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PREFACE 

This report forms part of Project 3-8-79-249, which has as one of its 

objectives the implementation of the Texas Rigid Pavement Overlay Design 

Procedure (RPOD2). This procedure was implemented on a number of overlay 

design projects, which led to some of the recommended improvements to the 

procedure, as presented in this report. 

The text of this report was entered into the DEC System-IO computer at 

The University of Texas at Austin, which was subsequently used to produce, it 

is hoped, a typographically error-free report. Thanks are extended to all 

those who helped in the preparation of this report and in particular to 

Elaine Hamilton, Eve Falcon, and Sue Tarpley, who entered the text into the 

computer. Gratitude is expressed to Steve Seeds, Bary Eagleson, David Luhr, 

and Manuel Gutierrez de Velasco for the many hours of fruitful discussion 

which led to the majority of findings in this report. In addition, thanks 

are extended to Gerald Peck and Richard Rogers, at the Texas State Department 

of Highways and Public Transportation for the many useful comments made 

during the implementation of the RPOD2 design procedure on Texas highways. 
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ABSTRACT 

This report presents certain improvements to the Texas Rigid Pavement 

Overlay Procedure (RPOD2) with regard to materials characterization and 

fatigue life predictions. Suggestions are made for characterizing rigid 

pavement layers from Dynaflect deflections and material tests, and some 

guidelines for selecting design sections along the length of a road are 

presented. Finite element analysis is used to quantify the effect of 

pavement discontinuities on the stresses obtained from layered theory. 

Further finite element analysis is used in an attempt to relate the critical 

reflection stresses in an AC overlay to deflection measurements obtained 

before overlaying. A fatigue equation is derived from AASHO Road Test data 

on rigid pavements in a mechanistic manner, using few simplifying 

assumptions. Failure of CRC pavements is defined using condition survey data 

in terms of a rate of defect (punch out and patch) occurrence, and the 

predictions of the fatigue equation are compared to the lives of inservice 

CRC pavements. The predictions made by RPOD2 of the fatigue lives of asphalt 

overlaid rigid pavements are compared to existing condition survey data for 

these pavements, and improvements are suggested. 

KEYWORDS: Rigid pavement, continuously reinforced concrete pavement, 

remaining life, fatigue, materials characterization, deflections, 

overlays, reflection cracking. 
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SUMMARY 

This report presents certain improvements to the Texas Rigid Pavement 

Overlay Design Procedur~ (RPOD2) with regard to materials characterization 

and fatigue life predictions. These improvements are based on data collected 

on Texas highways and should result in significant improvements in 

mechanistic pavement life predictions. 

Suggestions are made for the characterization of rigid pavement layers 

using Dynaf1ect deflection measurements and laboratory testing. The subgrade 

is characterized using the Dynaf1ect sensor 5 deflection, and the upper, 

bound, pavement layers are characterized using the deflection basin slope or 

sensor 1 minus sensor 5 deflections. Both these deflection parameters are 

used in the selection of pavement design sections, as indicated in Fig 2.15, 

and guidelines are given for this design step. 

Finite element analysis is used to relate the effect of pavement 

discontinuities on the tensile stresses obtained from layered theory to 

deflection measurements. The analysis indicates that, when deflections at 

cracks exceed 1.5 times the midspan deflections, the transverse tensile 

stresses in the pavement exceed the longitudinal stresses, which occur in an 

uncracked pavement under an axle load. This stress rearrangement due to 

cracking is illustrated in Fig 3.11. 

Additional finite element analysis is used in an attempt to quantify the 

stresses causing reflection cracking in asphalt overlays on rigid pavements. 

vii 
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As shown in Fig 4.3, the results indicate that severe tensile stresses may 

exist in the upper surface of an overlay, immediately above cracks in the 

underlying pavement. Laboratory testing may be required to verify these 

findings. 

Condition survey data of CRC pavements are used to define "failure" of 

these pavements in terms of a rate of defect (punch outs and patches) 

occurrence per mile. Economic analysis and observation of the average trend 

of defect occurrence along Texas CRC pavements indicated that a rate of three 

defects per year per mile could be used as a criterion for "failure." Once 

this rate of defect occurrence is reached, further traffic generally results 

in a significant increase in distress and, correspondingly, maintenance cost. 

In general this point occurs when the total number of defects per mile in a 

pavement section equals the pavement age in years. 

The data obtained at the AASHO Road Test on Rigid Pavements are analyzed 

in a mechanistic manner, using as few simplifying assumptions as possible, to 

obtain a rigid pavement fatigue equation. The predictions of this fatigue 

equation are compared to the fatigue lives of existing eRC pavements in 

Texas, using failure criteria and materials characterization as described 

above and detailed estimates of past traffic. As shown in Fig 5.10, the 

fatigue equation predictions were found to correlate reasonably well with 

data obtained from Texas CRC pavements. This equation is thus recommended 

for further use in design. 

The predictions made by RPOD2 regarding the fatigue life of asphalt 

overlays on CRC pavements are compared to the distress-traffic history of 

overlay projects of this type in Texas. The design procedure significantly 

underpredicted the lives of these pavements and recommendations for improving 

these predictions are made. An additional fatigue equation for use with 
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overlaid CRC pavements is proposed and an estimate of this equation is made, 

based on the limited data available. This equation may be improved when 

"failure" of overlaid CRC pavements is defined and when more condition survey 

data on this type of structure become available. 

For the purposes of rigid overlay designs, severely distressed existing 

rigid pavements may be characterized using deflection measurements. The PCC 

layer may be characterized as a material with a modulus such that the 

deflection basin slope computed using layered theory matches the slope of 

deflection measurements made at distress locations. In this manner overlay 

designs will reflect the severity of the distress in the existing pavement, 

and improved fatigue life predictions may result. 

A large number of the above improvements are being incorporated into a 

Rigid Pavement Rehabilitation Design System which is at present being 

developed at the Center for Transportation Research. Example designs are 

presented in the report which may provide a basis for further overlay designs 

using the improvements to the RPOD2 design procedure as suggested in this 

report. 
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IMPLEMENTATION STATEMENT 

This report presents a significant number of improvements to the Texas 

Rigid Pavement Overlay Design Procedure which may result in improved overlay 

life predictions. Many of these improvements are being incorporated in a 

Rigid Pavement Rehabilitation Design System which is currently being 

developed at the Center for Transportation Research. 

It is recommended that the suggestions in this report be implemented on 

future overlay designs and it is hoped they will result in further refinement 

of the Overlay Design Procedure. 
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CHAPTER 1. INTRODUCTION 

This report forms part of the SDRPT Research Project 3-8-79-249, and one 

of the primary objectives of this project is to implement the Texas rigid 

pavement overlay design procedure. During the implementation phase of the 

procedure, difficulties and inaccuracies arising from its use need to be 

overcome, and additional work regarding its application in a pavement design 

system needs to be done. Some of the present problems center around the 

estimation of the existing pavement material properties and the estimation of 

the remaining life of the existing pavement. 

The use of material tests and the Dynaflect for the estimation of layer 

stiffness will be examined. Others have had some success in estimating layer 

stiffness using the Dynaflect and other deflection devices (Refs 8, 10, 11, 

14, 15, 16, and 17). Furthermore, this device has been used with success to 

estimate the layer stiffness on several, recent SDRPT overlay design 

projects. Condition surveys have shown that the punch out is the most severe 

and prevalent form of distress leading toward "failure" of CRC pavements. 

Finite element analysis of a cracked pavement layer will be used to provide 

further understanding regarding the development of punch outs in CRC 

pavements. 

Examination of condition survey data should provide information 

regarding structural failure of a pavement. To date, no distinct definition 

of failure of a CRC pavement exists. The concept of failure will be examined 

1 
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and it is envisaged that the structural failure of CRC paVE!ments will be 

defined in terms of a rate of defect occurrence. Once a rational failure 

condition has been established, the pavement life predictions of existing 

fatigue equations can be checked and modified if necessary. 

The above should lead to more accurate predictions of CRC pavement 

fatigue lives. The struc tura1 failure of the pavement "'ill be based on 

condition survey observations, and, therefore, the condition eof the pavement 

at the time of overlay should enable one to make reasonablE! predictions of 

the pavement's remaining life. Regular condition surveys of a.sphalt overlaid 

CRC pavements have shown that the first signs of distress in the overlay 

occur immediately above underlYing patches and punch outs. F'or this reason, 

it is important to examine reflection cracking in more detai.1, and a finite 

element analysis will be used to predict the stresses in rigid pavement 

overlays with varying degrees of load transfer at the cracks. This study 

should provide more information regarding the mechanism of distress 

occurrence in rigid pavement overlays and may lead to over1a.y designs which 

will reduce reflection cracking. 

At all times during the analyses, the stresses within the pavement will 

be related to surface deflections. In this manner field deflections may 

provide valuable input regarding the stress distribution in the pavement 

layers. The findings of the various analyses may be incorporated into future 

overlay designs and may form an integral part of the Rigid Pavement 

Rehabilitation Design System which is at present being developed at the 

Center for Transportation Research (Ref 12). 
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SCOPE OF REPORT 

No single facet of a pavement design procedure can be examined while it is 

entirely separate from the rest. The design procedure used in RPOD2 may be 

outlined as shown in Fig 1.1. All the steps are interdependent of one 

another; the behavioral analysis depends on the materials characterization 

used in the analysis, and the fatigue life depends on the stresses or strains 

output from this analysis. In order to improve the fatigue life predictions 

of RPOD2, this report reexamines each of the steps in the pavement design 

procedure in the light of developments arising from its implementation. 

In Chapter 2, the materials characterization aspect of the design 

procedure is examined. Some problems which became evident during the 

implementation phase are indicated, and a number of improvements are 

presented for use in the future. 

Chapter 3 presents the analysis of a cracked pavement slab by finite 

element analysis. The results from this analysis are related to condition 

survey data on CRC pavements in Texas. 

Chapter 4 presents the analysis of stress in overlays immediately above 

underlying cracks. Reflection cracking due to differential vertical 

movements is examined, and here, again, the results are related to condition 

survey data on overlaid CRC pavements. 

In Chapter 5, the fatigue life of existing CRC pavements is examined. A 

mechanistically derived fatigue equation is presented for use in future 

designs. Predictions from this equation are checked against condition survey 

and traffic data. 

The "remaining life" of existing CRC pavements has a significant effect 

on the overlay thickness, designed using the RPOD2 design procedure. In 
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TEXAS SDHPT 
RIGID PAVEMENT OVERLAY DESIGN 

PROCEDURE 

SELECT DESIGN CRITERIA 

COND ITION SURVEY I I DEFLECTION TESTING I 

SELECTION OF DESIGN SECTIONS 

MATERIALS CHARACTERIZATION 

" 
REMAINING LIFE ESTIMATES 
FOR E~CH DESIGN SECTION 

DEVELOP OVERLAY THICKNESS 
DESIGN CURVES (RPOD) 

1 THICKNESS SELECTION 

Fig 1. 1. Flow diagram of the RPOD2 design procedure (Ref 5). 
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Chapter 6, some improvements regarding the calculation of remaining life are 

suggested, and the predictions of overlay lives made by the RPOD2 design 

procedure are checked against existing condition survey data. 

In Chapter 7 recommendations are made for the practical application of 

the suggestions in this report, while Chapter 8 presents the conclusions and 

recommendations. 

SUMMARY 

This report presents a number of improvements to certain facets of the 

Texas Rigid Pavement Overlay Design Procedure. These improvements should be 

implemented in future overlay designs and form part of a continual upgrading 

of the procedure as data become available. 
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CHAPTER 2. MATERIALS CHARACTERIZATION 

Mechanistic design procedures require the use of a suitable theory and 

model to analyze the behavior of a pavement structure. Plate, layered, and 

finite element theories have been used for this purpose. Typically, these 

theories are used to compute the tensile stresses in the upper, bound, 

pavement layers which are then input into a fatigue equation to predict the 

life of the pavement. Use of one of these theories requires that the 

materials making up the pavement be characterized suitably. 

Plate theory is often used for rigid pavement design; if so, the 

concrete layer is represented by a relatively stiff plate and the lower 

layers are characterized as a bed of linear springs. Elastic layered and 

finite element theories have also been used with success for rigid pavement 

design. These last two theories use Young's modulus and Poisson's ratio to 

characterize the stress strain behavior of the pavement materials. 

McCullough (Ref 1) has shown that plate and layered theories predict 

similar tensile stresses in the bottom of a concrete pavement layer when the 

supporting structure consists of granular material. The spring constant, k, 

used in the plate theory calculations is equated to the layer moduli used in 

layered theory calculations by computing the deflection of the subbase under 

a plate load with layered theory. This deflection is used to obtain the 

equivalent k-value of the supporting structure. 

7 
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Layered theory computer programs that can predict the state of stress, 

strain, and deflections of pavement structures at minimal cost are freely 

available. For this reason, layered theory is often used in mechanistic 

design procedures. Shortcomings of the theory, such as the inability to 

predict pavement stresses under an edge loading condition, can be overcome by 

using stress modification factors. 

plate or finite element theories. 

These factors can be calculated using 

Because layered theory analysis is often used for mechanistic pavement 

analysis, the material properties most often required for the pavement layers 

are Young's modulus and Poisson's ratio. Both laboratory and in-situ methods 

are available for determining these material characteristics. A number of 

these methods will be described with a view towards their implementation in 

practice. 

LABORATORY TESTING 

This involves obtaining representative samples of pavement materials 

from the field and testing them in the laboratory under simulated field 

loading and environmental conditions. A number of test methods for 

determining the elastic parameters of the different pavement materials exist. 

Only the pros and cons of the laboratory test methods used in the 

implementation of the Texas Rigid Pavement Overlay Design Procedure, i.e., 

the Indirect Tensile and Resilient Modulus Tests, will be described. 
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Indirect Tensile Test 

This test method, described in detail in Refs 18 and 19, is used to 

detenuine the tensile strength and elastic modulus of the bound pavement 

layers. The problems associated with this form of testing are 

(1) Cost. 

discs. 

The test involves the diametral loading of cylindrical 

These discs can be cut either from cores taken from an 

existing pavement or from test cylinders of concrete which are to 

be used for paving. Cores are expensive to cut, and, in CRC 

pavements, these cores may intersect some reinforcing steel. 

Coring through reinforcing steel results in rapid bit wear and 

increased cost. 

Modulus testing requires accurate measurement of the 

load-displacement characteristics of the material. In the indirect 

tensile test, this involves repeated vertical loading and the 

measurement of the resulting vertical and horizontal deformation of 

the specimen. Deformation and recording devices for this are 

fairly expensive. 

(2) Specimen Geometric Accuracy. Coring generally does not result in 

a smooth cut surface. The circumferential surface of the test 

discs may thus be fairly rough, resulting in improper seating of 

the loading strips. This results in inaccurate vertical 

defonuation measurements. A thin layer of suitable material may be 

applied to these surfaces in order to improve the contact with the 

loading strips. In order to obtain accurate vertical deformation 

measurements, this material should have a modulus similar to that 

of the concrete. 
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Depending on the quality of the stabilized subbase, coring and 

subsequent trimming of the sample may result in an extremely 

irregular specimen which will deform differently in the test than 

in the field. 

(3) Specimen Variation. The moduli of bound pavement layers obtained 

from the indirect tensile test may vary considerably. This may be 

due to the heterogeneity of the samples relative to their size. 

Table AI, Appendix 1, shows the results of indirect tensile tests 

on cores taken from IH-I0 near Beaumont and Columbus, Texas. 

Similar results are shown in Refs 20 and 21. In the former 

reference, cores were taken from existing concrete pavements in 

Texas, and in the latter, cores were taken from a number of airport 

pavements. In both cases, the coefficient of variation of the 

tensile strengths of the cores was approximately 13 percent while 

that of their moduli was approximately 33 percent. 

In spite of these negative factors, this test method still remains one 

of the most economical and most practical methods for determining moduli of 

stabilized layers. Cores are generally much easier to obtain than beam 

samples, and, as will be explained later, in the case of a rigid pavement and 

stabilized subbase, in-situ deflection measurements do not enable the moduli 

of these bound layers to be distinguished accurately. 

This test method has been used with reasonable success in the 

implementation of RPOD2, and we, therefore, recommend that it be used to 

provide estimates of moduli of the bound pavement layers. 
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Resilient Modulus Test 

This test, described in detail in Ref 22, is used to estimate the 

modulus and stress sensitivity of the granular pavement layers and the 

subgrade. The test involves subjecting a soil sample in a triaxial cell to a 

range of confining pressures and a range of repeated vertical stresses. The 

resilient vertical deformation across the middle third of the sample is 

measured at these stress levels. The sample may range from an "undisturbed" 

sample of clayey subgrade, obtained with a thin walled tube sampler, to a 

granular specimen recompacted in the laboratory to field density and moisture 

content. 

As indicated in Fig 2.1, the ratio of principal stress difference 

(deviator stress) to the resilient strain is called the Resilient Modulus of 

the material. The Resilient Modulus may vary significantly with the stress 

level applied to the specimen during testing. In granular materials both the 

confining pressure and the deviator stress may have a significant effect on 

the Resilient Modulus whereas in clayey materials the confining pressure may 

not have a significant effect. The material may be either stress hardening 

or stress softening, depending on the material type. A stress hardening 

material will have a higher Resilient Modulus at higher stress levels, 

whereas a stress softening material will have a lower Resilient Modulus at 

higher stress levels. This concept is illustrated in Fig 2.1. The 

relationship of the Resilient Modulus to deviator stress is termed the stress 

sensitivity of the material. 

In order to obtain an indication of the stress sensitivity of the 

material, values of modulus and principal stress difference are plotted on a 

log-log scale. At higher stress levels, the points generally lie on a 
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straight line and the slope (SSG) of this line provides a measure of the 

stress sensitivity of the material. Some of these plots, obtained from a 

subgrade clay near Beaumont, are shown in Fig 2.2. 

The major problems associated with this type of test are 

(1) Cost. Before construction begins subgrade samples are typically 

obtained from the in-situ soils along the center line of the 

roadway. Subbase material for testing may be obtained from likely 

borrow areas in the vicinity of the road. These samples should be 

representative of the materials which will ultimately form part of 

the pavement structure and as such may need to be obtained from 

some depth below the natural ground level. In cut areas, for 

example, the subgrade of the road may be some distance below the 

natural ground level. Post construction sampling may be done 

through a core hole drilled for the purpose of sampling the upper 

pavement layers. 

expensive. 

These sampling procedures may be fairly 

As with the indirect tensile test, the laboratory equipment 

required for conducting the resilient modulus test is relatively 

inexpensive, but only a few laboratories are equipped to perform 

the test. 

(2) Sample Disturbance. This factor may have a significant effect on 

both clayey and granular soils. Granular soils can not generally 

be sampled with a thin walled tube sampler. The material, thus, 

needs to be recompacted in the laboratory to field moisture content 

and density. Data from CBR tests have shown that for a particular 

density, the CBR of soils varies greatly with the compaction method 
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used and with the water content during compaction (Ref 23). This 

relationship is especially true if the soil contains clay; thus, it 

can be postulated that the same type of behavior holds true for 

resilient modulus data. 

In the case of a clayey subgrade, sampling may result in 

significant disturbance. The moisture content and stress history 

of a clay have a significant effect on the static load deformation 

relationship of the material. Partially saturated clays, for 

example, are much stiffer than saturated clays. Similarly, 

overconsolidated clays are stiffer than normally consolidated 

clays. These conditions may have similar effects on the resilient 

load deformation relationship of the material. This effect may be 

even more pronounced at the low stress levels generally used in the 

resilient modulus test. Thus, the reduction in effective stress 

due to sampling and the resulting overconsolidation may be the 

cause of the very high values of resilient modulus obtained at very 

low stress levels, as shown in Fig 2.2. Some quantification of the 

effect of water content on the resilient modulus of a material is 

provided by Monismith (Ref 24). He presents a figure which shows 

that at constant dry density the resilient modulus of a fine 

grained soil decreases appreciably as the water content approaches 

saturation. Thus, if the material is allowed to dry out upon 

sampling, significant gains in stiffness may result. 

Both these forms of sample disturbance may result in higher 

test values of resilient modulus, which will result in an 

unconservative design. 
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(3) Specimen Variation. As with the indirect tensile test, this test 

involves the measurement of very small deformations. Any small 

errors in measurement or any material heterogeneity results in a 

wide scatter of th~ test results on samples from a particular soil 

type. Table A2 shows the results of Resilient Modulus tests on 

samples of the clayey subgrade along IH-IO near Beaumont. Subgrade 

soil is seldom homogeneous in the horizontal or vertical direction. 

Due to the small sample size used in the Resilient Modulus test, 

minor soil irregularities, such as sand lenses, create significant 

variation in the test results. This is apparent from studying 

Table A2. 

These paragraphs tend to indicate that laboratory testing may be of 

questionable value; this is not the case since laboratory testing provides 

some valuable information which cannot easily b~ obtained by other means. 

Subsequent paragraphs will show that laboratory testing in conjunction with 

deflection measurements may provide a fairly accurate indicat:i.on of pavement 

layer stiffnesses and the variation thereof along the length of the road. 

DEFLECTION MEASUREMENTS 

The use of deflection measurements for the estimation of pavement layer 

stiffnesses is rapidly gaining popularity and application. Computer programs 

which model the pavement layers as homogeneous, isotropic, elastic layers 

provide reasonable estimates of pavement behavior under loading. A Dynaflect 

is at present used in Texas to obtain pavement deflection measurements. 
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This device uses two masses rotating in opposite directions to apply a 

cyclic load to the pavement surface. The cycle frequency used is typically 8 

hertz and the peak to peak load applied is 1000 lb. The peak to peak 

deflections are measured by five geophones, placed as indicated in Fig 2.3. 

This device thus provides an indication of the displacement and shape of the 

deflected surface within 4 feet of the load wheels. In the following 

sections, procedures for estimating material properties from Dynaflect 

deflections and problems associated with these predictions are discussed. 

Estimation of Material Properties from Dynaflect Deflections 

The pavement layer stiffnesses can be estimated from Dynaflect 

deflection measurements using elastic layered theory as follows: 

(1) Pavement layer thicknesses, initial estimates of the pavement layer 

moduli, Poisson's ratio, and the loading and deflection measurement 

configuration are input into the computer program. 

(2) The computed deflections at the five geophone positions can be 

compared to those actually measured in the field. 

(3) The layer moduli used in the computer program can now be adjusted 

to improve the "fit" of the predicted and actual deflection basins

(4) This process is repeated until the two deflection basins are 

virtually the same. The process may have to be repeated several 

times before a reasonable fit is obtained. 

Knowledge of the effects of changes to the various layer moduli on the 

shape and position of the deflection basin may speed the process 

considerably. 
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Fig 2.3. Dynaflect loading and deflection measurement layout. 



Some of the terms commonly used with Dynaflect deflection basins are 

Sensor hi" deflection: Wi 

Surface curvature index (SCI): Wl-W2 

Base curvature index (BCI): W4-WS 

Spreadability: (Wi + W2 + W3 + W4 + WS)/SWl 

Slope of the deflection basin: Wl-WS 
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These parameters are related to the stiffness of one or more of the 

pavement layers in varying degrees. This factor is illustrated in Fig 2.4, 

where deflection basins predicted by layered theory for different layer 

moduli are presented. Typical CRC pavement structures consist of a concrete 

pavement layer, a stabilized subbase layer, and a subgrade. 

A large number of layered theory computations were made using this type 

of pavement structure and the following conclusions have been drawn. 

(1) As illustrated in Fig 2.4, changes to the surface or stabilized 

subbase modulus result in significant changes to the sensor 1 

deflections and only minor changes to sensor 5 deflections. 

corresponds to a change in the deflection basin slope. 

This 

(2) Changes to the subgrade moduli result in significant changes to 

both sensor 1 and sensor 5 deflections. Both these deflection 

parameters are affected approximately proportionally by changes to 

the subgrade modulus, which results in little change to the 

deflection basin slope. 

Therefore, it can be hypothesized that the subgrade modulus may be 

predicted from the deflection at any sensor and that the slope of the basin 

may be used to predict the surface and subbase modulus. However, the 
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subgrade modulus predicted from the sensor 5 deflection will be fairly 

accurate for a wide range of surface and subbase moduli, because of the small 

effect which these moduli have on this deflection parameter. In the case of 

the basin slope, however, an infinite number of combinations of surface and 

stabilized subbase modulus exist which, when used in layered theory analysis, 

will predict approximately the same basin slope. 

A number of figures have been prepared to simplify the calculation of 

layer moduli from Dynaf1ect deflections. Because the pavement stiffness has 

a minor effect on the fifth sensor deflection, Fig 2.5 shows the subgrade 

modulus as a function of sensor 5 deflection and the rigid pavement 

thickness. Both the layer modulus and the thickness of the layer affect the 

stiffness of the layer. From the formula for the radius of relative 

stiffness 

where 

2 
12k(1-v ) 

£ radius of relative stiffness (in.), 

E modulus of elasticity of the slab (psi), 

h thickness of the slab (in.), 

V Poisson's ratio of the slab, and 

k modulus of subgrade reaction (pci), 

(2.1) 

it is apparent that the layer thickness has more effect on the radius of 

relative stiffness than the modulus. For example within the range of modulus 

and thickness typical of CRC pavements, a 1,000,000 psi change in modulus 

results in a 5 percent change in t , whereas a one-inch change in thickness 
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results in a 10 percent change in ~ Furthermore, at the deflection 

measuring stage, the upper layer thicknesses are generally known, whereas 

their moduli may not be. Therefore, the subgrade modulus - sensor 5 

relationship was also plotted as a function of surface layer thickness. 

The relationship in the figure was obtained by regression analysis of 

data obtained from layered theory computations. In the log-log form 

presented in the figure and for constant upper layer moduli and thickness the 

subgrade modulus is very highly correlated to deflection at any point on the 

pavement surface. The regression equations used in the figure, their 

correlation coefficients, and standard errors are shown in the figure. 

The upper layer moduli-deflection basin slope relationships are 

presented in Figs 2.6, 2.7 and 2.8 for different subgrade moduli. The data 

used for plotting these curves were obtained from the results of numerous 

layered theory computations. The pavement structure used for the 

computations is indicated on the figures. 

A nomograph has also been prepared for trial and error calculations of 

deflection basin slopes, from layer moduli estimates. The equation used for 

the development of the nomograph in Fig 2.9 was obtained from regression 

analysis of layered theory results. The correlation coefficient of this 

equation is 0.98 and the standard error of the residuals is 8 percent, as 

shown in Fig 2.9. 

The upper layer thicknesses and estimates of the layer moduli are used 

in the nomograph to obtain a prediction of the deflection basin slope under a 

Dynaf1ect load. The selected moduli can be modified until the basin slope 

obtained in the nomograph coincides with the slope obtained in the field. 

The numbers above each scale on the nomograph indicate tne sequence at which 

the lines should be crossed, as illustrated in the figure. From the 
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nomograph it is apparent that the basin slope is extremely sensitive to 

surface and subbase layer thickness and modulus. Thus, whenever possible, 

laboratory testing should be used to corroborate moduli obtained from this 

procedure. 

In the past, the SCI has often been correlated to layer stiffnesses for 

asphalt pavements (Ref 10). As shown in Fig 2.4, a typical deflection basin 

for rigid pavements is very flat with a large radius of curvature. Thus, for 

rigid pavements the SCI is a very small quantity and any small measurement 

inaccuracies in the Dynaflect may result in a considerable change in SCI. 

This may be the cause of the larger average coefficient of variation of the 

SCI (50 percent) than that of the basin slope (30 percent) in Table A3. For 

this reason, the slope of the basin (sensor 1 minus sensor 5) has been 

correlated to the upper layer stiffnesses rather than SCI. 

Problems Associated with Deflection-Modulus Predictions 

A number of factors exist which may result in inaccurate predictions of 

moduli from deflection measurements: 

(1) stress sensitivity of pavement materials, 

(2) variation of subgrade stiffness with depth, 

(3) seasonal effects, and 

(4) discontinuities in the pavement structure. 

All these factors lead to significant changes in the deflection 

measurements a~, consequently, to the moduli predicted from these 

deflections. If these problems are recognized, deflection measurements, or 
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calculated moduli, can be adjusted to account for them. In the following 

paragraphs, methods of accounting for these problems are discussed. 

Stress Sensitivity. The fact that pavement materials do not behave in a 

linear elastic fashion has long been established. In May 1962 at the St 

Louis conference on the AASHO Road Test (Ref 25), some data were presented 

which showed that deflections were not proportional to load. In the 

discussions which followed, Mr. F. N. Hveem stated that deflection-load 

relationships depended on the nature of the subgrade soil. Subsequent 

resilient modulus tests of subgrade soils have shown that the stress-strain 

relationship depends to a large degree on soil type (Refs 19 and 26). Most 

pavement materials are not linearly elastic and the moduli may vary with 

stress, as illustrated in Fig 2.1. Clayey soils may be stress softening 

(i.e., reduced modulus with increased stress), whereas granular materials may 

be stress hardening (increased modulus with increased stress). The Texas 

overlay design procedure takes only the stress sensitivity of the subgrade 

into account by using the slope (SSG) of the Resilient Modulus - principal 

stress difference line. This parameter was discussed in more detail under 

the Resilient Modulus test. 

Dynaflect deflections do not provide any indication of the stress 

sensitivity of the pavement material. Deflection devices which are capable 

of applying different loads to the pavement may provide some indication of 

the stress sensitivity of the material. At this stage of the implementation 

of the Texas Rigid Pavement Overlay Design ~rocedure (RPOD2), an indication 

of the stress sensitivity of the subgrade is obtained from Resilient Modulus 

tests. 
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Variation of Subgrade Stiffness with Depth. Deflection measurements 

provide an indication of the pavement's response to loading. Layered theory 

modelling of the pavement structure typically assumes that the subgrade has a 

semi-infinite depth. Very little of the pavement deflection is due to 

compression of the surface layers; it is due mostly to compression of the 

subgrade. For the same subgrade stiffness, loading an infinitely thick 

subgrade would result in much larger deflections than loading a shallow 

subgrade supported by a more rigid foundation. This factor is illustrated in 

Fig 2.10, where a number of deflection basins obtained using the BISAR and 

ELSYMS elastic layered theory programs are plotted. The structures used as 

inputs to the program are indicated in the figure. 

This indicates that, if samples of the subgrade from immediately below 

the subbase layer are tested for modulus, use of this modulus in layered 

theory computations with an infinite subgrade depth will overpredict the 

surface deflections. This is illustrated in Fig 2.11, obtained from Ref 1, 

where computed deflections using moduli from material tests .~s inputs are 

compared to field deflections. In reality infinitely thick subgrades and 

homogeneous subgrades with a well defined depth supported by a rigid 

foundation seldom exist in the field. 

Field conditions will most often be somewhere between these two 

extremes. A granular subgrade whose stiffness gradually increases with depth 

or a clayey subgrade which, due to desiccation, may be stiffer at the surface 

than lower down may be more likely to occur in practice. Furthermore, this 

condition may change along the length of the road. Cut and fill areas, for 

example, may have extremely different subgrades. Seismic testing or deep 

probing may provide some information to the designer in this regard. If no 
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information is available, "engineering" judgment should be used for an 

approximation of the change in subgrade stiffness with depth. 

Furthermore, from Fig 2.10 it is apparent that layered theory programs, 

such as ELSYM5, which are based on the CHEVRON 5 program predict unrealistic 

deflections in the vicinity of the load. For predictions of Dynaf1ect 

deflections using ELSYM5 or a similar layered theory program, these 

discontinuities are significant in the case of a subgrade supported by a 

rigid foundation because the first sensor is 10 inches away from the loading 

point and, thus, is above an irregular deflection as predicted by these 

programs. Therefore, if the deflection measurements are made near the 

loading point, BISAR should be used to compute "fitted" deflection basins. 

These factors need to be considered when predicting subgrade moduli from 

deflection measurements, and to this end, Fig 2.12 has been prepared. This 

figure was produced from regression analysis on the results of layered theory 

computations of the behavior of typical existing pavement structures. It 

shows the relationship between the subgrade modulus predicted from sensor 5 

Dynaf1ect deflections for a semi-infinite subgrade depth and the subgrade 

modulus predicted from the same deflection measurement if a rigid foundation 

exists at some depth. 

The figure was obtained as follows: 

(1) Numerous layered theory computations of the deflections under the 

Dynaf1ect load at the position of the Dynaf1ect 5th sensor were 

made. The computations used a pavement structure as indicated in 

the figure. 
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(2) A regression equation describing the subgrade modulus as a function 

of the sensor 5 deflection and the depth to the rigid foundation 

was obtained. This equation is as follows: 

ER = 10exp(-1.3832 - 0.0016584.D
3 

+0.6394 0 logD
3 

- 0.7582·logW5 

-0. 2034 0 logD3o logW5) 

subgrade modulus as predicted by 

(2.2) 

layered theory from 

deflections, when a soft subgrade is supported by a rigid 

foundation; 

w5 = sensor 5 Dynaflect deflection; 

D3 = thickness of the soft subgrade layer, inches. 

(3) Equation 2.2 was related to the equations presented in Fig 2.5 for 

the same pavement structure and an infinitely thick subgrade as 

follows: 

= 

10exp(-1.383 - 0.00166D
3 

+ 0.6394 o logD
3 

- 0.7582 0 logW5 

-0. 2034 0 logD3o logW5) 

10exp(0.2072 - 1.156 0 logW5 
(2.3) 

which reduces to 

= 
10exp(1.59034 - 0.00166D

3 
+ 0.6394 ologD

3 
+ 0.3978 o logWS 

- 0.20338 ologD
3

ologW5) 
(2.4) 
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Differences in W5 within the range typical of concrete pavements have 

little effect on this equation, and, therefore, if W5 = 0.004 inches, the 

equation reduces to 

0.0011 x 10exp(-0.00166D
3 

+ 1.33·logD
3

) (2.5) 

From Fig 2.12, it is apparent that this type of analysis may result in 

substantial reductions to the subgrade modulus depending on the thickness of 

the soft subgrade layer. The accuracy of Eq 2.5 is reflected by the results 

presented in Fig 2.13. This graph was developed by making a number of random 

calculations using layered theory within the ranges of layer thicknesses and 

moduli shown in Fig 2.12. Although some substantial errors may occur in the 

moduli predicted using these equations, they are not significant when 

compared to the uncertainty regarding the actual change of subgrade modulus 

with depth. Figure 2.12 can, thus, be used to provide an approximate 

estimate of the reduction to the subgrade modulus calculated from deflections 

only if a rigid foundation exists. Seismic testing and engineering judgement 

(provided by test borings for bridge foundations, etc.) should be used to 

estimate whether any reduction to the subgrade modulus calculated using 

deflections is required for a particular area. 

Seasonal Effects. Deflections measured along the road ehange due to 

seasonal changes of moisture and temperature. With CRC pavements, changes in 

the environment affect the deflection measurements in tW() ways. Cold 

temperatures cause the concrete surface layer to shrink, causing an increase 

of the transverse crack widths. Periods of increased rainfall result in 

slightly higher moisture contents in the subgrade and a corresponding lower 



"'C 
Q) ... 
Q) ,.. .-o fI) 
-Ie. 
"'C ... 
c fI) 

o c 
o fI) ._ 

,c -e. (,) 20,000 
o Q) 
... ;: 
(!)Q) 
0'0 
.: 10 
fI) ... 

::l 0 15,000 
"'C fI) 
Q) C 

- Q) 
~CJ) 
:J .... 
£0 
o u fI) 10,000 

c 
fI) 0 
::J:;: 
-(,) 
::J ._ 

"'C"'C o Q) 

:E Q: 5,000 
Q) ,.. 

"'C ... 
o 0 
... Q) 
O',c 
-gf
CJ) 

E I = 4 x 106 - 6 x I 06 ps i 

E2 = 3x 105 - axl 0 5 psi 

E3 = 4 x 103 - 20xl03psi 

b. ."'<1' E I . I> .: 

·.0 ",' E 2 • . 0 
() . 

Rigid Foundation 
E = 5,000,000 psi 

Line of Equality 

• • 

5,000 10,000 15,000 20,000 
Subgrade Modulus 

Used in Layered Theory Computations, psi 

37 

Fig 2.13. Comparison of subgrade modulus used in layered theory analysis 
and subgrade modulus estimated using graphs from layered 
theory deflections. 
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subgrade modulus. The effects of these factors on deflections are 

illustrated in Ref 27. 

First consider the effect of these environmental factors on the Sensor 1 

Dynaf1ect deflections or, in other words, on deflections near the center of 

the deflection basin. A wet winter will result in an increase in deflection 

compared to other seasons. This will be due to the wet, soft subgrade and 

due to the low effective modulus of the surface layer caused by shrinkage and 

the resulting relatively wide transverse cracks. A dry summer will result in 

a decrease in this deflection due to the dry stiff subgrade and the high 

effective surface modulus, caused by expansion and the resulting narrowing of 

the transverse cracks in the CRC pavement. Wet summers or dry winters may 

not appreciably change this deflection relative to other seasons, due to the 

counterbalancing effects of the environment on the different layer moduli. 

If, on the other hand, the sensor 5 Dynaf1ect deflection and the slope 

of the deflection basin are considered, environmental factor:; affecting the 

subgrade and surface may be distinguishable. Moisture effects on the 

subgrade should affect the sensor 5 deflection and temperature effects on the 

surface should affect the basin slopes. 

Therefore, if laboratory testing can be done to determine the moduli of 

the surface and subbase layers, deflection measurements should be made during 

the wettest season of the year to obtain the most critical subgrade modulus 

from these measurements. 

Discontinuities in the Pavement Structure. Cracks in the rigid 

pavement layer may have an effect on deflections if SOOle loss of load 

transfer is caused by the cracks. With CRC pavements, the cracks are tightly 

closed, resulting in very little loss of load transfer. As explained, a drop 
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in temperature can cause these cracks to open; thus some loss of load 

transfer may result. This will cause an increase in the sensor 1 deflection 

with a corresponding change in basin slope and the moduli predicted from this 

deflection parameter. The effect of these cracks on stresses in the concrete 

layer is discussed in more detail in Chapter 3 of this report. 

VARIATION IN PAVEMENT LAYER STIFFNESSES 

Stresses in the upper pavement layers resulting from heavy axle loads 

will be affected by variation of the pavement layer stiffnesses. The layer 

stiffnesses are in turn affected by variation in layer thickness and moduli. 

These material stiffnesses may vary in both the horizontal and vertical 

planes. Different pavement layers will have different amounts of variation 

associated with them. 

The Effect of Varying Layer Stiffnesses on the Stresses in the Pavement 

Before discussing the variations associated with each layer's stiffness, 

it is useful to know what effect a change in a specific layer stiffness will 

have on the tensile stresses in the design layers of the pavement. (The 

design layers of a pavement are defined as those layers which are calculated 

to last the design life of the pavement, based on fatigue.) This is shown in 

Fig 2.14 for a typical three-layered pavement structure. The figure was 

produced from layered theory analysis of the pavement structure while varying 

the layer moduli. From the figure, it is apparent that decreasing subbase 

and subgrade moduli results in an increase of the tensile stresses in the 

surface layer under load. Increasing surface modulus also increases this 
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critical stress. The effect of changing layer thickness on the critical 

tensile stress in the pavement is difficult to quantify. For example, very 

thin pavement layers may have no tensile stresses in them under load. It is 

sufficient to say that, within the range of thicknesses typical of CRC 

pavements, an increase in layer thickness will decrease the tensile stresses 

in the rigid pavement layer. 

Causes of Variation in Layer Stiffnesses. The causes of variation in 

each pavement layer's stiffness, for a typical CRC pavement, are discussed 

separately. 

CRC Layer. Due to the construction control exercised over this layer, 

it normally has only a small variation in thickness from the specified 

thickness. Similarly, the modulus of the layer may be fairly consistent. 

Some variation of modulus may be expected in the vertical direction, 

primarily as a result of placing and curing techniques. This is evident in 

Ref 20, for which a number of cores were tested for strength and modulus by 

means of the indirect tensile test. In this report, the coefficient of 

variation of concrete modulus was approximately 33 percent. Further 

variation of effective modulus in the horizontal direction may be caused by 

transverse cracks in the concrete. Additional variation may be caused by the 

use of different aggregate sources and by different mixing and placing 

techniques along the length of the road. 

Subbase Layer. Here again construction control may limit the variation 

in layer thickness and modulus. Some variation in modulus may be caused by 

use of material from different sources in different areas of the project or 

by use of different quantities of stabilizing agent. The effect of cracking 
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on the effective modulus of this layer may be similar to the effect on a 

concrete surface layer, although in this case the loss of load transfer at 

the cracks is not affected by resistance to movement of the reinforcing 

steel. A proportion of the variations in the slope of the deflection basins 

may be attributed to variations in the stiffness of this layer. 

Subgrade. The effective stiffness of this portion of the pavement may 

vary significantly. Variation in material stiffness in both the horizontal 

and vertical directions may cause significant changes to the effective 

stiffness "felt" by the upper pavement layers. Similarly, the subgrade may 

consist of a number of layers of varying thicknesses along the length of the 

road. For example, pavements in cut and fill areas may have very different 

subgrades. Similarly, low lying areas with higher water tables may be much 

softer than freely draining areas. Some of this type of variation has been 

discussed earlier in this report. 

Some of the variation in the subgrade stiffness will be evident from the 

Dynaflect sensor 5 deflections taken along the length of the road. 

Methods of Accounting for the Variations in Layer Stiffnesses 

One of the best methods for obtaining an idea of the amount of variation 

in the layer stiffnesses along the length of a road is with deflection 

measurements taken at fixed intervals along the road. The measurements are 

then plotted to provide a visual indication of the variation. This method 

has the advantages of economy and speed over material sampling and laboratory 

testing. If stage construction is used, the method can be applied equally 

well to the compacted subgrade of the pavement under construct:Lon. 
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The variation in layer stiffnesses can be divided into two groups: 

(1) random variation and 

(2) stratified variation. 

Random variation is present in all pavement materials and structures. 

It is normal and due to the heterogeneous nature of the pavement layers. 

This variation is often reflected in the deflection measurements by some 

scatter among the results for a section of roadway. Stratified or assignable 

variation occurs due to a significant change in factors, such as layer 

stiffnesses or thicknesses. For example, the subgrade stiffness in a cut or 

fill area may be significantly different from the adjacent area. If possible 

the stratified variation should be accounted for by separating design 

sections with assignable differences. This is not always practical; for 

example, if an area of a certain weak subgrade type is small it may be 

included within a larger adjacent section and its variation added to the 

random variation of the larger section. The random variation may, for 

example, be accounted for by designing for a deflection based on a certain 

statistical confidence limit (Refs 3 and 5). 

Selection of Design Sections 

A visual indication of the deflection and layer stiffness variation is 

provided when deflection measurements are plotted to scale as a function of 

distance. The PLOT program, documented in Ref 5, provides a plot of 

deflections by means of a computer line printer. This plot facilitates 

dividing the roadway into sections based on stratified variation of 

deflection data. Previously, deflection sections have been selected based 
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only on sensor 1 deflections. Now that layer stiffnesses may be predicted 

from deflection measurements, as described previously, sections may be 

selected based on the sensor 5 deflections and the slopes of the deflection 

basins. The sensor 5 deflection is used to select sections with different 

subgrade stiffnesses and the basin slopes are used to select sections with 

different effective surface stiffnesses. Sections are selected subjectively, 

based on a plotted profile of these deflection parameters, as indicated in 

Fig 2.15. 

When design sections are selected, each section representing a change in 

sensor 5 deflection should also represent a change in the sensor 1 minus 

sensor 5 deflection parameter, but not vice versa. This is because the 

subgrade modulus does have a significant effect on the basin slope, but the 

surface stiffness does not have a significant effect on the sensor 5 

deflection. 

Furthermore, implementation of the overlay design procedure (RPOD2) has 

shown that changes in deflection variance are as important as the changes in 

the mean deflection in the selection of design sections. Areas with similar 

mean sensor 5 deflections but with significantly different variation thereof 

should be separated into different design sections. This is illustrated in 

Fig 2.15 since sections 1 and 2 have similar mean sensor 5 deflections but 

different variances. 

Because sections are selected by considering two deflection parameters 

and their variances, this process may result in many small sections. In 

order to keep the number of short sections to a minimum, limits of sections 

selected from different deflection parameters should be made to coincide 

wherever possible. 
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After selection of different design sections, RPOD2 recommends the use 

of the student's t test to determine whether the section means are 

significantly different at specific confidence levels. However, one of the 

shortcomings of this test is that the test assumes that the sections (or 

data) being tested have similar variances. 

As indicated earlier, different sections may have different variances, 

and, if so, these differences are important factors in the selection of 

sections. This shortcoming could be overcome by using a statistical test 

designed for testing differences between sample variances. Before embarking 

on such a course, the consequences of incorrectly selecting or not selecting 

a section should be examined. 

Section Size 

As recommended above, contiguous design sections are selected based on 

the mean and variance of the Dynaflect sensor 5 deflections and the slope of 

the deflection basins. The shortest section selected should be long enough 

so that it is practical and important to construct a distinct set of pavement 

thicknesses and materials over the length of the section. Implementation of 

the RPOD2 design procedure has indicated that this length is approximately 

1,000 feet. 

The section should also be long enough to contain sufficient deflection 

measurements for the designer to make fairly accurate inferences about the 

section's overall behavior from this sample of deflections. If the 

deflection measurements are normally distributed, a statistical formula can 

be used to determine the sample size. If, for example, the sample mean 
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should only have a probability, a , of differing from the population mean by 

more than d percent then the formula is as follows (Ref 28): 

N (2.6) 

where 

N sample size, 

t the abscissa of the normal curve which cuts off an area at 

the tails, 

variance of the population, 

D d x y where y is the sample mean. 

Implementation of the RPOD2 design procedure has shown that a typical 

value for of the sensor 5 deflection is .10 mil. The sensor 5 deflection 

depends on the subgrade modulus and typically varies from 0.2 mil to 0.5 mil. 

A value of 0.3 mil can be used as representative of a fairly good subgrade. 

Therefore if a = 5 percent and d = 10 percent then 

N 
2 

(1.96 x 0.1) 
2 

(0.1 x 0.3) 
24 

This indicates that, if a section length of 1,000 feet is the shortest 

practical construction unit length, then, for these constraints on inference 

accuracy, deflection measurements are required at 50-foot intervals within 

that section. This inference accuracy becomes important when confidence 

limits of deflections for the different design sections are predicted. 
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Design Consequences of Section Selection 

A conservative pavement design is one which can withstand high critical 

tensile stresses in the design pavement layers. As indicated previously, the 

modulus of each layer has an effect on this tensile stress. These moduli may 

vary significantly and the combination of layer moduli which results in the 

highest tensile stress in the design layers under load will result in a 

conservative design. For example, in the structure indicatf~d in Fig 2.14, 

high tensile stresses will occur when a high surface modulus coincides with a 

low subgrade modulus. This situation is, however, not very 1:ikely to occur. 

Because the subgrade modulus generally has a large amount of variation 

associated with it, the RPOD2 design procedure recommends that the pavement 

be designed for a certain confidence limit, only with regard to this modulus. 

Due to the correlation between the subgrade modulus and the Dynaflect 

sensor 5 (WS) deflection, this may be interpreted as designing for a 

confidence limit with regard to the WS deflections. The WS df~flection which 

corresponds to this confidence limit may be called the design WS deflection. 

This deflection value will depend on the mean and standard deviation of 

the WS deflections within the section. Theoretically, this type of design 

suggests that those portions of the pavement located in areas where the WS 

deflection would exceed the design WS deflection will not last the design 

life. If the design WS deflection in two selected design sections is 

significantly different, then grouping these sections together will result in 

underdesigning the one section and overdesigning the oth,er. The only 

consequence of not grouping them together is that an additional design will 

have to be done. 
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With the present improvements and simplifications being made to existing 

design methods, this is not a serious consequence. Furthermore, because 

design sections are selected based on a number of deflection parameters, it 

would be difficult to test the sections for any significant differences or 

similarities with regard to all these deflection parameters. If, however, a 

design section is short and too few deflection measurements exist within the 

section to provide reasonable inferences about the actual design sensor 5 

deflection, then this deflection may be underestimated. This will result in 

an underdesigned section of pavement. 

Therefore, it should be apparent that simplifications of existing design 

methods and the complications associated with selecting design sections based 

on two or more deflection parameters make statistical testing to determine 

whether sections are significantly different or not superfluous. The de

signer should use these guidelines and engineering judgement to select as 

many sections as would be feasible to design. 

To assist in the selection of design sections and in the statistical 

analysis of the deflections within each section, a computer program called 

MODE has been prepared. A listing of the program appears in Appendix B. The 

program creates a plot of the frequency and cumulative distributions of the 

important deflection parameters in each section. As indicated in Figs 2.16 

and 2.17, these plots can be used to select the design WS deflection and the 

modal deflection values to be used for estimating layer properties. 

Trial use of this program for statistical analysis of deflection data 

obtained along CRC pavements in Texas has shown that deflection parameters 

are not generally normally distributed. Frequency diagrams of WI, WS, and 

WI minus WS deflections are all generally skewed towards the smaller 

deflections. This is because deflections which are much higher than the mode 
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deflection do occur, whereas deflections much smaller than the mode cannot 

exist because of the artificial boundary created by zero deflection. The 

mean deflection is, thus, often slightly higher than the modal deflection. 

The plot of deflection parameter distributions in a section should be 

examined and if they are significantly skewed, it is reco~nended that the 

mode of the deflection basin slope be used for estimating th,e surface and 

subbase moduli. However, when only a few deflections exist in a section, no 

single mode may exist, and thus, it is recommended that in this case the mean 

deflection parameters be used to estimate the material stiffnesses. 

Similarly, when the distribution approaches normality, the means may be used 

to predict the surface modulus for that section. 

It is apparent from Figs 2.6,2.7 and 2.8 that, although changes in the 

surface layer modulus do not have a significant effect on the Dynaflect W5 

deflection and the corresponding subgrade modulus, changes in the subgrade 

modulus do have a significant effect on the surface modulus selected from 

basin slope measurements. It may, thus, be reasoned that a large proportion 

of the variation associated with the basin slope measurements lnay result from 

changes in the subgrade modulus. Therefore, it is recommended that the 

subgrade modulus to be used in the calculation of upper layer moduli from the 

basin slopes be determined from the same W5 statistic used with the basin 

slope. Deflection distributions for IH-IO in Hunt county are shown in 

Appendix B. 
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SUMMARY 

The procedure for characterizing the material properties of a pavement 

may be summarized as follows: 

(1) For a new pavement, used material tests to obtain an indication of 

the mean and variance of the layer moduli. If stage construction 

is used, take deflection measurements at every 50 feet along the 

length of the prepared roadbed. Similar measurements should be 

taken in the event an existing pavement needs rehabilitation. The 

measurements should be taken approximately 3 feet in from the 

outside shoulder. 

(2) Run the PLOT4 program using the deflection data as input. This 

program will plot the profile of the W5 and WI minus W5 deflections 

along the length of the road, as illustrated in Fig 2.15. 

(3) Select contiguous sections from this plot using the means and 

variances of both the plotted deflection parameters as selection 

criteria, with a minimum length of approximately 1,000 feet. To 

prevent having a number of short sections during the selection 

process, the limits of sections selected based on W5 deflection and 

on the basin slope measurements should be made to coincide where 

possible. 

(4) Run the mode program on the deflection data. The program may have 

to be run once using the sections selected from sensor 5 

deflections as input and then again using the sections selected 

from the basin slope measurements as input. 
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(5) Use the output from this program as a guideline for selecting 

sections having similar modal sensor 5 deflectionl3 for obtaining 

core samples. 

(6) Obtain 4-inch cores from the bound pavement layers and 3-inch push 

barrel samples of the subgrade layer. In the event of a granular 

subgrade, in situ densities and moisture contents should be 

obtained and the specimens recompacted in the laboratory to 

simulate field conditions. 

(7) Conduct indirect tensile tests on the bound layers and resilient 

modulus tests on the unbound layers. The moduli obtained from 

these tests should be used as first estimates of the layer material 

properties. The slope of the principal stress difference line 

(SSG) should provide a reasonable estimate of the subgrade stress 

sensitivity. 

(8) Deflection basin fitting techniques are then used to obtain the 

surface and subbase layer moduli. The modal W5 deflection of a 

section is used in Fig 2.5 to obtain the modal subgrade modulus for 

the section. This modulus should be used in conjunction with the 

moduli estimates for the bound layers obtained from indirect 

tensile tests, as initial input to a layered theory program. The 

deflection basin slope of this structure under the Dynaflect load 

as predicted by layered theory is then compared to the measured 

modal basin slope of the section. The input moduli for the bound 

pavement layers may require adjustment and this process is repeated 

until the basin slope predicted by layered theory corresponds to 

the modal basin slope. Should a computer not be readily available, 

Figs 2.5 to 2.9 can be used to provide estimates of these moduli. 
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(9) This process will provide a set of effective layer moduli which 

occur most frequently in the section under the Dynaflect load. In 

order to obtain a reasonably conservative design, a subgrade 

modulus representative of the weaker spots within a section should 

be used. The cumulative distribution curve of the sensor 5 

Dynaflect deflection for the section plotted by the MODE program 

may be used for this purpose. Depending on the design reliability 

required, the W5 deflection corresponding to a required percentile 

can be selected from the distribution curve to represent the weaker 

subgrade. This "design deflection" is now used in Fig 2.5 to 

obtain the design subgrade modulus under the Dynaflect load. 

(10) Should the designer have some idea of the nature of the change of 

subgrade modulus with depth, the design subgrade modulus should be 

reduced as indicated in Fig 2.12. 

(11) The final step in the materials characterization process is to take 

the stress sensitivity of subgrade into account. The method 

proposed in RPOD2 uses the slope of the log resilient modulus log 

deviator stress line obtained from the Resilient Modulus test as an 

indicator of the stress sensitivity. The method is described in 

detail in Ref 5. 

(12) The materials characterization for the pavement structure used in 

layered theory analysis is now complete. 

This materials characterization is one of the most important steps of a 

pavement design procedure. The tensile stress in the bound pavement layers, 

and consequently the fatigue life of the pavement, will depend on the moduli 
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of the layers used as inputs in layered theory analysis. This aspect of the 

pavement design process will be referred to throughout this report. 



FLOW CHART OF THE PROCEDURE FOR CHARACTERIZING 
THE MATERIAL PROPERTIES OF A PAVEMENT 

PLOT 4 I------~ 
PROGRAM 

TVAL 
PGM 

MODE 
PGM 

COLLECT 
AND STORE 

DEFLECTION 
DATA 

DEFLECTION 
PROFILE 

SELECT 
DESIGN 

SECTIONS 

SELECT 
SECTIONS WITH 

SIMILAR W5 

NO 

YES 

57 

(continued) 



58 

OBTAIN 
CORES 

INITIAL ESTIMATE OF PROPERTIES 

INDIRECT 
TENSILE FOR 

BOUND LAYERS 

ELSYM5 
PGM OR 

FIGS 2.5 
TO 2.9 

MR ON UNBOUND 
LAYERS 

FIT BASIN 

SET OF 
LAYER 

MODULI 

NO 

YES 

SELECT 
DESIGN w5 

DEFLECTION 

SUBGRADE 
STRESS 

SENSITIVITY 

MODIFY ] 
PROPERTIES 

(continued) 



DEPENDING 
ON DESIGN 

RELIABILITY 
FIND ESG FROM 

FIG 2.5 

MODIFY ESG 

USING FIG 2.12 

ACCOUNT FOR 
STRESS SENSITIVITY 

FINAL 
MATERIAL 

CHARACTERIZATION 

-

59 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



CHAPTER 3. THE EFFECT OF PAVEMENT LAYER DISCONTINUITIES ON THE 
TENSILE STRESSES IN THE PAVEMENT 

Mechanistic pavement design procedures use the tensile stresses in the 

concrete layer in a fatigue equation to predict the pavement life. 

Discontinuities in the pavement structure may influence the stress 

distribution significantly and, if higher stresses exist near these 

discontinuities, they must be accounted for. 

As indicated in the previous chapter, layered theory analysis assumes 

that the pavement layers are elastic, homogeneous, and isotropic, which is 

seldom the case in practice. In order to consider layer discontinuities in a 

design procedure, more sophisticated analysis techniques should be used. 

Discrete and finite element analyses fall into this category. Computer 

analysis using these methods is time consuming and expensive, relative to 

layered theory analysis, and, for this reason, these analysis methods will 

probably be confined to research activities for several years to come by most 

people. 

The results obtained from analysis using these more complex techniques 

can be applied in standard design procedures which use layered theory. This 

can be accomplished by modifying either the inputs to or the outputs from 

layered theory analysis so that the stresses used in the fatigue equation 

reflect the results obtained from the more complex analysis. The inputs 

referred to are layer moduli values, and the outputs are tensile stresses. 

61 
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This chapter will consider only the effects of pavement discontinuities 

on the stresses in rigid pavement layers. Stresses in overlays caused by 

underlying pavement discontinuities are discussed in Chapter 4. 

ANALYSIS TECHNIQUES 

Two of the analysis methods commonly used to examine the stresses 

occurring in pavements at or near discontinuities are discrete and finite 

element analyses. The SLAB49 program, developed at the GTR, uses the 

discrete element type of analysis procedure. This analysis procedure uses 

plate theory, which models the concrete slab as a stiff plate and the 

subgrade as a bed of linear springs but allows variation in slab stiffness 

and subgrade support in all horizontal directions. 

The program and analysis procedure are documented in Ref 29. With 

regard to finite element analysis, many different computer programs have been 

developed in recent years and, of these, the SAP2 program, developed at the 

University of California, is currently available at the GTR. This is a 

generalized, three dimensional, finite element program capable of handling 

many different structures and using many different element typl~s. One of the 

elements types used in this program is a three dimensional "brick" element 

with eight nodes which is well suited to pavement structural analysis. 

Both these analysis techniques have been used in the past to analyze the 

stresses in pavements at discontinuities. The SLAB49 program has been used 

to predict the increased pavement stresses for edge loading conditions 

and between cracks, relative to the stresses occurring under an interior 

loading condition (Refs 30 and 31). Two and three dimensional finite 
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element analysis has also been used to analyze continuous and jointed 

concrete pavements and overlaid jointed concrete pavements (Ref 32,33,34.). 

Pavement behavior as indicated by these analysis techniques, relative to what 

actually occurs in the field, may be verified by comparing the theoretical 

and actual deflections of the pavement under load. 

Limitations of Discrete and Finite Element Techniques 

Discrete element analysis (SLAB49) can consider only a single pavement 

slab, i.e., one layer supported by a bed of linear springs. This limitation 

is not severe if the pavement structure beneath the slab consists only of 

granular layers. McCullough (Ref 1) has shown that this type of analysis and 

layered theory analysis predict similar tensile stresses in the slab if the 

supporting structure consists primarily of granular material. However, if 

the slab supporting structure includes some stabilized layers which can carry 

load in bending, the spring constant used in the analysis needs to be 

calculated carefully. The stress deflection relationships predicted by a 

number of analysis methods are presented in Fig 3.1. The high stresses 

predicted by SLAB49 occur because the spring constant, k, used in discrete 

element analysis techniques cannot accurately represent a bound subbase layer 

carrying some load in bending. The k value is generally obtained from the 

maximum deflection under a load, without consideration of the shape of the 

deflection basin. For example, a stiff subbase and soft subgrade may have 

the same maximum deflection under load as a softer subbase and stiffer 

subgrade, but the radius of curvature and tensile stresses in the surface 

layer may differ significantly in the two cases. 
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The SAP2 finite element model can consider a structure consisting of 

several layers and can, thus, consider an overlay on rigid pavement. Because 

analysis of the stresses occurring in an overlaid pavement forms part of this 

report, the SAP2 finite element model was used to analyze cracked pavement 

structures. 

Comparison of Computer Model Predictions 

Before making use of different analysis techniques, their relative 

stress-deformation predictions should be compared. To this end Fig 3.1, has 

been prepared to compare the relative stress-displacement predictions of the 

ELSYM5 and BISAR layered theory programs, the SLAB49 discrete element 

program, and the SAP2 finite element program. 

The layered theory and finite element programs use the elastic moduli of 

the various layers as input. In order to make the elastic moduli used in 

these programs and the subgrade spring constant, k, used in the SLAB49 

program compatible, the structure shown in Fig 3.2 was analyzed using BISAR. 

The factorial of deformations obtained and the corresponding k values are 

shown in the figure. 

As indicated in Fig 3.1, none of the programs predict the same 

load-displacement relationships. The two layered theory programs predict the 

same stresses, but, as indicated in Chapter 2, ELSYM5 does not provide an 

accurate indication of displacement under the load when a rigid foundation is 

included in the structure. Although the finite element and layered theory 

programs do not predict the same stresses or displacements, the relative 

effect of changes to the subgrade and subbase moduli on these stresses is 
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very similar. On the other hand, the relative effect of these changes on the 

stresses and displacements predicted by SLAB49 is significantly different. 

TYPES OF DISCONTINUITIES ANALYZED 

Condition surveys have shown that the most severe and common form of 

distress in CRC pavements is the punch out. The mechanism of punch out 

development in CRC pavements is, as of yet, not quite clear. It appears that 

when the transverse cracks, typical of CRC pavements, are close together, the 

portion of concrete between two parallel cracks acts as a beam in the 

transverse direction (Ref 31). The critical stress in the pavement then acts 

parallel to the cracks, resulting in a longitudinal crack which joins the two 

transverse cracks. The portion of concrete bounded by the two transverse 

cracks, the longitudinal crack, and the pavement edge or another longitudinal 

crack is called a punch out. This is illustrated in Fig 3.3. Following is a 

discussion of a number of uncertainties regarding this mechanism of punch out 

occurrence. 

(1) Is the longitudinal crack caused by transverse stresses near the 

bottom of the concrete under the action of an interior wheel load? 

This situation is illustrated in Fig 3.4. As the load transferred 

across cracks diminishes, the stress condition at these cracks may 

approach an edge stress condition with significantly 

stresses than are present for an interior load condition. 

higher 

(2) Is the longitudinal crack caused by transverse stresses near the 

surface of the concrete produced by an edge wheel load? This 

situation is illustrated in Fig 3.5. Although, the majority of 
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Fig 3.3. Minor and severe punch out in eRG pavement. 
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Crack caused by an interior load. 

Crack caused by an edge load. 
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wheel loads may pass over the slab at some distance from the 

shoulder, edge loads result in significantly higher stresses in the 

slab. These edge loads may also result in high transverse stresses 

in the surface of the slab due to the cantilever action of the 

concrete between cracks. 

(3) Is the mere occurrence of closely spaced transverse cracks 

sufficient to cause the occurrence of a punch out, or is 

significant deterioration of the cracks and loss of load transfer 

required for a punch out to occur? Static strength of material 

analyses indicate that cracks create significant redllc tions to the 

moment of inertia of a beam, with resulting increased stresses at 

the cracks. This may also be the case for pavements, which would 

result in increased stresses near cracks. 

Finite element models were used to examine these questions. The results 

of this analysis, which follow, indicate the stage of crack development at 

which transverse tensile stresses become the controlling stresses in the 

pavement and whether significant loss of subgrade support precedes the 

occurrence of a punch out. 

FINITE ELEMENT ANALYSIS 

The first step in the analysis procedure was to create finite element 

structures which are fairly accurate representations of the aetual pavement. 

The eight-node, three-dimensional, "brick" element, which i e' ., one of the 

elements available in the program, was used throughout the analysis. 
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Using this element, the program has the capability to compute stresses at the 

element centroid and at any of the six element faces. 

In order to ascertain whether the brick element provided accurate 

results when used across a fairly high stress gradient, the program was used 

to analyze a simply supported beam. The beam, illustrated in Fig 3.6, 

consisted of seven elements placed end to end in the horizontal direction and 

simply supported at each end. The beam was loaded equally at the four center 

nodes. The stresses and displacements obtained from the finite element 

analysis coincided almost perfectly with the stresses and displacements 

obtained from static analysis. 

From this analysis, it was concluded that each pavement layer could be 

represented by a single element in the vertical direction. The brick element 

will provide accurate results of the stresses in the upper and lower surfaces 

of the pavement layer in spite of the stress gradient across the depth of the 

element. 

Additional problems were run to determine the effects of the horizontal 

element generation on the critical tensile stresses in the pavement layers. 

An interior loading condition on a typical eRe pavement structure was 

examined in this regard, as shown in Fig 3.7. The results of this analysis 

are shown in Fig 3.8. This analysis showed that, within the range examined, 

the size of the element next to the loaded element, relative to the loaded 

element size, did not have a significant effect on the tensile stresses in 

the bottom of the loaded element. Computation time can, therefore, be saved 

by using larger elements adjacent to the loaded element. 

The computation time required for finite element analysis increases 

exponentially with the number of elements in the structure. The most 

effective way of reducing the number of elements and the computation time is 
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Loads 

Fig 3.6. Rectangular beam, consisting of seven "brickll elements, used· 
to verify the SAP2 finite element program for use in pavement 
design. 
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to use symmetry. The element mesh can be split at all axes of symmetry 

(relative to the load and the element mesh), and rotational and translational 

constraints can be applied at right angles to the axis to all the nodes along 

the axis. Thus, wherever possible in the analysis, the finite element mesh 

representing the pavement structure was split along the axes of symmetry as 

indicated in Figs 3.7 and 3.9. 

Further translational constraints were applied at right angles to all 

the vertical boundaries. The nodes at the bottom of the structure had 

rotational and translational constraints in all directions. 

ANALYSIS RESULTS 

Due to the difference between the stresses predicted using this finite 

element program relative to stresses obtained from layered theory analysis, 

the results are presented as stress ratios rather than absolute stress 

values. The assumption is, therefore, made that, although the stresses 

obtained from the analysis may not be correct, the relative effect of 

discontinuities in the pavement on these stresses relative to the uncracked 

pavement stresses is correct. In order to obtain the actual value of the 

stresses in the pavement, the stresses obtained from layered theory analysis 

can be modified in accordance with the results obtained from finite element 

analysis. 

Similarly, the deflections obtained from finite element analysis should 

be related to those obtained from layered theory and from field measurements. 

As the load transfer across the crack decreases, the deflection at the crack 

increases. One definition of load transfer is as follows: 
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LT Wu/W1 (3.1) 

where 

LT = load transfer, 

Wu deflection at the unloaded side of the joint, in. 

W1 deflection at the loaded side of the joint, in. and 

Wd = W1 - Wu differential deflection. (3.2) 

However, for the purposes of this study, it may be more practical to 

relate the total deflection at the crack or joint to the interior deflection 

for an uncracked portion of the pavement. In this manner, field deflections 

at cracks may be related to interior deflections, and the results of the 

analysis can be used to determine the stress condition in portions of the 

pavement with high at-crack deflections. Therefore, decreasing load transfer 

will be taken into account by analysis of the increased deflections at a 

crack resulting from a loss of load transfer. 

The sensor 1 deflection at the cracks may thus be compared to that 

between cracks. Furthermore, as indicated previously, because of the 

relationships between the different deflection parameters and the pavement 

layer moduli, the effects of changing subgrade modulus may be separated from 

the effects of reduced load transfer at cracks. For example, if the modal 

basin slope (representative of surface and subbase moduli) is WMS mils, then 

any deflection basin slope at a crack significantly exceeding WMS mils may be 

indicative of a loss of load transfer at the crack. This type of analysis is 

examined in more detail under the paragraph discussing the analysis results. 
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Each of the questions raised previously regarding the mechanism of punch 

out occurrence is addressed separately. 

Stresses at Cracks Under an Interior Loading Condition 

The structure used in this analysis is shown in Fig 3.9. The effects of 

changing crack spacing on the tensile stresses in the pavement were analyzed 

by varying the crack spacing from 1 foot to 10 feet. Changes in load 

transfer at the cracks were simulated by changing the modulus of the elements 

representing the crack, e.g., from 5,000,000 psi to 100 psi f01, the surface 

layer. The crack width used in the analysis was .03 inch as this was 

representative of a greater than average crack width as measured in CRC 

pavements (Ref 35). 

The results are indicated in Figs 3.10 and 3.11 for an uncracked and 

cracked stabilized subbase and in Fig 3.12 for a granular Bubbase. These 

results show that initially, for all crack spacings, as the load transfer at 

the cracks reduces, the tensile stresses in the bottom of the concrete layer 

also reduce. If the stabilized subbase is not cracked in the same position 

as the upper concrete layer, then some load is transferred to this layer and 

the stresses in the concrete layer remain lower than those oceurring in an 

uncracked concrete layer. 

However, if the subbase layer has a crack pattern similar to that of the 

overlying concrete, then the tensile stresses in the conerete layer may 

increase considerably. For this cond ition, the maximum tensile stress 

changes from one acting in the longitudinal direction to onE! acting in the 

transverse direction. Depending on the crack spacing, when the surface 

deflection at the crack exceeds approximately 1.5 times the interior 
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deflection of an uncracked pavement, the tensile stresses acting parallel to 

the crack may begin to exceed the tensile stresses in the uncracked pavement. 

These results also indicate that, as the crack spacing reduces to less than 2 

feet, the stresses near the cracks increase more rapidly wi~h loss of load 

transfer relative to the increase for larger crack spacings. 

Stresses Between Closely Spaced Transverse Cracks for an Edge Loading 

Condition 

This type of loading condition has been analyzed using finite element 

techniques, by La Coursiere, Darter and Smiley (Ref 33). This reference 

indicates that the portion of concrete between the transverse eracks acts as 

a cantilever with resulting tensile stresses in the surface of the concrete. 

The transverse surface tensile stresses in this reference exceed edge 

stresses calculated using influence charts when the crack Hpacing is less 

than one foot and when no load transfer exists across the cracks. This 

maximum tensile stress occurs approximately 3 feet from the pavement edge. 

Furthermore, erosion of the subgrade support was shown to cause further 

significant increases in these stresses. The stress-deflection relationship 

of such a loading condition was examined using the SAP2 finite element 

program. 

The finite element configuration used in the analysis is indicated in 

Fig 3.13. The axis of symmetry splits the concrete segmE~nt between two 

transverse cracks. Material properties similar to those used in the previous 

analysis are used again in this analysis. 

The results of this analysis are shown in Figs 3.14 and 3.15 for two 

different crack spacings and subgrade moduli. The results indlcate that, for 
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a 9-inch crack spacing, the deflection at the edge should exceed 

approximately 1.6 times the uncracked edge deflection for the interior 

transverse stress to exceed the uncracked edge stress. Crack spacing has a 

significant influence on the stress-deflection relationship for this loading 

configuration. This is to be expected when considering the cantilever-type 

structure of the portion of concrete between the two parallel transverse 

cracks. 

Influence of Loss of Subgrade Support on Stresses 

As indicated in the previous two paragraphs, the deflections at cracks 

must be significantly greater than the deflections at midspan before the 

transverse stresses, which cause punch outs, exceed longitudinal stresses. 

In the finite element model, the modulus of the elements representing the 

cracks had to be reduced to approximately 100 psi to obtain these 

deflections. In CRC pavements the cracks are normally fairly tight and 

at-crack and midspan deflections seldom differ significantly. This is shown 

in Fig. 3.16 and 3.17, where plots of at-crack and adjacent midspan Dynaf1ect 

sensor 1 deflections are presented for in-service pavements. 

It may, therefore, be hypothesized that some loss of subgrade support is 

required for significant differential movements at the cracks to occur. 

These movements will, in time, abrade the concrete at the cracks and reduce 

the load transfer. The reduced load transfer will result in higher 

deflections and finally a punch out. 

The analysis may, therefore, indicate that the mere occurrance of 

closely spaced cracks in a pavement is insufficient to cause punch out 

development. However, should some loss of subgrade support occur, punch outs 
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are more likely to form in areas with small crack spacings than in areas with 

large crack spacings. 

DISCUSSION OF RESULTS 

Any increase in tensile stress in the design pavement layer should be 

accounted for in design procedures. As indicated in this chapter, cracks in 

a pavement layer initially result in a decrease of the tensile stresses in 

that layer. The excess stresses are then redistributed among the lower 

layers. A similar stress redistribution between the subbase and subgrade may 

occur upon cracking of a stab1i1ized subbase layer. 

Therefore, in the early stages of a pavement's life, the critical 

stresses occur in the uncracked portions of the pavement. For both interior 

and edge loading conditions these stresses occur immediately under the wheel 

load in a longitudinal direction. 

However, once the concrete pavement layer and subbase layer have cracked 

and the load transfer has been reduced considerably, the critical stresses 

shift to the transverse direction. For an interior load these stresses occur 

immediately below the load, whereas, for an edge loading condition, the 

cantilever effect causes these stresses to be located at some distance from 

the load. 

For both the interior and edge loading conditions, the transverse 

stresses in the cracked pavement exceed the longitudinal stresses for the 

uncracked pavement condition when the deflections under the load exceed 

roughly 1.5 times the deflection for the uncracked condition. These findings 
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findings need to be examined in the light of condition survey and deflection 

data obtained from CRC pavements in Texas. 

Condition Survey Data 

Most punch outs which occur in practice are approximately one foot long. 

For example, in the 1974 condition survey of CRC pavements along IH-20 and 

IH-30 in District 19, 38 severe punch outs were counted, of which 28 were in 

the 1 to 4 foot long category. This may indicate that higher stresses occur 

in areas with close spaced cracks, which is corroborated by this analysis. 

Furthermore, in some localized areas, very small crack spacings (6 

inches) exist without the occurrence of punch outs. This is ,:onsistent with 

the hypothesis that the prime causative factor for punch outs involves loss 

of load transfer and/or subgrade support and not simply crack spacing. 

Deflection Data 

As indicated in Table A3, not many sensor 1 deflections exceed the modal 

sensor 1 deflections by more than 50 percent within a section. The 

coefficient of variation of the sensor 1 deflections for the majority of 

sections in the table is around 30 percent. A significant amount of this 

variation may be caused by variation in the subgrade. 

These results may also be compared to a deflection study of punch outs, 

patches, and pumping which was conducted in District 9. For the section 

studied, the modal Dynaflect sensor 5 deflection was 0.25 mil Clnd the modal 

basin slope (sensor 1 - sensor 5) was 0.18 mil. The average hasin slope for 

all the deflections taken at minor punch outs was 0.45 mil. Therefore, in 
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order to eliminate the effects of differing subgrade support on the sensor 1 

deflection, this punch out deflection should be written as 

0.25 + 0.45 0.70 mil, 

and the modal sensor 1 deflection for the sections is equal to 

0.25 + 0.18 0.43 mil. 

The increased deflection at the punch out, due only to the effect of the 

cracks surrounding the punch out, is, therefore, 

0.7/0.43 1.63 times the modal sensor 1 deflections for the section. 

Admittedly, the longitudinal crack forming a part of the punch out may have a 

significant effect on the deflection, but this serves to illustrate a method 

for calculating a deflection value above which punch outs may readily occur, 

that is, 

if * M5 + S > 1.5 (M5 + MS) 

* * or S > 0.5 M5 + 1.5 MS 

where 
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MS = modal basin slope (Wl-W5) for the section, 

S critical basin slope, and 

M5 modal sensor 5 deflection for the section. 

This is illustrated further in the frequency diagram presented in Fig 

2.17. This diagram, produced by the MODE program, shows the at-joint, 

sensor 1 - sensor 5 deflections for a section of IH-30 near Greenville, 

Texas. The pavement is a 10-inch concrete pavement with joints every 15 

feet. From the diagram, it is apparent that 20 percent of the joints have a 

deflection basin slope greater than the critical slope as calculated above. 

Therefore, longitudinal cracks or corner breaks can be expected as one of the 

first signs of distress at these points. 

SUMMARY 

The finite element analysis of concrete pavements indicates that the 

stresses as calculated by layered theory need only be modified to account for 

the stresses resulting from an edge loading condition. Cracks in CRC 

pavements result in an initial reduction of stresses in the concrete layer 

and a redistribution of these stresses among the lower layers. 

stresses in the pavement layers will occur under an edge load. 

The highest 

Softening of the lower layers near the edge due to moisture ingress may 

result in some differential vertical movement of the concrete layer at the 

cracks. This will result in abrasion of the vertical concrete at the crack 

faces, with a corresponding reduction in load transfer at the cracks. Once 

the load transfer has been reduced to such an extent that the deflections at 
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the cracks exceed the uncracked pavement deflections by more than 50 percent, 

punch outs may occur in areas with crack spacings of approximately one foot. 

From a construction point of view, this analysis may lend support to the 

use of pee shoulders with pee pavements. These shoulders will not only 

reduce high edge stresses but may also reduce the probability of moisture 

ingress at the shoulders. Asphalt concrete shoulders often rut adjacent to 

the pee pavement to form a hollow in which water can pond, and it is also 

difficult to keep the longitudinal joint between the asphalt shoulder and the 

pavement sealed. 
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CHAPTER 4. STRESSES WHICH CAUSE REFLECTION CRACKING IN OVERLAYS 
ON CONCRETE PAVEMENTS 

The stress condition in an overlaid concrete pavement is complex and the 

critical stresses with regard to failure of the overlaid pavement need to be 

determined. These critical stresses may either be tensile stresses in the 

existing pavement, tensile stresses in the overlay, or stresses causing 

reflection of cracks in the old pavement. Reflection of underlying cracks in 

the overlay may be caused by either horizontal movements or differential 

vertical movements of the underlying pavement. In the latter case, the 

stresses are a complex combination of compressive, tensile, and shear 

stresses. In this chapter, reflection cracking, specifically in asphalt 

overlays, due to vertical differential movements will be examined using 

finite element techniques. 

Continuously reinforced concrete pavement has numerous closely spaced 

cracks. The dimensions of these narrow cracks, unlike the joints in jointed 

concrete pavements, do not change significantly due to changing temperatures. 

Furthermore, reflection cracking caused by horizontal temperature movements 

in overlays of jointed concrete pavements may be controlled effectively by 

bond breakers and cushion courses (Ref 3). For these reasons, only 

reflection cracking due to differential vertical movements will be examined 

in this chapter. Fatigue cracking of concrete overlays, which may not be 

related to reflection cracking, will be examined in a later chapter. 

95 
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CONDITION SURVEY RESULTS 

Condition surveys of overlaid concrete pavements have shown that 

reflection cracking is a serious problem (Refs 36,and 37). Reflection 

cracking due to differential vertical movements may not be controlled 

effectively by bond breakers or cushion courses. In CRC pavem,;!nts, the first 

types of underlying distress to reflect through the overlay are punch outs 

and patches in the original pavement. 

This is reflected in Table 4.1 where results obtained in Ref 37 are 

presented. In this reference, a study of the distress in an overlaid section 

of IH-45 was conducted. Because the original pavement was constructed as an 

experimental pavement, detailed condition surveys of distress were conducted 

throughout its life (Ref 38). Thus the pavement was an ideal study project. 

In this study, distress manifestat ions in the original pavemen:: were sketched 

on a large scale-plan. Subsequent to overlaying, further distress in the 

overlay was sketched on the same plan. 

During the more recent condition surveys, the locations of the various 

distress manifestat ions were determined by equipping the survey vehicle with 

an electronic distance measuring instrument. This instrument \.Tas calibrated 

to measure distances, repeatably, to within 5 feet per mile. Prior to the 

overlaying, the distance measuring instrument was not available, and thus the 

position of the underlying distress could not be determined aB accurately as 

indicated above. However, when the reSUlting plan was studied it became 

apparent that some cracks in the overlay could be related to underlying 

distress because of the shape and size of these distress manifestations. The 

locat ions of the pre-overlay distress could, thus, be adjust4~d on the plan. 



TABLE 4.1. PERCENTAGE OF UNDERLYING DEFECTS IN CRCP WHICH HAVE 
REFLECTED THROUGH THE EXISTING ASPHALT OVERLAY - IH-45, 
WALKER COUNTY, TEXAS. 

Overlay Percent 
Thickness Reflected 

Lane (inches) Defects 

SB 2.5 95 

SB 4.0 71 

SB 6.0 54 * 

NB 2.5 64 

NB 5.0 21 

NB 6.0 2 

* This section had several unrepaired punchouts in the 

CRC pavement. 

Traffic since overlay - 5 x 106 IS-kip ESAL'S 
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In this manner the distress in the overlay could be related to distress in 

the underlying pavement with reasonable accuracy. 

The results of this study indicate that reflection cracking due to 

differential vertical movement in the underlying pavement is a problem in 

overlaid eRe pavements. The high degree of reflection cracking in the case 

of a 6 inch overlay was probably due to the severe nature of the underlying 

distress. In this area, the severe punch-outs were not pat,:hed prior to 

overlaying and virtually all of them reflected through the overlay. 

In an attempt to provide mechanistic design information regarding the 

occurrence of reflection cracks, this type of distress was examined using the 

SAP2 finite element program. 

FINITE ELEMENT MODEL 

A section of the pavement including a portion of the subgrade was 

modelled with finite elements as shown in Fig 4.1. The finite element 

configuration used to represent the overlaid cracked pavement is shown in 

Fig 4.2. This configuration is the result of numerous trial computations, 

which were made to determine the most realistic configuration requiring the 

least amount of computer time. 

Because condition surveys showed that the first signs of reflection 

cracks occurred along the edge of the pavement, an edge loading cond it ion was 

examined. In the analysis the crack width in the original pavement was 

changed from 0.04 inch to 0.24 inch, which was conBidered to be 

representative of a crack surrounding a minor punch out to a severe punch 
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out. The modulus of the elements representing the crack was varied from 1 

psi to 10,000 psi. 

In order to relate the stresses obtained in the overlay to 

before-overlay deflection measurements, the deflections of the non-overlaid 

pavements were calculated for the same levels of load transfer as were later 

used in the overlay study. This was done using the finite element 

configuration shown in Fig 4.2. The modulus of the 

crack in the concrete pavement was varied and 

elements forming the 

the ratio of the edge 

deflection with a "soft" crack relative to the edge deflection of the 

uncracked pavement was noted. These results appear in Table 4.2 for changing 

crack width and modulus, and subgrade modulus. 

RESULTS Fa FINITE ELEMENT ANALYSIS 

The analysis showed that the most critical stresses in the overlay are 

the shear stresses immediately above the cracks in the underlying pavement, 

and the tensile stresses in the surface of the overlay. These stresses are 

plotted for a specific load transfer against overlay thickness in Fig 4.3. 

The tensile stresses in the surface of the overlay are plotted against the 

degree of relative deflection at the non-overlaid crack in Fig 4.4. 

These results show that, high tensile stresses may exist in the overlay 

surface. Furthermore, very little loss of load transfer at cracks is 

required for these high stresses to occur. Results from indirect tensile 

tests of inservice asphalt-treated materials (Ref 46) show that the static 

tensile strength of asphalt concrete may be about 100 psi. Figure 4.3 shows 

that the tensile stresses resulting from finite element analysis may exceed 
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TABLE 4. 2a. RESULTS FROM FINITE ELEMENT ANALYSIS OF DEFI,ECTIONS 
AT CRACKS BEFORE OVERLAYING 

Crack 
Width 

(inch ) 

0.04 

0.04 

0.24 

E4 
3 (10 psi) 

17 

5 

5 

E5 (crack) 

(psi) 

5,000,000 

10,000 

100 

5,000,000 

100,000 

10,000 

100 

10 

10,000 

100 

2.9 2.5 

3.5 2.6 

5.3 2.4 

5.6 5.0 

5.7 5.1 

6.4 5.4 

9.7 5.7 

9.9 5.7 

7.8 5.8 

10.1 5.6 

Finite element configuration indicated in Fig 4.2 without: overlay layer 

Load = 4000 lb 

Dl = 0.0 

E2 = 5,000,000 psi 

E3 300,000 psi 

E
4

, E5 = As shown 

WI deflection under the load next to the crack 

W
2 

= deflection at the opposite side of the crack 



Crack 
Width 

(inch ) 

0.04 

0.04 

0.24 

TABLE 4.2b. RESULTS FROM FINITE ELEMENT ANALYSIS 
OF OVERLAYED PAVEMENTS 

E4 E5 (crack) D1 (J 

(103 psi) (psi) (inches) (psi) 

17 10,000 1 283 

100 1 330 

100 4 93 

100 7 42 

5 5,000,000 1 45 

100,000 1 135 

10,000 1 360 

100 1 392 

10 1 389 

10,000 4 116 

100 3 150 

1,000 7 55 

100 7 42 

5 100 1 220 

100 4 68 

100 7 40 

Finite element configuration indicated in Fig 4.2. 

Load 4,000 1b 

D1 - As shown 

E1 300,000 psi 

E2 5.,000,000 psi 

E3 - 300,000 psi 

E
4

, E5 - As shown 

103 

T 

(psi) 

220 

225 

90 

40 

2 

100 

255 

270 

265 

105 

135 

50 

35 

150 

65 

30 

(J = tensile stress in the surface of the overa1y above underlying cracks 

T shear stress in the bottom of the overlay above underlying cracks 
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Fig 4.3. The effect of crack width and overlay thickness on l:he shear and 
tensile stresses in an asphalt overlay on a cracked rigid pavement. 
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,4 . . 
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400 
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300 

200 

4" Overlay E4 = 5,000 psi 

100 

7" Overlay E4 = 5,000 psi 

1.0 1.2 1.4 1.6 1.8 2.0 
WC/WB 

Wc =Edge Deflection at the Crack Before Overlayi ng 
WB =Edge Deflection Before Cracking Before Overlaying 

Fig 4.4. The effect of load transfer on the tensile stresses in the 
upper surface of an asphalt overlay on rigid pavement. 
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the static tensile strength of asphalt for overlays less than ,~ inches thick. 

Furthermore, the results indicate that within the range of crack widths and 

degrees of load transfer analyzed, these tensile and shear strl~sses decrease 

with increasing crack widths. 

Condition surveys show that reflection cracking is a severe problem in 

overlaid jOinted concrete pavements. The results of the finite element 

analysis , however, seem to indicate that the tensile and:;hear stresses 

decrease with increasing crack width. This apparent contradietion may occur 

because no loss of subgrade support was considered in the analysis. Erosion 

of subbase and subgrade material in the vicinity of pav~nent joints may 

result in extremely high differential deflection at the joint, resulting in 

reflection cracks in the overlay. The condition survey results shown in 

Table 4.1 do not indicate an extremely high degree of reflection cracking in 

areas with a 2.5-inch-thick overlay. On-site investigation of the existing 

reflection cracks showed that most were small and, at 

insignificant. It can therefore be concluded that 

(1) The analysis results may not be very realistic. 

this stage, 

A significant 

modelling error may be that the finite element model cannot 

represent any movement at the overlay and pec interface. 

Laboratory model testing along the lines of that performed in 

Ref 34 may be required to obtain more information in this regard. 

(2) The underlying CRC pavement provides a firm base, wh:lch assists in 

the self healing process of the asphalt concretl~. During hot, 

summer days, the asphalt softens and is subjected 1:0 compressive 

stresses between the wheel load and the concrete, resulting in the 

apparent healing of the cracks. 
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(3) A period of time is required for the cracks to propagate through 

the overlay. The cracks, therefore, are inconsequential for an 

extensive time period. 

SUMMARY 

The analysis indicated that the major stresses causing reflection 

cracking in asphalt overlays of CRC pavements were the tensile stresses in 

the surface and the shear stresses in the bottom of the overlay. Due to the 

complex nature of the stresses occurring in the overlay immediately above 

cracks in the underlying pavement, it is recommended that this type of 

distress occurrence be modelled by laboratory testing. In this manner, the 

parameters affecting reflection cracking may be studied in detail. 

Condition surveys along IH-45 in Walker county have shown that, provided 

reasonable repairs are made prior to overlaying, fairly thin overlays on CRC 

pavements do not deteriorate rapidly. The CRC pavement along this highway 

was poorly vibrated during construction and the bottom of this layer was 

poorly compacted (Ref 1). At the time of overlaying a more severe distress 

condition existed along this pavement than is typical of CRC pavements being 

overlaid presently. It may, therefore, be reasonable to assume that asphalt 

overlays on CRC pavements which are not as severely distressed as this 

section may outperform this overlay. 
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CHAPTER 5. FATIGUE LIFE OF RIGID PAVEMENTS 

Pavements gradually wear out with time due to the repeated stresses 

induced in the pavement by traffic and environment. This pavement wear-out 

and the corresponding prediction of a pavement life are major aspects of any 

design procedure. 

THE CONCEPT OF FAILURE 

Before pavement life can be determined, or predicted, the pavement 

condition which constitutes "failure" needs to be determined. This was 

recognized at the AASHO Road Test and led to the introduction of the Present 

Serviceability Index (PSI). This concept is based on the pavement's ability 

to serve the user. As the pavement roughness increases, the level of service 

decreases until the roughness reaches a predetermined level, at which the 

pavement is said to have failed. This type of pavement failure can be termed 

"functional failure." 

This concept may, however, be extended so that the pavement function may 

be defined as the ability of the pavement to serve the user as economically 

as possible. Economics can be applied to pavements only if reasonable 

estimates of total pavement costs can be made. These costs include 

construction, maintenance, rehabilitation, and user costs. Estimates of the 
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first three components depend to a large extent on the pavement's structural 

life, whereas user costs depend largely on the pavement's performance, or 

serviceability-time history. Reasonable estimates of pavement structural 

life and performance are, thus, required before a comparative economic 

analysis can be made. 

In addition, condition survey and serviceability studies conducted along 

CRC pavements in Texas have shown that maintenance can. keep pavement 

serviceability reasonably high, even if a severe distress cc,ndition exists 

along the pavement. For example, although the 1978 CRCP condition survey 

showed a significant increase in distress, no corresponding decrease in 

serviceability was measured. 

Both pavement performance and functional life depend on the occurrence 

of distress in the pavement structure. The exact relationship between 

structural distress and functional performance is difficult to determine and 

may vary significantly, depending on the amount of maintenance applied. 

Furthermore, mechanistic pavement design procedures generally predict the 

pavement life only to a point of distress which may be termed "structural 

failure. " 

The exact level of distress which constitutes structural failure may 

vary greatly, depending on pavement type, environment, and the required level 

of service. In addition, distress may occur more rapidly in some areas than 

in others. Pavements in areas with wet climates and clayey subgrades may 

deteriorate faster than those in drier regions, even if the tensile stresses 

predicted using layered theory are similar. Distress predicti,)n models based 

on condition survey data (Ref 35) illustrate the different factors which may 

have an effect on distress occurrence. However, a fatigue equation is 
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is usually used to predict structural failure in pavement design procedures 

(Refs 1, 3, 5, 21, 23, and 24). 

For concrete pavements, the fatigue equation is generally of the form 

N A(f/a)B (5.1) 

where 

N number of applications to a terminal distress condition, 

f flexural strength of the concrete, 

a tensile stress in the concrete under load. 

A and B are constants and vary with the different fatigue equations, as shown 

in Fig 5.1. 

The fatigue equation generally represents some terminal condition, 

depending on the data used in the development. For example, if the equation 

was derived from laboratory testing, it would most probably represent the 

number of applications required in order to initiate fatigue macro-cracking. 

However, not only do fatigue curves derived from laboratory testing and those 

derived from field data differ considerably, but it may also be impractical 

to use this form of terminal situation in a design procedure. 

Differences Between Laboratory and Field Fatigue Equations 

A number of curves which illustrate the difference between equations 

developed from laboratory and field data are shown in Fig 5.1. At the higher 
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stress levels, the "laboratory curves" predict fewer applications to failure 

than the "field curves," and at lower stress levels the opposite is the case. 

This may be due to a number of reasons: 

(1) Crack Propagation. At the higher stress levels, the cracks in 

in-service pavements may take a while to propagate to the surface 

of the pavement. In contrast, as soon as a macro-crack develops in 

a laboratory test, the specimen fails and the fatigue life has been 

reached. 

(2) Variation in Material Properties. Variations in subgrade and 

pavement layer stiffnesses may cause significantly higher stresses 

in the pavement layer than predicted by layered theory from load 

only. This may result in earlier cracking at lower stress levels. 

(3) Environmental Effects. Moisture and temperature effects may result 

in significantly higher stresses in the pavement than predicted by 

layered theory. Moisture may enter the subgrade support and cause 

significant softening, which in turn will cause a considerable 

increase in stresses (Ref 3) in the pavement. A further moisture 

effect may be the creation of voids due to pumping. Voids beneath 

the rigid pavement layer may create significantly higher stresses 

in this layer than those predicted by layered theory (Ref 3). The 

magnitude of the stress may vary depending on the size and shape of 

the void. 

Temperature may effect the tensile stresses in pavement in two 

ways. Thermal contraction may cause tensile stresses in the 

pavement which should be added to the tensile stresses caused by 

traffic loading. In addition, vertical temperature differentials 
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across the depth of the slab may cause warping stresses in the top 

or bottom of the concrete layer. For example, corner deflection 

measurements taken at the AASHO Road Test in the early morning were 

significantly higher than those taken later in the day. This was 

found to be due to warping of the slab and, depending on the 

direction of the warp, would result in tensile stresses in one of 

the slab surfaces. 

(4) Dynamic Loading. Vehicles moving at high speeds may create 

significant dynamic loads in the pavement at discontinuities. In 

this regard, it is interesting to note that the relative damage of 

tandem to single axles as measured by the equivalencies developed 

from the AASHO Road Test is greater on rigid pavements than on 

flexible pavements. This may be partially due to dynamic loading 

at the slab joints and cracks. 

(5) Redistribution of Stresses. As indicated in Chapter 3, cracking in 

a concrete pavement layer results in reduced stressed in this layer 

and some redistribution of the stresses amongst the lower layers. 

Increased stresses in the lower layers may result in significant 

deformation of these layers with a resultant increase of the 

stresses in the concrete layer. 

These factors may be responsible for some of the differences between the 

laboratory and field fatigue equations and may serve to illustrate the 

complexity of developing a predictive equation for pavement life. 
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The Terminal Condition Represented by a Fatigue Equation 

Fatigue equations developed from field data are semi-empirical in nature 

and therefore, if possible, the fatigue equation should be made to predict a 

terminal condition at which further traffic would result in a rapid increase 

in distress. This would serve two purposes: 

(1) The distress occurring prior to this condition may result from 

construction deficiencies and the extremes in the variation of 

pavement material properties. For example, it may represent 

cracking of all the areas with a subgrade stiffness less than the 

90th percentile subgrade modulus. This concept is illustrated in 

Fig 5.2, which shows the frequency and cumulative distribution of 

the fatigue life of a section of pavement. 

In the preparation of this figure, it was assumed that the only 

factor which had a significant effect on the variation of the 

fatigue life was the variation in the subgrade modulus as 

determined from the Dynaflect sensor 5 deflection. The figure was 

prepared from statistical data output by the program MODE, which 

has the capability to transform Dynaflect sensor 5 deflections into 

subgrade moduli by using the regression equations in Fig 2.5. If 

the pavement surface and subbase moduli and stress sensitivity are 

input into the program, the regression equations presented in 

Appendix G are used to predict the deviator stress at the 

subgrade-subbase interface under the Dynaflect and an l8-kip axle 

load. These deviator stresses are used, as shown in the Appendix, 

to calculate the subgrade modulus corresponding to a range of 
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sensor 5 deflections under an l8-kip axle load. Another regression 

equation, obtained from Ref 48, is then used to predict the stress 

in the bottom of the pavement under an l8-kip axle load for the 

same range of sensor 5 deflections. If a stress modification 

factor for edge loading is input into the program, these stresses 

will be modified to reflect this loading condition. These stresses 

are then used in the fatigue equation to predict the pavement life 

for a range of sensor 5 deflections. This program thus provides a 

means of comparing the effects of different levels of sensor 5 

deflections on the pavement fatigue life. 

The cumulative distribution of the fatigue life is thus assumed to 

correspond to that of the subgrade modulus for the section. 

Furthermore, it may be reasonable to assume that the vertical axis 

of the cumulative distribution diagram corresponds to the length of 

the pavement section. Thus, at the 90th percentile of the fatigue 

life, or approximately 7.0 million 18-kip ESAL applications, as 

indicated in Fig 5.2, one percent of the pavement may show 

distr~ss. A further 1.5 million applications are required for 10 

percent of the pavement to show distress. Once the 90th percentile 

of fatigue life (and subgrade modulus) has been reached, it 

requires a only further 0.3 million applications for an additional 

10 percent of stressed area. From a large number of such diagrams, 

it was found that, at the 90th percentile of the subgrade modulus 

(and the fatigue life), the distribution diagram becomes a 

reasonably straight line and each further traffic application may 

result in a proportional amount of distress. 
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Thus, by letting the fatigue equation represent a condition at 

which further traffic would result in rapidly increasing distress, 

extreme material property variation and construction deficiencies 

are implicitly allowed for. Minor maintenance over the life of the 

pavement may be all that is required to maintain a reasonable 

riding quality up to this point in the pavement's life. 

(2) Further traffic would result in a rapid increase of distress, and 

thus the terminal condition defined by the fatigue equation may 

coincide fairly closely with the stage at which rehabilitation 

becomes more economical than maintenance. 

"economic failure" of the pavement. 

This may be termed 

This concept is illustrated further in Appendix E. In this 

appendix, costs are assigned to various pavement maintenance and 

rehabilitation procedures. The CRC pavement condition survey data 

are then examined in order to determined at which point 

rehabilitation becomes more economical than continued maintenance. 

From Appendix E, it is apparent that the critical rate of defect 

occurrence, after which an overlay may be more economical than 

continued maintenance, is approximately three defec t:3 per mile per 

year. Different traffic densities may cause differences in the 

critical, and subsequent, rates of defect occurrence. However, in 

this event both the rehabilitation and the maintenance costs may 

increase, resulting in approximately the same ratio of maintenance 

to rehabilitation cost. 
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It is therefore recommended that the terminal condition, or 

"structural failure" of CRC pavements, as represented by a fatigue 

equation, be defined as that condition where the number of defects 

per mile equals the pavement age in years. This terminal condition 

is founded on comparative cost analysis and the variation in 

material properties. The stress used in the fatigue equation 

should correspond to the 90th percentile subgrade modulus, because, 

as indicated previously, at this point further traffic applications 

may result in a rapid increase in distress. 

DEVELOPEMENT OF A FATIGUE EQUATION 

In the previous paragraphs, the differences between fatigue curves 

developed from laboratory data and those developed from field data were 

examined. From this, the need for developing fatigue equations from field 

data is apparent. 

The most significant problems associated with this type of approach are 

the lack of accurate traffic data and the narrow range of stresses within 

which working pavements operate. Condition surveys have shown that, although 

most CRC pavements in Texas are 8 inches thick, the occurrence of distress 

varies significantly. Furthermore, condition surveys have shown the defects 

in pavements to be directionalized, which may be due to a corresponding 

traffic distribution. 

However, the AASHO Road Test has provided useful data for fatigue 

analysis and the resulting fatigue equation may be corroborated or modified 

using local data. The fatigue equation used in the RPOD2 design procedure 
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was developed from the AASHO Road Test data and thus will be reevaluated 

using some of the principles described in this report. 

REEVALUATION OF THE AASHO ROAD TEST DATA IN THE DEVELOPMENT OF A FATIGUE 

EQUATION 

The RPOD2 design procedure uses a fatigue equation developed from the 

AASHO Road Test data to make predictions of the pavement life (Refs 3 and 5). 

During the development of this equation, several simplifying a:5sumptions were 

made which should be reexamined in the light of recent developnents: 

(1) Constant values of pavement layer moduli were used throughout. 

(2) The terminal condition of the pavement was considered to be the 

initiation of Class 3 and 4 cracking (Class 3 cracking is defined 

as significantly spalled cracks which are approximately 1/4 inch 

wide and Class 4 is any crack which has been sealed). 

(3) The AASHO equivalency factors, which related the n\~ber of axle 

loads of different types and weights to the number of l8-kip single 

axles required to reach a terminal serviceability condition, were 

assumed to be valid. 

The AASHO Road Test data were reexamined using a basic mechanistic 

procedure with fewer simplifying assumptions. Some of the developments 

listed earlier in this report were also used in the analysis. 

was done in steps as follows: 

The analysis 

(1) Materials Characterization. The rigid pavements tested at the 

AASHO Road Test were jointed concrete pavement supported by a clay subgrade 
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with or without a granular subbase. Two slab types, l5-foot unreinforced and 

40-foot reinforced, were used in the experiment. 

thicknesses were varied among the test sections. 

The slab and subbase 

The moduli of the concrete and subbase layers as obtained in Ref 3 were 

assumed to be correct and were kept constant throughout the analysis. The 

modulus of the subgrade was determined using the deflection measurements 

taken during the Road Test. The assumption was, therefore, made that all the 

variation in the deflection measurements was due to changes in the subgrade 

modulus. The deflections taken during the winter and summer months varied 

significantly at the Road Test and this variation corresponded to the 

seasonal variation in the occurrence of cracked sections as shown in 

Fig 5.3(b). It was thus decided to model the subgrade separately for the 

winter and summer months. An average edge deflection taken during each 

season was used to represent the subgrade modulus for these periods. The 

periods during which the different subgrade modulus values were used are 

indicated in Fig 5.3 (a). 

The subgrade modulus for use ~l the analysis was determinel by fitting 

layered theory 'efl'ction \compu~~pinns to phEdeFlebtins mEasured at the 

Road Test. Thus, the edge deflections measured at the Road Test had to be 

converted to interior deflections. This was done using the curves shown in 

Fig 5.4, obtained using the SAP2 finite element model. The finite element 

representation of an edge load condition is shown in Fig 5.5. 

The subgrade modulus was then calculated from the interior deflections 

using layered theory. This was done as indicated in Appendix C for each 

section at the Road Test. The subgrade modulus calculated in this manner 

would be a mean effective modulus under the wheel load used on each section. 
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These calculations resulted in a wide range of subgrade moduli; however, 

a regression analysis performed on the results showed that much of this 

variation could be explained by changes in the surface layer thickness, the 

principal stress difference in the top of the subgrade, and the different 

wheel loads. The remaining unexplained variation was assumed to be due to 

the natural variation of the material. Thus, to obtain a subgrade modulus 

for the different seasons for each section which would be representative of 

the weaker effective moduli within that section, the moduli predicted by this 

regression equation were reduced proportionally to the standard errors of the 

equations. This was done as shown below, to obtain a modulus representative 

of the weakest 10 percent of the subgrade within each section: 

* * E E - SE X E X 1.3 

where 

E Subgrade moduli used in fatigue equation calculations, 

* E Subgrade moduli predicted by the regression equations, 

SE Standard error of the regression equations. 

It is interesting to note that for both seasons, the regression 

equations explained approximately 80 percent of the variation in the 

calculated subgrade moduli. Furthermore, increasing principal stress 

differences, as predicted by layered theory, corresponded to increasing 

subgrade moduli, as predicted from the deflection measurements. , This is 

contrary to the results obtained from Resilient Modulus tests on this 

material (Refs 43 and 44). However, in Ref 25, results from a study by 
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A. C. Benkelman indicate that for increased load, the deflec.tions increased 

less than proportionally, indicating a stress hardening pavement structure. 

This may explain the above apparent contradictions and may irdicate the need 

for additional investigation. 

(2) Stress Calculations. Having calculated a subgrade modulus 

representative of the weaker subgrade within a section for each season, the 

tensile stresses occurring in the bottom of the concrete layer under the 

applied load were calculated using layered theory. However, the wheel loads 

applied at the Road Test were distributed as shown in Fig 5.6 (Ref 40) and, 

thus, some indication of the increase in stresses for an edge loading 

condition was required. The SAP2 finite element configuration shown in 

Fig 5.5 was adjusted and used for this purpose. The results are shown in 

Fig 5.6. 

(3) Terminal Condition. Bearing some of the earlier comment regarding 

pavement terminal condition in mind, a terminal distress condition had to be 

selected for use in the fatigue equation. Examination of the Road Test data 

showed that, as the cracking index approached 50 feet per 10DO square feet, 

further loading resulted in a rapid increase in distress and the pavement was 

soon removed from the measurement program. This figure was thus chosen as 

representative of a failed jOinted concrete pavement. (The :racking index 

was defined as the length of the crack projections on, or perpendicular to, 

the center line of the pavement, whichever was the longest.) The number of 

axle loads applied prior to this terminal condition wa:; used in the 

development of a fatigue equation. 
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(4) Development of a Fatigue Equation. The fat igue equation was 

developed by regression analysis of the log of the number of axle 

applications to failure against the log of the tensile stress in the pavement 

surface layer under load. 

analysis: 

Four different stress levels were used in the 

(1) summer interior stresses, 

(2) summer edge stresses under the 10 percent of the traffic loads 

which are near the edge, as shown in Fig 5.6, 

(3) winter interior stresses, and 

(4) winter edge stresses as for summer edge stresses. 

Because four different stress levels and the corresponding number of 

applications at each stress level were used to develop the fatigue equation 

the concept of equivalent stress was used. 

This concept is illustrated in Appendix D. The equivalent stress is 

that stress at which a number of applications will result in the same damage 

to the structure as when a similar number of applications are distributed 

among a number of stress levels. For each combination of stresses and 

applications, different fatigue equations will result in a different 

effective stress. 

fatigue equation. 

Thus a trial and error procedure was used to develop the 

The fatigue equation presently used in the RPOD2 design procedure was 

used as a starting point for the development. Three lterations were 

generally sufficient to result in an accurate equation. 

A significant outcome of this analysis was the differencle between the 

number of tandem and the number of single axles applied before failure. This 

is illustrated in Fig 5.7, which shows the regression equatiO"l and scatter 
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diagrams for both the single and tandem axle loads. The number of tandem 

axle applications was increased until the two regression lines virtually 

coincided, as shown in Fig 5.8. The final regression equation is shown in 

Fig 5.9. The number of tandem axle applications had to be increased by 1.9 

for the two lines to coincide. This value may be compared to the AASHO 

equivalencies for a single and a tandem axle, which produce approximately the 

same tensile stresses in the bottom of the pavement layer. In the case of an 

l8-kip single axle and a 36-kip tandem axle the equivalencies differ by a 

factor of approximately 2.35 (layered theory computations indi,:ate that these 

two axle loadings produce approximately the same tensile stresses for an 

8-inch pavement). 

The final fatigue equation, 

N 46000 (f/a)3.0 (5.2) 

was developed with few assumptions and this may make valid its application in 

conditions unlike those at the Road Test. Some of the conditions at the Road 

Test should, however, be kept in mind when this equation is used in other 

situations. 

(1) The rigid pavements had granular subbases which often exhibited 

extreme amounts of pumping. 

(2) The spring thaw at the Road Test was severe and this may often not 

be the case, especially in Texas. 

(3) The Road Test pavements had granular shoulders, IJhich are not 

common along Interstate Highways at this time. 
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(4) Very little of the Road Test traffic encroached on the pavement 

edge, which may not be the case along existing highways. 

These factors should be kept in mind whenever an extrapolation of the 

fatigue curve is used to predict pavement lives. 

CORRELATION OF THE FATIGUE EQUATION TO CONDITION SURVEY AND TRAFFIC DATA 

Some CRC pavements in Texas are presently at the terminal distress 

condition as described earlier. It is therefore possible to check the 

fatigue life predictions from the equation derived from the Road Test data 

with the fatigue lives of the Texas pavements. This may be determined by 

plotting the number of l8-kip ESALs which have passed over the pavement prior 

to the terminal distress condition against the stress-strength ratio, as 

indicated in Fig 5.10. The plotted points may be compared to the 

extrapolation of the fatigue equation deriveQ from Road Test data. 

There are a number of assumptions associated with this procedure which 

should be mentioned. 

(1) Traffic data. The uncertainties regarding the transverse and 

directional traffic distributions have been mentioned in a previous 

paragraph. The Texas SDHPT has a large number of counting and 

weighing stations in use; they provided the data for traffic 

analysis. The approach adopted for calculating the number of 

l8-kip ESAL's applied is as follows: 

(a) Obtain the average annual daily traffic (AADT) on each section 

of road for each year of its life. 
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(b) Use the nearest or most applicable manual count station to 

obtain an indication of the percentage of trucks in the 

traffic mix, excluding pick-ups. 

(c) Obtain the number of l8-kip ESAL's per truck by using the data 

included in W-4 Tables. These tables are produced from 

weighing station data and they provide an indication of the 

truck and axle weight distributions. The tables showing the 

average distributions for all the rural weighing stations were 

used in the analysis. The total number of l8-kip ESAL's 

counted at the weighing stations was divided by the total 

number of trucks counted, excluding pick-ups, to obtain the 

average number of l8-kip ESAL's per truck. 

shown in Fig 5.11. 

The results are 

Between 1974 and 1976, the Texas SDHPT changed its 

weighing methods from static vehicle weight measurements to a 

dynamic, weighing-in-motion system. At the same time, the 

legal axle weight limit was changed from 18 to 20 kips. As 

indicated in Fig 5.11, a large increase in the calculated 

number of l8-kip ESAL's per truck occurred during these years. 

In this analysis the assumption was made that this increase 

was due entirely to the different weighing systems and the 

concomitant differences associated therewith. The 1976 and 

1978 data were thus assumed to be correct. The extrapolation 

line indicated in Fig 5.11, which has a slope similar to that 

of the earlier data points, was used in the analysis to 

represent the nu~ber of l8-kip ESAL's per truck. 



136 

2.0 I 0 

I 
L------ -' 

x. 1.5 ----0 .,..".,-- ------ I :J 

..,..,... ------L. r- - I 0 
L. 

a> 
0-

U) 1.0 I - 0 
.....J 
<{ 

01 
en 
w 

0 00 
0 

c. 0.5 000 0 I ~ • 00 I Weighing-in-
Loadometer~ ~ M f 

0, Ion 

~ 
1960 1965 1970 1975 1~~80 

Year 

Fig 5.11. Number of 18-kip ESAL's per truck as obtained from W-4 tables for 
Texas highways (all rural weighing stations). 



137 

(d) Once the number of l8-kip ESAL's per day in both directions 

had been obtained in this manner, the total l8-kip ESAL's over 

the life of the pavement were obtained by addition of the 

daily number of equivalent axles over the life of the 

pavement. This calculation is shown in Appendix F for a 

number of pavement sections. 

(e) No lane distribution factor was applied. 

(f) A transverse distribution which may be closer to the pavement 

edge than the distribution of loads at the AASHO Road Test was 

taken into account by multiplying the stresses in the 

pavement, as obtained from layered theory, by a factor of 1.2. 

(g) The traffic data used do not reflect any seasonal or weekly 

variation in axle weights. This factor may be fairly 

significant, as indicated in Ref 48. 

(2) Stress Data. The stresses in the upper pavement layer were 

obtained using layered theory and layer moduli derived from 

deflection measurements. No seasonal deflection variation Was 

considered in the analysis. In addition, no variation in the 

surface and subbase modulus was considered. The assumption was 

made that the only layer stiffness variation which had an effect on 

the pavement fatigue life was that of the subgrade. This aspect of 

the pavement design procedure may warrant further investigation. 

The stresses calculated in the rigid pavement layer overlying the 

90th percentile subgrade modulus were used throughout the analysis. 

(3) Pavement Failure Condition. The pavement failure condition as 

defined earlier in this chapter was used in the analysis. In many 

instances the distress condition at the time of condition surveying 
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was significantly higher than the terminal distress, condition. In 

these instances, the traffic at the terminal condition had to be 

estimated using the data in the tables in Append ix A. 

The data plotted in Fig 5.10 were obtained from Tables 5.1 and 5.2, 

which present the condition survey and stress data for different sections of 

highway in Districts 13 and 17 in Texas. A concrete flexural strength of 690 

psi was used to plot the fatigue equations derived from AASHO Road Test data. 

This was the average 2l-day flexural strength of this concrete (Ref 41). In 

this figure, a flexural strength of 650 psi was used to plot the data 

obtained from the Texas highways. 

SUMMARY 

The terminal condition of eRe pavements has been defined in a rational 

manner, based on comparative cost analysis and a rate of distress 

development. Pavements with a number of defects per mile equal to the 

pavement age in years are expected to deteriorate more and more rapidly in 

future years. 

A fatigue equation has been derived from AASHO Road Test data in a 

mechanistic manner. The equation differs slightly from the equation 

developed in Ref 3. An attempt has been made to check the accuracy of this 

equation when applied to eRe pavements in Texas, by making use of condition 

survey, traffic, and deflection data. In general, the fatigue equation 

predictions correlate reasonably well with the observed pavement lives when 

the variation of the environment and material 

inaccuracies in the traffic data are considered. 

stiffnesses and the 



TABLE 5. L CONDITION SURVEY DATA AND TENSILE STRESSES AT THE BOTTOM OF THE RIGID 
PAVEMENT LAYER 

Defects Per Hile and 18-kip ESAL's to Date Indicated 

1974 1978 1979 Tensile 
Sub Limits Defects/ TRAF, Defects/ TRAF, Defects/ TRAF Stress 

Section (Stations) Mile millions Mile millions Mile millions (psi) 

EB 1 750 - 761 0 4 0 7 0 8 135 

EB 2 773 15 4 20 7 22 8 88 

EB 3 884 3 4 7 7 16 8 113 

EB 4 930 1 4 3 7 20 8 113 

EB 5 - 1001 2 4 9 7 9 8 113 

EB 6 1003 2 4 3 7 3 8 140 

EB 7 - 1121 0 4 2 7 4 8 113 

EB 8 26 - 37 10 5 15 10 41 11 140 

EB 9 85 1 5 1 10 1 11 113 

EB 10 149 7 5 13 10 37 11 135 

Avg 4 4.3 7.3 7.9 15.3 8.9 

WEI 149 - 112 5 5 14 10 36 11 135 

WB 2 88 a/LAY 

WB 3 26 0 5 8 10 10 11 113 

WB 4 1121 - 1109 3 4 23 7 69 8 99 

WB 5 - 1065 9 4 1 7 18 8 140 

WB 6 926 9 4 4 7 14 8 123 

WB 7 - 880 9 4 5 7 16 8 113 

WB 8 750 1 4 9 7 17 8 99 
I-' 
w 
\0 



TABLE 5.2. CONDITION SURVEY DATA AND TENSILE STRESSES AT THE BOTTOM OF THE RIGID 
PAVEMENT LAYER 

Defects Per Mile and 18-kip ESAL's 
to Date Indicated 

1974 1978 
Tensile 

Sub Limits Defects/ TRAF, Defects/ TRAF, Stress 
Section (Stations) Mile millions Mile millions (psi) 

WB 1 838.6 - 838.0 58 5.0 207 9.0 92 

WB 2 - 837.5 24 5.0 90 9.0 137 

WB 3 - 837.0 0 5.0 0 9.0 97 

WB 4 - 836.6 8 5.0 25 9.0 93 

WB 5 - 835.9 6 5.0 100 9.0 82 

WB 6 - 833.2 4 5.0 41 9.0 92 

WB 7 - 832.9 0 5.0 12 9.0 94 

EB 8 833.3 - 833.6 0 5.0 0 9.0 94 

EB 9 - 834.1 4 5.0 57 9.0 93 

EB 10 - 835.0 2 5.0 13 9.0 93 

EB 11 - 835.8 4 5.0 35 9.0 145 

EB 12 - 836.1 0 5.0 0 9.0 93 

EB 13 - 836.5 30 5.0 65 9.0 144 

EB 14 - 838.5 1 5.0 7 9.0 133 

EB 15 - 839.2 3 5.0 33 9.0 128 

t-' 
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CHAPTER 6. FATIGUE OF OVERLAID RIGID PAVEMENTS 

Mechanistic design procedures predict a pavement's life based on the 

amount of fatigue damage done to some of the bound pavement layers. Prior to 

overlaying, the fatigue damage done to the concrete surface layer by repeated 

traffic applications should be considered whereas, after the pavement has 

been overlaid, the fatigue damage done to both the overlay and to the 

underlying, old pavement should be considered. 

The fatigue damage occurs due to repeated tensile stresses in the 

pavement layers which arise from bending of these layers under load. In 

addition to these tensile stresses, an overlay may be subjected to additional 

stresses caused by movement of the underlying pavement at discontinuities. 

These discontinuities may, thus, reflect through the overlay as cracks. 

All the various modes of pavement fatigue need to be considered in a 

design procedure, and the method by which this is done in the RPOD2 design 

procedure will be described. 

FATIGUE LIFE OF OVERLAID RIGID PAVEMENTS AS DETERMINED BY RPOD2 

The RPOD2 desiga procedure predicts the fatigue life of an overlaid 

rigid pavement in a number of ways, depending on the traffic history, 

deflections, condition survey data, and the pavement structure: 

141 
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(l) The first step in the design procedure is to estimate the pavement 

layer stiffnesses from deflection data and material tests. The 

tensile stresses in the rigid pavement layer are then calculated 

using layered theory and an 18-kip single axle load. These 

s tresses and the past nwnber of 18-kip ESAL' E: are used in 

conjunction with a fatigue equation to calculate the fatigue damage 

done to the existing pavement. This is done as follows: 

D 

where 

n 
r N 

D = damage, 

n = past nwnber of 18-kip ESAL applications, 

(6.1) 

N total allowable nwnber of 18-kip ESAL applications. 

The remaining life of the pavement is equal to one minus damage and 

is usually expressed as a percentage. If the pavement has Class 3 

and 4 cracking, the assumption is made that no remaining life is 

left in the pavement. 

(2) If the original pavement layer has more than 25 percent remaining 

life, then the tensile stresses in this layer are computed, after 

overlaying, under an 18-kip axle load. This stress is used in the 

fatigue equation mentioned earlier to calculate a total allowable 

number of 18-kip ESAL applications for the overlaid pavement. This 

nwnber is multiplied by the remaining life to obtain the number of 

future applications allowed on the pavement. 
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(3) If the pavement has little or no remaining life, then the design 

model uses different approaches, depending on the overlay type. If 

a concrete overlay is used, the original surface modulus is reduced 

to 500,000 psi, which is a representative value obtained from 

deflection studies of cracked pavements at the AASHO Road Test 

(Ref 3). The tensile stresses in the bottom of the overlay are 

then computed using layered theory, and these stresses are used in 

the fatigue equation to predict the life of the overlaid pavement. 

If an asphalt overlay is used, the pavement is represented by a 

single subgrade layer with a modulus which results in a deflection 

under an lS-kip ESAL equal to the deflection of the cracked 

(El=500,000 psi) pavement structure, as computed using layered 

theory. Layered theory is then used to compute the tensile strains 

in the asphalt overlay placed on this subgrade, and they are used 

in a fatigue equation to predict the overlay life. 

(4) The equations used in the procedure to calculate the fatigue lives 

of the PCC and AC layers Were developed from AASHO Road Test data 

in Ref 3. 

(5) Reflection cracking is analyzed separately from fatigue cracking by 

utilizing measurements of horizontal and vertical differential 

movements. 

This procedure will now be examined with regard to fatigue of overlaid 

pavements, in the light of developments mentioned in earlier chapters of this 

report. 
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SUGGESTED MODIFICATIONS TO THE RPOD2 PROCEDURE REGARGIND ASPHALT OVERLAYS ON 

CRC PAVEMENTS 

Condition surveys of CRC pavements in Texas overlaid with asphalt 

concrete have provided data which may be used to improve the overlay life 

predictions from the RPOD2 design procedure. These overlaid pavements are 

outperforming the predictions of this design procedure, and the procedure 

should thus be updated to reflect these data. 

The Remaining Life of an Existing CRC Pavement 

In Chapter 5 the "failure" condition of CRC pavements was defined using 

sound engineering principles. In that chapter, it was indicated that, once 

the rate of defect occurrence in a CRC pavement reached 3 defects per mile 

per year, further load applications would result in a rapid increase in 

distress. This rate of defect occurrence generally corresponded to the 

pavement condition at which the number of defects per mile equaled the 

pavement age in years. Thus, it may be hypothesized that, at this stage of 

the unover1aid pavement's life, it has no remaining life. 

However, condition surveys of overlaid pavements indicate that 

relatively thin overlays may significantly extend the pavement's life. For 

example, in Walker County, an asphalt overlay ranging in thickness from 2.5 

to 6.0 inches was placed on a section of IH-45 which had a:pproximate1y 13 

defects per mile. The overlay was placed on the existing 8-inc.h CRC pavement 

in 1974, at which time the pavement was 14 years old and had carried 

approximately 8 million 18-kip ESAL's. The condition of this pavement, thus, 

approximately corresponded to the failure condition described in Chapter 5. 
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Since that time, the pavement has carried approximately 5 million 18-kip 

ESAL's without any significant distress. During a 1979 condition survey of 

the overlaid pavement, 13 defects per mile were counted when the defects were 

averaged over the length of the project. These defects include patches and 
, 

reflection cracks, with each patch given a weight of one and each reflection 

crack given a weight of 0.5. These defects are far less severe than the 

defects occurring in an unoverlaid rigid pavement because of the 

insignificant nature of the reflection cracks and the ease with which an 

asphalt overlay may be patched. 

Approximately 50 percent (Ref 37) of the defects in the overlay could be 

related to defects such as patches and punch outs in the underlying pavement, 

which existed prior to overlaying. The remaining 50 percent may result from 

the reflection of old cracks in the underlying concrete or from the 

reflection of newer cracks which have occurred since overlaying or may be due 

to a loss of bond between the overlay and the underlying concrete. The exact 

proportions of these distress mechanisms are difficult to determine; however, 

careful examination of the distressed areas and "engineering judgment" 

suggest that most of the defects have occurred due to the reflection of 

cracks which existed in the underlying pavement prior to overlaying. 

A further example is provided by an overlaid section of IH-10 near 

Beaumont, Texas. This section of road was overlaid with 3 1/4 inches of 

asphalt in 1975, at which time the pavement had carried approximately 5 

million 18-kip ESAL's during its 13 year life. In a 1974 condition survey, 

the pavement had approximately 11 defects per mile, which indicated very 

little life remaining. 

From 1975 to 1979 the pavement carried approximately 3 million 18-kip 

ESAL's and, in a condition survey conducted along the overlaid pavement in 
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1979, an average of six defects per mile were counted. Thus, the life of 

this pavement has also been extended significantly with an overlay which 

provides very little additional structural support. 

These data indicate that, although the remaining life of an unover1aid 

pavement may be negligible, the application of an overlay may provide a 

significant increase in the pavement life. 

Causes of Increased Pavement Life 

The increase in rigid pavement life caused by overlaying may be 

explained by examining the differences between the fatigue curves developed 

from laboratory and field data. These differences are examined for 

non-overlaid pavements in Chapter 5 and may be reexamined for overlaid CRC 

pavements. 

At low stress levels the difference between the fatigue curves is 

primarily due to the stress concentration factors which exist in the field. 

Many of these factors may be reduced significantly by overlaying. 

(1) An overlay may provide an effective seal against moisture incursion 

and the resulting erosion of subgrade support. 

(2) An overlay may reduce warping stresses because of the reduced 

vertical temperature differentials expected at some depth below the 

surface. 

(3) An asphaltic overlay may be relatively soft at high temperatures 

resulting in the resealing of reflection cracks and a reduction in 

dynamic loads which may occur at pavement discontinu:lties. 
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These factors should be taken into account in a pavement design 

procedure because ignoring them may lead to extremely conservative design. 

For example, use of RPOD2 for analysis of the section of IH-45 in Walker 

County mentioned previously resulted in an asphalt concrete overlay thickness 

of approximately 10 inches to carry the 5 million l8-kip ESAL applications 

already applied since overlaying. This is far in excess of the 2 1/2 to 6 

inch overlay which is performing successfully on this pavement to date. 

This excessive overlay thickness results from the analysis because the 

procedure models the old pavement as a single subgrade layer when it has a 

negligible amount of remaining life. The condition survey data of overlaid 

pavements relative to the RPOD2 design predictions and the reduction in 

stress concentration factors mentioned earlier indicate the need for an 

additional fatigue curve for use with overlaid pavements. 

Estimation of a Fatigue Curve for Use with Overlaid Rigid Pavements 

The reduction in the stress concentration factors due to overlaying 

indicates that a fatigue curve for use with overlaid pavements should lie 

between existing laboratory and field fatigue curves. Unfortunately no data 

exist regarding the type and quantity of distress which constitutes "failure" 

of overlaid rigid pavements and, thus, a fatigue relationship cannot be 

developed from field data. However, such a fatigue curve may be estimated 

based on existing experience with overlaid pavements and the curve may be 

improved as additional data become available from ongoing condition surveys. 

As an upper bound for the fatigue equation, it appears reasonable that a 

CRC pavement overlaid with asphalt concrete should not last as long as a new 

CRC pavement with an initial thickness equal to the total pavement plus 
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overlay thickness. For example, a l4-inch CRC pavement should last longer 

than an 8-inch CRC pavement overlaid with 6 inches of asphalt concrete. The 

tensile stresses in the CRC layer for both these cases, and the fatigue life 

of the full depth CRC pavement are plotted on Fig 6.1 for a number of 

thickness combinations. From the data plotted in this figure, a fatigue line 

was drawn below the upper bound as defined above so that it would provide 

reasonable predictions of the future lives of existing asphalt overlaid CRC 

pavements. The predictions of the fatigue equation are checked against the 

data obtained from the two overlaid projects mentioned previously, in 

Appendix A. The equation of this line is 

N 43000(f/O)3.2 (6.2) 

The inclusion of an additional fatigue equation in the design procedure 

does not complicate the procedure excessively and should provide accurate 

predictions of the fatigue lives of overlaid CRC pavements. 

Use of an Additional Fatigue Equation in the Overlay Design Procedure 

If an additional fatigue equation is to be used in the RPOD2 design 

procedure, some modifications will be required. The steps in an asphalt 

overlay design for a CRC pavement will now progress as follows: 

(1) The use of a failure condition as defined in Chapt,~r 5 and the 

results of the CRCP condition surveys conducted in Texas provide a 

rational method for estimating pavement remaining li:Ee. The use of 

condition survey data in the estimation of remaining life ensures 
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that many of the inaccuracies associated with fatigue life 

prediction are eliminated from this procedure. A number of 

calculations may now be used to arrive at the final estimate of the 

pavement remaining life. 

(2) The first calculation uses condition survey data in order to 

ascertain whether the unoverlaid pavement has zero remaining life 

or is approaching or has gone beyond this point. When the number 

of defects per mile equals the pavement age in years or when the 

rate of defec t occurrence is equal to three per year, then the 

unoverlaid pavement has no remaining life. 

(3) The second calculation uses the tensile stresses in the pavement 

layer under an l8-kip ESAL as computed by layered theory and the 

number of past l8-kip ESAL's in the rigid pavement fatigue equation 

to determine the pavement's remaining life. If the remaining life 

calculated using this approach is significantly different from that 

estimated from condition survey data, then the layer stiffnesses 

and past traffic applications should be checked and modified to 

insure that this calculation provides results similar to those 

obtained from the condition survey data. For example, a traffic 

directional distribution factor may be applied or the estimates of 

surface and subbase layer moduli may be changed but still retain 

the same basin slope to bring the remaining life calculations 

closer to the condition survey estimates. 

(4) The third calculation involves the use of the overlaid pavement 

fatigue equation and the final stresses and number of 18-kip ESAL's 

as obtained above, to obtain estimates of the remaining life of the 

overlaid pavement. 
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An example of these calculations is as follows: 

Date: 1980. 

Pavement age: 16 years. 

Defects per mile: 1974 - 7, 1978 - 20. 

Therefore, the remaining life of the unoverlaid pavement 

is §O. 

Tensile stress in the bottom of the rigid pavement layer 

(using the first estimate of layer moduli): 90 psi. 

Past traffic: 10 million l8-kip ESAL's in one direction. 

Therefore, using a flexural strength of 650 psi and Eq 

5.1, the remaining life of the unoverlaid pavement is 

found to be O. 

Now adjust the surface and subbase moduli to increase the 

stresses in the surface layer to 100 psi and, based on 

the directional distribution of failures in the roadway, 

adjust the past traffic to 13 million l8-kip ESAL's. 

Now, from Eq 5.2, the unoverlaid pavement's remaining 

life is approaching zero. Use these final values of 

stress and number of applications in the fatigue equation 

for overlaid eRe pavements (Eq 6.2) to calculate the 

remaining life of the overlaid pavement. 

calculation the remaining life is 26 percent. 

From this 
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This procedure should provide predictions of overlay life based on 

present pavement condition and, provided the overlay is thick enough to 

withstand reflection cracking, these calculations should provide reasonable 

estimates of pavement life. Further calculations are shown in Appendix A 

for some of the overlay projects mentioned previously. It is recommended 

that this type of overlay design procedure be used for all overlays on CRC 

pavements which will significantly improve the moisture environment of the 

overlaid pavement. All overlays constructed to a width which significantly 

exceeds that of the main lanes fall into this category. This procedure 

should not be used for overlays on jointed concrete pavement, because of the 

severe reflection cracking problem which exists along these pa~ements. 

SUGGESTED MODIFICATIONS TO THE RPOD2 DESIGN PROCEDURE REGARDING PCC OVERLAYS 

ON RIGID PAVEMENTS 

The implementation of the RPOD2 design procedure on a project along 

IH-30 in Hunt County, Texas, resulted in some suggested improvements to the 

procedure for rigid overlay design. These suggestions are mainly centered 

around the modulus to be used for the old rigid pavement layer with no 

remaining life. 

The Effective Stiffness of a Cracked Pavement Layer 

The RPOD2 design procedure assigns a modulus of 500,000 psi to a rigid 

pavement layer when no remaining life is left in that layer. This figure was 

obtained by fitting computed and measured deflections for cr,acked pavement 

layers at the AASHO Road Test. The variety of rigid pavement types and the 
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availability of Dynaf1ect deflection data in Texas suggest that this type of 

deflection fitting be done on each project before overlaying. For example, 

the reinforcing steel in CRC pavements may reduce the deflection of this 

pavement type near discontinuities, relative to the pavements at the AASHO 

Road Test, whereas severely spa11ed joints with little load transfer may 

result in higher deflections in jointed concrete pavements than those 

obtained at the Road Test. 

The most severe stresses in the overlay will occur immediately above 

discontinuities in the underlying pavement. For this reason, it may be 

advisable to characterize a pavement with no remaining life by fitting 

layered theory deflection basins to those obtained in the field at pavement 

discontinuities. 

At present, other than the deflection data obtained on the project along 

IH-30 in Hunt County, no significant amount of deflection data at pavement 

discontinuities exists in Texas. However, this type of analysis may warrant 

further investigation and, to this end, the analysis procedure used on the 

above project will be presented. 

Analysis of Jointed Concrete Pavement in Hunt County, Texas 

A 15-mi1e section of 15-foot jointed concrete pavement along IH-30 in 

Hunt County required an overlay to withstand approximately 30 million 18-kip 

ESAL's during the next 20 years. The "wrinkled tin" joints had severely 

spa11ed and the pavement riding quality was such that an overlay was 

required. The past traffic was approximately 12 million 18-kip ESAL's. 

Dynaf1ect deflections were taken at joint and midspan every 100 feet and 

the jOint and midspan deflections were later separated into groups for 
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independent analysis. In this regard the deflection mea.surements were 

separated using as a switch a computer program which used the comments 

regarding each deflection measurement. This type of separation could be 

accomplished easily provided standardized comments are used to indicate 

deflections measured at the different pavement discontinuities. 

Estimation of material properties using the midspan deflection data and 

subsequent fatigue analysis indicated that the pavement had no remaining 

life. Condition surveys of the pavement also showed that approximately 10 

percent of the slabs Were cracked, which further reinforced this observation. 

Some of the most severe stresses in the overlay would occur immediately above 

the joints and, thus, the joint deflection basin slopes were used to separate 

the project into sections. An unbonded CRC overlay was considered to be 

optimum for resisting reflection cracking and for carrying the large number 

of IS-kip equivalencies expected in the future. 

A separate analysis was conducted to determine the effect of the 

subgrade on the stresses in the overlay and, as indicated in Fig 6.2, the 

subgrade modulus had a negligible effect on these stresses. A subgrade 

modulus of 6000 psi was thus chosen to represent the clays in the area. 

A basin fitting technique was used to estimate the effective layer 

moduli, which resulted in the same basin slope as computed using layered 

theory as the higher deflection basin slopes measured on the project. As 

indicated in Chapter 2, a number of combinations of surface and subbase 

modulus would result in the same basin slopes, and, thm;, engineering 

judgment was used to obtain the layer moduli for various basin slopes, as 

indicated in Table A.14. 
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The modulus of the existing rigid pavement had the most ~:evere effect on 

the tensile stresses in the overlay and, thus, a different surface modulus 

was used to correspond to each basin slope. 

The cumulative distributions of the deflection basin slopes as produced 

by the program MODE were used to estimate the number of joints which had a 

deflection basin slope greater than the design slope and might thus require 

repair. 

SUMMARY 

These suggestions regarding modifications to the RPOD2 design procedure 

should make overlay designs more mechanistic and make more use of 

deflections and condition survey data than has been done in the past. 

Asphaltic overlays and full width PCC overlays of CRC pavements are designed 

by making use of condition survey data to predict the remaining life of the 

pavement and by then increasing the remaining life of the pavement to account 

for the overlaid condition. Rigid overlays on rigid pavements are designed 

using an effective modulus for the existing rigid pavement determined from 

deflection measurements when no remaining life is left in the layer. 



CHAPTER 7. COMPILATION OF STUDY RESULTS INTO AN OVERLAY DESIGN PROCEDURE 

This report presents some improvements to the RPOD2 design procedure 

which have arisen from its trial use on some Texas highways. Extensive use 

is made of Dynaf1ect deflections and condition survey data obtained along CRC 

pavements in Texas. This chapter summarizes the more important findings of 

the report and makes recommendations regarding the implementation thereof. 

MATERIALS CHARACTERIZATION 

The existing pavement materials are characterized by making use of 

deflection measurements and laboratory testing. The Indirect Tensile test is 

used to obtain initial estimates of the moduli of the bound pavement layers 

and the Resilient Modulus test is used to obtain an indication of the stress 

sensitivity of the subgrade. Dynaf1ect deflections are used to improve these 

estimates of the bound layer moduli and are also used to calculate the 

effective subgrade modulus under the Dynaf1ect load. This is made possible 

because, as indicated in Fig 2.4, the surface and subbase moduli have very 

little effect on the Dynaf1ect sensor 5 deflection. This deflection is thus 

indicative of the subgrade modulus. Figure 2.5 has been prepared from 

layered theory analysis to determine the subgrade modulus under the Dynaf1ect 

load from the sensor 5 deflection. 

157 
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The Dynaf1ect deflection basin slope, or sensor 1 minus sensor 5, is 

indicative of the moduli of the upper, bound, pavement layers. However, a 

number of combinations of layer moduli exist which will produce the same 

deflection basin slope and, thus, laboratory testing is required to obtain 

initial estimates of these moduli. Figures 2.6 to 2.9 have been prepared 

from layered theory analysis to determine the upper layer moduli given a 

subgrade modulus and deflection basin slope. 

The subgrade thickness has a significant effect on the deflections 

computed using layered theory. Thus, Fig 2.12 has been prepared from 

regression analysis of layered theory results to indicate the reduction 

required in the subgrade modulus, calculated from the sensor 5 deflection, if 

a rigid foundation exists at some depth. 

Deflection Measurements 

Because of the increased reliance on deflection measurenents for the 

materials characterization phase of the design procedure, it is recommended 

that deflections be taken at every 50 feet for eRe pavements and at the joint 

and midspan at every 100 feet along jointed concrete pavements. Wherever 

possible, approximately every second deflection measurement made along eRe 

pavements should be taken at a pavement discontinuity, such as a punch out or 

patch. This will facilitate the estimation of an effective pavement modulus 

for the eRe pavement layer with no remaining life and will give some 

indication of the measures to be taken to avoid reflective cracking in a 

subsequent overlay. 

The deflection measurements made at the different pavement 

discontinuities may be distinguished by the inclusion of a standard 
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abbreviation in the first three columns of the space reserved for comments on 

the deflection data field sheet. Suggested abbreviations such as have been 

used before in Texas are 

MPO - minor punch out 

SPO - severe punch out 

PCP - Portland cement concrete patch 

ACP - asphalt concrete patch 

MID - midspan deflection 

JNT - joint deflection 

CRK - deflection at a crack 

The data can then be sorted to determine the effects of the various 

distress manifestations on the deflections, and the program MODE can be used 

to obtain the deflection distributions associated with each distress type. 

Selection of Pavement Design Sections 

The pavement should then be divided into sections based on deflection 

measurements and condition survey data, and each section should be analyzed 

separately to provide the optimum overlay thickness. The deflection 

measurements used for this purpose depend on the condition of the existing 

pavement and on the type of overlay envisaged. If a pavement has some 

remaining life, or if an asphalt overlay is envisaged, the roadway is divided 

into sections based on the deflections taken at a midspan-type position. 

Both the Dynaflect sensor 5 deflections and the deflection basin slopes 

are used to determine the section limits. These deflection parameters are 

plotted against the length of the road, using the PLOT4 program, which is an 
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improved version of the PLOT program documented in Ref 5. Every section 

limit based on the sensor 5 deflection should also coincide with a section 

limit of the deflection basin slopes because of the effect whi~h the sensor 5 

deflection has on this parameter. 

Because the deflections are not normally distributed, the modal 

deflection parameters in each section are used to determine the layer moduli 

for that section, as indicated earlier. To this end program MODE, which will 

provide statistical information about the different deflection parameters, 

has been prepared. 

After having characterized the upper layer moduli using the modal 

deflection parameters, the subgrade modulus should be reduced for design to 

that modulus which corresponds to the 90th percentile sensor 5 deflection 

within a section. The stress sensitivity of the subgrade modulus should then 

be taken into account, as indicated in Ref 5, by using the results of 

Resilient Modulus testing. 

If the pavement has no remaining life and if a PCC overlay is envisaged, 

then the deflections taken at distress manifestations o:r at pavement 

discontinuities should be used to determine the section limits. The most 

severe stresses in the overlay will occur at these positions, and, thus, the 

existing pavement may be characterized as having an effective modulus, which 

would result in the same basin slope as obtained at these positions when 

analyzed using layered theory. Basin fitting techniques may thus be used to 

calculate these effective moduli. 

If the deflection basin slopes at some of the distress manifestations or 

pavement discontinuities are far greater than the design slopeB used, then it 

may be advisable to seek out these areas with deflection measuring equipment 

and to repair them before overlaying. 
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This material characterization procedure should result in pavement layer 

moduli which are representative of the actual field conditions. However, in 

order to obtain an estimate of the seasonal variation and the long-term 

behavior of the different deflection parameters, it is recommended that some 

long-term deflection measurements be made at some selected locations. These 

sections should encompass the various distress manifestations and pavement 

discontinuities mentioned earlier. 

STRESSES AT PAVEMENT DISCONTINUITIES 

A finite element analysis was conducted to determine whether the tensile 

stresses in pavements at cracks exceeded the interior stresses as obtained 

from layered theory. This analysis showed that only when the load transfer 

at the crack had reduced to the extent that the deflection at the crack 

exceeded 1.5 times the uncracked deflection did the tensile stresses parallel 

to the crack exceed the interior stresses. The stress deflection 

relationship obtained from this analysis is shown in Fig 3.10. 

A similar analysis was conducted to determine the effects of cracks on 

the stresses in the pavement for an edge loading condition. This analysis 

also indicated that, once the edge deflection exceeded approximately 1.5 

times the uncracked edge deflection, the tensile stresses in the surface of 

the pavement would exceed the uncracked edge stresses in the bottom of the 

rigid pavement layer. These results are shown in Figs 3.14 and 3.15 for 

different subgrade stiffnesses. 

From this analysis, it is recommended that, if a significant proportion 

of the sensor 1 deflection measured within a section of road exceeds 1.5 
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times the modal sensor 1 deflection, the stresses in the pavement calculated 

using layered theory be increased in accordance with the figures. 

STRESSES IN OVERLAYS ABOVE UNDERLYING DISCONTINUITIES 

In an attempt to analyze reflection cracking, a finite element analysis 

was conducted on asphalt overlaid rigid pavements. The results from this 

analysis were not entirely conclusive because of some difficulties in 

accurately modelling this structure. It is therefore, strongly recommended 

that an experimental analysis of reflection cracking be undertaken. 

FATIGUE OF EXISTING CONCRETE PAVEMENTS 

Failure of rigid pavements was defined as that condition where 

additional heavy traffic applications would result in a rapid increase in 

distress. Examination of the AASHO Road Test data indicated that, for 

jOinted pavements, this distress condition was reached when the cracking 

index was 50 feet per 1,000 square feet. Examination of condition survey 

data obtained from Texas CRC pavements indicated that this distress condition 

corresponded approximately to a rate of defect (punch outs and patches) 

occurrence of three defects per mile per year. Economic analysis confirmed 

that it was generally more economical to overlay before this rate of defect 

occurrence was exceeded. 

Furthermore, this rate generally occurred when the number of defects per 

mile in the pavement equaled the pavement age in years. It is, therefore, 
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recommended that this latter criterion be used to determine whether a 

pavement section has significant remaining life. 

The fatigue equation developed from the AASHO Road Test data in Ref 3 

was reevaluated using fewer simplifying assumptions. Deflection measurements 

were used to characterize the subgrade for the sections for different 

seasons, and the corresponding tensile stresses in the bottom of the rigid 

pavement layer were calculated using layered theory. The transverse axle 

load distribution at the Road Test and finite element analysis were used to 

approximate the number of applications applied at an increased stress due to 

traffic loadings close to the pavement edge. The seasonal interior and edge 

stresses were then converted to an equivalent stress, which would do the same 

amount of damage to the pavement with a number of applications equal to the 

total number of applications of the other stress levels. This was done using 

the fatigue equation developed in Ref 3. 

Separate regression analyses were performed using the number of axles to 

failure (as defined earlier) against the equivalent tensile stresses in rigid 

pavement layer for single and tandem axles. From this it became apparent 

that the number of tandem axle applications had to be increased by 1.9 to 

obtain the same stress-applications-to-fai1ure relationship as obtained with 

single axles. It is, therefore, recommended that this factor be used 

whenever Miner's hypothesis is used to compute the damage done to rigid 

pavements by tandem axle applications. 

This process was repeated until the fatigue equation used to compute the 

equivalent stress was similar to the fatigue equation developed from the 

regression analysis. The final fatigue equation, which is recommended for 

use in rigid pavement, is in Fig S.10. 
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This fatigue equation correlates reasonably with fa.ilure of some 

selected CRC pavements in Texas, as shown in Fig 5.10, and can thus be used 

with reasonable confidence in further pavement designs. 

FATIGUE OF OVERLAID RIGID PAVEMENTS 

The analytical modelling of existing pavements by the RPODZ design 

procedure was examined in the light of condition survey results of asphalt 

overlaid CRC pavements and a recent PCC overlay design carried out on a 

jointed concrete pavement in Texas. 

Condition surveys of asphalt overlaid CRC pavements indicate that 

relatively thin overlays (3 to 6 inches) may significantly extend the 

pavement's life. For example, CRC pavements which had already failed 

according to the condition survey criterion mentioned previously would carry 

traffic significantly in excess of the pavement life predictions made by 

RPOD2. This occurs primarily because RPOD2 models the existing pavement with 

no remaining life as an equivalent subgrade layer, based on the Dynaflect 

sensor 1 deflections. 

This modelling is probably more severe than the field condition and 

hence the discrepancy. The recommended alternative to this form of modelling 

is to increase the remaining life of the overlaid pavement. This increase in 

remaining life can be explained by examining the differences between the 

fatigue curves developed from laboratory and field data. At low stress 

levels the laboratory data predict far more allowable applications than the 

field data. These differences may be ascribed to stress concentrating 

factors which are present in the field. Many of these factors, such as 
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moisture incursion and the resulting erosion of subgrade support, and warping 

stresses caused by vertical temperature differentials, are reduced 

considerably by overlaying. 

A tentative fatigue equation for use with overlaid rigid pavements is 

thus presented in Fig 6.1. This curve has been estimated using the existing 

condition survey data on asphalt overlaid pavements and the subjective 

judgement that a new pee pavement equal in thickness to the total overlaid 

pavement thickness will last longer than the overlaid pavement. 

The RPOD2 design procedure assigns a modulus of 500,000 psi to a cracked 

rigid pavement layer with no remaining life. This value was obtained by 

analyzing the maximum deflections obtained on cracked pavements at the AASHO 

Road Test using plate theory. It is recommended that this modulus of the 

cracked pavement layer rather be obtained from deflection basin fitting 

procedures. The deflection basin slopes at pavement distress manifestations 

and pavement discontinuities may be compared to those obtained from layered 

theory analysis. The surface and subbase moduli used in the analysis may 

then be varied until the measured and computed basin slopes are equal. 

In order to avoid reflection cracking, pee overlays are very often 

unbonded, and in this case the subgrade modulus has very little effect on the 

stresses in the overlay, as indicated in Fig 6.2. Thus an estimated value of 

subgrade modulus may be used throughout this analysis. Results of some basin 

fitting techniques applied to a 10-mi1e jointed pavement with severely 

spa11ed joints are shown in Table A.14. 

The above improvements to the RPOD2 design procedure are being 

incorporated in the RPRDS program, which is currently being developed at The 

University of Texas (Ref 12). This program analyzes various alternate 

pavement rehabilitation strategies, using mechanistic procedures, in order to 
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obtain an optimum strategy with regard to total costs. Cont:lnued collection 

of condition survey data and deflections, coupled with furthel, implementation 

of the above procedures, should serve to provide continuous improvements to 

these procedures. 



CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS 

This report suggests improvements to a number of facets of the RPOD2 

design procedure and it is recommended that these improvements be implemented 

in future design. The findings in the report may be listed as follows: 

(1) Pavement materials are characterized using material tests and 

deflection data so that the predicted fatigue life of ·the existing 

pavement corresponds to condition survey results. 

(2) Cracks in an existing rigid pavement do not create stresses in the 

rigid pavement layer which exceed those predicted by layered theory 

until the deflections at cracks significantly exceed those measured 

at an uncracked interior or edge condition. 

(3) Reflection stresses in an asphalt overlay on rigid pavements are 

difficul t to model analytically and laboratory testing is 

recommended for this purpose. 

(4) A fatigue equation derived from AASHO Road Test data provides 

reasonable estimates of pavement life and is recommended for future 

use. 

(5) The RPOD2 design procedure significantly underpredicts the lives of 

overlaid CRC pavements when little remaining life is left in the 

original pavement. An exogenous fatigue equation, which improves 

the correlation of the design predictions to condition survey data, 
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is recommended for use until additional data become available from 

condition surveys of these pavements. 

(6) The effective moduli of overlaid rigid pavements may be determined 

from deflection measurements, thus eliminating the use of a 

standard effective modulus for all pavement types. and distress 

conditions. 

The majority of the improvements recommended in this report resulted 

from the implementation of existing procedures. Future application of these 

recommendations may result in additional improvements as more data become 

available. 
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APPENDIX A 

EXAMPLES OF OVERLAY DESIGNS 
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EXAMPLES OF OVERLAY DESIGNS 

Overlays designed and existing fatigue lives checked according to the 

recommendations of this report: 

1. IH-10 Near Beaumont, Jefferson County 

2. IH-10 Near Columbus. Colorado County 

3. IH-10 Near Beaumont. Jefferson County 

4. IH-45 Near Huntsville. Walker County 

5. IH-30 Near Greenville, Hunt County 
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r.ONCRETE PAVEMENT OVERLAY DESIGN 

1. PROJECT IDENTIFICATION INFORMATION 

DISTRICT 

20 

COUNTY 

Jefferson 

HIGHWAY 

IH-IO 

CONTROL 

739 

SEC 

2 

JOB CFHR No 

2009 

From Mile Post 833.3 at the Hamshire exit to Mile Post 838.6 near Fannett. 

SCOPE 

Design an AC overlay for a la-year design life. 



II. PAVEMENT STRUCTURES 

EXISTING 

Actual 

8" CRCP 
6/1 Cement Stabilized Sand-Shell 

6" Lime Stabilized 
" ~ 

Subgrade 

PROPOSED OVERLAID STRUCTURE 

Age 

Years 

17 

E 350,000 psi 

CRCP 

Cement St 

Stab. Sub rade 

Subgrade 

Traffic in l8-kip ESAL'S. 

Past to 1978 

9 x 106 

1980-1990 

10 x 106 
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Hodel 

8" CRCP El VI 0.15 

7" 
C.T. 

E = 
~ 

Subgrade E3 V3 0.45 

V - 0.30 
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IV. DESIGN nnCKNESSES 

Limits 
Section (Ui1e posts) Design Thickness 

WE 1 838.6 - 838.0 6.0" 

2 - 837.5 6.0" 

3 - 837.0 3.0" 

4 - 836.6 4.0" 

5 - 835.9 3.0" 

6 - 833.3 6.0" 

7 - 832.9 6.0" 

EB 8 833.3 - 833.6 3.0" 

9 - 834.1 6.0" 

10 - 835.0 6.0" 

11 - 835.8 6.0" 

12 - 836.1 3.0" 

13 - 836.4 6.0" 

14 - 838.6 5.0" 

15 - 839.2 6.0" 



v. DESIGN INFORMATION 

A. MATERIALS CHARACTERIZATION 

1. General Comments 

Condition Survey Data 

1974 and 1978 Data available. 

Remaining Life From Condition SHrvey Data 

Zero remaining life at ~ 13 defects per mile. 
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Deflections Used For Section Selection (Depending on remaining life 
of existing pavement,pavement 

Sensors and sensor 1 minus sensor 5. type and overlay type.) 

Laboratory Testing (Tests done or assumptions made. ~ Ssg fc ) 

Repeated indirect tensile tests for concrete and subbase moduli. 

Resilient Modulus tests for subgrade modulus and stress sensitivity. 

Assume f = 650 psi for fatigue calculations., 
c 
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2. Layer Stiffnesses 

Table from MODE. 
Lab test results. 
Table for calculating layer moduli 

based on deflec tion bas,in slopes. 
condition survey data B,nd fatigue 
life. 

90 th percentile subgrade modulus. 
Moduli from deflection basin slopes 

at pavement joints or defects if 
no remaining life. 

Table A.l - Indirect tensile test results 

Table A.2 - ~ results - Average SSG = - 0.7 

Table A.3 - Dynaflect deflection statistics for each section and 
modal subgrade modulus under the Dynaflect load .. 

Table A.4 - Calculation of pavement remaining life from condition 
survey data and correlation of material properties to 
these results using deflection basin slopes pavement 
stresses and a fatigue equation. 
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TABLE A.1 

RESULTS OF INDIRECT TENSILE TESTS ON CONCRETE SURFACE AND CEMENT 

STABILIZED, OYSTER SHELL SUBBASE FROM IH-10 NEAR BEAUMONT 

(CONTROL 739-2, MP833-839) 

CONCRETE SPECIMENS 

SAMPLE No. LOCATION LOAD (pounds) E (psi, millions) 

2B SURFACE WB MP837 1000 3.27 
2000 3.18 

2B BOTTOH 1000 3.65 
2000 3.29 

5C WB MP835 1000 8.07 
2000 4.65 

6A SURFACE WB MP833.5 1000 4.20 
2000 3.05 

6A MIDDLE 1000 6.58 
2000 4.50 

10D SURFACE EB MP835 1000 2.59 

10D MIDDLE 1000 7.33 
2000 4.32 

10D BOTTOM 1000 3.32 
2000 3.09 

l3E t-UDDLE EB MP838 1000 4.15 
2000 4.52 

14F SURFACE EB MP839 1000 4.98 
2000 3.60 

14F MIDDLE 1000 2.92 
2000 2.98 

AVERAGE ELASTIC MODULUS AT 1000 1b LOAD = 4.64 

COEFFICIENT OF VARIATION Cv 40% 

AVERAGE ELASTIC MODULUS AT 2000 1b LOAD = 3.60 

COEFFICIENT OF VARIATION Cv 21% 

Continued 
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TABLE A.1(CONTINUED) 

STABILIZED SUBBASE 

SAMPLE No. LOCATION LOAD (pounds) E (psi, millions) 

2B SURFACE WB MP837 400 2.21 
600 2.31 

2B MIDDLE 400 1.84 
600 1.31 

5C MIDDLE WB MP835 400 0.99 
600 1.77 

6A MIDDLE WB MP833.5 400 0.49 
600 0.47 

6A BOTTOM 400 2.14 
600 1.66 

14F :t-lIDDLE EB MP839 400 1. 74 
600 1.58 

AVERAGE ELASTIC MJDULUS AT 400 1b LOAD = 1.57 

COEFFICIENT OF VARIATION = 44% 

AVERAGE ELASTIC MODULUS AT 600 1b LOAD = 1.52 

COEFFICIENT OF VARIATION = 40% 
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TABLE A.2 

RESULTS OF RESILIENT MODULUS TESTS ON SUBGRADE SAMPLES FROM IH-I0 

NEAR BEAUMONT (CONTROL 739-2) 

°3 °1 - oJ ~ SSG 
SAMP~,t: No. LOCATION (psi) (psi) (psi) 

2B TOP WB MP837 2 1 3350 0.0 
2 1340 
3 1245 
4 1390 
5 1375 

2B BOTTOM 1 1 9839 -0.11 
2 3350 
3 3350 
4 3040 
5 3000 

2 1 11630 -0.65 
2 5530 
3 4550 
4 3800 
5 3130 

5C MIDDLE WB MP835 1 1 20360 -0.34 
2 11400 
3 9720 
4 8910 
5 8285 

2 1 20360 -0.31 
2 11400 
3 10360 
4 9270 
5 8380 

5C BOTTOH \vB MP835 1 1 14250 -0.45 
2 7810 
3 6350 
4 5880 
5 5000 

Continued 
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TABLE A.2 ( CONTINUED) 

<13 °1 - °3 MR SSG 
No. LOCATION (psi) (psi) (psi) 

5C BOTTOl-1 WE MP835 2 1 15000 --0.34 
2 8510 
3 6350 
4 5800 
5 5090 

6A MIDDLE WE MP833.5 1 1 9500 0.0 
2 3800 
3 3000 
4 3670 
5 3904 

2 1 11875 --0.18 
2 5290 
3 4915 
4 4600 
5 4670 

10D TOP EB MP835 1 1 24000 --0.36 
2 12100 
3 10300 
4 9600 
5 9100 

2 1 25030 -0.36 
2 12600 
3 11000 
4 10300 
5 9050 

10D MIDDLE EB MP835 1 1 5700 -0.42 
2 3260 
3 3000 
4 2960 
5 3100 

2 1 10180 -0.65 
2 4250 
3 (6840) 
4 3620 
5 3560 

Continued 
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TABLE A.2 ( CONTINUED) 

0
3 

0 1 - 0
3 ~ SSG 

SAMPLE No. LOCATION (psi) (psi) (psi) 

l3E TOP EB MP838 1 1 28500 -0.23 
2 15620 
3 l3900 
4 l3100 
5 12390 

2 1 28500 -0.31 
2 16050 
3 l3900 
4 12740 
5 12076 

14F TOP EB MP839 1 1 35000 -0.31 
2 25900 
3 20900 
4 19700 
5 19000 

2 1 35600 -0.31 
2 23800 
3 21900 
4 20000 
5 18000 

14F MIDDLE EB MP839 1 1 28500 -0.32 
2 15833 
3 13154 
4 11753 
5 10878 

2 1 25900 -0.32 
2 21111 
3 14740 
4 12530 
5 11310 

14F BOTTOM 1 1 11400 -0.51 
2 6260 
3 5210 
4 4670 
5 4070 

2 1 11400 -0.51 
2 6200 
3 5340 
4 4750 
5 4320 
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TABLE A.4 

TABLE FOR CALCULATING REMAINING LU'E 
IH-10 DISTRICT 20 

CFHR 2009 NON-OVERLAYED REMAINING LU'E ESITIMATES 

SECTIONS 
CONDITION 

S II(' . !IT FIRST ESTIMATE FINAL ESTIMATE OVERLAID RID-I. LIFE 

DEF- E, E? N90 RL2 El E2 N90 RL2 Q""90 n NAIl RL3 SEC-
rr ION ~IMTIS ECTS RLI 

~si psi 18 kipl psi psi 18 kip psi 18 kip 18 kip Mile PER 
Posts) x100 x105 x106 .x106 xl05 x106 -

x100 
tx.10

o 
MTI.E % % % 
'74: 78 - 9.0 

WB1 ~8 207 «0 4.5 8.0 16.0 44 5.0 4.0 5.5 <0 132 7.0 0 

2 ~4 90 <0 4.5 3.0 5.0 <0 4.5 3.0 _ 5.0 <0 137 6 3 0 

3 0 0 >0 4.5 6.0 13.0 36 4.5 6.0 13.0 31 97 119.0 '13 

4 8 25 <0 4 5 7.0 16.0 ~'+- 'i.0 6.0 10.5 14 106 tt4 2 37 
5 6 43 <0 4.5 0.0 23.0 61 5.0 7.0 13.2 

, 

- 6 4 41 <0 4 5 8, 0 :16 0 44 5 0 6.0 9_~ 0 113 116 22 

7 0 10 >0 4.5 7.0 15.0 40 5.0 6.0 10.0 10 108 13.4 33 

r-- -- -.--... --.-- -
EB 8 0 0 >0 4.5 7.0 15.0 40 4.5 7.0 15.0 40 92 22.4 60 

9 4 ~L <0 4.5 8.0 16.0 44 5.0 6.0 8.5 0 113 1.6 22 

10 2 13 0 4.5 8.0 15.0 40 5.0 7.0 10.5 14 107 3.8 35 
1----.. - ... --- -.---

11 4 35 <0 4.5 3.0 4.0 «0 4.0 4.0 7.0 0 122 9.1 35 
---- --- - ~ ---- --- -' 

12 0 0 >0 4.5 8.0 16.0 44 4.5 8.0 16.0 44 91 23.1 61 
13 ~o _6.? <0 4.5 3.0 4.0 «0 4.0 4.0 7.0 0 121 9.3 3 

14 1 7 >0 4.5 3.0 5.5 <0 4.0 4.0 9.0 0 113 11.6 22 

L.l5 3 33 <0 4.5 4.0 6.0 <0 4.0 4.0 7.5 0 ~o , 9.6 

RLI Remaining Life from condition survey data. RL2 Remaining Life for non-overlaid pavement. 
N90 Fatigue Life corresponding to 90th percentile Sensor 5 Deflection. NaIl Allowable RpplicRtions. 

: 

"" 
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B. FATIGUE LIFE PREDICTION 

1. General Comments 
Fatigue of Existing Pavements 

Fatigue life predictions correlated to condition survey results in Table A.4 

Overlay Fatigue 

In cases of no remaining life, an overlay thickness of 6 inches is recommended 
to last the design life. 

Reflection Cracking 

Minimum overlay thickness of 3 inches is recommended to reuist reflection 
cracking and bond failures. 



2. Fatigue Life 

Table showing fatigue lives of 
different pavement layers. 

191 

Table A.S shows the remaining fatigue life of the existing concrete pavement 
with varying asphalt overlay thicknesses. 



IH-10 DISTRICT 20 
CFHR 2009 

TABLE A.5. PREDICTION OF FATIGUE LIFE FOR DISTRICT 20 PROJECT 

RIGID PAVEMENT OVERLAY DESIGN EXISTING OVERLAYS 

SECT- EXISTING MTL. PROPS. REM- FUTURE FAT. LIFE WITH OIL THICK TRAFFIC ESTIMATES 100 lSkip 

IONS E1 E2 E3 AINING 3" 6" 9" 12" Oil PAST DEFECTS TOTAL 
LIFE THICK TRAFFIC PER TRAFFIC 

106 ~si 105 ~si 103 ~si MILE 

WE 1 5.0 4.0 4.0 0 

)- _ 4 .. ~ .. -} .. Q . 4 .. 8 . -- -- 0 
3 4.5 6.0 6.6 53 15.0 25.3 43.3 73.3 

4 5.0 6.0 6.0 37_ 7.9 13.2 22.4 37.8 
5 5.0 7.0 6.5 49 13.9 23.0 39.0 46.0 

.- . - '- --_. 
6 5.0 6.0 3.6 22 3.6 5.9 10.0 17.1 

7 5 .... 0.. _ . __ 6. .. 11-._. _ . 5.1 33 6.4 10.6 18.1 30.S 

. -.----- -
EB 8 4.5 7.0 5.1 60 19.1 31.6 53.1 88.7 

... - ----- ----.-~-- - .- - -- - -- -----' 
9 5.0 6.0 3.5 22 3.5 5.S 10.0 16.9 _._._'- ._ .. _--- -_. 

10 5.0 7.0 3.0 35 6.7 10.S 18.1 30.6 ---.. -- ----.-
11 4.0 4.0 2.9 1 -------- - ------- --- c---. 

12 4.5 8.0 3.2 61 19.8 32.0 53.0 _._.2.~_ .- --_.--.--- ._.-_ ... _--- ---------- . - --- - .... - .-.. - . 
13 4.0 4.0 3.3 3 

14 4.0 4.0 5.6 22 r· __ 4. 1 7.2 12.8 22.5 .- -.- - ...... - --_. f----. -
15 4.0 4.0 3.3 6 

~ 

I I t I II ] I J 

. 

I 

! 

I-" 
\0 
N 
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Fig A.i. Design chart for westbound lane of IH-iO - in District 20. 
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Fig A.2. Design chart for eastbound lane of IH-IO - in District 20. 



CONCRETE PAVEMENT OVERLAY DESIGN 

I. PROJECT IDENTIFICATION INFORMATION 

DISTRICT COUNTY 

13 Colorado 

and 13 Fayette 

SCOPE 

HIGHWAY 

IH-IO 

IH-IO 

CONTROL 

535 

271 

SEC 

8 

1 

JOB 

4 

8 

CFHR No 

1301 

1302 

195 

Design on AC overlay to last 10 years along IH-IO ~rom Station 750 (Mile 
Post 689.6) to station 1121 (Mile Post 696.7) in Fayette County and from 
Station 26 (Mile Post 697) to Station 149 (Mile Post 699.4) in Colorado 
County. 
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II. PAVEMENT STRUCTURES 

EXISTING 

8" CRCP E1 V 0.15 

6" Cement Stab. Subbase E2 V2 0.20 
.," ..... ' 

Subgrade E3 V3 = 0.45 

PROPOSED OVERLAID STRUCTURE 

1< D1 AC 1 E1 = 300,000 VI 
~< Over ay 0.30 

III. TRAFFIC 

CFHR Age Traffic 

Past to 

1301 18 9.7 x 

1302 16 6.9 x 

in 18-kip 

1978 

106 

106 

0.15 

0.20 

0.45 

ESAL'S. 

1980-1990 

25 x 106 

17 x 106 



IV. DESIGN THICKNESSES 

LIlUTS DESIGN THICKNESSES 
..cS_TATIONS) (INCH..ES) 

CFHR EB 1 750-761 5 
2 761-773 12* 
3 773-884 8* 
4 884-930 6 
5 930-1001 5 
6 1001-1033 4 
7 1033-1121 4 

CFHR 1301 8 26-37 10* 
9 37-85 4 

10 85-149 11* 

WB 1 149-112 6. 
2 112-88 11* 
3 88-26 6 

CFHR 1302 4 1121-1109 9* 
5 1109-1065 6 
6 1065-926 5 
7 926-880 5 
8 880-748 5 

*No fatigue of the overlay was considered. RPRDS (Ref 12) can consider this 
fatigue and may result in reduced thicknesses for these cases. 

197 
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V. DESIGN INFORMATION 

1. MATERIALS CHARACTERIZATION 

A. General Comments 

Condition Survey Data 

1974, 1978, and 1979 data available. 

Remaining Life From Condition S~rvey Data 

Zero remaining'life at approximately 15 defects per mile. 

Deflections Used For Section Selection (Depending on rem8.ining life 
of existing paveulent, pavement 
type and overlay type.) 

Pavement undersealing was undertaken along this section of road. 
Before grouting, sensor 1 deflections were taken at every 100 feet. 
After grouting further selected deflections were taken at cracks. 
All these deflections were used for selecting sections. 

Laboratory Testing (Tests done or assumptions made. My. Sug fc ) 

Indirect tensile tests for tensile strength and modulus of surface 
layer. (Table A.5) For fatigue calculations use a 95 percentile 
flexural strength of (620xl.6) - 1.6 (620xl.6x.17) = 722 psi [flexural 
strength % 1.6 x tensile strength (Ref 5)]. 



B. Layer Stiffnesses 

TABLE A.S 

TABLE A.6 

Table from MODE. 
Lab test results. 
Table for calculating layer moduli 

based on deflection basin slopes, 
condition survey data and fatigue 
life. 

90 th percentile subgrade modulus. 
Moduli from deflection basin slopes 

at pavement joints or defects if 
no remaining life. 

Indirect tensile test results. 

Calculation of pavement remaining life from condition 
survey data and correlation of material properties to 
these results using deflection basin slopes, pavement 
stresses and a fatigue equation. 

199 
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TABLE A.5 

RESULTS OF INDIRECT TENSILE TESTS ON CONCRETE SURFACE LAYER FROM IH-10 NEAR 
COLUMBUS (CONTROL 535-8-4 AND 271-1-8) 

SAMPLE LOCATION LOAD E TENSILE STRESS AT BREAK 
(STA. ) (POUNDS) (l06pSI) (PSI) 

1 793 + 67 1000 2.4 600 
2000 2.4 

2 794 + 80 1000 3.9 450 
2000 4.4 

3 795 + 57 515 

4 795 + 57 1000 4.6 588 
2000 4.0 

5 797 + 38 1000 3.1 505 
2000 3.3 

6 127 + 99 1000 2.6 717 
2000 3.3 

7 129 + 07 1000 (16.3) 631 
2000 3.3 

8 139 + 48 1000 2.2 645 
2000 2.2 

9 149 + 28 747 

10 819 + 29 1000 1.3 614 
2000 1.7 

11 838 + 54 809 

AVERAGE CONCRETE MODULUS = 2.98 X 106 psi 

COEFFICIENT OF VARIATION = 33% 

AVERAGE TENSILE STRENGTH = 620 psi 

COEFFICIENT OF VARIATION = 17% 



TABLE A.6 

TABLE FOR CALCULATrnG REMArnING LIFE 
H-10 _ DISTRICT lJ 

CFHR 1301 2 1302 NON-OVERLAYED REMAINrnG LIFE ESITIMATES 

SECTIONS 
CONDITION 

SITR' TFV FIRST ESTIMATE FrnAL ESTIMATE OVERLA YED REM. LIFE 

SEC- DEF- E, E, N90 RL2 E1 E2 N90 RL2 90 Nqn NJ'll1 RL3 

rrION LIMITS ECTS RL1 psi psi 18 kip' psi psi 18 kiJ psi 18 kip 18 kip 
PER 

!MTI.F. x106 x105 x106 xlO6 xlo5 xlO6 vln6 v106 
EB 1 750-761 l~?j l~ >0 2.5 0.5 5.9 0 1.8 

. 
2.0 0.3 >0 111 8.0 12.3 35 

2 -773 20 22 <0 4.0 6.0 24. 7 68 4.5 5.0 6.9 <0 122 8.0 9.1 12 

3 -884 7 16 0 3.0 2.0 11.2 2q 2.5 2 5 7 7 0 llR R.n 1 n 1 'J1 

4 -930 3 20 0 3.0 2.0 16.2 51 2.5 2.5 7.7 0 118 8.0 10.1 21 
...... _-------- -5 -1001 9 9 >0 3.0 2.0 11. 2 29 2.7 2.5 10.3 >0 ' 107 8.0 13.8 42 -.- ...... _--

6 -1033 3 2 >0 3.0 1.0 8.8 9 2.2 2.0 9.4 >0 110 8.0 12 7 37 
7 -1121 2 4 >0 3.0 2.0 13.4 40 2.5 2.5 9.6 >0 110 8.0 12.7 37 

8 26-37 15 41 <0 3.0 1.0 7.7 0 2.0 2.0 9.6 <0 110 11.0 12.7 13 

9 -85 1 1 >Q- 3.0 2.0 13.8 20 2.0 2.3 13.0 >0 99 11.0 17.7 38 1----=-._-- ,----- ~--- --
1.8 9.3 111 11.0 ' 12.3 11 10 -149 13 37 <0 2.5 0.5 5.9 0 2.0 <0 

--.. -
WB1 149-112 14 36 <0 2.5 0.5 8.1 0 2.0 2.0 10.9 0 105 11.0 14.7 25 - f.-- - - - - -- ...-. __ . 

2 -88 O/LAY 11.0 .. ---- ----_. - --- ,. _ . 

3 -26 10 6 >0 3.0 2.0 12.8 20 2.5 3.0 11.6 >0 103 11.0 15.6 30 

411121 .110-2_ J~._6J <0 3.0 3.0 17.3 54 3.0 3.0 7.4 <0 119 8.0 9.8 18 
5 -1065 1 18 0 3.0 1.0 9.5 16 2.5 2.0 8.4 0 114 8.0 11. 3 29 

6 -926 4 14 0 2.5 1.0 10.6 25 2.2 1.8 8.7 0 113 8.0 11.6 31 
7 -880 5 16 0 3.0 2.0 13.8 42 2.2 1.8 8.7 0 113 8.0 11.6 31 
8 -748 9 17 0 3.0 3.0 17.3 54 . 2.2 1.8 8.7 0 113 8.0 11.6 31 

RL1 remaining life from condition survey data. RL2 remaining life for non-overlayed pavement. 

N90 fatigue life corresponding to 90th percentile sensor 5 deflection. NaIl allowable applications. 

I 

I 

N 
o .... 
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2. FATIGUE LIFE PREDICTION 

A. General Comments 
Fatigue of Existing Pavements 

Fatigue life predictions correlated to condition survey r\~sults in 
Table A.6. 

Overlay Fatigue 

Only fatigue of the existing pavement is considered, no o'~erlay 
fatigue is considered. 

Reflection Cracking 

A minimum thickness of 3 inches is recommended to resist :reflection 
cracking. 



B. Fatigue Life 

Table showing fatigue lives of 
different pavement layers. 

203 

Table A.7 shows the remaining fatigue life of the existing concrete 
pavement with varying asphalt overlay thicknesses. 



204 

CONCRETE PAVEMENT OVERLAY DESIGN 

I. PROJECT IDENTIFICATION INFORMATION 

DISTRICT COUNTY HIGHWAY CONTROL SEC 

20 Jefferson IH-10 739 2 

From Walden Road in Beaumont to 0.6 miles N.E. of FM 365. 

SCOPE 

JOB 

56 

CFHR No 

2004 

Compare the overlay life predictions of the design procedure to the condition 
of an existing asphalt overlay and engineering estimates of the future life 
of the overlay. 



I I. PAVEMENT STRUCTlJR I::S 

EXISTING ACTUAL 

tIl CRCP 
--:o+r----------------------

6" Sand Shell Subbase 

6" Lime Stabilized Subgrade 
$'7'(-, --.. '.- .'"///" .>. 

Subgrade 

PROPOSED OVERLAID STRUCTURE 

D
1

AC Overlay E
1

=300,000 V1=0.30 

8" CRCP 

6" Sand Shell Subbase 

6" Lime Stabilized Sub grade 

Sub grade 

II I. TRAFFIC 

>; 
[ 7" 

MODEL 

CRCP 

Sand Shell 
Subbase 

Subgr3de 

AGE 

[Years] 

TRAFFIC IN 18-kip ESAL's 

18 

PAST TO OVERLAY 
Construction in 

1974 

6 x 106 

1974-1978 

205 
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IV. DESIGN THICKNESSES 

The CRC pavement was overlaid during 1974 and 1975 with an average 
thickness of 3 1/4 inches of asphalt concrete. 

Section 5 in the west bound lane already had a 3" thick overlay at 
this time and was thus overlayed with an additional 1 1/2" of aspahlt 
concrete. 



v. DESIGN INFORMATION 

1. MATERIALS CHARACTERIZATION 

A. General Comments 

Condition Survey Data 

1974 Condition survey before overlaying 

1979 Condition survey after overlaying 

Remaining Life From Condition SHrvey Data 

Zero remaining'life at approximately 15 defects per mile. 

207 

Deflections Used For Section Selection (Depending on remaining life 
of existing pavement,pavement 
type and overlay type.) 

No defelction measurements were obtained. 

Laboratory Testing (Tests done or assumptions made. Mr Ssg fc ) 

No laboratory testing was done. Material properties similar to those 
obtained along an adjacent section of road (CFHR 2009), were used as 
initial estimates. 
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B. Layer Stiffnesses 

Table A.a 

Table from MODE. 
Lab test results. 
Table for calculating layer moduli 

based on deflection basin slopes, 
condition survey data and fatigue 
life. 

90 th percentile sub grade modulus. 
Moduli from deflection basin slopes 

at pavement joints or defects if 
no remaining life. 

Calculation of pavement remaining life using condition 
survey data and estimates of layer moduli. 



TABLE A.8 

TABLE FOR CALCULATING REMA INING LIFE 
IH-10 DISTRICT 20 

CFHR 2004 . NON-OVERLAID REMAINING LIFE ESTIMATES 

SECTIONS 
CONDITION 

Kill 'FY FIRST ESTIMATE FINAL ESTIMATE OVERLAID Rffi1. LIFE 

o DEF- E1 E? N90 RL2 El E2 NgO RL2 ~~Q n NAll RL3 
SEC-
rrION LIMITS ECTS RLl psi psi 18 kip psi psi 18 kill psi 18 kip 18 kip 

[MILES] PER 
Ixl ()6 x105 - i-v1()6 x106 IMTI.E 

1974 NO DE FLECTI NS -
EB 1 8- 8.9 40 <0 3.0 2.5 5.4 132 6.0 7.1 16 

2 - 9.8 11 0 3.0 3.0 6.7 124 8.6 30 

3 -10.8 26 <0 3.0 2.5 5.4 132 7 1 16 
4 -11.6 40 <0 3.0 2.5 5.4 132 7.1 16 

5 -12.8 O/LAY <0 ... 
-

6 -13. 7 10 0 3.0 3,0 6.7 1?L. R 11 q() 

7 -14.6 7 >0 3.0 3.0 6.7 124 8.6 30 

8 -15.6 8 >0 3.0 3.0 6.7 124 8.6 30 --1------ ,,_'0 1---1--' 
9 -16.5 9 >0 3.0 3.0 6.7 124 8.6 30 

10 -17 .5 5 >0 3.0 3.0 6.7 ... 124 8.6 30 
-- .---
-- r------ --- - - - --- -----

. - ----- ---

-- . --- ------ r 

RLl remAining life from condition survey data. RL2 remaining 1 ife for non-overlaid pavement. 
N90 fatigue life corresponding to 90th percentile Sensor 5 deflection. NaIl allowable ApplicAtions. N 

o 
\0 



TABLE A.8 Continued 

TABLE FOR CALCULATING REMAINING LIFE 
IH-IO DISTRICT 20 

CFHR 2004 NON-OVERLAID REMAINING LIFE ESTIMATES 

CONDITION 
OVERLAID REM. LIFE SECTIONS s I~ '''~v FIRST ESTIMATE FINAL ESTIMATE 

. DEF- E, E? N90 RL2 El E2 N90 RL2 CT90 n NAll RL3 SEC- LIMITS ECTS RLl 
rrION psi psi 18 kip psi psi 18 kip psi 18 kip 18 kip 

PER 
xl06 xlOs v1n6 v1n6 IMTI.R 

1974 NO DE( LECTIO ~S 6.0 

WB' 1 17.5-16.4 3 >0 3.0 3.0 6.7 124 8.6 30 
2 -15.5 10 0 3.0 3.0 6.7 124 8.6 10 

3 -14.2 2 >0 3.0 3.0 6.7 11[, R n ~n 

4 -13.0 5 >0 3.0 3.0 6.7 124 8.6 30 

5 -12.1 0 >0 3.0 2.5 5.4 132 7.1 1"6 

6 -11. 6 2 >0 3.0 3 •. 0 6.7 124 8 6 30 
7 -10.6 12 0 3.0 3.0 6.7 124 8.6 30 

8 - 9.7 3 >0 3.0 3.0 6.7 124 8.6 30 -- f---- -----.. ---- f--

9 - 8.8 7 >0 3.0 3.0 6.7 124 .~ 8.6 30 
10 - 8.0 3 >0 3.0 3.0 6.7 124 8.6 30 

-- --
- 1------- .. - - - -- -. 

-- ----- - --_ ... ------ ---

r 
I - --- -

II I I I I I I I I I I I I I I I 
RLI remaining life from condition survey data. RL2 remaining life for non-overlaid pavements. 

N90 fatigue life corresponding to 90 th percentile sensor 5 deflection. NaIl allowable applications. 

i 

N 
I-' 
o 



2. FATIGUE LIFE PREDICTION 

A. General Comments 
Fatigue of Existing Pavements 

Fatigue life predictions correlated to condition survey results in 
Table A.S. 

Overlay Fatigue 

Only fatigue in the existing pavement is considered. 

Reflection Cracking 

No reflection cracking analysis was done. 

211 



212 

B. Fatigue Life 

Table showing fatigue lives of 
different pavement layers. 

Table A.9 shows the remalnlng fatigue life of the existing pavement 
compared to engineering estimates of the total traffic wbich will 
pass over the overlayed pavement before failure will occur. 



TABLE A.9 

RIGID PAVEMENT OVERLAY DESIGN 

SECT- EXISTING MTL. PROPS. REM- FUTURE FAT. LIFE WITH OIL THICK 

IONS El E2 E3 AINING 3" 6" 9" 12 " 
106 psi 105 psi 103 psi LIFE 

EB 1 3.0 2.5 5.0 16 2.2 4.3 8.3 15.4 
.. . .. - .... _-- -- ~-- --

2 3.0 3.0 30 6.4 12.0 22.0 40.0 
.. 

3 3.0 2.5 16 2.2 4.3 8.3 15.4 
4 3.0 2.5 16 2.2 4.3 8.3 15.4 

5 3.0 2.5 16 2.2 4.3 8.3 15.4 

6 3'!.Q_ ._ .. __ 3. ~.Q ___ 30 6.4 12.0 22.0 40. 
7 3.0 3.0 30 6.4 12.0 22.0 40.0 

---- ------- --
8 3.0 3.0 30 6.4 12.0 22.0 40.0 

r---------- --f--- .----- -- -.----~ .. --
9 3.0 _-.l.~ 30 6.4 12.0 22.0 40.0 ._--_._.- -_. __ .-- -- -

10 3.0 3.0 30 6.4 12.0 22.0 40.0 
-- .---- ----~------
-------- _. - -

.-.--------~ -

------- ----~-- .- .-.•.. . ' -_.-.-. -_._} 

- -- ---.... ---. 

EXISTING OVERLAYS 

TRAFFIC ESTIMATES 106 18kip 

OIL PAST DEFECTS TOTAL 
PER THICK TRAFFIC MILE TRAFFIC 

3.0 3.0 63.0 5.0 

3.0 3.0 3.0 7.0 

3.0 3.0 9.0 7. 0 
3.0 3.0 23.0 6.0 

4.5 4.0 54.0 5.p 

3.0 3.0 7.0 7.0 
3.0 3.0 25.3 6.0 

3.0 3.0 5.0 7.0 

3.0 3.0 LO 7.0 
3.0 3.0 2.0 7.0 

tv 
I-' 
W 



IH-10 DISTRICT 20 
CFHR 2004 

TABLE A.9 Continued 

RIGID PAVEMENT OVERLAY DESIGN 

SECT- EXISTING MTL. PROPS. REM- FUTURE FAT. LIFE WITH OIL THICK 

IONS E1 E2 E3 AINING 
3" 6" 9" 12" 

106 osi 105 psi 103 psi LIFE 

WB 1 3.0 3.0 5.0 30 6.4 11.9 22.0 40.0 
. -.- - ._--- -- .- ~-. 

2 3.0 3.0 30 6.4 12.0 22.0 40.0 

3 3.0 3.0 30 6.4 12.0 22.0 40.0 
--- -

4 3.0 3.0 30 6.4 12.0 22.0 40.0 
5 3.0 2.5 16 ---r.2 4.3 -B."T" 1.5.4 

6 3.0 3.0 30 6.4 12.0 22.0 40.0 
-.-- .- ....... _--_ .. - -

7 3.0 3.0 30 6.4 12.0 22.0 40.0 . _. 
B 3 0 3.0 30 6.4 12.0 22.0 40.0 

30 - _._----- .------ 22.0 40.0 9 3.0 3.0 6.4 12.0 -- -----j --
10 3.0 3.0 30 6.4 12.0 22.0 40.0 

---- -------' 
- - - .- --,-~-

- .-.. _._-"- ------- -- - .- ._-----

-

. _.- -- -_._--_ . ...., --. .- . 

IJ J I I ~- ~--=-........ _--- - I I I 

EXISTING OVERLAYS 

TRAFFIC ESTIMATES 106 IBkip 

OIL PAST DEFECTS TOTAL 
PER THICK TRAFFIC MILE TRAFFIC 

3.0 3.0 4.0 7.0 

3.0 3.0 B.O 7.0 

3.0 3.0 2.0 7.0 

3.0 3.0 0.0 7.0 
3.0 3.0 0.0 7. ~ 

3.0 3.0 1.0 7.0 . 

3.0 3.0 2.0 7.0 

3.0 3.0 3.0 7.0 
3.0 3.0 0.0 7.0 

3.0 3.0 0.0 7.0 
---------

II I I 

I 

IV 
I-' 
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CONCRETE PAVEMENT OVERLAY DESIGN 

I. PROJECT IDENTIFICATION INFORMATION 

DISTRICT 

17 

COUNTY 

Walker 

HIGHWAY 

IH-45 

CONTROL SEC 

From Montgomery County Line to South of Huntsville. 

SCOPE 

JOB CFHR No 

1701 

215 

Compare the overlay life predictions of the design procedure to the condition 
of an existing asphalt overlay and engineering estimates of the future life 
of the overlay. 
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II. PAVEMENT STRUCnJRES 

EXISTING ACTUAL MODEL 

r 7" CRCP 17
" 

CRCP E} 

I 6" Flexible Subbase ! 10" Subbase E2 
6" Lime Stablized Subgrade 

--'//""'*~' :---,,<,",)("'"''7,-., .....-,.77""'7'"',.,--v.,..,' '''7.'-. ""'",,'---'.'''7. -r?""'<,-"~--'. ~----~---,-

Subgrade 

~172 ...... .- ,//;.- "'--,- , ) ""_) .AI 

Subgrade E3 

PROPOSED OVERLAID STRUCTURE 

~----------------.----------
1-~~--Overlay .El = 300,000 V 1=0. 30 

i8" CRCP 

';6" Flexible Base 
) 

:6" Lime Stablized Subgrade 
ft- /?~ ",.> ,. -,,» <,> . 9>< ,/'7 - /</ ,,< »Z, 

Subgrade 

II I. TRAFF Ie 

AGE TRAFFIC IN l8-kip ESAL's 

[Years] PAST TO OVERLAY 
Construction in 

1974 1974-1978 

19 

Vl =0.15 

V2=0.20 
, 

// '-
, 

, . / . <::/" 

V
3
=0.45 
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IV. DESIGN THICKNESSES 

The pavement was overlayed during 1974 and 1975 with an asphalt overlay 
varying in thickness from 2 1/2 inches to 6 inches. 
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V. DESIGN INFORMATION 

1. MATERIALS CHARACTERIZATION 

A. General Comments 

Condition Survey Data 

1974 Condition survey before overlaying 
1979 Condition survey after overlaying 

Remaining Life From Condition SHrvey Data 

Zero remaining, life at approximately 14 defects per mile. 

Deflections Used For Section Selection (Depending on re~lining life 
of existing pavetnent,pavement 
type and overlay type.) 

Deflection measurements taken at every 500 feel prior to overlaying. 

Laboratory Testing (Tests done or assumptions made. Mr SBg fc ) 

Some laboratory testing of pavement materials was done before 
overlay and is documented in Ref 1. 



B. Layer Stiffnesses 

Table A.lO 

Table A.ll 

Table from MODE. 
Lab test results. 
Table for calculating layer moduli 

based on deflection basin slopes, 
condition survey data and fatigue 
life. 

90 th percentile subgrade modulus. 
Moduli from deflection basin slopes 

at pavement joints or defects if 
no remaining life. 

Dynaflect deflection statistics for each section and 
model subgrade modulus under the Dynaflect load. 

Calculation of pavement remaining life using condition 
survey data and correlation of material properties to 
these results using deflection basin slopes, pavement 
stresses and a fatigue equation. 

219 
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TABLE °A.11 

TABLE FOR CALCULATING REMAINING LITE 
IH-45 DISTRICT 17 

CFHR 1701 NON-OVERLAID RIDIAINING LIFE ESTIMATES 

CONDITION 
OVERLAID REM. LIFE SECTIONS :,; IK '/,;Y FIRST ESTIMATE FINAL ESTIMATE 

° DEF- E, E? N90 RL2 E1 E2 N90 RL2 ~90 n N.Rll RL3 SEC- LIMITS ECTS RL1 
rrION psi psi 18 kip psi psi 18 kiJ: psi 18 kip 18 kip 

[MILES 1 PER x106 x105 x106 % x100 x105 x100 0-

% x106 x106 % IMTI.E 
1974 - 8,0 

NB 1 0- 4.9 13 0 2.5 1.0 5.0 <0 2 3 1.4 8 1 0 11 h 1{"1 7 ?e:; 

2~ 4.9- 7.8 39 <0 2.0 1.0 6.6 <0 1.9 1.0 7.1 <0 121 9.3 14 

3 8.8-10.3 47 <0 3.2b' 1.0 5.9 <0 3.0 1.2 7.4 <0 120 9.6 16 
4 0.3-11. 2 96 <0 2.0 1.0 6.8 <0 2.0 1.0 6.8 <0 123 8 Q 10 

" 

5B 5 0- 2.5 16 0 2.0 1.0 7.2 <0 1.9 1.1 8.7 0 113 11.6 31 

6 3.6- 5.1 16 0 2.0 0.5 3.5 <0 1.5 0.7 6.6 <0 124 8.6 7 
7 5 1- 6 1 5 ~ r--2-. ..Q--~1h-2_ _3._.5_ _~o 1 5 o 7 _2 J±. ----"'lL 11 q q R ?q 

8 6.1- 8.7 14 0 2.0 1.0 6.8 <0 1.9 1.1 8.2 0 115 11.0 27 
-.. 

9 8.7- 9.6 7 >0 2.5 1.0 5.0 <0 2.2 1.5 9.5 >0 110 12.7 37 .--
10 9.6-10.6 6 >0 2.5 1.0 4.8 <0 2.2 1.5 9.3 >0 111 12.3 35 

--. 1---- ---- - - - -- - __ 0 __ • -
11 0.6-11.3 9 >0 2.5 1.0 4.8 <0 2.2 1.5 9.3 >0 111 12.3 35 ----- f-- - ---- --_.-

- --- -

RL1 remaining life from condition survey RL2 remaining life for non-overlaid pavements. 
N90 fatigue life corresponding to 90th percentile Sensor 5 deflection. Na11 allowable applications. N 

N 
I-' 
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2. FATIGUE LIFE P~EDICTION 

A. General Comments 
Fatigue of Existing Pavements 

Fatigue life correlated to condition survey results in Table A.II. 

Overlay Fatigue 

Only fatigue in the existing pavement is considered. 

Reflection Cracking 

No reflection cracking analysis was done. 



B. Fatigue Life 

Table showing fatigue lives of 
different pavement layers. 

Table A.12 shows the design predictions of the remaining fatigue 
life of the existing pavement compared to engineering estimates 
of the total traffic which will pass over the overlaid pavement 
before failure will occur. 

223 



IH-45 DISTRICT 17 
CFHR 1701 

TABLE A.12 

RIGID PAVEMENT OVERLAY DESIGN 

SECT-
EXISTING MTL. PROPS. REM- FUTURE FAT. LIFE WITH OiL THICK 

IONS E1 E2 E3 AINING 3" 6" 9" 12 " 
106 ~si 105 psi 103 psi LIFE 

NB 1 2.3 1.4 9.0 25 5.4 12.0 25.0 48.0 
---.- --. . - --~ - ._---- ---

2 1.9 1.0 9.0 14 2.9 6.9 15.0 30.0 
-

3 3.0 1.2 10.0 16 2.9 6.0 11. 8 22.2 
4 2.0 1.0 14.6-----

10 2.4 5.6 12.5 22.4 
--- -

5B 5 1.9 1.1 12.0 31 8.3 19.5 42.7 85.3 
-.~ - - .-- '. -------

6 __ J-.S 0.7 7.5 7 14 3 6 8.0 16.4 
7 1.5 0.7 11.0 29 7.1 18.1 41.5 85.7 

------ '---------1------ ._--.---- .-. - .--_ .. -- ----,----

8 1.9 1.1 10.0 27 6.6 15.5 33.5 66.5 ------- -----r----

9 2.2 l,~~ __ _ 2_._5 __ _ ....Il..... 9.8 21.6 45.0 81..0 
10 2.2 1.5 9.5 35 9.3 20.4 42.5 82.0 

-------- -- - ---'---- 1---
11 2.2 1.5 7.5 35 8.3 18.1 37.2 71.1 

-- --------1------ ---------- .• ------ -- ----- . --- ---- ----

- f----- - ----- ---f------- f----- - ,---

EXISTING OVERLAYS 

TRAFFIC ESTIMATES 106 18kip 

OIL PAST DEFECTS TOTAL 
PER THICK TRAFFIC MILE TRAFFIC 

2.5 5.0 44.0 8.0 

6.0 5.0 1.0 10.il 

5 0 1).0 11. n In n 

2.5 5.0 33.0 8.0 

, 

2.5 5.0 24 0 9 0 

6.0 I) 0 1 R n q n 

2.5 5.0 14.0 10.0 

4.0 5.0 26.0 10.0 I 

25_ 5.0 311) R..O 
4.0 5.0 16.0 10.0 

2.5 5.0 34.3 8.0 

, I -----.I I 

t I I I I I n I I I I I I] 

tv 
tv 
~ 



CONCRETE PAVEMENT OVERLAY DESIGN 

I. PROJECT IDENTIFICATION INFORMATION 

DISTRICT 

1 

COUNTY 

Hunt 

HIGHWAY 

IH-30 

CONTROL 

9 

SEC 

13 

JOB CFHR No 

From Rockwall county line to South West of Loop 315. Approximately 15.1 
miles in each direction. 

SCOPE 

Design a CRC overlay to last 20 years. 

225 
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II. PAVEMENT STRUCTIIRES 

EXISTING ACTUAL 

10" JCP with 15' Wrinkle 
-Joints 

6" Soil Cement Subbase 

6" Road Bed Treatment 
/,0 :-"Y/<. " '. " " ,:,.~'7. 

Subgrade 

PROPOSED OVERLAID STRUCTURE 

Tin 

MODEL 

10" JCP 

7" Soil Cement 
Subbase 

Subgrade E3 

CRCP Overlay El-s,OOO,OOO Vl=O.ls 

10" JCP 

6" Soil Cement Subbase 

6" Road Bed Treatment 
- '/ / /// 

III. TRAFFIC 

AGE 

[Years] 

+ 18 

Subgrade 

TRAFFIC IN l8-kip ESAL's 

PAST TO 1979 

l2xl06 
1980 - 2000 

3sxl06 
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IV. DESIGN THICKNESSES 

SECTIONS LIMITS OVERLAY NUMBER OF JOINT 
(MILE THICKNESS 

WB A 94.2-93.6 9.5 19 
B -93.2 8.0 0 
C -92.9 9.5 0 
D -91. 5 8.0 34 
E -90.1 10.0 5 
F -87.9 8.0 54 
G -87.7 9.5 7 
H -84.7 8.0 74 
I -82.7 9.0 70 
J -81.1 10.0 101 
K -78.8 10.0 32 

EB A 79.0-82.2 10.0 23 
B -83.1 11.0 38 
C -84.6 9.5 32 
D -85.1 10.0 56 
E -85.8 8.5 12 
F -86.1 10.0 0 
G -87.1 8.5 7 
H -88.6 9.5 26 
I -89.4 8.0 14 
J -89.8 10.0 7 
K -92.9 8.5 15 
1 -92.3 9.5 11 
M -93.1 8.0 14 
N -94.1 9.5 7 
0 -94.4 8.5 2 
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V. DESIGN INFORMATION 

1. MATERIALS CHARACTERIZATION 

A. General Comments 

Condition Survey Data 

Condition survey done in 1979 prior to overlay. 

Remaining Life From Condition SHrvey Data 

Condition survey indicated approximately 10% class III and IV cracking. 
Zero remaining life assumed. 

Deflections Used For Section Selection (Depending on renaining life 
of exis ting pavemen t. pavemen t 
type and overlay type.) 

Deflection basin slopes at the pavement joints. 

Laboratory Testing (Tests done or assumptions made. ~ Ssg fc ) 

No laboratory testing. 



B. Layer Stiffnesses 

Table A.13 

Table A.14 

Table from MODE. 
Lab test results. 
Table for calculating layer moduli 

based on deflection basin slopes, 
condition survey data and fatigue 
life. 

90 th percentile subgrade modulus. 
Moduli from deflection basin slopes 

at pavement joints or defects if 
no remaining life. 

Defelction statistics of the at-joint deflections. 

Deflection basin slopes corresponding to estimated 
layer moduli. 

229 
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TABLE A.14 DEFLECTION BASIN SLOPES CORRESPONDING TO 
LAYER MODULI FOR 10 INCH JCP. 

DEFLECTION BASIN SLOPE E1 E2 
DYNAFLECT SENSOR 1 MINUS SENSOR 5 x106Esi x105Esi 

0.5 5 2 

0.7 4 2 

0.8 3.5 1 

1.0 3 0.5 

1.2 1. 75 0.5 

E3 
x103Esi 

6 

6 

6 

6 

6 
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2. FATIGUE LIFE P~EDICTION 

A. General Comments 
Fatigue of Existing Pavements 

Existing pavement assumed to have no remaining life. It is recommended 
that all joints which have a basin slope exceeding the design basin 
slope, be repaired. 

Overlay Fatigue 

Overlay fatigue considered by modelling the existing pavement in 
accordance with the steep basin slope obtained at the pavement joints. 

Reflection Cracking 

Reflection cracking implicitly allowed for by the above modelling 
procedure. 
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B. Fatigue Life 

Table A.IS 

Table showing fatigue lives of 
different pavement layers. 

Overlay thicknesses and number of joints requiring 
repair for a range of joint basin slopes. 



TABLE A.15 

PERCENT JOINTs/No. OF JOINTS REQUIRING REPAIR FOR THE JOINT BASIN SLOPE/OVERLAY THICKNESS, INDICATED 

SECT- W1-W5 Dol W,-W"l Dol W1-WI) Dn 1 W,-WI) Dnl Wl-WS Dn1 W1-WI) Dol 

IONS 0.5 8.0 0.6 8.5 0.7 9.0 0.8 9.5 1.0 10.0 1.2 11.0 

WB A _~5 116 30 64 15 32 9 19 -~- 19 &. R -- --~.-- r-------
B 0 0 0 0 0 0 0 0 0 0 0 0 
C 35 31 25 22 10 9 0 0 0 0 ___ J>_~ 0 _. - - - ._--_ .. - . ---_._- I--- f--- -- - ---=----
D 7 34 3 15 1 5 0 0 0 0 0 0 

1-------- -------1---

E 35 172 25 173 15 74 8 39 1 5 0 0 -- "------ ---- -- "- . - - _._ .. ... - -- --- --. ----- -- - - ----- --
F 7 54 3 23 2 15 1 8 1 8 1 8 

1-------- -- -. -- ---- - --- --- ---- "." ._--- _.-

G 45 32 25 18 15 11 10 7 10 7 0 ' 0 
--- 1------ ---- ----- --------- _.- --

H , 7 74 4 42 2 21 2 21 0 0 0 0 
I 20 141 15 106 10 70 6 42 4 28 1 7 

- -_. - --- ------- I--

J 55 310 50 282 40 !25 31 174 18 101 12 i 68 
---- I 

K 45 364 25 202 17 138 12 97 4 32 

t -- -_ .. - --- - . _." .- - -_ .. -f--------- f-----1--------

I 

. - - - .--- - - --- --_ . ------- f--------1-----

- --- -- • --- - - _. -- - - - -- --- . __ . ---

-.--.- - - ."-'-- -- ---- - -------- --------1---- --1-------1------- -_._--1------
I 

- . - - - .. - -- ------ --. ------ t- , 

! 

------- r--- -

- ._------ ----

-- - f-----

N 
Vol 
V1 



TABLE A. 15 CONT DmED 

PERCENT JOINTS/No. OF JOINTS REQUIRING REPAIR FOR THE JOINT BASIN SLOPE/OVERLAY THICKNESS, INDICATED 

SECT .. W1-W5 Dol W1-W5 Dol W1-W5 Dol W1-Ws Dol W1-W5 Dol Wl-W5 Dol 
IONS 

0.5 8.0 0.6 8.5 0.7 9.0 0.8 9.5 1.0 10.0 1.2 11.0 

EB A __ ~5 __ 394 22 -~~ 15 169 __ 9 101 2 2l 1 11 
- ---- ~~~~--~- ------

B 70 222 55 174 35 111 29 . c_ 92 
f----

20 63 12 38 

C 50 264 25 132 10 53 6 32 2 11 0 0 
- ~-- - - -----_. -- ---- - -.---~ -- f------------ f-------- 1-

D 75 132 60 106 50 88 45 79 32 56 26 46 
r--- ------ ---------- -- -- -----c-------

E 10 5 5 12 3 7 3 7 0 0 0 0 ---- ~- .. -_. - -- -- -~- - - -- ------~ -- ---- -- --. 
F 30 32 22 23 18 19 18 19 0 0 0 0 

!---- - _ .. - - -,-- ,-~~ --- ---~-- _. ---
G 7 25 2 7 1 4 0 0 0 0 0 0 

-- f-- ----- ---- ------ -- - - r----

H ' 35 185 15 79 10 53 5 26 3 16 2 11 
-

I 5 14 2 6 1 3 0 0 0 0 0 0 ----------._-- f------

J 70 99 45 63 35 49 20 28 5 7 0 0 
1-- ._- - -

7 52 2 15 1 7 1 7 1 7 1 7 
1-- - - - --.--~.--- '----- --I- ---~----- ---- --

L 30 42 20 28 12 17 8 11 4 6 
- - ~ - - -- -,-- -- - -- -------- c-

O 0 M 5 14 2 6 1 3 0 0 0 0 
- - - --.~ -,.- r-

N 35 123 15 53 8 28 2 7 0 0 0 0 
---- -------- ---- -- - - -- -_.----- -- -------"- --

0 7 7 2 2 1 1 0 0 0 0 0 0 
I-- - - - - -- - --- ----- -.-- .. --.. -~ 1-------------

-- -

Ii I 
--~~~-- ..... f---t I I ~ 

N 
W 
0' 



APPENDIX B 

PROGRAM MODE 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



(C 
( 
( 
( 
( 
( 
C 
( 
( 
( 
( 
C 
C 
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( 
( 
( 
( 
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( 
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C 
C 
( 
C 
( 
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( 
( 
( 
( 
C 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 

C 
( 
( 

PRO~RA" MODE (I~PUT.OUTPUT,TAPE~.t"PUT,TAPE~.OUTPUT,TAPfll 

TMII PROGRAM II 'OR UIE wlTM OY~A'LfCT DE'LECTION MfASUREM~~TS 

TME PROGRAM PLOTI TME 'RE~uE~CY A~D CUHULATTVE 0ISTR8UTln~R 
0' A NUM8ER 0' nEIIG~ PARAMETERS CALCUL,T,n .ROM OY~A'LECT 
DEFLECTIO~ MEASURP.ME~T': 

TME RANGE 0' TME OE'LE(TION MEASUREME~TI II DIVIDED I~TO 
INTERYALI: TME LP"EA A~D UPPER LI"ITI 0' TME RA~Cf ARE 
INPUT IY TME ue,R. ('OHIN"nMAX,'SMIN,'SMAkl 
'OMIN AND 'DMA. RE'ER Tn TME LIMITI 0' TME r'NCE 0' IE~IOR 
AND IENIOR 5 DE'LE(Tlo~e. 
FIMIN AND 'IMAX R~'ER TO TM~ LIMITS OF TM' Q'N'E 0' TME 
8ASI~ ILOPEI (IE~IDR I ~ IE~SOR 5) 
A NUMIER 0' STATIITICI RElATI~~ TO TME nE'LE(TIDNS WITHI~ A 
IE(TION, ARE CALCUATEO. 

MODf 
AVERAGE 
ITANDARD DEVIATION 

THE IE ITATIITICI ARE CALCULATEO 'OR SENSOR I, IE~~OR 5, A~~ .ME 
8AII~ ILDPEI (IENIOR I • ~E~lnR 5) . 

.... 
IN ORDtR TO UI! TME PROGRAM IT IMOULD 8E RUN TWICE O~ TME RA~E 
DATA~ ONCE TO D8TAIN TME 'REOUE~CY 01lTRI8UTIDN 0' TME VARI~UI 
DE'LE(TIDN PARAMETERI, ANn THE~ AGAI~ TO n~TAI~ TME IU8GRA~E 
MODULUI, TE~SILE ITREIS; A~D 'A'IGuE LI'E 01ITRI8UTI0~1: 

.................•..................... ~ .•.•.••......•.•...•.••..• 
INPUTI 

.................................................................. 
THE INPUT TO THE PROGRAM RE~UIR~I • CAROl 

CUD I 1l,1". 
COLI I • Z IIWELI. A IWIT(M TO INDICATE HMETMER ELSyM5 

RUNI ARE REgUIRfD TO CMECK TMf 
REGRESSIO~ ITREISEI~ 

COLI J • 18 NTITLE. A IUITAILE TITLf. 

CARD 2 15,4,5:2,215 
COLI I. 5 ~ • TME ~UMAER OF SECTIONS I~TO WMICM 

TMr QOAnwAY II DIVIDED, ~ASEO n~ 
TME DE'LECTION MEASUREM'NTI I~ THE 
IECTION 

•• I_ 'OMI~. THE LOwER A~D UPPfR 8DU~DARtES. 
II • 15 ,DMAX. I~ MILLI.t~CHEI, wlTMIN WMI(M MOlT 

0' TME I[~IDR I Df'LECTIO~ MEAIUQE. 
M'~TS ARE EXPfCTED TO 'ALL. 
EXAMPLt ~.2 I:~ 
F~MI~ HUST ~E ~. A.~ 

C 
C 
( 
( 
C 
C 
( 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
( 
C 
( 
C 
C 
( 
( 
C 
( 
( 

C 
( 
( 
( 
C 
( 
( 
C 
( 
( 
C 
C 
( 
C 
( 
C 
( 
C 
( 
( 
( 
( 
( 
( 
( 
( 
C 
( 
( 
C 
( 
C 
C 
C 
C 

I~ - 20 
il • 25 

1~ • ]0 

'IMI"· 
'SHAlt_ 

~OPI." '. 

TWl LOWER A~O UPPER LIMITS , t .. 
HILLt.I~CHES, .tTMI~ WHICM TH,. 
SL~PES 0' THE UE'LECTtO~ 8ASt~S 
ARE EXPECTEO TO 'ALL. 
EXAHPLE e.1 ':_ 
'SHI~ MUST Ht ~T _.e 
TME ~IIH8ER 0' DFnHTlD~ 'REQU'~CY 
OIITQleUTID~ OIA~RAMI Tn RE PLOTTEn. 
I' ~DPLT • 0 SE~IOR 5 PLOTTED 
I. ~OPLT • I RASI~ ILOPE PLDTT,n 
I. ~DPLT • 2 SLnpf. A~D ~E~S 5 
I' "OPLT • ] IE~S I, SE~S 5 A~D 
HAII~ SLOPEI AM, PLOTTEn 

T~~ 'OLLOHING OATA n~ THIS CAQO n~LY ~E'DS TO ~, t~PUT 
I' TME 'A'I~u~ LI'E otsTR'eUTIO~ 0' TME SECTIO~I 0, 
RnAO ARE TO ~, PLOTTED 

]1 .]5 N,PLT. TME TYPEI 0' 'RfOUE~CY nISTRIRuTTO, 
CIIRVES TO eE PLnTTED 'ROM T'IE 
'ATIGUE A~ALYIII: 
I. ~'PLT • ~ 'ATIGUf LI'E OIIT: 
II PLOTTED 
I' ~FPLT • I TF~SILE STMEIS A~D 
'ATIGUE LI'E nISTRIIUTln~1 ARf 
PLoTT ,.0; 
I' ~'PLT • i IUAGRADE M"OULUI 1I~IIED A~ 
II -IP AXLE LDAII; 
TE~IILE ITREIS A~O 'ATIGUE LI'E, 
OtSTRIBUTIO~1 AR~ PLOTTED; 

CUD J. ;NIECT+] 
COLI I-

15,.'IIII._,1'5.J 
5 NI!C(~).TME ~'JMIER 0' DULECTlD~ 

eAIINI MEAIUREO I~ EACM IECTIO~ 
0' THE ROADwAY. 

COLI •• 15 01 (NI _TMICK~E" 0' LAy,R I II~CMEII 
VALID THICK~ESlfl ARE 1,8,',1_ A~O Ii 
O~'AULT • 1 I~CMr.1 

TME 'OLLOwl~G nATA "~ THI8 CARD ONLY ~EfDS TO AE tNPUT 
I. TMf 'ATIGU, LI't OISTQldUTIO~ 0' TME SECTID~R 0, 
ROAn ARr. TO 8~ PL"TTEII 

COLI I. - 25 EI(~) -MODlILUS D. L AYU I IPIII 

COLS ,. - J5 Dl(~) _TMIr.w~tSI 0' LAy,R 2 II~CHEII 

COLS ]~ _ 45 El(~) _M"OIlL"S 0' LAYER 2 IPSII 

COL8 ••• 55 D1(~) _TMIC.~EII 0' LAYER J rl~CMEII 
TMIR IS OPTIO~AL: I' LE'T 8LA~W 
TWE PROGRAM ASIUMES TME IUeGRAnE 
IS T~.I~ITf.LY TWICW; 

COLI 5. - .5 'I(N) -HnDUL"1 0' RUPTURf n, CO~CRFT[ 
~IJQ'ACE LlYf~; 

CDlS •• _ 1e STAT~INI ~'AT'C RAllO O. VERTICAL TO 

t-:
w 
<.0 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

~nAllONTAl EFFECTIVE STAESS; 
OPTIO~Al. IF lE~T BlA~M T~E 
PAOGAA" wILL ASSU"E THAT ~O 
OV~A91IROE~ Sf'ESSES ARE To ~E 

uSEn I~ THE CAlClllATIO~ OF 
SUBGAAn~ HonUlUS U~OER A~ 18MIP 
Ul~ lOAO; 

COlS 71 • 75 SSGI", .THE SI.OPE OF THE SUB'AAnE HOOlll1l9 
O,.VTATOA STRESS ll~' WHE~ lAB TERT 
DATA IS PlDTTEO ~~ A lOG.lOG SCALE: 
OPTIO~Al. IF lE'T BLA~K PROGRA~ 
ASSUHES lEAO STR~SS SE~SITIVITV: 

CDlS 7& • Bm STAIFI~I. A~ INTERIOA TO EDGE STRESS 'ACTO. 
FOA I~CREASI~G THE STRESSES AS 
CALCULATED BV lAVEREO T~EORV Tn 
ACCOU~T FOR EDGE lOADI~G CD~OTTln~! 

THESE VALUES ~EfD D~lV ~E I~PUT O~CE IF THEV ARE T~~ SAHE .0. 
All SECTID~S. THE PRDGAA. WIll ASSIG~ PR(C~DI~' VALUES 'DR All 
SUB'EQU!~T SECTIONS: 

CARD NSECT+G I.AG 
COlS t. u IFORH. A SI/ITABLE FDRHAT 'OR REAOI~G 

S!NSOA I TO Sf~SDR 5 DV~AFl[CT 
DEFLECTIONS; nEFAUlT IS 

(1mX.S(F2.1.·3.211 

DATA CU!)S 

•.....•.•.•..•.................................... --.........•... 
liST O~ VARIASLE'; 

••.........•....•.•.•............................................ 
Of'L(M,JI 

SLOP!(JI 

FO(lI 

FIILI 

~S!C(N) 

~DGT 

~sroT 

N' 
NS(I) 

• DEFLECTION AT !E~SOR K UNDER TH~ DVNA'lECT 
lOAD 

• DI"EAENC' 8ETw~!~ DEFLECTIO~S AT S~~SORI I ANn S 

• UPP,A llHITS OF 'REQuENCV I~TEAVAl III FOR ~AX. 
I"U" DE'lFCTlnNS. 

• UPPER ~IMIT O~ FREQUENCV IN'~RVAl (II FO~ 
DE'lECTIO~ BASIN SLOPES 

• NU"8ER OF OEFlEr.TIO~ POINTS I~ SECTIO~ ~ 

• NUM~ER 0' D~FlECTTO~S WHICH FAll OUTSIDE TH! 
MAllMUH OfFLECTID~ INTERVAL: 

• NUMBER OF BUIN SLOPES WHICH FALL OIlTST!)F TH~ 
MAIIHUH SLOPE INTERVAL. . 

• T~E NUM8EA OF D~FlECTION8 WIT"IN TH[ INTERVAl , 

• THE ~UHRER OF ~ASIN SlOPE8 WITHIN THE INT~DVAl I 

C SlOPE(II • THE SLOPE O' THE nEFLECTlnh .AII. I 
C EQUAL Tn SE~SORI • SE~SOR5 
C 
C FnLDII) • THE OlO LTHITS OF THE DEFlECTTO~ INTERVALS 
C SET B,FnRE Tk, TNTEAVAlS AA, SHIFTE~. 
C 
C SlI"11I • THE III" r. FACH S"~SOAS DEFLECTlO~ FOA THOSf 
C !)EFlECTTONS WHICH FAll WITHI. THE "~OAl I~TF'V'l. 
C 
C AV~!)EF(I). THE AVERAGE D"Fl£CTO~ 
C AVEnE'(II. THE AVEAAG[ OEFlr~TlnN FOA THOSE OEFl~CTIO.S 
C WHICH FAll WITHIN THE "OOAl I~TEAVAL. 
C 
C ~ • A COU~TER w"Ir.. cnU~TS T~F NII"BER OF SECTln~8. 
C 
C .nHA. • THE UPP~A llklT O' THE DfFl.CTIONS -ITHI. 
C WHICH THE "no. 19 .XPECTE~ TO FALL. 
C 
C 'RHA. • THE UPP~R lTHIT O. TH~ BASI~ SLOPES ~ITHI. 
C WHIH TH. "nIlE IS [XPECTED Tn FALL 
C 
C I'ORH • A SUITABlF 'OR"AT STATEHE~T FOR REA~I~G TH~ TNpUT 
C OATt 
C 
C NDINT • THE NU"BEA O' INTERVALS INTO _HICH THE ~A~GE OF 
C DEFLECT InNS IO 
C !)E'LECTlnN~ TS DIVTOFO. 
C 
C ~SI~T • THE NU"B~R O. I~TEDVAlI INTO WHICH T~E ~A~G. OF 
C DEFLECTIO~ .ASI~ SLOPEI II DIVIDED: 
C 
C IMODE • THE "ODE INTFRVAl ~UHBER 
C 
C IllOP! • THE 8ASI~ SLOPE "OOE I~TEAVAl NU"BER: 
C 
C "HODE • TH[ UPPED LY"IT n. THE DEFLfCTIO~ MODAL INTERVAl; 
C 
C USlOP[ • THE UPPER ll"IT n. THE BASI~ SLOPE HnOAl I~TEDVAl. 
C 
C aNODE • TH' ~OTTEH lI~IT O' THE DEFlfrTI~~ HO~AL I~T~DVtL. 
C 
C 8SlnPE • THE 80TTE" LIHTT O' THE BASI~ SLOPE MODAL I~T,RvAl: 
C 
C 

COHHON IDTSI FO(Sel,FSI19',.0~1&~I.NFISel.~S(1el •• FS(&01.~sErll~1. 
IIFOR"(I.',ElSTRI,"LIFAT 
C~NNO~ I~r.nl 'DM.X,'I".X,'~N1N,'SNIN,W.N'.LT,NDPLT,JIW,WI~,~I£CT 

I,U-nl 
COHMO~ I'ATIGI 0112RI,D~(~9'.OSI~R).EI(~ml.E~r~RI.FI(2g'.STATMt~RI 
I,SSG(~01,STRSF(~01 

DI"ENSION NTITl[(19', I~OR(I&' 
I"T[GEA BlN. 
DATA T'n~/lHCJ,lH~X,l~S(,lW~l,2H.I,lH,F,lHl~,~~l),lH \,'.tH I 
OAT' ~l~./4H I 

~S~.0 

~EAn (5.1~1 ISW~ll.NTITlE 
19 FOAHAT Ill,lq •• , 

oAITE (~.~9\ NTITlE 
2~ ~OA".T 'IHIIIISI, I~HPROG"" "onEII12~A.) 

N 
~ 
C 
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CC 
C 
C 

CC 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

BESI_Rf~loC/saRTlxl 

GO TO 9~ 

10 BESS-.IS,B/XloCHfAIA5.5.xZloSINI •• SI 
8ES,-BESSoCHESIB •• 5.XlloCOSlx.R! 
B!IS.AESSoC/SaRT(xl 
GO TO 90 

se 8ES' •• [~."XloC~EAIA8.5.XlloIINIX.01 
8ESS_BE!SoCWEAI~9.5.XZloCOSIX.01 
BEIS.BESSoC/saRTlxl 

9B BEIS!l-AESS 
UTURN 

END 
'UNCTION CHEB IA.~.ll 

CHf8 • eHfBYACHEV EVALUATION 'OA BESSEL. 

OIHfNllON A1121.B1141 
BIIl-". 
812,.". 
DO 10 I.I.N 

8[I021.108IIoll·BllloAIII 
III CDO/TINU! 

CHES_;SoIRINOll.BINII 
RFTURN 

END 
SUBAOUTIN! ElCAlC 

ELCAlC • CALCULATE ELASTIC lA'EA RESPONSES AT CURAENT POINT; 

COMHON IElCTll ~S.I. ~SWl. _SWl. ~S.4. N8Z; NEI. N,. •• NGaP 
~ • Nt. HLSW, NTfST, NTII, HX, wlL 

OIH[NSIONS ON ANS CHAN'EO 'RnM 1 •• I"~.11I1 T~ SAVE SPACE: 
IN A[PAIA; ONLY ONE DEPTH POINT. l x.y POINTS. AND a lOADS ApE 
USEO o 
COWHON IELC'lNI NAC. NIC. lAY. NR. RIIIIB). TXAlleel. ANSI •• I,II 

, RS!, TSE, VIE. SSE, RDP, VO', RLP, WA, wz 
BlAN~ COMHON • USED AS .OAKI~G STORAGE IY INPUT AND B' ELI'M~: 

COWMON STI. STl. STl. ST", TSTI, TIT2. TSTl. TST. 
, COAAI5,1J.I, AJIIIS"I, AJ.rI8"1. AJI II."'. !wIJl! 

COMMON IELPAATI GP118a) 

IElSYSI • flASTIC lAYEAfO SYSTEM DESCRIPTION, 

THE FOllowING IN'OAMATION MUST AE PAovlOEn AE'OAE ElS'M5 Is 
CAllED, THES! lOCATIONS AAE ~OT OISTUABEO: 

NEl NUMBEA 0' ELASTIC lA'ERS. 
E - ARAAy 0' HOOUll 'OR TWE LAYER8, 
V - AAAA. 0' POISADN/S RATIOS 'np TWE LA'ERI. 
TM AAAA. 0' THICKNfSS .UA THE lA'ERI: 

TWINEll - 0:11 T' ELASTIC HAl'SPACE. 
• DISTANCE TO RIGID BASE TNTEA.ACE OTHEAMIAE: 

CI 2H.' I. 'Ull 'RICTION RIGID SASE INTER'Acr, 
• 2HN' I' NO 'RICTION RTG1D SASE I~TEA'ACE. 

IIGNOOEO I' THINEll _ 11.01 

C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C C··. 

nN EXIT 'PO. 'lS'MS THE 'OllOWI~G IN'OR.ATIO_ IS AVAllASl': 

01 o,PTHS n. THE INTER'ACfA SETWEEN LA'ERS; 

COWWON IELS'SI NEL. EI51. V151. T"(~I. rIo 01151 

IflCOMI • nSY.5 rOW.ilNICATlnNS RLOCK, 

THE .0llOWING IN.ORMATION MUST AE PROVIDED 8E.OAE ElS.H5 18 
CAllED, THESE lOCATIONS ARE NOT OISTUR8EO: 

FOR 
P~ES • 
NlO 
Xl 
'l ,xv 
NI 
xP • .p 
I 

LO'~ 'ORCE tpnUNns>: 
lnA~ PRESSUpE IPSII. 
NUOAEA O. lOAns: 
AARA' O. X conRnlNATES IINI, 
AOPA' O •• CUORDINATES II~I, 

N"osr. O. IV POT~TI .OA R'SUl T5, 
NUHBER O. DEPTHS 'OR AESUllS, 
A.PAy O. X COORnINATE~ .OA RESULTS IINI, 
A.RA. O •• COOROINATfS '0' RESULTS IINI, 
AORA. O. DEPTHS .OA R[!UlTI IINI, 

ON EXIT 'POo 'lSYOS TWE 'OlLowING IN'ORMATION IS AVAllARlE: 

Rl RADIUS O. ASIUM.O CIACULAA lOAD! IINI: 
lAYI. AARAY O. LA'EAS IN WHICH I VALUES 'All, 

THE .0llOw1NG AAAA.S A~~ USfO TO ~ETU~N TM~ PFIUlTS O. TWE 
ElA~TIC lA'EA SnlUTION. TH~Y ARE T~IPl'.DTWEN~IONEO, TH~ 
INDICES APE' 

SNR'" • 
SSH, -
PS 
pU -
ntsp • 
F.NRM • 
ESHA • 
pE 
PIE 

I~T INDEX • DI~fCTION O. AESPONSE: I'~~ P~INCIPAl 
STRESSES ANO STRAI~S' I, 2, 1. OTHER 
RESPO~S'S A~E COOED ••• x, 2.', 3.11 

2ND INDex • IND~X O. x. POSITION IN xP ANO ,p. 
JRD INO.X • INOfX O. OEPTH IN I; 
NnRMAl ITAFISH: 
SHeAR STR.UES. 
POINCIPAl STRESSES, 
PRINCIPAL SWEAR STR~!~rS, 
OTSPlACEM.NTS; 
"'''''' ... 'L snu ''''''. SHEAR STWAlNS; 
PRINCIPAL STPAINS; 
PRINCIPAL SHEAP STRAINS: 

(n .... o~ IELCO~I 'OR, P~f8, ~L, ~LD, IL't~), VL"A" NIV. ~l 

• IP(J~). Vpr1~), lrl~), LAVI(1~', SNRMcl,l,t' 
, SS~Rf3,l.t" P~Cl,2,\), pSSC1,2,1' 
, ~ISPfJ,~,l'. fNR~(1,2.t). FSHA(],2,t) 
, p(rl,2,l', PS,(l,2,l) 

OlH~'SlnN! rHANGEO .WO. 11,ly,'~1 .O~ lTMITED ~E~II~EMENT! o. 
",pnn PAnGRAM. "NLV 2 x.v, 1 7 v.&LUf lIS'O: 

EWrLUSlvE WOUTINE A~PA'~ 
nIM'NSln~ CFeal,T!ST!II! 

na" G' I 
• ;17Jq27"~J • ,J2b~72~77 , ;'lbA72~77 • ,173Q27"2' I 

N 
\J1 
"-J 
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Output from Program MODE for 15' jointed 

concrete pavement along IH-30 in Hunt County, 

Texas. West bound lane - all deflections at 

joints. 
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Ti~lE OF nE'LECTION PiRAMrlFR STiTISTICS 
SLOPE • SENIOR I • SE~SOR 5 
SCI • SENSOR I • SENSOR 2 
BCI • SENSOR 0 • SfNsnR 5 
SP~EAOA8ILITV • tSENS~R 1+2+]+4+5'/(5 TIMES SFNSO~ I) 
iVE • AVERAGE MO. MOD! STD. STiNDiRn nEVIiTJON 
NSEC • NUMR!R OF D!FLECTtnNS IN SECTION 

1 SEC1'ION 1 
I N I NSfC liVE 
I I J 2] J 1:22 
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I I I 
J 3 t 15 I ':12 
t I J 
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Itt 
t 5 I 12 I 1:02 

i b i 84 ~ :SA 
ttl 
I ? I I' I I:" 
I t 1 
I 8 I ~1 I :18 
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I • I 85 I 1:'1 
I I . I • 
I II I I] I 1.11 
1 I 1. 
I II I 11. t 1.22 
I t 1 
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.15 .5111 
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• Q.5 ; 211 

• b5 : il 
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t 
tv I 
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.n t 
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:"5 

SE'-IS(.\R S 
1010 STn 
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,Ill :" 

,'7IIJ : la 

.111 :,2 
,be :,a 
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APPENDIX C 

CALCULATION OF SUBGRADE 

MODULUS FROM DEFLECTION MEASUREMENTS 
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APPENDIX C. CALCULATION OF THE SUBGRADE MODULUS FROM DEFLECTION MEASUREMENTS 

If the moduli of the upper pavement layers are known then the modulus of 

an infinitely thick subgrade can be calculated from deflection measurements, 

by using layered theory, as follows: 

(1) Assume the value of E, say EA which is below the expected 

value of E. Using layered theory compute the surface deflection, 

WA with the load used for the deflection measurement and at the 

point of measurement. 

(2) Now recompute the deflection for an assumed subgrade modulus EB 

which is larger than the expected value of E • 

(3) The surface deflections as computed by layered theory are 

practically linearly related to the subgrade modulus when plotted 

on a 

EB 

(4 ) The 

and 

log-log scale as indicated in Fig C.l. (The closer 

are to E , the more accurate is the result.) 

equation of the line relating E to W is of the form 

log E X + Y log W 

X = 
log EA - log EB 

log W
A 

- log W
B 

= slope of the line 

EA and 
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and 

log EA = X + Y log WA 

Y = 
X - log EA 

== intercept 
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Fig C.l. Diagram illustrating the calculation of 
subgrade modulus from deflection. 
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APPENDIX D 

CALCULATION OF EQUIVALENT 

STRESS 
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APPENDIX D. A METHOD FOR CALCULATING AN EQUIVALENT STRESS AT WHICH 
A NUMBER OF APPLICATIONS RESULTS IN THE SAME DAMAGE 
AS WHEN A SIMILAR NUMBER OF APPLICATIONS IS 
DISTRIBUTED AMONG A NUMBER OF STRESS LEVELS 
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These calculations assume that miners Hypothesis is valid; i.e., that 

the ratios of stress applications, relative to the allowable number of 

applications at that stress level, may be linearly summed over the life of 

the structure to calculate the damage to that structure, or 

where 

D = 
P n. 
E 1 

i=l Ni 

D = fatigue damage to the structure, 

Ni allowable number of applications at stress level i, 

n i = number of stress applications at level i, and 

P = number of stress levels used in the calculation. 

For the two stress levels A and B and the equivalent stress level E, 

shown in Fig 0.1: 

D 
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Therefore 

where 

N 
e 

and 
K 

N = Kl(f/O) 2 

f = flexural strength of the concrete, 

a ~ stress in the structure, and 

Kl and K2 are constants for each particular fatigue equation. 

Therefore 

and 

Therefore 

(nA + nB) NANB 

nANB + nBNA 

and similarly for any number of initial stress levels. 
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Fig D.2. Figure illustrating the calculation of an effective stress at which a 
number of applications will result in the same damage. as when a similar 
number of applications is distributed among a pair of stress levels. 
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APPENDIX E 

COST ANALYSIS, MAINTENANCE OR 

OVERLAY 
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APPENDIX E. MAINTENANCE AND REHABILITATION COSTS AS A 
FUNCTION OF PAVEMENT DISTRESS 

ECONOMIC ANALYSIS 

301 

Economic failure may be defined as that point at which the present value 

of maintenance costs and the corresponding user costs taken over a period of 

time exceed the cost of a rehabilitation strategy which would last for the 

same length of time. The variables which need to be estimated for an 

economic analysis, to estimate the failure point, are as follows: 

(1) The future pavement distress and associated costs, 

(2) The life of a rehabilitation strategy and construction and 

maintenance costs, 

(3) The user costs, and 

(4) The discount rate. 

Each of these items will be described below. 

(1) Results from condition surveys conducted on CRC pavements during 

1974 and 1978 in Texas are shown in Figs E.1 to E.4. In each of 

these figures the number of defects per mile versus pavement age 

for approximately 25 pavement sections are shown. Defects include 

severe punch outs and patches. For each of the sections a 

polynomial curve was fitted through the data points. 
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Fig E.1. Continuously reinforced concrete pavement defects (punch outs 
and patches) as a function of pavement age (1/4 of project). 
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Fig E.2. Continuously reinforced concrete pavement defects (punch outs and 
patches) as a function of pavement age (1/4 of project). 
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Fig E.3 Continuously reinforce concrete pavement defects (punch outs and 
patches) as a function of pavement _age (1/4 of project). 
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Fig E.4 Continuously reinforce concrete pavement defects (punch outs and 
patches) as a function of pavement age (1/4 of project). 
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As indicated in the figures, the rate of defect occurrence 

increases with time and, correspondingly, the maintenance cost 

increases with time. The rate of defect occurrence at which the 

future maintenance costs will exceed the cost of a rehabilitation 

strategy designed for the same period of time needs to be found. 

(2) The life of a rehabilitation strategy depends on a variety of 

aspects, which cannot be fully discussed in this paragraph. 

Because of the numerous other variables associated with a cost 

analysis, a fixed overlay life will be assumed in this analysis. 

The assumption is therefore made that a 3-inch overlay will last 

for 5 years with nominal maintenance costs. 

(3) User costs depend on both the roughness of the road and the user 

delay costs associated with construction and maintenace. In this 

analysis the roughness related user costs are ignored and only the 

user delay costs during construction and maintenance are 

considered. 

(4) The discount rate used in an economic analysis depends on inflation 

and the interest rate on borrowed capital. Both of these factors 

may vary considerably with time and are difficult to predict with 

any reliability. In this analysis a number of discount rates will 

be used in order to account for the variability. 

ECONOMIC ANALYSIS 

The present value of a rehabilitation strategy will be compared to the 

present value of continued maintenance. 
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(1) Distress quantities are determined from typical curves in Figs E.l 

to E.4. 

(2) The average cost of a patch is assumed to be $1,000. This figure 

was obtained from the Texas SDHPT maintenance department. 

(3) User delay costs due to patching are based on a 4-lane divided 

highway of which one lane is closed for one mile for three days to 

effect repairs. Three patches will be repaired within this mile of 

road during three days. The AADT along the road is assumed to be 

20,000, which corresponds to a fairly heavily travelled Interstate 

Highway. The traffic speed is assumed to slow down from 55 mph to 

35 mph for 2 miles due to the one mile of lane closure. The user 

time costs are assumed to be $0.40 per hour, which may be high 

enough to account for economic and political factors. 

User delay cost for three patches/mi = $24.00 

Therefore the user delay cost per patch = $800.00 

Total patch cost = $1,000 + $800 = $1,800.00 

(4) Rehabilitation costs are based on an asphalt concrete overlay 

costing $30.00 per ton and applied only over the main lanes. User 

delay costs per mile of rehabilitation are the same as those for 

three patches ($2,400.00). Density of asphalt concrete is assumed 

to be 150 lb/ft 3 . 

(5) Compare the present value of rehabilitation costs to the present 

value of maintenance costs, starting at the stage where defects are 

occurring at a rate of 3 per year: 
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Year 1 

Number of patches 3 

2 

5 

3 

8 

4 

12 

5 

18 

(6) The present value of continued maintenance is compared to the 

present value of maintenance costs for the above assumptions in 

Fig E.5. 

CONCLUSIONS 

From Fig E.5 it is apparent that, for the assumptions listed above, the 

cost of continued maintenance may exceed that of rehabilitation when the rate 

of distress occurrence exceeds three defects per year. This defect-rate may 

occur at different pavement lives for different pavements, depending on the 

pavement structure, traffic, environment, etc. However, Figs E.1 to E.4 

indicate that once this defect rate has occurred, further increases in defect 

occurrences may follow similar trends. It may therefore be prudent to use 

this rate of defect occurrence as a terminal condition for the pavement. 

Furthermore, from Figs E.1 to E.4 it becomes apparent that, on the 

average, the critical rate of defect occurrence occurs when the number of 

defects per mile in the pavement approach the age of the pavement. For 

example, if a pavement is 7 years old and has seven defects per mile, then 

there is a high probability that the rate of defect occurrence may be equal 

to the critical rate. This would provide a practical means for estimating 

pavement "failure" from condition survey data. 
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Fig E.S Comparison between the present value of continued maintenance or 
rehahilitation for varying discount rates. 
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APPENDIX F 

TRAFF Ie TABL ES 
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TRAFFIC CALCULATIONS 

CFHR No. 2009 

11ANUAL COUNT STATION Nill1BER: A-26-A 

YEAR 18 kips/TRUCK % TRUCKS A.A.D.T. AAD lS-KESAL 

1963 1.3 15 7000 1365 

1964 1.3 15 7090 1383 

1965 1. 32 15 7800 1544 

1966 1. 32 15 8400 1688 

1967 1. 36 15 10130 2067 

1968 1.39 15 11000 2294 

1969 1.41 15 11930 2523 

1970 1.44 15 10940 2363 

1971 1.46 15 12690 2779 

1972 1.49 15 13470 3011 

1973 1.51 15 14440 3271 

1974 1.53 16 14610 3577 

1975 1.56 17 14300 3925 

1976 1.58 18 16030 4559 

1977 1.60 19 17050 5183 

1978 1.63 20 18810 6132 

TOTAL 47663 

X 365 = 17.4 X 10
6 

TOTAL AT 1978 FOR ONE DIRECTION T 2 = 8.7 X 10
6 ESAL 

TOTAL IN 1974 = 5.1 X 10
6 

ESAL 

313 
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TRAFFIC CALCULATIONS 

CFHR No. 1302 

MANUAL COUNT STATION NUMBER: L-I0-2, S164 

YEAR 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

18 kips/TRUCK % TRUCKS 

1.3 20 

1.32 20 

1.34 20 

1. 36 20 

1. 39 20 

1.41 20 

1.44 20 

1.46 20 

1.49 21 

1.51 24 

1.53 25 

1.56 27 

1.58 29 

1.60 30 

1.63 30 

A.A.D.T. AAD 18-KESAL 

3500 

3500 

3510 

4200 

4900 

5300 

5810 

6800 

8040 

8300 

8750 

9300 

9910 

10330 

11100 

910 

910 

9U 

1142 

1362 

1495 

1673 

19E6 

2516 

28g3 

3345 

3517 

4541 

4958 

5428 

TOTAL 380G8 

X 365 = 13.9 

TOTAL IS-Kip AXLES FOR ONE DIRECTION ~ 2 6.9 X 10
6 

ESAL 

TOTAL IN 1974 = 3.5 X 10
6 

ESAL 



TRAFFIC CALCULATIONS 

CFHR No. 1301 

MANUAL COUNT STATION NUMBER: L-10-2, S164 

YEAR 

1962 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

18 kips/TRUCK % TRUCKS A.A.D.T. AAD 18-KESAL 

1.3 20 4000 1040 

1.3 20 4000 1040 

1.3 20 4100 1066 

1.32 20 4200 1109 

1.34 20 4340 1163 

1.36 20 5000 1360 

1.39 20 5700 1585 

1.31 20 6400 1810 

1.44 20 7230 2082 

1.46 20 8000 2336 

1.49 21 9790 3063 

1.51 23 11000 3820 

1.53 25 12480 4774 

1.56 27 13000 5476 

1.58 29 14150 6484 

1.60 30 14740 7075 

1.63 30 16550 8093 

TOTAL 53376 

X 365 = 19.5 X 10
6 

TOTAL AXLES IN 1978 FOR ONE DIRECTION 72 = 9.7 X 10
6 

ESAL 

TOTAL IN 1974 = 4.8 X 106 ESAL 
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TRAFFIC CALCULATIONS 

CFHR No~ 1701 

MANUAL COUNT STATION NUMBER: L-45-2 

YEAR 18 kips/TRUCK % TRUCKS A.A.D.T. AAD 18--KESAI 

1961 1.3 20 7000 18~~0 

1962 1.3 20 7300 1898 

1963 1.3 20 7700 2002 

1964 1.3 20 8000 2080 

1965 1.32 20 9000 23:76 

1966 1.34 20 9500 25Lf6 

1967 1. 36 20 10000 2720 

1968 1. 39 20 10300 2863 

1969 1.41 20 10500 2961 

1970 l.44 20 11000 3168 

1971 1.46 20 12500 3650 

1972 1.49 20 14000 4172 

1973 1.51 21 15000 5757 

1974 1.53 23 14000 4927 

1975 1.56 25 15000 5850 

1976 1.58 27 16000 6826 

1977 1.60 28 17500 78LfO 

1978 1.63 28 18000 8215 
L 

TOTAL 71671 

X 365 = 26 X 106 

TOTAL AT 1978 FOR ONE DIRECTION 7 2 = 13.0 X 106 
ESAL 

TOTAL IN 1974 = 7.8 X 10
6 

ESAL 



TRAFFIC CALCULATIONS 

CFHR No. 1303 

MANUAL COUNT STATION NUMBER: L-I0-2, S164 

YEAR 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

18 kips/TRUCK % TRUCKS A.A.D.T. AAD 18-KESAL 

1.3 

1.3 

1.32 

1. 34 20 5500 1474 

1.36 20 6000 1632 

1.39 20 6700 1863 

1.41 20 7500 2115 

1.44 20 8500 2448 

1.46 20 9700 2686 

1.49 21 11000 3442 

1.51 24 12000 4168 

1.53 25 13500 5164 

1.56 27 14500 6107 

1.58 29 15500 7102 

1.60 30 16000 7680 

1.63 30 17500 8558 

TOTAL 54438 

X 365 = 19.9 X 10
6 

TOTAL AT 1978 FOR ONE DIRECTION T 2 = 9.9 X 106 ESAL 

TOTAL IN 1974 = 4.6 X 106 ESAL 
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APPENDIX G 

SUBGRADE MODULUS UNDER is-KIP 

AXLE LOAD 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



321 

APPENDIX G. CALCULATION OF SUBGRADE MODULUS UNDER AN 18-kip AXLE LOAD 

Due to subgrade stress sensitivity the modulus under an 18-kip axle load 

may be different from that under a Dynaflect load. 

Regression equations for calculating the deviator stress at the subbase 

subgrade interface: 

Variable Ranges: 
6 

El = 5 x 10 psi = constant 

E2 100,000 to 1,100,000 psi 

E3 2,000 to 30,000 psi 

Dl = 8" to 12 " 

D2 6" to 10" 

Deviator stress under Dynaflect load: 

Ddyn 10exp(-2.7l8 - 0.0226D2 - 2.387E - 7 x E2 

- 1.61 logD
l 

+ 0.8362 logE
3

) (G.l) 

STD error 8% 0.99 
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Deviator stress under 18-kip axle: 

or 

srD 7% 

D = 
a 

log D 
a 

10exp(-1.542 - 0.01766D2 - 1.928E - 7 x E2 

-1.2972 logD1 + 0.6876 logE
3

) 

K + Clog E3 
a 

R2 = 0.99 

(G.2) 

(G.2a) 

If the resilient modulus vs deviator stress plots as a straight line on 

the log - log plot: 

Log MR = A + B log ad. (G.3) 
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and 

slope of this line 

Calculate Ddyn using equation (G.l) and E3 as obtained from deflection 

measurements. 

Therefore 

A = log E3 - SSG logDd dyn yn 

and 

log ~ = log E3 - SSG logDdyn + SSG log a D 
dyn 

(G.4) 

use (G.2a) in (G.4) 

log E3 - SSG logDdyn + SSG (K + C logE
3a

) 
dyn 

= 

logE3 - SSG logDd + K • SSG 
dyn yn 

1 - C • SSG 
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fn 
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Log Deviator Stress 

Fig G.l. The different equations used in the calculation 
of the subgrade modulus. 
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