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PREFACE 
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Military Engineering RDTE Project No. 4A161102BJ2E, "Research in Mili¬ 

tary Engineering and Construction." 

The study was conducted under the general supervision of Mr. James 

P. Sale, Chief of the Soils and Pavements Laboratory, U. S. Army Engi¬ 

neer Waterways Experiment Station (WES). This report was prepared by 

Dr. Walter R. Barker and Mr. William N. Brabston. 

Director of WES during the study was COL G. H. Hilt, CB. Tech¬ 
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BACKGROUND 

INTRODUCTION 

Design procedures for conventional flexible and rigid airfield 

pavements and various overlay combinations developed from information 

obtained during over 30 years of accelerated traffic testing have served 

civil and military requirements quite veil over the years. These pro¬ 

cedures were updated and validated during the IÇjltO's and 1950's as gross 

aircraft weights increased from 75 thousand pounds* to the 1/2- to 3A- 

million-pound range. Throughout this period, the procedures provided 

simple, practical, and useful methods of design for use in all parts of 

the world and for a wide range of traffic and environmental conditions. 

During the 1960's, however, the engineering profession began to consider 

pavement design concepts that departed considerably from the conven¬ 

tional flexible and rigid designs that had been so widely used for civil 

airports and military airfields. 

Applications of these new concepts involved construction with 

such materials as deep-strength asphaltic concrete; base course and 

subgrade layers stabilized with cement, asphalt, and fly ash; continu¬ 

ously reinforced concrete; fibrous concrete; and in a few instances, 

prestressed concrete. As experience was gained with the new approaches, 

the potentials for cost savings in the life-cycle design of pavements 

and particularly in a predictive-type design system that would permit 

consideration of many material usages and maintenance strategies, espe¬ 

cially in the interstate highway system, began to become obvious. Even 

though traffic loadings on highway pavements are considerably less severe 

than those for military airfields and civil airports, researchers by the 

late 1960's had begun to think of application of these new concepts to 

airport and airfield design. A series of research investigations in the 

late I960's demonstrated rather conclusively that construction concepts 

departing radically from conventional flexible and rigid pavement 

* A table of factors for converting U. S. customary units of measurement 

to metric (Si) units is presented on page 5. 
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construction did indeed perform extremely well under aircraft-type 

loadings up to the range of the C-5A and B-jkj aircraft. Unfortunately, 

it was also obvious from an analysis of these investigations that the 

empirical design procedures, which had served and could continue to 

serve satisfactorily for conventional pavement types, were not at all 

applicable to the stress analyses, deflection analyses or performance 

predictions for the new construction concepts. 

This conclusion emphasized the need to develop and validate a 

more theoretically based design procedure to accommodate consideration 

and employment of the new construction concepts, which might be con¬ 

sidered to lie somewhere between those for flexible and rigid pavements. 

The choice of which of the theoretical approaches to use was rather 

difficult, however, since it was possible to pursue layered linear 

elastic or viscoelastic analysis, layered nonlinear elastic or visco¬ 

elastic analysis, or even absorbed energy theory. In addition, experi¬ 

ence gained in the developmem; and use of two- and even three-dimensional 

finite element analyses increased the confidence that they could also be 

applied to design problems. All of these approaches had proponents 

among pavement engineers, but none provided a base that could be consid¬ 

ered acceptable throughout the profession. . A primary problem was the 

reluctancy to pursue theoretically based design procedures for a wide 

range of new pavement types and combinations when the same procedures 

had not been employed extensively or fully validated against the empir¬ 

ical design procedures for conventional flexible and rigid pavements. 

As is obvious from the foregoing remarks, pavement researchers 

found themselves in a peculiar position. Perhaps an oversimplified 

explanation of the problem would be as follows: Developing a new design 

approach for flexible pavements, for example, was probably not worth the 

effort; however, until a new design approach could be developed to sat¬ 

isfactorily allow for a performance analysis duplicating that for a con¬ 

ventional design, pavement designers would be reluctant to accept the 

approach for any new system. 

Thus, the motiviation for creating, adopting, and employing a 

theoretically based design procedure for flexible pavement, such as is 

8 
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presented in this report, is related more to the desire to take advantage 

of new construction concepts than to an attempt to find fault with the 

empirical procedures presently used in the design of conventional flexi¬ 

ble pavements. 

PURPOCE AND SCOPE 

The purpose of this study was to develop a procedure for the 

structural design of flexible airport pavements for a given design air¬ 

craft. This report presents the procedure and describes its develop¬ 

ment. The procedure constitutes a new method for determining the 

required thicknesses of pavement components but does not ir any other 

way chang: present Federal Aviation Administration (FAA) or Corps of 

Engineers (CE) design criteria or specifications. 

\ 

DEFINITIONS 

The term "flexible pavement" as used herein refers to a pavement 

consisting of bituminous concrete placed directly on the subgrade or on 

either granular or stabilized base and/or subbase course layers. Spe¬ 

cifically, the three types of flexible pavement referred to herein are 

defined as follows: 

a. Conventional flexible pavement. A. pavement in which all 

material between the bituminous surface course and the sub¬ 

grade is unbound granular material and this material serves 

as the principal structural element for protecting the sub¬ 
grade . 

b. Bituminous concrete pavement. A pavement in which the prin¬ 

cipal structural element for protecting the subgrade is bitu¬ 

minous concrete or a bituminous-stabilized material. This 

pavement may or may not have a granular base or subbase 

course. If the entire pavement structure is composed of 

high-quality bituminous concrete, then the pavement is 

referred to as an all-bituminous concrete (ABC) pavement. 

£• Chemically stabilized pavement. A pavement in which the base 

course is composed of stabilized material and the subbase 

course is composed of either stabilized or unbound granular 

material. The stabilizing agents generally used in this type 
pavement are portland cement and lime. 
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DESIGN PRINCIPLES 

The structural deterioration of a flexible pavement is normally 

associated with cracking of the bituminous surface course and develop¬ 

ment of ruts in the wheel paths. The design procedure presented in this 

report handles these two modes of structural deterioration through lim¬ 

iting values of certain response parameters or through accounting for 

cumulative damage according to Miner's hypothesis. Use of the cumu¬ 

lative damage concept permits handling in a rational manner variations 

in the bituminous concrete properties and subgrade strength caused by 

cyclic climatic conditions. As is the case with the limiting values 

concept, the failure of a pavement system under this concept is assumed 

to occur when the cumulative damage reaches a fixed amount. This treat¬ 

ment implies that the predicted pavement deterioration is a discontin¬ 

uous function having the value of "nonfailed" or "failed." Such is not 

the case for a real pavement, but unfortunately the methodology does not 

yet exist to predict realistic deterioration functions. 

PAVEMENT RESPONSE 

In computing the response parameters, the following simplifying 

assumptions are made: 

a. The pavement is a multilayered structure, and each layer is 

linear elastic, homogeneous, and isotropic. 

b. The interface between layers is continuous, i.e., the fric¬ 

tional resistance between layers is greater than the devel¬ 

oped shear force. 

£. The bottom layer is of infinite thickness. 

d. All loads are circular and uniform over the contact area. 

For these assumptions, there are three well-documented layered 

elastic computer programs which, for a single load, will satisfactorily 

compute the required pavement response parameters. The three programs 

are: 

a. BISTRO, developed by the Shell Oil Company.'*' 
- 2 
b. CHEVRON, developed by the California Research Corporation. 
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£. CRAJILAY, developed "by the Commonwealth Scientific and Indus

trial Research Organization.3

Although onl3' the BISTRO program in its original version will compute 
the response parameters for multiple-wheel loadings, a nimiber of 
adaptions of the CHEVRON program have been aeveloped for multiple-wheel 

loadings. One such version dcfVeloped at the U. S. Army Engineer Water

ways Experiment Station (WES) was used in the development of this design 

procedure.

PAVEMENT RUTTING

In the design procedure, rutting is considered to occur in the 

subgrade and is controlled by limiting the value of the vertical com

pressive strain at the top of the subgrade. This assumption implies 
that the struct\iral layers above the subgrade will be constructed such 
that only negligible rutting will occur within them. The limiting sub

grade strain criteria must be applied to the design of all three types 
of flexible pavement.

CRACKING OF SURFACE COURSE

The design procedure treats only the load-associated cracking of 

the bituminous concrete sxirface co\irse. This, type of cracking is 
treated as being the result of repeated flexural stresses and is con

trolled by limiting the horizontal tensile strain at the bottom of the 
surface course. The horizontal tensile strain in this layer is highly 
dependent on its thickness and on the modulus of the layer immediately 
beneath it. In order to minimize the required thickness of this layer, 

the highest possible modtilus should be specified for the underlying 
layer. Present indications are tha^, for pavements having the minimum 
surface course thickness specified by FAA and CE criteria and having 
base course modiilus values greater than approximately 70,000 psi, fatigue 
cracking of the siirface course should not be a problem. For all but con

ventional flexible pavements, it would be rare that the horizontal ten

sile strain of the surface course would control, as illustrated by the 
design procedure presented in Izatt, Lettier, and Taylor.^ The sources

i



of cracking for each of the three types of flexible pavement considered 

in this report are as follows: 

a. In a conventional flexible pavement, cracking is considered 

to be the result of repeated flexure of the bituminous con¬ 

crete surface course and is prevented by limiting the hori¬ 

zontal tensile strain at the bottom of this layer. 

b. Cracking in a bituminous concrete pr.vement is assumed to . 

“ originate at the bottom of the bituminous layer and propa¬ 

gate up to the surface. To control this type of crack.ng, 

the horizontal tensile strain et the bottom of this layer is 

limited. 

Cracking in a chemically stabilized pavement is generally 

believed to be the result of reflective cracking from the 

stabilized material. This type of cracking is minimized by 

use of a minimum thickness of bituminous concrete surface 

course or some other special technique to prevent the propa¬ 
gation of cracks from the stabilized material into the surface 

course. Prevention of this type of cracking is not treated 

in the proposed design procedure. 

TRAFFIC 

Operations of a design aircraft are used as the basis for the 

proposed design procedure. At present, allowance is made for distribu¬ 

tion of traffic only in time. The cumulative damage concept allows the 

consideration of traffic distributed over a time period during which 

material properties may vary and also provides a methodology by which a 

more sophisticated treatment can be given for the other dimensions of 

traffic distribution. Effective handling of the massive data required 

for considering realistic traffic mixtures and distributions necessi¬ 

tates the use of a computer program for computation and accumulation of 

the total damage. Development of such a program i- now underway, but it 

has not yet reached a level of confidence satisfactory for incorporation 

in this design procedure. 

MATERIAL CHARACTERIZATION 

Pavement materials are characterized in the design procedure by 

either or both of two parameters, strength and stiffness. The stiffness 

of tho material la characterized by the resilient modulus and Poisson's 

ratio. The resilient modulus may be determined either in flexure or 
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compression, depending on which method is more appropriate for the par¬ 

ticular layer being considered. So far as possible, direct determina¬ 

tion of the parameters through laboratory testing should be used in 

establishing the material characterization. For the cases of granular 

base and subbase course materials and stabilized material which has 

cracked and therefore behaves as granular material, the complications 

introduced through the direct application of laboratory test results 

require indirect methods for determining modulus values. 

-4 
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DESIGN PROCEDURE 

The framework of the design system for a conventional flexible 

pavement is shown in Figure 1. The input parameters to the system shown 

are soil data (which may include results of laboratory tests of dis¬ 

turbed and/or undisturbed specimens), traffic data, and climatic data. 

An iterative process is used to determine an acceptable pavement design. 

(The frameworks of the design systems for the other pavement types are 

basically the same. Flow diagrams of the performance models for various 

flexible pavements are presented later in this report.) 

The design system is divided into five major and two minor 

subsystems. The major subsystems are climate, traffic, material prop¬ 

erties, performance, and pavement response. The minor subsystems are 

initial thickness and thickness modification. For clarity, the sub¬ 

system for material properties, as shown in Figure 1, has been broken 

into bituminous concrete, subgrade, and base and subbase course ele¬ 

ments. Each of the subsystems uses specific input and generates output 

which is required by other subsystems. The subsystems at present are 

simple, but the entire design system has been developed so that a sub¬ 

system can easily be modified or replaced if better methodology becomes 

available. 

CLIMATIC SUBSYSTEM 

In the design system two climatic factors, temperature and mois¬ 

ture, are considered to influence the structural behavior of the pave¬ 

ment. Temperature influences the stiffness and fatigue of bituminous 

materials and is a major factor in frost penetration. Moisture condi¬ 

tions influence the stiffness and strength of the base course, subbase 

course, and subgrade. 

TEMPERATURE EFFECTS ON BITUMINOUS CONCRETE 

Temperatures vary widely within the bituminous concrete of the 

pavement structure. The method of estimating the design pavement tem¬ 

perature for a bituminous concrete layer is shown in Figure 2. Examples 

of temperature variations in bituminous concrete are presented in 

Ik 
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Figure 2. Temperature relationships for selected bituminous concrete 
thicknesses (after Witczak**) 
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Figure 3, which shows the measured temperatures in a 24-in.-thick 

bituminous concrete pavement located at Vicksburg, Miss.,5 and in 

Figures U and 5, which show temperatures for a pavement located in 
Manitoba, Canada.^ 

The design procedure presented in this report requires the deter¬ 

mination of one design pavement temperature for consideration of verti¬ 

cal compressive strain at the top r f the subgrade and horizontal 

tensile strain at the bottom of cement- or lime-stabilized layers in 

a chemically stabilized pavement and a different design pevement tem¬ 

perature for consideration of the fatigue damage of the bituminous 

concrete surface course. The justification for using different design 

pavement temperatures is that higher bituminous concrete temperatures 

are more critical when considering subgrade strain or the fatigue of 

cement- or lime-stabilized materials, whereas lower pavement tempera¬ 

tures are more critical when considering the fatigue cracking of bitu¬ 

minous materials. In either case, a design air temperature is used 

initially to determine the design pavement temperature from Figure 2. 

This method is the same as that used in the design of ABC roads for 

military facilities as presented in Brabston, Barker, and Harvey.^ 

With respect to subgrade strain and fatigue of cement- and lime- 

stabilized base or subbase courses, the design air temperature is the 

average of the average daily mean temperature and the average daily maxi 

mum temperature during the traffic period, assuming, of course, that the 

traffic period is longer than 1 day. For the pavements represented by 

Figures 3 and 4, the maximum pavement temperatures occurred between 

1000 and 2000 hr, which for most airports would correspond to the time 

period during which the heaviest volume of traffic occurs. 

If for the two pavements represented by Figures 3 and 4 the traf¬ 

fic period is 1 day, then the design pavement temperatures can be deter¬ 

mined from the data shown. For the pavement located at Vicksburg 

(Figure 3), the daily mean temperature is 82° F and the daily maximum 

temperature is 93° F; therefore, the design air temperature would be 

87.50 F. From Figure 2, the design pavement temperature would be 99° F. 

For the pavement located in Manitoba (Figure 4), the average air 

17 
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temperature is 55.5° F and the daily temperature range is 35.0° F. From 

these data, the maximum daily temperature would be 73° F, and the design 

air temperature would be 6k.3° F. The design pavement temperature would 

therefore be 75° F. The design pavement temperatures of 99° F for the 

2U-in. pavement at Vicksburg and 75° F for the 10-in. pavement in Mani¬ 

toba compare favorably with mean pavement temperatures considering that 

pavement temperature varies with depth as well as time. 

Noimally, the traffic period considered in design is expressed in 

terms of months, and temperature data are therefore obtained from avail¬ 

able records. One suggested source of information for such data is the 

"Local Climatological Data Annual Summary with Comparative Data," which 

can be obtained from the National Climatic Center, Asheville, N. C. g 
An example of such a summary for Jackson, Miss., is presented in Ap¬ 

pendix A. The design air temperature for the month of August in Vicks¬ 

burg, Miss. , can be determined from the data in Appendix A. For design 

purposes, it is best to use the long-term averages such as the 30-yr 

averages given in the annual summary. For the month of August, the 

average daily mean temperature is 8l.5° F and the average daily maximum 

is 92.5° F; therefore, the design air temperature is 87° F. For a 

10-in. bituminous concrete layer, the design pavement temperature for 

August (determined from Figure 2) would be approximately 100° F. Thus, 

a design pavement temperature of 100° F would be used to determine the 

bituminous concrete modulus for the month of August for consideration 

of subgrade strain or fatigue in cement- or lime—stabilized materials. 

Examplec of the .>.se of the design pavement temperature to determine the 

modulus of bituminous materials can be found in Brabston, Barker, and 

Harvey.^ 

For consideration of the fatigue damage of bituminous materials, 

the design pavement temperature is computed from the average daily mean 

temperature. The fact that the major portion of traffic would be ap¬ 

plied at warm temperatures adds a slight amount of conservatism to the 

design. Thus, the design air temperature for considering fatigue in 

the 10-in. bituminous pavement during August for Vicksburg, Miss., would 

be 81.5° F. The design pavement temperature as determined from Figure 2 
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would be 92° F. 

TEMPERATURE EFFECTS ON SUBGRADE 

The effects of temperature on subgrade materials are considered 

only with regard to frost penetration. The present criteria for deter¬ 

mining minimum required thicknesses for frost protection are given in 

FAA Advisory Circular AC 150/5320-6B9 and in Department of the Army 

Technical Manual TM 5-818-2. If frost penetration is a consideration, 

then the weakened subgrade condition occurring during the thaw period 

must be taken into account in design. Although the actual thaw period 

can occur over a relatively short period of time, the weakened subgrade 

condition is assumed to last for 2 months. For simplicity, the thaw 

period is assumed to start at the beginning of the month in which the 

average daily mean temperature is greater than 32° F. Design pavement 

temperatures for the thaw periods are determined in the same manner as 

those for the normal period. 

A conservative approach is taken with regard to the frozen sub¬ 

grade condition in that the strength gain due to the subgrade freezing 

is ignored. For the weakened subgrade condition during the thaw period, 

the modulus value of the subgrade is determined through appropriate 

testing of the subgrade materials as described in Appendix B. If the 

subgrade is permanently frozen, then a maximum allowable subgrade 

modulus of 30,000 psi may be used. 

MOISTURE EFFECTS 

j.n the characterization of base and subbase course materials, no 

allowance is made for variations in moisture content. The design proce¬ 

dure presented in this report is based on design procedures in which 

criteria insure adequate drainage of base and subbase courses. Thus, 

placing granular base material over less porous material, such as a 

stabilized subbase course, is not permitted. The drainage criteria 

presently established should be strictly followed. 

The resilient modulus of subgrade soils is very sensitive to 

changes in moisture content. The importance of moisture content in 

characterizing subgrade soils for design has been pointed out in a 
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report by Monismith and Finn.11 Also stated in this report is the fact 

that some gaps exist in design theory, one of which is in the area of 

prediction of moisture content under pavements. Monismith and Finn 

recommend that some of the theories be examined more extensively. 

Although extensive work is presently under way by different re¬ 

searchers, notably those at the University of Illinois and the Univer¬ 

sity of California at Berkeley, none of the theories have as yet beer 

found applicable to design of airport pavements. CE design in the past 

has been based on the soaked CBR, which is representative of the worse 

possible subgrade condition (i.e., a condition in which the subgrade 

approaches saturation). Until the theories for predicting the moisture 

content of subgrades have been validated, a conservative approach to 

characterizing subgrade soils should be taken. In this approach, the 

subgrade should be considered as saturated and the resilient modulus 

test should be conducted in accordance with the procedures outlined in 

Appendix C. If sufficient data are available, resilient modulus tests 

can be conducted for a range of moisture contents and the modulus 

value corresponding to the equilibrium moisture content should be used. 

Sufficient data for such tests would normally consist of field moisture 

content measurements under similar pavements located in the area. These 

measurements should be made during the most critical period of the year 

or when the water table is at its highest elevation. Extreme caution 

should be exercised when the design is based on other than the saturated 

condition. 

The sensitivity of the modulus to moisture content is illustrated 

in Figure 6. In this case, for a repeated axial stress of 5 psi, in¬ 

creasing the moisture content from IT.8 to 30.6 percent indicates a 

decrease in the modulus from 13,000 to approximately 1,200 psi. An 

increase in moisture content of 23.6 to 27»^ percent causes a 50 percent 

reduction in the modulus. A reduction in the subgrade modulus affects 

the design by reducing the allowable subgrade strain and by reducing the 

modulus of any granular layers above the subgrade, thus resulting in a 

higher computed subgrade strain. Therefore, it can be seen that the 

caution recommended with respect to moisture conditions is well Justified. 



.... 

Figrire 6. Resilient modulus as a function of repeated axial 
stress and moisture content (after Fossbergl2) 

2k 



TRAFFIC SUBSYSTEM 

The input parameters for the traffic subsystem are the designa¬ 

tion of the design aircraft and the design service life of the pavement 

in terms of traffic volume. When the design involves mixed aircraft 

traffic on civil airport pavements, the design traffic volume associated 

with each type of aircraft is converted to equivalent operations of one 

aircraft (the design aircraft) following procedures given in AC 150/ 

5320-6B. The design traffic volume for civil airports is expressed in 

terms of annual "departures" of the design aircraft. The design life of 

civil airport pavements is normally considered to be 20 yr. For mili¬ 

tary airfields, the design traffic volume is expressed in terms of total 

13 
"operations" (passes) expected during the life of the pavement. The 

term "coverages" is also used in describing the traffic volume on mili¬ 

tary airfields. The number of coverages is the number of wheel passes 

applied in the highest density traffic area (normally the center) of the 

meander width of one main landing gear. 

In this design procedure, the traffic volume must be converted to 

"strain repetitions." For design based on subgrade strain criteria, the 

annual traific volume (number of strain repetitions) is used. For 

design based on horizontal tensile strain in bituminous concrete or sta¬ 

bilized layers, the total traffic volume (again, number of strain repe¬ 

titions) is used. 

The performance criteria (Figure 7) for vertical compressive 

strain at the top of the subgrade are based on the assumption that, for 

13 
critical traffic areas (military type A traffic areas), 1 departure or 

operation (pass) results in the application of 1 strain repetition. In 

the design of civil airports a thickness reduction factor from AC 150/ 

5320-6B must be applied in the determination of the thickness in noncrit- 

ical areas. For military airfields in the design of pavements for type 

B and C traffic areas, the strain criteria as determined from Figure 7 

must be increased by a factor of 1.1. For type D traffic areas, the 

strain as determined from Figure 7 must be increased by a factor of 1.75. 

The performance criteria for horizontal tensile strain are based 

on the total number of strain repetitions, e.p., the repetition level at 

25 
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failure as determined from a repetitive load flexural beam test. For 

design of a bituminous concrete surface course or a chemically stabi¬ 

lized base course, in which the location of the critical tensile strain 

is at a relatively shallow depth in the pavement, total strain repeti¬ 

tions for the design are determined from the number of coverages antici¬ 

pated over that area of the pavement surface. In this case, 1 coverage 

constitutes 1 strain repetition. For civil or military purposes, the 

total number of coverages can be determined from the total number of 

departures or operations (passes) using the appropriate conversion fac¬ 

tor from Table 1. For example, 200,000 departures of a 8-7^7 aircraft 

would constitute 108,108 coverages, or strain repetitions, using the 

conversion factor of 1.85. For design of a stabilized subbase course or 

an ABC pavement, in which the critical tensile strain is located at a 

greater depth in the pavement, the anticipated traffic volume in terms 

of departures or operations (passes) may be used directly as the number 

of strain repetitions. This procedure is applicable to critical traffic 

areas only and is thus overly conservative for noncritical traffic 

areas. For design in noncritical areas of civil airports, thickness 

requirements can be determined by applying a reduction factor from AC 

I5O/532O-6B to the thickness value determined for critical areas and for 

military airports the strain criteria are increased by the factors given 

for subgrade strain criteria. 

Other data required in the traffic subsystem are obtained based 

on the type aircraft for which the pavement is designed. The specific 

data required are the loading, landing gear configuration, and tire con¬ 

tact pressure. Except in traffic areas C and D of military airfields, 

the aircraft is assumed to be fully loaded. Also the design loading for 

military aircraft having bicycle gear is increased by 15 percent. 

Aircraft loads in traffic ar.îas C and D are to be reduced according to 

TM 5-824-1.1^ Traffic distribution, except as a function of time, is 

not required, and operations of other aircraft are not considered unless 

converted to equivalent operations of the design aircraft. 

INITIAL THICKNESS SUBSYSTEM 

The design system requires an estimated initial thickness to 
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Table 1 

Factors for Converting Departures (Operations) to Coverages 

For Taxivays and Runway Ends (After £ own and Thompson11*) 

Aircraft 

B-727-00 

B-723-200 

DC-9-30 

B-707-100 

DC-8-10 

DC-10-10 

DC-10-30 

C-880 

B-7U7 

L-1011 

Single-wheel (FAA) 

A-7D 

C-123 

F-lOU 

F-1*E 

F-111A 

KC-97 

C-12U 

c-130 

B-52 

c-135 
C-llil 

C-5A 

Conversion Factor 

3.25 

3.25 

3.58 

1.62 

1.57 

1.82 

I.69 

1.84 

1.85 

I.81 

5.18 

11.10 

5.23 

11.10 

8.58 

4.92 

3.4l 

2.19 

2.09 

1.63 

1.68 

I.72 

0.81 

Note: Coverages * departures (or operations) 
* conversion factor. 
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initiate the iterative process. Any available procedure can be used to 

obtain this estimate. For conventional flex^ole pavements, present FAA 

and CE design curves are satisfactory. Estimates of thickness for other 

types of pavements can easily be obtained through the use of equivalency 

factors. Equivalency factors for various materials are presented in 

Table 2. Instructions for use of these factors are given in Hamnitt, 

Barker, and Rone.Use of a specific design procedure to estimate the 

initial thickness is not absolutely necessary since the design system 

will work with any reasonable estimate of thickness. 

In the thickness determination, it should be remembered that the 

proposed design procedure does not change the minimum thickness require¬ 

ments of the present FAA and CE design procedures for bituminous con¬ 

crete surface course or base course. 

In most design situations involving conventional flexible pave¬ 

ments, the presently established minimum thickness for the bituminous 

concrete surface course is satisfactory. For chemically stabilized 

pavements having a high modulus, the minimum thickness of the bituminous 

concrete surface course is established to prevent reflective cracking, 

which is not treated in this design procedure. 

PAVEMENT RESPONSE SUBSYSTEM 

To compute the required pavement response parameters (the verti- 

cal compressive strain at the top of the subgrade and the horizontal • 

tensile strain at the bottom of the bituminous concrete surface course 

or stabilized layer), one of the three previously mentioned computer 

programs can be employed. A modified version of the CHEVRON program was 

used to develop the subgrade strain criteria, but the BISTRO or CRANLAY 

programs can also be used. CHEVRON is normally considered to be more 

economical than BISTRO; however, BISTRO is more accurate than CHEVRON. 

For conventional flexible pavements in which the modulus ratios are 

small, the difference in accuracy is negligible. However, when strong 

stabilized layers having large modulus values are employed in the pave¬ 

ment and the modulus ratios become very large, BISTRO and CHEVRON give 

significantly different results. The CRANLAY program is a 
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relatively new program and has not been extensively used; therefore, 

limited actual use data are available on the program. Other computer 

programs which meet the basic simplifying assumptions used in de¬ 

veloping the criteria can also be used. 

MATERIAL PROPERTIES SUBSYSTEM 

Material properties required as input to the design system are 

the modulus of elasticity E , Poisson's ratio v , and limiting strain 

e values. Four general classes of pavement materials are considered: 

high-quality bituminous concrete, unbound granular base and subbase 

course materials, chemically stabilized materials in which cementation 

is the predominant stabilizing mechanism, and subgrade soils. Direct 

determination of limiting strain values is only applicable for bitu¬ 

minous concrete and stabilized materials. 

MODULUS OF ELASTICITY 

Bituminous Concrete. Bituminous concrete is a compacted mix¬ 

ture of bitumen and aggregate designed in accordance with Item P-201, 

"Bituminous Base Course," or Item P-UOl, "Bituminous Surface Course," 

of FAA AC 150/5370-10,1^ or CE Guide Specification CE-807.22, "Bitu¬ 

minous Intermediate and Surface Courses for Airfields, Heliports, and 

Tank Roads (Central-Plant Hot—Mix)Z'1"^ A laboratory test procedure to 

determine directly the dynamic modulus of similar type mixtures has 

been used extensively and satisfactorily by several researchers at the 

Asphalt Institute. The dynamic modulus values can be used di¬ 

rectly for the modulus of elasticity in a layered elastic pavement 

model provided appropriate conditions of loading time and temperature 

are met. 

The dynamic modulus is the absolute value of the complex modulus 

E* of a linear viscoelastic material such as bituminous concrete.1^ 

The concept of the complex modulus and a review of the theoretical 

background associated with it have been presented by Papazian.20 

Briefly, if a linear viscoelastic material is subjected to a sinusoidal 

loading, the steady state strain response will similarly be sinusoidal 

in form, at the same frequency, but will lag behind the stress by some 
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phase angle 4» . The stress-strain relationship for such materials may 

be expressed in the form of a complex number, when J is the imaginary 

unit, 
E* ■ E' ♦ JE" (1) 

o 
E' cos 4> (2) 

Ie" j sin <J> 
o 

where o is the maximum stress amplitude and eo 
o 

(3) 

is the maximum re¬ 

coverable strain amplitude. For complex numbers, by definition, 

\/l |e*| * VIe’I2 + 'E"l2 (U) 
It can be shown that, for high-frequency loadings such as those asso¬ 

ciated with aircraft ground operations, the phase angle 4> becomes 

sufficiently small so that for engineering purposes the expression 

E* (5) 

21 
is sufficiently accurate to define the modulus of bituminous concrete. 

This expression implies that for high-speed loadings the material re¬ 

sponse is essentially elastic in nature. 

It is also generally recognized that the stress-strain response 

of bituminous concrete is a function of the temperature of the material 

an well as the rate of loading. A well-known general expression for 
22 

this relationship has been suggested by van der Poel in the form 

S (t, T) = 7 (6) 

where 
S (t, T) * stiffness at a particular temperature T and rate 

of loading t 

o = social stress 

e = axial strain 

In the test to determine the dynamic modulus, cylindrical speci¬ 

mens of bituminous concrete are subjected to sinusoidal loadings at a 

rate comraensurate with what would be expected in a prototype pavement 

and over a range of temperatures that would normally be encountered 
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under varying climatic conditions. Specimen preparation techniques, 

recommended loading and recording equipment, and testing procedures 

for the dynamic modulus are presented in Appendixes D and E. 

In this test, the maximum sinusoidal stress to be applied should 

be commensurate with the maximum predicted vertical stress expected at 

the design depth within the bituminous concrete layer. For runway de¬ 

sign, it is recommended that a loading rate of 10 Hz be used. For taxi¬ 

way design, a loading rate of 2 Hz is suggested. These loading rates 

are appropriate for aircraft speeds of over 100 mph on runways and less 

than 20 mph on taxiways. It is suggested that specimens be tested at 

temperatures of ^0, 70, and 100° F so that a modulus-temperature 

relationship can be established. If temperature data as determined 

by the climatic subsystem described earlier indicate greater extremes 

than 1+0 and 100° F, obviously tests should be conducted at these ex¬ 

treme ranges if possible. The modulus value to be used for each strain 

computation would be the value applicable for the specific pavement tem¬ 

perature determined from the climatic subsystem. 

An indirect method for obtaining an estimated modulus value for 

bituminous concrete is that developed originally by Heukelom and Klomp23 
Pli 

and later modified by van Draat and Sommer. This method is presented 

in detail in Appendix F. Use of1 this method requires that the ring- 

and-ball softening point and penetration of the bitumen as well as the 

volume concentration of the aggregate and percent air voids of the com¬ 

pacted mixture be determined. In its original form, this method was 

considered applicable for mixtures with an air void content up to 3 per¬ 

cent and aggregate volume concentration of 0.7 to 0.9. Van Draat and 

Sommer suggested use of a corrected aggregate volume concentration value 

for mixtures with air void concentrations in excess of 3 percent and 

presented a constraint relationship with respect to volumetric relation¬ 

ships between the bitumen and the aggregate. These concepts are incor¬ 

porated in the method presented in Appendix F. 

Unbound Granular Base and Subbase Course Materials. The terms 

"unbound granular base course material" and "unbound granular subbase 

course material" as used herein refer to materials meeting grading 
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requirements and other requirements in applicable CE and FAA specifica¬ 

tions, The method of characterizing such materials based on performance 

analyses of field test pavements having similar base and subbase course 

layers is described later in this report. In this method, a modulus 

value is first determined for the subgrade then the modulus value of the 

next overlying layer or sublayer is determined from a plot, depending 

on the type of material and thickness of the upper layer. This proce¬ 

dure is repeated to determine the modulus values for the full base and 

subbase course thicknesses. Use of this method to determine modulus 

values is presented in detail in Appendix G. 

Stabjlized Material. The term "stabilized material" as used 

herein refers to soil treated with such agents as bitumen, portland 

cement, slaked or hydrated lime, fly ash, etc., or a combination of 

such agents to obtain a substantial increase in the strength of the 

material over its untreated natural strength. Chemically treated soils 

in which no substantial increase in strength is obtained should be 

characterized using the methods presented herein for unbound base, sub¬ 

base, and subgrade materials. Chemically treated soils having uncon¬ 

fined compressive strengths greater than 250 psi are considered to be 

stabilized materials and should be tested in accordance with the methods 

specified for stabilized materials. Chemically treated soils having 

unconfined compressive strengths less than 250 psi are considered to 

be modified subgrade soils and should be tested under the provisions 

for subgrade soils. Bituminous-stabilized materials should be charac¬ 

terized in the same manner as bituminous concrete. Soils stabilized 

with other chemicals, particularly those in which pozzolanic action is 

present, should be characterized using flexural beam tests or cracked 

section criteria described later in this report. Flexural modulus 

values determined directly from laboratory tests can be used when the 

effect of cracking is not significant and the computed strain based 

on this modulus does not exceed the allowable strain for the material 

being used. Investigations of the fatigue properties of soils sta¬ 

bilized with portland cement using flexural beam procedures have been 
25 & 

described by several investigators, including Wang and Pretorious. 
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These methods do not appear to be limited to use with cement-treated 

soils, however, and should be applicable to other types of chemically 

stabilized materials. 

The general approach in the flexural beam test is to subject the 

specimen to repeated loadings at third points, measure the maximum de¬ 

flection at the center of the beam (i.e., at the midpoint of the neutral 

axis), and calculate the values for the flexural modulus based on the 

theory of a simply supported beam. A correlation factor for stress is 

applied. 

Procedures for preparing specimens of and conducting flexural 

beam tests on chemically stabilized soils are presented in detail in 

Appendix H. Criteria for determination of a modulus value based on a 

cracked section are also presented in Appendix H. 

Criteria for cement-stabilized soils to be used as base and sub¬ 

base course materials in airport pavements are presented in the fol¬ 

lowing tabulation: 

Unconfined Compressive Strength, psi 
For Cited Design Aircraft Loading, kips 

Stabilized Layer <30 30 to 200 >200 

Base course 500 1000 1000 

Subbase course 250 500 500 

For military airfields, the design weight of the controlling aircraft 

category must be known in order to enter the applicable column in this 

tabulation. These criteria indicate the minimum unconfined compressive 

strength required of laboratory prepared specimens in order for the 

treated material to be considered fully stabilized and of adequate 

structural quality. The minimum specified strength must be obtained 

on specimens tested after a 7-day moist cure in accordance with American 
26 

Society for Testing and Materials Designation: D 1633. In addition 

to strength requirements, stabilized base and subbase course materials 

must also meet other provisions in applicable CE and FAA specifications. 

Subgrade Soils. The term "subgrade" as used herein refers to the 

natural, processed, or fill soil foundation on which a pavement struc¬ 

ture is placed. A suitable method for characterizing such material in 

the laboratory is the resilient modulus test using procedures developed 
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by Seed and Fead.2^ A complete description of the tests and a study of 

the effect of various soil parameters and properties cn test results is 
28 

presented in Seed, Chan, and Lee. The basic laboratory technique de¬ 

scribed earlier for conducting dynamic modulus tests on bituminous con¬ 

crete is essentially an offspring of the original procedure developed 

by Seed and Fead2^ for soils; therefore, the general principles of both 

procedures are similar. 

For subgrade soils, the modulus is not dependent on temperature; 

however, subgrade materials are affected by changes in moisture contqpt. 

Therefore, the test procedures presented herein contain provisions for 

saturation of soils that are moisture-susceptible. In normal airport 

construction, the subgrade soil is compacted to 95 to 100 percent of 

modified American Association of State Highway and Transportation Of¬ 

ficials (AASHTO) maximum density and at or near the optimum moisture 

content for that compaction effort. As a result of normal moisture mi¬ 

gration, water table fluctuation, etc., the moisture content of the sub¬ 

grade soil can increase and approach saturation with only a slight 

change in density. Since the strength and stiffness of fine-grained 

materials are particularly affected by such an increase in moisture 

content, it is desirable to test these soils in the near saturation 

state. Two methods are available to obtain a specimen with this mois¬ 

ture content : the soil can be either molded at optimum moisture content 

and subsequently saturated, or molded at the higher moisture content 

using static compaction methods. Although there is some evidence that 

the resilient properties of both types of specimens are similar, most 

of the tests reported in the literature involve materials compacted 

using the standard AASHTO compaction effort. It is not apparent whether 

this concept is valid for materials compacted at the higher densities; 

therefore, for the test procedures presented herein, the method recom¬ 

mended for developing high moisture contents in test specimens is back¬ 

pressure saturation. Procedures for specimen preparation, testing, and 

interpretation of test results are presented in Appendix C. For this 

design procedure, however, the maximum allowable modulus for a subgrade 

soil should be restricted to 30,000 psi. 
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POISSON'S RATIO 

Due to the complexity of laboratory procedures involved in the 

direct determination of Poisson's ratio for pavement materials and the 

relative influence on pavement design of this parameter when compared 

with other parameters, use of values commonly recognized as being ac¬ 

ceptable is recommended. These values for the four classes of pavement 

materials considered herein are presented in the following tabulation: 

Pavement Material 

Bituminous concrete 

Unbound granular base or subbase course 

Chemically stabilized base or subbase course 

Cohesive subgrade 

Cohesionless subgrade 

Poisson's Ratio v 

0.5 for E <500,000 psi 

0.3 for E >500,000 psi 

0.3 

0.2 

0.U 

0.3 

LIMITING STRAIN CRITERIA 

Bituminous Concrete. The primary means recommended for deter¬ 

mining values of limiting horizontal tensile strain for bituminous con¬ 

crete is the use of the repeated load flexural beam test on laboratory 

prepared specimens. Procedures for this test are presented in detail in 

Appendix I. The basic test procedures are similar to those described by 

29 
Deacon and Monismith except that, instead of a pneumatic pressure 

system, an electrohydraulic system similar to that used by Kallas and 

X 8 
Riley is specified. Basically, the test involves applying a repeti¬ 

tive two-point loading to a laboratory prepared beam specimen under 

controlled stress and constant temperature conditions until failure 

occurs. A number of tests are run at different stress levels, and the 

» data are presented in the form of a plot of initial bending stress 

versus load repetitions to fracture. For each temperature condition, 

therefore, a value of limiting horizontrJ. tensile strain can be deter¬ 

mined for the pavement design life. 

An alternative method of determining limiting horizontal tensile 

strain for bituminous concrete is the use of the provisional laboratory 
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30 
fatigue data employed by Heukelom and Klomp. These data are presented 

in Appendix I in the form of relationships between stress, strain, load 

repetitions, and elastic moduli of bituminous concrete. 

Stabilized Soils. Limiting horizontal tensile strain criteria 

and flexural modulus values for stabilized soils may be determined from 

laboratory tests on flexural beam specimens as specified in Appendix H. 

If the strain value determined from the laboratory repetitive load test 

is less than 1.5 times the computed strain (where the strain has been 

computed by the response model using the flexural modulus), then the 

procedure described in Appendix H should be followed to obtain an 

equivalent cracked section modulus value. The procedure for comparing 

computed strains to allowable strain is discussed in more detail in the 

following paragraphs. 

PERFORMANCE SUBSYSTEM 

In principle, the performance prediction should be based on the 

cumulative damage for the number of design aircraft operations; however, 

the massive amount of data required for such an approach makes it unre¬ 

alistic. To make the system workable, traffic repetitions are grouped 

into periods during which it is assumed that each aircraft operation 

will cause an equal amount of damage. 

The design procedure uses cumulative damage to account for varia¬ 

tion of two design parameters. These two parameters are the decrease in 

subgrade strength due to thawing from a frozen state and the variation 

in the properties of bituminous concrete due to changes in the tempera¬ 

ture. Cumulative damage and failure are predicted by the linear summa¬ 

tion of the ratios of the applied traffic repetitions to the allowable 

traffic repetitions. Failure is predicted at the traffic level at which 

the summation of the ratios equals one. That is, the criteria for de¬ 

sign are such that 

where 
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k = number of periods into which the traffic is grouped 

= applied traffic repetitions 

N = allowable traffic repetitions 

With respect to sutgrade strain, traffic Is defined as the number of 

annual departures or operations of the design aircraft to he applied 

orer a 20-yr life, »us, if the design is for 6000 annual departures 

and the traffic is distributed evenly throughout the year, n for a 

1-month period vould he 6000 . 12 = 500. Based on the computed suh- 

grade strain, the value of N would then he selected from Figure T in 

terms of annual strain repetitions. 

When the tensile strain in bituminous concrete or stabilised ma¬ 

terials is considered, the value of » is the number of strain repeti¬ 

tions at which failure would be expected at the computed strain level. 

Traffic would then assume the meaning of a measurement of the number 

of horizontal tensile strain repetitions. For strains at shallow depths 

in the pavement, such as in bituminous concrete surface course, cov¬ 

erages would be the appropriate measure of traffic, i.e., n would 

the total number of coverages for a specific period. For horizontal 

tensile strains at greater depths, such as at the bottom of stabilized 

layers, the total number of aircraft departures or operations (passes) 

during the period would be applicable, i.e.', n would be the total 

number of departures. 

For the design system, three types of strain values are to be 

considered: the horizontal tensile strain at tne bottom of the bitu¬ 

minous concrete; the vertical compressive strain at the top of the 

subgrade; and, for pavements containing stabilized layers, the hori- 

zontal tensile strain at the bottom of the stabilized material. Each 

of these criteria must be checked, and, ideally, for a balanced design, 

the summation of ratios should reach the value of unity at the same 

traffic level. In practice, it will be found that one of the criteria 

will control the design. 

In computations of cumulative damage, it should be remembered 

that the system is attempting to «count for the damage due to each 

aircraft operation and that the pavement properties are different for 
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each operation. The periods during which traffic can be grouped and 

the validity of grouping traffic depend on the pavement type and the 

particular design situation. 

The selection of traffic periods should be limited to periods 

during which there is relatively lictle variation in the values of the 

critical design parameters. Thus, if cumulative damage is to account 

for variations in the properties of the bituminous concrete caused by 

cyclic temperature variations, then the traffic grouping should be 

limited to the time during which the temperature of the bituminous con¬ 

crete can be represented by a single value. 

Performance models for the types of flexible pavement considered 

herein are discussed in the following paragraphs, and a flow diagram for 

each pavement type is presented. 

CONVENTIONAL FLEXIBLE PAVEMENTS 

For conventional flexible pavements, the horizontal tensile 

strain at the bottom of the bituminous concrete surface course and the 

vertical compressive strain at the top of the subgrade are the design 

strains. In consideration of the subgrade strain, the influence of the 

•variation in the modulus of the bituminous layer is normally ignored. 

Such treatment is justified for two reasons. First, the computed sub¬ 

grade strain is insensitive to the modulus of the relatively thin layer 

of bituminous concrete. Second, the allowable subgrade strain is in¬ 

sensitive to the time distribution of the traffic volume and thus traf¬ 

fic may be grouped into a critical time period. If the subgrade is 

subjected to freezing and thawing, then the damage for both the normal 

and the thaw periods must be computed. Thus, for a conventional flexi¬ 

ble pavement in wh:.ch the freeze-thaw cycle is not a consideration, 

the system is reduced to a comparison of the allowable subgrade strain 

selected from Figure 8 with the computed strain. When the freeze-thaw 

cycle is a consideration, the cumulative damage must be determined for 

both the normal and the thaw periods. No allowance is made for an in¬ 

crease in subgrade strength due to freezing. 

For this situation, the value of n is the number of applied 
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annual strain repetitions during the respective periods. A period of 

2 months during the spring is assumed to be the thaw period, during 

which the subgrade strength is represented by the thaw resilient 

modulus. The remaining 10-month period is assumed to be the normal 

period, during which the subgrade strength is represented by the satu- 

rated modulus. The subgrade strains are computed for each period, and 

the allowable annual strain repetitions N for each condition are 

determined from Figure 8. For a satisfactory design, the sum of n/N 

for the thaw and normal periods should not exceed one. 

In a consideration of the horizontal tensile strain in the bitu¬ 

minous concrete, the variation in the properties of bituminous concrete 

due to temperature variation becomes critical; therefore, damage must 

be accumulated over shorter periods of time. For the procedure pre¬ 

sented in this report, it is suggested that periods of 1 month be used 

as grouping periods. The criteria for a 20-year life would thus be 

such that 

.(1¾).. 
where n. is the total number of applied strain repetitions during the 

given month i and is the number of allowable strain repetitions 

determined from the computed strain and bituminous concrete properties 

for the month i . In the computation of horizontal tensile strain, 

the bituminous concrete modulus is determined based on the average 

daily mean temperature for a certain time period. In the case in which 

thaw is not a problem, the subgrade modulus is a constant. If thaw is 

a problem, then the subgrade modulus must be reduced for a 2-month 

period following the thaw. 

A flow diagram of the performance model for conventional flexible 

pavements is shown in Figure 9. 

BITUMINOUS CONCRETE PAVEMENTS 

In bituminous concrete pavements, the variation in the modulus 

due to variations in temperature becomes a consideration in the evalua¬ 

tion of subgrade strain as well as the horizontal tensile strain. This 
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is accounted for through summing the damage for 1-month periods. 

Freeze-thaw conditions are accounted for hy assuming a weakened sub- 

grade strength for a 2-month period following the thaw. In a consid¬ 

eration of the subgrade strain criteria, the modulus of the bituminous 

concrete is based on the design air temperature for each month deter¬ 

mined as described previously. This method is a conservative approach 

that was chosen for two reasons. First, high temperatures greatly 

influence the damage occurring over a given period. Second, the major 

portion of traffic at an airport usually occurs during that portion of 

the day for which the air temperature is above the daily mean. Such 

may not be the case for all airports, and thus the procedure should be 

slightly conservative ir. those cases. As is the case with the subgrade 

criteria, the damage due to horizontal tensile strain must be accumu¬ 

lated to reflect the variation in bituminous concrete properties and, 

if thawing is a factor, in subgrade properties. 

A flow diagram of the performance model for ABC pavement is shown 

in Figure 10. The flow diagram for other bituminous concrete pavements 

would be similar, the primary difference being that modulus values for 

any base and/or subbase material would have to be determined. If the 

base and/or subbase directly beneath the bituminous concrete is a 

chemically stabilized material, the pavement is first treated as a 

chemically stabilized pavement. After the determination has been made 

as to whether the chemically stabilized material will crack and a 

modulus has been selected for these materials, the pavement is treated 

as a bituminous concrete pavement. 

CHEMICALLY STABILIZED PAYMENTS WITH STABILIZED 

BASE COURSE AND UNSTABILIZED SUBBASE COURSE 

For a chemically stabilized pavement having a stabilized base 

course and a granular subbase course, damage must be accumulated for 

subgrade strain, for horizontal tensile strain at the bottom of the 

bituminous concrete surface course, and for horizontal tensile strain 

at the bottom of the stabilized layer. Normally in this type of pave¬ 

ment, the base course modulus is sufficiently high (1100,000 psi) to 

prevent fatigue cracking of the bituminous concrete surface course 
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(where the bituminous concrete surface course has a thickness equal to 

or greater than the minimum required by CE and FAA criteria), and thus 

this mode of failure is only a minor consideration. For most cases, a 

very conservative approach can be taken in checking for this mode of 

failure, i.e., all the traffic can be grouped into the most critical 

time period and the computed bituminous concrete strain compared with 

the allowable strain. If the conservative approach indicates that the 

surface course is unsatisfactory, then the damage can be accumulated 

in the same manner as that used for conventional flexible pavement. 

For a pavement of this type, the criteria become more complicated 

than those of conventional flexible or bituminous concrete pavements. 

Two cases in particular should be considered. First is that in which 

the stabilized layer is considered to be continuous, with only shrinkage 

cracking due to curing and temperature. The second case is that in 

which the stabilized layer is considered cracked due to load. The first 

step in evaluating the stabilized layer is to compute the horizontal 

tensile strain at the bottom of the stabilized layer and the vertical 

compressive strain at the top of the subgrade, assuming the stabilized 

layer to be continuous and having a modulus value as determined by the 

flexural modulus test. To account for the increase in stress due to 

loadings near shrinkage cracks, the computed strain should be multiplied 
31 by 1.5 for comparison with the allowable strain. If the analysis 

shows that the stabilized base will not crack under load, then it will 

be necessary to compare the adjusted value of subgrade strain with the 

allowable subgrade strain. If this analysis indicates that the adjusted 

strain is not less than or equal to the allowable strain, then the 

thickness should be increased and the process repeated, or the section 

should be checked by assuming that the base course will crack and behave 

as a granular material. The cracked stabilized base course is repre¬ 

sented by a reduced modulus value which is determined from the rela¬ 

tionship between modulus and unconfined compressive strength shown in 

Figure 11. The relationship shown in Figure 11 was developed from data 

from a limited number of field test sections at WES, and the procedure 

presented should be used with caution. When the cracked base concept 
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is used, only the suhgrade criteria need to be satisfied. The section 

obtained should not differ greatly from the section obtained by using 

the equivalency factors (Table 2) developed by Hammitt, Barker, and 

Rone.15 A flow diagram for the design of this type of pavement is shown 

in Figure 12. 

CHEMICALLY STABILIZED PAVEMENT WITH 
STABILIZED BASE AND SUBBASE COURSES - 

This type of pavement is handled in a manner almost identical 

with that for a pavement with a stabilized base. If the base is a 

bituminous-stabilized material, then the cumulative damage procedure 

must be employed to determine if the subbase will crack. If the analy¬ 

sis indicates that the subbase will crack due to loading, an equivalent 

cracked section modulus is determined from Figure 11, and the pavement 

is treated as a bituminous concrete pavement. 

If both the base and subbase courses are stabilized, then both 

layers must be checked for cracking. A conservative approach is taken 

by checking for cracking of one layer by considering the other sta¬ 

bilized layer as cracked and having a reduced modulus. The vertical 

compressive strain at the top of the subgrade is computed using the 

flexural modulus or the reduced modulus, as appropriate. If either of 

the two layers is considered uncracked, then the computed subgrade 

strain is multiplied by 1.5 in order to account for shrinkage cracks 

which will exist. The basic flow diagram for this type of pavement is 

shown in Figure 13. 

THICKNESS MODIFICATION SUBSYSTEM 

If in the performance model it is found that the pavement under 

consideration does not meet the performance criteria, then it will be 

necessary to adjust the pavement thickness or the quality of materials 

and recycle the new design through the system. No specific procedures 

are advocated for making the modification, although, if the subgrade 

strain criteria are controlling, the modification will normally involve 

increasing the thickness of the subbase. When the horizontal tensile 

strain at the bottom of the bituminous concrete surface course is 
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critical, the calculated damage can be reduced by increasing the thick¬ 

ness of this layer, by increasing the stiffness of the base course mate¬ 

rial through stabilization, or by increasing the thickness of the base 

course material. Plotting the performance parameters as a function of 

thickness is an adequate method of estimating the required thickness. 

Such plots can also indicate if a particular design is overly conserva¬ 

tive and if there is a need for reducing the thickness. This technique 

of modifying thicknesses is indicated in the flow diagrams of the per¬ 

formance models. 
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DEVELOPMENT OF THE DESIGN CRITERIA 

The method of design requiies limiting criteria for vertical com¬ 

pressive strain at the top of the subgrade and for horizontal tensile 

strain at the bottom of bituminous concrete and stabilized layers. The 

criteria can be developed in one of two ways: either directly from lab¬ 

oratory testing of material specimens or by the analysis of pavement 

sections of known performance. The development of criteria from pave¬ 

ment sections of known performance has the advantage of indirectly cor¬ 

recting for assumptions necessary to obtain a manageable design system. 

Unfortun'-tely, data are not always available for establishing all design 

criteria in this manner, and the costs of generating new data to cover 

all design situations can be prohibitive. In cases in which perfonnance 

data are not available, laboratory test data must be used, and assump¬ 

tions as to the laboratory behavior of materials must be made. In the 

development of the design procedure presented in this report, conven¬ 

tionally designed pavement sections were used to develop the subgrade 

strain criteria, while the results of laboratory testing of pavement 

materials were used to develop the horizontal tensile strain criteria 

for the structural layers. 

SUBGRADE STRAIN CRITERIA 

In the development of the subgrade strain criteria from the pave¬ 

ment sections, it was necessary inasmuch as possible to use the same 

procedures and techniques that would be used in the design system. 

Thus, the same assumptions were made for the analysis of the paiement 

sections as would be made in the design of a pavement. Basically these 

assumptions are: 

a. Traffic can be represented in terms of the number of opera¬ 

tions of the fully loaded design aircraft. 

b. Loads are essentially static, and the load on each tire is 
circular and uniform. 

c. The pavement is a linear elastic layered system with full 

friction between interfaces. 

d. The bottom layer is of infinite thickness. 
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e. The deforaation characteristics of the pavement materials 

can be represented by the modulus of elasticity and Poisson's 
ratio as determined in a repeated load test. 

ANALYTICAL RESPONSE MODEL 

The analytical response model used in the development of the sub¬ 

grade strain criteria was a modified version of the CHEVRON computer 
p 

program. The modification involved revising the input formats and 

adapting the program to compute response to multiple-wheel loadings and 

to determine the principal stresses and strains. To determine the total 

vertical stress or strain at a given point due to a number of wheels, 

the adaptation is fairly simple in that the effects of each wheel can be 

added directly. However, if the analysis requires the complete state of 

stress or strain at a given point, then rotation of stress and strain is 

necessary, which complicates the computations. The modified version of 

the CHEVRON computer program is called CHEVIT. The program accomplishes 

the rotation and superpositions necessary for computation of the com¬ 

plete state of stress and strain at any point in a pavement subjected to 

multiple-wheel loading. The input form and a listing of the program are 

presented in Appendix J. 

PAVEMENT SECTIONS 

The subgrade strain criteria were developed based on data from 

conventionally designed pavement sections for which a performance life 

could be assumed. In the development of the criteria, it was desired to 

use a group of pavement sections which covered a range of design condi¬ 

tions. Xhe design parameters which were to be varied were the subgrade 

modulus, the design aircraft, and the number of load repetitions. The 

variations and number of pavement sections required precluded the direct 

use of test section data. However, since the present CE and FAA thick¬ 

ness design criteria represent a statistical treatment of test section 

data, it was possible to use the CE and FAA procedures to generate ide¬ 

alized pavement sections. For various loadings of aircraft with single¬ 

wheel, dual-wheel, or dual-tandem gears, this procedure was used to 
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generate pavement sections which woiad perform satisfactorily at 1,200, 

6,000, and 25,000 annual departures on 3-, 6-, 10-, and 20-CBR subgrades. 

MATERIAL CHARACTERIZATION 

In the development of the subgrade strain criteria for design 

purposes, it was also necessary to use characterization parameters which 

would be consistent with those of the final design procedure. The 

parameters for each pavement material used in the development of the 

subgrade strain criteria are described in the following paragraphs. 

Bituminous Concrete. The pavement sections being considered had 

relatively thin surface courses; therefore, the modulus values selected 

for the bituminous concrete would, within reason, have little effect on 

the computed subgrade strains. Since the majority of the test sections 

represented by the present CE and FAA design procedures were constructed 

and tested at WES, it seemed appropriate to use a modulus value repre¬ 

sentative of bituminous concrete in a warm climate. Also, it was be¬ 

lieved that the value should be a reasonable one for design purposes. 

Izatt, Lettier, and Taylor have suggested that for design purposes the 

modulus during warm weather should range from 150,000 to 200,000 psi. 

Therefore, a modulus of 200,000 psi was selected as being a conservative 

value for bituminous concrete for the purposes of developing subgrade 

strain criteria. 

Poisson's ratio for bituminous concrete approaches 0.5 as the 
32 

modulus decreases; Kingham and Kallas used O.U5 for Poisson's ratio 

when the bituminous concrete modulus was below 500,000 psi. Since the 

subgrade strain is very insensitive to the value of Poisson’s ratio of 

the bituminous concrete and for simplicity in this study, a value of 0.5 

was selected. 

Granular Base and Subbase Courses. Granular materials used in 

the lase and subbase courses are more difficult to characterize, par¬ 

ticularly since the characterization technique used must also be appli¬ 

cable to the design procedure. The modulus of granular materials is 

primarily dependent on the state of stress, quality of materials, degree 

of compaction, stress history, and moisture conditions. The- fact that 



the modulus is dependent on the state of stress implies that the stiff¬ 

ness of a granular material within a given pavement will vary depending 

upon the loading applied and the subgrade condition. 

Although much work has been conducted recently in an effort to 

characterize granular materials, nearly all of this work has been in 

connection with highway pavements. In a nonlinear finite element anal- 
33 

ysis. Barker characterized granular materials as a function of con¬ 

fining pressure . He showed that for wheel loads greater than 30 

kips the response of the pavement system was governed by a minimum modu¬ 

lus used when a negative (tensile) value of a was computed. In a 

similar study, Chou, Hutchinson, and Ulery attempted to circumvent the 

problem by characterizing the material as a function of 0 , where 9 

is the sum of the principal stresses , , and . This proce¬ 

dure resulted in less drastic variations in modulus values but still 

resulted in negative stresses being computed for the confining stresses. 

The question is thus raised as to how granular material is able to ex¬ 

hibit a positive modulus value when the confining stress is negative. 

35 
Kirwan, Glynn, and Bonner used a finite element computer code 

which, when tensile stresses are encountered, applies balancing nodal 

forces to eliminate the tensile stresses. Unreported work by the 

authors with this computer code in the analysis of airport pavements has 

indicated better agreement with measured values than that reported by 

33 
Bari. Chou, Hutchinson, and Ulery, and Barker, Brabston, and 

36 
Townsend but at the same time has demonstrated the complexity which 

can result from attempts at a theoretical characterization of granular 

materials. These nonlinear finite element studies of airport pavements 

have led the authors to the conclusion that the state-of-the-art re¬ 

quired, for this initial design system, a simpler approach to the 

handling of granular materials. 

Based on this conclusion, it was decided to use a procedure to 

determine a quasi-modulus based on an anticipated state of stress. 

Izatt, Lettier, and Taylor used this approach in which the modulus of 

the granular material is a function of the layer thickness and modulus 

of the subgrade. The relationship is shown in Figure lU. In this 
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procedure, the granular material is considered to be one layer, and an 

average modulus is assigned for the entire layer. All of the previously 

mentioned finite element analyses of pavements have shown large varia¬ 

tions in the modulus from the top to the bottom of the granular layer. 

Although the use of an average modulus does not significantly affect the 

value of the computed subgrade strain, the horizontal tensile strain at 

the bottom of the bituminous concrete has been found to be highly sensi¬ 

tive to the modulus of the material in the upper portion of the granular 

layer. For this reason, it was decided that for thicker granular layers 

such as would be encountered in airport pavements, the modulus values 

should reflect the variation from top to bottom. 

To provide for the variation, the granular layers were divided 

into sublayers for which the modulus of each sublayer would be a func¬ 

tion of the sublayer thickness and the modulus of the material below the 

sublayer. In developing the subgrade strain criteria, it was necessary 

to develop relationships for high-quality base and subbase course mate¬ 

rials. The nonlinear finite element analyses of pavement sections and 

the relationship presented by Izatt, Lettier, and Taylor'1' were used as 

the basis for developing these relationships. Based on the relationship 

shown in Figure 1^ for a subgrade modulus of 6000 psi, the relationships 

shown in Figure 15 between modulus ratio and thickness were assumed. 

It was considered that each of the materials had a practical 

limiting modulus, i.e., regardless of how thick the layer or how stiff 

the layer beneath, the modulus of the material would approach some lim¬ 

iting value. From the results of the finite element analyses, limiting 

values of 100,000 and 1+0,000 psi were chosen for base and subbase course 

materials, respectively. The graph shown in Figure 15 along with the 

limiting modulus values provided two points from which the relationships 

shown in Figure 16 were developed. From Figure 16, the relationships 

shown in Figure 17 were developed by which the modulus of a sublayer can 

be determined directly from the sublayer thicknesses and from the modu¬ 

lus of the underlying sublayer. Figure 17 was the basis for determining 

the modulus values of the granular base and subbase course materials of 

the pavement sections used in the development of the subgrade strain 
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Figure 15. Relationships between modulus ratic and thickness of layer 
n for a modulus of layer n + 1 of 6000 psj 
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criteria. Analytically, the relationships between En , E . and 
n+1 ’ 

thickness t shown in Fig\xre IT can be represented in terms of material 

constants a , b , c , d , and e by the equation 

where the material constants are defined as follows: 

a = ratio of E to E +1 for a layer with thickness b over 

a material Raving anmodulus of c 

b = thickness of the layer having the E^ to E^ ratio of a 

c = modulus of the layer beneath the layer having the En to 

E ., ratio of a 
n+1 

d = maximum limiting modulus for the particular material 

e * layer thickness for which the modulus ratio is unity 

If the following definitions «e assumed: 

b + a- y ■- log c - T log o log b 

c 
a - 1 

Y 

6l 

X = 
a - 1 

log 

Y = log 

m X T = — 
Y 

b 

e 

d 

e 

R = a - X log 

S = X + T log 

W = T log b - 



..... 

then Equation 9 can he rewritten in terms of new material constants R , 

S , T , and W as 

E = E n (R + S log t - T log t log E ^ + W log Ev (10) 
n n+l n+i 

For characterization of the suhbase course, it was assumed t. a = 2, 

b = 6 in., e = 600 psi, d = 1*00 psi, and e = 1 in.; therefore, R = 1, 

S = 7.18, T = 1.56, and W = 0. The resulting equation for determining 

the subbase modulus is 

E = E ., (1 + 7.18 log t - I.56 log E log t) 
n n+l n+l 

For base course materials, it was assumed that a=3,b=6in.,c= 6OO 

psi, d = 100,000 psi, and e = 1 in.; therefore, R = 1, S = 10.52, T = 

2.10, and W = 0 with a resulting equation of 

E = E , (I+IO.52 log t - 2.10 log E log t) 
n n+l n+i 

Subgrade. The pavement sections represented which perform sat¬ 

isfactorily on subgrades ranging in quality as presently defined by the 

CE and FAA. In the design procedure presented in this report, the 

resilient modulus is used as the basis of measuring the quality of the 

subgrade. It is evident, therefore, that in this design procedure, the 

thickness of material required to protect the subgrade is related to 

both the subgrade CBR and the resilient modulus. The implication of 

this relationship is that the subgrade CBR is directly related to the 

resilient modulus, which may or may not be true for all subgrade soils 

but certainly should be true for the subgrades of the test sections from 

which the present CE and FAA design procedures were developed. Heukelom 

and Klomp^0 presented such a relationship between dynamic modulus and 
37 

CBR in the form E = 1500 * CBR . Green and Hall proposed a slightly 

different relationship (Figure l8) which indicated a higher modulus for 

lower CBR's and a lower modulus for higher CBR's. A comparison of the 
37 

relationships as presented by Green and Hall is shown in Figure 19. 

In view of the previous wide use of the relationship developed by 

Heukelom and Klomp, it was selected as a method of estimating the resil¬ 

ient modulus for the pavement sections. A check of the relationship was 

possible from the data presented in Figure 20. These data, which were 

obtained from undisturbed samples of a U-CBR heavy clay (E-ll, CH) used 

in WES test sections, represent results of resilient modulus tests of 
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Figure 18. Relationship between dynamic modulus and CBR; TOS correla¬ 
tion (after Green and Hall37) 
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Figure 20. Relationships for resilient modulus and Poisson's ratio 

based on resilient triaxial tests of heavy clay (E-ll, CH) 
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the type subgrade on which the present FAA and CE design procedures 

based. For this subgrade, the stress at the top of the subgrade for a 

well designed pavement would be on the order of 7 psi. From Figure 20, 

the resilient modulus would be approximately 6000 psi, or 1500 CBR for a 

stress of 7 psi. 

The data in Figure 20 also show that a value of Poisson's ratio 

of O.li would be appropriate. For various quality subgrades, the value 

of Poisson's ratio would be expected to range between 0.25 and 0.5. For 

the purpose of developing the subgrade strain criteria, a constant 

Poisson's ratio of 0.1* was chosen. 

STRAIN COMPUTATIONS 

With the methodology established for characterizing the mate¬ 

rials, the computations were made to determine the subgrade strain. For 

example, strain was computed for a pavement section required for 25,000 

annual departures of a 50-k.ip aircraft having a single-wheel gear on a 

3-CBR subgrade. The pavement section would consist of a 3-in. 

bituminous concrete surface course, a 6-in. base course, and a 27-in. 

subbase course over the subgrade. According to the methodology for de¬ 

termining material properties, the section to be analyzed would be as 

shown in Figure 21. The aircraft load data would be a single-wheel load 

of 21.375 kips (gr)ss aircraft loading of 50 kips) and a tire contact 

pressure of 90 ps.. Using the CHEVIT computer program with the above 

data, the maximum vertical compressive strain at the top of the subgrade 

was computed. For this section, the computed strain was 0.6U3 x 10~^ 

in./in. 

In a similar manner, computations were made for other sections 

involving different subgrade strengths, traffic levels, find aircraft 

loads. From these data, the subgrade strain criteria shown in Figure 8 

were developed. Figure 7 presents these strain criteria in a form that 

can be more easily used for determining the number of allowable strain 

repetitions N for input to the cumulative damage relations. 
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DEPTH JN. 

0 

3 

9 

16 

22 

29 

36 

MATERIAL 

BITUMINOUS 
CONCRETE 
SURFACE 

_COURSE 

BASE 
COURSE 

SUBBASE 
COURSE 

SUBGRADE 

MODULUS,PSI 

E, =200,000 

Eg = 60,000 

E3 = 32,000 

E4 = 26,000 

Es= 18,000 

E6=I0,000 

E7 = 4,500 

POISSON'S RATIO 

0, =0.5 

•02 = 0.3 

-O3 = 0.3 

-O4=0.3 

t)5=0.3 

O6 = 0.3 

-\) 7 = 0.4 

Figm*e 21. Idealized pavement section for 25,000 annual departures of 
50-kip, single-wheel aircraft on 3-CBR subgrade 
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VERIFICATION OF SUBGRADE STRAIN CRITERIA 

The WES test section data used in the verification are presented 

in Ahlvin et al.^® and Burns et al.®^ The purpose of the study de¬ 

scribed in Ahlvin et al. was to validate present criteria or establish 

new criteria for the evaluation and design of pavements subjected to 

multiple-wheel heavy ¿ear load (MWHGL) aircraft. The MWHGL flexible 

pavement test section contained 5 test items of varying thicknesses of 

conventional flexible pavement construction. For verification of the 

criteria presented in this nport, items .1, 2, 3, and 5 were used. Item 

was omitted because the structure and performance of this item were 

essentially the same as those of item 3. These four items represent 

pavement thicknesses of 15, , 33, and U2 in. above the subgrade. Test 

loadings considered in the verification were single-wheel loads of 30 

and 50 kips, a 12-wheel C-5A loading of 360 kips, and dual-tandem load¬ 

ings of 200 and 2l*0 kips. The study described in Burns et al.^ was 

designed to evaluate the performance of pavement sections having sta¬ 

bilized layers. The flexible pavement test section, referenced as the 

"structural layers" test section, contained 5 test items, the first four 

of which contained stabilized layers. Item 5 was of conventional flexi¬ 

ble pavement construction of the same thickness as item 5 of the MWHGL 

test section and was therefore not considered in this study. The traf¬ 

fic on item U resulted in early failure which was judged to be due to 

shear failure in the stabilized materiali thus, this item could not be 

used in verification of the subgrade strain criteria. The trafficking 

of the remaining three items with a dual-tandem gear loaded at 200 and 

240 kips provided data for additional verification of the criteria. 

Layouts of the two test sections are shown in Figures 22 and 23. 

For computation of strains, the relationship presented in Figure 

20 was used to estimate the subgrade modulus. The technique used was to 

first estimate a modulus value for a particular loading on the section, 

compute the stress at the top of the subgrade, and then adjust the 

modulus based on the computed stress. In this manner the subgrade 

modulus used was compatible with the relationship in Figure 20 and the 
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computed stress at the top of the subgrade. The modulus values for the 

granular base and subbase courses were determined as outlined in Appen¬ 

dix G. The modulus values for the stabilized materials were determined 

from Figure 11 based on unconfined compressive strengths of 250, 500, 

and 800 psi for lean clay stabilized with lime, fly ash, and portland 

cement; cement-stabilized lean clay; and cement-stabilized gra/elly 

sand, respectively. These data yielded modulus values of 30,000, 60,000, 

and 100,000 psi for the stabilized materiais of items 1, 2, and 3, 

respectively, of the structural layers test section. 

Test section data used in the verification are presented in Table 

3. From these data, the plot in Figure 2h was developed. This plot 

shows the relationship between passes of the test gear and computed 

subgrade strain. Shown along with these data are the subgrade strain 

criteria as developed from the idealized pavement sections. Although 

none of the test data extend to the traffic level of the criteria, a 

logical extrapolation of the criteria can be made which could also re¬ 

present a criteria curve drawn for the test section data. It should be 

noted in the figure that points 1, h, and 3 (considering that point 3 

represents a nonfailure) deviate the farthest from the extrapolated cri¬ 

teria curve. All three of these points are for single-wheel traffic; 

thus, there may be a discrepancy in the analysis of multiple- and 

single-wheel test data. This discrepancy would occur, at least in part, 

due to the assumption that each pass constitutes a stress repetition. 

The items for which single-wheel traffic data were available were rela¬ 

tively thin, causing a narrow width of subgrade to be severely strained. 

The multiple-wheel data are available for thicker items in which a wider 

section of the subgrade would be affected. Thus, the use of passes to 

represent strain repetitions is more appropriate for multiple-wheel * han 

single-wheel gears. 

Although the limited comparisons presented do not represent a 

complete verification of the subgrade strain criteria, the comparisons 

do lend credibility to the criteria. Certainly, there are no data 

within the analysis which contradict the criteria. 
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Table 3 

1 

2 

3 

1+ 

5 

6 

7 

Ò 

9 

10 

11 

12 

13 

lU 

15 

38 
MWHGL and Structural Layersi9 Test Section Data 

Test 

Point Item Load 

No. No. kips 

1 

1 

2 

2 

2 

3 

3 

5 

5 

1 

1 

2 

2 

3 

3 

Type of 

Assembly 

No. of 

Passes 
to 

Failure 

Subgrade 
Modulus 

10' 

MWHGL Test Section 

30 

180 

Single-wheel 

12-vheel 

636 1(000 
3700 

11 2500 
1+000 

30 

50 

180 

ISO 

2I+0 

I80 

2h0 

Single-wheel 

Single-wheel 

12-wheel 

12-wheel 

Dual-wheel 

12-wheel 

Dual-wheel 

2,385* 

1,063 

275 

2,062 

60 

5,293* 

1+20 

1+500 

1+500 

1+500 

5000 

3000 

6OOO 

3500 

Structural Lavers Test Section 

200 

2I+O 

200 

21+0 

200 

21+0 

Dual-tandem 5,1+90 

900 

5,1+90 

510 

11,730 

900 

5300 

1+800 

5350 

1+800 

6200 

5700 

* Failure did not occur at this test point. 
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Subgrade 

Strain 

in./in. 

1+.8 

5.0 

2.1 

3.5 

2.5 

1.6 

1+.2 

1.1 

2.7 

2.0 

2.5 

1.9 

2.1+ 

1.5 

1.8 

Stabilized 

Layer 

Modulus 
psi 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

30,000 

30,000 

60,000 

60,000 

100,000 

100,000 

.. ......i Él ..tilillii ... 



U 
d 
V 
bO 

■P to 
0) 
P 

<H 
O 

tn 
V 
to 
to 
ai 
Pt 

•O 

ë 
p 
•rt 
aS 
U 
P 
m 

V 
tS 
ai 

ä 
•§ 
U) 

•d 
0) 

á ! 
O 

ë 
!* 
p 
» 
,P 

Pt 
■H 

M 
O 
O 

•H 

S 
■H 
01 
X 

CM 

T3 



SUBGRADE STRAIN CRITERIA COMPARISONS 

Numerous researchers have developed strain criteria for design of 

flexible pavements. Among these are Witczak/ Edwards and Valkering,1*0 
hi h2 

Dorman and Metcalf, Finn, Nair, and Monismith, Brabston, Barker, and 

Harvey,' and Chou, Hutchinson, and Ulery.3*1 In addition, Peattie1*3 has 

presented criteria based on subgrade stress. A comparison of these 

criteria is presented in Figure 25. In order to include the criteria of 

Peattie in the comparison, the subgrade strain was computed by assuming 
£ 

ev * E_ 

where 

o = allowable subgrade stress 

Eg = modulus of the subgrade (which is determined from the rela¬ 
tionship E = 1500 X CBR) 

Peattie's criteria are for 1,000,000 strain repetitions and are a func¬ 

tion of the subgrade CBR. Although Edwards and Valkering use the strain 

criteria of Dorman and Metcalf, they also present strain criteria for 

1,000,000 strain repetitions which were developed from conventional 

flexible pavement sections designed according to the Shell CBR design 

curves. These strain criteria are given as being between 0.8 x io"3 

-3 
and 0.9 x 10 in./in., but no reason is given for the range in the 

criteria. The criteria of Finn, Nair, and Monismith are also presented 

in a band, but again no explanation is given for the range. The cri¬ 

teria presented by Brabston, Barker, and Harvey are presented as func¬ 

tions of the subgrade modulus and are the only strain criteria so 

presented. 

The first comparison to be made is with the criteria developed by 
31* 

Chou, Hutchinson, and Ulery in which a nonlinear finite element com¬ 

puter program was used in computing the subgrade stra:n. These criteria 

were developed from essentially the same test data as were used in the 

verification of the criteria presented in this veport. If the criteria 

presented by Chou, Hutchinson, and Ulery (Figure 26) are extrapolated to 

the repetition range of the WES criteria, it can be seen that they would 

closely match the latter. The curve in Figure 26 was drawn through the 
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center of the data points whereas the curve in Figure 24 was drawn so 

that the data would fall above it. If the curve in Figure 26 was 

redrawn so that it was positioned below the data points and extrapolated 

to the repetition range of the WES data, then the criteria would be 

almost identical with the WES criteria for soils having modulus values 

appropriate for the 4-CBR subgrade soil. 

Other subgrade strain criteria have been presented by Witczak.*1 

Although Witczak developed his criteria using a range of assumed as¬ 

phaltic concrete moduli, the particular curve chosen for comparison was 

developed for an asphaltic concrete modulus of 200,000 psi (the same as 

that used in developing the WES criteria). The criteria developed by 

Witczak indicate larger strain values than the WES criteria and are less 

sensitive to increases in the number of strain repetitions. These cri¬ 

teria, over the range of strain repetitions covered in this design pro¬ 

cedure have an almost constant value. However, it should be noted that 

a straight-line extrapolation from the initial portion of the criteria 

(that portion covered by actual test data) would fall within the bounds 

of the WES criteria. 

Other comparisons may be made with criteria developed from road 

design data. The criteria presented by Brabston, Barker, and Harvey7 

for the design of ABC pavements for military roads were developed in an 

almost identical manner as the WES criteria, except that a slightly 

different procedure was used to determine the modulus of the granular 

materials. These criteria indicate lower strain values than the WES 

criteria. This trend could be due to the different procedures used for 

characterizing the granular materials or the different performance cri¬ 

teria for military roads and airport pavements. 

Another comparison with road criteria may be made with those 

developed by Dorman and Metcalf.1*1 Although they were developed from 

road data, it has been suggested that these criteria can also be used 

for airport pavement design. These criteria, in contrast to those of 

Witczak, are more sensitive to increases in the number of strain repeti¬ 

tions than the WES criteria. A plot of the Dorman and Metcalf criteria 

passes diagonally through the WES criteria and thus indicates good 
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agreement, even though Dorman and Metcalf criteria have no dependency on 

subgrade modulus. ^ 

The criteria presented by Finn, Nair, and Monismith are more 

sensitive to increases in the number of strain repetitions than the WES 

criteria. When extrapolated to the repetition range of the WES criteria, 

they fall within and below the WES criteria. The criteria at the higher 

repetition levels indicate lower strain values than those of Dorman and 

Metcalf*1 and Brabston, Barker, and Harvey,7 which would result in much 

thicker pavement designs at the higher repetition levels. 

In comparisons presented by Brabston, Barker, and Harvey of 

pavement thicknesses determined using different procedures for high 

strain repetitions levels, the Finn, Nair, and Monismith criteria result 

in design sections almost twice as thick as those indicated by any other 

criteria. At low repetitions levels, the pavement thicknesses were al¬ 

most identical with those determined using the other procedures. ^ 

The criteria developed by Edwards and Valkering and Peattie 

were for 1,000,000 strain repetitions only. Extrapolation of the WES 

criteria shows that they agree well with those of Edwards and \alkering 

at 1,000,000 strain repetitions. 

The Peattie criteria, which were computed from stress criteria, 

extend entirely across the criteria band presented by Brabston, Barker, 

and Harvey for military roads but fall only partially within the extra¬ 

polation of the WES criteria. 

RELATIONSHIP BETWEEN ALLOWABLE STRAIN 
AND SUBGRADE MODULUS 

Of the criteria reviewed, only the subgrade strain criteria of 

Brabston, Barker, and Harvey7 and the stress criteria of Peattie are 

presented as a function of the subgrade modulus. When strain criteria 

are determined from stress criteria, it is found that these also are a 

function of the subgrade modulus. If the WES criteria for 500,000 repe¬ 

titions are plotted along with the extrapolation of these criteria to ^ 

1,000,000 repetitions and the Brabston, Barker, and Harvey and Peattie 

criteria for 1,000,000 repetitions, a comparison can be made between 
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them on the basis of the relationship between subgrade modulus and 

allowable strain (Figure 27). The WES criteria are slightly more sensi¬ 

tive to changes in the subgrade modulus than the other criteria. 

Although the criteria presented by Brabston, Barker, and Harvey and 

Peattie have almost identical end point values, the Peattie curve is 

concave upward whereas both of the other curves are concave downward. 

Considering the assumption made in computing the strain criteria from 

the stress criteria, this difference may not be significant. 

The dependence of the allowable strain on subgrade strength has 

been the source of some concern since such dependence has not been pre¬ 

viously reported. A project was therefore initiated to study the effect 

of soil strength on the relationship between resilient strain and per¬ 

manent strain. In this study specimens of a clay soil at four strengths 

as measured in the soaked CBR test were tested under repeated loadings 

for which both resilient and perwuent strains were measured. Prelim¬ 

inary results from these tests are shown in Figure 28. The data indi¬ 

cate that for a given resilient strain the specimens of the weaker soil 

display larger permanent strains than those of the stronger soil. The 

design procedure presented herein, in concept, limits the permanent 

strain by limiting the resilient strain. Thus, if the preliminary 

interpretation of these laboratory test results is correct, the allowable 

resilient strain will have to be less for weaker soils than for stronger 

soils in order for the permanent strain in both to be the same. A com¬ 

plete analysis of the results of these laboratory tests is in progress 

and will be reported. 

HORIZONTAL TENSILE STRAIN CRITERIA 

FOR BITUMINOUS CONCRETE 

In selection of the strain criteria for bituminous concrete, it 

was assumed that failure of a pavement occurs at the same time as ini¬ 

tial cracking and that the fatigue strength of the material can be eval¬ 

uated by laboratory testing. It is generally recognized that the fa¬ 

tigue strength of bituminous materials is highly dependent not only on 

the type of mix but also on the temperature, stress history, and mode of 

testing. In this study, temperature was considered the most important 
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parameter to be considered in determining the fatigue strength. 

Thus, an aircraft operating on a pavement would cause a certain 

amount of damage, the degree of which would depend on the temperature of 

the pavement. The damage then would have to be evaluated at all opera¬ 

tional temperatures and would have to be accumulated in order to predict 

failure due to cracking. Therefore, the fatigue strength must be evalu¬ 

ated at a range of temperatures covering the operational temperatures. 

The test procedure recommended for determining fatigue life of bitumi¬ 

nous concrete is presented in Appendix I. If it is not possible to 

conduct the tests on the specific mix to be used, then the relationship 

from Heukelom and Klomp30 can be used. This relationship is also pre¬ 

sented in Appendix I. Other methods or data may be available to a 

designer for a specific design situation which would provide the nec¬ 

essary criteria concerning the fatigue life of a bituminous mix. 

HORIZONTAL TENSILE STRAIN CRITERIA 
FOR STABILIZED MATERIALS 

As was the case for bituminous concrete, the method for develop¬ 

ing the horizontal tensile strain criteria for stabilized base and sub¬ 

base course materials was direct flexural testing of laboratory 

specimens. For bituminous-stabilized materials, the same methodology 

was used as for bituminous concrete, i.e., that which is given in 

Appendix I. 

For cement- and lime-stabilized materials, the criteria were de¬ 

veloped using the test procedures outlined in Appendix H. When, as with 

the bituminous-stabilized materials, flexural fatigue tests were not 

possible, then a preestablished relationship such as that shown in 

Mgure 29 was used. Such data as presented in Figure 29 imply that the 

allowable strain is independent of the type or quality of the stabilized 

material. For this reason, when laboratory tests were conducted to de¬ 

termine the fatigue characteristics of a stabilized material, the dif¬ 

ferences in type and quality from laboratory material to field material 

were ignored. 
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SUMMARY 

The design procedure presented in this report provides the meth¬ 

odology for the design of three types of flexible pavement: convention¬ 

al, bituminous concrete, and chemically stabilized. This capability is 

demonstrated by the design examples given in Appendix K. These three 

pavement types represent nearly all classes of flexible pavement being 

constructed at this time. The bases for design are the analytically 

determined strain values and experimental and laboratory determined 

material fatigue strengths. Thus, the procedure handles in a rational 

manner possible variations in the properties of different pavement 

materials. The adaptation of the cumulative damage concept permits the 

consideration of cyclic variation in bituminous materials due to the 

variation in temperature and the variation in subgrade strength re¬ 

sulting from freeze-thaw cycles. Although not considered in this report, 

the cumulative damage concept can be extended for consideration of traffic 

distribution with respect to aircraft' wander, time, ]oad, and aircraft 

type and speed. The extension of this capability is in progress. The 

first stage will include a more thorough consideration of traffic dis¬ 

tribution with time and elementary treatment of the parameters of wander, 

load, and aircraft type. 
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CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

The procedure presented in this report demonstrates that it is 

presently possible to handle in a rational manner a number of design 

parameters which are not now considered in the present CE and FAA design 

procedures. Since pavement research dollars have been invested in 

developing a theoretical approach to design, there is considerable ad¬ 

vantage to adopting the procedure at an early date. 

RECOMMENDATIONS 

The following recommendations are offered: 

Existing test data should be used for a more extensive veri¬ 

fication of the design procedure. Along with the verifica¬ 

tion, a sensitivity study should be conducted to identify the 

most critical variables. 

b. The design procedure should be put into use on an experimental 

basis. During this experimental use, emphasis should be 

placel on obtaining feedback for verification and/or modifi¬ 

cation of the procedure. 

£. Work should continue on the extension of the procedure to 

more realistically consider the traffic variables. The vari¬ 

ables presently identified are wander, load, aircraft type 

and speed, and time of operation.' 

d. The presently ongoing FAA state-of-the-art review should be 

used to begin research into environmental effects on pave¬ 

ments. Initial efforts in this area should be toward pre¬ 

diction of moisture conditions under pavement systems. Other 

areas of effort should be cold weather cracking, temperature 

effects on the modulus of bituminous concrete, and long-term 

deterioration of bituminous concrete surface courses. 
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APPENDIX A: LOCAL CLIMATOLOGICAL DATA ANNUAL 

SUMMARY FOR JACKSON, MISS.* 

NARRATIVE CLIMATOLOGICAL SUMMARY 

Jackaon la about 45 mllea east of the Mlaalaaippl River 
on the »eat bank of Pearl River about 150 miles north 
of the Gulf of Mexico. The nearby terrain la gently 
rolling with no local topographic features that appreciably 
Influence the weather. The National Weather Service 
Office la nearly 7 mllea eaat-nonheast of the Jackaon 
Poat Office and over 5 miles southwest of the Ross Barnett 
Reservoir, which has approximately 50 square mllea of 
water surface. Alluvial plains up to 3 mllea wide extend 
along the river near Jackaon where some levees have 
been built on both sides of the river. The largest floods 
produced crest stages of 37.2 feet (19.2 feet above flood 
stage) on December 21, 1961, and April 1, 1902. 

Jackaon’a climate la significantly humid during moat of 
the year, with a relatively short cold season and a rather 
long warm season. The proximity of the Gulf of Mexico 
and the prevalence of southerly winds amount toa maritime 
characteristic during the warm season that shifts the time 
ol maximum daily mean temperature to near the end of 
July. In the cold season polar and arctic alrmasses 
cover the area a significant portion of the time providing 
a continental modification of the climate to the extent of 
shifting the time of the minimum dally mean temperature 
to early January. Temperatures as high as *0* occasionally 
occur In midwinter and drop as low as 55* In mldaummer. 
Subzero temperature« have been recorded twice In the 
20th century (January 1940 and 1962). 

Mean monthly precipitation ranges from about 4 Inches to 
over 5 Inches for the months of December through July 
while the relatively dry fall season provides significantly 
less precipitation with a minimum of a little over 2 Inches 
for October. Although Infrequent, tropical disturbances. In¬ 
cluding hurricanes and their remnants, that pass near or 
visit the Mississippi Coast in the summer and early fall, 
may bring several days of heavy rain. Occasionally during 
the summer the pressure distribution alters to bring 
westerly or northerly winds with hot. dry weather as the 
result. If these periods are prolonged, drought conditions 
may develop and the danger of fires Increases. Snowfall 
averages less than 2 Inches per season and the total Is a 
trace or none In almost two-thirds of the seasons. Single 
storms frequently account for the significant portion of a 
season's snowfall. Severe ice storms, freezing rain and 
sleet with s destructive accretion of Ice, occasionally 
cause major damage to wire linea and trees In the winter 
or early spring season. 

Usually thunderstorms occur In each month, but at times 
one or more months In the October to March period have 
none. Generally the more Intense rainfalls are asaoclated 
with thunderstorms. The heaviest recorded rate of rainfall 
Ir. the Jackson area was 0.77 Inch In 5 minutes during a 
thunderstorm the night of March 3, 1964. Excessive raln- 
rslls msy occur In any season. In the late fall, winter, and 
early spring, thunderstorms may occur at any time of the 
night or day. They are usually associated with passing 

weather systems and are likely to be attended by higher 
winds than In the summer. In the winter about one-fifth 
of the days with rain have thunder; In the summer, nearly 
all. Thunderstorms are only occasionally accompanist! by 
hall; most of that which falls Is less than 5/8 Inch in 
diameter. Hall of a damaging nature seldom occurs and 
usually then only In a small area. 

Humidities of 90 percent or higher Imve 0CCUfr*J.*'‘‘¡J' 
hour in the year. They are most frequent In the early 
morning hours. In the summer, at times there develops 
a combination of high temperatures together with high 
humidity; this usually builds up progressively for several 
days, end becomes oppressive for one or more days. 
Summer nights are frequently uncomfortable, partly be¬ 
cause of the humid conditions, but more so because the 
wind becomes very light or calm In the late »ftnrnoon ancl 
at night. Relief la at times afforded by afternoon or 
evening thunderstorms that lowsr the temperature. Humid¬ 
ities of less than 50 percent occur on «ome days each 
month, usually In the early afternoon hours. Humidities 
drop under 30 percent on about one-quarter of the October 
and November days; the number of days with such low 
humidities diminishes In the other months. In July there 
may be none. 

In the annual course of the normal mean dally tempera¬ 
tures, the greatest rise Is early In April, and the greatest 
drop is InOctober. Th« »verage date for the last occurrence 
In the spring of temperatures as low as 32 Is March 18 and 
the average date for the first such occurrencs In the fall 
Is November S. Some low-lying or frost-susceptible places 
average later dates In the spring and earlier In the tan. 
On April 25, 1910, a temperature of 31* was recorded at 
Jackson, while on October 9, 1917, a temperature of 32 
was noted. The mean freeze-free season ls_235 days. 
In 1944 It lasted 287 days; In 1910, 18, days. Thj hlghest 
temperatures for the year range from the middle 90 s 
to over 100' and the lowest tempersture for the year is 
below 20* In about four-fifths of the years. The nights 
at times can remain uncomfortably warm. There have 
been occasions when the temperatures did not drop below 
73’ for 4 consecutive days. Minimum temperatures of 
76* or higher have occurred between early June and Ute 
September; the lowest temperature, September 1, 1905, 
was 82*. 

Over a year1 s time about half of the hourly winds range 
from 4 to 12 m.p.h. and nearly a third are 3 m.p.h. or 
less. For construction design purposes sustained winds 
around 70-75 m.p.h. have a 50-year mean recurrence 
Interval 30 feet above ground. Each year there Is some 
Wind damage In the ar‘ea mostly from the more severe 
gusts or sustained "straight-line” winds of severe local 
thunderstorms or windstorms. The most recent major 
tornaio that damaged part of Jackaon waa In the latt 
afternoon March 3, 1066, while the preirloua major one 
occurred In the early morning June 6, 1916. 

i From "Local Climatological Data Annual Summary with Comparative Data, 
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APPENDIX B: LABORATORY PROCEDURES FOR DETERMINING THE RESILIENT 
PROPERTIES OF SUBGRADE SOILS AFFECTED BY FROST MELTING 

1. The objective of this test procedure is to determine re¬ 

silient moduli of airport subgrade materials during thaw conditions 

using resilient triaxial techniques. The test is similar to a standard 

triaxial compression test, the primary exceptions being that the deviator 

stress is applied repetitively and at several stress levels and that, if 

the soil is frost-susceptible, the test is performed on specimens that 

have been previously frozen and thawed. Use of this procedure allows 

testing of soil specimens in a repetitive stress state in an attempt 

to simulate conditions that occur during the period of thaw weakening 

of a soil under a pavement subjected to moving wheel loads. 

2. Test procedures are presented that are applicable to each of 

the following three types of soil, which exhibit different behavior 

under frost action and/or repeated loading: 

ü.' Type A: Cohesive soils such as clay, or soils whose 
behavior is significantly influenced by their clay 
fraction. 

b. Type B: Cohesionless soils, such as silt, silty sand, or 
silty gravel, which exhibit moisture migration and ice 
segregation upon freezing and which exhibit a strong 
dependence of resilient modulus upon minor principal 
stress. 

£. Type C: Cohesionless soils, such as clean sand and 
gravel, which develop little or no ice segregation upon 
freezing but whose resilient modulus is strongly de¬ 
pendent upon minor principal stress. 

In certain cases, it will be necessary to subject specimens to freezing 

tests to determine whether the material is of Type B or Type C. The 
kk freezing test described by Kaplar is recommended for this purpose. 

Type C soils are defined for this test as those samples in which the 

average rate of heave is less than 0.5 mm/day. 

3. The procedures presented herein include the following basic 

conditions : 

a. Types A and B materials should be tested in the thawed 
condition following open-system freezing of saturated 
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b. 

c. 

d. 

e. 

f. 

DEFINITIONS 

specimens. No drainage should be permitted during 

thawing. 

Type C material should be tested in the fully saturated 

state without prior freezing and thawing. 

In Series I tests, no drainage should be permitted under 

the applied all-around confining pressure in materials 

of Types A, B, and C. Also, no drainage sho'ild be per¬ 

mitted during repetitions of deviator stress. 

In Series II tests on materials of Types A and B, speci¬ 

mens should be drained and consolidated after thawing, 

and specimens of Type C material should be drained and 

consolidated after saturation under expected overburden 

pressure only. No further drainage should be permitted 

under incremental all-around confining pressure or under 

repetitions of deviator stress. 

The highest resilient strain recorded between the tenth 

and two hundredth repetitions from Series I tests should 

be used for computation of a resilient modulus that will 

be applicable from the onset of the thaw period until 

all frost has left the pavement substructure. 

The lowest resilient strain recorded between the first 

and two hundredth repetitions from Series II tests should 

be used for computation of a resilient modulus that will 

be applicable from the end of the thaw period until the 
time at which 80 percent recovery is estimated to have 
occurred. 

1*. Symbols and terms used in this procedure are defined as 

follows : 

a. 0^ = total axial stress (major principal stress) in the 
triaxial test. 

b. o»* total radial stress and all-around confining pres- 

^ sure (minor principal stress) in the triaxial test. 

c. o, = o, — o = repeated deviator stress. 
— aid 

d. , = total axial strain caused by . 

£. e = resilient axial strain caused by od at a par- 

R1 ticular number of stress repetitions. 

= resilient modulus. 



......»t.. 

r 
‘•’V, 

¡T 6 = 0 + 2(J_ = a, + 3o_ = sum of the principal stresses 
1 3 d 3 triajcial state of stress 

h. 0l/o3 = principal stress ratio. 

i. Load duration: The time interval over which the specimen 

” is subjected to a deviator stress. 

SPECIMEN PREPARATION 

CLEAN SANDS AND GRAVELS 

5. Soil specimens used in this test are generally similar to 

those used in the standard triaxial compression test, except that if 

the soil contains more than about 10 percent of particles retained on 

a No. 10 sieve the specimen diameter should be at least 2.5 to 3.0 in. 

The specimen height should be at least twice the diameter. Methods 

for laboratory preparation of remolded specimens and for back-pressure 

saturation, if required, are indicated in Engineering Manual EM 1110- 

t 
2-1906, "Laboratory Soils Testing." 

COHESIVE FINE-GRAINED SOILS, 

SILTS, AND SILTY SANDS 

6. Undisturbed or laboratoi*y molded specimens may be used. Be¬ 

cause the specimen should be tapered for freeze-thaw testing to minimize 

restraint to heave, laboratory compacted specimens prepared in tapered 

molds are preferable. Use of tapered specimens requires trimming to 

cylindrical shape prior to triaxial testing, however, and it has been 

fcund convenient to freeze tapered specimens of large enough diameter 

to produce at least four 1.4-in. triaxial specimens. In fine-grained 

soils, the latter are produced by core-drilling the large frozen speci 

mens. Tapered specimens approximately 5.5 in. in diameter and 6 in. 

high have been used for this purpose. The procedures to be employed 

axe similar to those described by Kaplar. These procedures are: 

Screen all material through a No. 4 mesh sieve to remove 

all larger-than-sand particles and to break up clods 0 

soil. 

b. Thoroughly mix a batch of 10 to l4 lb (depending on the 

required density). 

Wet the soil to the desired water content, thoroughly 

mix, seal in a closed container, and allow to stabilize 



2h hr prior to molding. 

d. Compact to the required compaction effort in a tapered 

(l°) 6-in.-high steel molding cylinder with a removable 

base (inside diameter 5.70 at top and 5.^5 in. at bot¬ 

tom). Experience has shown that only a slightly higher 

density (l pcf) will be obtained in the tapered mold than 
in a 6-in. mold for the same number of blows. 

e. Eject the molded specimen from the tapered steel mold and 

transfer the compacted specimen to a tapered Plexiglas 
cylinder (see Figure Bl). 

£. Weigh and calculate density. 

£. Attach a saturation base containing a saturated porous 
stone and filter paper. 

h. Weigh. 

SILTY OR CLAYEY GRAVELS 

7. Silty or clayey gravels cannot be prepared in the same manner 

as the finer grained soils because the former cannot be readily cored 

when frozen, as outlined in Paragraph 6 for other cohesive or silty 

soils. For this reason, soils containing gravel must be molded to the 

diameter required (approximately four times maximum aggregate size) for 

the triaxial test even though side restraint to heaving, accomplished by 

the Teflon linings, is greater in specimens frozen,in straight—walled 

cylinders. Segmented or split-ring cylinders have been used with success 

for freezing tests, but the frozen specimen is often bent because of 

nonuniform heaving. Additional problems develop from finer grained mate- 

filling the gaps between split rings and the resulting irregular 

surface and restraint to consolidation during thawing. Given the present 

state-of-the-art, it is suggested that silty or clayey gravels be com¬ 

pacted in the manner prescribed above for clean sands and gravels. A 

right cylinder split along its length has been found at the U. S. Army 

Cold Regions Research and Engineering Laboratory (CRREL) to provide ease 

of ejection. The cylinder must be restrained radially during compaction 

and freezing. 

SPECIMEN FREEZING 

8. CRREL uses freezing cabinets in which four 5.5-in.-diam 

specimens may be frozen simultaneously. The cabinets are designed to 



TOP CAP 
Removed during 

freezing 

LUCiTE 
TAPERED CYLINDER 

Lined with acetate- 
strips or Teflon sheet 

TOP: 5.75"ID 
BOTTOM: 5.50”ID 

3 LUGS . 
EQUALLY SPACED 

BOTTOM CAP 

SUPPORT DISK 
4 EACH 

_ NIPPLE 
(for saturation)* 

NEOPRENE GASKET 

* Bottom nipple for water supply during 
open-system freezing test 

Figure Bl. Inside-tapered freezing cell 

operate at temperatures as lov as -20° F in a room of 38 to U0 F 

unbient temperature. Details of a typical soil freezing cabinet are 

shown in Figure B2. Each cabinet is cooled by a lA-hp refrigeration 

mit. A thermoregulator is used to control the temperature and a fan 

is used to obtain temperature uniformity within the cabinet. The bot¬ 

tom of each cabinet is open to the ambient room temperature. Water is 

supplied to the baseplates of each specimen from an adjustable water 

level device. Granulated cork is used as insulation around each 
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REFRIGERANT
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‘Glass thermometer located in test cabinet may 
be viewed from this window.

UU
Figure B2. CRREL freezing cabinet (from Kaplar )

speclmm. This material is preferable to polystyrene foam beads because 
of the clinging nature of statically charged foam beads.

9. A thermoelectric cooling unit (Peltier battery) has been used 
at the University of New Hampshire as an alternative to freezing cabi

nets. This unit, which provides unidirectional freezing and thawing,
h6

is described by Leary et al. Fig\ire B3 shows a cross section of the 
unit. (The Lucite rings shown in the figure should be replaced with 
the tapered Plexiglas mold as previously described.) All of the 
freezing cylinder except for the upper surface is fully encased in rigid 
foam insulation. The Peltier battery is placed on a cold plate in di

rect contact with the upper surface of the specimen. The thermoelectric



DIAL GAGE 

Figure B3. University of New Hampshire freezing test 

equipment using thermoelectric cooling unit (after 

Zoller1* 7) 

cooling unit must have a rated maximum heat-pumping capacity of 600 BTU/ 

hr at U.5 A and 12 v DC. The actual capacity is a function of the tem¬ 

perature difference between the hot and cold sides of the Peltier 

battery. For a typical installation where the ambient temperature is 

68° F and the cold plate temperature is 23° F, the actual heat-pumping 

capacity will be 136 BTU/hr. 

10. The procedures for specimen freezing outlined in the fol¬ 

lowing paragraphs are applicable to the use of freezing cabinets of the . 
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type employed at CRREL. With only slight adaptations, however, the 

techniques can be used for thermoelectric cooling units. 

CLEM SANDS MD GRAVELS 

11. Freezing of these materials does not induce moisvure migra¬ 

tion, and it is believed that tests on saturated specimens, w.'thout 

freezing, will yield results that will be adequate for the tha\* condi¬ 

tion. It is therefore suggested that clean sands and gravels be molded 

and prepared for testing as outlined in Paragraphs 6 and 23, insuring 

that saturation is obtained. 

COHESIVE FINE-GRAINED SOILS, 

SILTS, MD SILTY SANDS 

12. This procedure provides a severe condition of frost action, 

with three freeze-thaw cycles on a saturated specimen with water freely 

available. 

a. Place the compacted specimen contained ir the tapered 

— Plexiglas mold (approximately 5.5 in. diameter) in a 

+U0° F environment. 

b. Place a filter paper and porous stone on the upper sur- 

~ face and apply a 20-lb load to minimize swelling. 

c. Connect the baseplate to a degassed water supply with 

the water level held 1 in. above the bottom of the 

specimen. Raise the water level 1 in. per hour until 

it is even with the top of the specimen. Then raise 

the level in 3-in. increments every 2 to 3 hr until 

the water level is 12 in. above the top of the specimen. 

Maintain this condition for U8 hr or until free water 

is visible over the top of the specimen. Weigh and 

calculate the percent saturation. 

d. Drill and insert thermocouples at 1-in. increments. 

e. Place the specimen in a temperature-controlled freezing 

cabinet (Figure B2), with the bottom of the cabinet open 

to an ambient temperature of +U0° F. (Four specimens 

can be placed in each cabinet of the type used at 

CRREL.) 

f. Connect the baseplate to a free water supply, with the 

” water surface held level with the upper surface of the 

specimen. 

£. Place surcharge weights equal to the weight of overlying 

materials in the pavement structure. 



li. Pour granulated cork around the specimen or specimens, 

level with the top, to insure unidirectional downward 

freezing during the test. As stated previously, cork 

is preferable to styrofoam beads because of the clinging 

nature of statically charged foam beads. 

i.. Freeze the specimen(s) from thé top down, advancing the 

freezing front at a rate of 6 in./day, then thaw the 

specimen at a rate of 12 in./day. 

J_. Repeat Step i for a frost penetration rate of 2 in./day, 

thaw the specimen at the rate of 12 in./day, and repeat 

again at a frost penetration rate of 0.5 in./day. Do 
not thaw after the final freezing. 

k_. Remove the specimen from the freezing cabinet to a cold 

room at +25° F or lower. 

1_. Using a carbide-tipped core drill (Figure BU), core four 

1.^-in.-diam by 6-in.-long specimens while they are 

frozen. Chilled air must be used to eject the cuttings. 

Each 6-in.-long core will provide two triaxial speci¬ 

mens l.U by 3 in. in length if the core is not damaged 

during the coring operation. Care should be taken to 
obtain at least one triaxial specimen from each core. 

m. Cut the specimens to length and machine the ends flat 

and parallel. At CRREL, a band saw and a lathe are used 

for these operations. Carbide-tipped tools should be 

used, and all machining should be conducted in the cold 

room. Coarse-grained frozen sands are particularly 

difficult to machine and often require much hand work 

with rasps and files. 

n. Place the machined specimen in a rubber membrane and 

seal with plastic disks to prevent sublimation during 

storage. If prolonged periods of storage (2 weeks or 

longer) are required, the membrane-enveloped specimen 

should be placed in an aiitight container or plastic 

bag containing snow or ice chips. 

SILTY AND CLAYEY GRAVELS 

13. The freeze-thaw procedures for cohesive soils, silts, and 

silty sands should be followed, with the exception that the specimen 

should be molded and frozen in a right cylinder of the same diameter as 

that required for the triaxial test (2.5 to 3.0 in.). Thus, no coring 

operations are required. It should be noted that side restrar. , during 

freezing may inhibit heaving, and thus the frost action may be less 

severe than that experienced In tapered cylinders. 
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Figure BU. l.U-in.-ID core drill
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TRIAXIAL TEST CELL 

il*. A triaxial cell suitable for use in resilience testing of 

soils is shown in Figure B5. It can accommodate either 1.4- or 2.5- 

to 3.0-in.-diam specimens. This equipment is similar to most standard 

cells, with the exception of being somewhat larger to facilitate the 

internally mounted load and deformation measuring equipment and having 

additional outlets for the electrical leads from the measuring devices. 

Nitrogen or air is used as the cell fluid. 

DEFORMATION MEASUREMENT AND RECORDING 

15. The equipment for measurement of axial deformation consists 

of two linear variable differencial transformers (LVDT's) attached to 

the soil specimen by u pair of clamps like those shown in Figure B6. 

The clamps are held in tight contact with the specimen by means of the 

springs shown in the figure. Suitable linear capacity in the LVDT 

should be provided to allow for highly plastic strains that may occur 

on thawed soils. The load is measured by a load cell placed on the 

specimen cap inside the triaxial cell. 

16. Use of the type of measuring equipment described above of¬ 

fers several advantages: 

a. It is not necessary to reference deformations to the 

equipment, which deforms during loading. 

b. The effect of end-cap restraint on soil response is 

virtually eliminated. 

£. Any effects of piston friction are eliminated by mea¬ 

suring loads inside the triaxial cell. 

d. It is not necessary to achieve perfect seating of the 

end caps by conditioning the specimens by stress re¬ 

petitions prior to resilience testing. 

IT. A dual-channel, high-response recorder should be used to 

record the average of the signals from the two LVDT's and the deviator 

load. 

REPEATED LOADING DEVICE 

l8. The repeated load source may be any device capable of pro¬ 

viding a pulse load of fixed frequency and duration. Simple electro¬ 

mechanical devices, such as an electrical powered cam with static 



Figure B5. Triaxial cell 

weight mechanism, can be used. However, closed-loop electrohydraulic 

systems are preferable since load duration, frequency, and intensity 

can be freely selected. A load duration of 0.2 sec and frequency of 

20 pulses per minute have been found to be satisfactory for most appli¬ 

cations. A square-wave load form is recommended. 
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19. For testing large-diameter gravel specimens, a 10- to 

30-ton-capacity loading machine is required. For testing the small- 

diameter specimens of sands, silts, and clays, a 1/2-ton-capacity 

machine is. sufficienc. 

ADDITIONAL EQUIPMENT 

20. In addition to the equipment described above, the following 

items are also used: 

a. Calipers, a micrometer gage, and a steel rule (cali¬ 
brated to 0.01 in.). 

b. Rubber membranes, 0.01 to 0.25 in. thick. 

£. Rubber 0-rings. 

¢1. A vacuum source with a bubble chamber and regulator. 

£. A back-pressure chamber with pressure transducers. 

f. A membrane stretcher. 

£. Porous stones. 

THAWING PROCEDURE 

CLEAN SANDS AND GRAVELS 

21. The thawing procedure is not applicable, since these mate¬ 

rials are to be tested without freezing or thawing. 

CLAYS, SILTS, AND CLAYEY OR 

SILTY SANDS AND GRAVELS 

22. The procedure to be used allows no drainage during thawing. 

The intent of the undrained thawing procedure is to simulate the worst 

field conditions during thawing when drainage might be restricted by 

the frozen layer beneath the thawing layers. The procedure is as 

follows : 

a. Place the frozen specimen on the triaxial baseplate, 

complete with porous stones, end caps, and rubber mem¬ 

brane (0.005- or 0.01-in. thickness preferred, except 

for specimens containing gravel, which will require 

0.01- to 0.025-in. membranes). The porous stones must 

be saturated with degassed water and frozen prior to 
assembly. 

b. Lubricate the outside of the membrane with silicone 

grease and clamp a rigid, split, confinement jacket 

around the specimen and end caps, allowing the upper 
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end cap to be relatively free (a seal must still be 

maintained) to move under axial load (see Figure B7). 

c_. Assemble the triaxial cell and move it into place in 

the testing machine at normal room temperature. 

d_. Close all drainage lines from the specimen and apply a 

static axial load equal to the weight of the overlying 

pavement layers. High loads should be applied in 

increments. 

LOAD 

y—DRAINAGE PORT (Closed) 

figure B7. Confinement jacket 
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During thaw, monitor the piston displacement vith time 
using a dial gage or displacement transducer. When 
deformation of the specimen ceases, the axial load 
should be removed, the triaxial cell disassembled, and 
the confinement Jacket removed. The drainage valves 
should be closed throughout this procedure. 

Assemble and attach the LVDT clamps, connect the LVDT's 
to the lecorder unit, and reassemble the triaxial cham¬ 
ber, as outlined in Paragraph 23 for clean sand and 
gravel. In no case should specimens that have been 
frozen and thawed be subjected, to the saturation proce¬ 
dures outlined in Paragraph 23, neitner by back pressure 
nor by percolation of de-aired water. 

£. At this point, the specimen is ready for Series I re¬ 
silient testing as described in Paragraphs 24 and 25. 
In some instances, on removal of the confinement Jacket 
under Step • above, the thawed specimen will be found 
to be too soft to maintain its cylindrical shape. In 
these cases. Series I tests should not be conducted, 
and the resilient modulus during thawing without drain¬ 
age should be assumed to be extremely (and possibly 
unacceptably) low. The confining Jacket should be 
replaced and an axial load applied equal to the weight 
of the overlying pavement layers, allowing drainage and 
maintaining the applied load until full consolidation 
has occurred. Then the axial load should be reduced to 
zero, the Jacket removed, an all-around confining pres¬ 
sure of 1, 2, or 4 psi applied in accordance with Para¬ 
graph 25, full consolidation allowed to occur, and 
Series II tests begun. 

PREPARATION OF SPECIMEN AND PLACEMENT 
Hi TRIAXIAL CELL (CLEAN -SANDS AND GRAVELS) 

23. The procedure is as follows: 

a. In accordance with procedures specified in EM 1110-2- 
1906,^5 prepare the specimen and place it on the base¬ 
plate, complete with porov.s stones, cap, and base and 
equipped with a rubber membrane secured with 0-rings. 
Check for leakage. Maintain the vacuum during placement 
of the LVDT's. The specimen is now ready to receive the 
LVDT's. 

Extend the lower LVDT clamp and slide it carefully down 
over the specimen to approximately the lower third point 
of the specimen. 



d. Connect the LVDT's to the recording unit and balance 
the recording bridges. This will require recorder ad¬ 
justments and adjustment of the LVDT stems. When a 
recording bridge balance has been obtained, determine 
(to the nearest 0.01 in.) the vertical spacing between 
the LVDT clamps and record this value in Table Bl. 

£. Place the triaxial chamber in position. Set the load, 
cell in place on the specimen cap. 

f. Place the cover plate on the chamber. Insert the 
loading piston and obtain a firm connection with the 
load cell. 

£. Tighten the tie rods firmly. 

h. Slide the assembled apparatus into position under the 
axial loading device. Bring the loading device to a 
position where it nearly contacts the loading piston. 

i. If the specimen is to be back-pressure saturated, con¬ 
nect the vacuum and saturation units at this time and 
saturate the specimen following procedures outlined in 
EM 1110-2-1906.^5 As an alternative, but less effec¬ 
tive, procedure, evacuate the specimen under a vacuum 
of nearly 30 in. of mercury. About 2 hr later, allow 
de-aired water to percolate slowly upward into the 
evacuated specimen at a rate of about 1/4 in. per min¬ 
ute. When water flows freely through the top cap, close 
the water source and leave the specimen in an evacuated 
state overnight. On the following day, reopen the water 
source to flush out any remaining bubbles. 

After saturation has been completed, rebalance the 
recorder bridge to the load cell and LVDT's. 

RESILIENCE TESTING PROCEDURES 

24. The resilient modulus of soils not affected by frost action 

is sometimes determined by applying a series of conditioning stresses 

to the material before beginning to record deformations, to eliminate 

initial loading effects. The greatest amount of volume change occurs 

during the application of the conditioning stresses. No such condi¬ 

tioning stresses should be applied in tests to determine the resilient 

modulus applicable during the thaw-weakened period, since the recon¬ 

solidation that would take place during conditioning would be applicable 

to a much later phase of recovery of normal summer-fall resilient 

properties. Therefore, resilient strain should be recorded under the 

first and succeeding applications of deviator stress. To simulate field 
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conditions while frost is melting, which may occur more rapidly than 

reconsolidation, no drainage should be permitted under either confining 

pressure or deviator stress in Series I tests. To simulate 

the period of progressive recovery after all frost has melted, Series II 

tests should be performed allowing full consolidation under equal 

to 1, 2, or k psi, whichever most closely approximates the pressure from 

the overburden only. When the specimen is fully consolidated under that 

confining stress, additional confining stresses, if any, and repeated 

deviator stresses should be applied without permitting any drainage. 

COHESIVE SOILS 

25. The resilient properties of cohesive soils are only slightly 

affected by the magnitude of the confining pressure > and for most 

applications the effect of different confining pressures can be disre¬ 

garded. For tests on cohesive soil after freezing and thawing, the 

confining pressure used should approximate the expected in situ vertical 

pressure from the overburden only, generally on the order of 1 to 5 psi. 

A chamber pressure of 1, 2, or U psi would be a reasonable value for 

most testing. 

26. Resilient properties of cohesive soil are greatly dependent 

on the magnitude of the deviator stress c^ .• It is therefore necessary 

to conduct the test for a range in deviator stress values. Deviator 

stresses giving principal stress ratios of 2, 4, and 6 are suggested. 

a. After completing the thawing procedure outlined in 
Paragraph 22, apply the selected confining pressure 

; in Scries I tests, all drainage lines should ro¬ 
main closed. 

b. Set the axial load generator to apply a deviator stress 
equal to the confining pressure (i.e., a principal 
stress ratio of 2). Activate the load generator avid 
apply 200 repetitions of this load. Stop the loading. 

c_. Still keeping all drainage lines closed, and maintaining 
the selected confining pressure, apply 200 repetitions 
of a deviator stress giving a principal stress ratio of 
L. Then apply 200 repetitions of a deviator stress 
giving a principal stress ratio of 6. Stop the loading. 

d. While still maintaining the selected confining pressure, 
start Series II tests by opening the drainage lines and 
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m
letting the specimen consolidate. When consolidation 
is completed, close the drainage lines and permit no 
further consolidation under applications of deviator 
stress.

Apply 200 repetitions of a deviator stress giving a 
principal stress ratio of 2. Stop the loading. Apply 
200 repetitions, successively, of deviator stresses 
giving principal stress ratios of U and 6. Stop the 
loading. Reduce the confining pressure to zero, and 
dismantle the triaxial cell. Remove the LVDT's and 
load cell. Use the entire specimen for the purpose 
of determining the moist\rre content.

The results of these resilience tests can be presented in the form of 
a summarj’^ table, such as Table B2, and graphically as shown in Fig

ure B8.

COHESIONLESS SOILS AND CLEAN 
GRANULAR BASE COURSE MATERIALS

27. The resilient modulus of cohesionless soils and granu

lar base materials is dependent upon the magnitude of the confining 
pressure and varies only slightly with changes in the magnitude of
the repeated axial stress. Therefore, it is necessary to test cohe

sionless soils and granular materials over the range of confining 
stresses expected to exist in the pavement substructure. (The con

fining pressure is equal to the chamber pressure for dry and wet 
specimens and is equal to the chamber pre.'sure less the initial back 
pressure, if any, for saturated specimens.) Accordingly, confining 
pressures of 1, 2, U, 10, and 20 psi are suggested. At each confining 
pressure, tests should be performed at three values of deviator stress 
corresponding to 1-, 3-, and 5-fold multiples of the confinin/i pressure, 
giving principal stress ratios of 2, U, and 6.

28. The procedures for Series I tests are as follows: 
a. Close all drainage lines and apply a confining stress 

03 of 1 psi. Set the axial load generator to apply a 
deviator stress of 1 psi (i.e., a stress ratio 01/03 
equal to 2). Activate the load generator and apply 
200 repetitions of this load. Stop the loading.
Increase 03 to 2 psi (no drainage permitted) and set 
the axial load generator to apply a deviator stress of 
2 psi (i.e., maintain a stress ratio of 2). Activate

110

!

4

''■i.



T
a
b
l
e
 
B
2
 

l
x
a
m
p
l
e
 
D
a
t
a
 
F
o
r
m
 
f
o
r
 
R
e
c
o
r
d
i
n
g
 
R
e
s
u
l
t
s
 

o
f
 
R
e
s
i
l
i
e
n
c
e
 
T
e
s
t
s
 
o
f
 
C
o
h
e
s
i
v
e
 
S
o
i
l
s
 

r; 

•K X i 
00 C « 

s- s 
■ ' ■ 
Its 

J 3 

I 
i *4 I «4 M 

«M »4 

3 ZÍ . CÎ 5 

lîîîi 
3ÎIÎ.- 

3*X p2s >s £ o >. 

«H <*4 <*4 fi O W fi 

w3í 
M ■ 5 e .. ^ 13 3 3-83 
3 S iSwÉ 

§â 3 
«4 « IM 

i«.! ? , 
H tj 44 

44 

i 
site 
iîfi£3 

a 
( W 

•N* ■ SS* 1 

e 

“S1 

ÎïU 
> 

4 44 1 
|II| 

TJ "j 
O 0 

U 3 -V 33 j 
JT' 

44 
•q *4 U * 

ÍU] 
t 

I 

111 

..i• 0hliliiiiiiiiiiwiiiiiiiiiiidiiawL itiii.ouuiiüi.i.y,âBiiii-i,- iiiiiihiiiiiiiiiiiiiiimiiHliiiùiiiiÉÉ^ 0 1.1» , .. 011.,1,.(.«UM.. ,.0,,,.. .......... „1 .. 



R
E

S
IL

IE
N

T
 

M
O

D
U

LU
S

, 

CL 

Figure Bö. Presentation of results of 

resilience tests on cohesive soils 

the load generator and apply 200 repetitions of this 

load. Stop the loading. Increase successively 

to , 10, and 20 psi (permitting no drainage), applying 

in each case 200 repetitions of a deviator stress that 
gives a stress ratio of 2. 

c_. Repeat Steps a and b, applying a deviator stress 

giving a stress ratio of 1+. Again repeat Steps a and 

applying a deviator stress giving a stress ratio 
of 6. 

29. The procedures for Series II tests are as follows: 

a. Decrease a_ to 1, 2, or 1* psi, whichever most closely 
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approximates the expected overburden pressure, open 
drainage lines from the specimens, and permit full 
consolidation to take place. Then close all drainage 
lines and apply 200 repetitions of a deviator stress 
that gives a stress ratio of 2. Then, without permit¬ 
ting further drainage, increase 03 successively to 
levels equal to the remaining higher levels of the 
series 1, 2, U, 10, and ?0 psi, applying at each value 
of 03 200 repetitions of a deviator stress giving a 
stress ratio of 2. 

b. Decrease 03 to the level at which full consolidation 
was achieved under Step a. Without permitting further 
drainage, repeat the procedure outlined in Step a, 
applying deviator stresses in each case giving a stress 
ratio of 4. 

£. Again decrease 03 to the level at which full consoli¬ 
dation was achieved under Step a and repeat the proce¬ 
dure in Step a, applying deviator stresses in each case 
giving a stress ratio of 6. 

d. When the test is completed, decrease the back pressure 
to zero, reduce the chamber pressure to zero, and dis¬ 
mantle the cell. Remove the LVDT clamps, etc. Remove 
the soil specimen, and use the entire amount of soil to 
determine the moisture content. 

30. Calculations can be performed using the tabular arrangement 

in Table Bl. Individual test results and series results are most 

readily presented in graphical form, such as shown in Figure B9. 

Figure B9. Presentation of results of 
resilience tests on cohesionless soils 
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Cohesionless materials such as silts and fine sands and slightly cohesive 

soils may display the properties illustrated in both Figures B8 and B9- 

These demonstrate a dependence upon both the cell pressure and the de¬ 

viator stress. Suitatle graphical displays showing such dual dependence 

would then be more appropriate. 

INTERPRETATION OF TEST RESULTS 

31. Many of the more critical variables affecting the test 

results are poorly defined in the current state-of-the-art. These 

include: 

The rate of freezing. 

The number of freeze-thaw cycles. 

The degree of drainage permitted during final thawing. 

a_. 

b. 

c_. 

d. The degree of drainage permitted during application of 

both the all-around confining pressure and the deviator 

stress. 

e. The extent, if any, to which the specimen should be pre¬ 

conditioned or reconsolidated by deviator stress repe¬ 

titions prior to recording the particular resilient 

strain to be used in computing the resilient modulus. 

d2. The current rudimentary state-of-the-art demands a conserva¬ 

tive posture not only in the testing procedures but in the interpreta¬ 

tion of results. A problem arises in the selection of a representative 

modulus to be applied for a period of several weeks or months, and 

applicable to a layer several inches or feet in thickness, when in 

reality, the modulus is both time- and space-dependent. During the 

frost-melting period, the resilient modulus of a soil or an unbound 

material at a particular level in a pavement substructure is believed 

to reach a minimum at the time the advancing thaw front reaches that 

level and immediately thereafter. At this time its condition and be¬ 

havior are typical of a highly underconsolidated material. The material 

then begins a gradual process of reconsolidation, which may continue 

throughout the spring and summer. The rate at which reconsolidation 

occurs, and its accompanying recovery of normal stress-strain 

characteristics, depends upon soil properties, proximity and efficacy 

of drainage layers, and frequency duration and magnitude of wheel loads 
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applied to the pavement surface. Thus, the resilient modulus at a 

particular depth varies continuously from the onset of the thaw period. 

Complicating matters further, the advance of the thaw front to greater 

depths leaves the material above in various phases of reconsolidation 

while successive layers of underlying material are reaching their mini¬ 

mum moduli. 

33. Two phases of thaw weakening and recovery car be identified. 

The first begins when the pavement starts to thaw and ends when all 

frost has left the ground. During this period, the modulus may remain 

near its minimum level due to impeded downward drainage caused by the 

still-frozen material below. The results of Series I tests should be 

used to characterize the soil during this period, calculating the re¬ 

silient modulus based on the highest resilient strain recorded between 

the tenth and two hundredth repetitions. Depending upon the soil type, 

the modulus used for design would be selected at the appropriate level 

of deviator stress (Figure BS) or the appropriate value of the sum of 

the principal stresses (Figure B9). 

3I+. The second phase of thaw weakening and recovery begins when 

all frost leaves the ground and continues until the soils in the pave¬ 

ment substructure have recovered their normal'stress-strain properties. 

In some cohesive soils, the recovery phase probably continues throughout 

the spring and summer and may even continue until early winter when 

refreezing begins. In most cases, however, the terminal point of this 

phase may be generalized as the time at which 80 percent of the normal 

resilient modulus has been recovered. During the recovery phase, the 

soil should be characterized by means of Series II tests, calculating 

the resilient modulus based on the lowest resilient strain recorded 

between the first and two hundredth repetitions. Depending upon the 

soil type, the modulus used for design would be selected at the appro¬ 

priate level of deviator stress (Figure B8) or the appropriate value of 

the sum of the principal stresses (Figure B9). 
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PRECE DIMS PAGE BIANK-NOT ÍIIMED 

APPENDIX C: LABORATORY PROCEDURE FOR DETERMINING 
THE RESILIENT MODULUS OF SUBGRADE SOILS 

1. The objective of this test procedure is to determine a 

modulus value for subgrade soils by means of resilient triaxial tech¬ 

niques. The test is similar to a standard triaxial compression test, 

the primary exception being tha¿ the deviator stress is applied repe¬ 

titively and at several stress levels. This procedure allows testing of 

soil specimens in a repetitive stress state similar to that encountered 

by a soil in a pavement under a moving wheel load. 

DEFINITIONS 

2. The following symbols and terms are used in the description 

of this procedure: 

a. = total axial stress. 

b. = total radial stress; i.e., confining pressure in 
the triaxial test chamber. 

c. 
°d “ °1 _ °3 

deviator stress; i.e., the repeated axial 
stress in this procedure. 

d. 

e. 

= total axial strain due to 

a. M,, 
0d/cR, 

= resilient modulus. 

f. 9 = + 2a_ = + 3a^ = sum of the principal stresses 
in the triaxial state of stress. 

£• 

h. 

o^/a^ = principal stress ratio. 

Load duration = time interval over which the specimen is 
subjected to a deviator stress. 

JL Cycle duration time interval between successive appli¬ 
cations of a deviator stress. 

SPECIMENS 

3. Various diameter soil specimens may be used in this test but 

the recommended specimen diameter is 2.5 to 3.0 in. or approximately 

four times maximum aggregate size. The specimen height should be at 

least twice the diameter. Undisturbed or laboratory molded specimens 

can be used. Procedures for obtaining undisturbed soil specimens are 
lift 

given in Engineer Manual 1110-2-1907, "Soil Sampling." Methods for 
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laboratory preparation of molded specimens and for back-pressure saturation 

of specimens, if required, are presented in EM 1110-2-1906, "Laboratory 

Soils Testing. 

EQUIPMENT 

TRIAXIAL TEST CELL 

. A triaxial cell suitable for use in resilience testing of 

soils is shown in figure 01. This equipment is similar to most standard 

cells, with the exceptions of being somewhat larger to facilitate the 

internally mounted load and deformation measuring equipment and having 

additional outlets for the electrical leads from the measuring devices. 

For the type of equipment shown, air or nitrogen is used as the cell 

fluid. 

>. ihe external loading source may be any device capable of 

providing a variable load of fixed cycle and load duration, ranging 

from simple cam-and-switch control of static weights or air pistons 

to a closed-loop electrohydraulic system. A load duration of 0.2 sec 

and a cycle duration of 3 sec have been found to be satisfactory for 

most applications. A square—wave load form is recommended. 

DEFORMATION MEASURING EQUIPMENT 

6. The deformation measuring equipment consists of linear 

variable differential transducers (LVOT's) attached to the soil speci¬ 

men by a pair of clamps. Two LVDT's are used for the measurement of 

axial deformation. The clamps and LVDT's are shown in position on a 

soil specimen in Figure Cl. Details of the clamps are shown in 

Figure C2. Load is measured by placing a load cell between the speci¬ 

men cap and the loading piston as shown in Figure Cl. 

7. Use of the type of measuring equipment described above offers 

several advantages: 

a. It is not necessary to reference deformations to the 
equipment, which deforms during loading. 

b. The effect of end-cap restraint on soil response is 
virtually eliminated. 

c. Any effects of piston friction are eliminated by mea¬ 
suring loads inside the triaxial cell. 



wmm tyn ......... —...... 

LOAD CELL LEADS 

LOADING PISTON 

CELL PRESSURE INLET 

CHAMBER 

TIE RODS- 

■ O-RING SEALS 

• TIE RODS 

-VACUUM INLET 

VACUUM/SATURATION INLET 
LVDT LEADS 

Figure Cl. Triaxial cell 
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8. In addition to the measuring devices, it is also necessary 

to maintain suitable recording equipment. It is desirable to have 

simultaneous recording of load and deformation. The number of recording 

channels can be reducid by wiring the leads from the LVDT's so that 

only the average signal from each pair is recorded. The introduction of 

switching and balancing units permits use of a single-chamber recorder. 

However, this will not permit simultaneous recording. 

ADDITIONAL EQUIPMENT 

9. In addition to the equipment described above, the following 

items are also used: 

a. A 10- to 30-ton-capacity loading machine. 

b. Calipers, a micrometer gage, and a steel rule (cali¬ 

brated to 0.01 in.). 

c_. Rubber membranes, 0.01 to 0.025 in. thick. 

<1. Rubber 0-rings. 

e. A vacuum source with a bubble chamber and regulator. 

f_. A back-pressure chamber with pressure transducers. 

g_. A membrane stretcher, 

h. Porous stones. 

PREPARATION OF SPECIMENS AND PLACEMENT IN TRIAXIAL CELL 

10. The following procedures should be followed in preparing 

and placing specimens: 

a_. In accordance with procedures specified in EM 1110-2- 

1906, 5 prepare the specimen and place it on the base¬ 

plate complete with porous stones, cap, and base and 

equipped with a rubber membrane secured with 0-rings. 

Check for leakage. If back-pressure saturation is 
anticipated for cohesive soils, procedures indicated 

in Appendix X to EM 1110-2-1906 for the Q-type triaxial 

tests should be followed. For purely noncohesive 

soils, it will be necessary to maintain the vacuum 
during placement of the LVDT's. The specimen is now 

ready to receive the LVDT's. 

b. Extend the lower LVDT clamp and slide it carefully down 

over the specimen to approximately the lower third point 

of the specimen. 

c_. Repeat this step for the upper clamp, placing it at the 

upper third point. Insure that both clamps lie in 

• 
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horizontal planes. 

d. Connect the LVDT's to the recording unit, and balance 

the recording bridges. This step will require recorder 

adjustments and adjustment of the LVDT stems. When a 
recording bridge balance has been obtained, determine 

(to the nearest 0.01 in.) the vertical spacing between 
the LVDT clamps and record this value. 

• 

£. Place the triaxial, chamber in position. Set the load 
cell in place on the specimen. 

f. Place the cover plate on the chamber. Insert the 

loading piston, and obtain a firm connection with the 
load cell. 

£. Tighten the tie rods firmly. 

h. Slide the assembled apparatus into position under the 

axial loading device. Bring the loading device to a 

position in which it nearly contacts the loading piston. 

If the specimen is to be back-pressure saturated, pro¬ 
ceed in accordance with EM 1110-2-1906. 

j1_. After saturation has been completed, rebalance the re¬ 

corder bridge to the load cell and LVDT's. 

RESILIENCE TESTING OF COHESIVE SOILS 

11. The resilient properties of cohesive soils are only slightly 

affected by the magnitude of the confining pressure a_ . For most 

applications, this effect can be disregarded.- When back-pressure 

saturation is not used, the confining pressure used ^lould approximate 

the expected in situ horizontal stresses. These will generally be on 

the order of 1 to 5 psi. A chamber pressure of 3 psi is a reasonable 

value for most testing. If back-pressure saturation is used, the cham¬ 

ber pressure will depend on the required saturation pressure. 

12. Resilient properties are highly dependent on the magnitude 

of the deviator stress . It is therefore necessary to conduct the 

tests for a range in deviator stress values. The following procedure 

should be followed: 

a. If back-pressure saturation is not used, connect the 

chamber pressure supply line and apply the confining 

pressure (equal to the chamber pressure). If back¬ 

pressure saturation is used, the chamber pressure will 

already have been established. 

b. Rebalance the recording bridges for the LVDT's, and 
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balance the load cell recording bridge. 

£. Begin the test by applying 500 to 1000 repetitions of 

a deviator stress of not more than one-half the uncon¬ 

fined compressive strength. 

£. Decrease the deviator load to the lowest value to be 

used, ¿oply 200 repetitions of load, recording the 

recovered vertical deformation at or near the last 

repetition. 

e. Increase the deviator load, recording deformations as 

in ntep d. Repeat over the range of deviator stresses 

to be used. 

f\ At the completion of the loading, reduce the chamber 

pressure to zero. Remove the chamber LVDT's and load 

cell. Use the entire specimen for the purpose of 

determining the moisture content. 

13. The results of the resilience tests can be presented in the 

form of a summary table, such as Table Cl, and graphically as is shown 

in Figure C3 for the resilient modulus. 

nrviATOR STR"^S , RSI 

Figure C3. Presentation of results of resilience 

tests on cohesive soils 
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RESILIENCE TESTING OF COHESIONLESS SOILS 

The resilient modulus of cohesionless soils is dependent 

upon the magnitude of the confining pressure and is nearly inde¬ 

pendent of the magnitude of the repeated axial stress. Therefore, it 

is necessary to test cohesionless materials over a range of confining 

and axial stresses. (The confining pressure is equal to the chamber 

pressure less the back pressure for saturated specimens.) The following 

procedures should be used for this type of test: 

Use confining pressures of 5, 10, 15, and 20 psi. At 

each confining pressure, test at five values of the 

principal stress difference corresponding to multiples 

(l, 2, 3, of the cell pressure. 

b. Before beginning to record deformations, apply a series 

of conditioning stresses to the material to eliminate 

initial loading effects. The greatest amount of volume 

change occurs during the application of the condi¬ 

tioning stresses. Simulation of field conditions sug¬ 

gests that drainage of saturated specimens should be 

permitted during the application of these loads but 

that the test loading (beginning in Step f below) 

should be conducted in an undrained state. 

£. Set the axial load generator to apply a deviator stress 

of 10 psi (i.e., a stress ratio equal to 3). Activate 

the load generator and apply 200 repetitions of this 

load. Stop the loading. 

cl. Set the axial load generator to apply a deviator stress 

of 20 psi (i.e., a stress ratio equal to 5). Activate 

the load generator and apply 200 repetitions of this 

load. Stop the loading. 

e. Repeat as in Step d above maintaining a stress ratio 

equal to 6 and using the following order and magnitude 

of confining pressures: 10, 20, 10, 5, 3, and 1 psi. 

£. Begin the record test using a confining pressure of 

1 psi and an equal value of deviator stress. Record 

the resilient deformation after 200 repetitions. In¬ 

crease the deviator stress to twice the confining 

pressure and record the resilient deformation after 

200 repetitions. Repeat until a deviator stress of 

¡4 times the confining pressure is reached (stress ratio 

of 5). 

£. Repeat as in Step f above for each value of confining 

pressure. 

h. When the test is completed, decrease the back pressure 
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to zero, reduce the chamber pressure to zero, and 

dismantle the cell. Remove the LVDT clamps, etc. 
Remove the soil specimen, and use the entire amount 

of soil to determine the moisture content. 

15. Calculations can be performed using the tabular rrangement 

shown in Table C2. Test results should be presented in the form of a 

plot of log Mp versus log of the sum of the principal stresses as 

shown in Figure Ch. 

U) 
a 
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5 

J 
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5 
H 
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Hi 
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O’ 
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o 
J 

LOG SUM OF PRINCIPAL STRESSES d, PSI 

Figure C4. Presentation of results of resilience 
tests on cohesionless soils 

INTERPRETATION OF TEST RESULTS 

l6. As previously indicated, test results for cohesive soils 

are presented in the form of a plot of resilient modulus Mp versus 

deviator stress . Normally for cohesive soils, the test results 

will indicate that the resilient modulus decreases rapidly with in¬ 

creases in deviator stress. Thus, selection of a resilient modulus 

from the laboratory test results requires an estimate of the deviator 

stress at the top of the subgrade with respect to the design aircraft. 

For a properly designed pavement, the deviator stress at the top of the 





subgrade will primarily be a function of the subgrade modulus and the 

design traffic level. Shown in Figure C5 are relationships between 

deviator stress at the top of the subgrade and applicable subgrade 

modulus values determined from an analysis of the pavement sections 

described in the main text of this report. The relationships shown 

in Figure C5 were determined using a layered elastic pavement model 

with the modulus values as input parameters and the deviator stress 

values as computed responses. Thus these relationships are essentially 

limiting criteria. Relationships are shown for 1,200, 6,000, and 

25,000 annual departures. To determine the appropriate modulus value 

to use in the performance model, the test results from the resilient 

modulus tests on the laboratory specimens are superimposed on the 

appropriate relationship from Figure 05, and the design modulus value 

is taken from the intersection of the plotted functions. 

17. For example, assume a design problem involving an airport 

at which the predominant operational aircraft has a dual-tandem main 

gear assembly and for which the design life is 6000 annual departures. 

In Figure C6 is shown a plot of the relationship taken from Figure 05 

superimposed on test results from a laboratory resilient modulus test. 

For this particular design, it can be seen thçit a subgrade modiolus value 

of 9000 psi would be used. 

18. For cohesionless soils, laboratory test results are pre¬ 

sented in the form of a plot of resilient modulus versus the first 

stress invariant, i.e., sum of the principal stress 0 . For cohesion¬ 

less soils, this relationship is generally linear in form on a log-log 

plot, with the resilient modulus being directly proportional to the sum 

of the principal stresses. Selection of a specific resilient modulus 

value for use in the design model requires an estimate of the sum of the 

principal stresses at the top of the subgrade. Since a cohesionless ma¬ 

terial is involved, the influence of both applied stresses and estimated 

overburden stresses from the pavement structure must be considered. In 

Figure C7, a relationship is shown between the pavement thickness and 

the sum of the principal stresses at the top of the subgrade due to 

overburden. In Figure C8, relationships are shown between the subgrade 
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Figure C5. Estimated deviator stress at top of subgrade 
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Figure CT. Relationship for estimating 

G due to overburden 

modulus and limiting values of the sum of the principal stresses due 

to applied force. For each figure, relationships are shovn for 1,200, 

6,000, and 25,000 annual departures. Using the value of the estimated 

pavement thickness, that part of the total sum of the principal stresses 

due to overburden can be obtained from Figure C7. The applicable rela¬ 

tionship from Figure C8 is then selected and adjusted to include the 

influence of overburden by increasing all values of the principal stress 

sum by the value obtained from Figure C7. Thus, a new limiting 
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relationship is obtained and replotted. The results of the laboratory 

modulus test are superimposed on the plot, and the design subgrade 

modulus values are taken at the intersection of these relationships. 

19. As an example, assume a design problem involving a pavement 

having an estimated initial thickness of 30 in. The design aircraft 

has a dual-wheel main gear assembly, and the design life is for 6OOO 

annual departures. From Figure C7, the value of the sum of the prin¬ 

cipal stresses due to overburden is 6.5 psi. Using the 6OOO annual 

departures curve from Figure C8, the value obtained from Figure C? 

is added to all values of the sum of the principal stresses indicated 

in the relationship and the adjusted curve is replotted (Figure C9). 

The result of adjusting the original relationship is to shift it to the 

right of its original position. In Figure C9, the results of labora¬ 

tory resilient modulus tests on specimens of the subgrade soil are 

also shown. From the intersection of these two relationships, a design 

modulus Mp of 15,000 psi is determined. 

20. In some situations, the laboratory curve may not converge 

with the limiting stress-modulus relationship within the range of values 

indicated. Obviously, two possibilities are involved in this situation: 

the laboratory relationships could plot above or below the limiting 

criteria curve. In the former case, since all values of the sum of the 

principal stresses indicated by the laboratory curve would exceed the 

stress criteria within the region under consideration, the value of 

30,000 psi should be used for the subgrade modulus. In the latter 

case, the initial design thickness value should be increased and the 

limiting criteria curve readjusted until convergence with the laboratory 

relationship is obtained. 



Figure C'9. Selection of Mp for silty-sand subgrade with estimated 
thickness of 30 in. for 6000 annual departures of dual-tandem gear 
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APPENDIX D: PROCEDURE FOR PREPARATION OF 
BITUMINOUS CYLINDRICAL SPECIMENS 

SCOPE 

1. This procedure describes the preparation of cylindrical 

specimens of bituminous paving mixture suitable for dynamic modulus 

testing. The procedure is intended for dense-graded bituminous con¬ 

crete mixtures containing up to 1-in. maximum-size aggregate. 

APPLICABLE STANDARDS 

2. The following American Society for Testing and Materials 

(ASTM) standards are applicable to this procedure: 

a. ASTM Designation: D 1559-71, "Standard Method of Test 

for Resistance to Plastic Flow of Bituminous Mixtures 
Using Marshall Apparatus."2o 

b. ASTM Designation: D I56O-65, "Standard Method of Test 
for Resistance to Deformation and Cohesion of Bitu¬ 

minous Mixtures by Means of Hveem Apparatus." 

£. ASTM Designation: D I56I-65, "Preparation of Test 
Specimens of Bituminous Mixtures by Means of California 
Kneading Compactor."26 

SPECIMENS 

3. Approximately UOOO g of bituminous mixture should be prepared 

as specified by Method D I56O-65. Cylindrical specimens should be U in. 
in diameter by 8 in. in height. 

APPARATUS 

it. The apparatus used in preparing the specimens should be as 

specified by Method D I56I-65, except that steel molding cylinders with 

l/it-in. wall thickness having an inside diameter of h in. and height of 
10 in. should be used. 

PROCEDURE 

5. The compaction temperature for the bituminous mixture should 

be as specified by Method D 156I-65. As the first step in molding 

specimens, heat the compaction mold to the same temperature as the mix. 

Next, place the compaction mold in position in the mold holder and in¬ 

sert a paper disk 4 in. in diameter to cover the baseplate of the mold 
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holder. Weigh out one-half of the required amount of bituminous mixture 

for one specimen at the specified temperature and place uniformly in the 

insulated feeder trough which has been preheated to the compaction tem¬ 

perature for the mixture. By means of the variable transformer con¬ 

trolling the heater, maintain the compactor foot sufficiently hot to 

prevent the mixture from adhering to it. By means of a paddle of 

suitable dimensions to fit the cross section of the trough, push 30 

approximately equal portions of the mixture continuously and uniformly 

into the mold while 30 tamping blows at a pressure of 250 psi are ap¬ 

plied. Immediately place the remaining one-half of the mixture uni¬ 

formly in the feeder trough. Push 30 approximately equal portions of 

the mixture continuously and uniformly into the mold while 30 tamping 

blows at a pressure of 250 psi are applied.* 

6. Immediately after compaction with the California kneading 

compactor, apply a static load to the specimen using a compression 

testing machine. Apply the load by the double-plunger method in which 

metal followers are employed as free-fitting plungers on the top and 

bottom of the specimen. Apply the load on the specimen at a rate of 

0.5 in. per minute until an applied pressure of 1000 psi is reached. 

Release the load immediately. After the compacted specimen has cooled 

sufficiently so that it will not deform on handling, remove it from 

the mold. Place the specimen on a smooth flat surface and allow to 

cool to room temperature.** 

* Ia sandy or unstable material is involved and there is undue move¬ 

ment of the mixture under the compactor foot, reduce the compaction 

temperature and compactor foot pressure until kneading compaction 
can be accomplished. 

** Cylindrical specimens will have approximately the same bulk specific 

gravity as specimens prepared as specified by Method D 1559-71 and 
by Method D I56I-65. 
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APPENDIX E: LABORATORY PROCEDURE fOR DETERMINING THE 

DYNAMIC MODULUS OF BITUMINOUS CONCRETE MIXTURES 

1. The purpose of this procedure is to determine dynamic 

modulus values of bituminous concrete mixtures. The procedure de¬ 

scribed covers a range of both temperature and loading frequency. 

The minimum recommended test series consists of testing at U0°, 70°, 

and 100° F at loading frequencies of 2 and 10 Hz for each temperature. 

The method is applicable to bituminous pacing mixtures similar to 

Mixes 3A, l+A, 5A, 6A, and 7A as defined by American Society for Testing 
26 

and Materials (ASTM) Specification D 1663-67. 

APPLICABLE STANDARDS 

2. The following ASTM standards are applicable to this procedure: 

a. ASTM Designation: C 617-71, "Capping Cylindrical Con¬ 
crete Specimens."1^ 

b. ASTM Designation: D 1559-71, "Standard Method of Test 

for Resistance to Plastic Flow of Bituminous Mixtures 
Using tiarshall Apparatus."^ 

c. ASTM Designation: D 156I-65, "Preparation of Test 
Specimens of Bituminous Mixtures by Means of California 
Kneading Compactor."26 

d. ASTM Designation: D I663-67, "Standard Specification 
for Hot-Mixed, Hot-Laid Asphalt Paving Mixtures."2° 

SUMMARY OF PROCEDURE 

3. The dynamic modulus test is run by applying a sinusoidal 

(haversine) axial compressive stress to a specimen of bituminous con¬ 

crete at a given temperature and loading frequency. The resulting 

recoverable axial strain response of the specimen is measured and used 

to calculate the dynamic modulus. 

DEFINITIONS 

4. The following terms are used in this procedure: 

a. Dynamic modulus. The absolute value of the complex 

modulus which defines the elastic properties of a linear 

viscoelastic material subjected to a sinusoidal loading. 

b. Complex modulus. A complex number which defines the 

relationship between stress and strain for a linear 

viscoelastic material. 
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c. Linear material. A material whose stress-to-strain 

ratio is independent of the loading stress applied. 

APPARATUS 

5. An electrohydraulic testing machine with a frequency generator 

capable of producing a haversine wave form has proven to be most suita¬ 

ble for use in dynamic modulus testing. The testing machine should have 

the capability of applying loads over a range of frequencies from 0.1 

to 20 Hz and stress levels up to 100 psi. 

6. The temperature control system should be capable of a tem¬ 

perature range of 32° to 120° F * Io F. The temperature chamber should 

be large enough to hold six specimens. 

7. The measurement system shou .d consist of a two-channel 

recorder, stress and strain measuring devices, and suitable signal 

amplification and excitation equipment. The measurement system should 

have the capability for determining loading up to 3000 lb from a re¬ 

cording with a minimum sensitivity of 2 percent of the test load per 

millimetre of chart paper. This system should also be capable of use 

in determining strains over a range of full-scale recorder outputs 

from 300 to 5000 microunits of strain. At the highest sensitivity 

settin6, the system should be able to display k microunits of strain or 

less per millimetre on the recorder chart. 

8. The recorder amplitude should be independent of frequency 

for tests conducted up to 20 Hz. 

9. The values of axial strain should be measured by bonding two 

wire strain gages* at midheight opposite each other on the specimens. 

The gages are wired in a Wheatstone bridge circuit with two active 

gages on the test specimen and two temperature-compensating gages on 

an unstressed specimen exposed to the same environment as the test 

specimen. The temperature-compensating gages should be at the same 

position on the specimen as the active gages. The sensitivity and 

type of measurement device should be selected to provide the strain 

readout required in Paragraph 7• 

* The Baldwin Lima Hamilton SR-h Type A-1S 13 strain gage has been 

found satisfactory for this purpose. 
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10. Loads should be measured with an electronic load cell 

meeting requirements for load and stress measurements in Paragraph 7. 

11. A hardened steel disk with a diameter equal to that of the 

test specimen should be used to transfer the load from the testing 

machine to the specimen. 

SPECIMENS 

12. The laboratory molded specimens should be prepared according 

to Appendix D . A minimum of three specimens is required for 

testing. The molding procedure is as follows: Cap all specimens with 

a sulfur mortar meeting Method C 617-71 requirements prior to testing. 

Bond the strain gages with epoxy cement* to the sides of the specimen 

near midheight in position to measure axial strains. Wire the strain 

gages as required in paragraph 9, and attach suitable lead wires and 

connectors. 

PROCEDURE 

13. Place test specimens in a controlled temperature cabinet, 

and bring them to the specified test temperature.** 

lk. Place a specimen in the loading apparatus, and connect the 

strain gage wires to the measurement system. Put the hardened steel 

disk on top of the specimen and center both under the loading apparatus. 

Adjust and balance the electronic measuring system as necessary. 

15. Apply the haversine loading to the specimen without impact 

and with loads varying between 0 and 35 psi for each load application 

for a minimum of 30 sec and not exceeding 1+5 sec at temperatures of 

1+0°, 70°* and 100° F and at loading frequencies of 2 Hz for taxiway 

design and 10 Hz for runway design.t 

* Baldwin Lima Hamilton EPY 150 Epoxy Cement has been found satis¬ 

factory for this purpose. On specimens with large—size aggregate, 

care must be taken so that the gages are attached over areas between 
the aggregate faces. 

** A dummy specimen with a thermocouple in the center can be used to 

determine when the desired test temperature is reached. 

t If excessive deformation (greater than 2500 microunits of strain) 

occurs, reduce the maximum loading stress level to 17.5 psi. 



l6. Test three specimens at each temperature and frequency 

condition twice. Start at the lowest temperature and repeat the test 

at the next highest temperature. Bring the specimens to the specified 

test temperature before each test is commenced. 

IT. Monitor both the loading stress and the axial strain during 

the test. Increase the recorder chart speed so that one cycle covers 

1 to 2 cm of chart paper for five to ten repetitions before the end of 

the test. 

18. Complete the loading for each test within 2 min from the 

time specimens are removed from the temperature control cabinet.* 

CALCULATIONS 

19. Measure the average amplitude of the load and the strain 

over the last three loading cycles to the nearest 1/2 mm. Calculate the 

loading stress aQ using the equation 

a 
o (El) 

where 

= measured height of load 

H2 = measured chart height 

L = full-scale load amplitude determined by settings on the 
recording equipment 

A = cross-sectional area of the test specimen 

Calculate the recoverable axial strain ¿o using the equation 

where 

= !£ 
H,. 

(E2) 

= measured height of recoverable strain 

= measured chart height 

S = full-scale strain amplitude determined by settings on the 
recording equipment 

Calculate the dynamic modulus using the equation 

* The 2-min testing time limit is waived if loading is conducted within 

a temperature control cabinet meeting requirements in Paragraph 6. 
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IE* I = (E3) 

vhere 

oq = axial loading stress, psi 

e = recoverable axial strain, in./in. 
o 

20. Report the average dynamic modulus at temperatures of 1+0°, 

70°, and 100° F for each loading frequency at each temperature. 
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APPENDIX F: PROCEDURE FOR ESTIMATING THE MODULUS OF 

ELASTICITY OF BITUMINOUS CONCRETE 

1. The procedure for estimating the modulus of elasticity of 

bituminous concrete presented here is based on relationships developed 

by Shell. Parameters needed for input into this method are: 

su Ring-and-ball softening point, in degrees Celcius, of the 

— bituminous material used in the mix in accordance with 

American Society for Testing and Materials (ASTM) Desig¬ 

nation: D 36-70.26 

b. Penetration of the bituminous material, in 1/10 111111 » 111 

_ accordance with ASTM Designation: D 5-71.2° 

c_. Volume concentration of the aggregate used in the mix 

defined by 

aggregate volume (FI) r - -as- & —' — - 
V aggregate volume + bitumen volume 

2. The steps in using this method are as follows: 

a. With known values of penetration and ring-and-ball 

softening point, enter Figure FI and determine the 

penetration index (Pi). 

b. The next step involves the use of the nomograph presented 

in Figure F2. In addition to the PI, two other values 

are required: the temperature of the bituminous concrete 

mix for which the modulus value is desired, and the esti¬ 

mated loading frequency or time of loading that, the 

prototype pavement will be subjected to. Use of a 

loading frequency of 2 Hz is recommended for taxiway 

design and 10 Hz for runway design. With values for the 

loading frequency and the difference in temperature 

between the bituminous concrete and the ring-and-ball 

softening point, a stiffness value for the bitumen 

can be determined from the appropriate PI line at the 

top of the nomograph. The value of use(l 

to determine the modulus of the mix . 

c. A value for S . 
— mix 

may be determined by 

(F2) 

where 

(F3) 

1^3 
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The value thus determined for S . is in units of 
kilograms per square centimetre.m:!x 

d. This expression should he used for aggregate volume 
concentrations of 0.7 to 0.9 and air void contents of 
3 percent or less. For larger air void contents, use 
a corrected aggregate volume concentration 

C 
V 

(FM 1 « Aair void content 

where Aair void content is the actual air void content 
(expressed in decimal form) minus 0.03. Equation F^ is 
valid only when 

%-h1- c;> (F5) 

where 

C. bitumen volume 
(F6) B aggregate volume + bitumen volume 



APPENDIX G: PROCEDURE FOR DETERMINING THE MODULUS OF 
ELASTICITY OF UNBOUND GRANULAR BASE 

AND SUBBASE COURSE MATERIALS 

1. The procedure presented in this appendix is based on 

relationships developed for the modulus of unbound granular layers as 

a function of the thickness of the layer and type of material. 

2. The modulus relationships are shown in Figure Gl. Modulus 

values for layer n (the upper layer) are indicated on the ordinate, 

and those for layer n + 1 (the lower layer) are indicated on the 

abscissa. Essentially linear relationships are indicated for various 

thicknesses of base and subbase course materials. For subbase courses, 

relationships are shown for thicknesses of 1*, 5, 6, 7, and 8 in. For 

subbase courses having a design thickness of 8 in. or less, the appli¬ 

cable curve or appropriate interpolation can be used directly. For a 

design subbase course thickness in excess of 8 in., the layer should 

be divided into sublayers of approximately equal thickness and the 

■aodulus of each sublayer determined individually. For base courses, 

relationships are shown for thicknesses of 1, 6, and 10 in. These re¬ 

lationships can be used directly or by interpolation for design base 

course thicknesses up to 10 in. For design thicknesses in excess of 

10 in., the layer should also be divided into sublayers of approxi¬ 

mately equal thickness and the modulus of each sublayer determined 

individually. 

3. To determine modulus values from this procedure, Figure Gl 

is entered along the abscissa using modulus values of the subgrade or 

underlying layer (modulus of layer n + 1 ). At the intersection of 

the curve applicable to this value with the appropriate thickness 

relationship, the value of the modulus of the overlying layer is read 

from the ordinate (modulus of layer n ). This procedure is repeated 

using the modulus value just determined as the modulus of layer n + 1 

to determine the modulus value of the next overlying layer. 

1*. For example, assume a pavement having a base course thickness 

of H in. and a subbase course thickness of 8 in. over a subgrade having 
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a modulus of 10,000 psi. Initially, the subgrade is assiimed to be 

layer n + 1 and the subbase course to be layer n . Entering 

Figure G1 with a modulus of layer n + 1 of 10,000 psi and using 

the 8-in. subbase course curve, the modulus of the subbase (layer n ) 

is found to be 18,500 psi. In order to determine the modulus value of 
* 

the base course, the subbase course is now assumed to be layer n + 1 

and the base course to be layer n . Entering Figure G1 with a modiolus 

value of layer n + 1 of 18,500 psi and using the 4-in. base course 

relationship, the modulus of the base course is found to be 36,000 psi. 

Modulus values determined for each layer are indicated in Figure G2. 

BASE COURSE E = 36.000 PSI (35,700 PSI) 

¿0 SUBBASE COURSE E = IB.500 PSI (18.500 PSI) 

mW SUBGRADE-E = 10,000 PSI- 

Figure G2. Modulus values determined for Example 1 

5. If, in the above example, the design thickness of the subbase 

course had been 12 in., it would have been necessary to divide this 

layer into two 6-in.-thick sublayers. Then, using the procedure de¬ 

scribed above, the rodulus values determined for the lower and upper 

sublayers of the subbase course and for the base course are 17,500, 

25,500, and 44,000 psi, respectively. These values are shown in 

Figure G3. 

6. The relationships indicated in Figure G1 can be expressed as 

E = E .n (l + 10.52 log t - 2.10 log E _Ll log t) 
n n+1 n+x 

for base course materials and as 
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En+1 (1 + (.18 log t - 1.56 log En+1 log t) 

for subbase course materials. Use of these equations for direct com¬ 

putation of modulus values for the examples given above yields the 

values indicated in parentheses in Figures G2 and G3. It can be seen 

that comparable values are obtained with either graphical or compu¬ 

tational determination of the modulus value for either material. 

BASE COURSE E = 44,000 PSI (44,000 PSD 

E = 25,500 PSI (25,000 PSD 

SUBBASE 

COURSE 

E = (7,500 PSI (17,300 PSI) 

SUBGRADE t = 10,000 PSI 

Figure G3. Modulus values determined for Example 2 
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APPENDIX H: PROCEDURES FOR DETERMINING THE FLEXURAL 

MODULUS AND FATIGUE CHARACTERISTICS OF CHEMICALLY STABILIZED SOILS 

LABORATORY PROCEDURE 

1, The procedure involves application of a repetitive loading 

to a laboratory prepared beam specimen under controlled stress condi¬ 

tions. Applied load and deflection along the neutral axis and at the 

lower surface are monitored, and the results are used to determine the 

flexural modulus and fatigue characteristics. 

SPECIMEN PREPARATION 

2. Beam specimens should be prepared following the general 

procedures indicated in American Society for Testing and Materials 

(ASTM) Designation: D 1632-63, "Making and Curing So il-Cement 

Compression and Flexure Test Specimens in the Laboratory."^0 This 

method describes procedures for molding 3- by 3- by 11-1A-in. 

specimens; however, any size mold may be used for the test. For 

soils containing aggregate particles larger than 3A in., it is recom¬ 

mended that molds on the order of 1+ by 4 to 6 by 6 in. be used. In 

general, specimens should have an approximately square cross-sectional 

configuration and a length adequate to accommodate an effective test 

span equal to three times the height or width. Specimens should be 

molded to the stabilizer treatment level, moisture content, and density 

expected in the field structures. Cement-treated materials should be 

moist-cured for 7 days. Lime-treated materials should be cured for 28 

days at 73° F. 

EQUIPMENT 

3. The following equipment is required: 

° Toadinp, frame capable of receiving specimen for third- 

b. 

i-oint loadinv test. 

Electrohydraulic testing machine similar to that de¬ 

scribed in Appendix B. This machine must be capable of 

applying static end haversine loads. 

c_. Load cell (approximately 2000-lb capacity). c 

d. Two linear variable differential transformers (LVDT's) and 

one SR-4 type strain gage. 
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e. Recording equipment for monitoring deflection, strain, 
and load.

f. Miscellaneous pins and yokes, as descriljed in the equip

ment setup below, for mounting the LVDT's.

EQUIPMENT SETUP

1*. Details of the equipment setup are shown in Figures H1-H3. 
The beam should be positioned so that the molding laminations are hori

zontal. The three yokes are positioned over the top of the beam and 
held in place by threaded pins positioned along the neutral axis. The 
end pins. Pins A and C, are positioned directly over the end reaction 
points, and the middle pin. Pin B, is positioned at the center of the 
beam. A metal bar rests on top of the pins. At the A position, the 
bar is equipped with a lower vertical tab having a hole that slips 
loosely over the pin. A nut is placed on the end of the pin to prevent 
the bar from slipping. At the center or B position, the bar is equipped 
with a vertical tab onto which an LVDT is cemented in a vertical posi

tion. At this position on the bar, there is a hole through which the 
LVDT core pin falls to rest on the B pin. This pin must be fabricaied 
with flat sides on the shaft to provide a horizontal surface on which 
the LVDT core pin rests. At the C position, the end of the bar simply 
rests on the unthreaded portion of the C pin. A nut is placed on the 
end of the C pin to prevent excessive side movement of the bar end.
This type of bar, pin, and LVDT arrangement is provided on both sides 
of the beam. Although no dimensions are provided in Figures H1-H3, 
this type of equipment can easily be dimensioned and fabricated to fit 
any size beam. Either steel or aliominum may be used. The beam should 
be positioned and arranged to accommodate third-point loading as indi

cated in Figure H2. As the beam bends under loading, deflection at the 
center is measured by determining the movement of the LVDT stems from 
their original positions. The LVDT's are connected to the monitoring 
system to give an average deflection reading. Since it is also desired 
to determine the maximum tensile strain of the beam under loading, an 
SR-k strain gage shotild be attached to the lower beam surface with 
epoxy or some other suitable cement and should also be connected to the

5
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monitoring system. If it is not possible to detemine strain directly, 

a strain value may be found using the formula indicated hereafter. 

TEST PROCEDURE 

5. The flexural beam test is a stress-controlled test. There¬ 

fore, an initial specimen should be statically loaded to failure, and 

the stress level for the initial repetitive load tests should be set 

at 50 percent of the maximum rupture load. The repetitive load test 

should be conducted using a haversine wave form, a loading duration of 

0.5 sec, and a frequency of about 1 Hz. To develop a strain repetition 

pattern, it is recommended that tests be conducted at 4o percent, 50 

percent, 60 percent, and TO percent of the maximum rupture value; 

however, stress levels can be varied to higher or lower levels. Data 

to be monitored include load, deflection along the neutral axis, strain 

at the lower surface of the specimen, and number of repetitions. 

REPORTING OF TEST RESULTS 

6. Flexural Modulus. The flexural modulus should be determined 

at 100, 1,000, and 10,000 load repetitions or at failure. This value 

may be determined from load and deflection data monitored at these 

repetition levels using the expression 

Ef - fié C1 * 2-11^)2] (H1) 

where 

Ej, = flexural modulus, psi 

P = maximum load amplitude, lb 

L = specimen length, in. 

d = deflection at the neutral axis, in. 
1+ 

I = moment of inertia, in. 

h = specimen height, in. 

The value to be used for E^, in the performance model is the arithmetic 

mean of all values obtained during the test. 

7. Fatigue Characteristics. Fatigue characteristics are pre¬ 

sented as a plot of strain indicated at the bottom surface of the 

specimen versus load repetitions at failure. Generally the value of 
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the strain obtained during the first fev load repetitions is the value 

to be plotted. If no direct means of measuring strain is available, 

a strain value t may be computed using the expression 

PLh 
(H2) 

GRAPHICAL DETERMINATION OF FLEXURAL MODULUS FOR 

CHEMICALLY STABILIZED SOILS (CRACKED SECTION) 

8. The procedure for determining a flexural modulus value for 

chemically stabilized soils based on the cracked section concept in¬ 

volves the use of a relationship between unconfined compressive strength 

and flexural modulus determined analytically from previous test results 

as discussed in the main text of this report. This relationship is 

shown in Figure 11 of the main text. To use this relationship, speci¬ 

mens of the stabilized material should be molded and tested following 

procedures indicated in ASTM Designation: D 1633-63, "Standard Method 

of Test for Compressive Strength of Molded Soil—Cement Cylinders. 

Values obtained from the unconfined compression test can then be used 

to determine the values of the equivalent cracked section modulus using 

Figure 11. 
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PRECEDIW5 PAGE BLANK-NOT ÍILMED 

APPENDIX I : PROCT1URES FOR DETERMINING THE 

FATIGUE LIFE OF BITUMINOUS CONCRETE 

LABORATORY TEST METHOD 

1. A laboratory procedure for determining the fatigue life of 

bituminous concrete paving mixtures containing aggregate with maximum 

sizes up to 1-1/2 in. is described in the first part of this appendix. 

The fatigue life of a simply supported beam specimen subjected to third' 

point loadings applied during controlled stress-mode flexural fatigue 

tests is determined. 

DEFINITIONS 

2. The following symbols are used in the description of this 

procedure: 

a. e = initial extreme fiber strain (tensile and compres¬ 

sive), in./in. 

b. N = fatigue life of the specimen, number of load 

^ repetitions to fracture. 

3. Extreme fiber strain of simply supported beam specimens 

subjected to third-point loadings, which produces uniaxial bending 

stresses, is calculated from 

12td 

(3L2 - Ua2) 

where 

(ID 

t = specimen depth, in. 

d = dynamic deflection of beam center, in. 

L = reaction span length, in. 

a = L/3, in. 

TEST EQUIPMENT 

)+. The repeated flexure apparatus is shown in Figure II. It 

accommodates beam specimens 15 in. long with widths and depths not 

exceeding 3 in. A 3000-lb-capacity electrohydraulic testing machine 

capable of applying repeated tension-compression loads in the form of 

haversine waves for 0.1-sec durations with O.U-sec rest periods is used 

for flexural fatigue tests. Any dynamic testing machine or pneumatic 
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press\ire system with similar loading capabilities is also suitable. 
Third-point loading, i.e., loads applied at distances of L/3 from the 
reaction points, produces an approximately constant bending moment over 
the center U in. of a 15-in.-long beam specimen with widths and depths 
not exceeding 3 in. A sufficient load, approximately 10 percent of the 
load deflecting the beam upward, is applied in the opposite direction 
forcing the beam to rettirn to its original horizontal position and 
holding it at that position during the rest period. Adjustable stop 
nuts installed on the flexure apparatus loading rod prevent the beam 
from bending below the initial horizontal position during the rest 
period.

5. The dynamic deflection of the beam's center is measrired with 
a linear variable differential transformer (LVDT). An LVDT that has been 
fovind suitable for this purpose is the Shaevitz type 100 M-L. The LVDT 
core is attached to a nut bonded with epoxy cement to the center of the 
specimen. Outputs of the LVDT and the electrohydraiilic testing 
machine's load cell, through which loads are applied and controlled, 
can be fed to any suitable recorder. The repeated flexure apparatus 
is enclosed in a controUed-temperature cabinet capable of controlling
temperatures within ± 1/2° F. A Missimer's model 100 x 500 CO^ plug-in
temperature conditioner has been found to provide suitable temperature 
control.

SPECIMEN PREPARATION
6. Beam specimens 15 in. long with 3-1/2 in. depths and 3-1/U-in.

widths are prepared according to American Society for Testing and Mate-
26

rials (ASTM) Method D 3202. If there is ’indue movement of the mixture
under the compactor foot during beam compaction, the temperature, foot 
pressure, and niunber of tamping blows should be reduced. Similar modi

fications to compaction procedures should be made if specimens with less 
density are desired. A diamond-blade masonry saw is used to cut 3-in. 
or slightly less deep by 3-in. or slightly less wide test specimens from 
the 15-in.-long beams. Specimens with suitable dimensions can also be 

cut from pavement samples. The widths and depths of the specimens are
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measured to the nearest 0.01 in. at the center and at 2 in. from both 

sides of the center. Mean values are determined and used for subsequent 

calculations. 

TEST PROCEDURES 

7. Repeated flexure apparatus loading clamps are adjusted to 

the same level as the reaction clamps. The specimen is clamped in the 

fixture using a jig to position the centers of the tvo loading clamps 

2 in. from the beam center and to position the centers of the two reac¬ 

tion clamps 6-1/2 in. from the beam center. Double layers of Teflon 

sheets are placed between the specimen and the loading clamps to reduce 

friction and longitudinal restraint caused by the clamps. 

8. After the beam has reached the desired test temperature, 

repeated loads are applied. Duration of a load repetition is 0.1 sec 

with 0.4 sec rest periods between loads. The applied load should be 

that which produces an extreme fiber stress level suitable for flexural 

fatigue tests. For fatigue tests on typical bituminous concrete paving 

mixtures, the following ranges of extreme fiber stress levels are 

suggested: 

Temperature. °F Stress Level Range, psi 

55 1 50 to 450 

70 75 to 300 

85 35 to 200 

The beam center point deflection and applied dynamic load are measured 

immediately after 200 load repetitions for calculation of extreme fiber 

strain e . The test is continued at the constant stress level until 

the specimen fractures. The apparatus and procedures described have 

been found suitable for flexural fatigue tests at temperatures ranging 

from 40° to 100° F and for extreme fiber stress levels up to 450 psi. 

Extreme fiber stress levels for flexural fatigue tests at any tempera¬ 

ture should not exceed that which causes specimen fracture before at 

least 1000 load repetitions are applied. 

9. A set of 8 to 12 fatigue tests should be run for each tem¬ 

perature to adequately describe the relationship between extreme fiber 

strain and the number of load repetitions to fracture. The extreme 
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fiber stress should be varied such that the resulting number of load 

repetitions to fracture ranges from 1,000 to 1,000,000. 

REPORT AND PRESENTATION OF RESULTS 

10. The report of flexural fatigue test results should include 

the following: 

a. Density of test specimens. 

b. Number of load repetitions to fracture N^, . 

c_. Specimen temperature. 

(i. Extreme fiber stress o . 

The flexural fatigue relationship may be presented in the form of a 

plot as shown in Figure 12. 

10,000 

~~-Nf=9.7*10~,0(l 
/.,4.03 

Figure 12. Initial mixture bending strain versus repetitions 

to fracture in controlled stress tests (after Pretorius°) 

PROVISIONAL FATIGUE DATA FOR BITUMINOUS CONCRETE 

11. Use of the graph shown in Figure 13 to determine a limiting 

strain value for bituminous concrete involves first determining a value 

for the elastic modulus of the bituminous concrete. Using this value 
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and the design pavement service life in terms of load repetitions, the 

limiting tensile strain in the bituminous concrete can be read from the 

ordinate c* the graph. 
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Figure 13. Provisional fatigue data for bituminous 

base course materials (after Heukelom and Klomp"5; 
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APPENDIX J: CHEVIT COMPUTER PROGRAM 

1, The computer program used in the design procedure, CHEVIT, is a 

modified version of the CHEVRON computer program for computing deflections, 

strains, and stresses in a layered pavement system in which each layer is 

homogeneous, isotropic, and linear elastic. Although CHEVIT as it is now 

developed has the capability of performing iterative solutions for consid¬ 

eration of stress-dependent properties of materials, this feature of the 

program was not used in the development of the limiting strain criteria 

nor is it used in the design procedure. The modifications for computations 

of pavement response to mulitiple-wheel loadings consisted of minor changes 

to the CHEVRON program and the addition of two subroutines, WHEELS and FIT. 

The subroutine MOD shown in the program listing is for computing stress- 

dependent moduli. 

COMPUTATIONAL PROCEDURE FOR COMPUTING 

PAVEMINT RESPONSE TO MULTIPLE-WHELL 

LOADINGS 

2. For single-wheel loads, CHEVIT utilizes the basic CHEVRON program 

for computing pavement response parameters and no procedural changes are 

involved. If multiple-wheel loadings are specified, the subroutines WHEELS 

and FIT are also required for performing the necessary stress and strain 

rotations and superpositions. The basic procedure is to first use CHEVRON 

to establish a function for each given depth that relates each response 

parameter to the radial offset. To establish the function, the response 

parameters are computed at nine offset distances, 0.0, 0.5» 1.0, 1.5» 2.0, 

3.0, U.0, 8.0, and 12.0 radii, from the center of the load area. These 

values are stored and furnish the data by which subroutine FIT establishes 

a function for computing the pavement response parameter at any distance. 

After computing and storing the data for all the depths, the subroutine 

WHEELS is entered. In this subroutine, all of the data pertaining to the 

configuration of the multiple-wheel gear and the locations of the compu¬ 

tational depths are read. The subroutine then computes the distances from 

each tire to the computational point, uses the stored data and subroutine 

FIT to compute the pavement response parameter at that point, rotates 

3.65 
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stresses and strains to the gear coordinate system, and superimposes the 
response parameters for the different tires. The particular system for 
ccogputing pavement response parameters for multiple-vheel gears was devel

oped as an economical means for determining the response parameters at a 
large number of points for a given depth. The economy of the procedure 
over other procedures is realized when the nmher of computational points 
at a given depth times the number of tires in a gear is ten or greater and 
increases as the number of tires and/or computational points increases.

INPUT GUIDE
3. The following are general notes on the input guide:

&. All data are input in a floating point format of FIC.O.
b. It should be noted that when a multiple-wheel gear is to 

be input it is necessary to input a zero for the number 
of radial offsets. This is necessary because the radial 
offsets are preset in the program for establishang the 
fvinction relating the response parameters to offset dis

tances. For this case, the input table for inputting 
the radial offsets is bypassed.
For a single-wheel gear problem, the response perameters 
may be computed for up to 99 different depths (each inter

face will be considered as 2 depths). For a multiple- 
wheel gear problem, the nimiber of depths is limited to 15 
(again, each interface is considered 2 depths). If the 
allowable number of depths is exceeded, the program will 
terminate.

d. The input guide is listed in Tables Jl-JlU, and each table 
represents a specific load statement. All problems must 
start with the word START in the first five columns of 
the first card. The word END in the first three columns 
terminates the run and is used to end the run after all 
problems have been completed.
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PROGRAM LISTING 

4. A complete listing of the computer program is presented on the 

following 25 pages. 
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Pr

EXAMPLE COMPUTATION 

INPUT

5. To illustrate the use of the program, response pcurameters will 
be conqputed for the idealized pavement section shown in Figure Jl, The

BITUMINOUS CONCRETE 200,000 PSI (FOR COMPUTING €^. 1/= 0.»
E = t.200,000 PSI (FOR COMPUTING W = 0.S

BASE COURSE E ^ 66,000 PSI, = 0,3

E = 31,000 PSI, U = 0.3

SUBBASE COURSE E = 24,500 PSI, P= 0,3

E = 16,300 PSI. |/= OJ

7^----------------------------
SUBGRAOE E =9.000 PSI. l/s 0.4

Figure Jl. Idealized pavement section

gross aircraft loading is 200,000 lb on a dual-tandem assembly having a 21- 
by l»6-in. spacing and a l60-psi tire contact pressure. The gear coordinate 
system shown in Figure J2 is the reference coordinate syston. For the

Fig-ire J2. Geer coordinates and guide 
for computational points

computational points, a grid is used which encompasses one quadrant from 
the origin to the tire. The computational points are the intersections of



the grid lines, as shown in Figure J2. The computational depths are 5 and 

3U in, (each of which is an interface), resulting in a total of four com¬ 

putational depths. The input problem data coded in a form for keypunching 

are presented in Table JI5. 

OUTPUT 

6. The output format is such that the first part of the output is the 

data for establishing the relationship for pavement response as a function 

of offset distance. The second part of the output shows the results of ro¬ 

tation and superposition of the stresses as computed for multiple-wheel 

gears. The output for the example problem is shown in the listing that 

follows Table JI5. 
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APPENDIX K: EXAMPLE DESIGN PROBLEMS 

1. This appendix presents four example design problems which illus¬ 

trate use of the design procedure described in the main text of this report. 

The examples are for a conventional flexible pavement, an all-bituminous 

concrete (ABC) pavement, a conventional flexible pavement in which the 

subgrade is stabilized with lime in accordance with Federal Aviation 

Administration Item P-155 (from Advisory Circular AC 150/5370-10^), and 

a chemically stabilized pavement in which the base and subbase courses 

are both stabilized with portland cement in accordance with Item P-30U. 

2. The four alternative designs are applied to a pavement for 

Shreveport, La., for 200,000 departures of a 750,000-lb B-7^7 aircraft 

over a 20-yr design life. The initial designs are for critical areas; 

appropriate thickness reduction factors will be applied for noncritical 

areas. Since the pavement will be located at Shreveport, frost design 

is not applicable. 

3. The subgrade on which the pavement is to be constructed is a 

lean clay classified E-8, CL. Borrow materials available for construction 

are pit-run sand and gravel meeting Item P-15^ and crushed limestone meet¬ 

ing Item P-209. The bituminous concrete consists of a 5.2 percent bitumen 

(85-100 penetration) and crushed limestone mixture meeting Item P-UOl. 

PROBLEM 1: CONVENTIONAL FLEXIBLE PAVEMENT 

b. To design a conventional flexible pavement, the performance 

model illustrated in Figure K1 is used. Input parameters required are: 

a. Bituminous concrete modulus for each month. 

b. Subgrade modulvs. 

c_. Traffic parameters. 

d. . Limiting strain criteria. 

e. Estimated initial thickness. 

f. Base course modulus. 

£. Subbase course modulus. 

Once these parameters have been determined, they are input to the per¬ 

formance model, and the iterative process is followed until an optimum 

pavement section has been generated. 

215 

lÜ 
...- 



-p

'p|,|'i ’■ '1^'%*%i



TRAFFIC PARAMETERS 

5. The design aircraft is a B-71»? with a gross weight of 750,000-lb. 

Characteristics of this aircraft and other traffic data required in design 

are as follows: 

a. Wheel spacing: M by 58 in. 

Id. Number oí wheels in assembly: k. 

£. Wheel load: ^,531 lb. 

d. Tire contact pressure: 182 psi. 

£. Design life: 20 yr. 

£. Design traffic: 10,000 annual departures (200,000 total de¬ 

partures over 20-yr design life). 

£. Factor for converting departures to coverages: 1.85. 

h. Total number of coverages: 108,108. 

ESTIMATED INITIAL THICKNÉSS 

6. The thickness design curves shown in Figure K2 are entered with 

the 750,000-lb gross aircraft weight of the B-7U7. A total pavement thick¬ 

ness of 39 in. and a required base course thickness of 12 in. are indicated. 

Estimated initial thicknesses are therefore 5 in. of bituminous concrete 

surface course (required for critical areas), 12 in. of base course, and 

22 in. of subbase course. 

BITUMINOUS CONCRETE MODULUS 

7. To determine the modulus of the bituminous concrete surface course 

for each month, laboratory tests are first conducted on prepared specimens 

in accordance with the procedures outlined in Appendix E. The results of 

these tests are used to develop the relationship shown in Figure K3. Local 

climatological data are then used to estimate the design pavement tempera¬ 

ture for each month for design based on bituminous concrete strain (Table 

Kl) and subgrade strain (Table K2). These values can then be used to enter 

Figure K3 to determine the bituminous concrete modulus for each month. 

SUBGRADE MODULUS 

8. Since frost design is unnecessary for the Shreveport area, the 

subgrade modulus is determined only for the normal period. As the first 

step, the stress-modulus relationship for the subgrade is determined from 
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Figure K3. Results of laboratory tests to determine dynamic modulus of 
bituminous concrete 
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Table Kl 

Bituminous Concrete Moduli for Each Month 

For Conventional Flexible Pavement Design 

Based on Bituminous Concrete Strain 

I * 
V, 

Average 

Daily Mean 

Air 

Temperature* 

Month_^F_ 

Jan 1*7.5 

Feb 50.7 

Mar 5ß.O 

Apr 66.1 

May 73.3 

Jun 80.5 

Jul 83.1 

Aug 82.7 

Sep 77.3 

Oct 67.2 

Nov 56.2 

Dec 1+9.3 

Design 
Pavement 

Temperature** 

°F 

56 

60 

67 

76 

81» 

92 

95 

95 

89 

77 

65 

57 

Dynamic 

Modulus t 

¡E*| 

10^ psi 

I5OO 

1270 

920 

570 

360 

220 

ISO 

ISO 

260 

5I+O 

1000 

ll»00 

I 
« 

* Determined from local climatological data 

for Shreveport, La. (such as presented in 

Appendix A). 

** Estimated from 5-in. bituminous concrete 

thickness curve in Figure 2 of the main 
text. (In design for bituminous concrete 

strain, the average daily mean air temper¬ 

ature is used as the design air tempera¬ 

ture for entering Figure 2.) 

t Determined by entering Figure K3 with the 

design pavement temperature. 

220 

^ ^ , ... .i,.,:., 

I-Uluj íL^.,,,.1!, ¿in 
|h 



pi ] 
.zaœœSKfSBSH 

I - 

Table K2 

Bituminous Concrete Moduli for Each Month 

For Conventional Flexible Pavement Design 

Based on Subgrade Strain 

Average 

Daily Mean 

Air 

Temperature* 

Month °F 

Jl]_ -12}_ 
Jan U7.5 

Feb 50.7 

Mar 58.0 

Apr 66.1 

May 73.3 

Jun 80.5 

Jul 83.1 

Aug 82.7 

Sep 77.3 

Oct 67.2 

Nov 56.2 

Dec U9.3 

Average 
Daily 

Maximum Air 

Temperature* 
°F 

.121_ 
56.1* 

60.1 

68.0 

76.0 

83.2 

90.U 

92.9 

92.8 

87.U 

78.1 

66.1* 
58.3 

Design Air 

Temperature** 
oF 

.ÜÜ_ 

52 

55 

63 

71 

78 

85 

88 

88 

82 

T3 

61 

51» 

Design 
Pavement 

Temperaturet 

°F 

_í¿)_ 

60 

64 

72 

81 

90 

97 

100 

100 

94 

83 

71 

61 

Dynamic 

Modulust+ 

|e* I 
103 psi 

(6) -- 

1270 

1060 

700 

420 

250 

160 

130 

130 

190 

380 

720 

1200 

Determined from local climatological data for Shreveport, La. (such as 

presented in Appendix A). 

Average of values from Columns 2 and 3. 

Estimated from 5-in. bituminous concrete thickness curve in Figure 2 

of the main text. (Figure 2 is entered with the appropriate design air 
temperature.) 

Determined by entering Figure K3 with the design pavement temperature. 
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laboratory tests conducted in accordance with the procedures outlined in 

Appendix C. Results of these laboratory tests are shown in Figure Kk. To 

determine the design subgrade modulus, the resiiient modulus curve from 

Figure and a 10,000 annual departures curve interpolated from Figure 05 

are plotted together as shown in Figure KS. The design subgrade modulus 

is the value obtained at *.he intersection of these two curves, i.e., 9000 

psi. Since Poisson’s ratio is also measured in these laboratory tests, the 

measured value of 0.1+5 is used in design. 

BASE AND SUBBASE COURSE MODULI 

9. Modulus values for the base and subbase course materials are de¬ 

termined in accordance with the procedures outlined in Appendix G. Figure 

G1 is entered with the modulus already determined for the subgrade of 

9000 psi (modulus of layer n + 1), and the modulus of the lower 8 in. of 

the subbase course is read. This procedure is repeated for the other sub¬ 

layers in the base and subbase courses as described in Appendix G. The 

resulting conventional flexible pavement section generated from the avail¬ 

able input is shown in Figure K6. 

LIMITING STRAIN CRITERIA 

10. The criteria for limiting horizontal tensile strain in the bi¬ 

tuminous concrete are shown in Figure K7, and those for limiting vertical 

compressive strain at the top of the subgrade are shown in Figure K8. 

ANALYSIS OF DESIGN SECTION 

11. An analysis of the initial design section (Figure K6) must now 

be made. The parameters outlined in the preceding paragraphs are first 

input to the performance model (Figure Kl). Since frost design is not 

applicable to this pavement, the first step in the process is a comparison 

of the computed and allowable subgrade strains. The CHEVIT computer pro¬ 

gram is used to determine the computed subgrade strain based on the mini¬ 

mum bituminous concrete modulus of 130,000 psi (from Table K2) and the 

normal period subgrade modulus of 9000 psi. The computed subgrade strain 

ev is 9.2 X 10 in./in. To determine the allowable subgrade strain. 

Figure K8 is entered with the number of annual strain repetitions. For 

consideration of subgrade strain for critical traffic areas, 1 departure 
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24 

31 

BITUMINOUS CONCRETE 
SURFACE COURSE 

■BASE COURSE —-- 

SUBBASE COURSE 

3S W?Nj?V\A^\A/\A> 
3UBGRAOE 

Ej = 77,000 

E] = 57,000 

E4 = 33,000 

E, = 27,000 

E, = 18,000 

E7 = 9,000 

MODULUS, PSI POISSON S RATIO 

E| VARIES Uf = 0.3 OR 0.8 

Vi = 0.3 

V, = 0.3 

Vt = 0.3 

V, = 0.3 

V. = 0.3 

V7 = 0.45 

Figure K6. Estimated conventional flexible pavement section 
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results in the application of 1 strain repetition« Thus, for the design 

traffic level of 10,000 annual departures. Figure K8 is entered with 10,000 

anr'ial strain repetitions. The allowable strain e is 9.1+ x icf3 
ALL 

in./in. Since the computed strain is less than the allowable strain, the 

deeign pavement section provides adequate protection for the subgrade. In 

addition, since the two strains are nearly equal, the design is not overly 

conservative with respect to limiting subgrade strain. 

12. However, to illustrate how a more exact value for the required 

thickness can be determined with consideration to limiting subgrade strain, 

the two additional pavement sections shown in Figures K9 and K10 are in¬ 

cluded in the analysis. The computed subgrade strain for the 36-in. sec- 

tion is 10.5 x 10 in./in. and for the 1+5-in. section is 8.2 x io“'1 in./in. 

These two values are plotted along with the computed subgrade strain for 

the 39-in. section to develop the relationship between subgrade strain and 

pavement thickness shown in Figure Kll. Entering this figure with the al- 

lowable subgrade strain of 9.1* * 10 J in./in., a better estimate of the 

minimum thickness which meets the subgrade strain criteria is obtained. 

The estimated value of 38.5 in. rounded to the next higher inch results in 

a design thickness of 39 in. 

13. The second step in the analysis of the design section involves 

checking for fatigue cracking of the bituminous concrete surface course. 

To begin this step, the most critical condition for the surface course is 

assumed; i.e., it is assumed that all of the traffic for the 20-yr design 

life of the pavement is applied during the single month for which the 

bituminous concrete modulus is at its maximum. Next, the computed and al¬ 

lowable horizontal tensile strains in the the surface course are determined. 

If the allowable strain is less than or equal to the computed strain under 

these extreme conditions, then the design is acceptable. However, if the 

computed strain is greater than the allowable strain, then the cumulative 

damage for the 20-yr design life must be determined. 

ll*. To determine the allowable strain in the bituminous concrete. 

Figure K7 is entered with the modulus for January (1,500,000 psi from 

Table KL), which is the month for which this value is at its maximum, and 

the total number of strain repetitions. For consideration of bituminous 



DEPTH, IN. MODULUS, PSI POISSON'S RATIO 

E, VARIES 

E2 = 76,000 

Ej = 56,000 

E4 = 31,000 

E j = 24,400 

Es = 16,400 

E7 = 9,000 

- 0.3 OR 0.5 

Vj r 0.3 

= 0.3 

3^4 ■- 0.3 

U5 = 0.3 

3^6 - 0.3 

l'7 = 0.45 

Figure K9 Estimated 36-in. conventional flexilsle pavement section 



DEPTH. IN. MODULUS, PSI POISSON’S RATIO 

E, VARIES 

E2 = 60,000 

E j = 60,000 

E* = 36,000 

E j = 13,000 

Eg = 27,000 

E7 = 16.000 

e, = 9,000 

Figure K10. Estimated 145-in. conventional flexible 

1^, z: 0.3 OR 0.5 

U2 = 0.3 

¡'J - 0.3 

t-g = 0.3 

^ = 0.3 

1/, = 0.3 

^ =0.3 

= 0.45 

pavement section 
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Figure KU. Relationship between subgrade strain and pavement thickness 



concrete strain, the number of strain repetitions is equal to the number 

of coverages. (The design traffic level of 200,000 total departures is 

equal to 108,108 coverages.) Nov, if it is assumed that all of this traf¬ 

fic is applied during the month of January, then the allowable bituminous 

concrete strain determined from Fig-’re K? is 1.6 x 10“1* in./in. 

15. For the estimated section shown in Figure K6, the bituminous 

concrete strain computed using the CHEVIT computer program and a design 

subgrade modulus of 9000 pei is 2.7 * 10*U in./in. Since the computed 

strain is greater than the allowable strain, the cumulative damage must 

be determined. 

j-6. To simplify the cumulative damage process, damage is accumula¬ 

ted for not only the estimated section shown in Figure K6 but also for two 

other 39-in. sections for which the bituminous concrete surface course 

thicknesses are 7 and 9 in. These additional sections are shown in Figures 

K12 and K13, respectively. (It should be noted that the increased thick¬ 

nesses of the surface courses for these two additional sections are allowed 

for through reductions in their subbase course thicknesses.) 

17» For each of the three sections, a relationship between horizon¬ 

tal tensile strain in the bituminous concrete and bituminous concrete 

modulus is developed using the CHEVIT computer' program. The bituminous 

concrete moduli for each month from Table K1 and the section thicknesses 

are input to the program to compute the strain values. The curves repre¬ 

senting the strain-modulus relationships for the three sections are plotted 

in Figure KlU. From these curves, the horizontal tensile strain values 

for each month are determined, and these values and the bituminous concrete 

moduli are used to enter Figure K7 to determine the number of allowable 

strain repetitions. 

18. Input and output data for the cumulative damage computations 

are presented in Table K3. The cumulative damage values for the sections 

with 5-, 7-, and 9-in. surface course thicknesses are 3.77, 1.83, and 0.8U, 

respectively. These values are plotted versus surface course thickness 

in Figure K15. From this relationship, it can be estimated that the cumu¬ 

lative damage value equals one for a conventional flexible pavement with 

a bituminous concrete surface course thickness of 8.6 in. For design 
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DEPTH, IN. MODULUS. PSI POISSON'S RATIO 

i 

SUBGRADE 

E, VARIES = 0 

E2 = 77,000 l'2 

E3 = 57,000 U3 

E4 = 32,000 Vq 

Es = 25,000 i^5 

E6 = 17,000 

E7 = 9,000 1'7 

Figure K12. Estimated 39-in. conventional flexible pavement 
with 7-in. bituminous concrete surface course 

■ 3 OR 0.5 

= 0.3 

= 0.3 

= 0.3 

= 0.3 

= 0.3 

= 0.45 

section 
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DEPTH, IN. MODULUS. PSI POISSON S RATIO

E, VARIES V, =0.3OR0.S

Ej = 77.000

Ej = 57.000

E4 = 31.000

Eg = 24.500

Eg = 16,400 

E, = 9.000

1/2 = 0.3

^'3 = 0.3

V. =0.3

I'S = ^-3

= 0.3

- 0.45

Figure K13. Estimated 39-in. conventional flexitle pavement section 
with 9-in. bituminous concrete surface course

%



BITUMINOUS CONCRETE MODULUS, IO3 PSI 

Figure KlU. Relationship between computed horizontal tensile strain and 

bituminous concrete modulus for three estimated conventional flexible 

pavement sections 
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Tibie K3 

Coaptations of Cmnulativc Dwage for Thi-ge Conventional Flexible lavement :;ecticnE 

Traffic 

L*r¿Pd* 

1 
2 
3 
it 
5 
6 

7 
8 
9 

10 
11 
12 

Bituminous 
Concrete 
Modulus 

103 

1500 
1270 

920 
570 
360 
220 

180 
l80 
260 
5**0 

1000 
lUOO 

10 

Computed 
Horizontal 
Tensile 
Strain 

~U In.yin. 

No. of 
Applied 
Strain 

Repetitions** 

No. of 
Allowable 
Strain 

Repetitions 

2.73 
2.85 
3.15 
3.50 
3.90 
It. 30 

lt.lt5 
it.1*5 
it.15 
3.52 
3.06 
2.77 

5-ln. Surface Course 

9009 11,1*63 
13,911 
19,11*1* 
1*2,562 
90,811* 

215,393 

309,878 
309,878 
163,51*6 

1*8,266 

17,795 
12,693 

'unage 
Increnentt 

0.76595 
O.6U760 
0.1*7059 
O.2II67 
O.O992O 
0.01*183 

0.02907 
0.02907 
0.05509 
O.I8666 
O.50625 
0.70976 

Cumulative 
£ amare 

0.76595 
1.1*3355 
1.901*13 
2.11580 
2.215CC 
2.25683 

2.28590 

2.31¡*90 
2.37006 
2.55672 
3.06297 
3.77273 

1 
2 
3 
1* 
5 
6 

1500 
1270 

920 
570 
360 
220 

2.26 
2.1*2 
2.7I* 
3.20 
3.60 
1..12 

7-ln. Surface Course 

9009 29,1*82 
31,515 
38.1*1*5 
66,621 

135,508 
266,739 

0.30558 
0.26586 
0.231*31* 
0.13323 
0.0661*8 
0.03377 

0.30558 
0.5911*1* 
C.82578 
0.96100 
1.0271*9 
1.06126 

7 180 I*.31 
8 180 l*.3l 
9 260 3.95 

10 51*0 3.25 
11 1000 2.65 
12 11*00 2.3*1 

263,581* 
363,581 
209,361 

71,931* 
36,533 
29,505 

0.021*78 
0.021*76 
0.01*303 
C.I252I* 
0.21*660 
0.30531* 

1.08601* 

I.IIO62 
1.15365 
1.27909 
3.52569 
1.83103 

1 
2 
3 
1* 
5 
6 

1500 
1270 

920 
570 
360 
220 

9-in. Surface Course 

1.86 
2.02 
2.^1 
2...- 
3.33 
3.90 

9009 78,078 
77,775 
82,81*3 

11*2,131* 
200,101* 
350,951 

0.11538 
O.II583 
0.10875 
O.O6338 
0.01*502 
O.O2567 

0.11536 
0.23122 
0.33997 
0.1*0335 
0.1*1*637 
0.1*71*01* 

7 180 I*.06 
8 180 It.06 
9 260 3.72 

10 51*0 2.80 
11 1000 2.27 
12 11*00 I.9I* 

1*90,186 0.03838 0.1*921*2 
1*90,186 0.01838 0.51080 
282,596 0.03188 0.51*268 
151,551 0.0591*5 0.60212 
79,211 0.11373 0.71586 
75,329 0.11960 0.8351*5 

* Traffic period 1 consists of the 20 January’s in the 20-,t design life, 2 consists of 
the 20 February's, etc. 

•* The number of applied strain repetitions is 200,000 (the number of total departures) 
divided by I.85 (the factor for converting departures to coverages) divided by 12 (the 
number of faffic periods), 

t The damage, increment is the number of applied repetitions divided by the number of al¬ 
lowable repetitions. 
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THICKNESS; IN. 

Figure K15. Relationship between cumulative 

damage and bituminous concrete surface course 

thickness (conventional flexible pavement) 

* 



purposes, this value vould be rounded to 9 in. 

19. A histogram of the fatigue damage incurred by the section with 

the 9-in. bituminous concrete surface course is shown in Figure KI6. It 

0 I8|— 

0 16 

014 

g OJE 
< 
2 
< 0.10 

> 
_l 
1 o.oe 
z 
0 
2 0 06 

0.04 

0.02 

0 

MONTH 

Figure KI6. Histogram of fatigue damage incurred by estimated section 

with 9-in. bituminous concrete surface course 

should be noted that a significant portion of the damage occurs during the 

colder months. 

20. The performance model indicates that the total thickness of con¬ 

ventional flexible pavement required to limit vertical compressive strain 

at the top of the subgrade is 39 in. and that the bituminous concrete 

thickness required to limit horizontal tensile strain in this layer is 9 in 

The final design is therefore identical with the section shown in Figure 

HIS. However, it may be possible to reduce the total thickness due to the 

increased surface course thickness. To determine if a reduction is possi¬ 

ble, the subgrade strain is recomputed to establish a new minimum thickness 

23Ö 
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the acceptability of the new design must also be checked by means of the 

bituminous concrete strain criteria. 

PROBLEM 2: ABC PAVEMENT 

21. To design an ABC pavement, the performance model illustrated 

in Figure KIT is used. Input parameters required for this model are: 

a. Temperature data. 

b. Subgrade modulus. 

£. Traffic parameters. 

d. Limiting strain criteria. 

e. Estimated initial thickness. 

TRAFFIC PARAMETERS 

22. The traffic parameters used in this design are the same as 

those used for the conventional flexible pavement. 

ESTIMATED INITIAL THICKNESS 

23. To estimate the initial thickness of an ABC pavement, the re¬ 

quired thickness for the conventional flexible pavement is divided by the 

appropriate equivalency factor (1.70) from Table 2 of the main text of 

this report. The estimated initial thickness is therefore 39 in. * 1.70 

= 22 in. 

BITUMINOUS CONCRETE MODULUS 

2k. The bituminous concrete modulus for each month is determined t 

in the same manner as that for the conventional flexible pavement. 

Tables K4 and K5 present the temperature data and the modulus values for 

each month for design based on bituminous concrete strain and subgrade 

strain, respectively. 

SUBGRADE MODULUS 

25. The subgrade modulus used in the ABC pavement design is 9000 psi. 

LIMITING STRAIN CRITERIA 

26. The limiting strain criteria are shown in Figures K7 and K0. 

ANALYSIS OF DESIGN SECTION 

27. The cumulative damage process is used to determine if the 22-in. 

estimated section for ABC pavement is an acceptable design with respect to 
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Tatle KU

Bit^™'inQus Concrete Moduli for Each Month 
For ABC Pavement Design Based on Bituminous Concrete Strain

rx
AM
I

Month

Average 
Daily Mean 

Air

Temperat\ire
Op

Design

Pavement

Ten5>erature
op

Dynamic

Modulus

lE»|
.3

10 osi

Jan U7.5 5U 1600

Feb 50.7 57 lUoo

Mar 58.0 6U 1060

Apr 66.1 72 700

May 73.3 80 U60

Jun 80.5 88 280

Jul 83.1 91 230

Aug 82.7 91 230

Sep 77.3 85 3U0

Oct 67.2 73 670

Nov 56.2 6l 1200

Dec U9.3 56 1500

Table K5
Bituminous Concrete Moduli for Each Month 

For ABC Pavement Design Based on Suhgrade Strain

Month

Average 
Daily Mean 

Air

Temperature

®F

Average

Daily

Maximum Air 
Temperature

Op

Design Air 
Temperature 

op

Design

Pavement

Temperature
op

Dynamic

ModtLLus

lE»l

10^ psi

Jan 1*7.5 56. U 52 57 lUOO

Feb 50.7 60.1 55 62 1150

Mar 58.0 68.0 63 70 790

Apr 66.1 76.0 71 77 5U0

May 73.3 83.2 78 86 320

Jun 80.5 90.1* 85 95 180

Jul 83.1 92.9 88 97 160

Aug 82.7 92.8 88 97 160

Sep 77.3 87. U 82 91 230

Oct 67.2 78.1 73 82 Uoo

Nov 56.2 66.U 61 69 830

Dec U9.3 58.3 5U 6l 1200



‘V, 

limiting strain at the bottom of the bituminous concrete and at the top 

of the subgrade. As the first step in the process, the design traffic is 

divided into monthly periods for consideration of subgrade strain and into 

traffic periods for consideration of bituminous concrete strain. For an 

ABC pavement, 1 departure constitutes 1 strain repetition, whether the 

design is based on subgrade strain or bituminous concrete strain. Thus, 

the number of applied strain repetitions in each period for consideration 

of subgrade strain is the number of annual departures (10,000) divided by 

12, or 833; and the number of applied strain repetitions in each period 

for consideration of bituminous concrete strain is the total number of 

departures (200,000) divided by the number of traffic periods (12), or 

16,666. 

28. The other input parameter required in the cumulative damage 

relations is the number of allowable strain repetitions for each of the 

periods described above. To determine these values, the bituminous con¬ 

crete and subgrade strains must first be computed. As was illustrated in 

the computations for Problem 1, the cumulative damage process can be 

simplified by accumulating damage for several pavement thicknesses. This 

approach is also followed for the ABC pavement; therefore, the bituminous 

concrete and subgrade strains are computed for selected ABC pavement 

thicknesses and a range of bituminous concrete moduli. Curves reprejent- 

ing the strain-modulus relationships for the selected thicknesses are 

plotted in Figures Kl8 and K19. From these curves, the bituminous con¬ 

crete and subgrade strain values for each period are determined, and these 

values are used to enter Figures K7 and K8, respectively, to determine 

the number of allowable strain repetitions for each period. 

29. Input and output data for the cumulative damage computations 

for fatigue deunage in the bituminous concrete are presented in Table K6 

for 18-, 22-, and 26-in. ABC pavement sections. The cumulative damage 

values for these sections are 0.56, 0.1^, and 0.05, respectively. These 

values are plotted versus ABC thickness in Figure K20. From this rela¬ 

tionship, it can be estimated that the cumulative damage value equals one 

for an ABC thickness of 17.2 in. For design purposes, this value would 

be rounded to l8 in., which is the required thickness to limit horizontal 

24 2 
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HORIZONTAL TENSILE STRAIN AT BOTTOM 
OF BITUMINOUS CONCRETE, I0"4 IN./IN. 

Figure ELS. Relationship hetween computed horizontal ten¬ 

sile strain and bituminous concrete modulus for three ABC 

pavement sections 
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VERTICAL COMPRESSIVE STRAIN 
AT TOP OF SUBGRADE, 10-3 IN./IN. 

Figure KL?. Relationship between computed vertical compres¬ 

sive strain and bituminous concrete modulus for four ABC 

pavement sections 
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Table K6 

Computations of Cumulative Damage of the Bltmalnoua Concrete 
for Three ABC Pavenent Sections 

Traffic 
Period 

Bituminous 
Concrete 
Modulus 

IP3 E?L_ 

1 1600 
2 11*00 
3 IO6O 
It 700 

5 1*60 
6 280 

Computed 
Horizontal 
Tensile 
Strain 

10~l ln./ln, 

No. of 
Applied 
Strain 

Repetitions 

Ho. of 
Allowable 
Strain 

Repetitions 

18-in. ABC Pavement 

1.19 
1.30 
1.57 
2.10 
2.52 
3.60 

16,666 616,171 
557,508 
1*30,789 
303,983 
1*01», 696 
271,805 

Damage 
Increment 

0.02705 
O.O2989 
O.O3869 
0.051*83 
0.01*118 
O.C6132 

7 230 1*.10 
8 230 1*.10 
9 31*0 3.12 

10 670 2.15 
11 1200 1.1*5 
12 1500 1.25 

21*2,1*30 O.O6875 
21*2,1*30 O.O6875 
325,013 0.05128 
306,293 0.051*1*1 
1*69,095 0.03553 
569,568 O.02926 

1 1600 
2 11*00 
3 106C 
1* 700 
5 1*60 
6 28O 

0.8I 
1.00 
1.20 
I.6I 
I.9I» 
2.70 

22-in. ABC Pavement 

16,666 1*,217,056 
2,069,987 
1,651,1*18 
1,11*7,669 
1,1*96,656 
1,11*5,385 

0.00395 
O.OO805 
0.01009 
0.011*52 
0.01111* 
0.011*55 

7 230 3.08 
8 230 3.O8 
9 31*0 2.37 

10 670 1.65 
11 1200 1.10 
12 1500 0.95 

1,013,333 0.0161*5 
1,013,333 0.0161*5 
1,285,085 0.01297 
1,150,563 0.011*1*9 
1,866,973 O.OO893 
2,21*6,338 0.0071*2 

1 1600 
2 11*00 
3 IO60 
1* 700 
5 1*60 
6 280 

26-ln. ABC Pavement 

0.76 
0.83 
1.00 
1.30 
1.57 
2.26 

16,666 5,799,176 
5,255,036 
1*.109,259 
3,31*3,701 
1*.311,5l*l* 
2,787.587 

0.00287 
0.00317 
0.001*06 
0.001*98 
0.00387 
O.OO598 

7 230 2.1*6 
8 230 2.1*6 
9 3l*0 I.80 

10 670 1.35 
11 1200 O.92 
12 1500 0.80 

3,117,671 0.00535 
3,117,671 0.00535 
5,085,233 O.OO328 
3,138,067 0.00531 
1*.562,078 0.00365 
5.301*. 1*86 0.00311* 

Cumulative 
Damage 

0.02705 
O.O569I* 
0.09563 
0.1501*5 
O.I916I* 
0.25295 

0.32170 
0.3901*1* 
0.1*1*172 
0.1*9613 
0.53166 
0.56092 

0.00395 
0.01200 
0.02210 
0.03662 
0.01*775 
O.O623O 

0.07875 
0.09520 
O.IO817 
0.12265 
0.13158 
0.13900 

O.OO287 
O.OO605 
0.01010 
O.OI509 
O.OI895 
0.021*93 

O.O3028 
O.03562 
0.03890 
0.01*1*21 
0.01*786 
O.O5IOO 
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ABC THICKNESS, IN. 

Figure K20. Relationship between cumulative damage 

and ABC thickness (for design based on bituminous 
concrete strain 



r 

tensile strain at the bottom of the bitvnninous concrete. 

30. A histogram of the fatigue damage incurred by the 18-in. ABC 

pavement is shown in Figure K21 • It should be noted that significant 

0.12 

o.io 

0.08 

0.04 

0.02 

0 

MONTH 

Figure K21. Histogram of fatigue damage incurred by l8-in. ABC pavement 

increments of damage occur during each month and that the maximum fatigue 

damage occurs during the warmer months. This behavior is in contrast with 

that for the conventional flexible pavement, in which the maximum fatigue 

damage occurs during the colder months. 



31. Input and output data for computations of cumulative damage to 

the subgrade are presented in Table K7 for 18-, 21-, 22-, and 2U-in. ABC 

pavements. The data indicate that the damage caused by a subgrade strain 

less than 0.78 * 10 ^ in./in. is negligible; therefore, damage is not 

computed for months during which the subgrade strain is less than this 

value. The cumulative damage values for the four sections are 10.18, 1.25, 

0.50, and 0.12, respectively. These values are plotted versus ABC thick¬ 

ness in Figure K22. From this relationship, it can be estimated that the 

Figure K22. Relationship between cumulative damage 

and ABC thickness (for design based on subgrade 

strain) 

cumulative damage value equals one for an ABC thickness of slightly more 

than 21 in., which is the required thickness to limit vertical compressive 



Table K? 

Computations of Cumulative Damage of the Subgrade 
for Four ABC Pavement Sections 

Bituminous 
Concrete 

Monthly Mo*aufl 
Period kt nal 

Computed 
Vertical 

Compressive 
Strain 

1Q~3 Ifl./ia, 

No. of 
Applied 
Strain 

RcbcUU&bs 

No. of 
Allowable 
Strain 

Repetitions 
Damage Cumulative 

Increment Damage . 

May 320 
Jun l80 
Jul I6O 
Aug I60 
Sep 230 
Oct UOC 

0.90 
1.20 
1.35 
1.35 
1.10 
0.79 

l8-in. ABC Pavement 

833 20,000 
630 
200 
200 

1,700 
90,000 

o.ou O.Ol* 
1.32 1.36 
14.16 5.52 
14.16 9.68 
O.I49 10.17 
0.01 10.18 

Jun 180 
Jul 160 
Aug 16O 
Sep 230 

Jun 180 
Jul I60 
Aug 160 
Sep 230 

Jun ISO 
Jul I60 
Aug 160 

21-in. ABC Pavement 

1.02 833 14,000 
1.10 833 1,650 
1.10 833 1,650 
O.89 833 22,000 

22-ln. ABC Pavement 

O.9I4 833 11,500 
1.02 833 14,000 
1.02 833 14,000 
0.82 833 60,000 

2l4-in. ABC Pavement 

0.86 833 314,000 
0.92 833 15,000 
O.92 833 15,000 

o.a 0.21 
0.50 0.71 
0.50 1.21 
0.014 1.25 

0.07 0.07 
0.21 O.28 
0.21 O.I49 
0.01 0.50 

0.02 0.02 
0.05 0.07 
0.05 0.12 

Note: Damage was accumulated Only for those months_^uring which the computed subgrade 
strain was greater than or equal to 0.78 » 10 in./in. 



strain at the top of the subgrade. 

32. Thus, for the ABC pavement alternative, the subgrade strain 

criteria control the design, and the required thickness is 22 in. 

PROBLEM 3: CONVENTIONAL FLEXIBLE PAVEMENT 

WITH CHEMICALLY STABILIZED SUBGRADE 

33. The conventional flexible pavement to be designed will consist 

of a bituminous concrete surface course, unbound base and subbase courses, 

and a chemically stabilized subgrade layer over the natural soil. A re¬ 

silient modulus test conducted on laboratory prepared specimens of the 

stabilized soil using the procedures for subgrade soils outlined in 

Appendix C indicates that the modulus value for this material is 50,000 

psi. In the selection of the design subgrade modulus, however, considera¬ 

tion must be given to the difference between the value determined from 

laboratory tests and the actual field modulus value. This approach is 

taken since, in general, a laboratory prepared specimen is far more uni¬ 

form in mix distribution, density, etc., than is the material in a large 

field construction project. To account for this difference, the design 

modulus of the stabilized subgrade is taken to be 50 percent of the value 

obtained in the laboratory, or 25,000 psi. 

3U. It is also assumed that the modulufe of the lover most 6 in. of 

stabilized soil is the same as that of the subgrade, i.e., 9000 psi. This 

assumption is made since, during field construction of the initial layer 

of stabilized soil, it is not possible to obtain as high a degree of den¬ 

sity as is achieved during compaction of the next overlying layer. In 

essence, this implies that the first layer of stabilized soil provides a 

working platform for subsequent construction. 

35. In this design, the thicknesses of the bituminous concrete sur¬ 

face course and the base course are the same as those selected for the 

design of the conventional flexible pavement in Problem 1, i.e., 9 and 

12 in., respectively. Also the design thickness of the subbase course is 

determined so that the modulus value of the upper part of this layer is 

approximately the same as that of the subbase course in Problem 1, i.e., 

31,000 psi. This approach is taken so that the base course and surface 

course will have the same thickness values and the bituminous concrete 
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will meet fatigue criteria as determined in the conventional flexible 

pavement design. 

36. Next, it is necessary to determine whether the thicknesses of 

the materials above the stabilized and natural subgrade are sufficient to 

limit strains in these layers to acceptable values. A thickness of 12 in. 

of stabilized material is first assumed. This thickness does not include 

the 6 in. allowed for the working platform. The resulting estimated sec¬ 

tion is shown in Figure K23. The subgrade strain criteria indicate an 

DEPTH, IN. MODULUS, PSI POISSON’S RATIO 

0 

9 

15 

21 

27 

39 

r77 

1 BITUMINOUS CONCRETE 
SURFACE COURSE 

> 
-BASE COURSE- 

SUBBASE COURSE 

STABILIZED 
SUBGRADE 

SUBGRADE 

E, VARIES 1^, = 0.3 OR 0.5 

E2 = 00,000 V2 = 0.3 

Ej = 56,000 Vi = 0.3 

E4 = 31,500 Vt = 0.3 

Ej = 25,000 Vs = 0.4 

Es = 9,000 Vi = 0.45 

Figure K23. Estimated section for conventional flexible pavement with 

stabilized subgrade 

»3 
allowable value of 1.10 * 10 in./in. for the stabilized subgrade and an 

.O 
allowable value of 0.91* *10 in./in. for the natural subgrade. The com¬ 

puted strain values at the surface of the stabilized and natural subgrade 
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layers are 0.75 * 10-3 and 0.90 x 10”3 in./in., respectively. Since both 

of the computed strain values are less than the allowable values, the ini¬ 

tial design is satisfactory. It would appear that since the computed 

strain value at the top of the stabilized subgrade is much lower than the 

allowable value, the design thickness of the base or subbase course could 

be reduced. However, no reduction in the design thickness of these layers 

can be made due to the thickness required by the fatigue criteria for the 

bituminous concrete surface course. Therefore, the final design is as 

shown in Figure K2km 

DEPTH, IN. 

0 

21 

27 

BITUMINOUS CONCRETE 
SURFACE COURSE 

BASE COURSE 

SUBBASE COURSE 

STABIL! ZED 
SUBGRADE 

NATURAL SUBGRADE 

Figure K2U. Design section for con¬ 
ventional flexible pavement with 
stabilized subgrade 
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PROBLEM U: CHEMICALLY STABILIZED PAVEMENT 

WITH STABILIZED BASE AND SUBBASE COURSES 

37. To design a chemically stabilized pavement in which the base 

and subbnse courses are stabilized, the performance model illustrated in 

Figure K25 is used. In this design, it is assumed that, to meet specified 

strength criteria, the base and subbase courses are stabilized with 6 and 

k percent portland cement, respectively. The initial estimated design 

• section is shown in Figure K26. 

38. First, it is necessary to determine whether the base course 

will crack under loading. For this determination, the lowest estimated 

modulus value of the bituminous concrete, the flexural modulus value of 

the base course, and the cracked section modulus value of the subbase 

course are used. The design section applicable for this determination is 

shown in Figure K27. Calculation of the horizontal tensile strain at the 

bottom of the base course indicates a value of 1.7 x H)“11 in./in., which, 

when multiplied by 1.5 to account for shrinkage cracking, yields a com¬ 

puted strain value of 2.55 * lO”1* in./in. From Figure 29 in the main 

text, the allowable horizontal strain is 0.7 x io”1* in./in. Since the 

allowable strain value is less than the computed value, a cracked section 

base course modulus must be used for subsequent computations. 

39. Using the cracked section modulus for the base course, the 

next step is to determine whether the subbase course will crack. For 

these computations, the flexural modulus of the subbase course is used. 

The estimated section for this determination is the same as that shown 

in Figure K27, except that the modulus values of the base and subbase 

courses are 150,000 and 500,000 psi, respectively. Computation of the 

horizontal tensile strain at the bottom of the subbase course indicates 
. -U 

- a value of 1.6 x 10 in./in., which, when multiplied by 1.5, yields a 

computed strain value of 2.1* x io"*1 in./in. The allowable strain is 
-l* 

, again 0.7 x 10 in./in.; therefore, for consideration of subgrade strain, 

the design section must be evaluated assuming that both the base and sub¬ 

base courses are cracked. The estimated section for this determination 

is shown in Figure K28. 

1*0. Using the cracked section modulus values, the vertical 
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DEPTH, IN 

0 

MODULUS, PSI POISSON'S RATIO 

17 

29 

BITUMINOUS CONCRETE 
SURFACE COURSE E. VARIES V, = 0.3 OR 0.5 

STABILIZED 
BASE COURSE 

Ez = 750,000 (UNCRACKED) 
150,000 (CRACKED) V2 = 0.2 

STABILIZED 
SUBBASE COURSE 

E, = 500,000 (UNCRACKED) 
68,000 (CRACKED) 

1/} = 0.2 

SUBGRADE E4 = 9,000 Vt * 0.45 

Figure K26. Estimated section for chemically stabilized pavement vith 
stabilized base and subbase courses 

DEPTH, IN. 

t> 

*3 

MODULUS. RSI POISSON S RATIO 

BITUMINOUS CONCRETE 
SURFACE COURSE E, = 130,000 l/j =0.5 

STABILIZED 
BASE COURSE E2 = 750,000 t/| = 0.2 

STABILIZED 
SUBBASE COURSE E) - 68,000 P, = 0.2 

SUBGRADE E} = 9,000 l/4 = 0.45 

Figure K27. Estimated section for checking cracking of stabilized base 
course 
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DEPTH. IN. MODULUS. PSI POISSON'S RATIO 

E, = 130,000 = 0.5 

E2 = 150,000 = 0.2 

E3 = 68,000 1/3=0.2 

E4 = 9,000 1/4 = 0.45 

Figure K28. Estimated section for considering subgrade strain 

compressive strain at the top of the subgrade is computed as x 10” 

in./in.t which is equal to the allowable strain value. Therefore, the 

design section shown in Figure K28 is satisfactory with respect to sub¬ 

grade strain. 

ill. The initial design section shown in Figure K26 would therefore 

be used in design since the thicknesses of this section are sufficient 

to satisfy all of the criteria. 

256 



REFERENCES 

1. Izatt, J. 0., Lettier, J. A., and Taylor, C. A., "The Shell Group 
Methods for Thickness Design of Asphalt Pavements," Paper presented 
at the Annual Meeting of the National Asphalt Paving Association, 
Jan 196T, San Juan, Puerto Rico. 

2. Michelow, J., "Analysis of Stresses and Displacements in an n-Layered 
Elastic System Under a Load Uniformly Distributed on a Circular 
Area," Sep 1963, California Research Corporation, Richmond, Calif. 

3. Harrison, W. J., Wardle, L. J., and Gerrard, C. M., "Computer 
Programmes for Circle and Strip Loads on Layered Anisotropic 
Media," Geomechanics Computing Programme N.l, 1972, Division of 
Applied Geomechanics, Commonwealth Scientific and Industrial 
Research Organization, Melbourne, Australia. 

It. Witczak, M. W., "Design of Full-Depth Asphalt Airfield Pavements," 
Research Report 72-2, Apr 1972, The Asphalt Instituto, College 
Park, Md. 

5. Burns, C. D., Ledbetter, R. H., and Grau, R. W., "Study of Behavior 
of Bituminous-Stabilized Pavement Layers," Miscellaneous Paper 
S-73-U, Mar 1973, U. S. Army Engineer Waterways Experiment Station, 
CE, Vicksburg, Miss. 

6. Pretorius, P. C., "Design Considerations for Pavements Containing 
Soil-Cement Bases," Ph.D. Dissertation, 1969, University of Cali¬ 
fornia, Berkeley, Calif. 

7. Brabston, W. N., Barker, W. R., and Harvey, G. G., "Development of 
a Structural Design Procedure for All-Bituminous Concrete Pavements 
fo-** Military Roads," Technical Report S-75-10, Jul 1975, U. S. 
Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss. 

8. National Oceanic and Atmospheric Administration, Environmental 
Data Service, "Local Climatological Data Annual Summary with Com¬ 
parative Data, Jackson, Mississippi," 1973, National Climatic 
Center, Asheville, N. C. 

9. Federal Aviation Administration, "Airport Pavement Design and 
Evaluation," Advisory Circular AC 150/5320-6B, May 197^, Washington, 
D. C. 

10. Headquarters, Department of the Army, "Soils and Geology: Pavement 
Design for Frost Conditions," Technical Manual TM 5-818-2, Jul I965, 
Washington, D. C. 

257 



L 
i. 
i 

. 
u

 "
■ 

"■1
11 

1 

P 

11. Monismith, C. L. and Finn, F. N., "Moderators' Summary Report of 

Papers Presented for Discussion at Session Ill-Design Theory," 

Third International Conference on the Structural Design of Asphalt 

Pavements, 1972, London. 

12. Fossherg, P. E. , "Load-Deformation Characteristics of Three-Layer 

Pavements Containing Cement-Stahilized Base," Ph.D. Dissertation, 

1970, University of California, Berkeley, Calif. 

13. Headquarters, Department of the Army, "General Provisions for Air¬ 

field Design," Technical Manual TM 5-824-1 (in preparation), 
Washington, D. C. 

18. 

21. 

lU. Brown, D. N. and Thompson, 0. 0., "Lateral Distribution of Aircraft 

Traffic," Miscellaneous Paper S-73-56, Jul 1973, U. S. Army Engineer 
Waterways Experiment Station, CE, Vicksburg, Miss. 

15. Hammitt, G. M., Barker, W. R., and Rone, C. L., "Comparative Per¬ 

formance of Structural Layers in Pavement Systems; Analysis of 

Test Section Data and Presentation of Design and Construction 

Procedures," Report No. FAA-RD-73-198, Vol II (in preparation), 
Federal Aviation Administration, Washington, D. C. 

16. Federal Aviation Administration, "Standards for Specifying Con¬ 

struction of Airports," Advisory Circular AC 150/5370-10, Oct 197U, 
Wachington, D. C. 

17. Headquarters, Department of the Army, "Bituminous Intermediate and 

Surface Courses for Airfields, Heliports, and Tank Roads (Central- 

Plant Hot-Mix)," Guide Specification for Military Construction 
CE-807.22, Dec 1972, Washington, D. C. 

Kallas, B. F. and Riley, J. C., "Mechanical Properties of Asphalt 

Pavement Materials," Proceedings, Second International Conference 

on the Structural Design of Asphalt Pavements. 19¿7. Ann Arbor. 
Mich. 

19. Shook, J. F. and Kallas, B. F., "Factors Influencing Dynamic 

Modulus of Asphalt Concrete," Proceedings. Association of Asphalt 
Paving Technologists. Vol 38, Í969. 

20. Papazian, H. S., "The Response of Linear Viscoelastic Materials in 

the Frequency Domain with Emphasis on Asphaltic Concrete," Pro¬ 

ceedings. International Conference on the Structural Design of 
Asphalt Pavements. 1962. Ann Arbor. Mich. 

Finn, F. N., Factors Involved in the Design of Asphaltic Pavement 

Surface," National Highway Corporation Research Program Report 

No. 39, 1967, Highway Research Board, Washington, D. C. 

258 

I 
....... 

. 
-
 
-
.
 
.

 



i ui^impiiipüp 

Van der Poel, C., "A General System Describing the Viscoelastic 

Properties of Bitumens and Its Relation to Routine Test Data," 

Journal of Applied Chemistry. Vol 4, Part 5, May 1954. 

Heukelom, W. and Klomp, A. J. G., "Road Design and Dynamic Loading, 

Proceedings. Association of Asphalt Paving Technologists, Vol 33, 

i9&r. 
Van Draat, W. E. F. and Sommer, P., "Ein Gerat zur Bestimmunger 

der dynamischen Elastizitats modulen von Asphalt, Strasse and 

Autobahn, Vol 35, 1966, Bonn. 

Wang, M., "Stresses and Deflections in Cement Stabilized Soil 

Pavements," Ph.D. Dissertation, 1968, University of California, 

Berkeley, Calif. 

American Society for Testing and Materials, 1974 Annual Book of 

ASTM Standards, Part 15, 1974, Philadelphia, Pa. 

Seed, H. B. and Fead, J. W. N., "Apparatus for Repeated Load 

Tests on Soils," Special Technical Publication No. 254, 1959» 
American Society of Testing and Materials, Philadelphia, Pa. 

Seed, H. B., Chan, C. K., and Lee, C. E., "Resilience Charac¬ 
teristics of Subgrade Soils and Their Relation to Fatigue Failures 

in Asphalt Pavements," Proceedings. International Conference on 

the Structural Design o~Asphalt Pavements, 1962, Ann Arbor, Mich. 

Deacon, J. A. and Monismith, C. L., "Laboratory Flexural Fatigue 

Testing of Asphalt Concrete with Emphasis on Compound Loading 

Tests," Highway Research Record No. 158, 1967, Highway Research 

Board, Washington, D. C. 

Heukelom, W. and KLomp, A. J. G., "Dynamic Testing as a Means of 

Controlling Pavements During and After Construction," Proceedings, 

International Conference on the Structural Design of Asphalt 

Pavements, 1962, Ann Arbor, Mich. 

Fossberg, P. E., Mitchell, J. K., and Monismith, C. L., Cracking 

and Edge Loading Effects on Stresses and Deflections in a Soil- 

Cement Pavement," Paper presented at the 51st Annual Meeting of 

the Highway Research Board, 1972. 

Kingham, R. I. and Kallas, B. F., "Laboratory Fatigue and Its Rela¬ 

tionship to Pavement Performance," Research Report 72-3, Apr 1972, 

The Asphalt Institute, College Park, Md. 

Barker, W. R., "Nonlinear Finite Element Analysis of Heavily Loaded 

Airfield Pavement Systems," Proceedings, Symposium on Applications 

of the Finite Element Method in Geotechnical Engineering, May 1972, 

Vicksburg, Miss. 

259 



31*. Chou, Y. T., Hutchinson, R. L., and Ulery, H. H., Jr., "A Design 
Method for Flexible Airfield Pavements,” Transportation Research 

Record 521, Jan 197^, Transportation Research Board, Washington, 
D. C. 

35. Kirvan, R. W., Glynn, T. E., and Bonner, G. A., "The Significance 

of Material Properties in Flexible Pavement Analysis," Jun 1973, 
Trinity College, Dublin. 

36. Barker, W. R., Brabston, W. N., and Townsend, F. C., "An Investi¬ 

gation of the Structural Properties of Stabilized Layers in Flexible 

Pavement Systems," Miscellaneous Paper S-73-69, Oct 1973, U. S. Army 

Engineer Waterways Experiment Station, CE, Vicksburg, Miss. 

37. Green, J. L. and Hall, J. W., Jr., "Nondestructive Vibratory 

Testing of Airport Pavements; Experimental Test Results and De¬ 

velopment of Evaluation Methodology and Procedure," Report No. 

FAA-RD-73-205, Vol I, Sep 1975, Federal Aviation Administration, 
Washington, D. C. 

38. Ahlvin, R. G. et al., "Multiple-Wheel Heavy Gear Load Pavement 

Tests; Basic Report," Technical Report S-71-17, Vol I, Nov 1971, 

U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg, 
Miss. 

39. Burns, C. D. et al., "Comparative Performance of Structural Layers 

in Pavement Systems; Design, Construction, and Behavior Under Traf¬ 
fic of Pavement Test Sections," Report No. FAA-RD-73-198, Vol I, 

Jun 197^, Federal Aviation Administration, Washington, D. C. 

UO. Edwards, J. M. and Valkering, C. P., "Structural Design of Asphalt 

Pavement for Heavy Aircraft," Koninklijke/Shell Laboratorium, 
Amsterdam. 

Ul. Dorman, G. M. and Metcalf, C. T., "Design Curves for Flexible Pave¬ 

ments Based on Layered System Theory," Highway Research Record No. 

71, 1965, Highway Research Board, Washington, D. C. 

42. Finn, F. N., Nair, K., and Monismith, C. L., "Applications of Theory 

in the Design of Asphalt Pavements," Proceedings, Third International 

Conference on the Structural Design of Asphalt Pavements. 1972, 
London. 

1*3. Peattie, K. R., "A Fundamental Approach to the Design of Flexible 

Pavements," Proceedings. International Conference on the Structural 
Design of Asphalt Pavements, 1962, Ann Arbor, Mich. 

M». Kaplar, C, W., "Freezing Test for Evaluating Relative Frost Suscep¬ 

tibility of Various Soils," Technical Report 250, Jun 1974, U. S. 

Army Cold Regions Research ajad Engineering Laboratory, CE, Hanover, 
N. H. 

260 

......*"""*.. ■ ■ 1 .,:.11 .KF""'"'! ■ ..i.mm 

....... 



45. Office, Chief of Engineers, Department of the Army, "Laboratory 

Soils Testing," Engineering Manual EM 1110-2-1906, Nov 1970, 
Washington, D. C. 

46. Leary, R. M. et al., "Freezing Tests of Granular Material," Highway 

Research Record No. 215, 1968, Highway Research Board, Washington, 
D« C • 

47. Zoller, J. H., Frost Susceptibility of New Hampshire Base Courses," 

Report No. 1972, 1973, Department of Civil Engineering, University 
of New Hampshire, Durham, N. H. 

48. Office, Chief of Engineers, Department of the Army, "Soil Sampling," 

Engineering Manual EM 1110-2-1907, Mar 1972, Washington, D. C. 

49. American Society for Testing and Materials, 1974 Annual Book of 
ASTM Standards, Part 14, 1974, Philadelphia, Pa. 

,, 1974 Annual Book of ASTM Standards. Part 19, 1974, 

— ' ' ' ' .— r 

26I 

6PO 698-374 

_
 -

 
-

 




