRANCH A200. In order to construct 
this branch, the following substitutions 
should be made in BRANCH A200: 

1. JCP overlay for CRCP overlay, 

2. 260 for 210, 

3. 270 for 220, 

4. 280 for 230, 

5. NCAJ for NCAC, 

6. C0AJ for C0AC, 

7. C2AJ for C2AC, 

8. F0AJ for F0AC, 

9. F2AJ1 for F2AC1, and 

10. F2AJ2 for F2AC2. 
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c, 
BRANCH B: Bonded CRCP first overlay 

YES 

YES 

50 
Initialize: ICI = 0 

Increment: ICI = ICI + I 

Initialize: IOVIT = 0 

31~ Increment: IOVIT = IOVIT + 1 

YES 

BAt BA2 



Calculate unfactored fatigue life (18-kip ESAL) 
for existing pavement with bonded CRCP overlay: 

F0BC = OFATIG (FREP, C0BC1Cl ' S0BPIOVIT) 

Calculate fatigue life (18-kip ESAL) of 
existing pavement after first overlay: 

FATEPI = RLEPR x F0BC 

Compute total fatigue life (18-kip ESAL) of 
strategy: 

RL lSlOlL 

t , 
1\ 

RLEP1 
I \ 
I \ 

RLEPR \ 

RLEP1RL1 

~I 
FATEPI 

FATOTI = TRNTOI + FATEPI 

219 



220 

BAt BA2 

310 

305 

Determine year corresponding to FATOTl: 

cumulative 

Nt8 FATon 

I..-O:::::;; _____ .......:11:....-_~ Year 
YRF1 

YES 

Save feasible strategy 

YES 

Strategy lasts the analysis period, 
therefore try thinner overlay ,,,i th 
concrete shoulder 

YES 

YES 

320 



BA2 

BOt 

330 

Determine the next level (index IRLX) 
of existing pavement remaining life to 
consider for placement of second 
overlay. 

Initialize: IRL2 = IRLX -1 

Increment: IRL2 IRL2 + 1 

YES 

Set existing pavement remaining life 
corresponding to overlay remaining life 
equal to current value of remaining life. 

NOTE: Overlay and existing pavement are 
assumed to have same remaining life. 

RLEPC = RLEP IRL2 

Compute traffic on first overlay prior 
to second overlay: 

TR01 = (RLEPR - RLEPC) x F0BC 

221 



222 

BOl 

Set remaining life of existing PCC at second 
overlay (and after repairs) equal to RLEPC: 

RLEPCR = RELPC 

Compute is-kip ESAL traffic from now 
till second overlay: 

RLEP1RU 

RLEPCR 

........................... 

TRNTOt ./ TROt 

TRNT02 = TRNTOl + TROl 

Determine year corresponding to TRNT02: 

TRNT02 

"--'=:::::.... _____ ..1-__ ~ Year 

YR2 

YES 



BOt 

360 

BF1 

Initialize: IOV2 = 0 

360 Increment: IOV2 = IOV2 + 1 
L-______________ ~------------~ 

YES 

second overlay 

IOV2 
_-----..... =2 

ACP 

Only one concrete overlay 
considered during analysis 
period. 

223 
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BFt 

36~ 

380 

BG1 

YES 

BRANCH B370: 

Bonded CRCP first overlay, ACP second overlay 

Calculate remaining life of ACP second 
overlay after underlying PCC reaches 
no-remaining life. 

RLOV2X = 1 - RLEPCR 

Initialize: IOV2T 0 

Increment: IOV2T = IOV2T +1 

Calculate unfactored fatigue lives (lS-kip ESAL) for 
existing pavement with both overlays and for ACP 
overlay after no-remaining life in underlying PCC 
layers: 

F¢BCA OFATIG (FREP, C¢BCAIC1 ' S¢BPAIOV1T, IOV2T) 

F2BCA EFATIG (E2BPAIOV1T, IOV2T) 



Calculate fatigue lives (is-kip ESAL) for existing 
PCC and for ACP overlay after no-remaining life in 
underlying PCC layers: 

FATEP2 RLEPCR x F0BCA 

FOV22 RLOV2X x F2BCA 

Compute total fatigue life (is-kip ESAL) of strategy: 

RLEP1 

RLEPR 
RLEPlRL1 

RLEPCR 

: ............... . 
......... ...... - ... RLOV2X 

TRNT02 PATEP2 FOV22 

FATOT2 = TRNT02 + FATEP2 + FOV22 

Determine year corresponding to FATOT2: 

cumulative 

N18 FATOT2 

1oI::::=--_____ -1. __ ~ Year 
YRF2 

225 
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BGt BFt 

360 

YES 

Save feasible strategy 

YES 

Strategy lasts the analysis period, 
therefore go to new second overlay type. 
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C1 BRANCH C: Unbonded CRCP first overlay 

Initialize: ICI = 0 

Increment: ICI ICI + I 

Initialize: IFRI = 0 

508 Increment: IFR1 = IFRl + I 

YES 

Initialize: IOVIT = 0 

5t~ Increment: IOVIT = IOVIT + I 

YES 

CAt CA2 
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Calculate unfactored fatigue lives (18-kip ESAL) 
for existing pavement after overlay, for CRCP 
overlay when remaining life in underlying PCC, 
and for CRCP overlay when no remaining life in 
underlying PCC: 

F0uc = OFATIG (FREP, C¢UC1Cl ' S¢UPIOVIT) 

FIUCI = OFATIG (FROV1FRl , CIUC1Cl ' SIUPIIOVIT, IOV2T) 

FIUC2 = OFATIG (FROV1FRl , CIUC1CL ' SlUP2IOVlt, IOV2T) 

Calculate fatigue life (18-kip ESAL) of 
existing pavement after overlay: 

FATEPI = RLEPR x F¢UC 

Calculate remaining life of unbonded CRCP 
overlay after no-remaining life in 
existing PCC: 

RLOVIX = 1 - FATEPl/FlUCl 

1 
Calculate fatigue life (18-kip ESAL) of 
unbonded CRCP overlay after no-remaining 
life in existing PCC: 

FATOVI = RLOVIX x FIUC2 



Compute total fatigue life (l8-kip ESAL) of strategy: 

tSb/L 
t ... 
I .......... 

RLEP l 
I .......... 
I ...... 
I ..... ..... r- RLOV1X 

\ 

RLEPR 

RLEP1RL1 \ 

TRNTotl FATEPl ~ FATOVt 

FATOTI = TRNTOI + FATEPI + FATOVI 

NO 

Re-compute total fatigue life (18-kip ESAL) of 
strategy: 

RLE~ 

RLEPR 

RLEPlRL1 

TRNTO" 

" I' 
1 ' 
I 
I 

~--------~--~----~~8 

FtUC1 

FATOTI = TRNTOI + FIUCI 

229 

CC1 



230 

CAt CA2 

5q}8 

5t¢ 

Determine year corresponding to FATOTl: 

--~------------~--~YeQr 
YRFl 

YES 

Save feasible strategy 

YES 

Strategy lasts the analysis period; 
therefore try thinner overlay with 
higher flexural strength. 

YES 

YES 

CCt 

520 



CA1 

51~ 

53{2$ 

CEt 

Initialize: IRL2 

530 Increment: IRL2 = IRL2 + I 

YES 

Set remalnlng life of overlay (after 
repairs) equal to RLOV

IFL2
: 

RLOVIR = RLOV
IRL2 

Calculate traffic (18-kip ESAL) carried by first 
overlay prior to second overlay. Also co~pute 
existing pavement remaining life corresponding to 
first overlay remaining life: 

.... 
.... 

RLOV1RL2 

RLEPC 

TR01 

: ....... . 

... . 
... ~ .... 

.... .. ... .. 
', ............... ... " ..... 

\ 
\ 

\ 
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CE1 

53~ 

560 

CFt 

Set rema1n1ng life of existing PCC at 
second overlay (and after repairs) equal 
to RLEPC: 

RLEPCR RLEPC 

Compute 18-kip ESAL traffic from now 
till second overlay: 

TRNT02 = TRNTOI + TROI 

Determine year corresponding to TRNT02: 

cumulative 

YES 

56~ 

TRNT02 

--~~----------~----~Year 
VR2 

Initialize: IOV2 0 

Increment: IOV2 IOV2 + I 



CFt CEt 

530 
YES 

YES 

CGt 

second overlay 

Only one concrete overlay 
considered during analysis 
period. 
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CGt 

56~ 

CHi 

BRANCH C570: 

Unhonded CRCP first overlay, ACP second overlay 

Initialize: IOV2T 

580 Increment: IOV2T IOV2T + I 

YES 

Calculate unfactored fatigue lives (18-kip ESAL) for 
existing pavement with both overlays, for CRCP 
overlay (remaining life in existing PCC), for CRCP 
overlay (no remaining life in existing PCC), and 
for ACP overlay (no remaining life in underlying 
PCC layers): 

F0UCA = OFATIG (FREP, C0UCAICI ' S0UPAIOVIT, IOV2T) 

FIUCAI OFATIG (FROVIFRI , CIUCAICI ' SIUPAIIOVIT,IOV2T) 

FIUCA2 OFATIG (FROVIFRI , CIUCAICI ' SIUPA2IOVIT,IOV2T) 

F2UCA EFATIG (E2UPAIOVIT, IOV2T) 



Calculate fatigue life (IS-kip ESAL) of existing 
PCC (after ACP second overlay), Also calculate 
fatigue life left in CRCP overlay (assuming 
remaining life in existing PCC): 

FATEP2 = RLEPCR x F~UCA 

FOV12X = RLOVIR x FlUCAl 

Compute remalnlng life left in CRCP overlay 
after loss of remaining life in existing 
PCC: 

RLOVlY = (FOV12X - FATEP2)/FlUCAl 

Calculate fatigue life (IS-kip ESAL) of CRCP 
overlay after loss of remainin~ life in 
existing PCC: 

FOV12 = RLOVlY x FlUCA2 

Calculate remaining life in ACP overlay after 
no-remaining life in underlying PCC layers: 

RLOV2Y = 1 - RLOVIR 

J, 
Calculate fatigue life (IS-kip ESAL) of ACP 
overlay after no-remaining life in unclerlying 
PCC layers: 

FOV22 = RLOV2Y x F2UCA 
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RLOVlRL2 

RLEPl 

RLEPR 

RLEP1RL1 
RLEPCR 

tSTO/L 

r·' "., .......... " " .. "" ..... ". "" ... , , 
-_....:::: ..... c..... .......... _ _ _ ... 

: ........ - - - - -,-=-:- RLOV1Y 
: 1\ , ", : I \ , " 
: , \ , ... 
: \ , ". 

\ , ... 
\ , ... 
\ \ ... \ r::- RLOV2Y 

,', Ni8 

TRNT02 FATEP2 FOV12 ~ FOV22 

FATOT2 = TRNT02 + FATEP2 + FOVl2 + FOV22 

NO 

Re-compute total fatigue life (IS-kip ESAL) of strategy: 

1\ 
I , ...... .. I ' RLEP1 I' .... , ". 
I ,. ".- RLOV2Y 

RLEPR '~ RLOV ~ 
~ tRU 

RLEP1RL2 +-+--~ : """"' .... 
: , "'-

RLEPCR 1-t-~~--~~~\~~ 

TRNT02 FOV12X 

FATOT2 = TRNT02 + FOVl2X + FOV22 

CJ1 



CGl CHi 

5sQJ 

560 

Determine year corresponding to TATOT2: 

cumulative 

Ni8 FATOT2 

...::::;;------.......... -~ Year 
YRF2 

Save feasible strategy 

YES 

Strategy lasts the analysis period, 
therefore go to new second overlay type. 
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BP~NCH D: Bonded JCP first overlay 

This branch is almost identical to BRANCH B. 
In order to construct this branch, the 
following substitutions should be made in 
BRANCH B (and its accompanying BRANCH B370): 

1. JCP overlay for CRCP overlay, 

2. a 1 for the 2 in second diamond, 

3. 700 for 300, 

4. 705 for 305, 

5. 710 for 310, 

6. 720 for 320, 

7. 730 for 330, 

8. 760 for 360, 

9. BRANCH D770 for BRANCH B370, 

10. 780 for 380, 

11. NCBJ for NCBC, 

12. C¢lBJ for COBC, 

13. C¢lBJA for COBCA, 

14. F~BJ for F~BC, 

15. F~BJA for F~BCA, and 

16. F2BJA for F2BCA. 



BRANCH E: Unbonded .JCP first overlay 

This branch is almost identical to BRANCH C. 
In order to construct this branch, the following 
~;ubstittJtions shoul<1 be made in BRANCH C (and 
its accompanying BRANCH C570): 

1. JCP overlay for CRCP overlay 

2. 900 for 500. 

3. 905 for 505. 

4. 908 for 508, 

5. 910 for 510. 

6. 920 for 520. 

7. 930 for 530 

H. 960 for 560. 

9. BFANCH E970 for BRANCH C570. 

10. 980 for 580, 

1l. NCUJ for NCUe, 

12. C0UJ for C0UJ. 

13. ClUJ for ClUC, 

14. C0UJA for C0UCA. 

15. ClUJA for CIUCA. 

16. F0UJ for F0UC, 

17. FIUJ I for FlllC1, 

18. FlUJ2 for FlUC2. 

19. F0UJA for F0UCA. 

20. FlUJAl for FlUCAl, 

21. FlUJA2 for FIlJCA2, and 

22. F2UJA for F2UCA. 
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APPENDIX D. RPRDS-l INPUT GUIDE 

This input guide represents a summary of the input data required for 

RPRDS-l and a guide for recording it on cards (or card images) for use by the 

program. This section is not intended to provide a detailed description of 

each input variable (see RPRDS-l User's Manual, Chapter 6), but merely show 

how the data sould be organized for running one or several rigid pavement 

rehabilitation design problems. 

The data for a single problem are divided into eleven categories for 

ease of input: 

(1) Project Description, 

(2) Original Pavement, 

(3) Traffic Variables, 

(4) Time Constraints, 

(5) Remaining Life Variables, 

(6) Overlay Characteristics, 

(7) Overlay Constructon Cost Variables, 

(8) Traffic Delay Cost Variables, 

(9) Distress/Maintenance Cost Variables 

(10) Cost Returns, and 

(11) Combined Interest and Inflation Rate. 
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Each variable within these categories is assigned a variable number according 

to the number of the card it appears on and its order on the card. This 

assigned number makes it easy to locate the variable, both in the program 

output and in the User's Manual (Chapter 6), where it is discussed in great 

detail. 

In order to generate a card deck to run the RPRDS-l program, the user 

should follow the guide, provided next, which defines each input variable. 

There are three important things to note, however, when following the guide. 

The first is that each variable (except for the title) is entered in 

five or ten-column fields within each card. 

The second is that each variable (except for the title) should be 

entered as either a real or integer value. If a variable is real, it should 

be entered with a decimal point and may be entered anywhere in its field. If 

the variable is an integer, it must be entered without the decimal point and 

must also be right-justified (furthest to the right) in its field. 

The third item to note is that a format summary for all the data (which 

illustrates the relative location of each input variable) is provided at the 

end of this section as an aid in coding the data. 

Project Description 

Card No.1: 
1.1 Title card, alphanumeric, col. 1-80. 

Original Pavement 

Card No. 
2.1 
2.2 
2.3 
2.4 

2: 
Surface type, integer, col. 1-5. (I=CRCP, 2=JCP) 
Concrete shoulder, integer, col. 6-10. (I=No, 2=Yes) 
No. of lanes in one direction, integer, col. 11-15. 
No. of pavement layers, integer, col. 16-20. (maximum of 
5) 

Card No.3: 
3.1 Project length (miles), real, col. 1-10. 
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3.2 Lane width (feet), real, col. 11-20. 
3.3 Total shoulder width (feet), real, col. 21-30. 

Card No. 
4.0 
4.1 
4.2 
4.3 
4.4 
4.5 

Card No. 
5.0 
5.1 
5.2 
5.3 
5.4 
5.5 

Card No. 
6.0 
6.1 
6.2 
6.3 
6.4 
6.5 

Card No. 
7.1 
7.2 
7.3 

Card No. 
8.1 
8.2 
8.3 

4: 
Thicknesses of existing layers (inches): 
Concrete surface layer, real, col. 1-10. 
Second layer, real, col. 11-20. 
Third layer, real, col. 21-30. 
Fourth layer, real, col. 31-40. 
Fifth layer, real, col. 41-50. 

5: 
Elastic moduli of existing layers (psi): 
Concrete surface layer (psi), real, col. 
Second layer, real, col. 11-20. 
Third layer, real, col. 21-30. 
Fourth layer, real, col. 31-40. 
Fifth layer, real, col. 41-50. 

6: 
Poisson's ratios for existing layers: 
Concrete surface layer, real, col. 1-10. 
Second layer, real, col. 11-20. 
Third layer, real, col. 21-30. 
Fourth layer, real, col. 31-40. 
Fifth layer, real, col. 41-50. 

7: 

1-10. 

Concrete flexural strength (psi), real, col. 1-10. 
Critical stress factor, real, col. 11-20. 
Concrete stiffness after cracking (psi), real, col. 

8: 

21-30. 

Number of existing defects 
Cost of repairing a defect 
Rate of defect development 
real, col. 21-30. 

per mile, real, col. 1-10. 
(dollars), real, col. 11-20. 

(number per year per mile), 

Traffic Variables 

Card No. 
9.1 
9.2 

9.3 

9.4 
9.5 

9.6 

9: 
Average daily traffic (vehicles per day), real, col. 
Average daily traffic growth rate (percent), real, 
11-20. 
Initial yearly l8-kip equivalent single axle 
(mill ions) , real, col. 21-30. 
l8-kip ESAL growth rate (percent), real, col. 31-40. 
Direc tonal distribution factor (percent), real, 
41-50. 
Lane distribution factor (percent) , real, col. 51-60. 

1-10. 
col. 

loads 

col. 
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T 

Card No. 
10.1 
10.2 
10.3 

s 

10: 
Analysis period (years), real, col. 1-10. 
Minimum time between overlays (years), real, 
Maximum allowable years of heavy maintenance 
structural load-carrying capacity, real, 
(Maximum of 10 years) 

col. 11-20. 
after loss of 
col. 21-30. 

Remaining Life Variables 

Card No. 
11.1 

11: 
Number of original pavement remaining life values to 
consider, integer, col. 1-5. (Maximum of 10) 

11.2 

11.3 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Minimum existing pavement remaining life at which bonded 
PCC overlay may be placed (percent), real, col. 6-10. 
Values of original pavement remaining life (percent) at 
which first overlay may be placed (in descending order): 
first remaining life, real, col. 11-15. 
second remaining life, real, col. 16-20. 
third remaining life, real, col. 21-25. 
fourth remaining life, real, col. 26-30. 
fifth remaining life, real, col. 31-35. 
sixth remaining life, real, col. 36-40. 
seventh remaining life, real, col. 41-45. 
eighth remaining life, real, col. 46-50. 
ninth rema1n1ng life, real, col. 51-55. 

10 tenth remaining life, real, col. 56-60. 

Card No. 
12.1 

12: 
Number of first overlay rema1n1ng life values to consider, 
integer, col. 1-5. (Maximum of 10) 

12.2 Values of first overlay remaining life (percent) at which 
second overlay may be placed (in descending order): 

1 first remaining life, real, col. 11-15. 
2 second remaining life, real, col. 16-20. 
3 third remaining life, real, col. 21-25. 
4 fourth remaining life, real, col. 26-30. 
5 fifth remaining life, real, col. 31-35. 
6 sixth remaining life, real, col. 36-40. 
7 seventh remaining life, real, col. 41-45. 
8 eighth remaining life, real, col. 46-50. 
9 ninth remaining life, real, col. 51-55. 
10 tenth remaining life, real, col. 56-60. 

Overlay Characteristics 

Card No. 
13.0 
13.1 
13.2 
13.3 

13: 
Types of first overlay to consider (O=No, l=Yes): 
ACP, integer, col. 1-5. 
Bonded CRCP, integer, col. 6-10. 
Unbonded CRCP, integer, col. 11-15. 



13.4 
13.5 

Card No. 
14.0 
14.1 
14.2 
14.3 

Card No. 
15.1 

15.2 

15.3 

Card No. 
16.0 
16.1 
16.2 
16.3 
16.4 
16.5 
16.6 
16.7 
16.8 

Card No. 
17.0 
17.1 
17.2 
17.3 
17.4 
17.5 
17.6 
17.7 
17 .8 

Card No. 
18.0 
18.1 
18.2 
18.3 
18.4 
18.5 
18.6 
18.7 
18.8 

Card No. 
19.1 

Bonded JCP, integer, col. 
Unbonded JCP, integer, col. 

14: 
Types of second overlay to 
ACP, integer, col. 1-5. 
CRCP, integer, col. 6-10. 
JCP, integer, col. 11-15. 

15: 

16-20. 
21-25. 

consider (O=No, l=Yes): 

Number of ACP first overlay thicknesses to 
integer, col. 1-5. (Maximum of 8) 
Number of ACP second overlay thinckesses to 
integer, col. 6-10. (Maximum of 8) 
Number of PCC overlay thicknesses to consider, 
col. 11-15. (Maximum of 8) 

16: 
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consider, 

consider, 

integer, 

ACP first overlay thicknesses (inches) in ascending order: 
first thickness, real, col. 1-10. 
second thickness, real, col. 11-20. 
third thickness, real, col. 21-30. 
fourth thickness, real, col. 31-40. 
fifth thickness, real, col. 41-50. 
sixth thickness, real, col. 51-60. 
seventh thickness, real, col. 61-70. 
eighth thickness, real, col. 71-80. 

17: 
ACP second overlay thicknesses (inches) in ascending order: 
first thickness, real, col. 1-10. 
second thickness, real, col. 11-20. 
third thickness, real, col. 21-30. 
fourth thickness, real, col. 31-40. 
fifth thickness, real, col. 41-50. 
sixth thickness, real, col. 51-60. 
seventh thickness, real, col. 61-70. 
eighth thickness, real, col. 71-80. 

18: 
PCC overlay thicknesses (inches) in ascending order: 
first thickness, real, col. 1-10. 
second thickness, real, col. 11-20. 
third thickness, real, col. 21-30. 
fourth thickness, real, col. 31-40. 
fifth thickness, real, col. 41-50. 
sixth thickness, real, col. 51-60. 
seventh thickness, real, col. 61-70. 
eighth thickness, real, col. 71-80. 

19 : 
Allowable total 
1-10. 

overlay thickness (inches) , real, col. 
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19.2 Average level-up thickness (inches), real, col. 11-20. 
19.3 Bond breaker thickness (inches), real, col. 21-30. 

Card No. 
20.1 
20.2 
20.3 
20.4 
20.5 
20.6 

Card No. 
21.1 

21.2 

Card No. 
22.0 
22.1 
22.2 
22.3 
22.4 
22.5 

20: 
ACP overlay design stiffness (psi), real, 
Poisson's ratio, ACP overlay, real, col. 
PCC overlay design stiffness (psi), real, 
Poisson's ratio, PCC overlay, real, col. 
Bond breaker stiffness (psi), real, col. 
Poisson's ratio, bond breaker, real, col. 

col. 1-10. 
11-20. 

21: 

col. 21-30. 
31-40. 
41-50. 
51-60. 

Number of overlay flexural strengths to consider, integer, 
col. 1-5. (Maximum of 5) 
Number which identifies which flexural strenth in the list 
to use for bonded PCC overlay, integer, col. 6-10. 

22: 
PCC overlay flexural strengths (psi) 
first flexural strength, real, col. 
second flexural strength, real, col. 
third flexural strength, real, col. 
fourth flexural strength, real, col. 
fifth flexural strength, real, col. 

in ascending 
1-10. 

11-20. 
21-30. 

31-40. 
41-50. 

order: 

Card Numbers 23 through 40: 
These cards define critical stress factors (ratios of 

critical stress to interior stress) for various overlay and 
shoulder combinations. These factors also depend on which 
concrete layer in the structure they apply to, therefore, in the 
descriptions below, the first term provided represents the layer 
to which the stress factor applies. The second term describes 
the overlay combination and the third term describes the shoulder 
type. 

23.1 Existing pavement, single ACP overlay, ACP shoulder, 
real, col. 1-10. 

24.1 Existing pavement, two ACP overlays, ACP shoulder, real, 
col. 1-10. 

25.1 

25.2 

26.1 

Existing pavement, first 
ACP shoulder, real, col. 

Existing pavement, first 
CRCP shoulder, real, col. 

overlay-ACP 
1-10. 

overlay-ACP 
11-20. 

CRCP overlay, first 
shoulder, real, col. 

overlay-ACP 
1-10. 

and 

and second-CRCP, 

and second-CRCP, 

second-CRCP, ACP 

26.2 CRCP overlay, first overlay-ACP and second-CRCP, CRCP 
shoulder, real, col. 11-20. 



27.1 

27.2 

28.1 

28.2 

29.1 
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Existing pavement, first over1ay-ACP and second-JCP, ACP 
shoulder, real, col. 1-10. 

Existing pavement, first overlay-ACP and second-JCP, JCP 
shoulder, real, col. 11-20. 

JCP overlay, first overlay-ACP second-JCP, ACP shoulder, 
real, col. 1-10. 

JCP overlay, first overlay-ACP second-JCP, JCP shoulder, 
real, col. 11-20. 

Existing pavement, 
shoulder, real, col. 

single 
1-10. 

bonded CRCP overlay, ACP 

29.2 Existing pavement, single bonded CRCP overlay, CRCP 
shoulder, real, col. 11-20. 

30.1 

30.2 

31.1 

31.2 

Existing pavement, first overlay-bonded CRCP 
second-ACP, ACP shoulder, real, col. 1-10. 

Existing pavement, first overlay-bonded CRCP 
second-ACP, CRCP shoulder, real, col. 11-20. 

Existing pavement, 
shoulder, real, col. 

Existing pavement, 
shoulder, real, col. 

single bonded 
1-10. 

single bonded 
11-20. 

JCP overlay, 

JCP overlay, 

a~ 

and 

ACP 

JCP 

32.1 Existing pavement, first overlay-bonded JCP and second 
ACP, ACP shoulder, real, col. 1-10. 

32.2 Existing pavement, first overlay-bonded JCP and second 
ACP, JCP shoulder, real, col. 11-20. 

33.1 Existing pavement, single unbonded CRCP overlay, ACP 
shoulder, real, col. 1-10. 

33.2 Existing pavement, single unbonded CRCP overlay, CRCP 
shoulder, real, col. 11-20. 

34.1 CRCP overlay, single unbonded CRCP overlay, ACP 
shoulder, real, col. 1-10. 

34.2 

35.1 

35.2 

CRCP overlay, single unbonded CRCP 
shoulder, real, col. 11-20. 

overlay, 

Existing pavement, first overlay-unbonded CRCP 
second-ACP, ACP shoulder, real, col. 1-10. 

Existing pavement, first overlay-unbonded CRCP 
second-ACP, CRCP shoulder, real, col. 11-20. 

CRCP 

and 

a~ 
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36.1 

36.2 

CRCP overlay, first overlay-unbonded CRCP 
second-ACP, ACP shoulder, real, col. 1-10. 

CRCP overlay, first overlay-unbonded CRCP 
second-ACP, CRCP shoulder, real, col. 11-20. 

and 

and 

37.1 Existing pavement, single unbonded JCP overlay, ACP 
shoulder, real, col. 1-10. 

37.2 Existing pavement, single unbonded JCP overlay, JCP 
shoulder, real, col. 11-20. 

38.1 JCP overlay, single unbonded JCP overlay, ACP shoulder, 
real, col. 1-10. 

38.2 JCP overlay, single unbonded JCP overlay, JCP shoulder, 
real, col. 11-20. 

39.1 

39.2 

Existing pavement, first overlay-unbonded 
second-ACP, ACP Shoulder, real, col. 1-10. 

Existing pavement, first overlay-unbonded 
second-ACP, JCP shoulder, real, col. 11-20. 

JCP and 

JCP and 

40.1 JCP overlay, first overlay-unbonded JCP and second-ACP, 
ACP shoulder, real, col. 1-10. 

40.2 JCP overlay, first overlay-unbonded JCP and second-ACP, 
JCP shoulder, real, col. 11-20. 

Card No. 
41.1 

41: 
Switch on method of response predicton, integer, col. 
1-5. (l=LAYER submodel, 2=LAYER regression submodel) 

Overlay Constructon Cost Variables 

Card No. 
42.0 
42.1 
42.2 
42.3 
42.4 
42.5 

Card No. 
43.0 

43.1 
43.2 
43.3 
43.4 

42: 
Site establishment costs (dollars): 
ACP equipment, real, col. 1-10. 
CRCP equipment, real, col. 11-20. 
JCP equipment, real, col. 21-30. 
ACP and CRCP equipment combined, real, col. 
ACP and JCP equipment combined, real, col. 

43: 
Pavement surface preparation costs (dollars 
yard) : 
Existing pavement, real, 
ACP overlay, real, col. 
CRCP overlay, real, col. 
JCP overlay, real, col. 

col. 1-10. 
11-20. 

21-30. 
31-40. 

31-40. 
41-50. 

per square 



Card No. 
44.1 

44.2 

44.3 

44.4 

44.5 

Card No. 
45.0 

45.1 
45.2 
45.3 
45.4 
45.5 

Card No. 
46.0 

46.1 
46.2 
46.3 
46.4 
46.5 

Card No. 
47.0 

47.1 
47.2 
47.3 
47.4 
47.5 

Card No. 
48.0 

48.1 
48.2 
48.3 
48.4 
48.5 

Card No. 
49.1 

49.2 
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44: 
Fixed cost of ACP overlay constructon (dollars per 
square yard), real, col. 1-10. 
Variable cost of ACP overlay construction (dollars per 
square yard per inch), real, col. 11-20. 
Fixed cost of flexible shoulder construction (dollars 
per square yard), real, col. 21-30. 
Variable cost of flexible shoulder construction (dollars 
per square yard per inch), real, col. 31-40. 
Cost of bond breaker construction (dollars per square 
yard), real, col. 41-50. 

45: 
CRCP fixed cost for each 
square yard): 

flexural strength (dollars 

first, real, col. 1-10. 
second, real, col. 
third, real, col. 
fourth, real, col. 
fifth, real, col. 

46: 

11-20. 
21-30. 
31-40. 

41-50. 

per 

CRCP variable cost for each flexural 
per square yard per inch): 

strength ( dollars 

first, real, col. 1-10. 
second, real, col. 11-20. 
third, real, col. 21-30. 
fourth, real, col. 31-40. 
fifth, real, col. 41-50. 

47: 
JCP fixed cost for 
square yard): 
first, real, col. 
second, real, col. 
third, real, col. 
fourth, real, col. 
fifth, real, col. 

48: 

each flexural strength 

1-10. 
11-20. 

21-30. 
31-40. 

41-50. 

( dollars per 

JCP variable cost for each 
per square yard per inch): 
first, real, col. 1-10. 
second, real, col. 11-20. 
third, real, col. 21-30. 
fourth, real, col. 31-40. 
fifth, real, col. 41-50. 

flexural strength ( dollars 

49: 
Total steel percentage required in CRCP overlays, real, 
col. 1-10. 
Total steel percentage required in JCP overlays, real, 
col. ll-20. 
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49.3 Cost of steel reinforcement (dollars per pound), real, 
col. 21.30. 

Traffic Delay Cost Variables 

Card No. 
50.1 

50: 
Location of 
2=urban) 

projec t, integer, col. 1-5. (l=rural, 

50.2 Model number for handling traffic, integer, col. 6-10. 
(See User's Manual, Chapter 6) 

50.3 Number of open lanes, overlay direction, integer, col. 
11-15. 

50.4 Number of open lanes, non-overlay direction, integer, 
col. 16-20. 

Card No. 
51.1 

51. 2 

51.3 

51: 
Military time of day overlay construction begins, 
col. 1-10. (e.g. 900. for 9:00 am) 
Military time of day overlay construction ends, 
col. 11-20. (e.g. 1600. for 4:00 pm) 
Hours per day overlay construction occurs, real, 
21-30. 

real, 

real, 

col. 

51.4 Number of days concrete is allowed to cure, real, col. 
31-40. 

51.5 Detour distance for detour model number 5 (miles), real, 
col. 41-50. 

Card No. 
52.1 
52.2 

52.3 

Card No. 
53.1 

53.2 

53.3 

53.4 

53.5 

53.6 

Card No. 
54.1 

52: 
Average approach speed (mph), real, col. 1-10. 
Average speed in overlay direction (mph), real, 
11-20. 

col. 

Average speed in non-overlay direction (mph), real, col. 
21-30. 

53: 
Distance traffic is slowed in overlay direction (miles), 
real, col. 1-10. 
Distance traffic is slowed in non-overlay direction 
(miles), real, col. 11-20. 
Percent of vehicles stopped in overlay direction, real, 
col. 21-30. 
Percent of vehicles stopped in non-overlay direction, 
real, col. 31-40. 
Average vehicle delay in overlay direction (hours), 
real, col. 41-50. 
Average vehicle delay in non-overlay direction (hours), 
real, col. 51-60. 

54: 
ACP production rate (cubic yards per hour), 
1-10. 

real, col. 

54.2 CRCP production rate (cubic yards per hour), real, col. 
11-20. 
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54.3 JCP production rate (cubic yards per hour) , real, col. 
21-30. 

54.4 Bond breaker production rate (cub ic yards per hour), 
real, col. 31-40. 

Distress/Maintenance Cost Variables 

Card No. 
55.1 

55: 
CRCP overlay distress repair cost (dollars), real, 
1-5. 

col. 

55.2 Initial CRCP overlay distress rate (number per mile per 
year), real, col. 6-10. 

55.3 Secondary CRCP overlay distress rate (number per mile 
per year), real, col. 11-15. 

55.4 CRCP overlay distress rate (number per mile) for each 
year after loss of pavement load-carrying capacity: 

1 first year after, real, col. 16-20. 
2 second year after, real, col. 21-25. 
3 third year after, real, col. 26-30. 
4 fourth year after, real, col. 31-35. 
5 fifth year after, real, col. 36-40. 
6 sixth year after, real, col. 41-45. 
7 seventh year after, real, col. 46-50. 
8 eighth year after, real, col. 51-55. 
9 ninth year after, real, col. 56-60. 
10 tenth year after, real, col. 61-65. 

Card No. 
56.1 

56 : 
JCP overlay distress repair cost (dollars), 
1-5. 

real, col. 

56.2 Initial JCP overlay distress rate (number per mile per 
year), real, col. 6-10. 

56.3 Secondary JCP overlay distress rate (number per mile per 
year), real, col. 11-15. 

56.4 JCP overlay distress rate (number per mile) for each 
year after loss of pavement load-carrying capacity: 

1 first year after, real, col. 16-20. 
2 second year after, real, col. 21-25. 
3 third year after, real, col. 26-30. 
4 fourth year after, real, col. 31-35. 
5 fifth year after, real, col. 36-40. 
6 sixth year after, real, col. 41-45. 
7 seventh year after, real, col. 46-50. 
8 eighth year after, real, col. 51-55. 
9 ninth year after, real, col. 56-60. 
10 tenth year after, real, col. 61-65. 

Card No. 
57.1 

57 : 
Distress repair cost (dollars) for an ACP overlay 
CRCP, real, col. 1-5. 

57.2 Initial ACP/CRCP distress rate (number per mile 
year), real, col. 6-10. 

on 

per 
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57.3 Secondary ACP/CRCP distress rate (number per mile per 
year), real, col. 11-15. 

57.4 ACP/CRCP distress rate (number per mile) for each year 
after loss of pavement load-carrying capacity: 

1 first year after, real, col. 16-20. 
2 second year after, real, col. 21-25. 
3 third year after, real, col. 26-30. 
4 fourth year after, real, col. 31-35. 
5 fifth year after, real, col. 36-40. 
6 sixth year after, real, col. 41-45. 
7 seventh year after, real, col. 46-50. 
8 eighth year after, real, col. 51-55. 
9 ninth year after, real, col. 56-60. 
10 tenth year after, real, col. 61-65. 

Card No. 58: 
58.1 Distress repair cost (dollars) for an ACP overlay on 

JCP, real, col. 1-5. 
58.2 Initial ACP/JCP distress rate (number per mile per 

year), real, col. 6-10. 
58.3 Secondary ACP/JCP distress rate (number per mile per 

year), real, col. 11-15. 
58.4 ACP/JCP distress rate (number per mile) for each year 

after loss of pavement load-carrying capacity: 
1 first year after, real, col. 16-20. 
2 second year after, real, col. 21-25. 
3 third year after, real, col. 26-30. 
4 fourth year after, real, col. 31-35. 
5 fifth year after, real, col. 36-40. 
6 sixth year after, real, col. 41-45. 
7 seventh year after, real, col. 46-50. 
8 eighth year after, real, col. 51-55. 
9 ninth year after, real, col. 56-60. 
10 tenth year after, real, col. 61-65. 

Cost Returns 

Card No. 
59.1 

59.2 

59: 
Salvage value, percent of overlay construction cost, 
real, col. 1-10. 
Value of each year of extended life (dollars per square 
yard per year), real, col. 11-20. 

Combined Interest and Inflation Rate 

Card No. 
60.1 

60: 
Interest rate minus inflation rate (percent), real, col. 
1-10. 
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This concludes the input of data for a single problem. For an 
additional problem, the user should begin again with card no. 1, 
otherwise the last card should have STOP in columns 1 through 4. 



COLUMN NUMBERS 

CARD I 10 20 30 40 50 60
1 

70
1 

80, 
No. I I I I 1 .......... I In 

2 

3 

4 

5 

6 

7 

8 

9 

10 

I I 

12 

13 

14 

15 

2.1 2.2 

3.1 

4.1 

5.1 

6.1 

7.1 

8.1 

9.1 

10.1 

11.1 11.2 

12.1 [X 
13.1 13.2 

14.1 14.2 

15.1 15.2 

1.1 

2.3 2.4 

3.2 

4.2 

5.2 

6.2 

7.2 

8.2 

9.2 

10.2 

11.31 11.32 

12.21 12.22 

13.3 13.4 

14.3 

15.3 

I 

3.3 

4.3 4.4 4.5 

5.3 5A 5.5 

6.3 6.4 6.5 

7.3 

8.3 

9.3 9.4 9.5 9.6 

10.3 

11.33 11.34 11.35 11.36 11.37 11.38 11.39 11.310 

12.23 12.24 12.25 12.26 12.27 12.28 1229 12.210 

13.5 

(continued) 

N 
\.J1 
0' 



COLUMN NUMBERS 

II I 0 2 0 3 0 40 I 50 60 I 70 ISO I 
CARD I I J I 

No. 
16 

17 

IS 

19 

20 

21 

22 

23 

24 

25 

26 

27 

2S 

29 

30 

31 

32 

16.1 

17.1 

IS.I 

19.1 

20.1 

21.1 121.2 

22.1 

23.1 

24.1 

25.1 

26.1 

27.1 

2S.I 

29.1 

30.1 

31.1 

32.1 

16.2 

17.2 

IS.2 

19.2 

20.2 

22.2 

25.2 

26.2 

27.2 

2S.2 

29.2 

"30.2 

31.2 

32.2 

16.3 16.4 16.5 16.6 16.7 16.S 

17.3 17.4 17.5 17.6 17.7 17.S 

IS.3 IS.4 IS.5 IS.6 IS.7 IS.S 

19.3 

20.3 20.4 20.5 20.6 

22.3 22.4 22.5 

(continued) N 
\Jl 
"'-J 



COLUMN NUMBERS 

C~:.D L I 101 201 301 401 5 0 J 60 1 70 I 80 I 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

33.1 

34.1 

35.1 

36.1 

37.1 

38.1 

39.1 

40.1 

41.1 I 
42.1 

43.1 

44.1 

45.1 

46.1 

47.1 

48.1 

49.1 

33.2 

34.2 

35.2 

36.2 

37.2 

38.2 

39.2 

40.2 

422 

43.2 

44.2 

45.2 

46.2 

47.2 

48.2 

49.2 

42.3 42.4 42.5 

43.3 43.4 

44.3 44.4 44.5 

45.3 45.4 45.5 

46.3 46.4 46.5 

47.3 47.4 47.5 

48.3 48.4 48.5 

49.3 

(continued) 

N 
l/1 
co 



COLUMN NUMBERS 
CARD I 

No. I 1°1 L 20 1 301 40 1 501 601 701 80 1 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

50.1 50.2 50.3 50.4 

51.1 51.2 51.3 51.4 51.5 

52.1 52.2 52.3 

53.1 53.2 53.3 53.4 53.5 53.6 

54.1 542 54.3 54.4 

55.1 55.2 55.3 55.41 55.42 55.43 55.44 55.45 55.46 55.47 55.48 55.49 55410 

56.1 56.2 56.3 56.41 56.42 56.43 5644 56.45 56.46 56.47 56.48 56.49 56410 

57.1 57.2 57.3 57.41 57.42 57.43 57.44 57.45 57.46 57.47 57.48 57.49 57.410 

58.1 58.2 583 58.41 58.42 58.43 58.44 58.45 58.46 58.47 58.48 58.49 58.410 

59.1 59.2 

60.1 

This concludes the data input for a single problem. For an additional problem, the 
user should begin with card no. 1: otherwise the following should be the last 
card entered: 

ISTOpl 

N 
\J1 
\.0 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



APPENDIX E 

CODED DATA FOR RPRDS-l EXAMPLE PROBLEM 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!
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APPENDIX F 

RPRDS-l EXAHPLE PROBLEH-INPUT Silll11ARY 
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APPENDIX F. RPRDS-l SAHPLE PROBLEN-INPUT SUMMARY 

~ P P Il S , • R T r, til P.\ V r: "'l r ~I T P F: H A AnT TAT r n N n f S I (; ,~ ., y ~ H ,. ... \i r: R c:; T ('\ ~I I. NOV ,q R QI 
C~NT~R FOR TP,~spnRlftTln~ ~f~~4~rH 

lJ~ih'F"RStTY OF TF~AS AT AI1~TJ'j 

***************.*******************.* 
Q P R I"l S T ~J P I J T ~ II .~ '" A R Y 

***************************.*.***.*** 

~~nJfCT nFscRtPTIO~ 

******************* 

1.t TtTlF 
j:.(PRn~l Tf~T - Rfr)fSTr;N F"n~ F~ATT tNTCHI!(t OIL PRnJECT, ~ A TX, 5A~/!'/AOl 

nRrr.T~AL PAV~MFNT 

***************** 

SI)PFACE TYPF 
cn~rRFTE SHnUL~EP 
NO. I1F l ANf:~ (ilNF nT~r:-r:Tll)t,') 

r-.Jn. OF PavEMHIT LAYE:P,,\ 

PRnJFcT LE~~TH, MILFq 
LA'J! IoIIr)TH, ~EF"T 
TnTo\L SHnIILf)F~ wlf'lT'-1. FFF"T 

PAVE""ENT STpUCTII~F 

I:) • \1 

«'- FLASTiC 
LHFR THICK"IJ:SS MonUL liS 

11.;0. (JI"'" (PSI) 

.-.-- --.-----.----- .-------
I 1 (~ : ') C;~9IIIH~iilV' • 

2 , Li ~ " '5 i,II ~I L-I t~. 

3 StMI-t~!Ft"JITF tlli!"'~. 

cn~"CRETE FLFXllRAl ~TrJ~fJr,TH, PsT 
(~TTTCAl STRtS~ FArTnQ 

/) ,,.\ • 
PnlSS flNS 

RATTO 

-.----.-
.1") 
.4~ 

.1.65 

cn~c~ETF STJFF~F~S AFTFR CRACKING, PST 

NO. OF FwJ~TING DFFF~TS PEQ ~rLE 
eos T nF REP A I RT "It'; A nFFH:T, 1')(11 
RATF OF ~EFFCT IlF:VFL()P'~F"JT, ~,ln./YR/MTI. F 

269 

6CH'1 ~ 
1.40 

"''''''''~10 • 



) 71) 

TRAF~IC VARTAALF.S 
***.*** •••••• ** •• 

q.t 
q.2 
Q.3 
q.iJ 
\f.5 
q.t) 

4VFPA,(:;f': f'IAtl Y TPHrtr (f,1'IT\ 

ADT ~ROwT~ RATE. PE~CE~T 

It.JtTIAL Ve-l\pLY 1~-'<TP 1='8Al. ~l' l In~IS 
lA-KTP FSAL GRnwT~ ~bT~, PERCFNT 
[) I Q r: r T I () ~I 4 L n 1 ~ T R I fill T tr' 'J F ACT IW, P I=' ~ C f ~j T 
l. A ~J F "" J S T R 1 H I ITT n' I ~ A rr I H., P E '" C f NT 

T1"'f cn"I$TIH1NTS 

.w************** 

1 " • I 
t~.2 
1",.3 

4NAl.VSIS PERlon, Y~A~R 

~FjJ'~U'" TIM,: I3fT"'FF.~J nV!=,RlHS, ¥EARS 
MAXJMUM lLLO~AHlF Vr'RS nF HfAVY MAINlENA~CE A~TFR 
L('"I!;S OF ST~IIC"II~HL L'1AI').C4RRVtNG CAPACITY 

5b"'ft\~. 
2. CH~ 

1.2v1il1 

3."'" 'is, iii 
7~,'" 



PE~AJ~tN~ LIFE VARTARlES 
*********************.** 

, 1 • 1 ~J n. n F 0 I? T r. T \J ALP b. V F. '" f ' ! T I( E" ~ A I ~ I ~,; G l 1 ~ F 
VALIIE-S To Cn~'SI""Fr; a 

11.2 "It~JM!I'~ EJ.I~TI~r. p~VF"r~IT REMldNtl'-lr, U~E ~ELf)~ 

... ".q r H A H 0 ~I II F I) P r r t1 v E ~ LAY M A V N r, T 8 F P LAC E D 1 0 • 

It.'S VALIIFS OF pplGINAL PAVf"'PJf PEMA]/,IPIG tTj:"E AT ",HTC'" 

FI~5T nVE"lAY "lAY RE' PI H:frl 

1 2. 1 i-.J n. 11 F r IF' C; T r] V E III t. Y .. E .. ~ PH t,1 (, L T F F 
vALllFS Ti"l Cn~ISTI)ER 

Nfl. 

---
1 
2 
3 
a 

Rl:toIAtNJ~r. 

LJFF 
(PERCE~ln 

------.-. 
'J 1t1 • 
?,~ • 
t .} • 
~ • 

1?.2 VALIIFS (IF FJRST nVfQL4.V QEMAl/IIING I JFF. AT wHTC~ 

SEcn~n nVfRtAV MAY RF PLaC~D 

RE"IA I"PJr, 
Nn. LTFF. 

(PERCENn 

.. -- ..... -.. -. 
1 'h~ 

2 h ,'1. 
3 Ij :l • 
IJ filA. 
c; ~ . 

...' 7 j 



) f 'j 

LJL 

~VF~LAV CHARACTFRI~Tlr~ 

••••••• ************ ••• * 

TYPF~ OF FTPST OVFJ.JlAY Tn CONSIDER 
• 1 

ACP .. Yfc:. 
.? Rn~l()~ fl (RCP ~In 

,~ IJN~(HmEO C,Pr,P • YF'S 
.lJ RnNnF"p ..Tel' ~In 

.'i 'JNRU~lpFf) Jell ~In 

TVF.'IF'$ nr' SF'r,m'l/J nllFI.?LAY TU CI}"'Sl~fP 

• 1 
ACP - VF~ 

.? Cf:(CP • YF'S . ~ Je p • "'n 

1~.~ Nn, OF ntFFFRENT "VF~l8V T~ICK~ESR Tn cnNstDE~ 
.' ACP FTRST OV~RLAV. 3 
.~ ACP SEcn~n nVEPlAY _ a 
.' pee ~V~~LAY • ~ 

t to • I' A r. P FIR S T I) V F ~ LAY T H r C K "l E' 5 5 E ~ , J N (' H F S 
.1 tI.',1 

, 2 '5 •• 1 
.3 b. ,1, 

• 1 
3. ;~ 

.:? (~ .. ' 

.' 'i,n 

.tt 6. I,,; 

· , 6. 1' 
,2 b.f.) 

.' "J • 

.11 7.e; 

.C; ."'. ' 



?ld.l 
2v1.2 
?~\. 3 
;>VI.LI 
2 ~1. 5 
? l~. b 

l L U) .. J A I1l E T n TA L [1 V F R t A Y T HIe K /-iF 5 S , Y N r. M F S 
A V F. P A G F: L f v r L _liP T H yr K "IF S 5 , t N C io; F S 
RONn ~qFA~~P TWTrK~F~~, INCHES 

Arp nVEPLAY tlE5tGN STIJ:'FNfSS, pst 
pnlS~0~S RAT In, ACP nVFRLAY 
Prr. (1\l fRLAY r1 I'::ST(:;rJ !HTFPJESS, PST 
pnT~<;(J~JS FdTl0, pre IlVH1LAIf 
~ " I\i n f.l R F A I< F" ~ 5 TT F F r-.; F. q s, PST 
POT~5nN!; PATIo, ~n"ll"l FHlFAKER 

''.In. nF oVffJl 4¥ FLEX'IJlHL F.TRFNr.1HS TO Cr:tNStI)ER 
~I 0 ~ '" >-I I CHI () F N TT r: t E S 1</ H TC H Ft. E 'X IJ R A L S T R ENG T H I ~I 
THF lIST Tn IJSF r='IJR A Rnl-WED pre nvFRL A Y 

? 2 •• , pee n v F R L IH F lEX I I R A l !'i T R F. N G T H r s \, pst 
It 6~~~ • 

• ? b5~'. 

''''!H4V112l: 
• J~ 

"1:i0<1!PlYl0. 
• t 5 

5"~;1J01 
13~ 



) i! 
L I .~ 

••• PAVF,,",I\'JT ~TPF~~ F Ar TN~~ "FTFQ rl"F'PlAV ••• 
FT'~·qT ~r.C()NI"\ C~TTTr.Al rIVE"" AV CR IT. IT ~ITFR. 

I'lVFRlAV r'vf~LAV 8Tr.1F~!; ~~'!lll\ .. r'lFI-f STPF:S~ 
TVPf TYPE t.I'lC':ATTON TYPF F AC TnR .. ------ ._-.. _- -------- ... _-.. -- -------._--

;q. 1 HP (NONE' F-I( PAVT Atp 1.4~ 
;'>1J.1 HP ACP D PAVT ACp \.4~ 

?S. I ACP r.RCP F>I PAVT ACo 1.t!S 
;.>5.2 A(P r;RcP F)( PAvT eRcp 1 .01'5 
20.1 A(:P C~cp C~CP OIL ACp 1.25 
'?'b.'l HP (RC:P CRCP nIL CRep 1 • ~'j ') 

?7.1 ACP Jep rx PAVT ACo ~.~~ 
?1.2 ACP JCP Flt PAVT ·Je o 1il.(A\l! 
~~.l ACP JCP JCP OIL ACp ~.t1I~ 
~B.2 Ar:P .JCP .rep OIL .Jep !l!.~'" 

'>Q. t 11 rUJI") eRe (Nn~JF l FX PIIVT ACp 0,~~ 
'Q.2 110'11') r:~c r ~J 0 'J F) 1=')( PAVT CRep ~.iII~ 'Ill. 1 Rn~ln rR( A(:P Fx. PAVT ACP ~. 'H~ 
~~ .? RrH/I1 CRt Ar':P FIC PAVT CRC" VI. tAO! 

H. t An~H' ,fep (~IO'I[) EX. PAVT At" lII.iAVl 
H.2 t\n~lf) JCP ( NOt,lF l F)( PAVT JCP 0l.;'V' 
'?t Mr)"lf) -Ycp ftCP FX P1VT ACt' '" • t·, ,A 
~2.? RUMf) Jep ACP F)( PAVT JCP ~.0'" 

B.l II'" f\ 11 [Re r N ('P,I F 1 f)( ""VT ACp I • .?') 
'B.2 tINHf"\ cf.(t P·H!':F' F)( P>\VT eRep t • '~5 
~ I.l • t I IN~f) r~n (NO'JF) CRfP nIL AC!) 1.?5 
~4.2 I IN R [) rPc (~"INrl eRCP OIL CRep 1.~C; 
v;. 1 II~jlH) cRr 4(,:P EX PAVT ACP \ .2S 
'5.2 i I • .I'~ f) CRC HP fi( Pt\vT eRep l~IiIS 
~6. I 'IN~n CRr: 4ep CRr. p nIL ACp '~2S 
'b.2 IIN~n (PC ACP CI=<'C P nIL (Rep t.YlS 

".1 IINP-n .Jc P ( "J 0 ~JF' , r)( PAVT Aep 0. vH~ 
H.2 IINRrl ,I C p (N (H1E' ) FX PAVT Jeo "'.~'" 
~A.l u~! R f) .Tep (~J U NF' .fCP oIL AC!' r".",,,, 

'8.2 IJNR!) .rep (rHH-IF) .TCP nIL JCP 0.~0 

'Q.l IINRI) JCP ACP n PItVT ACJ:> ~,"'.1 
,q.i! IINJ.<i) JtfJ ACP ~( PhVT JCP 0.~0 
IJ <~ • 1 U,..RD .fep ACP Jrr OIL ACO 0.QI'" 
LJ.i. 2 U~lRn Jr p ACP .rc P nIL Jep 'i1.V'''' 

~IQTE • SUU.TFr,IF~ wITH A 7F~Hl vAlUF fOR THE CR!TTCAL Tn 
l~JTF~InR ~TRES~ FACT',llo! ... IlL ~~ n T RF' Co~~S rnERE:D. 



qVr:~1 /IV Cfl',~n;llltTIq", ensT VII>-IIAr,l.F!; 

************.*********.**** •• ****** 

II? •• 1 

IJll.\ 

J u. 2 
:1 i.!. 3 
ilL/ ... 

4 tl • 'i 

SITF fSTAHLJSHMENT cn~T, DnL 
.1 ACP ~i)lqP"1~NT 

• ? CRce Ff~IITP"lf'H 

• , .1 C P F [J lIT P ~1 t=: ~ I T 
• II II C Pill: neff r. P F' (;1 I I I P M tNT 

1 A v.' r:ll-'l • 
.?rUHA0. 
2~VI.~QI. 

~c:;~HH'" • 
?~~Vlv1. I) A C P ,,~i f) , r: p E' ~ I t! P 1-1 E rH 

P A V ~ ,; E N T S d ~ ~ At': F.: P R F P II R A Tl n N 
.1 EXlqTI~G PAVE'HF~T 

COSTS, nOL/!V 
.?'Jt 
.2V1 
.?~ 

.2IA 

.2 ACP t1VE~LAV 

.3 CRCP OVERLAY 
1.1 JCP nVFRL t. V 

FhF.f) COST pF tier nVFRLAV cnUSTRIJt:TIC''IN, OOL/SV 
VAJ..'TARLf ensT fJF AtP ilVF:QUY CONST~~, nOL/sv/IN 
r:T)(FfJ COST nF FLfXTRtE qHOIILnE~ CO"lSTR., OOLlS'" 
VH;>T"RLE cn!l\T DF FLF.:)(. SHOllLOER CONSTl~., DOL/SV/J~ 
Cf1~T OF R(PI[) RRF4.KER rnNSTRUrTI(1N, OnL/SV 

• 1 
.2 

• 1 
.2 

s;-LFXIHuL 
S T IH r;fa H ( " I) J ) -.. -.- .. _.-.----

J:'l EXIIPAL 
C;TRf 'H;T~ (p~n 

-.-.-.-.---._. 

FT XED enST 
(Df'lL/Sv' .---.-.. --

VARIiRLF rOST 
(OOL/SYIT"n 

_.-------.---

2.~0 

I.AQI 
U.0(l1 
.5~ 

2.0(.> 

) , ~ 

-/:J 

7 



'27 h 

117.(1 JrJ') FTxFo CoST Fnl'! f&r.H FLFX\fi(Al STRfNGTH 

:J q. 1 
iJq.2 
.JQ.3 

• t 
.2 

• 1 
.2 

nFXIJ~6l 

~ T Q PJ G T 1-1 ( " S T '\ 
---.-.-.-.-_.-

HE )(IJ~AL 
gTl<1piGTH (PSf} ---......... _--. 

F'IXEn ensr 
(OPL/SVl ._----... -

VARTA.FlLf rnST 
fonL/SY/TN'\ -.-_ .. ---.---

TOTAL STEE.l PERrFNTAr.F~ RF.OI/IRfD IN tRCt) I"VERI AVS 
T(lUL STF:FL Pf~(rFNTAr.F" RFQIIlRED IN JCP OVERLAYS 
enST ('IF SHFL RFTN':OReF~ENT, onL/LR 



T~AF~l~ n~LAV cnST vARrARLf~ 

•••••••••••••••••••••••••••• 
l:j'A.l 
Cj~; • '2 
I5vJ.~ 
~.~ . /~ 
Ii 1 • I 
c:; 1.2 
C:;l.3 
«:;1.4 
<;1.5 

'5~ • 1 
S?2 
Ci2.3 

'53.1 
C;3.c? C;,., 
53.i.I 

"'.' ~~.b 

t) i.I • 1 
r;i.I.~ 

t;u.\ 
CiLl.i.I 

LnrATIO~1 ttF PRO,JEeT r1:RIIIHL,,?:IIRRAN) 
~~ f Jfl F l ~, fl. 1= 11 k' HAN I') I, f ~j G T R A F FIe 
'Hl. or (1Pf'" lA~·JFS, OV!n~LAV f'JRFCTTnN 
'J(J. I 1 F r, P F "-J l HI ~ S, 1\1 n ~J - 0 v f' ~ l A ~ D I R F C TI M,j 

M 11 yT A R V TI M F n v F J.ll A v t (H·I S T R 1 Ie TI n", BEG T N 8 
"IJlJTidn TI,..F oVERLAv r:O~JSTt:WCTJON EN(')~ 
HOliRS PEQ f'AV nVFRl.AV r:ONSTRIJCTJON OCCIIR" 
~J n. (l F ~ A V S C 0 rl C t.1 F. T E B ALL () ~ E r T n C u ~ F 
f) f T (III FoI r) I $ TAN Cf. Tn I J S fIN M {) DEI 5, MIL E' S 

AvFwA~F APPP0ACH SPEFn, ~PH 
AVFRAGf SPErO, nVFQLAy I')IRECTtn~, MPH 
~vr~AGE SPEfl'), ~nN-nVFPlAY DT~fCTTnN, ~PH 

f'rSTANCf TIIAFFIC TS f'.\LOIIIFO, OVERLAV I')I~ECTtON, MtlFS 
OT~TANCf lR,FFJr JA SLnwen, NON-0vFRlAV DIR., MIlFA 
PFRrEHT OF VFHIClFS STnpPED, OVERLAV DIRECTION 
PERCENT OF VEHTCLE~ RT"PPE"f), NN'·OVE'RLH DTRfCTln"l 
AVFRAGF VE~J[LF rflAV, nvERLAV DIRFCTION, ~AS 

AV~RAGE VF~TCLF n~LAv, NnN.OVERlAv nIRfCTInN, ~R~ 

A('P pf./nnllCrrnN RAH, CV/HR 
CR~P pRonurTTON RITE. C'Y/HR 
.rC P ppnnlJrTJflN RATF, CY/HR 
~nNn H~FAI(FP PRni"lUCTTO'J IHTE, CV/HP 

q1il0~ 
t&"''''~ 

b.'" 
1 " • 
2.'5 

3.0! 
(1.~ 

1~.~ 

PI.~ 

.~0i?0~ 

~.J!~"'0P 

~ 77 



t'\l~HlES~/""'AT~,:TENA'IC~ cnST VAt/HRlF~ 
••• ** •• **.*** •••• ** ••• **** ••••••• ** 

c:; c:; • 1 
'.!':l.l 
"I).~ 
c;;r;.u 

C;;",1 
C;~,2 

Cio,l 
'Sb,ij 

nT~TgE~S REPAIR rnST, c~cP OVE~LAY, rOL 
INITIAL C~CP oVe~L'V ntsTR~Sb PATf, NO,/MI/VR 
SECONDARY (PCP nVfRLAY DISTRESS PATE, ~u,/~I/VR 
CRrP nVEPl Ay nI~T"'~SS IHTE FOR EACIoI YEA~ AF'TFR LOSS 
!IF PAVfI1E~jT LOAn .. CARRVt~G CAPACITy 

HAFi ~FTFR 
FAT,IIRI: ...... -... 

t 
? 
~ 
/I 

c; 

nt:C;TRESS RATE 
(tlJt'l.oHLE,l 

-.. -----_ .. _.-
3.~ 
5,0 
A.4(1 

lb,v 
LlQl.~ 

DI~TRFS~ ~~nAIR cnST,YCP OVERLAY, DOL 
INITIAL J[P OVE~l AY ~ISTPESS ~ATE. NO./MT/YR 
5F~ONOARY JrP nVfRLAY nTSTRESS RAT~, Nn./MY/YR 
.rep nvFRLAV nI~TRES~ RATE FOR E HI-! YEA~ AFHR LO!;S 
nF PAVEMFNT LnAn CAQPYTNG CAPACITy 

YEAR AFTF'Q 
Fbll,I~F 

............ , 
2 
~ 
(j 

r... 

r"lI~TRESS ~An 
(>~("'I./MILn --.. -......... . 

~. (~ 

~.V' 

Iil. ',,1 

",'(I 
l-" • ~) 

:>0i1!((l.0Q1 
1.(') 
2.~ 

10 



<;7.1 
<:..7.2 
':;7.j 

';1.i.I 

';FI.1 
r;~.c? 

~f\.3 
1)8.iJ 

11 T 'iT.:./E: S~ wE pA I R Cfl~T, AtP OVERt n nN (fH::P, nOL 
INITIAL AtP/C~~P DJSTRrS~ RATF, Nn./~I/VR 
S H; n N D A ~ V t. O;l Ie r.l t P f) r S T R F ~ S ~ AT F, 'I I) • I M II V R 
&Cp/tQCP nTsT~ESq RAT~ FnR EACH VF~~ AFTER LOSS 
OF Pl\vEMFNT LnA/)"CA~j:fVtt.JG CAPHITV 

VEAR AFTI=:R 
FATIIIRE 

-----.-... 
I"ISTF.'ESS wAH 

O~n./MlL~l 

---_.--------
3. ,1 

c:; • i'~ 

A.w"! 

t 6. l' 
1.1 VI •• ;, 

~TSTRES~ ~FPAIR enST, ACP OVE~LAV ON JCP, DOL 
INyTIAl ACP/JCP P!STRF~S RATE, NO~/MI/VR 
SFcn~nARV ArP/JC~ "IST~E~S RATF, Nn./MI/VR 
Arpnc p nISTI:(t:s~ wHF FOR EACH VEAR AFTER LOSS 
OF PAVEMENT LOAD CARRVlNG CAPACITy 

VEA~ "FTFQ 
FAYIi)~F 

._-.-.----
1 
;:t 

"' Ij 

" 

I)J!=ITRESS RATE 
("t()./~ILJ:) 

............. _----
2"'.'" 
14".01 
~i1!.v 

10\1.i' 
1.1111'1.01 

(nC;T RfTlJlH1S 

•• * •••• ***** 

SAL V AGE V A L I It, P F ~ r E'J T n F 0 V E R L A V r O"l S nUl C T ION COS T 
JALIIF of FArH VF.f.." i1F F:'lTf~Ofn LIFF, DOl/SY/VR 

CO'HH~lfl) I"ITf~EST Atji1 I~IFlATIO~1 f.,'ATE 

****.**************.**************** 

t t 

5.(11 
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!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!
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APPENDIX G 

RPRDS-l EXAMPLE PROBLEM-OUTPUT 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!
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*****************~***** 
R PRO SOil T PUT 
****~*********~***~**** 

APPENDIX G. RPRDS-l EXAMPLE PROBLEM-OUTPUT 

T~F FOLLO_ING IS A LIST n~ THE COMPO~ENTS w~IC~ MA~E UP A ~EASIBLE OVERLAY 
DESIGN STRATEGY, THE COLU~N ~IIMRERS ~ErER TO THE COLUMN ~~A~INGS ON THE 
LIST OF FEASIBLE STRATEGIES WHICH REGIN ON THE NEXT PAGE; THE D!SCRIPTIONS 
IN THESE HEADINGS ALSO CORRE~pnNn TO T~OSE IN THE LIST OF npTI~AL STRATEGIES 
WHICH SUCCEEn THE LIST OF FEASIBLE STRATEGTES. 

COL r.OHPONF.~T OF STRATEGY 
NO, 

----------------.---._--------------------------------.-.---.-.-.---... --... -.--.. ~ .. ------.-.-----.--.-. 
", STRHEGY NO, 
I, EXTSTING PAVEMENT RE~AINING LIFE AT TIME OF FIRST OVEPLAY PLACEMENT (P!RCENT) 
2, APPROXIHATE YEAR OF FIRST OVERLAY PLACEMENT 
3, TOTAL IS-KIP ESAL FATIGUE CVCLES BFTWFEN YEAR ZERO ANn vEAR OF FIRST OVERLAY PLACEMENT, MILLIONS 
4, PRE'ENT VALUE OF EXISTING PAVEMENT MA,NTENANCE COST COOL/SQ YO) 
5, FIRST OVERLAY TYPE 

I • ASPHALTIC cnNCRETE 
2 • ~ONDEO CQCP 
3 • UN~ONDED CRCP 
4 • RONOED JCP 
5 D IINAONOEo JCP 

NnTE - A * AFTER NU~BER INDICATES PCr. SHOULDfR RE~UIRrD 
7, THIC~NES8 OF FIRST OVERLAY CINCHES) 
8, FLEXURAL STRENGTH OF FIRST OVERLAY CPSII 
q, APPROXI~ATE YEAR O~ LnsS OF PAVEMENT LOAD-CARRYING cAPArITy A~TER FIRST O~!RLAY 

1(1, TOT4L lA_KIP ESAL FATIGIIE cYCLES REhEEN YEAR ZERO ANI' yEAR O~ FIRST OVERLAY FAILU'I[ 
II, PRE Sf NT VALUE ~F COST OF FIRST OVERLAy CONSTRUCTION CnOllSQ Yn) 
12. P~ESf~T VALUE OF TRAFFIC DELAY COSTS nuRING ~IRST OVEPLAY cnNSTRUCTION COOL/SQ YO' 
13. PRESE~T VALUE OF ~IRST OVERLAY MAINTENANCE COST (OOL/~Q YD) 
1 4 , REMAINING LIFE 0~ FIRST OVERLAY AT TIME n~ SECOND OVERLAY PLACEMENT (~ERCENT) 
IS, APPROXIMATE YEAR D~ SEcn~o OVERLAY PLACEMENT 
Ie, TOTAL lA-KIP ESAL ~ATIGUE CYCLES 8ET_fEN VEAR ZERO ANn YEA~ O~ SECONO OVERLAV PLACfMENT, MILLIONS 
11. SECnN" OVERLAV Tvp~ 

I • ASPHALTIC r.ONCR~TE 
2 • rRCp 
3 • JCP 

NnTf - A • AFT~R NUMRER J'I[)JCATES pce S~OIIL'l~R REQUTR~D 
IQ, THICKNFS8 u~ ~FCo~n 0V!RLAV (JNCHESl 
20, FLEXIIRAL STRENGTH OF 5ECONO OVERLAY I~Sll 

21, APPR(lXIMATE YEAR OF LOSS OF PAVEMfNT I OAD-CARRVlNG CAPArITY AFTER SECOND OvERLAY 
22, TOTAL IS_KIP ESAL ~ATIGUE CYCLES RET_F[~ YEAR ZERO ANI' yEAR O~ SECOND OVERLAY FAILURE 
23, PRESENT VALUE nF cnST nF SECOND OVERLAV CONSTRUCTION IDnL/SQ yO) 
2~, PR~SENT VALUE nF TRAFFIC ~ELAY COSTS nURING SECONO nVFR, AY CONSTRUCTION COOL/SQ YO) 
25, PRESENT VALUE QF SfCONQ OVERLAV MAINTFNANCE COST (OnL/Sn ynl 
2~, PRESFNT VALUE OF THE EXTE~OfO LIFf rDnL/SR YO) 
27, SALVAGE VALliE n~ nVERLAV LAVERS rnOL/~Q VO) 
28. TOTAL NET PRESENT VALIJE OF STRATEGV rnDL/SQ YDl 
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58 lli! 0,0 0,Ii! , '1 I ~~~ J '1,7 5,5 ~"1~ ,Ill ,21'1 " '1,1 5.5 2 ~." ~50 30 22,3 7,qe ,5i? ,22 ,71l ,115 11,51 
'5'1 JI! A,e 0,11 ,71 I ~,~ ~ '1,1 5,5 8'7~ ,al ,2C! ~ '1,1 5,'5 2 .. b,l'! b00 l~ 2e,l 7,~5 ,52 ,18 1,0~ ,:n 11,IIb 
M' l" ~," 0.~ ,11 I I>,~ ~ '1,7 5.5 e'71> .Q3 ,20 !;l CI.7 5.5 2" b.0 ~5il III lll.1l ll.il5 ,5i! .15 1,27 .2~ 11,30 
"'I 30 ~,0 "'," .11 1 ~.~ bl!~ 'S.l 17.2 11'18 .11 ,711 ,III ,1I1l 1II,7b 
1>2 30 \'I.e B.1l .71 1 b~~ br;~ ~q.2 2~,1 11:'15 ,77 ,b1 ,b1 ,51 111,93 
1>3 31' ".l'l "." .11 :h 1>," b~n 38,~ 1~.0 13 11 ,17 ,III! I, jll ,50 111, 0~ 
bll 30 iii ,I! 0~0 ,71 1* b,e 1>50 uU,2 31>,1 IQ!ll ,77 ,113 1,30 ,52 111,113 
~5 20 .Il ,4 ,98 I Q,0 0 b,5 1,5 b,51> ,21l ,1 101 ~" b.1I loa I b,e 0 17 11.8 .,lIi ,3b ,n 0,011 ,5. 111,47 
1>1> ZIi! ,8 ,Q ,'18 I 11,0 ~ .,5 3,5 I> 51> ,211 ,10 b0 .,11 l,a 2 .,1'1 bI!!ll 211 10, l 8,Il5 ,51l ,41 ,33 ,5b Ib,9' 
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1>11 21' ,8 ,Q .'111 1 .;P " 1>,5 3,5 1>:5b ,28 ,10 b~ b,a 3,11 2" b,ll b511 110 3l,2 '1.111 ,58 ,25 1,21 ,2b lb,7b 
70 i0 ,8 ,II ,'18 I U,0 q 1>,5 1,5 1>,5b ,28 ,10 III" .,11 3,5 2 b,0 be8 za 111,2 8.83 ,58 ,11 7 ,31 ,55 111,'11 
71 20 ,8 ~II ,'Ie I 11;0 " II,S 3,5 1>,51> ,ie ,10 .Ill" b,lI 3,'5 i! b;'" b58 28 19, 'I 'I,l8 ,'58 ,31 .bI ,117 11,08 
1:1 Z0 ,8 ,II ,98 1 a,l! ~ &.5 J.5 1>,5b ,28 .IA II II! &,11 3.5 2* 11,0 b00 34 25,1 8,'18 .58 ,2'1 ,'13 ,311 111,'H 
13 I?~ ,R ,II ,~e 1 U.A 0,5 3.S &,51> ,28 , III 4(> b,4 3,5 Z" b,0 b5P. 110 32.2 '1,115 ,5l1 ,l5 1,21 .2b lb.14 
711 ;>0 ,8 ;11 ,"'8 1 a,P P &,5 3,5 b,51> ,28 ,1'3 21' b,4 3,5 2 b,l! bel! 24 I&,l 8,81 ,58 .Ab ,33 ,55 lb,'I«; 
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1e 20 .8 ,4 ,'1~ 1 u,~ 1>,5 3.5 b,5& .28 ,IS 1/1 b,5 3;5 2 b,0 II1II0 211 lb,3 8,7'i1 ,57 ,1111 ,31 .55 Ib,e;)2 
7'1 20 , ~ ,4 ."8 1 4,~ ~ b.5 3,5 &,5& .28 .1'5 PI b,5 1,5 2 6,0 b50 28 2111.121 '1,211 ,57 .37 ,bI .117 11,I!!e 
~" Z0 ,8 ,4 ,'18 1 u,e '" 1>,5 1,5 e,5b ,2a ,IS II' b,5 1,5 z .. b,0 b01!! 34 25.8 e.911 ,57 ,2'1 ,'18 ,34 Ib.a1 
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~p~[)Sl .. ~tcHf) j:)AV!,"1f~JT RE:HARIl.tTHln~ DfSlr.~1 C:;Y~TfM - VF~~rt"N 1, NOV lQS0 
CE~TER Fnq TR~~SPO~'ATloN ~FSEARCH 
IjNTVFRSITY nF TF.XAS AT AliSTtrJ 

p~nJECT DESCRJPTla~ 

QPRDSI TEST • Qfn~SJr.N FOR FRATT tNTCHNG OIL PRnJECT, S A TX, ~BS/'1/8~ 

OPTr~AL STRATFGY NO. 1 

CnMPnNFNT OF STRATFGY 
.·---·-----•• --.-•• __ • ___________ •••••••••••• 8 •••••• ___ •• _. 

I. fKISTING P'VF~ENT REMArNI~G LI~~ AT 1ST OVERLAY, PERCENT 
2. '1'1=" AR OF" t ST ovERt Ay Pl ACEP-1EIH 
3. TnTAl lA_(TP ESAI cYrLE~ (NnW TILL 1ST ~VfRLAY1, ~rLLTn~s 
~. enST a~ ~AtNTAINING !XTQTTNr, PAVEME~T, nOL/SQ YO 
s. 1ST OVERLAY TYPE 
b. TVPE OF SHOULDf R 
7. 1ST nvp~LAY nnCJo(NE~5, T'-Jr,HES 
8. pee FLfXllPAL STRENGTH ~)F 1ST nVERlAY, Pt:;J 
q. FATtG'IF LIFE AFTFR ,,,T nV~RlAY, YEARS 

I ~ • FAT T r; II F L t n: A F" T F k 1 ~ T n \I r ~ l A V, U~· n P F SAL 11\J "" t l L T 0 ~l S 
11. 1ST nVF~LAV CONSTRUCTTn~ rnST, nOL/~Q vn 
12. 15T nV~PlAV TRAFFIC nFllV enST, onL/SQ vD 
t 3. I ., T I) v F R LAY ~ A JtlT Fill 4rJ r: ~ c p" T. [) n L / S r~ V I") 

\l!. 1ST 11vEPLAV RP'AHPJr, I .. IF~ H 2~[l OvERLAY, PERCENT 
is. vEAR OF" ~~Jf'\ nvE~' AV "''--'CpIPIT 
1&. TnrAL 1$1.6(1'" E~AI CYCl.ES ("JIlII< TILl. 2ND nV~RLAn, "'tLLTn~:S 

17. 2ND OVERLAV TyPE 
1 8 • T v P F.: (l F S ioI n II L DE R 
1 q • 2 N D f)V F R LAY T '"' 1 C '" ~I F.: ~ R, p. r H F 8 
2 ~ • pee F L F If I J IH L S T R f:' 'J G HI II F ? N ['\ IW E R L A V, P ~ I 
~1. FATlr,UE L!FE AFTF~ t'Ni"l nVF.RUV, YEARS 
22. FATIGUE LTFE AFTF~ ?~n nVE~l~v, lA-KIP FSAL TN ~ILLtONS 
23. 2ND rWERLAy cnN~TRUCTliHJ C:(')~H, DOL/Sr.J VI"I 
2l!. 2ND OvF.:RLAy TIHFFtC nl:\ AY engT, DOL/SQ yl) 
l~. ?~D nVFRlAy MAIN'ENA~CE cn~T. DOL/SO Yn 

i' 0 • V A L I J E n F EXT f ~1I) FilL 1 FE, f) n L /511 Y D 
27. nVFRLAY SALVAr.F vALIJF. f'lnL/~i'J '1'1) 

2 p, • TnT A L ".j F T P R F S E ~I T V AL I'r: I) F S T RAT E G V, ('l I'll / S Q V I'l 

lJUUJTITY -.. -.-.-
QI. 
2. 

1,17 
t.24 

UIII8 eRCP 
pee 
b,t1 

&Ql0," 
?q.b 

21.~3 
1(>.1'8 

.12 

.54 

.. -... .. --.-._. -.-----.-.. -.... .. --.-

.73 

.5~ 

1'.';& 
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RPRn~I • ~r~tn PAVE~F~T QEHAAtLtTATln~ nfSIGN ~V~T~~ • VFA~TnN tf NOV ,980 
CENT~A FOR T~ANSPORTATtn~ RES!ARrW 
IJNTVFRSITy OF TEXAS AT AllSTTN 

PRPJECT ~ESCRTPTln~ 
RP~nsl TEST • ~EnFSI~N FOR FRATl T~TCHNG all PQn.JECT, S A TX, ~BS/'t/8A 

_._------_ .. -._.-.. _---.-..... -----_._--.----------.-.. -.-. 
t • E XI S T PJ r. P A V EM pI T R F.: M A Pit ~ G I t F EAr 1 5 T () v E R LAY, PER C F ~ T 
2. VF.AR r)F '~T OvERI Ay PlACfMFiH 
3. Tt)TAI. t~.Ktl' F;SAL CYCIE:~ (I\lll.o/ TtL! 1ST nV~RlAn, ~tLLTn"Js 
~. CnST 1F ~AINTAINT~G f~TSTtNG PAVf~E~T, nnL/~Q YD 
'5. 1ST nVEJ.<LAY TYPF 
b. TVPI: r)F SHolJl.nER 
7. I",T OVERLAY THTCI("IESS, t~~C:HF.:" 
A. pee FlF'(IIIHL STRFtJGTH or: 1 c;T ()VfALH, PsI 
9. FATIGIJI=' LiFE AFTFR 1ST nVF'RLAY, YFARS 

I ~ • F A Tl G IJ E l T F E A FT Ff~ 1 S T n V F I( L A 'I, 1 R.I( T I' r SAL T N III IL L t a "J S 
11. 1ST nVERLAV r:nNST4ucrrnN rl)!o\T, f)OL/SfJ 'In 
ti. lST.I)VERtAV TRAFFIC nFLAY C"ST, DOL/SQ yO 
11. 1ST nVFRLAY MAI~TFNANCE cnST, DOL/SQ Yn 

ta. 1ST nVFRLAv REMATNING LIFF AT 2ND O~ERLAY, PEPC~NT 
IS. yFAR OF ?"If'l nvE:kl Ay PLACEMJ;NT 
lb. TOTAL 1f'.KTP E!;At. CYCLF'~ (Nnw TILL ?Nl\ nVf~LAV', MILLTn~'S 
11. 2Nf) ()vr:PI t..y TYPE" 
18. Typ~ n~ RHnUlDFR 
1~. 2~n "VERt.4V T~tCKNESS, tNrHF~ 
213. pee FLF)(llFHL S"~F'''Ir,TH nF ?'.j~ nVEALAY, "'it 
~1. F'ATIGIIF L TF~ AFTFIo1 ;:>NfJ nVFIo1LAV, YE"ARS 
~2. FATIGlJf LIFE HTFR ?",f"\ nVFRI flV, 1F1.qF' FSAL p. "lIL.LtONS ::t'. 2ND nVf~LAV cn~It;TI:Wr,Tlni\J Cfl~T, nOL/SQ '1('1 

2a. 2ND OVF~LAV TRAFFIC ~FLA~ enST, OnL/SQ 'In 
25. 2ND nVFRlAY MAINTENANCF cn5T. OOL/SQ 'In 

2b. VALUE OF PTE~H'lFn LtFF, f)"L/~HJ 'In 
'2 7 • 0 V E R L A 'I SAL v A r, F V A L I IF, f'Hll / C, (J Y Ii 

QUANTITY 
--.-.-.. 

tA. 
2. 

~'78 
1.21.& 

IIfl,jB r.RCP 
pec 
b,~ 

e",~.~ 

31.l~11! 
2C;~29 
12.11.1 

.7a 

.a7 

_.-_.-._-
-------.. -.-.. -_.-
-.--.-_.-
.ql 
.t;0 

1'.71:> 
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~ P Q [) ~ t • Q t G T n P A V EMF. N T R E" 1-46 R T LIT 6 Tt 0 N D I: S I G ~I ~ Y ~ H M • v F R U ,., N 1, ~ 0 V I 9 A" 
CPITF'~ FOR TRAf\I!I;PnRTATION !:.1ESEA~rH 
tINTV~RSITV OF TnllS lIT AIJSTPI 

PROJFC T OEseR I PTIoN 
RP~Dsl TEST • REnFSI~~ FOR FRATT t~TCHNG OIL PROJECT,S A TX, ~85/t1/80 

COMPO~ENT OF ST~ATEGY 

-----------------.---------------------.. -----------.-.-.-. 
t. FXISTING PAVEMENT RfMAt~tNG LIFf AT 1ST OVE~LAY, PERCFNT 
2. yEAR OF iST OV!~LAV PlAC~MF~T 
3. TOTAL 1~.lIP ESAl CVClFS (NDW TILL 1ST ~VERLAV~, ~tLLTn~s 
4. cnST OF MAINTAtNTNG EXTSTINr. PAVE~ENT, nOl/SQ YD 
5. 1ST OVfRLAV TVPE 
b. TVPE OF SHolILOER 
7. 1ST OV~RlAY THICKNES~, INr~F5 
B. pec FLEXURAL STRENGTH OF 1ST OVE'RlAV, p~t 
9. FATIGUE lIFE AFTER 1ST OYfRlAV, YEAPS H'. FATlGUF UFE AFTFI'! 1ST nvr;:Ruv, 18.k.IP FSAl. IN MILLIONS 

ft. In nVE'RI AV cnNClTRUCTHlN COST, onL/SQ vn 
'2, 1ST OVERLAV TRAFFre nELAV cnST, OUL/SQ vO 
tl. t~T oVFRLAV MAINTEN~NCE cnST, DOL/SO vn 

1". 1ST OvERLAy RE~AINING LIFF AT 2ND OVERLAY, PERCENT 
15. yEAR n~ :?~.r) OV~RI. Ay PlAC!MF.~rT 
16. ToTAL ,A.KIP FS~l. CYCLES rNn~ TtLL 2ND "VERlAV~, MILL'O~S 
17. 2ND OvF~LAV TyPE 
lA. TYPE OF SHouLnf~ 
l q • 2~D OVERLAY THIC~~ESS, INCH~~ 
?~~. pee FLE)(IIIHL STRF.'''IGTH of 2r~1'\ OV~RLAY, P!ltJ 
21. FATIGIIE UFF AFTFR j?ND OVP'LAV, VEARS 
22. FATtGUF lIFE AFTFR ?N~ nVFRlAV, 18.KIP F5AL IN MILLIO~S 
23. 2ND OVF~lAV CO~STAUrTtnN rnQT, nnL/SQ V~ 

24. 2ND OVFRlAy TRAFFIC nFlAV CnST, DOl/SQ vD 
25. 21\10 OVFRL4V MAI~ITEl.J!~CE cr·qT, nOL/SQ vn 

21). V~lI'F. OF F)(TF.t-HH£n LJFf, onL/SQ VD 
27. OVERLAV SALYAGF. VAlIIF., DOLI!;!] V" 

2R, TOUl ~IE'T PRESENT VAl'J!:." nF ~TRATEr.V, DOl ISO VI') 

QUANTITY ...... -.. 
2111, 
t. 

,39 
."'8 

UNFJ CRep 
pee 
b.~ 

bt'l0.0 
18.2 

2Q.55 
11.22 

,70 
.a7 
_ .. 
••• 
••• .. -
••• .... .. -.. -.. -.. --.-
••• 

1.tlll 
.'51" 

1 "S.EH 
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qp~D~1 • ~T~tn PAVE~ENT RF~ARTLITATln~ rfSl~~ SVSrfH • Vfq~TnN 1, NOV t980 
CENT~R FOQ TRANSPORTATION RFS~ARC~ 
U~TVFf.(STTV OF H.XAS AT AilSTIN 

PROJECT nESC~rpTIoN 

RP~O!l T~ST - ~~nFSIGN Fn~ FAATT INTCHNG OIL PROJECT, ~ A TX, ~BS/t1/80 

.. -.-----.------.-------~------------------.----.----.--.-. 
t. EXISTING PAVEMENT REMAINING LTFF AT 1ST nVFRLAV, PERCFN, 
2. VEAR OF 1~T nVERtAV PLAC~MFNT 
3. TOTAL P~.KIP ESAI CVr:LtS rNOIli TtLL 1ST nVERLAV', "'ILLTOr-IS 
4. rOST OF ~AINTAI~TNG EXISTTN~ PAVEMfNT, nol/~g VD 
5. tST OVERLAV TVPE 
b. TYPE nF SHOlJLOfR 
7. 1ST nVFRLAv THI(~NE5~, tNrHf~ 
R. pee FLEXIiRAl STRFNGTI-I OF" 1sT OVERLAV, PSI 
q. FATIGUE LIFE AFTFIol 1ST ('lVFRIAV, YEARS 

1~. FATIGUE LlFE AFTFQ 1';T nVf~LAV, l1~·I<1P FSAL IN MrLLto~s 
tt, 1ST nVEPLAV CnNSTRUCTION ~n~T, nOL/Sa vn 
t2. tAT nVFRLAV TRAFFIC n~lAV cnST, nOl/SQ v" 
1]. 1ST OVEHLAV MAINTfNA~C~ CnST, O~L/S~ vo 

1 " • 1 S T I) V E ~ L II V ~ pu PI I '~r. l J F FAT 2 Non V E ti LA V, PER elf N T 
is. vF.AR OF 2~D OVERI AV "LACE:~iFNT 
t~. ToTAL ,A.I(IP FSAl cvrl r:~ rN(J1'I TILL 2NI) I')VF~LAY', Mtl.LTONS 
t 7. 2ND ilVFRL. A Y TVPF 
18. TvPF: OF !IIl-tnlltflF,R 
IQ. 2~D OVERI 4V THtCI(NEc;!II, JNCHF.~ 
~..,. pee F'l.F)(1I~4L ~TRF.NGT'" "F "NO nVf~LAV, P~T 
21. FATIGuE LIFf AFTFR ~~~ OV~RlAY, VF4AS 
22. FATJGUF Uf:E AFTFQ 2~11'\ OVF~lAV, HI-KIP j:'SAL IN MILLIONS 
21. 2~ID nvF.RLAy CONSTfWCTrrlN r:('I~H, nOL/SQ VI"\ 
24. 2ND nVE~LAv T~Hn:IC f'lFLAV COST, DOL/SO vD 
2-;. 21m OvERl Ay ~A PtTENHICF (:n!1T. I'H'lL/sn vn 

26. VALUE OF r.:XTr:::NnEn l IFF', nOt/S~ vo 
27. OVERLAY SALVAGE \lALII!:, nnl./~rJ VO 

28. TnlAl NET PRFSENT VALliE OJ:' STIUTEGV, nOL/sa vo 

~UANTlTV 

--"'-----
"'. 2. 

, .17 
1.24 

UN8 r.RCP 
pte 
6~0 

6S~.0 
32.~ 

23.14 
1~.R2 

.72 

.1)0 

••• .. -.. -.. -_ .. 
.. --.- -.... 
••• .. -._-.. _-
.AI.I 
.52 

13. Q2 
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R P R n s, • RIG r 1'1 P A V EM r; N T R f 4 .& H TIT TA Tt 0 N IJ F S I G ~J S Y ~ TE M • V E' R ~ InN 1, NOV 1 q e 0 
C E N H ~ F n R T R A ~I S P 0 Q Tf> T t 0 ~ J R E" S E 1\ ~ r H 
I J N T v F ~ SIT Y n F TF)( A SAT A II S T PI 

p~nJECT nfS~RIPTION 

~PRn~t TE:ST. RFl)fSlG'" FOR F~HTT INTCHNG OIL PRn.TECT, 5 A TlC, ~BS/11/8(/1 

npTJ~AL STRATEGy NO. 5 

CU~1pnNENT nF STl-UTf.GY 
. _._-------... ---.----_.----------------.--------_._--.-.-. 

I, EXISTING PAVE~rNT REMAINING LTFE AT 1ST OVERLAY, PERCFNT 
2. YF-AR OF l~T OVERLAy Pl.ACtt1E~IT 

3. TnTAL IS·KIP fSAI. CYCLES fNI1w TTLL 1ST rWERLU), MILLTOtlJS 
U. COST nF ~AINTAT~TNG ~X'~Tr~G PAVf~fNT, "OL/sa yn 
5. 1ST nVFRLAY TYPE 
b. TYPF OF SHnULnER 
7. 1ST OVERLAY THIC~NE~~, tN~HFS 
8. pec FLF)(IJRAL STI(FNGTH OF I'H nVERI.AY, p~J 
q. FATIGUE LtFF AFTFR tST nVF~LAV, YEARS 

1 ~ • F A Tl G U E L T FE AF T E R 1 S T n V F' ~ l. AV, t ~. q P F 5 A LIN MIL Lr 0 N S 
11. HiT nVEr.iLAV CONSTRUr.TTn N LO~T, nal./Sa Y~ 
12. 1ST nVFRLAY TRAFrIC DELAY cnST, nnL/SQ Y~ 

t3. 1ST nViRLAY MAJ~TENANCE C0~T, DOL/SQ YD 

IU. 1ST OVFRLAY Rf~AT~ING LTFF. AT 2NO OVfRLAY, PERCF.NT 
15. yEAR OF ~NO nVERt.AY PLACFME~T 
1~. TOTAL IA.KIP [SAL CVCL~~ (~nw TtLL 2NO nVFRLAVl, ~ILLTONS 
17. 2ND OVERLAy TyPF 
18. TYPE OF SHnULOER 
l q • 2Nn OVERLAY THICKNESS, JNC~f~ 
2~. pee FLE)uRAL STRFNGTH nF 2Nn nV~RLAY, P~J 
21. FATtGU£ LIFE AFTFR 2N~ n~F~l.&v, YfARS 
'- 2 • FAT t G IJ E' LI F E AFT F R ? N f'I ']V F ~ l. AV, 1 fI.1(J P F SAL T N MIL L ION 5 
23. 2ND nVf~LAY CO"'!1TRlJCTTn"l ~n~T, nnL/SQ Yn 
2" • 2 N 0 0 V E R LAY T R AF F I C n F LAY en!; T, D () L.I S (,J V D 
~5. 2N" nVERLAy MAI~TFNANrE cnqT, nnL/S~ YO 

2b. VALUE or; EXTFN(,)fl" L!FF, Df'lL/St:l YO 
2'1. OVERL4V SALVAGf VALliE, I'It)L/«;rl YD 

2 A • TOT A L "J E T PRE S f ~J T V At II E 0 F ~ T lolA T E G Y, DOL I S I.~ Y n 

QUANTITY .. -...... 
3"', 
0, 

A,fiil0 
~ , 1 

IJNR CRCP 
pec 
b,0 

b~0,~ 
]8.b 

30."'11 
1~.'13 

.'17 

.a8 

.. -
••• .. -.. -
••• 
••• .. -
••• .. --.. -.-
••• 

t.tU 
.50 

1U.0b 
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RPPOSt - qtGT" PAVEMFNT ~~HA~11 tT4TTON nFSIG~ SV~T~~ - VFR~lnN I, ~OV tq80 
CENTE'k F'n~ TlaNRPIl~TAT TO'l PF<;E.\RI"H 
lJ Nt V F: f( S I Tv () ~ T f X A S ,q AilS Tr'i 

pRnJF:CT OESCPTPTtnN 
RPRn~t TFST - RFDFgl~~ FOR ~R'TT INTCHNG OIL PROJErT, S A TX, RBS/ll/e~ 

_ ... _--_ .... _----.-------------_._------.---------------.-. 
t. FXISTt~IG PAVF.MENT ~FMAT'-!P,JG LIFE AT 1ST nVERl.AY, PERe~~T 
2. YFAR OF 1ST ovFQLAV PLACE~ENT 
3. TnTAL tR.KIP ESAL (VCLES r~n~ TILL 1ST nVfRLAYl, MIllTn~s 
". COST nF MAINTAINt"'G ~WT~TT~G PAVEMENT, nOl/SQ Y~ 
S. 1ST OVERLAY TYP~ 
b. TYPE OF S~nUL~!~ 
7. lAT nVfRLAY THICk~ESS, INCHFS 
8. pee FLE~I/IHL ~TRF'Nr.T~< pr: 1ST "VERLAV, P!IIt 
Q. FATIGUE LI~E AFTF~ 'ST nV~QLAV, YEARS 

U~. FATlGUE LTFE AFTfR HiT OVERLAV, 1f~·I(IP fSll IN MILLIO'lS 
11. 1ST OVF.IoILAY c;nNSTk'UCTTfl'" ens,., OOl./SQ vn 
12. 1ST OVF~LAV TRAFFle "FLAy ~nST, ~nL/SQ vO 
ll. 1 ST nVFRI AI( HA l'JTFNIl",rr: cn~T, I"IOL/sr~ VI) 

14. 1ST OVFRLAy RfMIT~I~G LIFF IT 2ND OVERLAV, PERCENT 
15. VFAR nF lNn OVERLAY PLICF~F~T 
,~. T"TAL t~.~I~ EAll CYCLE8 (Nnw TILL ?ND nVFRLAY', ~tLLTO~S 
17. 2ND (H/F~IAY TVPE 
l~. TvPE OF SHOIJLnER 
1 q • 2 ~It) r} V E R I I V T H t C j( N F c; s , r N r>H:~ s 
2 .. ~. pce FLF)(II~At STRFrH;Tt-i nF ;:»Nr) 'WERLAV, P~T 
21. I='ATlGljf LlFF AFTFQ 2!H; I"JVFRLAV, YEARS 
2 2 • FIT r G U E LIFE A r: TF "< ? r-. n n v r: ij I. A Y, 1 8. KIP F'S A L I III M!L Lr 0 ~ s 
in • .? N I) 0 V F. R L A V C n ~I SHill r T t n r: C () In, I) 0 L 15 rJ v 1"1 

2". 2ND OVfQL'V TRAFFIC nFlAV cnST, DnL/SQ vo 
25. ?~I[) OVERLAy ~APITEN!.NCf r,ngT, f)r)L/sn Yn 

2b. VALUE or: FJ(TfI~f)f.1"l L rn:, rHI\-'~1I VO 
?' • I) v E R L A V SAL V AGE v A L II F:, 1"Irll I f:, r. V f) 

iWANTITY -.. -._.-
lA. 
2. 

.78 
t.lt" 

[,INA r.RCP 
pee 
b.iIJ 

b50,0 
lb.! 

~7.blll 
~~.]q1 

.74 

.tlb 

••• 
••• .. -... -..... 
••• ... --.-_.-
-.. .--_.-

'.1112 
.52 

U.~0 
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RPQn~1 • RI~Jn paVEMf~T RF~AArLTTATtON OFsrG~ SV~TfM • VFR~TnN 1, NOV 1980 
CfNTF,R FOR TkANltiPPlHbTIi)N RESt=ARC"i 
I J N t \If t-I S IT Y n F H X A S AT A IHn n~ 

PROJFCT DESCRTPTIUN 
~PROSI TFST • RFOESTGN FOR FRATT TNTCHNG OIL PROJECT, S A T~, SBS/1t/80 

cnMP~NE~T OF STRATFGY ..... _-.---.--.... -... _-........................... --..... . 
1. EWrSTIN~ PAVF~~NT REMAINING LIFE AT 1ST OVERLAY, PERCFNT 
2. YEAR OF 1!i1T OVERLAY PLACF.:!oIF.'NT 
3. TnT~L IA.KIP (SAL CYCLES (Nnw TILL 1ST nvERlAYl, MILLIONS 
ij. enST OF MAINTAINTNG E)ISTINr. PAVEMENT, nOL/SQ YO 
5. I ~T OVERLAY TYPE' 
b. TYPE OF" ~'I(lIII!)ER 

'. 1ST OV~RLAY THIC~NESS, JNCHFS 
8. pee FLEXURAL STRF~JGTH OF t ST OVERLAY, p~t 
q. FATIr.IIE LIFE AFTF'W 1ST OVFRI.AY, YFARS 

lA. FATIGUE UFE AFTfJ./ 1ST OVERLAY, 18.I(JP FSAL IN MIL.LtONS 
U • 1ST n V F. ~ LAVe Q N S T f.I U C T IIH~ COST, t') 0 LIS iii Y ~ 
12. 1ST OVERLAY TRAFFIC nFLay e"~T, Onl/SQ yO 
11. 1ST nVfRLAY HAI~TFNANr~ CO~T, nOL/SQ Yo 

ta. 1ST OVEPlAy ~EMAJNI~G LIFF AT ~ND OVERLAY, PERCENT 
1 5 • yEA ~ 0 F ? ~I r} 0 V e: R I A V P t AC E ,.. E N T 
lb. ToTAL lA.KIP ESAL CYCLf~ r~nw TILL 2ND "VERLAYl, MILLIONS 
11. 2~n nvnnt.. Y TyPF ,A. TYPE 0' SHoULDE~ 
Iq. 2~lD oVEPI t..V THICK~lfSS, INrHF~ 

2 • .-}. pee FLE )(IIR AL S T RplGTH n~ 2M> nVE~L H, p~ I 
21. FATJGiJF LiFE AFTFk ?Nn nVERIAY, YEARS 
22. FATIGUE LIfE AFTFP ~Nn nVERLAY, IA.KIP FSAL IN MILLIONS 
23. 2N() ovE"RI.Ay (ONSTRIJ("TTn'l r:nST, nOL/S" vn 
2Q. 2ND nVfRLAy TRAFFIC nELAY CnST, DOL/SQ yD 
~5. 2~JO nVFRlflY MAINHNANCE cnST, OOL/Sr.l YD 

20. VALliE nF F:'(TENl)fn LIFE, "nL/~1J vO 
21. OVERLAY AALVAGE VALUF, nOL/~Q YD 

28. ToTAL NFT PRESENT VALIJE OF !;TRATEGY, DOL/SQ YD 

QUANTITY 
•••••••• 

2PJ. 
1 • 

• 19 
.qS 

UNB CRCP 
pce 
&,O 

blS0,0 
U0." 

3t.8& 
1,.80 

.7b 

.43 

.. ", -.. -.. .. -.. -.. -.. -.--.. --
••• 
••• 
••• 

1.17 
.52 

t".~8 
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Rpqn~1 - ~lGTr, PAVEMENT ~E~AQrLIT4TlnN DFSIGN ~VSTtM - VfRRtnN t, NOV 1980 
CfNH.R FOR H?A"ISPnRTATTo"J PF:~FAQr.H 
UNJvndHTV OF TFUS hT AIISTPJ 

PfJ,I'JFCT DFSCf.'TPTION 

RP~D~l TEST. REDEStGN Fn~ FRATT I~TCHNG Oil PRotECT, S _ TX, ~8S/11/e0 

CnMPoNENT OF STRATEGy 

.----._._------.-.----------------------.-----._--------.-. 
1. FXtSTIN~ PAVEMENT QFMATNI~G LTFF AT 1ST OVERLAY, PERCFNT 
? Y[AR nr: 1ST nVF.PlAy PLArplE'IT 
J. TOTAL 1~.K1P ESAl CYrLFS 'Nn~ TILL 1ST nV£RLAY1, MILLTONS 
U. COST 1F ~AtNTAINING FXISTIN~ PAVEMENT, ~OL/SQ vo 
'5. 1ST nVFRLAY TYf.1F 
b. TYPE OJ:' SHOI.ILOEQ 
7, 1ST I]VFPLAY THICK\iESS, IIIlrHFS 
8. pee FL£lWRAL STRENGTH of 1ST OVERLAY, PSI 
q. FATlr,iJ~ LIFE Anf R 1~T tlVFRLAY, YEA~S 

I"". fHTG!JF L HE AFTF~ 1!;T nVf~LAV, lA.KIP ESAL I~ ~tLLTf)"lS 
11. 1 'H nVFRl.AV Cm-JSTHIlCTfn"l r()~T, OOL/Su yn 
12. 1ST OVFPlllY TlHHTr !'IFI AY rflsT, DOL/SQ vD 
13. 1ST nVf~LAY ~AI~TfNANrE (nST, onL/SQ Yo 

,a. 1ST ilVEPj AY REMAP,IIIIG LTFf AT 2ND OVERLAY, PERtr:IIIT 
IS. YEAR OF ~~n OVERLAY PLACFM~NT 
lb. TrlTle lM.KJP ESAI eVel ES PH1 .. TILL 2ND nVERlAYl, MILlTOll15 1,. 2ND nVFRlAv TYPE 
1Ii\. TyPE. nF SHn1'Lf"IER 
t~. 2ND nVFRlAV THJrKNF~5, TNr~F~ 
i?1il. Flce rLFlClJRAL 5H/F.~!r:rH OF 2Nf) nVFRLAY, P~I 
2t. F/ITIGIIF I {FE AFTFR 21m I)VFRLAY, VFARS 
22. FATIrHlF llFF' ArTF'!'- ?i'.if'l nVE~LAV, lA.KIP FSAL IN MILLIONS 
in • 2 ~10 n V f' PtA V C (l ~.i S T R 11 C TI MI r n ~ T, /"I n LIS fJ v'" 
~ a • 2 NO 0 v r R L ... Y T R A F Fl C I) E L av r q ~ T, 0 [, LIS (J Y 0 
~ r; • 2 Nf)l) 1/ E P, 4. Y '" j II, TEN HI C fen S T, I)" LIS ~ V n 

~b. VAL0F OF f~TFNOFn LIFt, DOl/S~ vo 
n. OVE~LAV ~4LVAGf VALIIF, not/~(~ YO 

28. ToTAL Nfl PRfSFNT VAI)lf OF ~TRATEr,v, !'lOI/SQ VO 

QUANTI TV . ....... -.-
0, 
2. 

t.17 
t.2" 

LJN~ CRCP 
FLE'X 
6,0 

b~0.0 
19.6 

12.5'+ 
tt.Q7 

.12 

.87 

••• -.-.. -.. -
e.-.... -.. .. -.... ... -.. -.-

".1'10 
.48 

la.12 
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~p~n~l • WI~T~ PAVfMfNT RFHARTLITATInN DfSIG~ SYSTEM - VFRstnN 1, ~OV J9A0 
C pi T r:: R F n Q T Q A "I S P 0 R T & T T MJ R F. SF A Q C H 
"NTVFRSITv OF H)(A!; AT A!I!HtN 

PHnJfCT OESCQIPTIn~ 
RPRUsl TEST - REf)ESlr.~.1 F(l~ FRATT ItHCHNG OIL PROJECT, SA H, ~8S/t1l8~ 

Cn~pnNENT OF STRATFGV QUANTI TV ----------_.-... -.-._.-._-._._ .. _------... -._.-. __ ..... -.-. . .. _ .... 
I, EXISTTNG PAVEMENT R[MAININA LTVE AT 1ST OVERLAV, PERCFNT 
2, YEAA nF 1ST OVERLAY PLACEMENT 
I, TOTAL lA.KIP ESAL rVCLF~ (NnW TILL 1ST nVERlAY', ~IlLIDNS 
A, enST nF MAtNTAJNTNG EXT~TING PAVEMENT, nOL/S~ vn 
S. lRT ;lVF.AlAV TVPE 
Ii). TVPE: nr: ~HOIIU)ER 
1. 1ST OVFRtAV THICM~fgS, INrHfS 
K. pee FLEXURAL STRFNGTH OF t~T nVF~LAV, P~I 
Q. FATIGUE LIFE AFTFR 1ST OVFHlAV, YFARS 

1~. FATIGUE LIFE AFTFP 1ST OVFRLAV, lA.KIP FSAL IN MtLLrONS 
1 t, 1 ST (lVE'Pl AV CONSTI'-fUCTlflN cn~T, OOL/SQ vn 
t2, 1ST nVfRLAV TPAFrJr nFLAV cnST, OOL/SQ vD 
t3. 1ST nVERLAY MAINTFNANCE cnRT, DOL/SQ vn 

ta, 1ST nvERLAv REMAINING LIFf AT 2ND OVERLAV, PERCENT 
IS, VEAQ rF ~Nn OVEPlAV PLhC~MENT 
Ib, TOTAL 1~.KIP FSAI. rVCLE~ (NnW TTLL ?~D nVERLAV', ~ILLtONS 
11 • 2 ~~ f) n V f: P l A V TV P E 
1A" TVPE OF" SHP!JLDE~ 
tq, 21)1) OVERLAV THIrl<~IE~S, PJC~E!ol 

2M. pee FLFXURAL ST~F~GTH nF ~Nn nVFRLAv, PSI 
21, FATTGUF LTFf AFTFR ?~n nVFRlAV, VFARS 
2.?. FATtr.!lF LIFe: H'TF~ "~lO nVFRlAV, 1S-I<lP FSAL IN Mnuo~Js 
?3" 21\Jt) nvF.~U.v tnf-jSTI.II/CTTn~1 cn~T, OOL/SQ vn 
la, l~n nVFRLAV TRAFFIC nElAY cn~T, DOL/SQ vD 
? C; • .? ~·I f\ IlV E R L A V H A PJ TEN A N r E C n ~ T, 00 LIS (J V D 

2b. VAlilF:: OF fXTF"NDfll L rrr, onL/Sf) VD 
in" UVFI~L4V SHVAGE V~LIIE, nOL/~Q VO 

i>/ol, TOTAL NE"T PRESENT VALliE OF !l\T~ATEGV, OOt/SQ vo 

20. 
t. 

.:sq 

.q! 
ACP 

FL!l( 
b,fl 
0.1lI 
Q,0 

'5."'2 
A,a! 

.a3 

.13 

bill. 
A. 

4.57 
ACP 

FLP' 
4,t'! 

"." 19 ,7 
1?,51 

4.15& 
,23 
, t 4 
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Q P P II C; 1 - ~ t GIn P A V F. ~I niT R F ~ II ~ t L JT H r t) N DE S J G ~I ~ V S TF t.A - 1/ ~ R ~ InN 1, fIl 0 V 1 q e" 
eFNTEP Fp~ TRM~sprRT/lTIor~ ~FSFARCH 
II~dVF~SJTV of TFXAS AT AII~Tr'J 

p~n,Jf('T I1EcH:RJPTION 
RPpnst TF:5T - REnF$Ir.~,1 FnR FRATT JNTCHNG OIL PROJECT, SA TX, q8S/lt/8Cl1 

.-----~.-------------.. ----------.-------------------- .-.-. --.-.-.-
'. F~I~TINr. PAVfM~NT REMAINING LIFF AT 1ST OVERLAy, PERCF.~T 
2. YEAR!1F I~T nV~'~L~Y PLACEMF~IT 
1. TOTAL ,~-KIP ESAL CYCLES (Nn~ TILL 1ST nVERLAY), ~rLLTO~S 
~. COST nF ~AtNTArNT~G ~xtATJNG PAVE~ENT, nOL/SQ YD 
~. 1ST nl/f~LAY TYPE 
1,. TYP"- ()F ~Hntlll')ER 

7. 18T flVF.RLAV THICl(rJESS, IN(':HF'S 
~. pee FLFXIIPAL STRF"'GTH IlF 1ST OVERLAV, Pc;I 
Q. FATTr.!IF LTFF AFln~ 1ST nVF~LAV, YEARS 

1 fl • F II Tt G IJ F. LJ F E AFT F R , S T rt V F R L A V, 1 A_ KIP F SAL IN MIL LI n N S 
11. l~T (lVFPI.AV CON~TFJlJCTTnN emIT, I'lClL/Sr.l vn 
12. 1ST 0VFRLAY TRAFFIC Of lAy cn~T, DnL/S~ vD 
13. 1ST nVFRLAY MAJ~TFNANC~ cnC;T, DOL/SQ Yn 

lq. 1ST ~VFPLAy REM~TNING LIFf AT 2ND nVERL~Y, PERCENT 
1~. VfAR nF ?Nn nVE~LAV PLACEM~~T 
tn. TrlTAI lA_KIP ESAI CYCLFS (Nnw TILL 2Nf') nVERLAV'. MrLLTn~s 
17. 2~o nVFQLAV TYPE 
U~. TYPE nF SHnllLOfP 
1 q • 2 ~j n II V f Q LAY T H T r K /.; E' ~ S, '[ N r H F S 
2 ~~ • Pee F L FX II RAtS T tI PJ G T H nF- 2 N f) 0 V E R LAY, P ~ r 
?t. FATI(;lIF. LtFE HH~ ?Nr'I OVFRLAY, YEARS 
:n • F AT Ie; I IF L I FE. A F TF '< ? N I) t1 V f R, AV, 1 8 - KIP F S 41_ J N t-1 Tl. L TON S 
~ 3 • 2 N n n V F R LAY C n I~ ~ T RUe TT nNe r) S T, n 0 l. I S Q v n 
,)u. 21J[l IIVERLAY TRAFnr. ML"Y enST, OrlL/sn vI) 
;:IS. 2r4[) I1VFPI.AY t-1AtrJTFNANCF en!;T, DnL/8~ vo 

~b. VALII~ r'lF E)(TENf'lfn LIr:'E, nOLNIQ yo 
;n. OVERLAY ~ALVAGr; VALlIE, nOL/SrJ YO 

2A. TnuL. Nf'T PRESE'lT VALliE OF STRATEC'Y, DOL/SQ YD 

3111. 
PI. 

"'."'0 .", 
ACP 

FLEX 
",111 
0.0 
o~q 

3.78 
10,."2 

.22 

.11 

bPI. 
Et. 

~.'S 
ACP 

FLf)( 
b.0 
0~0 

1 A. 1 
1t.32 

&.07 
.27 
.32 
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r< 
rrr: 
c 
r 

c:tQn~p 6,i00i ,",P'J.::/i'4'\ 1 (!".IP!1T. n· ITpi iT. TAPE 'i=T ~.PIIT I' T "PF~:n~ITpil f." ArJ:" , T AOE;>' 

QP~/'q, .. PTtHI"I PAVJtI4!'NT PF'HIo~TI.TTATln'J Mf~Tr;t.l ~"~"F"'. VrCi'q:'p',· 1 

r: TI-IT!l; ppnr,QAjioI A. ... ~ I"I:S:-VH "prO FlV T"'i,: (S:-"TfP Fn~ TOA"!St'\O~T"TTl"'''1 

r Q;:-~FHU"h tAT Twf. U~TV~Q~TTV nF TF'¥'AS \T A;j~TT~' Ih"~FJiI TI--f cnnp,:p .. 
C ATTV' JiI~S~A~rW Ppn~RA" ~JtTWFEN THE TFYAR ST"'T~ ~f~'QTMf4' nF 
r. "'Tr;wwAv~ &~in o,.qt,Tt" r'u,",~MOPTATrn' (~rH"PTl ANn 'Io4F IIt-JTV, q:t;TTV OF 
r: T~XA~: "'''r'II/o1F.jTAT.TTt''lN F'nq: 'WE OEvELnP""f:J.lT AkJn If~f nJ' "Hl~ 
r p"n~P6M T~ pOs:'c:~',!"'C"f' Y,! t'FTJiI PF;SE"PC", QfPt)It'r ~o. }I,p~_>. RY 
C STFt:' ... rN Fl ~Frn~, ... Q .·II'f'j~U'~\jf At.ln ~ F 
r 
r. TMrs "Pnt.QA1t4 "'A~ r')FVrtnPFn Jnp P"'~SfAt.~ II~~ Q;V T<4f T"-Xl~ 

~ ':;I"Ho+PT .. Bf I"'\n~lIi 'jnT l""1Dt Y Arr:FPTANr~ A~ POl Tey OR ~TA~"AC(j nt , ... ,. 
r. OF'p"ItC'rUFf<JT: lqV 1;~EQ lflt-lOll1 l"\ #irCf~T ~e:'~pnl.ISIRTt TTv F"" 1'1.4" 

t: 4.trQIoHeV n~ Tt.4 .. T"tPIlT<l A"'Jn V~lTflTTV 0 .. THF IOf~Ul T~: 
I: 

~ ~ """ - -L •• __ ••• __ ••• __ • ___ ~_-____ •• __ ._. __ •• _ •• ____ ._. ___ ._. _______ -.-._._ •• _ •• 

r 

r 

rc 
r 
r 

r 

r 

r 

r 

~ 

e:I~·'ll~ INS'V~I ~AAV'l, ~I~'V~Z 

, t: "~j r T ",I IF 
CAl l.. T"I~IIT 

T~ 1·'C;~Vf'1 .t.T: i'I' t.O Tn 1tilJ 
eA.l! r(PlJt:c;p 
r>\ll c;"I'QTt;v 

, '" en'I'" T ~'11~ 
r:-\tL ~"TOItT 

e~LI. r:n~TQV 
r "LI nllT ,yo 
c;n rr, t 

'-:""t'I 
AI_nrlt nA.T~ 

~lnc~ nATA • P~E~FT ~TnQAr.~ 

rrh"''''nh II ~vr(v"i ".r;.T, fJII,T" ",J), QQ(?', ~IZ, 11t'5' 

rnWMnrJ IfLt:IIJflfJl 
n ~rltCcr, FrKAr; vrn~p, 
1 F1v.r, Vr.Yli.. fAr~~T, 
~ ~nvp~r, vnyfJtr, 
'\ f'4R. VR~ 

IrFOrTI 
n 
, f"AA. r'~AA. t-1CIi., riAA(~(2', ~;t&C(?', Jo.It"AJ, C.,A,H?'" r;tAJr?'. 

'IrAr, rf,pCC;t'; e\"qt:A(~', 
'l ·It''Q,f. r:t:'FLfr,'; i<'\PJlt"', 
a IIICllr. rl"lli(r~~ ~tllt:r". r~IIr:Ar1" C111Clf", 
~ .1r:llr, cr'!I.l(?'. iIO,T/;"" r'~j"A(". C1H.ur?, 

C~'1¥n"l IflV"I'YOI T-;loinV1. ll('lV', 'TVIJHrl5'; rqw('lV,?, II.H'\v;t. TTvP.Jt'O 

t"'{h1"f'°1 I~/PITI r~~T;""~p, p.:;T ... ~P. h~T~F": ~~l\rTA, ~~ACTR 

r:(l~vf\ •. ITnP'?-1 ·1~T""f.:t, ',C;TnI.;lO. j($Tld;n.1~', :t~TQr;:.lI,l.~ 

'H?nt:;p~"" ('('oJ- ':;TAtlT~ 

, 
2 
I 

/) 

7 
A 
... 

1 ~1 
1\ 
l~ , \ 
'" 15 
II> 
!1 
18 
!9 
?~ 
>1 
~2 
23 
~4 
~~ 

2b 
21 
>~ 
20 

'" H 
12 
13 
34 
V; 
11> 

" 18 
'0 
011 
01 
02 

4' •• 
.5 
de ., 
oA 
.<1 
~A 

<;1 
5, 
'''1 
'," 
~., 

~I> 

57 
~~ 

~q ., 
" 

r)4Ta • nVl, unv, I C;. '\ I ('2 

~4TA ~~T""4:t I ?' I hJ 
nATA w~T. PST I 4~n<, 7t; I ~4 
"ATA 'rR. qa I '. V .. ·", 1 ,:;, I fJ,-; 

f}'1TA frrAr:. F4r"-'Y I C;,.t',.l!1~:, .1&~~~"'. I hb 
04T. ~Q'''T4. J;C,r'A I ,,:~, ,:~ I &7 
!'A'. V,."~P I ~:q~ I bA 
OA" ~rAr I? I ft9 
fa T" '11":. f I? I 7n 
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C'nVli'lt' _ QI nV1p*Fl,ICa1 

QL"V'V - (Fnvt, .. _ F.lTFPi"/~'IIClJ 
F"l')vl i' • ~1.nV1v""F"1I"'4i' 

PLI"lVi'V _ 1:~ - ~L"V'" 
FI"lv~i' _ RLov2V*Fj?I:r:A 
FA.TnTi' • TR~Tn) ... F.lT~pi' ... FI"lvti' ... Fnvi'~ 
TF rPLOV' v .1 T~ CJ.A'I F"4T'1T' _ TONTr'l2 ... FnV12'11' ... F"Vi'i! 
v~C'i' = VF"AR' F"TI''1 T ;:t, Ft~Vl=lr,~, ""AGP , 

C" CIj,I t ~"VF"~'TPI.;,Tnvt.Tr1.T~Ql .. TnV'T,TPt.~,ti1Vi',r .. ,~,T"'Vi'T; 
C~ ... TQ~T""VR,,'#TnT'~VQF1,TP~Tni',vQ2,FaTnT2,YPFi" 

c 

IF 'VPF"~ .l T: ~~,IT:-4.l"'1 r:n T'" C;A"-
CALL ~.lV'1rT~l.t,Tnvt.Trt.fP~1,IOVtT,ToI.2,TOVi',p,1,TnVi'T. 

... TR~Tfl1 ,YQ1 ,F.lT 1tT1 ;V~Ft ,Tj;,IJ,ITI"l2,VQ2,F.lTr'lT2,vp,,"i" 
TF '''!:;lC'? :LT: ~"PFP'I r.n Tn t;Ar, 
Gn Tn C;bc,o 

~JiII~ rl''''JTT·J~IF 

FTQ~T nVF"~' I.V _ rI"'t:4n"'r'lF" r'Pt'.:P, ~fr(1~I" nVFQ!..A.Y • cQrp 
P~nr:Q~M (".l~1 Io4A,.,I",!:=' ""'" V n' F rn""C~FTF nvFQL AY I"IljQY""G A"AI Y~T~ 

r: *** CtF~tnl"l: 

r 
C 
r 

1";" Tn -;bt,ol 

~<;~ ~~~TT""F 

FI~~T nVFPI AV _ tr"IFlI"'I~Jn~", ("prp, s~rn/\I" nV~qLAY _ JCD 

r *** 

PQ"I";Rj~ I"'AII; "'A"rll F' n~1 v n~IF rrH1C:RFTf nVF~,-.lV I"'IIJRtIl;G I.,. AI yc;.T~ 

PFlllflf': 
Gn Tf'I ~forio1 

r******.***.***.****.*********.*****",,******.********** *""*****.*****,,,,** 
7~LII r:n~T ,",rlF 

r 
FTP';T qVr~L.lV _ ~fl"'""'Fn rrr-

r 

qT 3", 
S T l~q 

~T l'~ 
ST 3~1 
ST ,p 
~T '~1 
~ T ,_. 

n 36~ 

ST 1M 
ST 3~7 

ST 1_~ 

5T Hq 
ST 170 
~T HI 
ST 1H 
ST 171 
~T Ha 
,T H~ 

ST 1T. 
9T 377 
ST 378 
ST Hq 
~T 1P~ 

ST 1~1 

~T 1P2 
ST 1n 
~T l~a 

~T l~~ 

~T 'lie 
5T lP7 ,T 1PA 
5T 1pq 
~T Sq0 
5T 1ql 
8T 30 2 
5T ,., 
~T sqa 
9T H~ 
~T 1qb 
ST 3 0 7 
~T ,qe 
~T 300 
9T ap~ 

ST £It:11t 

P •• ~ 
S T •• 3 
en '1"'4 
~T LJ~-'; 

qT a~~ 

ST a07 
,T 0'8 
5T "~q 

ST al~ 
,~T a II 
ST "12 
,T 0 \3 
ST a,a 
5T a'5 
~T al6 
ST "17 

ST "'" qT a, q 

T~ rPLFrp .I,f. PL"'f·,' I";rl Tn iii;:'! 
TF rnPTYP .~-;.: " r.n fn e;~ 
Tr: 1 S " 

7 Ie; rl"lI.JTT''1I~ 

TC t : fC! ... , 
IF (Tr.! .r.T. ',rP," en Tn e;~ 

fF rrH~'rTr" ~LII'. LII:\I'" ,";r1 Tn 7""5 
ILlV,T • "., 

71 ~~ rn~IT T~l!t~ 

TI')V1T 2 Tnv1 T ... 1 
T~ fTnV1T >"';T. 'JPrrT, r.n Tn 7.,1Ii; 
F~~' = nFATTr.r F~~p. r:~,Q.,"Tr''1, 9p.p.prfnV'T' , 
F.lTF P l z; QI ~O'l'*t"Hq 
FI.TnT, • TP~ITn'- ... ~.lTEP' 
Y~1I'1 _ VF.lQr FjTnT', ~IPYP~, flBG~ , 

C' ('.ll L ".lVF2rT~L1""Vl~Tr:1,TFQ':PI",T(1VlT;~,.."CJJ.O!,~, 
C'" ... TR~IT"'" ,Vl=ll,F.l~r'T1 :YQF, ,1II~;RM,R.Io4,P".q 

TF ryp~1 .LT: jNTIo4.lX' r,n Tn 7i'''' 
C.l1 L !I'.l VF 1 r T PL i , t nv t ~ T r: 1 , T r~ R~D, T {'Iv 1 T ; fjI, (~r ~, ::., ~, 

... Tp"Tn, ,VP1 ,F~T{lTl :VQFl ,R'A~Fl"",~Io4.~ .. q 
IF rY~~t .L,T: j~PFQ'I r.I"l Tn "~ 
r." T" 7f"e; 

7i'V' t:O~TT"'"F 
tF rT~~nvi' .F1: ~, ~n Tn 7'~ 
IF ry,,"F,.YP1 .. I r. T~T~lnv' t;f'I TO 71~ 

~I"l 7i'-; TRLW-1,~QLl 

IF rpLFP~ :r;F: PI_~D'TPL x', r.n Tn 72b 
7~~ CO~TT"IIIF.' 

I 01 ~ • 'ilL' 
7~~ C1~TT~II~ 

IQL2'. IIILX -, 
7'~ Cnl.JTTtvljF 

I PI ~ ~ TQL~ • 
IF tTRI2 .r,T: "1-','1 r.n TO 7'''
IIL~PC • PL~PryDL~' 

TRI"l' :. rs;1LFPQ : QL,p("'*FPA,' 
~LF"'rO • Pl FPC 
TP,,",Tni' a Ts;1", ... T'lI.JTnt 
VQi' c Y~.ll=lr TP~Tn~~ F1AY~A. F181";Q l 
tF rY~i'-ypl :LT~ T"T~nv'I r.n Tn 7'~ 
I~v~ ~ I 

'b~ r:n""TT~IIF 
II"lV,? :I Inv~ ... , 
TF rT{'IVi' .GT: .. ,nv,' r.rr Tn 7~t::II 
TF rTTv o 2rTnVi" :FI"3: ~, r;n Tn 7@J1"! 
r.n Tn r 7'~, ~~~'1. A~~ 'I, Tnvi' 

77V1 cnll;TT~III-: 

FT=~T nVFPI.lY _ IHI~I~Fn ,TCO; C!;f'r.nNI"I nvrpLA.v .. 6C 
~1.r'lVi''l _ t: r • '~LFPC~ 
I()Vi'T _ ~ 

7.~ cn'lTU'liF 
I'1vi'T • tnV?T ... t 
T~ rTnV~T :r,T. ~~.lrT2' r.I"l Tn 'b~ 
IF ~pr("TrtnvlTi+ACTi!rtOV~T' :r.T. 'LrvT~ ~n Tr'I 7b~ 
Fraq,T.l _ n~.lTTr,r FPtrP~ ("(.'!~'6'Tt:t'l, ~l't:4p.ltTnv'T,Tr'lV~T'I , 
~;;?~1'I. • FF~TTr.', F)qp~'Tnv'T .. Tnv2T' , 
F\TFP, • roll ~PCP*~'1Fl,ft 
FnV?' ~ RLr)Vi'x*F~q,,, 

FlTIlT, c TI=II.JTni' ... t'&TrO, ... FrrVi'~ 

VQ~? = YFJo~( ~.lT"Ti', r1AYR~, ~'~G~ 1 
C , r ~ I I ~ ~ V F i' r T QL " , Tn \I , , f r 1 , T F 0 J.( I.J n , t n v 1 T ; T ~, i', T I') v 2 , ~ , ~ ; r n v ';J T .. 

~T U2(" 
~T a21 
~T 022 
S' a" 
9T Ui'U 
~T a2~ 

ST a2& 
ST an 
5T a? 
ST o~q 

ST al~ 

~T a" 
51 a32 
5T aB 
~T aJa 
ST a35 
ST aH 
8T aS7 
ST a,e 
ST a1q 
ST a00 
STaal 
ST aa" 
ST aal 
~T aaa 
8T aa'S 
9T Ub 

ST ""7 
ST aae 
ST aaq 
8T a~0 
9T a51 
~T Q52 
ST aSl 
ST "~a 
ST a<;5 
~T "56 
~T a57 
ST Q5~ 
ST 4~q 

ST ae~ 
~T a., 
ST ab2 
~T ab1 
9T 4~a 

ST a~~ 

~T a.1I 
ST a~7 

ST a&A 
~T a6q 
ST a70 
ST a1l 
~T a7? 
~T a71 
ST a7a 
~T "75 
ST "T~ 
~ T ' .. 77 
ST a7~ 

ST a711 
ST a.~ 

~T aPI 
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