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PREFACE

This investigation was conducted by the Soils and Pavements
Laboratory , U. S. Army Engineer Waterways Experiment Station (WEB),
Vicksburg , Miss.,  for the U. S. Department of Transportation , Federal
Aviation Administration, under Inter-Agency Agreement No. DOT FAT].WAI-
218. This report covers work done from May 1971—December 1975.

The program was conducted under the general supervision of
Mr. James P. Sale, Chief of the Soils and Pavement s Laboratory , and
Mr. Ronald L. Hutchinson, Pavement Program Manager. The following WES

consultants participated in the conduct of the program: Prof. R. E.

Fadum , North Carolina State University; Prof. M. E. Harr, Purdue Univer-
sity; Prof. V. R. Hudson, The University of Texas; Prof. V. H. Goetz,

Purdue University; Prof. C. L. Monismith, University of California;
and Mr. V. J. Turnbull, Vicksburg, Miss.

The individual chapters comprising this report were prepared by
Soils and Pavements Laboratory ( S&PL ) project engineers and were reviewed
and compiled_by Messrs . Hutchinson and Harry H. Ulery , Jr. , bhief of the
Pavement Design Division. 

-. -

During the conduct of the program, Directors of WES were BG E. D.
Peixotto , CE, and COL G. H. Hilt, CE. Technical Director was Mr. F. R.

Brown.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

The jet age in air transport was inaugurated In 1958 when the

Boeing 707 entered commercial service. Subsequent rapid developments in

the field in the 1960’s, particularly with regard to increased traffic
and greater aircraft gross weights, resulted in more stringent airport

operational requirements and indicated the need to update existing tech-
nical desi gn and construction criteria. During this period , few changes
were made in civil airport pavement design criteria although the jet
aircraft with their heavier wheel loads and higher traffic intensities
dictated the need for stronger and smoother airport pavements. Pavement
deterioration became more evident and began to present serious problems.

The Federal Aviation Administration (FAA) has primary responsi-
bility for insuring that safe, economical, and reliable design and con-
struct ion standards for civil airport pavements are established and
maintained. The studies described in this report were undertaken as

part of this continuous program.

1.2 PURPOSE

The purpose of this report is to summarize the results of various
studies conducted as part of the FAA’s multiphase program for updating
design and const ruction procedures and criteria for civil airport
pavements.

1.3 SCOPE

This part of the multiphase program was acc omplished by conducting
114 individual studies under three gener ‘ areas: design criteria, mate-

rials and construction , and test and evaluation. Technical reports

generated by these studies are listed in Table 1—1 .

i. 14 HISTORY AND CHRONOLOGY

On 26 May 1971, Inter—Agency Agreement No. DOT FA71WAI—2].8,
“Development of Airport Pavement Criteria ,” between the U. S. Department

1—1



Table 1-1

echnjc al Repo rt , Generated Under Inter—Mercy Mreement N o. DOT F A71W AI -2 18

Numbe r Report Rab er Title

FAA -ND— ’ 2—106 Strengthening of Keyed Longitudinal Construct ion Joints in Rigid Pavement s

FAA—RD— 72— 1l9 Constr uction of Fibrou s Reinforce d Concrete Overlay Test Slabs , Tampa International
Airport , Florida

- FAA—RD—73— 33—I Cont inuously Reinfo rced Concrete Airfield Pavement; Tests on Existing P*vements
and Synthesis of Design Methods

F M —RD — 7 3— 33—II  Continuou s ly Reinforc ed Concrete Airfield P avement; Design Manual for Continuously
Rein forced Concrete Overlay Pavement,

5 FAA—R D— 73—33-IIX Continuously Reinforced Concrete Airfield Pavement ; Design Manual for Continuously
Rei nforced Concret e Pavements

6 ?A.A—HL - ’3— 33—IV Continuously Reinforced Conc ret e Airfield Pavement ; Guide Specification

7 FA.A—iS )—73—37 Design aM Construct ion of Contin uously Reinforc ed Concret e Airport Pavement s

8 FAA—RI)—73—1 69 Neetew of Soil Cl assification Systems Applicable to Airport Pav ement Des ign

o VAA—RD—13-.19 7 Porou s Friction Surface C ourse

10 FAA—RD—73—198—I Comparative Perfo rmance of Structural Layers in Pavement Systems ; Design , Con-
st ruction , and Behavior Under Tra ffic of Pave ment Test Section s

11 FAA—RD—?3— l98 .II Comperat tve Performance of Structural Layers ist Pavemec~t Systems; ~.na1y ats of
Test Section Data and Presentation of Design end Construction Procedures

12 FA.A—RD—73—198. .III Comparat ive Performance of Structural Layers in Pavement System. ; Design and
Construction of I~~SL

13 PAA—RD-7 3—198 -IV Comperat Lye Perfo rm ance of Structural Layers in Pavement Systems; Analyst s of
Insulating Layers in pavement Test Sections

ii FAA—RD-73—199 Statistical Quality Control Procedures for Airp ort Pave ment Material s

15 FAA—RD— 73— 205—I Nondestructive Vibratory Testi ng 0f Airport Pavements; Experimental Test Results
AM D.velopaent of tysluetion Methodology and Pro~edure

16 FAA.Rs-73— 205—u Nondastruc ti-re Vibra tory Testi ng of Airport Pavements; Theoret ical Study of the
Dynamic St i ffness and Its Appl ication to the Vibrat ory Nondestruct ive Method of
Testing Pa vements

17 FAA-RD-I 3-206 Aircreft—P~yement Compatibi lity Study

18 ?AA—RD—7L30 Design of Civil Airfield Pavement s for Seasonal Frost and Permafrost Condition,
19 ?AA..ND_7L_3~ Steel Fibro us “~ ncret ~ for Airport Pavement Appl ication s

~~) ~~_p _7~~~3),~~ Pres ~ r.,s,,t Conrr .’e Pseement s; Dulles Test Road Instru menta tion end Load Tests
21 FAA—RD— 7t—3L11 Pr.et res.~ed oncrete Pavements; Design and Con str uction Procedures for Civi lAl port s

22 FAA_~W_ 7Ls_ 35 Criteria fo~ Air port Pavements ; Fina l Sumaas-y Rep ort

23 TAA—ND—7L 36 Field Sur vey end Analysi, of Aircr a ft Distrib ution on Airport Pavement.

~ PAA—RD—7I.— 3~ ‘ie1~ P.rt srmaz.ce of Porous Frictiøn ~~rface Course

~~ F AA.- RD-7I.—39_ l Pa’eement Response to A ir c r aft  Dynamic Load.; Ins t rume nt at Ion Syst ems and ?e.ttngPr ogram

26 rAA—~~—7 t — 39 —xI Pavement Respon .. to Airc raft Dynam ic Loads ; Presentation and Analysi, of Data
27 FAA—RD—74—39—III Pavemen t Respons. to Aircraft Dynamic Loads; C~~pendi um

1-2



of Transportation, FAA, and the U. S. Arn~r Engineer Waterways Experiment
t Station (wEs) ,  was signed for the purpose of initiating a program for

development of airport pavement criteria in accordance with Engineering
Requirement No. FAA—ER—D— 160—006 , dated 31 March 1971,

Subsequent to the signing of the inter— agency agreement, the

proposed pavement research progr am was reviewed at a WES consultants’

conference which was held at WES on 8—10 June 1971. Afterwards , a
draft report was formulated at a special consultants’ meeting held at
WES on 6—7 July 1971. The con sultant s ’ report was completed and
distributed on 25 August 1971.

The basic inter—agency agreement was amended on 22 May 1972 with
the incorporation of Amendment No . 1 to FAA—ER—D— 160--006 , dated 10 March
1972. Since this time , the studies comprising the engineering requirement
have been as listed in Table 1—2.

During the conduct of this part of the program, numerous meetings

have been held for the purpose of reviewing progress on the various

studies. The most significant of these meetings were held at WES on the

following dates : 8—10 June 1971 (with sponsors, industry representa-

tives, and WES consultants) ; 26—30 June 1972 (with sponsors, industry
representatives , and WES consultants); 8—9 February 1973 (with sponsors
and industry- representatives); 13—19 July 1973 (with sponsor s , industry
representatives, and WES consultants) ; 16—20 July l971~ (with sponsors);

1—2 August 19714 (with sponsors , sponsors ’ consultants, and industry

representatives); and 25—26 June 1975 (with sponsors, sponsors ’ consult-

ants , and industry representatives) .

1—3
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Table 1—2 

—

Studies ~~~~risIn~ En~ineerj~~ Rstuir, nt No. FU-NR-D-160-006

Area Pat.
of Work

Study Title of Study Contr ibuting P.r .o~ne1 Started Conduct ed Nv

De.t~ n Pr estre.ae.1 Concrete Pavements lb. S. C. Odna Aug 71 WEB in conjunction with
Criteria Pb . 0. 14. Ledd the F.d.rsl Highway

Pb. N. H.  L.dbetter Admini.trat ionPr. F. Parker , Jr.
lb. P. 5. Carlton, 005

Steel Fibrous Concrete Pavement. Dr. F. Purk.r , Jr. Sep 11 WEB

Continuously Reinforced Concr.t. Pavements Pr. F. Parker • Jr. Sap 71 WEB .~d the Air Force Wea—
Mr. 0. 0. Harvey pons laboratory under

contract

Frost and Permafrost Dr. H . L. Berg, CRRZL May 73 Cold Regions R..eerch and
Dr. 0. N. Hsmitt II Engineering Laboratory

under contract to WEB

Aircraft Distribution on Pavements Pr. V. J. Horn Play 72 Howard , N..dlea , Ds en ,Mr. D. N . Brov~ and Berge~dotf under con—
Pb. V . )to8ang , lISTS tract to WEB

New Cr i t er i a  for Pavement Design and Mr. 0. N. LaM Jan 72 WEB eM partly under
Construction Pb. D. L. Cooksey contract to

Mr. 0. 0, Harvey Prof . 5. .2. Yoder
Prof. E. 2 Toder~ Purdue

Materials P~ tou. Friction Surface Courses Mr . 1’. 0. White Dec 71 WEB
and

Construction
Stabilirad Layer., InsuLating Igy’srs, Kr. C. D. Burn. Aug 72 VIS’

and Ns*rane-Encapeulmt.d SOil Plc. V. N . Brabeton
Layers Dr. 0. N. Na itt IX

Or. V. H .  Barker
Plc. C. I.. Hone
Dr. 7. Parker, Jr.
Mr. 0. 14. 1*44
Pb. S. L.. Webster

Statistical Quality Control or Paving Kr. B. B. Brown Oct 72 WEB
Materials and Construction Mr . T. P .  White

Teet Pavement Response to Aircraft Dynsmi c Mr . B. H. Ledbetter Nay 71 WEB in conj unction wi th  the
and Loads Dr. V . J .  Horn FAA ’. National Aviation

Evaluat ion Facilities Enper iaental
Center

Load—Transfer Mechsnians for Joint. in Kr. N . U . Grau Jul 71 WEB’
Ri gid Pavement Hr. C. P. Burns

Aircraft—Pavement Compatibility 1(5.2 F. H. Oriffi., Jr. Nov 71 WEB and the Lockheed—
Pb. T. 0. White Californ ia Ceapany under
Mr . K . A. Damon , Lockheed contract
Mr .  P. Durup , Lockheed

Nond estructice Testing Pb. J .  V. Hall , Jr.  J un 72 WEB
Mr. N.  A. Weiss
Mr . .2. 1.. Green
Dr . F. Parker , Jr.
Pb. 5. II. L*dd
Dr . 0. 14. H~~~ itt II
Mr . H. N. Austin
Dr . V. S. Barker

* Jointly sponsored by the Offic. , Chief of Engineers, U. 8. Aveg- (ocr), and th FAA.e Jointly spOneored by the Air Force Weapon. Laboratory a~ d the FAA.
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CHAPTER 2: PRESTRESSED CONCRETE PAVE~€NTS

t 2.1 APPLICABLE PUBLICATIONS

This chapter summarizes Report No. FA.A.-RD—714—314, “Prestressed
Concrete Pavements. ” The report is contained in two volumes . Volume I

is entitled “Dulles Test Road Instrumentation and Load Tests ,“
October 19714, and Volume II Is entitled “Design and Construction

Procedures for Civil Airports,” November 19714.

2.2 BACKGROUND

Prestressing to strengthen concrete has been used widely and sue-

cessf’ully for bridges , buildings, storage tanks , and pressure pipes in

the past 25 years; however, only- a modest interest and limited invest-

ment of research funds have been directed at prestressed concrete as a
pavement , pa.rticular].y for airports. As a result, the current state of

the art in the design and construction of such pavements is not highly
developed. Since the first prestressed concrete pavement on record was

constructed on a bridge approach at Luzancy, France , in 19146, only about
100 prestressed pavement test sections and test slabs are known to

have been constructed. These sections have been about evenly divided

between airports and highways. The most recently constructed sections

of prestressed pavement were on an access road to Dulles Internat ional
Airport and in Pennsylvania. These were designed and constructed by

the Federal Highway Administration and the Pennsylvania Department of

Transportation , respectively.

Gross weights of current and proposed comeercial aircraft have
reached such proportions and flight operations have reached such inten—

sities that as much as 16 in. or more of plain concrete may be required

to provide an adequate pavement. In view of recent increased concern

over a more effect ive use of the Nat ion ’s resources, there is a basis
for renewed interest in the search for resource saving methods of con-

structing pavements. The desire to evaluate thoroughly the possible

expanded role of prestressed pavements stems primarily from three basic
advantages such pavements offer over convent ional rigid pavements.

2—1



First , It has been demonstrated, both analytically and in testing , that

prestressed pavements permit a substantial reduction in pavement thick-

ness (50 percent or more), with corresponding si’vings in construction

materials and possibly costs. Second, prestressed pavements can be

designed with fewer joint s , a characteristic which results in quieter
and smoother rides and eliminates the need for costly sealing and re-

sealing programs. Third , the lesser number of joints and lower proba-

bility of crack formation (both load and nonload associated) can be

projected into the likelihood of extended pavement life and reduced

maintenance requirements.

There are , however, potential disadvantages associated with pre—

stressed pavements which must also be considered . First, there is an

Increase in the complexity of construction which leads to higher costs

offsetting the savings of materials. There are strong indications that

improved construction techniques which will result from increased usage

of prestressed pavements will help minimize these costs. Second, the

joints that are required in a prestressed pavement are expensive to con-

struct and, due to the large horizontal movements, are difficult to

maintain. However, through the use of improved materials and con-

struction techniques , more durable joint systems will probably be

developed .

Dat a from only a relatively few full—scale test pavements, labo-

ratory tests on small—scale models, and observat ions of the performance
of a limited number of operational airport pavements are available

as a basis for extending and ref ining the design and construct ion
procedures. A review of the approaches to design employed in the con-

struction of the various prestressed pavement test sections revealed

that few attempts have been made to develop these designs by analytical

techniques . Generally , pavement thicknesses and amounts of prestress

have been selected on an arbitrary basis. Most highway pavement test

sections have been 6 in. thick with only longitudinal preatressing,

while airport pavement thicknesses have reached 9 in. with both longi-
tudinal and transverse prestressing. Frequently, such empirical designs

2—2



have been subjected to static load tests following completion of the
construction in order to evaluate the load—carrying capability of the
pavement. Also , frequent attempts have been noted at making quantita-
tive assessments for such design parameters as: (a) the effects of
bygrothermal stresses , (b ) subgrade restraint , and ( c )  prestress losses
associated with the stressing tendons and anchorage systems. Other than
in studies conducted by the Corps of Engineers, little evidence was
found to indicate that the effect of frequency of load applications has
been considered in design .

2.3 PURPOSE

The purpose of th is study was to develop suitable procedures
based on available data for the design and construction of prestressed
pavements at airports serving the civil aviation community.

2.14 SCOPE

The study included: (a)  review of technical literature de-
scribing the construction, testing , and performance of prestressed
concrete pavements, (b) selection of the design criteria that have

been best validated by experimentation, (c) formulation of a design
procedure based on the selected criteria, and (d) description of

recommended construction procedures. In addition , load—deflection

measurements were made on the Dulles International Airport prestressed

highway test road in an effort to further develop or verify the design
criteria.

2.5 SUMMARY OF WORK ACCOMPLISHED

In the review of previous research, studies pertaining to pre—
stressed highway as well as airport pavements were included. However,
because of the differences in design requirements for highway and air-

port pavements, primary consideration was given to research pertaining
to airport pavements. In the mid 1950 ’s , the Corps of Engineers
at its Ohio River Division Laboratories ( 0RDL) conducted a research
program consisting of theoretical studies, model studies, and full-
scale test sections that resulted in the design and construction of a

2—3



prestressed concrete pavement for a heavy—load taxiway at Bigga Air
Force Base, Texa s, in 1959. This pavement has performed well except

for some problems at the joints, which are spaced on 500—ft centers.

The design procedure developed at ORDL was selected as the basis for

the design procedure developed during this study.

One component of the OBDL design procedure involved predicting

load—stress relationships based on small—scale tests using the gear con-

figurations of specific military aircraft. However, present—day

commercial aircraft have gear configurations that are different from

those used in developing the design procedure. Thus, it was necessary
to develop load—stress relationships for present—day commercial aircraft.

This was accomplished using a computer program based on a discrete

element procedure for plates and slabs. The data obtained from previous
small—scale models were used to establish the necessary input parameters
for the computer model. With this modification , the design procedure was

adapted for the standard dual and dual—tandem gear aircraft now operating
at civil airport s and also for the newer wide—body jet aircraft. The

final FAA design procedure permits interrelating magnitude of loading ,
load repetitions , flexural strength , subgrade conditions , pavement

thickness , slab dimensions , and amount of prestress. Consideration is

also given to the effects of elastic shortening , creep , and shrinkage
of concrete , relaxation in steel tendons, anchorage systems , tendon
frict ion , subgrade restraint , and temperature changes.

In an effort to further validate and refine the design criteria,
full-scale static and moving load tests were conducted on the prestressed

concrete test road near Dulles International Airport, Va. This

prestressed highway pavement was constructed by the Federal Highway

Administration as part of the airport road network serving the 1972
International Exposition (Transpo 72). Strain gages and pressure cells

were installed within the pavement structure during construction in two

separate prestressed concrete slabs. Tests were conducted on the two

instrumented slabs using a t ruck to represent highway loads and a load
cart equipped with one dual—tandem component of a B~7147 aircraft to rep-
resent aircraft loadings. These tests consisted of measurements of
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stress and strain in the prestreseed concrete pavement structure under
various loading conditions.

The load tests conducted on the Dulles test road showed good cor-

relation between measured subgrade behavior directly beneath the loads

and that determined using linear elastic layer theory. For the subgrade

conditions, pavement slab conditions , and load conditions at Dulles ,

this correlation indicates that the subgrade can be modeled by elastic

layer theory. The load tests were deliberately held all within the

initial prefailure behavior of the pavements so that no cracks or

failures would occur. The results of these tests demonstrated that

the initial maximum elastic detlections and stresses of the pavement
slab may be closely approximated by linear elastic layer theory. The

results of these tests also indicated that the maximum subgrade deflec—

tions or deformations determined using the layer theory may be used for

calculating the slab bending moments and stresses by the various slab

behavior models. The layer theory model results can also be used with
Westergaard’s analysis and his correction factors based on measured

deflections. Layer theory deflections could be specifically incor-

porated in Westergaard ’s subgrade reaction corrections. The above

discussion applies only to the Dulles test pavements; future work

should further investigate modeling the subgrade by linear elastic

layer theory.
Construction techniques and alternatives were based on examina-

tion of prototype test pavements and operational prestressed facilities
constructed in this country and abroad . Special emphasis was given to

developing an expansion joint which could withstand the relatively large
daily and seasonal movements of the prestressed concrete slab ends that

occur due to the increased length of prestressed slabs as compared with

conventional concrete slabs. After investigations of past construction

projects and discussions with manufacturers, several alternative types
of joints and joint materials were selected for inclusion in the con-

struction procedure. Other construction recommendations included
assessments of the relative merits of preetresaing with and without

2—5



4
tendons , pretensioning versus posttensioning, types of stressing tendons
and conduits , friction reducing layers , and amount s of prestressirig .

2.6 suw.t~~y OF CONCLUSIONS -

AND RECOMMENDATION S

Prestreased concrete pavements can be designed for airport pave-
ments with a reasonable degree of accuracy with respect to the load—
carrying capability and the number of load repetitions that can be
sustained.

Construction of airport pavements with prestressed concrete
rather than conventional concrete will result in a savings of concrete
due to the smaller thicknesses required. In addition, the long pre—
stressed slabs will result in fewer joints to be maintained and will
provide a smoother operating surface.

The design criteria and construction procedures are considered
to be conservative in some areas . This is due to the uncertain state
of the art in these areas. All recommendations are subject to refine-
ment pending further study.

The following experimental work is reconmiended to refine the
design procedure and to improve its reliability:

a. The relationship between the ratio of the loaded area to the
pavement radius of relative stiffness and the percent single-.
wheel failure load (the ratio , expressed as a percentage , of
the load on a single tire to the load on a multiple—wheel
gear which would cause cracking in the prestressed pavement)
plays an import ant role in the selection of prestress level
and pavement thickness and should be verified before wide-
spread use of the criteri a is made . This verification should
be by means of model tests using procedures similar to those
used in the earlier tests by ORDL.

b. Sections of instrumented prestressed pavement should be con—
structed for a range of foundation types and tested to gain
verification of the design criteria presented and to modify
the criteria as necessary- .
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CHAPI’ER 3: STEEL FIBROUS CONCR~I’E PAVEMENTS

3.1 APPLICABLE PUBLICATIONS

Thi s chapter summarizes Report No. FAA—RD— 12—1l9, “Construction
of Fibrous Concrete Overlay Test Slabs, Tampa International Airport,
Florida ,” October 1972 , and Report No . FAA—RD—71~—3l , “Steel Fibrous
Concret e for Airport Pavement Applications,” November l9D4.

3.2 BACKGROUND

Fibrous concrete is a composite material consisting of a concrete
matrix containing a random dispersion of small fibers. Numerous types

of fiber materials have been investigated , including steel, fiber glass,
nylon , asbestos , polypropylene , and polyethylene. The introduction of
fiber s into the concrete mat rix imparts to the concret e certain charac-
teristics such as increased tensile strength, increased t oughness ,
increased impact and dynamic strengt h , increased resistance to spalling ,
resistance to propagation of cracks , and the ability to sustain load and
keep cracks tightly closed after cracking.

For pavement applications, steel fibers have been used almost
exclusively. As considered in this chapter, the term “fibrous concrete”
will be synonymous with concrete containing steel fibers; general usage
of the term “fibrous concrete” implies the use of any of a number of
fiber material types.

For comparable design loadings , the required thickness of
fibrous concrete pavement is less than that of plain or conventionally
reinforced pavement. In situations where a thin pavement is necessary
because of ~~~~~ factors as vertical grade or drainage considerations

or in areas where there is a shortage of quality aggregate or other
meter lal, it may be advantageous and become economically feasible to
use fibrous concrete.

3.3 PURPOSE

The purpose of this study was to develop a design procedure for
fibrous concrete airport pavement s based on known properties of fibrous
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concrete mixtures. In addition to the development of a design proce-
dure, guidance for mix proportioning and construction of fibrous concrete
pavements was to be provided.

3.4 SCOPE

The study involved (a) construction and testing of four full—
scale pavement sections under controlled, accelerated traffic conditions ;
(b) planning and construction of two field placements; and (c) monitor-
ing efforts of other agencies. The design criteria developed and the
recommended construction practices reflect the findings from these tests
end observat ions.

Since only four pavement sections were tested, it was necessary
to extrapolate the performance from three slab—on—grade sections to all
other foundation conditions and from a part ial bond overlay to all other
overlay conditions. It was also necessary•to assume that the long—term
field performance would be comparable to the performance under acceler-
ated test conditions. Recommended construction practices were developed
from experience gained during the construction of relatively small quan-
tities of pavement.

3.5 SU}.Q4ARY OF WORK ACCOMPLISHED

The controlled accelerated pavement sections included the follow-
ing: (a) a 6—in, slab over a le-in, sand filter on a clay subgrade;
(hi a 7-in, slab over a 20—in, membrane—encapsulated layer of lean clay-
on a clay subgrade; (c) a 4—in, slab over a 17—in, cement—treated clay
gravel base on a- clay subgrade; and (d) a 4-in. partially bonded overlay
of a failed 10—in, plain concrete pavement. Applied traffic consisted of
simulated C—5A and B— 71e7 loadings. Figure~ 3—1 to 3—3 illustrate the

deterioration or the 4—in .—thick slabs as simulated B—VeT traffic was
applied. From results of these tests, the design criteria were
developed.

Field installations investigated included the following: (a)

4— and 6—in. overlay sections constructed on a taxivay at Tampa Interna—
tional Airport and (b) a 4—in. roadway constructed at WES. The Tampa
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Figure 3—1. Condition of 4—in . fibrous concrete slab
on 17—in, cement—treated base before traffic
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Figure 3—2. Condition of 4—ln , fibrous concrete slab
on 17—in, cement—treated base after 1000 coverages of
simulated B—71e7 traffic
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Figure 3-3. Condition of 4-in, fibrous concrete slab
on 17-in, cement-treated base after 3000 coverages of
simulated B-747 traffic
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overlays were constructed with conventional paving equipment to deter-

mine the feasibility of constructing fibrous concrete pavements with

this type of equipment . Figures 3—4 and 3—5 illustrate the construction

techniques used. Figure 3—6 illustrates the crack pattern in the base

pavement and the crack pattern that developed in the overlay after 6 and

28 months in service. The roadway was constructed at WES to study joint

requirements for fibrous concrete pavement. A 1000—ft—long section was

constructed without provisions for joints. Seven cracks formed in the

pavement resulting in slabs 146, 63 , 87, 153 , 161, 70 , 90 , and 240 ft
in length. The average slab length was 126 ft, indicating that joints
on about 100—ft spacings should be used.

An effort has been made to stay abreast of work being conducted

by other agencies on material characteristics of fibrous concrete and
on its use as a paving material. Recently, work has been done primarily

on mix design and on fatigue and durability characteristics. Other

agencies have concentrated their efforts t oward the use of fibrous con-

crete for overlays , particularly as overlays of highway pavements. In

the past several years, there have been a number of trial placement s of
thin overlays of highway pavements. Through observations of the efforts

of other agencies, additional information concerning the properties and

uses of fibrous concrete has been obtained ,

3.6 SUMMARY OF CONCLUSIONS
AND RECOMMENDATIONS

Significant conclusions from this study are sunmiarized as follows:

a. Fib rous concrete pavement s and overlays will perform better
than plain concrete pavement s of comparable thickness and
strength. This means that, for comparable design conditions,
the required thickness of fibrous concrete would be less than

• the required thickness of plain concrete.

b. The reduced thickness requirements for fibrous concrete will
result in increased vertical deflection of the pavement and
as a result increased induced stresses in the underlying
material. Provi~ions are made in the design procedure to
limit the deflection of t-he pavement to minimize this effect,

~,. Fibrous concrete can be produced and placed with conventional
batching , mixing, and paving equipment and techniques. Bulk
handling of fibers and a mechanical system for introducing

3-5

_ _  -~~~



— r iip 
4

I • 

.

Figure 3-4. Introduction of’ fibers during batching
of materials for fibrous concrete
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Figure 3-5. Placing fibrous concrete with slip- form
paving equipment

3-6



7 f T T ~~~~~~ 1- —
~ ~~~1 I

r T~~~~~ / / ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-

~~~~~~
_

~~~~~ I ~~~~~~ ~~~~~~~~~~~~~~~~~~~ ± : :  -~~J. ~~~I [ff~/ / t t~fT~~~~51* 4 •50 S1* 95 •~~~ ~~~ 
STA tO2 ,~~

I. JOINT AND CRACII PATT ERN IN BASE PM’E* NT

STA94 .~~ 91*95.00 
11.IN. OVO R L AY

51* 100 ,15 STA 102.00
6-tN. OV9RL ~~y

b. CRACK PA TTE RN IN OVERtAYS-$ MONTHS

_ _  

~~~~

IT

~~~~

/ 
_ _ _ _ _ _ _

914 94.30 
OVE RLAY

STA I IN .25  
51* 102 .00

6-IN OVERLAY

c. CRACK PA TTERN IN OV ER LAYS -IN MONTHS

Figure 3—6. Joint and crack pattern in base pavement
and overlay-s for the Tampa overlays

3—7

- -



the fibers during batching operations will be required to pro-
duce fibrous concrete in sufficient quantities for large air-
port paving jobs.

In order to improve the reliability of the proposed design cri-
teria and construction techniques, the following areas øhould receive
further study:

a. Additional performance data are needed . In part icular , per-
formance data for overlays of flexible pavement and unbonded
and partially bonded overlays are needed . Additional obser-
vat ions of pavement performance and pavement deflection are
needed to improve the correlation between the two.

b. Long—term observations of fibrous concrete pavements under
in-service conditions are needed to assess the long—term
effects of envirorimenta.]. factors on the performance of fi-
brous concrete pavements,

C. Mix design studies are needed to establish more specific
guidelines for selecting a workable mixture which will
produce the desired properties of the hardened concrete.
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CHAPTER 4 : CONTINUOUSLY EINFORCEI) C0NC R1~ E PAVEMENTS
-10$

4.1 APPLICABLE PUBLICATIONS

This chapter sunmlarizea Report No. FAA—RD—73—33, “Continuously

Reinforced Concrete Airfield Pavement ,” May 1974 , and Report No. FAA—
RD—73—37 (in preparation), “Design and Construction of Continuously

Reinforced Concrete Airport Pavements. ” Report No. FAA— RD—73—33 is

contained in four volumes, These are : Volume I , “Tests on Existing

Pavements and Synthesis of Design Methods,” Volume II, “Design Manual

for Continuously Reinforced Concrete Overlay Pavements,” Volume III,

“Design Manual for Continuously Reinforced Concrete Pavements,” and
Volume IV, “Guide Specifications.”

4 .2 BACKGROUND

Continuously reinforced concrete (CRC ) pavement is defined as a

portland cement concrete pavement with longitudinal reinforcing steel
cont inuous for its lengt h , and in which no transverse joint s other than
construction joints are installed, Transverse cracks develop in CRC but

are held tightly closed by the steel reinforcement . The resulting

riding surface generally is smoother and the problems associated with
sealing and maintenance of transverse joints are eliminated . For
these reasons , it may be advantageous and economical to use CRC for
airport pavements.

CRC pavement s and overlays have been used on highways for a num-
ber of years. They have also been used on airports at a few locations.

The most extensive use of CRC has been at O’Hare International Airport
and Midway Airport in Chicago, Ill,, and at U. S. Air Force Plant 42,
Pa].mdale , Calif. For highway pavements, the various State highway de-
partments have developed design and construction procedures tailored
for their particular conditions. These procedures have been used

extensively in the development of the design and construction proce-

dures for airport pavements.

4— 1
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4 4 3  PURPOSE

The purpose of th is study was to develop design procedures for
airport CRC pavements and overlays. The design procedures include

methods for selecting slab thickness, methods for designing the

reinforcing steel, and methods for controlling slab end movements.

In addition, - guidance for the construction of CRC pavements and over-

lays was to be provided.

4 . 4 scope

This study was accomplished both in—house by WES personnel and
through a joint Air Force—WES contract with Austin Researc h Engineers ,
Inc. (ARE), Austin , Tex. The City of Chi’ago, Ill., through the

Bureau of Engineering, provided support for a field study at O’Hare
International Airport . The study involved (a) evaluations of existing

airport CRC pavements and overlays; (b) a synthesis of data and methods

for design of CRC pavements and overlays; (c) formulation of design

procedures and construction specifications for CRC airport pavements

and overlays based on the evaluations of the existing pavements and

existing design methodology; (d) collection of response and performance

data for a CRC pavement subjected to actual aircraft loadings and
environmental conditions; and (e) from the results of the entire study,

development of an implementable design procedure for CRC pavements

and overlays which is compatible with FAA procedures for other types

of pavement .

4 .5 SUMMARY OF WORK ACCOMPLISHED

The study of existing airport CRC pavements and overlays involved

data collection at the following locations:

a. U. S. Air Force Plant 42, Palmdale, Calif.

b. O’Har e International Airport, Chicago, Ill.

c. Midway Airport, Chicago, Ill.
d. Byrd International Airport, Richmond, Va.

The data collected from all four locations consisted of dynamic load—
deflection response measurements, characterization of the material
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composing the pavements , and collection of pavement condition data.
An example of the load—deflection data collected is illustrated in
Figure 4-i, which shows the deflection obtained along runway 9R-27L

at O’Hare using a Dynaflect vibrator and the WES 16—kip vibrator. The

material characterization portion of the study involved collection of
samples of the pavement material (disturbed and undisturbed), and
testing in the laboratory to determine strength and load—deflection
properties of the material. Data from the condition surveys included
crack spacings , crack widths , percentage and condition of spalled
cracks, longitudinal cracking, and joint condition.

The data from the study of existing airport CRC pavements and

overlays were combined with data and design methods from other sources,
and tentative design procedures formulated. In addition , specifications
for construction of these paiements were proposed .

The proposed design procedures consIder stochastic variations in

material properties and load location. The variability of material

properties is translated Into a reliability which can be attached to

the resulting pavement. Variability in the loading is directly con-

sidered by assuming that the loads will be normally distributed trans-

versely across the pavement. Thus, the number of loads applied to any
transverse pavement segment can be determined. The proposed design proce-

dure considers the total mixture of aircraft operating on the facility by
considering the pavement damage caused by each different type aircraft ,

or conversely by considering the thickness required by each different

type aircraft. The effects of each aircraft and the variability of the

location of each aircraft are combined and added to produce a total
thickness requirement which varies transversely across the pavement.

• Separate procedures arc provided for the design of overlays and
for slabs on grade. The elastic layered model is used as the response

ncdel for the develo~ment of the overlay design procedure , while a slab
on a dense liquid foundation is used as the basic response model for

the pavement design procedure. The use of different response models

requires that different procedures be used for defining input for
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characterizing the response of the underlying material. For overlay
design , the material in each layer is characterized by tw constants
(the modulus of elasticity and Poisson’s ratio). For pavement design,
the response of all layers below the slab is defined by one constant
referred to as the composite foundation modulus or “k—value.” The
procedures for characterizing the load—deflection response and strength
of the portland cement concrete are the same , as are the remainder of
the procedures for determining required overlay slab thickness.

The design of the steel reinforcement is accomplished by

procedures relatively well established and widely used. In addition,
reconnnendations concerning jointing and terminal treatment system
designs are provided.

Gages were installed on runway 4R—2a at O’Hare International
Airport for measuring the load—deflection responses of the pavement.
Bison coils were installed for measuring the strain in the various
layers, and LVDT’s were installed for measuring the total deflection
of the pavement when loaded. Gages of both types were installed at

four locations along the runway. In addition to tne gages for mea-

suring the load—deflection responses, thermistors were installed to
measure slab temperature and reference plugs were installed to be used
‘wi th a b~hitmore strain gage for measuring the opening and closing of
transverse cracks with temperature changes.

Initial load—deflection response measurements were made in
June 1973. The pavement deflection was measured with LVDT gages with
the loads (B.-727—loo aircraft and a 125—kip aircraft tug) located at

various positions ‘with respect to the gage. The magnitudes of the
deflections thus obtained were compatible with deflections obtained
previously when the pavement was loaded with the Dynaflect and the
WES 16—kip vibrator. Strain measurements within the individual layers

(BiBon coils) were not obtainable because the weights of the tug and
the B—727—lOO aircraft were insufficient to cause measurable strains
in the various layers. Collection of traffic data, environmental data ,
and t emperat ure—crack width data was initiated at this time by the
City of Chicago, Bureau of Engineering.
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Additional load—deflection response measurements were made in

May 1975. These included pavement deflection measured with the LVDT
gages with a plate load device which simulated the load of a B—727
aircraft, and dynamic load—deflection measurements with the WES 16—kip

vibrator. Material sampling was accomplished at the sites where the

LVEYr gages were located and pavement condition surveys were made.

An analysis of all the data collected, both from the earlier

evaluation of existing CRC pavements and from the load—deflection
tests on runway 4R—22L, was accomplished by ARE. The analyses performed

included comparisons of the measured pavement load—deflection response
with predicted response (Figure 4—2), analysis of the relationship
between crack spacing and crack width, and an analysis of the perform-
ance of the pavement . The performance analysis was limited because,
since construction of the pavements in 1971, they have experienced low

usage and showed no signs of structural deterioration.

Results from the entire study were drawn together and an

implementable design procedure for CRC airport pavements and overlays

developed . This procedure is compatible with procedures currently

used for the design of plain and reinforced jointed pavements. Guidance

for handling construction problems that are unique to CRC pavements

was formulated. -

Modifications to the procedures developed by ARE were made as
indicated appropriate by the O’Hare study, and as needed to preclude

requirements for estimating traffic , characterizing materials, and

computing thickness requirements which are different from those used
for other types of pavement. The procedure, as illustrated by the flow
chart in Figure 4—3, includes reconmiended methods for selecting design

parameters (traffic estimates and material characteristics), methods
for determining slab thickness, methods for determining amount and. size
of reinforcing steel, details for terminal treatment systems, and

details for required construction joints.

As shown by Figure 4—3, the site investigation is identified with

those used for other types of pavement. The procedure for selection
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SITE INV ESTIGATION
1. SOIL SAMPLING
2. LA BORATORY TESTING ON SOILS
3. SOIL CLASSIFICATION
4. PLATE LOAD TESTS

COMPOSITE SUPPORT DESIGN
1. TREATED SUBGRADE CONSIDERATION
2. k-VALUE ON NATURAL SUBGRADE
3. SUBBASE DESIGN
4. SELECTION OF COMPOSITE DESIGN

k-VALU E

4

THICKNESS DESIGN ANALY SIS -

1. AIRCRAFT TRAFFIC CONSIDERATIONS
2. PREDICTION OF ALLOWABLE STRESSES
3. THICKN ESS DESIGN CURVES

SPECIAL PROVISIONS

1. TERMINAL TREATMENT DESIGN
2. REINFORCEMENT DESIGN
3. CONSTRUCTION JOINTS

F A L  DESIGN

4

PLANS, SPECS, ESTIMA]~~~~

CONT RACT 1
4

CONSTRUCTION

Figure 4—3. Procedure for continuously reinforced
concrete pavement design
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of a composite support value provides a method for evaluating the in-
crease in support provided by subbase and treated subgrade layers. The

methods for considering t raff ic  are commensur ate with FAA procedures for
selecting the critical design aircraft and relating all other traffic

to equi valent t ra f f ic  with the critical aircraft . The methods for se—
lecting the design thickness have the same basis as current methods , but
the charts and non~ graphs are of different format than design charts
used for plain and reinforced jointed pavement . However , they are rather
simple, straightforward ,, and should present no problems in use. It is
felt that presentation in the format offers the designer more flexibility
should he choose to consider variations in the design parameters. The

provisions for design of end anchorage systems , reinforcing steel and
construction joints and construction guidance are basically the same as
those developed by ARE. Included are recommended details which are

unique for CRC ; i.e., details for laps at splices in reinforcing bars,
details for transverse construction joints, steel placement , end
anchorage systems, etc . Procedures are provided for determination of

the amount of both longitudinal and transverse steel .

~.6 SUMMARY OF CONCLUSIONS
AND RECOMMENDATIONS

CRC offers the designer an additional alternative to consider
when designing a pavement system. The procedures present ed , although
based on limited experience with airport CRC pavements, provide a means

for designing and constructing CRC airport pavements and overlays that

will be adequately designed to prevent load—induced cracking during

the pavement design life. This is the type distress which is most

detrimental to the structural performance of the pavement. The user
should note that the procedures do not consider, nor make allowances for ,
load—induced spalling or distress due to environmental factors or con—

struction conditions . These types of distress are usually not cata-
strophic , in the sense that the pavement becomes structurally unsound,

but the distress may require maintenance and minor rehabilitation to
maintain its functional adequacy.
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It is recommended that the use of CRC not be postponed unt il all

the answers are available , because many of the problems can only be
solved through experience. The following three areas are recommended
for further study in order to improve the reliability of the design of

CRC pavements and overlays :
a. Collect additional dat a for improving the performance

criteria.

b. Identification and description of additional failure modes
(in addition to cracking of the slab), and determination of
the feasibility of developing design criteria to account for
these failure modes.

C. Identification and quantification of the effects of environ-
mental factors (temperature and moisture regimes) and con-
struetion conditions on the performance of CRC .

4—10
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CHAPTER 5: FROST AND PERMAFROST

5.1 APPLICABLE PUBLICATIONS

This chapter summarizes “Design of ~‘ivil Airfleld Pavements for

Seasonal Frost and Permafrost Conditions ,” Report No. FAA—RD—714—3 0,
October l974~

5.2 BACKGROUND

FAA criteria for the design of pavement s to control the stress
caused by differential heaving or foundation weakening due to seasonal
frost are based upon concepts developed for aircraft significantly dif-

ferent from present—day commercliul aircraft. These criteria do not pro-

vide alternatives based upon degree of roughness, proposed usage, or
ftnding available ; they oft en result in unsatisfactory performance or
excessive life—cycle cost of pavements and are difficult to enforce. In

widition , these criteria do not recognize parameters known to affect the
depth of frost penetrat ion and thus do not account for the detrimental
effects of seasonal frost conditions.

Pre8ently, the FAA provides no criteria or guidance applicable

to the design and construction of pavements in areas of permafrost .
This is an area in which the existing technolo~ r needs further develop—

ment ; however , some information of value is available and is presented
herein for incorporation into FAA design criteria.

5.3 PURPOSE AND SCOPE

This study was to:

a. Delineate the frost susceptibility of various soil groups.
b. Provide a methodolo~~r for the determination of frost penetra-

tion depths.

c. Develop methods of design based on various levels of frost
protection.

d. Prepare design curves for flexible and rigid pavements for
the various levels of frost protection.

e. Provide guidance regarding construction control, new mate-
rials, and construction techniques to reduce the detrimental
effects of frost on pavement performance.

5—1
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f. Present appropriate testing procedures necessary for use of
the design methods.

~~~. Prcvide guidance for design of pavements in permafrost areas.

5. I~ SUMMARY OF WORK ACCOMPLISHED

All available data sources were used in this study to provide the

best technical solution to problems in the design of civil airport pave—

ments for frost and permafrost. The effects of frost action on var ious
soil groups were stud~.ed along with the effects of frost heaving and

soil weakening after thawing on pavement roughness and cracking. Cri-

teria were established to delineate the degree of frost susceptibility

of various soils.
Procedures for determining frost and thaw penetration depths were

reviewed ‘i.long with use of freezing and thawing indexes and a modified
form of the Berggren equation. There are four procedures for designing

pavements for seasonal frost:

a. Complete rrotection.

b . Limited subgrade frost penetration.
c. Reduced subgrade strength.
d. Reduced subgrade frost penetration.

Pavement design guidance for permafrost regions was developed

t hat considers not only the effects of seasonal thawing and freezing
cycles but also the effects of construction on the existing thermal
balance. Special treatments for bases and subgrades in seasonal frost

and permafrost areas were also considered in terms of stabilization and

insulating layers .
In addition, field control of pavement construction in areas of

seasonal freezing, design of base course drainage, laboratory frost—

susceptibility tests, results of freezing tests on natural soils, and
thermal models for computing frost aM thaw depths were also considered

in this study.

5.5 SUMMARY OF FINDINGS
AND CONCLUSIONS

This study resulted in the formulation of criteria for use in
airport pavement design in seasonal frost and permafrost regions .
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Methodology for determining the frost susceptibility of various

soil groups and the depth of frost penetration was developed. Four

methods of design based on different levels of frost protection and

design for permafrost were also developed. In addition , eon~truction

control and appropriate testing procedures wer e established to reduce
the detrimental effects of r’rost on pavement performance.



CHAPTER 6: AIRCRAFT DISTRIBUTION ON PAVEMENTS

4
6.1 APPLICABLF~ PUBLICATIONS

This chapter is a sunima~’y of “Field Survey and Analysis of
Aircraft Distr bution on Airport Pavements,” Report No. FAA—flD—7 14—36 ,
February 1975.

6.2 BACKGRotTN1)

One of the parameter i included in the current FAA deaign criteria
is the number of load repet3tions that the pavement will r eceive during

its design life. In the development of the design criteria , it was
recognized that the incremental detriment to a pavement , caused by a
particular wheel at a particular location, i~’ influenced by factors such
as the number or wheels, wheel configuratiun , load on each wheel , t i r e

contact area , and location uf the aircraft on the pavement . To account
for the collective influence of these factors in the evaluation of air-
port pavements , the concept of coverages was introduced. The definition
of a coverage differs for flexible and rigid pavements. For flexible

pavement s , a coverage occurs when each point of the pavement within the
traff ic  lane has been subjected to a tire contact point; for rigid
pavement s , a coverage occurs when each point of the pavement within the
limits of the traffic lane has been subjected to a maximum stress.

The current procedure for converting aircraft passes to coverages

(P/C ratio) em~Loys a tr~ffic width which is based upon information de-

veloped several years ago by the Corps of Engineers when aircraft traffic

now and volume were considerably different than at present. Current and

projected traffic conditions required that this procedure be verified or

modified, as a function of the type of runway and the primary using air-

craft, by the use of lateral and longitudinal traffic distribution

measurements.

6.3 PURPOSE

The purpose of this study was to develop a simple and effective

method of predicting the lateral and longitudinal t raffic distributions

6—i

Is



of aircraft on civi~. airport runways and taxivays. The study included
consideration of particular aircraft types from among those coi only

used for comxnercia.l air transportation and for which field data were

eul lected and analyzed for specific airports selected to represent
reasonable variations in the operating environment. Data on aircraft

ground speed and weather conditions correlated with observed measured

lateral and 1ongitudinal distributions were also obtained and documented.

~~~~ t~C’T ~E

The w~rk under this study was accomplished in three phases: data
- -Ue-~ Lo~i , ~iat ti analysis , and report preparation.

T!~ th.ta collection phase consisted of the development, assembly,
and t esting of the necessary instrumentation system for:

)t~tei-mining the 1at~ ral and longitudinal distribution of air—
craft on runways.

o. ih cermining the lateral distribution of aircraft at particu-~1~ r points on taxi-ways.
c. L -~termining aircraft ground speeds on runways and runway

exits.

d. Automatically identifying aircraft by type or recording manu-
ally observed aircraft identities.

T .e remainder of this phase consi sted of the use of the instru-
mentation system to collect pertinent data at nine selected airports.
Data which might affect the distribution of the traffic were also ob—

-t am ed and d~icumented. These data included description of displaced

thresholds , obstructions , abnormal operational condit ions , signal and
instrument landing aids, pavement widths, weather , temperatures , al—
l i tudes , time of day , etc .

The dat a analysis consisted of a statistical analysis of the
field data for the purpose of identifying and isolating those factors

which appear to influence or characterize the distribution of aircraft
t raf f ic  on rmiways and taxiwa~js. The current FAA method for determining

nl rera ft t r aff ic  distribution was examined by comparisons with the re—
suits of the statist ical analysis of the field data.
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6.5 SUMMARY OF WORK ACCOMPLISHED

A system of infrared phot oelectric sensors was installed in N.-

shaped and I—shaped arrays on runways and tax~ways at selected civil
airports to determine the aircraft velocity, ]ateraj. location, and longi-

tudinal location during takeof r , landing , and taxiing operations. Fig-

ure 6—1 contains a schemat i~ di agram of the iristrumentat ion system and a
typical layout of the system used during the testing operations. Com-
binations of these basic arrangements were installed along the runway

in a manner simi lar to that of the typical la ,’out in Figure 6.-i. All
data were recorded on magneLic tape. The data included the date, the

time of day, system parameters, mode (takeoff , landing, or taxiing),

results of calculations (position and velocity), and other pertinent

data.

Aircraft identification was accomplished by measuring the air-

craft “footprint,” since each aircraft of interest had a unique combina-
tion of wheelbase, tread , and configuration.

The data collection system accuracy was verified by photographic

techniques. Two synchronized 100—mm , high—speed , high—precision cameras
were used to obtain sequenced overlapping pairs of photographs of air-

craft passing through an N—array. The photographic method proved to be

accurate to at least 0.3 ft .  Several aircraft operations were recorded
by both the photographic equipment and the dat a collection system. The

maximum difference between the offset distances determined by the data

collection system and those determined by the photographic method was

0.3 ft. Therefore, it was concluded that the data collection system

was adequate for the field survey.

Data relative to aircraft t r a f f ic distribution and speed were
collected at the following airports:

a. William B. Hart sfield—Atlant a International Airport , Atlanta ,
Ga.

b. Denver—St apleton International Airport, Denver , Cob .

c. Miami International Airport , Miami , Fla.
d. Seattle—Tac oma International Airport , Seattle , Wash .

6—3
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e. Greater Buffalo International Airport , Buffalo , N. Y.

f. Cleveland-Hopkins International Airport , Cleveland , Ohio.

~~~
. New Orleans International Airport (Wdsant Field), New

Orleans , La.
h. Chicago—O’Har e International Airport , Chicago , Ill.
1. Dallas-Fort Wort h Regional Airport , Tex.

These airport s were selected as test sites on the basis of their individual

or collective potential for providing the desired data , with reasonable
variations in operating conditions.

Data were obtained for the following aircraft types: B—707 ,
B—727 , B—737 , DC—8, DC—9 , C— 580 , B—720 , B—7147, DC—lO , ti— lou , c—88o ,
BAC—ill, and YS—li . Not all of the above airLraft types operate at each
of the selected airports, and some types operate at relatively low fre-
quencies. Besides the consideration of variations in airport altitudes ,

temperatures, and climatologica.1 conditions , the airports were selected

to provide in reasonably minimum time as much data as practicable on all
of the above aircraft types in general and the first six types in
particular.

Lateral aircraft traffic distributions were determined at the

following locations of each test site:
a. Runways. -

(1) For 1andin~s:
(a) At the approximate point of touchdown or at a point

reasonably close thereto.

(b )  At a point a reasonable distance beyond the point of
touchdown and prior to the start of exit from the
runway.

( c)  At a point close to the exit from the runway.
(~) For takeoffs:

(a) At a point near the start of takeoff roll .
(b) At the approximat e point of rotation or at a point

reasonably close thereto . -

(c) At a point approximately midway between (a) and (h).

b. Tax ivays.

(1) At the exit point on a high—speed or flat—angled exit
taxiway from a runway.
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v (2)  At the exit point on a right—angled exit taxiway from a
runway.

(3)  At a point on the straightaway port ion of a taxiway.

Field measurements were collected for the longitudinal distribu-

tion of aircraft-  t raff ic on runways for the point s of touchdown and
rotation.

Ai rcri~ift ground speeds were determined at the specified runway

o1~servat ion oi ts for lateral distribution and at the exit point on

tiigh—speed e~i i t  taxiways.

P’~ta ~er collected ror daytime and nighttime hours of operation

~ eac.~ ‘tirp~rt , however , the maj or portion ot the data was obtained for

~ay~-ime 
(- per-ti ns.

Th~ foil, wing aircra t Lraffic distr ibution data were collected

~r e~L-~h air.~rart during th fi eld tests:
a. I ent ification or landing , depar~iug , or taxiing aircraft .

~~. L- ngitudineLl. location of the point of t ouchdown relat ive to
t ( ie landing end of the runway or displaced landing threshold
f.r landing aircraft.

c. L~ngitudinal location of the point of rot ation relative to
the takeoff end of -the runway for takeoff aircraft.

d. LRteral position relative to the runway center line at the
various locations described previously for both landing and
takeoff aircraft .

e. Lateral position relative to the taxivay center line at the
previously specified taxivay point s for taxiing aircraft.

f. Gi ound speeds at those points for which lateral traffic
distribution data were collected fnr landing , departing , and
taxiing aircraft.

~~~
. Date and time of day for each event.

Data on prevailing weather conditions during the collection of

fi eld data were obtained and recorded each hour or whenever signifi—

cant changes occurred. Data on other conditions which might affect the

traffic distribution characteristics were also observed and recorded.

One runway at each of the nine airports was instrumented such

that data could be collected for both operating directions on the runway.

Two of the runways were 200 ft wide; the others were 150 ft wide .

6—6
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A total of b359 takeoffs and 5200 landings were recorded during the

4 field survey. Eight high—speed exits were instrumented in the study
and a total of b97 operations at these exits were recorded. Seven loca-

tions on straight taxiways were instrumented in the study. One location
was on a 100--ft—wide taxivay; the others were on 75—ft—wide taxiways and
a total of 590 t~perations at these locations were recorded.

Procedures based on generally accept ed methods of statistical
snalysis were used to analyze the field survey data. The mean and

standard devi ations of the lateral distributions and ground operating
speeds were calculated for each sample——Ind ividual or combined air—
craft types at individual or combined airports——and were the two

primary statisti cal parameters used in describing and comparing

samples . Frequency distributions (histograms ) of the observed aircraft
t.o center line offsets were plotted, in terms of the proportionate occur-

rences in 2—ft Intervals on either side of the pavement center line or
guideline markings .

It was obvious from inspection of the histograms, such as the one
shown in Figure 6—2, that the lat eral dist ribut ion of aircraft traff ic
on runways, runway exits , and taxi-ways would be much more near ly repre-
sent ed by theoretical normal distribution functions , which are currently
used to derive pass—per—cover age ratios (Brown and Thompaon ’s report on
“Lateral Distribution of Aircraft Traffic,” WES Miscellaneous Paper
S—73—56, Julj 1973), rather than by a modified uniform distribution

function which had previ ously been used . This observation was also
verified statistically using the chi—square goodness of fit test .

In general , aircraft center—line offsets were (a) to the left
of the pavement center —line stripe on runways; (b) to the right of the
pavement cent er—line strip e on straig ht taxiways ; and (c )  to the left
or right of the guideline on high—speed exits , depending on aircraft
operational flow pattern and exit configurat ion . The computed offset
mean on runways , both for landings and takeoffs , generally ranged from
0.5 to 1.5 ft left of the center line on 150— ft —wide pavement s and was
from 0.8 ft righ t to 2.5  ft left of the cent er line on 200-ft—wide
pavements. Wide—body and ~4—engi ne aircraft tend ed to be slightly

6—7
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farther left than 2— and 3—engi ne ai rcraft , but the difference was
neither large nor consistent enough to make a distinction among such
aircraft groupings.

The shapes of the lateral distribution patterns for takeoffs were

generally narrower than those for landings . The computed standard

devi ations for indivi dual aircraft types , compared at the various air-

ports, varied g*~nerally from 3 to 8 ft for t akeoffs and from 1~ to 9 ft
for landings . There was no consistent correlation of the standard devi-
ation with respect to aircraft type or size.

The standard deviations for takeoffs, for all the airports com-

bined, varied among individual aircraft types generally from 6 to 9 ft
In the vicinity of liftoff and from 5.5 to 7 ft in earlier portions of

takeoff roll . On 200—ft—wid e runways , the standard deviations in the
vicinity of l i f toff  were about the same as those in the same area on

150.-ft—wide runways but about 1.5 ft wider in earlier portions of take— —

off roll . The normal distribution curves for takeoff operations of all
aircraft at all airports are shown in Figure 6—3 .

The standard deviations for landings , for all the airports com-

bined , varied an~ ng individual aircraft types generally from 7 to 8.5 ft ,
except near the end of landing rolls where , as expected , exit influences
were much in evidence. The normal distribution curves for the case of

landing operations of all aircraft at all airports are also shown in

Figure 6—3.

Factors such as night operat ions , crosswinds , and vet pavement s
had an apparent effect on aircraft lateral distributions on runways;
however , their overall impact was not considered significant because the

effect of any one such factor was (a) relatively small or generally not
cons istent , (b ) infrequent in occurrence , or (c)  compensated for or
nullified by other factors in the overall operating conditions .

In general , 90 to 95 percent of touchdowns occurred in the first

3000 ft from the threshold , TO to 85 percent occurred in the first
2000 ft , and 15 to 25 percent occurred in the first 1000 ft.  A higher
percentage of 2—engine aircraft t ouchdown s occurred closer to the
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Figure 6—3. Sumeaxy of lateral distributions on runways for all air-
craft at al]. airports

6—1.0

.4



threshold in comparison with wide—body and 14_ and 3-engine narrow-body

aircraft. 
-

The standard deviations of the observed lateral distributions on

high-speed exits were generally greater than those on runways and were

influenced by aircraft operational flow pattern and exit configuration.

The standard deviations ranged approximately from 8 to 10.5 ft , with the

upper limit probably more representative of typical exit configurations

and their normal usage .

The computed offset mean of the lateral distributions on straight
taxiway sections was approximately 2 ft right of the center line on the

15—ft—wide taxiways and approximately 3 ft right of the center line on 
-

the 100—ft-wide tax ivay . The standard deviations were much smaller than

those on runways , ranging approximately from 2.5 to 1~ ft on the 75 ft...

wide taxiways and averaging about 6 ft on the.100-ft—wide taxiway . The
average taxiing speeds ranged between 35 and 145 fps on both the 75— and
100—ft-wide taxiways .

The results of the analysis of the field survey dat a yield the
following conclusions :

a. The lateral distribution of aircraft on runways, runway exits ,
and taxiways is much more nearly represented by theoretical
normal distribution functions than by uniform distribution
functions.

b. The properties of the aircraft wheel-path distribution are
summarized in the tabulation on page 6—12.

c. The overall impact of such faátors as night operations, cross—
winds , and wet pavements is not considered to be a significant
influence on the distribution of aircraft traffic .
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Distribution CharacteristicsPavement Pavement - StandardTI-Dc Width. ft Average Offset,5 ft Deviation, ft

Runways 150 0.9 to 1.5 left 7.0 to 10.3( landings ) 200 0.8 right to 2.3 left 9.0 to 11.2

Runways 150 0.5 to 1.2 left 6.0 to 8.3(takeoffs ) 200 2 .3 to 2.5 left 7.5 to 8.2
Straight 15 2.1 right 2.5 to 14 .o
taxi-ways 100 3.2 right 6.0

High—speed 
-

runway
exits Varies 8.0 to 10.5

* Aircraft to center line offs~t, measured relative to pave-ment center line or guideline markings.
“ Average offset was to the left or to the right of the

guideline, depending upon ~he ai~~raft operational. flowpattern and exit configurat ion .
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CIIAF~ER 1: NEW CRITERIA FOR PAVE~€NTDESIGN AND CONSTRUCTION

1.1 APPLICABLE PUBLICX~IONS

The work report ed herein represent s a follow—up to work accom-
plished under a previous Inter—Agency Agreement and report ed in Report
No. FAA—RD—7 0—77 , “Airfield Pav~ nent Requirement s for Multiple—Wheel
Heavy Gear Loads.”

7.2 BACKGROUND

Under a jointly funded FAA , Army, and Air Force study , full-
scal e accelerated traff ic  tests were conducted for the purpose of
validating or revising design criteria for flexible and rigid pavement s
subjected to multiple—wheel heavy gear loads. As a result- of these
tests, the procedure for developing thickness design criteria, for flexi-
ble pavements was modified and the design procedure for rigid pavements

was validated. It was therefore necessary to develop new thickness
design curves for flexible pavements and to extend the rigid pavement
design curves to include the new wide—body jets. Modification of the
flexible pavement design curves also made it necessary to revise com-

pact ion requirements. -

7.3 PURPOSE

The purpose of this study was to update design criteria for

flexible and rigid pavements to be constructed at civil airports.

7.14 scoi’~

Design curves and compaction requirements were developed for

use in designing flexiole and rigid pavements subjected to loads re-

sulting from single-wheel, dual—wheel, and dual—tandem gear s or from
the 8—727, DC—lO—l0, DC—1O—30, L—lOil, and Concorde aircraft. Charac-
teristics of the landing gears and aircraft used to develop the

criteria are shown in Table 7—1.
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7.5 SUMMP~RY OF WORK ACCO)~~LISHED- 4
Thickness design curves f r  the above aircraft were developed for

flexible pavements using conventional—type construction. These Curves
relat e soil strength expressed as CBR , aircraft gross weight in pounds ,
traffic in terms of annual departures, and thickness in inches. Typical
flexible pavement design curves are shown in Figure 7—]. . To use the
criteria, the designer must enter the curves with soil strength and
move vertically to the design gross aircraft weight, horizontally to
the annual departure level , and then vertically to the thickness re-
quirement. This thickness represents the thickness of material required
above a soil layer having the strength with which the curves were
entered.

Also developed were mininiuin base course requirements for flexible
pavement s , which are shown in Figure 7—2. - This figure is entered with
the total thickness of pavement above the subgrade and with the CBR of
the subgrade to determine the minimum thickness of base course .

Typical compaction requireme nt s curves for flexible pavements

are shown in Figure 7—3. This figure is entered with the percent
compaction, and the depth at which this percent compaction is required
is obtained. -

Thickness design curves relating concrete flexural strength,
soil strength, load, traff ic , and thickness were developed. Typical

rigid pavement design curves are shown in Figure 7—14. To use the
criteria , the designer enters the curves with the fl exural strength
and moves horizontally to the modulus of soil reaction k , vertically
to the design aircraft gross weight, horizontally to the annual de-

parturea , and then vertically to the pavement thickness. This is the
thickness of pavement required above the subgrade or ba~e. A descrip-

tion of the procedures used to develop the flexible and rigid pavement
design curves is presented below .

~.6 DEVELOPMENT OF DESIGN CURVES

Design curves were prepared for use in designing both flexible
and rigid ai rport pavements. These cur ves relat e the parameters
necessary to adequat ely design a pavement for a 20—year life .
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ments for flexible pavement
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7.6.1 FLEXIBLE PAV~ (ENT

Development of the flexible pavement design curves consisted

prin~ rily of determining the equivalent single—wheel load (EsWL ) for
an aircraft and then determining the thickness required to protect a

layer of soil from failure due to repetitions of that ESWL.

• The ESWL is based on the ratio of maximum deflections beneath a
multiple—wheel group and one wheel of that group , computed assuming a
homogeneous , isot ropic , hal f—spac e loaded by un iformly distributed

circular loads. The ESWL varies with depth and is determined at perti-

nent depths or at sufficient depths to form a curve of ESWL versus depth.
An example of an ESWL determination can be found in WES Instruction Re-
port No. 14 , “Developing a Set of CBR Design Curves.” The methodolo~ r has

been computerized for treatment of complex landing gear geometries and

the program is available. The procedure is first applied using all wheels

on the main gears. This approach generally results in maximum thickness

requirements for a specific aircraft. When it is found that some com-

bination of wheels (i.e., wheels on one main gear) results in greater

thickness requirements, then that combination of wheels is used to deter-
mine the ESWL.

Once the ESWL has been determined, the next step is to calculate
the thickness of superior (stronger) material required above a. layer of

soil of known strength to prevent shear failure within this layer of
soil. The following equation is used to determine this thickness:

t = z~’~ [_o.o1481 - 1.1562 io~~
(
~~~
) 

- 0.614113 1o~~
(
~~~
)- (7—1)

3

— 0.14730 ~~~~~ 
(
~‘PC

where
t — thickness of the pavement structure above a eoil layer of

given strengt h , in.
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a = load repetition factor which varies with the a~~unt of traf-
fic as shown in Figure 7— 5, in which coverages are the mea-
sure of traffic volume . Coverages are related to aircraft
departures and are determined by dividing the number of
departures by a pass—per-coverage ratio, where a departure
is considered one pass. The pass—per—coverage ratio is
determined as described in WES Miscellaneous Paper 5—72—56,
“Lateral Distribution of Aircraft Traffic ,” and is dependent

upon the t ire contact area and number and arrangement of
tires on the aircraft. Pass—per-coverage ratios for various
aircraft are listed in Table 7—2

A — contact area of one tire on the landing gear, sq in.

CBR strength of the soil. (determined by Method 101 of Military
Standard Mfl,-STD—621A)

= ESWL or single—wheel load (SWL) tire pressure, psi. For
multiple—wheel gears , p = ESWL/A , and for single—wheel
gears, Pe SWL/A . Th?s is an artificial tire pressure
for mult ipl e—wheel loads that is consistent with use of the
contact area of one tire and has no relation to actual tire
inflation pressure. However, for SWL, this pressure is the
actual average contact pressure and is nominally the same
as the tire inflation pressure

Table 7—2

Pass—per-Coverage Ratios for
Various Aircraft

Pass—per—Coverage
Aircraft Ratio -
B—727—lOO 3.25

B—723—200 3.25

DC—9—30 3.58
B—7 07— 100 1.62*
DC—B—b 1.57*

DC—].0—1O 1.82*
DC—l0—30 1.71

c—88o 1.814*
B-7147 1.85*
I~—l0l]. l.8l~
Concorde 1.52*

• Pass—per—coverage ratio for rigid pave-
ment for this aircraft is twice the
value shown.
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The computed thicknesses are plotted on nomographs relat ing
CBR , gross weight , and annual departures as shown in Figure 7-1.

7.6.2 DEVELOPMENT OF
RIGID PAVEMENT CRITERIA

The rigid pavement criteria presented herein are based upon the

Westergaard equations for edge loading. This approach is a departure

from that for the criteria contained in FAA Advisory Circular AC 150/
5320—6A, which are based upon Interior loading. Concrete stresses were

computed using the H—5l computer program developed by the General
Dynamics Corporat ion and extended by WES. This program is based upon

the approach set forth in “Influence Charts for Concrete Pavement,” by

Pickett and Ray. The orientation of the gear on the slab can be

selected to give the maximum stress. The design curves were developed

using 25 percent stress relief resulting from load transfer devices

in the joint. Parameters related to the development of the rigid

pavement curves are as follows:
B = flexural strength of concrete slab, psi
k = modulus of soil reaction, psi/in., as measured by

Method 1014 of Military Standard MIL—STD—62lA

P = gross weight of the aircraft, lb

coverages = measure of traffic intensity. Coverages for a rigid
pavement are determined from the number of maximum
stress repetitions resulting from ~he aircraft passes.
The pass—per—coverage ratio is determined in the same
manner as discussed for flexible pavements (i.e.,
assuming normal distribution of traffic )

E = concrete modulus of elasticity (assumed to be
14 ,ooo ,ooo psi)

p — Poisson ’s ratio of concrete (assumed to be 0.15)

h — thickness of concrete, in.
H z ratio of design thickness to thickness needed for

5000 coverages. This ratio jg used to dete~min” thethickness of pair~.ment needed for any coverage level.
The initial calc-..alations for rigid pavement curves
are for 5000 coverages. The 5000 coverage thickness
is then multiplied by the H which corresponds to
the design traffic level from Figure 7—6
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meximum edge stress as determined from the PickettC 
ai~d Ray infl uence chart s

£ — radius of relative stiffness , in. , v~ich is a measureof the stiffness of the slab relative to that of the
eubgrade

The computed thicknesses were plotted on no~~gr aphs relating
flexursi. strength , thickness, aircraft gross weight, k , and annual
departures as shown in Figure 7-4 .
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CHAPPEB 8: POROUS FRICTION SURFACE COURSES

8.1 APPLICABLE PUBLICATIONS

This chapter summarizes the following two reports: “Porous
Friction Surface Course , Interim Report,” Report No. FAA—RD—73—l97,
February 1975 , and “Field Performance of Porous Friction Surface
Course,” Report No. FAA—RD—7l4—38, April 1976.

8.2 BACKGROUND

Aircraft hydroplaning occurs when a film of water separates a

high—speed aircraft tire from the pavement causing a loss of directional

control and braking . A porous friction course ( PVC ) is an open—graded
bituminous pavement surfacing course designed with a high percentage of

internal voids and a coarse macresurface texture. The high porosity

permits a quantity of surface water to drain laterally, internally as

well as on the surface, and thus reduce the wat er f ilm thickness and the
hydroplaning potential. The PFC’s rough surface texture provides

tire—to—aggre~~ te contact above the water film, thereby increasing

skid resistance.

8.3 PURPOSE

The purpose of this study was to develop laboratory mix design

procedures for ETC mixes and to prepare PVC construction specifications.

8. 14 SCOPE

A three—element program was undert aken as the first phase of
the study to determine the applicability of PFC’s for airport sur—
facings. First, a literature survey was conducted to establish a

stat e of the art for PVC mixes. Second , the construction and perform-
ance of FTC’s were observed at a number of airport s and airf ields to
determine proper construction proced~ires and pavement characteristics
that result in the best performance. Third, a laboratory study was

conducted to identify material characteristics (aggregat e and bitu-

minous materials) that correlate with field performance and to establish
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procedures for designing PVC ’s. The second phase consisted of additional

performance studies and laboratory testing to improve the mix design
procedures and construction specifications .

8.5 SUMMARY OF WORK ACCOMPLISHED

8.5.1. LITERATUPE SURVEY

The literature survey established the state of the art in the

use of PVC’s, the design procedures that had been used , and the agencies
that had an interest in such pavements. It was determined through this
survey that the aggregate gradations for ETC’s had been fairly well
established through experience . Therefore, one of these gradations was

selected for use in the laboratory studies. In addition , the experience
of others reported in the literature was used in planning the laboratory

and field phases of this study as well as for guidance in evaluating
laboratory results and field observations .

8.5.2. LABORATORY STUDIES

A series of tests was outlined to establish the material and mix-

ture requirements for PVC’s. Included in this series were determinations

of density, shear strength, bitumen drainage , aggregate degredation , per-

meability,  and surface area as well as selection of an acceptable compac—
tion method for PVC specimens . Three aggregate types (a limestone , a

chert gravel, and a slag) and three penetration grades of asphalt cement

having two viscosities (60—70 , AC—20; 8~—i -o. AC—2O~ and 200—300, AC—5 ,
low on vi~-couity at 1140

0 F) were selected for preparina~ PFC specimens
to encompass a range of aggregate-a9phalt combinations.

Two methods of compacting the PVC specime r~s .i~re iw*restigated-

impact compaction , which is applied according to the Mars~el1 pr~ceth-re,

and ~~ra~o’-y compaction, which is applied using a -~tr~r~ eorn p~ct iori
machine. Based on dat a obtained with these two rnet~ nd-’ , ~ ~~~ I

impact compaction procedure was se ’~~cted consist ing of 10 b1e~ s ct ‘he

Marshall hand hammer on one side of the specimen. A s .andard gyratory

compaction procedure was also selected which consisted of 10 revolutions

at a 1-deg angle of ~~ration and a 200—psi ram pre~~uro.
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Studies were conducted to determine an acceptable means of mea-

suring the density of PVC mixtures. A physical measuring technique

employing the specimen weight in air and its measured dimensions was

adopted as the standcrd method of determining density due to the con-

sistency of data obtained with it.

Studies were conducted to determine it’ a relationship between

direct shear strength and asphalt content could be used in establishing
an acceptable PF~ mix design . These data indicated that the maximum

shear strengths developed by the specimens did not vary greatly over
the range of asphalt contents used in the mixtures.

A testing program was conducted. to evaluate the effectiveness and
reproducibi 1it~r of bitumen drainage tests for use in specifying the op-

timum amount of asphalt in a PVC mix. Generally , these tests indicated
a range of several percentage point s in asphalt content for a given
drainage con—Etion over which an accept able asphalt content could be
chosen.

Since toughness and abrasion resistance are important character-

istics in identifying the satisfactoriness of materials used in PFC ’s,

Los Angeles abrasion tests and special gyratory degradation tests were

used to evaluate the aggregate. These tests produced a relative compari-

son of aggregate quality through an accelerated test method.

Permeability tests were used to develop a limiting value of
asphalt content to achieve acceptable drainage . Analyses of perme-

ability of laboratory PFC specimens and field PVC installations were

used to evaluate laboratory compaction efforts. The results of these

tests led to the adoption of the standard laboratory compaction effort.

Observations and experience gained during the tests led to the selection

of a standard size for laboratory specimens to be used for the perme-

ability test.

Centrifuge kerosene equivalency (CKE ) tests were investigated as

one means of determining an optimum asphalt eontent . This test involves

relating an aggregate surface area constant to the required amount of

asphalt. Estimates of asphalt content using this method were found to

be within acceptable limits for observed satisfaetory f ield performance.
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8 ,5. 3. FIELD SURVE’~G

A number of ‘tirports and airfields were visited to observe the

construction and performance of’ PVC ’s. Vi~ ua1 inspections were made
at each site, field tests were conducted where possible , and core

specimens were ta1-er~ for lal oratory evaluation. The visual inspections

involved observing the PFC ’s for ~nxrf’ace appearance, cracking , raveling,
damage caused by snow removal equtpmer.c , and loose aggregate particles.
In addi tion , comments from airport personr :~ 1 were solicited on PVC

performance. Permeability and skid r~’si~tance mear iroments were made

on pavements that were accessible.

From datc on construction collected in the field surveya the

binder temperature—viscosity relation was identified as a primary factor

in obtaining satic~actory construction and maintaining the permeability

characteristics of PFC ’s. With a reasonable given volume of binder and

a uniform gradation , excessive binder drainage is eliminated and ade-

quate permeability of the PVC maintained.

Field evaluati ons conducted in 1973, 19714, and 1975 provided

significant data by which to evaluate longer term rerformance of PVC .

The field evaluation determined skid resistance , permeability , density,

voids, binder content , binder penetration , binder viscosity, aggregate

gradation , and pavement condit~ on at the t ime of the evaluation. Thee€
evaluation data were used to validate a PVC de~;ign method and reco~ nended
spec ifications. As a result a PVC mi~~in g ‘r~ccosity and modified 1/2—in.
maximum—size aggregate gradat ion were adopted.

8.6 SUMMARY OF FINDINGS
AND CONCLUSI~)NS

PVC’’- .3uiould be considered only for u~,e on struct~rs1]y ~ound
flexible pavem ents since cracks in base paveme~.ts will r-~flect through

the FTC in a short period of time and will subsequently ravel .

Although there is a tendenc.~ for the harder penetration grade as-

phalt cement (60—70) used as a bincer material to stabilize sooner than

k-he softer penetration grade asphalt cement (2Oc- --~O0), the harder pene-
tration grade saphalt cement generally produces lover wet skidS resistance
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values. An 85-100 penetration grade asphalt cement could be used to

counteract these effects. It is believed that the best performance will

be obtained from PVC mixes designed using the same types of aggregate

and asphalt as used In construction of the base pavement.

Neither laboratory test results nor field observations of PFC

mixes showed any correlation between performance and Los Angeles abra-

sion values that could be used as a basis for changing the Los Angeles

abrasion criteria ror use in the specification. A lack of difference

in performance of PVC pavements attributable to aggregate quality could

be the result of all PFC jobs under study being constructed with high—

quality aggregate.

A recommended gradation for PVC is shown below :

Sieve Percent Passing
Size by Weight

1/2 in. 100

3/8 in. 80—100
No. 14 2 5~ 14O

No. 8 12—20
No. 200 3—5

Based on this gradatIon of aggregate, permeability of PVC mixes, and

field performance, it was determined that the minimum thickness of PVC ’s

should be 3/14 in. arid the maximum should be 1 in. This thickness of

properly designed PVC will provide the necessary porosity. The thick-
ness should be kept to a minimum to reduce any tendency of the PVC to

densif’y under t ra f f ic .
The design procedure for PVC mixes is predicated on meeting van —

otis material requirements of the asphalt and aggregate. Determination

of the asphalt content should be accomplished using the relation

+ 14 .o , where K0 is determined from the California Centrifuge
Kerosene Equivalency test . The t emperature of mixing should be estab-
lished using a viscosity—temperature relationship for the job asphalt .
Validation of the mix design can include the permeability test . The

design procedure for PVC mixes should consist of the following :
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~~. Determine K~ and estimate the asphalt content by the rela—

A 
tion 2K + !~~()

b. Develop the viscosity—temperature re1ation~hip for the job
aiphalt for use in establishing the field mixing temperature5
and select the mixing t emperature at a viscosity of 275 ~ 25
c.ntiatokes .

c. If desired , conduct a laboratory permeability test to estab-
lish that the PVC mix design will have acceptable
p.raeability.

8.7 NEEDED STUDIES

It has been proposed that a 3/ 14—in. maximum-size aggregat e grada-

tion be used for PVC’s. However , some problems with raveling have been

observed with this gradation , and it is suggested that a more detailed

study of this type of gradation be made. Elastomeric—modified asphalt

in the form of neoprene-modified asphalt has performed. very well , and

a study of other elastceiers as asphalt modifiers is suggested .
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CHAFTER 9: STRUCTURAl, LAYERS

9.1 APPLICABLE PUBLICATIONS

This chapter summarIzes portions of Report No. FAA—RD—73— 198 ,
“Comparative Performance of Structural Layers in Pavement Systems,”

Volume I , “Design , Construction , and Behavior Under Traffic of Pavement
Test Sections ,” June 19714, and Volume II (in preparation), “Analysis

• of Test Section Dat a and Presentat ion of Design and Construction
Procedures .”

9.2 BACKGROUND

It is generally recognized and field observations have verified
that pavement performance is related to the quality and thickness of
layers making up the pavement . Present criteria generally yield

minimal thicknesses based uron the use of specified materials (herein-
after referred to as “conventional” materials or conventional pavements)

that experience has shown will give satisfactory performance . Experience
in accelerated testing of fufl—scale pavement sections has shown that the
use of materials having durability arid strengths greater than those of
conventional materials will permit a reduction in required thicknesses
for equal performance. The quality of the materials can be improved
through either selective use of existing materials or through the
chemi cal or bituminous stabilization (hereinafter simply referred to as
“stabilization”) of existing materials. Stabilization can be used to

transform locally available materials of either specified or marginal

quality into acceptable or high — quality structural layers , thereby
reducing the required thickness of the locally available material .
These reductions in thickness requirements often offset the additional
expenses involved In stabilization . The performance and possible
economic advantages of stabilization have therefore been fairly well
defined . The basic problem underlying further advancement of the
stat e of the art is that of developing a method for incorporating the
increase In performance into design considerat ions.
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9.3 PURPOSE

The purpose of this study was to develop design criteria and
construction procedures for airport pavements incorporat ing high—quality
structural layers .

9.14 SCOPE

The study was accomplished as follows:

a. Two specially designed pavement test sections composed of
items representing a range of stabilization efforts were con-
structed and trafficked to failure under controlled, acceler-
ated conditions.

b. Dat a from the two specially designed test sections and from
previous studies of stabilized and high—quality material
pavement test sections were compiled and used as input to

- an analysis of construction and performance characteristics
of pavements incorporat ing high—quality structural layers.

c. The results of the analysis were used. to formulate design
criteria and construction procedures.

9.5 SUMMARY OF WORK ACCO~fl’LISHED

9.5.1 DATA COLLECTION

Two specially designed test sections , including four items sur-
faced with aspha.ltjc concrete (AC ) and two items surfaced with portland

cement concrete (Pcc), were considered in this study. Simulated air-

craft traffic was applied to the test sections with 200— and 2140—kip

dual—tandem assemblies. Visual observations of the behavior of the

items were recorded throughout the traffic period and were supplemented

by- photos and rod and level readings. After the completion of traffic,

additional tests were conducted by excavating trenches across the traffic

lanes.

In addition , data from previous studies , which incorporated
stabilized layers and high—quality unbound materials (15 AC-surfaced

items and 1 PCC—surfaced item), were used in this study. Single—wheel

• loadings of 50 and 75 kips, dual—tandem loadings of 160 and 200 kips,
and a 12—wheel, loading of 360 kips were used in trafficking these items.
The general approach and methods of testing were nearly- identical for
all test sections.
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9.5.2 FLEXIBLE PAVF~4ENT
ANALYSIS

Two methods of analysis were applied to the data from the AC—

surfaced items : one based on layered elastic theory and the other on
comparisons of performance of the various test items. The theoretical
analysis method involved the use of computerized models to predict the
performance of each item. Response parameters used as input to the

models Included the resilient modulus as determined from resilient tn -

axial tests , the average modulus from unconfined compression tests , and
the tensile modulus from indirect tensile tests. The performance predic-

tions were made based on computed subgrade stresses and surface deflec—

tions and on limiting subgrade strain criteria. Results of the analysis

showed that the stiffness of the stabilized material in the various
items was considerably lower than the resilient stiffness of laboratory
specimens . It was not possible to develop a transfer between laboratory

material characterization and field material properties; thus, a theoreti-
cally based design procedure could not be perfected as a part of this

study .
The comparative performance method involved a comparison of re-

sults for the various items with conventional flexible pavement criteria.
The subgrade strength , environr~enta1 conditions , and loading conditions
were held relatively constant in the items , while the quality of mate-
rial in the items was varied . A direct comparison of material quality

and pavement performance was therefore possible . To account for the
di fferences in performance of the items, equivalency factors were de-

veloped which consist of a ratio of the required thickness of a con-
ventional base or subbase layer to the required thickness of high—quality

material.
The approach in developing the equivalency factor s was to comput e

the thickness of conventional flexible pavement which would perform in
the same manner as the test item with the high—quality l*yer . The con-

ventional flexible pavement was then aesumed to have the minimum require-

ments of 3 in. of AC and 6 in. of base with the remainder of the structure
being subbase. The thickness of the high—quality material was then
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ratioed to the thickness of the conventional base or subbase to arrive
at an equivalency factor . After equivalency factors were calculated.
for all test items , values were selected to represent several soil

types depending on the type of material and/or stabilizing agent. In

each cage the resulting high—quality material must meet specified
strength and durability requirements before the equivalency factor can
be used in design.

9.5.3 RI GID PAVB~€N’1’ ANALYSIS

The basic analysis of the FCC—surfaced items also consisted of a
comparison of performance with present criteria which involved use of the
Weetergaard analysis to determine the benefit derived from use of sta-
bilized layers. This analysis did not concern Itself with high—quality
unbound (nonstabilized ) materials since the modulus of foundation

reaction k is used to assess the strength of these type materials
in rigid pavement design . This was accomplished by calculating the
thickness of PCC pavement requi red to support the test t raffic  on
nonstabilized rwiter t al . This thickness was then compared to the actual
thickness at PCC used in the test items , thereby showing that the sta—
bilized. soil layer was equivalent to some thickness of FCC pavement.

Design criteria were developed using the Wester~~.ard and the
layered elastic ana~1ye1e. Using the Westergaard analysis , the stresses
at the bottom ~~ the slabs in the test section were comput ed . These
stresses were then used as input to the mult ilayered elastic analysis ,.
and an equivalent thickness of FCC on a nonstabilized subgrad. was com-
puted . Once this relat ionship hed been developed , the layered elastic
program wag used to extend the data to other slab thicknesses , moduli
of elasticity of the stabilized layers , and thicknesses c- f ’ stabiliz ed

layers .

9.6 CONSTRUCTION PROCEDURES
FOR STABILIZED LAYERS

The construction of etabilized. soil layers requires ~he use of
proper equipment and techniques . As a result of experience gained from
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constructing teBt sections, from field observations , and from a litera-
ture study , procedures were developed that present the proper techniques
and equipment for mixing , compacting , finishing , and curing of stabilized
soil layers.

9.7 SUMMARY OF FINDINGS
AND CONCLUSIONS

In the theoretical analysis of the AC—sur faced , high—quality
structural layer items, a transfer from laboratory material characteriza-
tion to field material properties was not accomplished ; therefore , the
design proce~1ur ~ was developed based on comparat ive performance with
convent ional flexible pavements. Experienc e gained durmn~ this portion
of the study did show, however , the applicability of using lnyered
elastic theory in establishi ng correlat ions botween computed pavement
response parame~ers and pavement performance.

The comparative performance analysis of the flexible pavement
items resulted in the development of equivalency factor s which can be
used to compute thickness requirements for pavements having high—quality
layers. These equivalency factors together with existing conventional
flexible pavement cr iteria constitut e the design criteria for incorp ora-
tion of high—quality structural layers in flexible airport pavements.

The compar at ive perfor mance anal ysis of the PCC— sur faced items
also resulted in the development of a thickne ss design procedure. In
this procedure , the required thickness of FCC without an underlyi ng
stab ilized layer is reduced according to the thickness and quality of
the stab ilized layer.

Constructi on techniques wer e developed for construct ing stabilized
soil layers .
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CHAPTER 10: t EMBRANB.-ERCAPSULATED SOIL LAYERS

10.1 APPLICABLE PUBLICATIONS

This chapter summarizes applicable parts of Report No. FAA—RD-73-
198 , “Comparative Performanc e of Structural Layers in Pavement Systems,”
Volume I , “Design, Construction , and Behavior Under Traff ic of Pavement
Test Sections ,” June 19714, and Volume III, “Design and Construction of
MESL ,” December 19714.

10.2 BACKGROUND

The concept of protecting a soil later in a pavement system from
the intrusion of excess moisture is not new . One application of this
concept is a membrane—encapsulated soil layer (MESL) . A M~~L consists
of compacted soil (natural subgr ade or locally available so il)  placed
between lower and upper waterproof membranes t hat are j oined and sealed
along the edges. A cross section of a typical MESL pavement section is
shown in Figure 10—1.

PORTLAND CEMENT CONCRETE
OR ASPHA L TIC CONCRETE-..,

POLYPROPYLENE-ASPHALT 
‘
~‘s~ ~~ SURFACE-TREATED

UPPER MEMBRANE \ ! S?~~ ULDERS

~~~~~~~~~~ /////A4~W//~~�’
ENCAPSUL:1 ED /

SUBGRADE
6-NIL POLYETHYLENE
LOWER MEMBRANE

Figure 10—1. Typical cross section of a MESL airport pavement
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The major drawback to extensive employment of such pavement sys-

t ems has been the unavailability of durable , low—cost membrane materials.

However, recent studies conducted at WES have shown that satisfactory

materials for this purpose are now available at reasonable cost. During

this period, valuable experience has also been gained in MESL
const ruct ion .

10.3 P”T~POS~:

The p~rp.~se of this study was to develop design and construction

~rocedu’er f’. r ~~ use of MESL ’ s in flexible and rigid airport pavement

systems.

lO.L4 SCOPE

ud~ cons isted ~f :

a. R v l~ w c~~’ nrevious ~tudies to determine construction tech—
n;que~s an~ material and equipment requirement s for use of
‘tI-.~L’s in airport pavements. Based on thi s review , a proce—
dure for constructing MESL airport pavement systems under
n.-r~’d weather conditions was prepared.

h. Data from full—scale test sections incorporating MESL test
i t.emi were analyzed to develop the design procedures. Coin—
p~.rat lye performance analyses were used to develop the design
criteria for a flexible pavement system incorporating a KESL
and to extend the rigid pavement criteria.

c. Data from previous tests in which traffic was applied di-
rect L3r on the nonsurfaced MESL section were used in the
criteria development .

JO.  5 SUMMAR Y OF WORK ACCOMPLISHED

10.5.1 !4ESL CONSTRU CTION

A procedure was prepared detailing the steps required in MP~ L con-

st ruction . These steps are: excavation , subgrade preparation , lower

membrane placement , moisture adjustment (if necessary), loose soil

placement , c~ mpaction , proof rolling, final grading , upper membrane

placement , blot t er course application , and surface course placement .

Recommendations were al so formulated with regard to appropriate soil

tests , equipment , and materials to be used in MESL construction .
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10.5.2 FLEXIBLE PAVE!.~~ITANALYSIS

The performance of two full—scale test items was used to develop

a thickness relationship between a pavement system incorporating a

MESL and a conventional flexible pavement system. The conventional item

consisted of .a 3—in. asphaltic concrete surfacing, 6— in, crushed stone

base , and 15—in, gravelly sand, subbase over a 14—CBE heavy clay subgrade.

The !€SL item consisted of a 3—in. asphaltic concrete surfacing and a

21-in. MESL constructed from lean clay over a le—CBR heavy clay subgrade .
Both items were trafficked with a load cart simulat ing one 12—

wheel main gear of a C—5A aircraft . A 360 ,000—lb loading and a

285—sq—in. tire contact area were used for the load cart .
The conventional item sustained 1014 coverages of this loading to

failure , and the MESL item sustained 1973 coverages to failure. Due to
the composition of the two items and the identical loadings , it was

possible to dIrectly compare their perfo rmances and thereby develop an
equivalency factor for relating required thicknesses of ~~SL and conven-

tional construction. However, because of the limited amount of full—

scale aircraft loading test data , it is recommended that the equivalency

factor ’ not be applied to MESL design for civil airport pavements. In-

stead , it was recommended that the MESL be considered as a 1—to-i

replacement with .currently specified subbase materials. Thus, the rc-

quired total thickness of ?.~ SL and asphaltic concrete surfacing sho’:l ~
determined from the appropriate flexible pavement design curves. S- nce

unbound coarse-grained material should not be placed on the surface of

the upper membrane because of the danger of puncturing the membrane , the

thickness of asphaltic concrete sur facing s will be equal to the required

minimum pavement thickness plus the minimum base course design thickness .

10.5.3 RIGID PAVE!€NT
• ANALYSIS

The performance of one test item was analyzed to determine the

effectiveness of a MESL base course under rigid pavement. This item

consisted of 7 in. of fibrous concrete and a 20—in , lean clay M~~L over
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4 a 14—CBR heavy clay subgrade . Under both 200- and 240—kip dual—t andem
t ra f f ic  loadings , this item perfo rmed better than current criteria would
have predicted for an equal thickness of conventional rigid pavement ,
indicating that the MESL served adequat ely as a base course . Based on
this finding, it was possible to ext end the current rigid pavement cri-
teria to establish criteria for MESL construction . The design procedure
involves direct testing for the modulus of soil reaction k on top of
the MESL, not correcting for saturation , and comparing this value with
the subgrade k value adjusted to account for an equal thickness of
granular base pl aced between the pavement slab and the subgrade. The
lesser of the two k values is then used with the appropriate rigid
pavement design curves to determine the required slab thickness .

i 0.6 SUMMARY 0~’ FINDINGS
AND CONCLUSIONS

Design and construction criteria were developed for -‘se of MESL’s
in flexible and rigid airport pavement structures. In addition ,. this
stuiy demonstrated that a MESL can be used as an alternative to conven-
tional base and subbase layers in airport pavements. Use of MESL con—
struction is justified based on its potential for lowering construction
costs through employment of poorer quality in situ foundation materials.
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CHAPTER 11: INSULATING LAYERS

11.1 APPLICABLE PUBLICATIONS

This chapter alnmnArizes applicable portions of Report No. FAA-RD-
73— 198 , “Comparative Performance of Structural Layers in Pavement
Systems ,” Volume I , “Design , Construction , and Behavior Under Traffic
of Pavement Test Sections ,” June 19714, and Volume IV ( in preparat ion) ,
“Analysis of Insulating Layers in Pavement Test Sections .”

11.2 BACKGROUND

A pavement design concept (primarily for highways) used in
regions where frost action is a problem is to place insulating layers
in the pavement structure to prevent the penetration of freezing tem-
peratures into frost—suscept ible materials. Innovations in material
utilization have included the use of prefabricated polystyrene panel s
and polystyrene bead concrete as the insulating layer.

A significant factor in the design of pavements containing in-
sulating layers is the depth at which the insulating layers are placed .
To be most effective as insulation , the insulating material should be
located as near the surface as possible; the location of the layer should
be cont rolled by the strength of the mat erial and the structural ade-

quacy of the resulting pavement system.

11.3 PURPOSE

The purpose of this study was to evaluate the structural perform-
ance of prefabricated polystyrene panel and polystyrene bead concrete
layer s in both rigid and flexible pavement systems , and to develop
guidance for locating the layers within the pavement system, based on

structural requirements.

~~~~ SCOPE

The study involved construction and testing of full-scale

flexible and rigid pavements , and snaly~is and evaluation of the response
and performance of the pavements when subjected to simulat ed aircraft
loadings . Material tests were performed on the insulat ing materials
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to supplement the pavement tests. Eight flexible pavement test subitems ,
four containing STYROFOAM0 panels (with compressive strengths of 60 and
120 psi) and four containing STYROPOR00 concrete ( 142 pcf) ,  were tested .
Eight rigid pavement test subitems, six containing STYROFOAM panels (with
compressive strengths of 35 and 120 psi) and two containing STYROPOR
concret e (38-p cf ) ,  were tested.

11.5 SUMMARY OF WORK ACCOMPLISHED

The fl exible pavement test subitems are shown in Figure 11—1.
Controlled , accelerated traffic was applied to all eight subitems
with a 5O—kip single—wheel assembly having a t ire inflation pressure of
190 psi. The rigid pavement test subitems are shown in Figur e 11—2.
Cuntrolled , accelerated traffic was applied to tour subitems with a
200—kip load and to four subitems with a 2 140—kip load . The loads were

~rp1ied with a dual—tandem assenthly having tire inflation pressures of

390 and 250 psi , respectively.

Laborat ory tests were conducted on the insulating materials to
determine their load deformat ion and strength characteristics. Uncon—
fined compression tests and repeat ed load triaxial tests were performed
on the STYROFOAM. Results from the unconfined compression tests indicated
that the manufacturer’s specified compressive strengths of 35, 60, and
120 psi were obt~ ined at approx imately 2 percent strain. The repeated
load triaxia]. tests indicated that the resilient modulus of the material
was insensitive to the confining and deviator stress and t hat the 60-psi
material had a modulus of about 14500 psi while the 120—psi material had
a modulus of about 7000 psi. Penet ration tests (using CBR piston) with
the 14— in. —thj ck panels placed on a firm surface also indicated that the
stiffness of the material was proportional to the compressive strength .
Tests indicated that Poiswn ’s ratio of the material was approximately
zero .

Compressive and fl exural tests were conducted on the STYROPOR
concrete. The tests indicated that the strengt h and modulus of elasticity

• Dow Chemical Company trade name.
•~ BASF Wyandotte Corporation tr !4e name .
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of the material were proport ional to the unit weight of the material. As
the polystyrene bead content increased and unit weight decreased , the
strength and modulus of elasticity decreased . This is of importance in
locat ing the material within a structure and determining the required
layer thickness since the insulating propert ies decrease as the poly-
styrene bead content decreases . Poisson ’s rat io of the STYROPOR concrete
was approximately equal to zero because of the dominating influence of
the polystyrene beads which deform in the direction of loading without
deforming perpendicular to the direction of loading.

Plate bearing and CBR tests were conduct ed prior to and after
traffjc at various locations within the pavement structures to evaluate
the load—carrying characteristics of the insulating layers within a
pavement structure. In addition, density and moisture content tests
were conducted on the various soil layers .

The flexible pavement s behaved much like conventional flexible

pavement as t raffic was applied with the 50—kip single—wheel load .
Permanent deformation ( rutting ) and cracking occurred as iUustrated
in Figure 11—3. Much of the distress in the pavements was initiated at
the junctures between the subitems. Because the length of each subitem
was only 10 ft , interpretation of the performance of the pavement s was
difficult.

It is believed that the size of the rigid pavement test sections
may also have adversely affected their behavior. The slabs were 12—1/2 ft
square and 15 in. thick. When loaded with a dual—tandem loading with the
wheels spaced 1414 and 58 in . ,  the slabs appeared to respond more like rigid
bodies than slabs with more conventional dimensions which would bend .
The failure of most of the pavements was characterized by failure along

the joints as illustrated in Figure ll_1e . The 200—kip load was applied
along a keyed and tied construction joint , and the 240—kip load along
an aggregate interlock contraction joint . Two of the pavements
(s~ubitem 5c under the 200.-kip load and subitem 5d under the 2140—kip

load) failed in the normal or expected manner by cracking as illustrated
In Figure 11—5.
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The performance of the flexible pavements was analyzed and

compared with existing criteria for conventional flexible pavements.

Based on more theoretical considerat :ons , the stresses within the in-
sulating layers were compared to the strength of the material and the

load distributing characteristics were considered by analyzing the

stresses imposed on the subgrade. A theoretical analysis of the rutting

of the pavements was performed , and computed permanent deformations

were compared with measured values.

The performance of the rigid pavement s was analyzed and compared
with existing criteria for conventional rigid pavement . The supporting

characteristics of’ the insulating layers were analyzed by comparing

measured plate load—deflection curves with curves computed with the

properties of the insulating materials. An analysis of the stresses

fl -ic
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and def].ec-tions of the concrete slabs was conducted to determine poBsib].e
causeg for the joint failures.

11.6 SUNMABY DF CONCLUSIONS -

ANI) RECO*IENDAT IONS

Failures in the flexible pavements were initiated at the transi-.
- tions between subitems. In the subitems containing STYROFOAM layers

(14a, hb , 5c , and 5d ) ,  deterioration progressed because of inadequat e
compaction of the material above the STYROFOPJ4 layers . The .STYROPOR
concret e provided a stiffer p1atfo~m against which to compact , and
adequate compaction was obtained in the materials above the STYROPOR
concrete. Failure in subit ems 4c and 14d was attributed to inadequate
cover above the STYROPOR concret e which resulted in failure of the
STYROPOR concrete. Subitems 5a and. 5b contained STYROPOR concrete and
performed remarkably well , considering their sizes .

It is recommended that location of insulating layers within a
flexible pavement structure be based on limiting the vertical compressive
stress on the insulating layer to spedified tolerable limits. The limit-
ing magnitude of vertical.conipressive stress should be less than the
measured compressive strength divided by an appropriat e safety factor .
In addition , published criteria for conventional flexible pavement
design should be checked , i .e . ,  vertical strain in the top of the sub—
grade and horizontal tensile strain in the bottom of the e.spbaltic
concrete surface course.

The rigid pavements did not perform as expected . Joint failures
occurred in most of the items and the performance was in general poorer
than would have been predicted using measured material properties and
current design criteria. All of the pavements experienced pumping . It

• is hypothesized that the poor perfo rmance and j oint failures could be
attributed to the small slab dimensions relative to the slab thickness,
the large , widely distributed loads , and a smaller—than—predicted
effective load—carrying capacity of the insulating layers . It is
postulated that the diacontinuities in the STYROFOAM layers , poor seating
of the panels , and rigidity of the individual panels accentuat ed pumping.
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It is reco~~ended that a sand leveling course be used to insure
tt~ t STYROFOAM panels are firmly seated. A minimum of 6 in. of base
(subbase) coin- se should be placed between the slab and the insulating
layer ( STYROFOAI4 panels or STYROPOR concrete). It iB reco~~nended that
determinat ion of required slab thickness be based on a mod~u1ua of soil
reaction measured on top of the base course.

For aubgrades susceptibl e to pumping (CH , CL , ~.W, ~~, and OL ,
and SM and SC where the water table is high or drainage poor), a minimum
of b in. of base course should be placed between the STYROFOAM panels
and the subgrade. -

L
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CHAPTER 1~~: STATISTICAL QUALITY COL~TROL PROCEDURES

12.1 APPLICABLE PUBLICATIO~1S

This chapter summarizes Report No. F’AA—RD—73—199, “Statistical

Quality Control Procedures ror Airport Pav~.ment Materials ,” October 1975 .

12.2 BACKGRuUNI)

Material variability which results in quality or strengt hs lower
than used in de~i ign, whether csused by improp’;r material selection ,
improper handling and mixing, or improper ~onrtruction , can ~iu11ify

the benefits of a rigorous uirport pavement design . Therefore , rea—

~onab1e material specification~i and quality c ntrol procelurcs which

recognize and consider that mat erial variability will exi$t are essen-
tial in pavement constructi~ u to insure thut ~.he in—place pa~ement will

perform as iiiteuded in design .
In geueral , current specifications and cont rol procedures do not

realistically consider material variability and in many instances are
unrealistic in t,hat they do not provide the quality , strength , and

uniformity required by the design and in some cases are not enforceable .
i!~xamples of these are specificat ions which use average , minimum , or
maximum values without also giving reasonable acceptable limits based
upon practical experience and sound engineering judgment .

Statistics represent s a tool which , when u8ed with practical
experience and sound engineering judgment , can provide more reasonable
and more enforceable specifications for materials and construction.
Statistics, properly applied, can also result in improved control of

material properties and construction procedures. Statistical analyses

of data collected can assist the engineer in making better decisions
regarding needed changes and in making better assessments of the
quality of the product produced. Al]. things considered , stat ist ical

procedures can assist in the production of an improved final product

and may provide greater confidence that the final product will or will
not perform its intended purpose .

12—1
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12.3 PURPOSE -

- The purpose of this study was to reeonmtend changes to materials
specificatioiis and construction control procedures based upon improved

~tatistical procedures.

12. 14 SCOiE

The study consisted 0f:
a. CoiL ction of mat cr1 al and construction control test results

from a number of FL” and Corps of EngineerB (CE ) paving
proj~cts.

b. P. rf ~rmance of a statistical analysis to determine the typical
• distribution of the various material property and construction

c~ .ntrol parameters.

c. D~ velopment of reco~~iended standard deviations and maximum
a1lo~able deviationb from averages for pertinent pavement
material and construction param&.ers for inclus i on in ap—
plic~ible speciticat i~ns based. upon the statistical analysis
o~ a~ai1ablC data.

d. Development of a recommended quality cont rol plan , with more
- em~hasj s on the use of statistical procedures , to insure that

specification requi rements are being met .

12.5 SUMMARY OF WORK
ACCO?’~LISHED AND CONCLUSION S

Results of construct ion control tests were obtained from 30

airfield/airport construction jobs and analyzed to determine the typical

distribution of the data. Criteria used in selection of the job data
w.-~re that the contractor be reputable and capable, and that the com-

pleted job be considered satisfactory. In this regard, rec endations
of FAA and CE personnel associated with the construction were used.
Dbta collected included pertinent properties of subgrade , lime—treated

s’ibgrade, subbase , base , asphaltic concrete , and portland cement con-
crete; however, data on all of these materials were not available at

every const ruction site . - The data were analyzed to determine the average

- a.id. standard devi ations of each parameter which were , in turn, used to

reco~~~nd allowable maximum deviat ions from the average for inclusion in
applicable specifications . These recomnendet specifi cation requi~e-
m .nts were determined with two prii~~ry considerations:- Cs) that a
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quality pavement be constructed and (b) that the specification require-
ments be realistic. Based upon the methods used , it was felt that the
apec iticatic~ requirements could be recommended with confidence.

Statistical quality control procedures for the various types
of construction were developed to include the most pertinent parameters
pertaining to the quality of the pavement. In addition , the suggested
requirements were presented in a form which permits rapid and efficient
evaluation of the parameters.

12.6 RECOM!.ENDATIQNS

It was recommended that the specifi cation requirements and quality
control procedures be implemented on a t rial basis before incorpor ation
into the standard FAA specificat ions and that all field control dat a fr om
these trial jobs be kept for future analysis. The data should be analyzed
and used to evaluate the suggested specification requirements and make
changes as indicat ed .
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4 CHAPPER 13: PAVE~€NT RESPONSE TO AIRCRAF’T DYNAMIC LOADS

13.1 APPLICABLE PUBLICATIONS -

This chapter summarizes Report No. FAA—RD-7 14—39 , “Pavement
Response to Aircraft Dynamic Loads ,” which consists of the following :

a. Volume I , “ Instrumentation Systems and Testing Program ,”
June 1975.

b. Volume II , “Presentation and Analysis of Dat a ,” September
1975.

c. Appendix A to Volume 11, “Automatic Data Processing,”
September 1975.

d. Appendix B to Volume II, “Data,” September 1975.

a. Volume III, “Compendium ,” June 1976.

13.2 BACKGROUND

Reports of pavement distress associated with current commercial

aircraft loads and growing concerns over the possibility of detriment al

ai rcraft dynamic load effects on airport pavements persuaded the FAA
to sponsor a Lockheed—California Company study described in Report

No. FAA—RD—70— 19, “Aircraft Dynastic Wheel Load Effects on Airport Pave-
ments ,” dated May 1970. The Lockheed study consisted of a literature

study , computer analyses to determine aircraft loads and pavement re-
sponses , scaled pavement tests, and correlations between experimental
and analytical data. In general, the Lockheed study concluded that

aircraft dynamic wheel loads have a significant effect on portions of

ai rport pavements. Specifically , the study showed that the primary
effects that influence pavement response to dynami c loads are:

a. The increased magnitudes of aircraft wheel load s resulting
from aircraft modes of operation , pavement unevenness , and
aircraft structural characteristics during moving ground
operations.

b. The dynamic load phenomena associated with the materials
used in the construction of both rigid and flexible
pavements.

For a given aircraft and level of pavement uneveness , the loads
imposed upon a runway can be accurately defined for various ground
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operations. On the other hand, there has been a serious void in

information necessary to obtain an accurate description of pavement

response to dynamic loads.

13.3 PURPOSE

This study was undertaken in an effort to provide experimental

i: - ::
~~ ~t. - - ~~onue data so that the significance of dynamic loads on

m - t nav~inen~s could be evaluated. Specifically, the basic purpose

of -
~~~

-
~~ ~~~~~ y ~~~ - det-. mine the relationship between the responses of

• -:c-~1 f1 x~~1~- and rigid runway pavements to static and dynamic loads .

• ...-~ re :eraeri ~~ t~ . ~~ter:nine I~he magnitudes of the dynamic loads , to

~ni ne t}~ iept~is of pavement structures affected by static and
-. 1r’~v~-~, ard te :investigute the relationship between aircraft

~~~ • -~ e~-d a- -i. a.ircraft dynamic oads were essential elements of

Two full-scale series of tests using instrumented aircraft and

i~ ~‘ie::i.hl~’ and rigid instrumented runways were conducted to provide

In -a needed . One series of tests was conducted during the cold period

ei. t h e  L.’ear (1972) when the average temperature of the top pavement

layer was in the range of 35 to 55° F, while the second series was

conducted only on the flexible pavement during the hot period of the

1ear (197k ) when the average temperature was in the range of approxi-

mately 814 to 116° F. An instrumentation system was installed aboard

the aircraft to measure and record three component s of force of each

of the main gear assemblies of the aircraft . Instrumentation systems

were installed at var ious elevat ions within the flexible and rigid

pavement structures to measure the pavement responses to aircraft

J oads in the form of relative displacements and pressures. The key

element in this experimental .tpproach was the recording of a common

~me base for both the aircraft load measurement s and the pavement

response measurements. This control provided a mean s of correlating

the responses of the aircraft and the two pavement structures to

1 3—2
)



_____________ 
-

within 1 macc . The, locations of the two instrumented pavement test
sites were selected so that all. possible modes of aircraft ground
operation could be investigated during the course of the experimental

study .

13.5 TEST PflOGIWI

An in~trumentat ion puckitge was installed in the pavement struc-
tures of runwayH 014—22 and 13—:sl at the National Aviation Facilities
Experimental Center ( NAFEC) Airport , Atlant ic City , N. 3. , at the two
sites indicated in Figure 13—1 .
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Figure 13—1. Locations of test sites at NAFEC Airport
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An 80—ft—long se~ nent of runway 13— 31 located at its intersection

with runway 8—26 was selected as the flexible pavement test site . This

test site wa~ chosen to enable the collection of typical response zhea-

surements during landing and at. the point of rotation for takeoff as

iell as duri ig l ow- and high-speed taxi ing , braking, and turning opera-

tions. This pa~ticular site was in a portion of the runway which was

being recons’ ru -ted , a fact~r ~f great benefit~ during installation of

instrumentation. After rec~nstruetion , the flexible pavement structure

in this area co 1sisted of 3 in. of bituminous surface course, 6 in. of

i ituininous b s e  course, 9 i i .  f base course consisting of the crushed

~nd mixed on gilal pavement su face and ba.~e courses , and 12 in. of

~.ubbase cour~e -onstructed Iro the original subbase course over a

- .~mpacted suI gr~de.

A typ~ca~ layout of the flexible pavem~nt instrumentation system

:~ shown in t i g re 13—2 . Bi so~i coils , SE soil pressure cells , WES

‘teflectiori gages , WES soil prebsure cells, induct ive probes , and velocity

gages were installed in the pavement structure as shown. In addition ,
-
~ thermistor was installed on the pavement surface and at depths of

3, 6 , and 9 in. within the pavement structure.

A 72—ft—lon g se~~nent of runway 0 14—22 was instrumented at its

intersection with runway 17—35 to form the rigid pavement teat site.

The pavement structure in this ar ea consisted of 7 in. of PCC pavement

and 8 in. of subbase course over the compacted subgrade. The concrete

i.~as removed and gages were installed in holes cored through the

underlying mat erial .
The instrumentation system installed in the rigid pavement test

site was similar to that in the flexible pavement test site . Figure 13—3

shows a typical layout of the instrumentation system, which included

Bison coils, inductive probes, deflection gages, Valore strain gages,

Sit: soil pressure cells, WES soil pressure cells, and velocity gages.

TI~ermistors were installed on the surface of , at the bottom of , and at a

depth of 3.5 in. within two slabs of the rigid pavement test site.

A system of laser light beam sources and detectors was installed
aLong the edges of the runways such that a light beam was projected
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directly above and parallel to each instrumentation gage row. An

electrical impulse was generated when the wheels of the instrumented
aircraft passed between the source and detector , thereby signaling the

instant at which the wheels were directly over the gage row . The
lat eral position of the aircraft was determined by visual inspectioL

• of a stripe of flour and water solution painted on the surface of the
runways adjacent and parallel to each gage row .

A synchronized common time signal was recorded on both aircraft
and ground data tapes. This provided the means by which the pavement
response could be correlated with the corresponding aircraft load . With
the exception of the thermistors, all instrum ents were recorded simul-

taneously on magnetic tapes, and all ground data tapes contained the

time code and laser signals. Temperatures were recorded on paper tape.

An instrumented B—727 was leased from United Airlines, Inc.,

for the cold weather testing of 1912, and a similar B—727 and a c—880
were obtained from the FAA and instrumented by WES for the warm weather
testing of 19714. The aircraft were instrumented to measure the force

transmitted to the pavement structure. On—board instrumentation for
all three aircraft included signal conditioning equipment , a time code
generator ( synchronized with the ground time code generator for correla-
tion of test results), and a l4—track analog magnetic tape recorder.

Data were collected for 1408 aircraft operations during the cold
weather tests . Of this total , 203 operations were on the flexible p~’ve—
iment test site and the remaining 205 were on the rigid pavement test
site. During the warm weather tests , data were collected for 281 air-

craft operat ions on the flexible pavement test site .
The following types of tests were performed during both cold and

warm weather tests :
a. Static load tests. The aircraft was positioned over each

gage row end data collected . These tests provided data for
comparison with data from dynamic load tests as well as a
check of the capability of the instrumentation system.

b. Dy namic load teets. Various aircraft ground operations were
conducted on the test sites and data collected. Pavement
responses and aircraft dynami c loads were determined under
the following aircraft operating modes :
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t (i) Creep—speed taxi (3 to 8 knots).

(2) Low-speed taxi (15 to 30 knots).
(3) Medium—speed taxi (145 to 80 knots).

(14) High—speed taxi (85 to 130 knots).
(5) High—speed braking (130 to 1~5 knots).

(6) Takeoff rotation (8 5 to 130 knots).
(7) Touchdown.

(8) High—speed braking with reverse thrust.

(9) Turning (1~ to 30 knots).

13.6 ANALYSIS OF
DATA AND RESULTS

In general , all instrumentation performed satisfactorily. The
instrumentation responses were reduced by automatic data processing

(digital ) techniques. Interpretation of the processed data revealed

the following:

a. Elastic (including viscoelastic) and inelastic phases of mate-
rial behavior were found acting in the displacements of both
flexible and rigid nonconditioned pavements. ‘ (Conditioning
is a test procedure in which a pavement point is loaded
repeatedly before recording instrument responses . By condi-
tioning, inelastic response, which can be erratic , is made
to approach zero; therefore, instrument response then appears
to be “stable.” While this type conditioning temporarily
eliminates the inelastic movements, it is not really repre—
sentative of behavior under actual t raff ic loading , since
traffic is randonly distributed and approaches a normal dis—
tribut ion with t ime .)  The magnitude and direction of movement
of the inelastic response were controlled by the gear—to-gage
offset distance. Changes in direction of the inelastic re-
sponse and the upward movement at the various offsets and in
the inanediat e gage vicinity occurred . However , the elastic
and inelastic responses exhibited sy~~~try and repetition .
Inelastic response was symmetric and repetitive for a given
syumietri c or orderly load sequence .

b. In order to be Ible to fully interpret and an alyze the noncon—
ditioned pavement structure response data , the elastic and
inelastic phases had to be separated (they occur simul-
taneously) and treated independently in the investigation
of stat ic sad dynamic load t. .t results. Instrument responses
could not be completely analyzed ~saless ‘the inelastic
behavior was fully recognized and utilized.
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c. Two different types of displacement responses were identified
as acting in both flexible and rigid pavements. The two
types are tots]. pavement structure response as assumed to be
referenced to infinity (inert ial reference) and individual
pavement structure element response referenced internally to
each element (noninertial reference) . Each type of response
exhibited both elastic and inelastic material behavioral
phases.

d. Bow waves in front of the wheels and elastic vertical expan-
sions behind and adjacent to the wheels were found to occur
within the structural elements (noninertial reference) of
both pavement structures under moving aircraft operations .

a. The vertical pressure dat a for both flexible and rigid pave-
ments were found to be totally recovered , elastic (corre-
sponding to the elastic phase of behavior), upon removal or
passage of a load. No residual pressures appeared to be
acting; therefore , the inelastic behavior did not seem to
induce residual vertical pressures. The pressure cells ap-
peared to be carried with or ride within the pulsating
structures.

Pavement response to aircraft dynamic loads resulted in the

following f indings :

a. B—727 aircraft dynamic load tests in 1972 (cold weather ) and
19714 (warm weather ) on the nonconditioned flexible pavement
structure and in 1972 on the nonconditioned rigid pavement
structure at NAFEC showed that no basic aircraft ground op-
erating mode induced pavement responses (elastic plus inelas-
tic) greater than those occurring for static load conditions
even though the aircraft dynami c loads were as large as
1.2 times the static load. Elastic response alone generally
indicates this also to be true . The pavement surfaces were
relatively smooth in the test site areas .

b. However , ext rapolat ion of the test results indicates that for
stiff pavement structures, such as the rigid pavement and the
flexible pavement in cold weather , unusual conditions of
large dynamic loading that could result fr om rougher surfaces
than at NAFEC , holes or bumps , etc. ,  could possibly cause

• responses larger than those that would occur under static
loading. This behavior is possible because of the inelastic
behavior being of low magnitude for the stiff pavements and.

• the elastic response being essentially of a constant magni-
tude with rate of load applications. The larger than static
load response that could occur should be entirely elastic and
should not be detrimental to the pavement structure except by
contributing to an increase in elastic fat igue damage .
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c. Based upon gradually reduced elastic response but primarily
upon reduced inelastic response with high speeds, indications
are that thickness can be reduced in the interior of runways.

d. Measured aircraft loads during turns showed t hat high horizon-
tal loads are applied to the pavement surfaces . Due to the
high loads and to prevent excessive deterioration in turn
areas , the pavement in exit areas of flexible pavement runways
should be strengthened or be stronger than the main runway.

e. Test results showed inelastic behavior to be highly dependent
on temperature, rate of load application , and load history
(magnitude of load and lateral position of aircraft) .

f.  Inelastic displacements larger than the elastic displacements
were measured within the velocity range of static load to
low—speed taxi.

£~ 
Test results showed elastic behavior to be almost constant
for stiff pavement structures (rigid and low—temperature
bituminous pavements) and. the probable viscoelastic effects
to be more pronounced at high t emperatures in bituminous
materials.

h. The flexible pavement structure layer at a depth of 39 to
51 in. slightly responded (less than 10 percent of the sur-
face response) to the various modes of aircraft operation.
The rigid pavement structure layer at a depth of 15 to 214 in.
responded (about 30 percent of the surface response) to the
various modes of aircraft operat ion . These were the deepest
layers monitored during dynamic load tests for both pavement
structures .

i. Elastic and inelastic displacement behavior and response can
be accurately aath~~~t ically modeled .
The elastic and inelastic displacement behaviors], phases
di rectly associate the behavior of WEB pavement test sec-
tions under simulated aircraft loads and wheel configura-
tions and distributed (not conditioning) traffic to actual
pavement behavior under actual aircraft operations (NAFEC
tests) . This connection means t hat any further investigation
of dynamic load effects can probably be conducted on pavement
structure test sections of limited size .

k. Inelastic behavior occurred in both the nonconditioned flexi-
ble and rigid pavement structures and may possibly be a common
characteristic that links or ties together the performance of
all, pavement types. In fact , it may be the major controlling
factor or mechanism for pavement performance and life because
it can be the primary movement for static and lovespeed
operations.
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13.7 EECOM!€NDATIONS

Based on the study of pavement responses to aircraft dynamic loads ,

the following recoisnendations are made:

a. The required thickness of pavements subjected to parked or
slow—moving aircraft should be based upon the static weight
of the aircraft , as is the current practice. This is con-
sidered to include the parking aprons, taxiways other than
high—speed exit areas, and runway ends. In high-speed exIt
areas, runway interiors, and other areas that are subject
entirely to high—speed aircraft operations, the design should
be based upon an analysis of the dynamic loading to the pave-
ment and upon the pavement response to dynamic loading. In
high—speed exit areas, high horizontal loads are applied to
the pavement surface and should be considered in pavement
design . Due to the large loads and thus the likelihood of
excessive deterioration in turn areas , the pavement surface
in exit areas of flexible pavement runways should be strength-
ened or be stronger than the main runway . In runway interiors ,
the NAFEC test data indicate that thickness reductions can be
considered. In order to take full advantage of the NAFEC test
data in pavement design , more knowledge is needed concerning
pavement failure mechanisms and deterioration growth functions
and causes.

b. A vast amount of good data were collected., but an analysis
of the data beyond the objectives of this report has not been
made. There is a wealth of information to be gained, and the
analysis and study of the data and results should be con-
tinued. Specific areas of study should be the elastic and
inelastic displacement phases with emphasis on further defin-
ing and understanding the inelastic behavior and its impor-
tance to pavement structure perfornance.

c. Development of a mathematical model or models of the elastic
and inelastic behavioral phases should continue with empLc~ 1i
on correlating and defining the functions of the constant
coefficients for the model presented . These coefficients
should be functions of variables such as depth, load , number
of wheels , structure strength , temperature, rate of load

• application , etc.

d. Constitutive relations based on the measured results for the
pavement structures should be investigated.

a. Results pertaining to longitudinal moving wheel displacemcr.t
basin responses should be investigated with emphasis on
developing a mathematical model or models, based on the nea-
sured result s , for purposes of simulating roiling aircraft
wheels on a pavement.
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tf setisfictory results conceThLbg the above items are obtained , a solid
foundkticn should exist upon wtiieh to base theoretical. models concerning
pavement struct ure design , behavior , and performance under any type of
loadi ng condition s.

~.3—l2



CHAPTER 114: LONGITUDINAL CONSTRUCTION
JOINTS IN RIGID PAVEME1~T

114 .1 APPLICABLE PUBLICATIONS

Thi s chapter summarizes Report No. FAA—RD—72—10 6 , “St rengthening
of Keyed Longitudinal Construction Joints in Rigid Pavements,” August
1972.

1~ .2 BACKGRflJNI)

The multiple—wheel gears of present commercial aircraft impose
loadings on pavements that are significantly different from those pre—

vious iy encountered. Tests of full—scale rigid pavement test sections

at WE3 indicated that thickness requirements, as determined from extrapo-
lations to current design criteria, are adequate for these loadings ;

however , results of these same tests also ~iemonstrated that conventional
keyed longitudinal construction joints are inadequate for weak or soft

foundations. Since premature failures of such joints could result in

early structural failures of the pavement slabs, developing a method for

improving the performance of keyed longitudinal construction joints is

of critical importance to the civil aviation community.

114.3 PURPOSES

The purposes of this study were to:

a. Determine the adequacy of conventional keyed longitudinal
joints in rigid pavements constructed over medium- and high—
strength subgrades when subjected to current heavy wheel
loads.

b. Develop a method of strengthening these joints in existing
rigid pavements.

c. Study the use of doweled longitudinal construction joints in
rigid pavements.

d. Determine the effectiveness of a stabilized base course in
providing added protection to longitudinal joint s in rigid
pavements.



i14 .~ SCOPE

This study consisted of testing and. analyzing the results from

four items of a rigid pavement tes~ section representing a range of
jointing conditions.

114.5 SUMMARY OF WORK ACCOMFLISHFD

The plan and section o ’~ the ri gid pavement test section are shown

In Figure i 14— i.  Traffic was applied to the test section using a

360 ,000-.lb , 12—wheel assembly repre~ eTiting one main gear of the C—5 A
aircraft and a 166,000—ib , dual—tandem assembly representing one—half

of the i3—7147 aircraft main gear . Untied keyed and doweled construction

joint s designed acc ording to Corps of Engineers criteria were used to

join the two paving lanes. These j oint s were essentially the same as

the type C—keyed and D—doweled construction joints formerly recommended

under FAA design criteria. A brief description of each Item and. its

performance under traffic is presented below.

114 .5.1 ITEM 1

This item consisted of an 8—~.n. plain concrete surfacing con-

structed on a baae composed of 214 in. of pit—run clayey gravelly sand

whi~th exhibited an effective modulus of soil reaction ic ~-f 200 pc~ .

The subgrade was a low—strength clay. .4 keyed joint was used f.~r

one—half (25 ft) of the item , and a doweled Joint was used for the other

half. The keyed joint failed early in the traffic life , but the dov~led

joint performed satisfactorily for the full life uf the item. Ttndice.—

tions were that the performance of keyed joints in rigid pavement on

mediun-strengt h foundations would be margin~tl.

114.5.2 ITEM 2

This i-hem consisted of an li—in , plain ccncret~ sir

structed iire•~tly on the 1ow—stre~~th (k 75 tc 100 pci) s ’xbgr ad~~.

~ keyed jotnt was used for the ful l length of the item tSO f t ) .  Fr~or

to traffic , the keyed joint was strengthened by the meth od s shown In

Figure ~14— : . Each strengthening method studied pr tecte~ t he joint
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for the tul~ l i fe  of the t,e:;t section . This performance demonstrated

the feasIbi~~i ty of strengthening keyed. J oints In existing pavements that

are to be used for current heavy aircraft.

114.5.~ ITEM 3

This item consis~~’i of a 10—In, pl ain concrete surfacing con—

~trueted on a 14—in, sand fliter on the low—strength (k = 75 to 100 pci)
subgrade. A doweled joint was used for the full length of the test

item. The joint performed satisfactorily for the full life of the test

item. This performance demonstrated the adequacy of doweled. construction

joints in pavements subjected to current heavy traffic.

114.5.14 ITEM 1~

This item consisted of 10—in , plain concrete surfacing con-

structed on ~-. in. of cement-~’tabilized clayey gravelly sand base on the

low—strength subgrade. The effective k was approximately 1400 pci. A

keyed joint was used for one—half (25 ft )  of the item, and a doweled
joint was used for the other half. Both types of joint performed satis-

factorily during the traffic life of the test section . This performance

demonstrated the adequacy of both type joints on high—strength stabilized

foundations.

114.6 SUMMARY CF CONCLUSIONS
AND RECOMMENDATI ON~3

Consideration should be given to  strengthening keyed longitudinal
construction joints in existing r~gi~ pa-~emerts which have been con-

structed on low— t O  rr~~ iur~—stren ~th foundat ion s , are in good structural

conditIon , and are scheduled for operations oi current commercial air—

craft. The ~ert program described in this chapter has resulted in the

estabUs~ uent of methods of strengthening thesf~ joir.ts that have pro’ven

satisfac t~ory ; however, there may b~ other methods t.h~~ ~ci1l prove jwt
as satisfe.ctory. These results ha. also shown that the problems asso—
r-Iated with strengthening are not significant. However , repairing or

strengtnening a failed keyed joint is a difficult task. Therefore,

the joi nt s in critical areas should be strengthened as soon as is
practicable .
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Keyed longitudinal construction joints in existing rigid pave-
ments construct d on high—strength or stabilized soil foundations will

probably perform satisfactorily under present commercial aircraft loads.
However, it is recommended that these types of pavement s be periodically
observed (or tested) arid , if distress is noted , that consideration be

given to strengthening the keyed joints.

For new construction , the use of type C-keyed longitudinal con-
struction joints on unbound foundations is discouraged except in the
very low—usage areas , such as the outer lanes of runways and aprons. As

an alternato, thickened—edge keyed , thickened—edge butt, or type E—
hinged construction joints may be satisfactory. When using the type E-
hinged joint , the designer should be ~vare that tying the construction
joints of several successive lanes ~.ogether may result in longitudinal
cracking in the paving lanes since the t ie bars have the effect of
immobilizing the joint where contraction and expansion would ordinarily
occur.

The type D—doveled longitudinal construction joint proved to be

satisfactory in the test program described herein and is recommended for
use. These results substantiate the good performance of this type j oint .

The results of this study have been incorpo: ated in Chapter 3,
Sect ion 5, Paragraph 50b, of Advisory Circular AC 150/5320— 6B .
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CHAPTER 15: AIRCRAFT—PAVEMENT CO!.~ATIBILITY

15.1 APPLICABLE PUBLICATIONS

The following is a summary of “Aircraft—Pavement Compatibility
Study,” Report No. FAA—RD—73—206, September 19714.

15.2 BACKGROUND

Since 1958, the FAA has followed a policy of limiting pavement
design for large coimnerc 1al aircraft to an equivalent 350,000—lb gross

weight on a dual-tandem gear configuration. To remain within acceptable

stress limitations, the B—7147 has been designed with 14 main gear bogies
with 16 wheels and the DC—b —b and the L—bOll have been designed with

larger wheels at greater spacings to remain within the flotation cri-

terion. The penalty costs associated with conformance to the design

criterion have been hypothesized , but quantification has not previously

been made public.

Aircraft gross weights have already begun to exceed the 0,5—

million—lb class, and the penalties resulting from the flotation cri-

terion are becoming all too obvious • For instance , the DC—lO— 20 and the
DC—lO—30 have two additional wheels under the fuselage. The wide spac-

ing required on the four main gears of the B—7147 places the gears beneath
the engines , thereby decreasing the torque available for ground turning

and greatly impeding the ground maneuverability. As the aircraft in-
dustry moves toward aircraft in the 1.5— to 2.0—million—lb gross weight
class , even greater penalties would seem probable .

1~ .3 PURPOSE

The purpose of this study was to perform an economic analysis
relating pavement upgrading costs to the penalty costs associated with

adding gears and wheels to aircraft in order to provide adequate flota-
tion for the current design criterion of 350 ,000 lb on a dual—tandem
configuration .
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15.14 scop~
The basic approach used in this study was purely economic; envj~

ronzaental, s~ ciopolitical , and ener~~r conservation factors were not
considered . A three_element program was undertaker~ to accomplish the
purpose of the ct~udy.

First, a contract was let to Lockheed—California Company to design
landing gears for two categories of ~ircraft. Category I consisted of
a representatii~ of the reintively ne~- series of c ~mmercia1 jet aircraft
(in Lockheed’s case, the L—lOli). Category II consi~ -ed of a projected
1.5— to 2,0—million—lb aircraft . For each of these types of aircraft ,
Lockheed designed three representative landing gears. The first type
gear was constrained by the criterion of causing no more distress to
the pavement than a 350,000—lb aircraft with a dual—tandem gear with
intended spacings similar to a PC— 8—63F aircraft. The second type of
gear was one that was optimized with respect to the aircraft without
pavement constraints. The third type of gear was a compromise or me-
dian gear, causing pavement distress somewhere between the other two
gear types. In. addition . Lockheed was required to project the major
hub airports that would be servicing the two categories of aircraft in
the year 1985 and, from derived city pairs , to develop the economic
penalties associated with the three gear types for both categories of
aircraft.

Based on the gear configurations and parameters provided by
Lockheed, WES analyzed the airport ii’tst~r plans for the projected major
hub airports arid decided whether new construction or overlays were re-
quired to accoimt odat e the six combinations ~

- f’ aircraft . Strengthening
when r equired was designed for each major hub airport and costs c~~1put~d
based upon total pavement areas affected. Coat data ~ere obta i ned
frost FAA Region al Offices in the form of bid tabulations and associatcd
cross—sect~ ona1 designs.

The final phase of the study consisted of performing a cost
analysis ut each major hub airport with respect to equivalent annual
coat,
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15.5 SU7’~’1AflY OF WORK ACCOMPLISHED

15.5 .1 AIRCRAFT COST
DEVELOPMENT

Gear types during this portion of the study were optimized with

respect to cost instead of weight. Figures 15—1 and 15—2 show the gear

designs for the Category I and Category II aircraft, respectively.

The aircraft costs associated with carrying the landing gear

weight and volume in excess of that of the optimized gear arise from

four sources : acquisition cost, maintenance cost , flight cost , and

lost revenue (payload ) cost. The first three costs were considered

in the landing gear design since the design was based on the least cost

design. The lost revenue cost was based upon the lost payload of the

aircraft. Figure 15—3 is a graphic illustration of the probability

assumptions used for determining lost payload.

Basically, the assumptions include an average weekly payload

X , a normal distr~buticn of payload weight about I , and a coefficient

of variation of 60 percent. The equations used in the lost revenue

model were
(total revenue, = (passenger miles) x (yield/

passenger mile) + (cargo ton miles)
(yield/ton mile) (15—1 )

(total weight, ib) = [(passenger miles x 200 lb/passenger)
+ (cargo ton miles x 2000 lb/ton))
(flight distance) (15—2)

(average yield , $/lb) = (total revenue)
(total weight) (15—3)

multiplied by 52 weeks per year to arrive at an annual expected lost

revenue by aircraft type by distance—block under various landing gear/

operational empty weight assumptions. This lost revenue was then sumeed

over all the distance—blocks analyzed for the projected 2f~ major hub
airports to determine the total annual lost revenue from operations out

of major domestic hub airports.

The total point estimate annual coats relative to the optimal

gear configurations are shown below.
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CURRENT- PAVEMENT MEDIAN-PAVEMENT

GEA R CONFIGURATION 6-WHEEL BOGIE 4-WHEEL BOGIE 4-WHEEL BOGIE

TIRE VERTICAL LOAD,
POUNDS 38,630 57,950 57 ,950

TIRE PRESSURE, PSI 200 200 215

TIRE DIAMETER, INCHES 44.8 56.1 53.8

BOGIE SIZE, INCHES a 42.3 44.5 42.4
b 97.7 59.9 57.1
c 56.4 — —

a
b ‘~J a

BOGI E CONFIGURA T ION l-.-— -~ 
~ 

b

~JI ~

} Igure 15—1. Gear designs for Category I aircraft

l5~ I~
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CURRENT-PAVEM ENT MEDIAN-PAVEMENT

GEAR CONFIGURATION FIVE 6-WHEEL BOGIES FOUR 6-WHEEL BOGIES THREE 6-WHEEL BOGIES
TiRE VERTI CAL LOAD,
POUNDS 47 ,500 59,375 79,167

TIRE PRESSURE , PSI 150 200 250

TIRE DIAMETER , INCHES 56.2 56.9 58.4

BOGIE SIZE, INCH ES a 52.2 52.8 54.1
b 120.5 121.8 124.9
c 69.6 70.3 72.1

214 274

ff71

LOCATIONS,
INCHES I

I • 613 
__________ 

613 613I__u- 
_ 

_s__t *

FUSELAGE FUSELAGE FUSELAGE

Figure 15—2 . Gear designs for Category II aircraft
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OPl~R A T  NG
F (,H T

FM~’T ~~~
- —  MA)(~MUN A L LOWA 8LE G~ O3S

W EIGH T ( ~~MAX TOGW FUNCTIONI STRLJ C 1UPE J FU~~ PA YL0Ar I OF RUNWAVLENGTH ANO
I ......~ ELEVA TION)

I x
AIRPLANE WEIGH T ~~~~ MAX rOGw ‘AIRPLANE

STRU CTURAL LIMIT)

STATIST ICA L DISTRISUTION OF
PAYLOAD WEiGHT DEMAND

_________ i ~~~~~~~~~LOST PAY LOA D WEIGHT

Figure 15-3. ProbabiUty assumptions for determining lost payload

Current Median
Pavement Gear Pav ement Gear

Cat egory I aircraft $ 6 ,673 ,397 $ 1,929,880
Category II aircraft 68,737,8614 35j.6Q,~82O

Total annual aircraft *75,1451,261 $37,090,700
cost

15.5.2 PAVEMENT COST
nEVELOPMENT

Because of spatial and temporal variables, a statist1~al approach
was used to deveiop the total pavement upgrwi’.ng costs. An assumption
was made that two maj or runways , the ass ~~iat ed taxiway systems , and
the entire apron area at 25 of the 26 pro~ect& 1985 major hub airport s
would be overlayed with either a rigiJ or a flexible pavement (Dallas—
Fort Worth Regional Airp~rt was ~~~ cor~ idered since it has bee’i designed
for l.~5—mil1ion-lb aircraft) ;  the pavement tyT.e wa~ determined frost con—
struct ion records.

The initial step in developing the unit pr ice fm eac~ pavemeat
upgrading project was to determine the relat ionship f ~h ’  pa~ eme r,~ cos .
to the total upgrading cost . This ~ ta accomplished by e.n~1yz ing bi~
tabulation g for l~e maj or airpor t pavi ng project. published during 1971-
1972 , The mean X and the standard deviation a of seven categories
as a p ent,~g~ of the total upgrading cast are shown below:
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Category X a

4 Excavat ion 13.10 11.08
Pavement 72.79 9.81

Subsurface structures 7.13 5.70
Wiring 1.714 2.27

Lighting 2.21 14.147

Painting 0.37 0.67

Miscellaneous 2.66 14.92

The average price of pavement as a percen t age of the total

contract price was foun d to be 72.79 percent , with a coefficient of

variation of li4 percent.

A difference between the ratio of rigid pavement price and the

ratio of flexible pavement price to total contract price was indicated
and a grouped analysis determined the ratios of pavement price to total
price to be:

Pavement Type X a

Rigid 77.51 8.03

Flexible 68.06 9.60

The pavement unit prices were developed , insofar as possible ,
on the basis of the price per square yard per inch . Prices were
assumed to vary hyperbolically with thickness within an acceptable
range.

The equation uae4 for determining the unit price for pavement

was :

C = price per squar e yard * thickness (15— 14)

or , for flexible pavements , when bid tabulations were listed in price
per ton ,
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C ~ cost per. ton X 
2000 lb[ton 

x 150 pcf x 9 sq ft/sq yd

(15—5 )
1

~ 12 i n .f f t

A liBt of national average prices for pavement products is
given below.

Mean Standard
Number of Pr ice Deviation

Pavement Product Cost Unit Observations X a

Portland cement concrete
(Item P—50l ) $/sq yd/in. 146 0.914 0.30

Bituminous surface course
(Item P— 1e01 ) $/sq id/in. 21 o.~14 0.10

Cru shed aggregate base
(Item P—20 9) $/sq yd/in. . 8 0.19 0 .03

Bituminous base
(Item P—201) $/sq id/in. 13 0.59 0.22

Prime coat
(Item P—602) $/sq y-d 9 0.07 0.02

Tack coat
(Item P—603) $/sq yd 23 0.03 0.02

The third step in developing the pavement cost was .o design the
pavement cross section required for the Category I and II aircraft . FAA
design criteria were used for the design at a standard 100,000 aircraft
pass level . Onl y two type s of overla ys were considered : full—dept h

bituminous overlays (It em P—b01) and PCC overlays (It em P— 501) . A total
expected area of 29,939,536 sq yd was calculat ed with 32.2 percent con-
sisting of runw ay area , 23. 14 percent consisting of t axivay , and
1414.14 percent consisting of apron area.

A comparison of the total. aircraft cost and the total pavement
tq~grading coat was made in terms of equivalent annual cost in 1985
dollars. The basic equation for determining the equivalent annual
pavement cost in 1985 dollars can be expressed simply as
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where
x equivalent annual cost of pavement upgrading, 1985 doll rs
p average total. cost of upgrading per square yard, dollars

A = pavement area to be upgraded , sq yd
I — interest rate , percent
n = number of years to constikict1~n (or bond issuance)

In = amortization period of the pavement structure , years

Some basic value assumptions were necessary in order to mak. com-
parisons using this 5—space function. Expected values for p of $7 .36 ,
$7 .77 , *7)45, and $12.82 were computed for the Category I median and
optima). gear s and the Category II median and optimal gears, respectively.

The computed value for A was 29 ,939,536 sq yd. Assumptions for the
remaining independent variables were that i equal s 5 percent , n
equals 13 yr (since construction must be concluded in 1985 for the com—
pe.rison to be valid), and in equals 20 yr. .

Since these assumptions were most cert ai nly to be challeng ed , a
thor ough sensitivity analysis was performed for each assumption and
procedures were developed for recomputing x using the challenger ’ s
own assumpt ions.

Due to the ext reme difficulty of predicti ng construct ion costs in
the future , thre e separat e costs were developed for each gear type . An
assumption was made that a ~probablè coefficient of variation of 20 per-
cent existed in both unit price and area to be paved calculations. Based

on this assumption , the most prob able equivalent annual pavement upgrad-
ing cost (MP C ) was computed , a lowest probable cost ( LPC ) of pavement up-
grading was computed assumi ng a 20 percent low-side calculation in both
P and A , and a highest probable cost ( HPC ) vu computed assumi ng a

20 percent high—side calculation in both p and. a . In all three cases
the original assumptions for I , n , and in were not changed. The
three equivalent annual pavement upgrading costs for each projected 1985

~~.j or hub airport .for the Categ ory I and II aircraft are shown in the
following t abul ation:
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LPC ~eC 
___________

Category I airplane :
Median gear $12,013,910 $33 ,328 ,803 $ 65,324 ,5o6
Optimized gear 12 ,666 ,2149 35, 218 ,395 69, 002 ,973

Category II airplane:
Median gear $12 ,3J49 ,8i14 *33 ,1149,362 $ 66 ,1148 ,900
Optimized gear 20 ,902 ,029 58 ,097 ,736 113 ,842 ,22].

It shoul d be remembered that , while these analy ses were performed
for the pavement upgrading cost , only a single—point estimate of the
aircraft penalty cost has been made . This factor shoul d be considered
in examining conflicting alternatives .

3.5.6 SU*tA.RY OF FINDINGS
AND CONCLUSIONS

Presented below are cost comparisons based on modifying and re-
taining the present design criterion. This presentation first considers
only the Catego ry I aircraft since the possibility exists that the
Catego ry II aircraft will not be operational in 1985 .

15.6.1 CATEGORY I AIRCRAFT

Based on the equivalent annual cost anal ysis using the )~~C for
pavement , the total equivalent annual coats are:

a. Curren t gear : $6,673,379 .
b. Median gear: $35 ,258 ,683 .
2.~ Optimal gear: $35, 218 ,395.

It is obvious from thi s listing that the optimal. altern at ive is not to
modify the present policy if only the Catego ry I aircraft are considered .

If the LPC is used for pavement , the decision remains unch anged
as shown by these costs:

a. Current gear : $6 ,673,379.
b. Medi an gear : $13 ,9143,790.

~~~. Optima]. gear : $12 ,666 ,249 .

15.6.2 CATEGORY I AND II
AIRCRAFT

The stat e of the art in pavement analysis is In it. infancy con-
cerning mixed tra ffic and pavement deterioration predictions. Theref ore ,

15—10
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a basic assumption ~.nherent in the following analysis is that a pavement
structure upgraded for the Cat egory II aircraft would be adequat e for
the additional Category I airc raft , concurrent ly . Based on the equiva-
lent annual cost analysis using the MPC for pavement , the total annual
costs are :

a. Ci.zrrent gear: $75, 451 ,243.

b. Median gear : $70 ,840 ,062.
a.  Optima ], gear: $58 ,097,736 .

Based on this total annual cost listing, the present design criterion
shoul d be changed to permit the optimization of the gear to the Cate-
gory II aircraft .

However , in this instance , if the HPC is used for pavement , a
conflicting alternative arises as shown by these projected costs:

a. Cur rent gear : $75 ,451 ,261.

b. Median gear : $103 ,239 ,690.
C. Optimal gear: $113 ,842 ,221.
There is conside rable logic behind the assumpt ion that the MPC

will be exceeded in the paveme nt upgrading for the Catego ry II aircraft .
In all, probability, the paved are a vUl exceed t hat computed in thi s
study. The unit price differential may or may not increase . Thus , it
is extremely critical to the decision—maker that a proper determination
be made as to whether or not the Category II aircraft will be operational
in 1985 , whether or not it will operate at all. 26 projected major hub
ai rport s or perhaps only at 7 to 10 regional airport s , and other opera-
tional assumptions.

15.7 RECO?.~€NDATIONS

The following recoixiendations are based on the result s of this
study . They are based solely on the calculations and assumptions pre-
sented. Devices were developed during the study to permi t the decision
to change these assumpt ions and calculations, and the possibility exists
that the recomeend atlons could change based on further developments.

a. If only the Categ ory I aircra ft will be in operation at eac h
of the 26 projected major hub airport s in 1985 , the curr ent
criter iorr should not be changed .
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b. If the eategory I and II aircraft ( implied also is the Cate-
gory II aircraft alone) will be In operation at each of the
26 projected major hub airports in 1985, the current crite-
rion should be changed to permit the gear to be optimi zed to
the aircraft .

a. The possibility of operat ing the Category II aircraft at
from 7 to 10 regional airport s should be investigated.
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CHAPTER 16: NONDESTRUCTIVE TESTING

16.1 APPLICABLE PUBLICATIONS

This chapter summarizes Report No. FAA—RD—T3—2 05 , “Nondestructive
Vibratory Testing of Airport Pavement s,” Volume I , “Experimental Test
Result s and Development of Evaluation Methodology and Procedures ,”
September 1975, and Volume II , “Theoretical Study of the Dynamic Stiff-
ness and Its Application to the Vibratory Nondestructive Method of
Testing Pavements,” April 1975.

16.2 BACKGROUND

Current methods for evaluating the load-carrying capacity of air-

port pavements require direct sampling techniques that are both costly
and time—consuming. Often, direct sampling requires the closing of a
pavement facility to traffic operations, which in turn necessitates the
rerouting and/or rescheduling of aircraft. With the nun~ber of traffic

operations increasing rapidly, the closing of a pavement facility, even
briefly , can result in inconvenience to the traveler and higher costs to
the air carrier. Also, the increasing gross weights and/or increasing
operations of aircraft make the need for accurate and frequent evaluations
of pavement systems extremely import ant to the airport owner since many
facilities will need strengthening or rehabilitation to meet this in-
creased demand. Given these considerations , the need for a procedure
that permits rapid evaluation with a minimum of disturbance to normal
traffic operations is evident . The use of nondestructive testing tech-
niques to determine the pertinent characteristics of pavement systems

offers the best promise of serving this need.

16.3 PURPOSES

The purposes of this study were to:
a. Select and prepare specifications for e’~~ipment for

nondestructive testing of airport pavement systems .
b. Develop a methodology for evaluat ing the load-carrying

capacity of ai rport pavement systems using the selected
equipment .
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c. Develop an evaluation procedure based on this methodology.

d. Develop a mathematical model which describes pavement re-
sponse to dynami c loading.

16. 4 SCOPE

Various types of nondestructive testing equipment were studied

through comparison tests on a wide range of pavement systems . In the

comparison tests , vibrat or static weights, peak vibratory loads, methods
of application of the vibratory load to the pavement (including load

plat e types and sizes) ,  frequencies of loading, and mobility and ease

of operation were considered .

Tests for all phases of the study were performed at nine airports
and on WES test sections. Nondestructive data collected at these loca-

tions included DSM* values, deflectiona for frequency sweeps from 5 to

100 Hz , deflection basin measurements , and, wave propagation data. Di-

rect sampling test data collected included the thicknesses of all layers
of the material comprising the pavement sect ions, foundation strength

values ( CBR ’s or modulus of subgrade reaction k values), concrete

flexural strengths , and material classifications. Environmental factors

considered Included temperature and frost effects. Rigid and flexible

pavements were studied , and chemical and bituminous stabi%lizat ion of

layers of mat erial s was considered.

16.5 SUMMARY OF WORK ACCOMPLISHED

16.5.1 SELECTION OF
E~ JIP!’~INT

Five vibratory testing devices were evaluated : the WES l6—kip

vibrator (Figure 16—2) ; the Civil Engineering Research Facility

nondestructive pavement test van ; the WES 9—kip vibrator ; the Dynaflect ;

and the Model 505 Road Rater . The results of the comparison tests were

plotted in the form of DSM ’s obtained with the WES 16—kip vibrator ver—

sus DSM’ a obtained with each of the other vibrator s , and the standard

error of estimate was computed for each plot .

* The DSM (dynamic stiffness modulus ) is the inverse of the elope of
a load versus deflection curve . An example curve and DSM calcula-
tion are shown in Figure 16—1.
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The effects of vibrat or static weight on load—deflection
measurements were studied using a WES variable static weight 50—kip
vibrator . Data taken on four different pavement items shoved that the
DSM increased significantly with increases in static weight applied to
the pavement .

The effects of vibrator dynamic load on load—deflection
measurements were studied with the WES 16—kip vibrator . It was found
that the load versus deflection plots obtained with this eqi.Upment
generaLly tended to curve at the lower force levels and become linear
at higher force levels (10 to 15 kips), especially on weak flexible
pavements.

Tests with the 16—kip vibrator also shoved that the deflection
responses of rigid and flexible pavements varied apprec iably with changes
in frequency. Earlier studies by WES indicated that 15 Hz was the opti-
mum freque ncy for deflection tests because stress end deflection measure-
ments with depth were great er for 15 Hz than for other frequencies within
the capability of the vibrator.

Tests with the WES l6—kip vibrator using 12— , 18— , and 30—in .—
diani load plates on flexible pavement test sections shoved a pronounced
effect on DSM values of changes in load plate diamet er .

Accuracy and reproducibility tests with the WES 16—kip vibrator
indicated that it is a reliable measuring device .

A recommended equipment specification for a variable—load
nondestructive testing device was proposed based on the vibrator

comparison tests.

16.5.2 DEVELOPMENT OF EVALU-
AT ION METHODOLOGY

Tests for development •
of the evaluation methodology were con-

ducted at the following facilities:
a. National Aviation Facilities Experimental Center , Atlantic

City , N . 3.
b. Houston Intercontinental Airport , Houston , Tex.
c. Washington—Baltimore International. Airport , Baltimore , Md .
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d. Greater Wilmington Airport, Wi lmington, Del.
j . Philadelphia International. Airport , Philadelphia, Pa.

,~~. Jackson Municipal Ai rport , Jackson , Miss.

~~
. Nashville Metropolitan Airport , Nashville , Tenn.

h. Weir-Cook Municipal Airport, Indianapolis , Ind.
!. WES.

Pavements were characterized through direct sampl ing techniques and con-
ventional testing methods. Prior to direct sampl ing , series of nonde-
structive tests were performed at each test site.

The ef fects of t emperature on DSM measurement s for flexible
pavements were observed on a temperature test section constructed at

WES. The observations resulted in the development of temperature ad-

justment factor curves which ally adjustment of D~ 4 values to a con-
stant mean temperature of 700 F.

The effects of freeze—thaw cycles on DSM measurements were ob-
served at Truax Field in Madison , Wis. Core holes were drilled at test

sites to determine pavement thicknesses and pavement and subgrade ma-
t erials . The observations resulted in a graph of DSM versus t ime which
shoved an increase in deflection after the thaw began. The development
of a correction factor to reduce loads determined by evaluation when
pavements are Snot influenced by thaw was hampered by the complicated
testing conditions and poor drainage properties of the subgrade
mat eria.’l. a.

Teats on rigid pavements shoved that the DSM values could vary

significantly fr om slab edges to centers . It was therefore decided that
DSM tests should be performed at slab centers to obtain consistent re-
sults. Variat Ions in DSM values on trafficked and untrafficked areas
on flexible pavements indicated that DSM tests should be carefully

located to accurately reflect the condition of the area to be evaluated.

The basic elements of the nondestructive evaluation methodology
are described in the following subparagraphs :

a. Flexible pavements. The nondestructive evaluation procedure
for flexible pavement uses a measurement of the rigidity of
the total pavement syatem (the DSM) and does not consider
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the individual parameters that affect pavement response. The
methodology revolves around establishing correlations between

& the DSM and an allowable single—wh eel load . These correla-
ti ons were developed for a single wheel having a tire contact
area of 251e sq in.  and for 1200 annual a ircraft departuresbased on a 20.-yr life . Aft er the DSM versus allowable single-
wheel load relation was developed , the methodology was basedupon existing interrelat ionships between pavement thickness ,load , load repetitions , soil strength , and landing gearcharacteristics.

b. Rigi d pavements. As with flexible pavement s , the nondestruc-
tive evaluation procedure for rigid pavements uses a measure-ment of the overall r igidity of the total pavement system
(the DSM). The DSM of a rigid pavement is a function of thepavement thickness and the concrete and foundation load—
deformat ion characteristics. As for flexible pavements , themethodology is based on a correlat ion of DSM with an allowable
single—wheel load . The relationship between the single—wheel
load and gears of di fferent geometry is based on the equiva-
lency of maximum bending stress in the concret e slab.

16.5.3 NONDESTRUCTIVE EVALU-
AT ION PROCEDURE

The complet e evaluation procedures for rigid and fl exible airport
pavements are presented in Airport Pavement Bulletin No. FAA—7~—l,
“Nondestructive Testing Evaluat ion of Airport Pavements ,” dated
September 19Th .

Determinations of allowable multiple—wheel aircraft loads usthg
DSM values require that the pavement thickness t be known for flexible
pavement s and that a foundation strength factor FF and the pavement
thickness h be kn own for rigid pavements. The required parameters c an
be determined from informat ion in construction drawings or from tests
in small core holes. Only one core hole is necessary for determining
the parameter for a feature which has uniform properties. Pavements
that contain chemically or bituminous stabilized layers can be evaluated
by use of equivalency factors which convert the thickness of stabilized
pavements to thickness of conventional pavement sections.

Because of the ease of making measurements, no less than 30 D~ 4
tests should be made within each paved area for major features. A
representative DSM value for each area i~ the arithmetic mean of the
DSM’s measured for the area minus one standard deviation.
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A correction for the effects of freeze—thaw cycles on DSM data

4 has not been developed , so DSM measurements should not be made vhen pave-
ments are under the influence of frost . A correction for temperature
effects on flexible pavements , however, has been developed . Mean pave-
ment temperatures for use in calculating the correction can be deter-
mined by installing thermometers in a vertical line at 1 in. below the
surface , at the center , and at 1 in. above the bottom of the surfacing
layer and taking the mean of the three readings. Mean pavement tempera-
tures can also be estimated by a method outlined in Asphalt Institute
Manual Series No. 17, dat ed November 1969 .

Data used in developing the correlations of DSM and gross air-
craft weight were collected from areas of pavements vhich were free of
surface deficiencies. Therefore, data collected for evaluation purposes
should be from areas in good condition. For a feature where deficiencies

exist , the allowable load should be reduced by a j utigillent factor.

16.5.11 MP.TI1EMATICAL ~~DEL

A mathematical. model of the response of pavements subjected to
dynamic loading was developed. This model is based on a t heory of the
nonlinear oscillator. In this model, the dynamic stiffness ii described

by the following characteristics: dynamic load, static load , frequency,
load plate radius, and elastic moduli of each pavement layer. The

elastic restoring force of the pavement is described by linear , cubic ,

and fifth—order terms in the displacement of the surface, so that three
basic parameters are required by the model. These three parameters are

determined from the dynamic load—deflection characteristics. The model
uses a finite depth of influence which depends on the static load and
the contact area of the vibrator load plate with the pavement surface.

The nonlinear behavior of the dynamic load-deflection curves ii due to

the finite depth of influence. With increasing load plate sizes , the
depth of influence increases and passes through the successive pavement
layers.

L 
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4 16.6 SU*tARY OF FINDINGS
AND CONCLUSIONS

A nondestructive evaluation procedure for flexible and rigid

airport pavements and equipment specifications for a nondestruct ive
testing deviae were developed. It wa, concluded that additional studies
of vibrator s , deflection measurements on composite pavements , theoreti-
cal relat ionships between vibrator data and allovtble loads , rslation—

ships between deflection data and rigid pavement slab properties ,
relationships between deflection data and temperature , wave velocity
techniques to determine elastic properties , relat ionships between
deflection data and pavement performance , and t~e effect of pavement

overlays on vibrator ‘-esults were warranted to improve the confidence
level of the evaluation.

The mathematical model describing the ncnlinear response of pave-
ments gives the capability of predicting the dynamic stiffness of a
pavement for the loading conditions on the pavement directly under an
ai rcraft wheel. The model also gives a simple analytical correlation
between the different values of dynamic stiffness measured by different
vibrators at the same pavement location. In addition, the model may

yield a method for predicting the thickness and elastic moduli of each
pavement layer in terms of the measured values of the dynamic stiffness
for a series of load plate sizes.

I
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CHAPTF~ 17: SOIL CLABSIFICA!~ION SYSTh~

17.1 APPLICABLE PUBLICATIONS

This chapter a~~~~rizes Report No. PAA—RD-.73-169, “R•vi.v of Soil
Clas sificat ion Systems Applicabl , to Airport Pavement Design,” May 19711.

17.2 BACKGROUND

Soil scientist s and engineer, have established several classifi-
cat ion systems for soils and rock materials. The intended use to be
made of the resulting classification usually determines which system is
used. Various groups of soil, scientists and engineers have established
clas~ifie&t~jon methods which are tailored to provide information con-
sistent with the requi rement s of their particular field of interest .

Pavement engineer, are interested in the in situ or remolded
strength , drainability, swell potential, pumping susceptibility , frost
sueceptibi lity , and other factor s that affect the design of a pavement
structure . Thus, they are intere sted in a. soil classification that
conveys this type of information and which will permit individual, engi-
neers to comumicate in a comson language concerning soil, properties.
It should also enable relatively uniform interpretations of the . resulting
classification. Nevertheless, within pavement circles, more than one
soil classification system is in use , making cosmunication among pave-
ment engineers difficult.

Soil classification is such a useful tool t hat classtfi~atjon baa
become routine. It permits an estimate of the expected behavior of the
soil at a given locat ion—a factor of utmost importance in pavement de-
sign and construction.

17.3 PURPOSE

The purpose of this study was to determine whether the FAA should
retain its pre sent soil classifi cation system or change to another system.

17.14 SCOPE

This study consisted of:
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,~~
. A critical review of the ~~~rican Asaoci~~ion of Sta.t. High—

‘~~y and Transportation Official. (AAS1fPO), FAA, and Unified
Soil Classificat ion (usc ) .yst~~~ .

~~. Comparisons of the merits of the FAA system end the other
two system..

.2,~ 
The possible impact on the airport pavement industry of any
changes in the FAA system was analyzed.

17.5 SU*IABY OF WORK ACCOP.~LISHED

The first action taken in the study was to send a. que5tlonma.ire
to individuals involved in the paving industry. The replies to the
questionnaire were set aside during the analyais phase of this project ,
and the technical analyses and eomparison,s were performed without
reference to the questionnaire replies., ~~,

Se~ondly, technical analyses, and comparisons were performed that
involved (a) definition and eva4uation of each , of the three classifica—
tion systems and (b) statistiç~4,comparj~~ns pt the-systems on the basis
of their ability to, predict the behavior of .bot~ . fine— and coarse-grained
soils. The accuracy with which the variou~ ~oi3, properties are defined
by the different systems was also ~ompare4 statistically

17.6 SUWARY OF FIND INGS

“/As a b~.sis for the comparisoni made in this study, the major re—
quirementi o~ a soil classifi~ation system were defined as: (a) soil
strength, (b) drainability, (c) swell potential, (d ) susceptibility- to
p~*piñg, i~

) ‘frost susceptibility , and (f) coapactibility. For adequate
class ificat ion , the system’ used shou.ld also fulfill the following:

a. The ~rstem should acâount for the macroproperties (areal ) ofa soil as well as the micropropert ies .
b. It should permit predi ction of the probable behavior of the

soil under a variety of climatic, moisture, and loading
conditior~s.

c. The classification system skiould be simp],e enough to be used
rôutfne],~ but at the sa.me time ‘be rational and soundly based.

d. The system should permit an estimation of a variety of soil
properties but should not require extensive and complicated,
tests for the classification.
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e. The system should not define soil properties so broadly that
a wide variety of values are permitted within a given clas-
sification group.

f. The classification system shoul d be capable of being well
understood by the engi neering profession .

It was also determined that the soil properties or characteristics
that are most significant in predicting the probable behavio r of a given
soil are the plasticity index (P1), liquid limit (LL), grain size, and
grain—size distribution. Also of import ance , especially for. prediction
of strength , are moistur e-density relati onship , grain t ext ur e , grai n
shape, and other related 1actors.

Drainability is a direct funct ion of the gr ain—size distri bution
( particu.1.arly’ the amount of fines) and the plasticity of the fines .
Prediction ~of swell potent ial is heavily dependent on the established
values of the Fl.

‘
Soil plasticity- is the major indicator, insofar as predicting

susceptibility to pumping is concern ed .
The percentage. of fines smaller than 0.02 mm (a ‘value obtained

from the grain—size . distribution determination) and the P1 are the major
indicators of frost susceptibility.

Soil compactibility is dependent on several factors, but again
the P1 is the most significant.

11.7 CO1~CLUSIO1~S

A comparison of the three classification systems (AASHTO, FAA,
and USC ) and ana1ys~i~ of the questionnai res (almost 100 percent were
returned) led to the following cpnclusions :

~~. The AASHTO and USC systems utilize both liquid and plastic
limits ~nd thus are better descriptors of soil behavior than
the FAA system which uses only the liquid limit.

. The AASHTO and USC systems ftore accurately describe the
probable strengt h of the soil. tha the ‘FAA system, with the
USC system being the best predictor of strength.

c. The USC system Is the better pre dictor of the frost
susceptibility of the soil.

~~,. The USC system permits a closer estimate of the suscept ibility
to pumping of soils than the other two systems ; however , allthree ar e deficient in this regard .
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e. The USC system approaches an adequate prediction of
permeability of soil whereas the other two systems are
Inadequate in this respect .

f. The AASRTO and USC systems predict the variances that might
be expected in a given soil, deposit with a greater precision
than the FAA system with the USC system being the best of
the three systems in this regard .

£~ 
Consultants, representatives of the materials industry , and
airline personnel preferred the USC system over the other
two systems. FAA regional offices gave almost equal pref-
erence to the FAA and USC systems.

h. A majority of people questioned indicated that the USC
system was more satisfactory in its present form than either
the AASHTO or FAA systems. A majority felt that the AASHTO
and FAA systems needed major revisions while only a few
believed that the USC system needed such action .

1. Although unsolicited , by far the majority of respondents
felt that the pavement design and evaluation should be
based upon soil testing rather than upon soil classification.

17.8 RECOMMENDATIONS

On the basis of the analyses of data, particularly in light of

the demonstrated levels of sensitivity of the three classification

methods , and considering the variability that exists in the field, it

was recommended that the FAA adopt the USC system for classification
of soils.

Pavement design based on soil classification has the disadvantages

of not accounting for soil strength , compactibility, moisture content ,

and several other factors. This fact , coupled with the reactions re-

ceived in the questionnaires , leads to the recommendation that the FAA

develop new design procedures based on strength criteri a . Classifica-

tion would thus become a secondary- , rather than a primary , factor in
the design procedure.

The implementation required for adopting the USC system should

present no problems to the FAA . The USC system has been in widespread

use by the engineering profession since about the mid—l9hO’s. Engi-

neering colleges with accredited courses in soil mechanics teach the

method routinely. Soils and paving engineers have been using the method
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for m ore than 20 years , and there should be no difficulty in adapting
to the new system. In fact , the results of the questionnaire suggest
that many engineers are looking forward to the change , should it be
made.
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