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GLOSSARY

Terms which are defined in th€ AO Lexcon Volume I(Doc 9110) are useid accordance with the
meanings and usages given thereiA. wide variety of terms is in use throughout the waidd

describe soils, construoti materials, and components of airport pavements. As faossible the
terms used n this document are those whiblave the widest international usélowever, for the

convenience of the reader a shist of preferred terms and secondary terms which arsidered to

be their equivaleneand their definitions, is given below

Preferred Term Secondary Term Definition

Aggregate General term for the mineral fragment
or particles which, through the agenc
of a suitable binder, can lm®mbined
into a solid mass, e.g., to form .

pavement.
Aircraft Classification A number expressing the relative effe
Number (ACN) of an aircraft on a pavement fi

specifiedstandard subgrade strength.

Asphaltic concrete Bitumen concrete A graded mixture of aggregatend
filler with agphalt o bitumen, placec
hot a cold, and rokd

Base Course Base The layer or layers of specified
selected material of designe
thickness placed on a stlase or
subgrade to support surface course.

Bearing strength Bearing capacity The measure of the ability of
pavement strength pavement teustain the applied load.
CBR California Bearing Ratic The bearing ratio of soil determine

by compaing the penetration load c
the soil to that of a standard materi
(see ASTM DI883). The methoc
covers evaluation of the rekive
quality of subgrade soils but i
applicable ® subbase and some ba:
coursematerials.

A pavement consisting ofboth

Composite pavement flexible and rigid layers with an
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Flexible Pavement

Overlay

Pavement Classificatio

Number (PCN)

Pavement Structure

Portland cement concrete

Rigid Paement

Subbase course

Subgrade

Surface Course

Pavement

Concrete

Subbase

Formation foundation

Wearing course

without separatingranular layers.

A pavement structure thahaintains
intimate contact with and distribute
loadsto the subgrade and depends
aggregate interlock, particle frictior
and cohesion for stability.

An additional surface course place
on existing pavement either with o
without intermediate base or suk
base courses, usually to strengthi
the pavemenor restore the profile of
thesurface.

A number expressing the bearii
strengthof a pavement for unrestricte
operations.

The combnation of sukbase, base
course, and surface course placed
a subgade to support the traffic load
and distribute it to the subgrade.

A mixture of gradedaggregate
with Portlandcement and water.

A pavement structure that
distributes load to the subgrade
having as its surface course a
Portland cement concrete slab of
relatively high bending resistance.

The layer or layers of specifie
selected material of designed thickn
placedon a subgrade to support a b:
course

The upper part of the soil, natural
constructed, which supports the loe
transmitted byhe pavement

The top course of a paveme
structure.
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FOREWORD

This supporting document on Runway Pavement contains guidance on the design of pavements
including their characteristics and on evaluation and reporting of their bearing strength. The material
included herein is closely associated with thecsfications contained in CAR4, Part1Aerodromes

Design and Operations.

The main objective of this guidance material is to assist proper design and construction of Runway
Pavement with uniform application of those specifications for the safety amthnigg of civil

aviation.

Director General

Civil Aviation Authority of Nepal 2019
Babar Mahal, Kathmandu, Nepal
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CHAPTER 1:-PROCEDURES FOR REPORTING AERODROME PAVEMENT
STRENGTH

1.1 Procedure fopavements mearor heavyaircraft (ACN-PCN method)

1.1.1 Introduction

1.1.1.1 CAR-14, Part |, 2.& specifies that the bearisiyength of a pavement intended for aircraft of
mass greatethain 5700 kg shall be nde available using the aircraft classification number
pavement classificationumber (ACNPCN) method. To falifate a proper understanding and
usage of th€ AN-PCN method the following material explains:

a) the concept of the method; and

b) how the ACNs of a aircraft are detmined
112 Concept of the ACNPCNmethod
1.1.2.1 CAR-14, Part defines ACN and PCN dsllows:

ACN- A number expressing the relative effect of an aircraft pave@ment fospecifiedstandard
subgrade strength.

PCN- A number expressing the bearing stremgta pavement faanrestricted operations.

At the outsetit needs to be noted that the AGMCN mehod is meant only for publication pAvement
strength data in the Aeronautical Information Redilons (APS). It is not intendedor design or
evaluation of pavementapr does it contemplate the use of a deaiethod bythe airport authority
either forthe design or evaluatiasf pavements In fact, the AGRCN method does permit States to
use any design/evaluationethod of their choice. To this end, the method sthiftssemphasis from
evaluation ofpavenents to evaluatiorof load rating of aircraft (ACN and includes a standard
procedire for evaluation of the load rating of aircraft. el$irength of a pavementreported under the
method in terms ofhe load rating of the aircraft which the pavemesm accept on an unrestricted
basis. Tle airport authority can use any method of his choice to deterthie load rating of his
pavement.If, in the absence of techniocabvaluation, he chooses to go on the basis of timg asicraft
experience, then he walitompute the ACN of the most critical amétr using one of the procedures
described belowgonvert this figure into an equivalent P@Nd publish it in thé\IP as the load rating
of his pavement. The PCN so reportedul indicate that an aircraft widm ACN equal to or less
than that figure can operata the pavement subject to dmgitation on the tire pressure.

1.1.2.2 The ACNPCN methodcontemplates the reporting oyement strengths on @ntinuous

scale The lower end of the scale is zenodahere isno upper end. Adtonally, the same
scale is used to measure the load ratings of both aircraficaedhents.

10
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1.1.2.3 To facilitate the use of the method, aircraft manufacturill publish, in thedocuments
detailing the characteristics of their aircr&CGNs computed at two differentasses: maximum
apron mass, and a representative aipgg mass empty, both on rigaid flexible pavements and
for the four standa subgrade strength categorigdevertheless, for the sake abnvenience
CAR-14, Part | Attachment Aand Appendix 5 hereto include a tatdbowing the ACNs of a
number of aircraft. It is to beoted that the mass used in &€N calculation is a "static" mass
and that no allowance msade for an increase in loadittgough dynamic effects.

1.1.2.4 The ACNPCN method also envisagéetreporting of the followinghformation in respect
of each pavement:

a) pavement type;

b) subgrade category;

€) maximum tire pressure allowable; and
d) pavement evaluation methodceds

The above data are primarily intende@table ainaft operators to determine thermissible aircraft types
and operating massesgahe aircraft manufacturers to ensure compatibility betagpart pavements and
aircraft under development. Thei®e however, no need to report the actudlgsade strerth or the
maximum tire pressurallowable. Consequently, the subgrade strengths angbréssures normally
encounteredhave been grouped into categories as indicated in2Llde®w. It would be sufficient the
airport authority identifie the categories pyopriate to his pavement. (Saso tle examples included under
CAR-14, Part |2.6.6.)

1.1.3 How ACNs are determined

1.1.3.1 The flow chart, below, briefly explas how the ACNs of aircraft asmmputed under the
ACN-PCN method.

11



Guidance Document for Airport Pavement

_»| ACN COMPUTER ?
PROGRAMME
RIGID *
_»| RIGID »| RIGID PAVEMENT ' |__| DERIVED » RIGID'
PAVEMENT NOMOGRAPHS SINGLE "i  ACN
A TRCRAFT WHEEL CHART
> MASS AND — - PAVEMENT L
C.G. POSITION L_TYPE | | A TABLE SHOWING
ACNs OF AIRCRAFT
ACN FOR
AIRCRAFT o WHEEL' -
EFFECT ON "|  SPACING
PAVEMENT
‘ —»| ACN COMPUTER ?
JIRE ] || SUBGRADE | | 7 PROGRAMME
> PRESSURE [ CATEGQRY |
FLEXIBLE 3
|| FLEXIBLE o OF ENGINEERSY | pERIVED ,| FLEXIBLE'
PAVEMENT NOMOGRAPHS SINGLE WHEEL[ [ | ACN
CHART
_,| A TABLE SHOWING ?
ACNs OF AIRCRAFT

Relevant Documents

AIRPLANE CHARACTERISTICS FOR AIRPORT PLANNING (published by the aircraft manufacturer).
Appendix 2 of this manual.

Annex 14, Attachment B, Table B-1 and Appendix 5 of this manual

Figure 1-4 c¢f thig manual.

Figure 1-5 of this manual.

/N

wn

FLOW CHART
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1.1.3.2 Standard values used in the metkledcrigion of the various terms.

a)

Subgade category In the ACNPCN method eighstandard subgrade values( four

rigid pavement k Maes and four flexible pavement CBRilues) are used, tar thana
continuous scale of subgradgengths. The grouping stibgradewith a standard value
at the midrange of eaclyroup is considerkto be entirely adequate for reporting, The
subgradestrength cagories are identified as higmedium, low andultra low and
assigned the following numericahlues:

Subgrade strength category

High strengthpharacterized by k* = 150 MN/hand representing all kalues
above 120 MN/mfor rigid pavements, and by CBR 15 arepresenting all
CBR valuesabove 13 foflexible pavements.

Medium strength; characterized by k = 80 MRdmd representingrange in k
of 60 to 12.0 MN/mifor rigid pavements, and by CBR 10 aegresenting a
range in CBR of 8 to 13 for flexible pavements.

Low strength; characterized by=k40 MN/nT and representing a ramin k of
25 to 60 MN/m for rigid pavements, and by CBRaBdrepresenting a range
in CBR of 4 to 8 for flexible pavements.

Ultra low strength; characterized by k = 20 MR/and representing &l values
below 25 MN/n for rigid pavements, and by CBR3 andrepresenting all CBR
values below 4 for flexible pavements.

b) Concreteworking stress for rig pavements. For rigid pavements, atandard stress for

re@rting purposes i s stipul ensuenduniférma reporting.. 7 5
The working stress to be used ftire design and/or evaluatioof pavements has no
relationship tdhe standard stress for repagtin
Tire pressure.The reslis of pavement research andexealuation of old testesults redirm
that excepffor unusual pavement construction (i.e. flexipevements with a thinsphaltic
concrete cover or weak upper layers), piressure éécts are secondary to load antleel
spacing, and may ¢hefore be categorized in four groups ffepating purposes as: high,
medium, bw and very low and assignee tfollowing numerical values:

Unlimited - No pressure limit

High - Pressure limited to 75 MPa

Medium- Pressure limited to 25MPa

Low - Pressure limited to 0.50 MPa

13

MP
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* Values determmed using a 75 cm diameter plate

d) Mathematically derivegdingle wheel load: The concept ofn@thematically derived single
wheel load has been employed in &€N-PCN method as a means to defineldneling
gear/pavement intaction without specifyig pavement thickness as an ACN parameter.
This is done by equating the thickneggen by the mathematical modir an aircraft
landing gear to the itkness for a single wheel atstandard tire pressure of 1.25 MPa.
The singlewheel load so obtained isaihused without further refence to thickness; this
is sobecause the essential significancattached to the fact of havirggual thicknesses,

i mpl ysamegpp Iii ed str ess tather tham ehe magnitedm efn thed |,
thickness. The foregoing i accord with the objective of thACN-PCN method to
evaluate the relative load effect of an aircraft on a pavement.

e) Aircraft classification number (ACQN The ACN of an aircraft imumerically defined as
two timesthe derived single wheel load, wresthe derived single wheel load is ex@ed
in thousandsof kilograms. As noted previously, the single wheel tire pressure is
standardized at1.25 MPa. Additionally, the derigedjle wheel load is a functiaf the
subgrade strength. The aircrafassfication number (ACN) isdefined only for the four
subgradecategoriesi(e., high, mediumlow, and ultra low strength). The "two" (2) factor
in the numerical definition of the ACNs used to achieve a suitable AGA. gross mass
scale so that whole nuyar ACNs may be used with reasonable accuracy.

f) Because an aircraft operates atiorss mass and centre of gravignditions the following
conventiondiave been used in ACN computations (see Figlne 1

1) Themaximum ACN of an aircrafs calculated ethe massnd e.g
that produces the highest mgjear loading on the pavemargually
the maximum ramp massd corresponding aft e.g. The aircraft
tres are considered @ inflated to the manufacturers
0 r e ¢ o mm émntrek aonditiann

2 Relative aircaft ACN charts and tables show the ACN as a function of
aircraft gross mass with the aircraft e.g. at a constant value
corresponding to the maximum ACN value (i.e., usually, the aft e.g.,
for max ramp mass) and at the max ramp mass tire pressure; and

3) Specific condition ACN values are those ACHdlues that are adjusted
for theeffects of tire pessure and/or e.g. location, atpeecified gross
mass for the aircratft.

1.1.3.3 Abbreviations
a) Aircraft parameters

MRGM - Maximum ramp gross masskilograms

14



Guidance Document for Airport Pavement

b) Pavemenand subgrade parameters
0 - Standard workig stress for reporting, 2.75 MPa
t - Pavement thickness in centimeters

Thickness of slab for rigid pavements, ®otal thickness of
pavement stictural system (surface teubgrade) for flexible
pavements (see Figure2l

AIRCRAFT
GRO3S
MASS

{1 000 kg)

- 260

MASS AND CG FOR
MAXIMUM ACN

240

220
TOTAL LOAD 200
ON MAIN GEAR
GROUP

180
SPECIFIC CONDITION )

ACN le.g., ACN FOR
217 000 kg AT MOM-

INAL CG) 160

CG LOCATION FOR
ACN VERSIS GROSS

MASS FOR CHARTS
AND TABLES ‘_/-‘

140

120

/ __,.,_.»-"’ I

NOMINAL CG {93.34'*;.;_/,-#7"??_ i |
. 8 e B I 100

R e E
e 80

80 84 82 92 96 100

PERCENTAGE OF MASS OMN MAIN GEAR GROUP

Figure 21 Landing gear loading on pavement Model DICSeries 30,&F, 40 and 40CF

15
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THEORETICAL ASPHALT PAVEMENT THEORETICAL CEMENT CONCﬁETE PAVEMENT
ASPHALT =~} Ex 7 k%
~— ' 7 CEMENT 7
Pt BASE | THICKNESS %CONCRETE Z THICKNESS
\ a -4 a ‘1 '. o ///’//// i
(o susgase Tl | ;.0 01 SUBBASE -5 [+t
t . SUBGRADE \\\/I {4// \“S(jg’;éﬁmg’\\\/j«j,.
Figure 12
k =~ Westergaard's modulus of subgrade reaction in MN/m3
L -~ VWestergaard's radius of relative stiffness ian centimetres.

This is computed using the following equation (see Figure 1-3).

R o= \7 E t3 % is modulus of elasticity
12 (1 - uz)k

p is Poisson's ratio (p = 0.15)

PHYSICAL MEANING OF WESTERGAARDS
'RADIUS OF RELATIVE STIFFNESS'{

SINGLE WHEEL LOADING ON A SLASB
EAPF'F!OXlMATELY

H
! 1 % CONTRAFLEXURE
. . N SLAB

v |\ L

_ e T e

§— ——

—

s
T = T | IR

AESTORING i \—w - SLAB

EARTH PRESSURE

l l ! DEFLECTION
UNDER LOAD
TENSION STAESS AT BENDING MOMENT
5 IN SLAB

BOTTOM OF aLAB—-\

el :_éé.

APPROXIMATELY

T TTTTTY -——JZ———~—- e
AR EEEEREERS CF‘N"LF:NJ e

R

T PLOT ©F BENGING MOMEN

i TANGIOR TLNSUN STHELS
] BOTTOM O A5 A
FUNCTION "\F RADIAL
I DISTANCE #20% CENTER
T % QF Laan:
Figure 13

CBR - California Bearing Ratio in per cent

Tire Pressures

Ps- Tire pressure f or derived single wheel ledd25 MPa
Py - Tire pressure for aircrafhaximum ramp mass condition

16
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1.1.3.4 Mathematical modelsTwo mathematical wdels are used in the ACRCN method: the
Westergaard solution for a loaded elastic plate on a Winkler foundation (interior load
case) for rigid pavements, and the Boussinesq solutiostriess and displacements in a
homogeneoussotropic elastic hafspace under surface loading for flexible pavements.
The use of these two, widely used, models permits the maximum correlation te world
wide pavement design methodologies, with a minimum rfeegpbavement parameter
values (i.e., only approximately subgrade k or CBR values are required).

1.1.3.5Computer programmesThe two computer programmes developed using these
mathematical models are reproduced in Appendix 2. The programme for evaluating
aircrafton rigid pavements is based on the programme developed by Mr. R.G. Packard
of Portland Cement Association, lllinois, USA and that for evaluating aircraft on flexible
pavements is based on the US ArBngineefWaterways Experiment Station Instruction
Repot S77-1 , entitled fAProcedures for Developm
however, be noted that the aircraft classification tables includedAR-14, Part |}
Attachment Aand in Appendix 5 of this Manual completely eliminate the need to use
these protammes in respect of most of the aircraft currently in use.

1.1.3.6 Graphical proceduresAircraft for which pavement thickness requirement charts have
been published by the manufactures can also be evaluated using the graphical procedures
described below.

1.1.3.7 Rigid pavementsThis piocedure uses the conversion cilabwn in Figure 4 and the
pavement thickness requirement charts published by the aircraft manufactures. The
Portland Cement Association computer programme referred to in 1.1.3.5 was used in
developingFigure t4. This figure related the derived single wheel load at a constant tire
pressure of 1.25 MPa to a reference pavement thickness. It takes into account the four
standard subgrade k values detailed in 1.1.3.2.a) above, and a standard concrefe stress
2.75MPa. The figure also includes an ACN scale which permits the ACN scale which
permits the ACN to be read directly. The following steps are used to determine the ACN
of an aircraft:

a) Using the pavement requirement chart published by the manufactitsen che
reference thickness for the given aircraft mass, k value of the subgrade, and the
standard concrete stress for reporting, i.e., 2.75 MPa;

b) Usingthe above reference thickness and Figu#e abtain a derived single wheel
load for the selected sutagle; and

*Refert o document enti tl e drtPlaDeesnipggfiGodackadoncr et
Portland Cement Association, Skokie, lllinois, 600J#&ted 1973.
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Figure x4. ACN Rigid Pavement Conversion Chart

CM

Theaircraft classification number, at tselected massnd subgrade k value, is two
times the derived single wheel load @0D kg. Note that the ACBan also be read
directly from the chart. Note further that tire pressure corrections are not needed

when theabove procedure is used
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1.1.3.8 Flexible pavements.This procedure uses the conversion chart shown in Figbrarid

b)

the pavement thickness requirement charts published by the aircraft manufacturers based
on the United States Army Engineers CBR procedure. fohmer chart has been
developed using the following expression:

DSWL DSWL
t - —_
C, CBR  C,pg

Where t = reference thickness in cm.

DSWL = a singlewheel load with 125 MPatire pressug
P,=1. 5 MPa

CBR = standard subgrade (Note that the ~chart uses four
standard values 3, 80 and 15)

C;=0.5695 C,=32.035

The reason for using the latter charts is to obtairetheévalency between the "groap
landing gear wheels effect” to a derived single wheel load by means of Boussinesq
Deflection Factors. Thillowing stepsare used to determine the ACN of an aircraft:

using the pavement requirement chart published by the manufacturer determine the
reference thickness for the given aircratiss, subgrade category, an@d@®coverages;

enter Figure B with the reference itkness determined in step apd the CBR
corresponding to theubgrade category anead thelerived single wheel load; and

The ACN at the selected mass andgmalole category is two times therivedsinglewheel
loadin 1000 kg. Note that the ACN canlso beread directly from the chart. Note foer
that tire pressureorrections are not needed when the above procedure is used.

1.1.3.9Tire pressureadjustment to ACN. Aircraft normally have their tiremflated to the

pressure corresponding to the mawim gross massand maintainthis pressure
regardless of the variations in takéf masses There are timg& however,when
operations ateduced masses and reduced tire presssare productive and reduced
ACNSs need to be calculatedo do ths for rigid pavenents, a chart has been prepared
by the useof the PCA computer programme PBLand is gven in Figure 16. The
exampleincluded in the chart itself explains how the chart is used.
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Figure £5. ACN Flexible Pavement Conversion Chart

DSWL DSWL

. ¢ = _ .
11310 For flexible pavements, the CBR /Cz CBR  Cype equation

Wasused to equate thickness and solve for the reduced pressure ACN in terms of the maximum
tire pressure ACN at the reduced mass giving the following expression:

1 i

ACN - ACN G CBR Czpred

Reduced Maximum

pressure pressure LS —
C, CBR  Cop_.

(For values of ¢and G see 1.1.3.8)
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11311

Example 1:

Solution:

Worked examples

Find the ACN of B727200 Standard at 7850@ on a rigid pavement restirmy a
medium strength subgradee(, k = 80 MN/m3). The tire presireof the main
wheels is 115MPa.

The ACN of the aircraft from the table in Appendix 5 of this Manud8is

It is also possible to determine the ACN of the aircraft using Figureardd the
pavement requirement chart for the aircraft in Figui® 1This method involves
the following operations:

a) from Figure 17 read the thickness of concrete dese for the aircraft mass of
78500 kg, the subgrade k value of 80 MN/amd the standard concrete stress of
2.75 MPa ag81.75cm; and

b) EnterFigure x4 with this thicknessral read the ACN of the aircraft for the
medium strength subgradet8s
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12 I SUBGRADE STRENGTH
.f
|
i !
i
1.1 b - ///
I i
|
1.0 ! . -
! i
I ;' |
CORRECTION E | i
FACTOR '
.
ACN '
An aircraft with a tire pressure of 1.25 MPa has
ACNsTD an ACN of 50 on a medium subgrade. What
would be |ts ACHM if fire pressure is increased
to 1.50 MPa?
To obtain the correction factor proceed verti-
cally from a tire pressure of 1.50 MPa until i
medium subgrade curve is intercepted. Then
proceed horizontally and read 1.06.
| ACN for TP 1.50 MPa =
| 1.06 x 50 = 53
!’ Pavement thickness = 40 em
| | i
I i | ‘
! ! ‘
|
f
B - : -
| ] i
| | '
| |
| |
5 - - - ' T
5 75 1.0 1.25 1.5 1.75 2.0 2.35 2.50

TIRE PRESSURE MPa

Figure 6. ACN tire pressure adjustméntigid pavements only
Example 2: An AIP contains the following information related to a runway pavement:
PCN of the pavement = 80
Pavement type = rigid

Subgrade category = medium strength
Tire pressure limitation = none
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Determine whether the pavement can accept the following aircraft at the
indicated operating masses and tire pressures:

Mass Tire pressure
Airbus A 300 Model B2 at 142000 kg 1.23 MPa
B747-100 at 334751 kg 1.55 MPa
Concorde at 185066 kg 1.26 MPa
DC-10-40 at 253105 kg 1.17 MPa

Solution: ACNs of these aircraft from Appendix 5 of this Manual are 44, 51, 71 and 53,

respectively. Since the pavementguestion has a PCN of 80, it can accept all of
these aircraft.

Example 3: Find the ACN of DG10-10 at 15400kg on a flexible pavement resting on a
medium strength subgrade (CBR 10). The tire pressure of the main wheels is 1.28
MPa.
(196 406 — 157 400)

Solution: ThHe-AEN-of tre-atreraft-from-Appendisd b of this Manual is
(196 406 - 108 940)

39 006

= 57 - x 30

87 466
= 57 = 13.4 = 43.6 or 44
It is also possible to determine the ACN of the aircraft using Figebeafid the pavement
requirement chart in Figure& This method involves the following operations:
a) from Figure 18 read the thicknesof pavement need for the aircraft mass of
157400 kg and the subgrade CBR of 1(b@sm; and

b) Enter Figure 15 with this thickness and read the ACN of aircraft for the
subgrade CBR of 10 #4.
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124.5 x 43.2 cm TIRES - TIRE PRESSURE CONSTANT AT 11.7 kgfcm?
127 x 53.3 cm TIRES (NEW DESIGN) - TIRE PRESSURE CONSTANT AT 11.7 kglcm?

om b
> T T A
50 1\ A\ I MAXIMUM POSSIBLE MAIN GEAR
\\ \ LOAD AT MAXIMUM RAMP MASS
\‘ \\ \ - k = 27 MN/m*  AND AFT CENTRE OF GRAVITY
= 54 MN/m*
\\\\\\\éft - gguﬁ::r% Ty /
k = 134 MN/m?*
___\‘ ;‘\ 51 e i 550
\ MASS ON MAIN LANDING GEAR /
AN e
WA \ A\ 68 050 kgq
VAN 43 100 k _‘_\ 2 4.82
404 \ \ n\ 38 550 kg~
\

PAVEMENT THICKNESS

\\
N\
©
2
ALLOWABLE WORKING STRESS

275

2.07

1.38

NOTE: THE VALUES OBTAINED BY USING
THE MAXIMUM LOAD REFERENCE LINE AND
ANY VALUE OF k ARE EXACT. FOR LOADS
LESS THAN MAXIMUM, THE CURVES ARE EX-
ACT FOR k = 80 BUT DEVIATE SLIGHTLY FOR
OTHER VALUES OF k.

RIGID PAVEMENT REQUIREMENTS —

REFERENCES:

“DESIGN OF CONCRETE AIRPORT
PAVEMENT" AND “COMPUTER PROGRAMME
FOR AIRPORT PAVEMENT DESIGN -
PROGAMME PDILB."

PORTLAND CEMENT ASSN,

PORTLAND CEMENT ASSOCIATION DESIGN METHOD
MODELS 727-100, -100C AT 77 200 kg; 727-200 STANDARD AT 78 500 kg,
ADVANCED 727-200 AT 89 800 kg AND 95 300 kg MAXIMUM RAMP MASS.

Figure 17
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FLEXIBLE
PAVEMENT
THICKNESS
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0

25 -

108 862 kg OPERATING MASS EMPTY
50 -
157 396 kg
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100 - 195 579 kg MAXIMUM TAKE.OFF MASS
125 -
150 -
1?5‘ i I - 1 I I I d P |
3 5 7 9 20 10 60 80
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SUBGRADE CBR (PERCENTAGE)

Figure 18. DC 1010 Flexible Pavement Reigements 10000 Coverages aft c.g

1.2 Procedure for pavements meant for light aircraft

1.2.1 The ACNPCN method described inllis not intended for reporting  strength of
pavemats meant for light aircraft,g., thosevith mass less tharv80 kg.CAR-14, Part
| specifies a simple procedure for such pavement$his procedure envisages the
reporting of only two elements: max min allowable aircraft mass and maximum
allowable tire pressurelt is important to note that the tipressurecategories of the
ACN-PCN methal (1.1.3.2, ¢) are not used for reportingpimum allowable tire
pressurelnstead, actual tire pressure limits are reportedthdgated in the following
example:

Example: 400 kg/0.50 MPa
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CHAPTER 2: - GUIDANCE ON OVE RLOAD OPERATIONS

2.1 Criteriasuggesteih CAR-14, Part | AttachmentA

211

212

Overloading of pavements can result eitrem loads too large or from substantially
increased application rate or both. Lo#aiger than the defined (design evaluation)
load slorten the design life ilst smaller loads extend MVith the exception of massive
overloading, pavements in fhestructural behaviour are naubject to a particular
limiting load above which they suddly or catastrophicallfail. Behaviour is such tha
pavement can sustaindefinable load for an expectedimber of repetitions during its
design life. As a resyloccasional minor overloading acceptable, when expedient,
with only limited lossin pavement life expectancy amélatively small acceleation of
pavementeterioration. For those operations in whichagnitude of overload and/or the
frequency of use do n@istify a detailed analysis tHellowing criteria are suggested:

(&) Forflexible pavements occasidnaovements by aircraft with ACMat exceeding
10 per cent above thep@rted PCN should not adverselfyect the pavement;

(b) for rigid or composite pavements) which a rigid pavement laygorovides a
primary element of the struge, occasional movements hircraft with ACN not
exceeding5 per cent above the reported PGNould not adversely affect the
pavement;

(co) if the pavement structure is unknovine t5 per cent limitation shouépply; and

(d) The annual number of overload movements should not exapprbximately 5 per
cent of the totahnnual aircraft movements.

Such overload movements should notrmally be permitted on pavemengxhibiting
signs of distress or failure. Furthermoogerloading should be avoidddring any periods
of thaw following frost penetratn or when the strengtof thepavement or itsubgrade
could be weakened by watéthere overload operations arenducted, the appropriate
authority should reviewhe relevant pavement conditioegularly and should also review
the criteria for overlod operations periodicgllsinceexcessive repetition of overloads can
cause severghortening of pavement life cequire major rehabilitation of pavement.
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CHAPTER 3: - EVALUATION OF PAVEMENTS

3.1. General

311

The purpose of this chapter is to presgmdance on the evaluation p&vements to
those responsible for duating and reporting pavemengaring strengttRecognizing
that responsible individuals may range fronperenced pavement enginetrsairfield
managers not enjoying the direct btafupport of pavement behavicexpets,
information will be included which attempts serve the various levels méed.

3.2. Elements of pavement evaluation

321

322

3.23.

The behaviour of any pavement depends upon the native matérthissite, which
afterlevelingand preparation is del the subgradets structurencluding all layers up
through the surfacing, ande mass and frequency of useigeraft. Each of these three
elements must be considered when evaluating a pavement.

The subgrade The subgrade is the layer mfterial immediately belo the pavement
strudure which is prepared during restruction to support the loattnsmitted by the
pavement. It is prepared byippring vegetationleveling or bringing to planned grade
by cut and fill operatiosy and compacting to the needgensity Strength of the
subgrade is a siditant element and this must blearacterized for evaluation or design
of a pavement fality or for each section of facility evaluated or designed separately,
Soil strength and therefosubgradestrength is very deendent on soil moisture and
must be evaluated for the conditibis expected to attaim situ beneath the pavement
structure. Except in cases witlgh watertables,unusualdrainage, or extremefyorous

or aacked pavement conditions samoisture wil tend to stabilize under wide
pavements tcsomething above 90 per cent ffll saturation. Seasonal variation
(excepting fost penetration of susceptibieaterials) is normally small to none and
higher soil noisture conditions are possitdgen in quitearid areas. Because materials
can\ary widely in type the subgradérength established for a particular pavement may
fall anywhere within the rangadicated by the four subgrade sgncategories used in
the ACN-PCN method,See Chaptet of this Mamal andCAR-14, Part | Chapter 2.

The pavement structure. Th e t er ms flexible"ghave ‘tome inta usei for
identification of the two pncipal types of pavements. @lerms attempt to characterize

the response of each type to loading. The gmynelement of a rigid pavement is a layer

or slab of Portland cement concreted®), plain or reinforced iany of several wayst

is often underlain by a granular layer which contributes to the structure both directly and
by fadlitating the drainage oWvater. A rigid pavement responds "stiffly" to surface
loads and distributes the loads by bending or baetion towide areas of the subgrade.
The strength of the pavement depends on the thickness and strength@Ttaed any
underlying layers abovthe subgrade. The pavement must be adequate to distribute
surface loads so that theepsure on the subgrade doesexueed its evaluated strength.
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3.24.

3.2.5.

3.2.6.

A flexible pavement consists of a series of layers increasing in strength from the
subgrade to the surfadayer.A series such as select material, lower-Babe, sulbase,

base and wearing course is commonly used. However, the lower layers may not be
present in a particular pavemeiithe pavements meant for heavy aircraft usually have a
bituminous bound earing course. A flexible pavement yields more under surface
loading merely amomplishing a widening of theodded area @consequent reduon

of pressure layer by layerAt each level from the surface sobgrade, the layers must
have strength suffient to tolerate the pressures at tHeirel. The pavement thus
depends on itshickness ovethe subgrade for reduction of the surface pressure to a
value which the subgrade can accept. A flexible pavement must also have thickness of
structure above eadhayer to reduce the pressure to a level acceptable by the layer. In
addition, the wearing course must be sufficient in strength to accept without distress tire
pressures of using aircraft.

Aircraft loading The aircraft mass is transmitted to the paswetithrough the
undercarriage of the aircralthe number of wheels, their spacing, tire pressure and size
determine the distribution of aircraft load to the pavement. In general, the pavement
must be strong enough topport the loads applied by thedividual wheelsnotonly at

the surface and the subgrade but also at intermediate levels. For the closely spaced
wheels of dual and dutdndem legs and evéor adjacentegs of aircraft with complex
undercarriages the effects of distributed loads frojacadt wheels overlap at the
subgrade (and intermediate) level. In such cases, the effective pressures are those
combined from two or more wheels and must be attenuated sufficiently by the pavement
structure. Since the distribution of load bypavementstructure is over anuch
narrower area on a higtstrength subgrade than on a low strength subgrade, the
combining effects of adjacent wheels is much less for pavements on high strength than
on low strength subgrades. This is the reason why the relataetsedf two aircraft

types are not the same for pavements of equivalent design strength, and this is the basis
for reporting pavement bearing strength by -gtdule strength category. Within
subgradestrength category the relative effects of two aircggdfeson pavementsan be
uniquely stated with good accuracy.

Load repetitions and composition dfaffic. It is not sufficient to considethe
magnitude of loading alon&here is a fatigue or repetitions of load factor which should
also be consideredThus magnitude and repetitions must be treated together, and a
pavement which is designed to support one magnitude of load at a defined number of
repetitions can support a larger load at fewer repetitions and a smaller load for a greater
number of repetitins. It is thus possible to establish the effect of one aircraft mass in
terms of equivalent repetitions of another aircraft mass (and type).Application of this
concept permits the determination of a single (selected) magnitidead and
repetitions leel to represent the effeot themixture of aircraft using pavement.

Pavement condition surveyA particularly important adjunct to or part evaluation is
a carefulcondition survey. The pavement should be closely examinesl/idences of
deteriomtion, movement, or change of any kind. Any observable paverhange
provides information on effects of traffic dhe environment on the pavement.
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Observable effects of traffic along with an assessment of the magnitude and
compositionof that traffic @n provide an excellent basis for defining the bearing
capacity of gpavement.

3.3. Elements of the AN-PCN method

3.3.1. Pavement classification numbeFrhe pavement classification number (PGNdn index
rating (1/508) of the mass which an evalipn shows cabe borne by th@avenent
when applied by a standard28. MPa tire pressure)singigheel. The PCNating
established for a pavemteindicates that the pavement is capable of suppaatrogaft
having an ACN (aircraft classification number) of equal @rdomagnitudeThe ACN
for comparison tahe PCN must be the aircraft AC&stablished for thearticular
pavement type and subgrade category of tteel pavement as well as for tharticular
aircraft mass and characteristics.

3.3.2. Pavement type For purpose of reporing pavement strength, pavementsist be
classified as either rigid or flexible. A mhpavement is that employing Rortland
cement concrete (PCC) slab whether plain, foeted, or prestressed and with
without intermediate layers betwettre slab and sagrade. A flexible pavement tisat
consisting of a series of layers increasing rargjth from the subgrade to thearing
surface. Composite pavements resultiognfa PCC overlay on a flexibfvement or
an asphaltic concrete overlay a rigid pavemenbr those incorporatinghemically
(cement) stabilized layers of particulaggod integrity require care tlassification. If
t h e fetemneytirainains the giominant structural element thie pavement and is
not severely distresddby closéy spaced cracking the pavemehbuld be classified as
rigid. Otherwise the flexie classification should applWhere classification remains
doubtful, designation adekible pavement will generallipe conservative. Unpaved
surfaces (compaetl earth, gravel, laterite, coral, ehpuld be classified as flexible for
reporting. Similarly,pavements built with bricksor blocks should be classified as
flexible. Large precast slabs which require cramandling for placement can be
classifiedas rigid wha used in pavements. Pavemearasered with landing mat and
membrane surfaced yaments should be classifiedfeeible.

3.3.3. Sulgrade CategorySince the effectiveess of aircraft undercarriagasing multiple
wheels is greater on pavementsrfdedon strong subgrades comparethmse on weak
subgrades, the problem of reporting begustrength is complicated. Tmplify the
reporting and permit the use of indealues for pavement and aircrafessification
numbers (PCN and ACN) the AGRCN mehod uses four subgrade strength
categories. These are termed: high, medium, low lradlow with prescribed ranges
for the categories It follows that for a repoed ewaluation (PCN) to be useful the
subgrade category tehich the subgrade of theported pavement belongs must be
established and reported. Normally subgrade ginewill have been evaluated in
connetion with original design of a pavement or latehabilitation or strengthening.
Where this informabn is not available the subgraggength should be determinad
part of pavement evaluatioBubgrade strength evaluation should be basetesting

29



Guidance Document for Airport Pavement

wherever possible. Wne evaluation based on testiggniot feasible a representative
subgrade strengtlttategory must be selected ldsen soil characteristics, soil
classification, local experience, or judgemeéddmmonlyone subgrade category may
beappropriate for an aerodrome. However, where paveiaglities are scattered over
alarge area and soil conditions differ from locatioridication several categories may
apply and should be assessed and so reported. The sulbgragth £valuated must be
thatin situ beneath the pavement. The subgradeedébnan aerodrome pavement will
normally reach and retain a fairly constant moistanel strenth despite seasonal
variations. Hwever, in the case of severely cracleoifacing, porous paving, high
ground water, or poor local drainage, the subgradmgth can reduce substantially
during wet periods. Gravel and compact soil sugasédl be especially subject to
moisture change. And in areas of seasonal feostwerreduced subgrade strength can
be expected during the thaw period where frost susceptible materials are involved.

3.34. Tire pressure categoryirectly at the stface the tire ontact pressurés the most
critical element of loading with it relation to other aspectspdvement strengtfhis
is the reason for reporting permissible tire pressurerinstef tire pressure categories.
Except for rare cased spalling joints ad unusuasurface deficiencies, rigid pavements
do not require te pressure restrictiondlowever pavementsategorized as rigid which
have overlays of flexible or bituminousonstruction must be treated as flexible
pavementsfor reporting permissibleire pressure. Flexible pavements which are
classified in the higest tire pressure categanust be of very good quality and integrity,
while those classified in the lowesategory need only be capable of accepting casual
highway traffic. While tests dbituminous mixes and extracted cores for quality of the
bituminaus surfacing will bemost helpful in selecting the tire pressure categooy,
specific relations have beetleveloped between test behaviour and acceptalgde tir
pressure. It will usually bedequate, except where limitations are obvious, to establish
cate@ry limits only wherexperience with high tire pressures indicates pavement distress.

3.35. Evaluation methodWherever possible reped pavement strength shouldli@eed on a
"technical evaluatin”. Commonly, evaluan is an inversion of a designethod. Design
begins with the aircraft loading be sustained and the subgrattength resulting from
preparation of the local Bothen provides the necessatyicknesses and quality of
materialdor the needegavement structure. Evaluatimverts this process. It begins with
the existing sufrade strength, finds thickneasd aality of each component of the
pavement structe, and uses a design procedoaitern to determine the aircraft loaglin
which the pavement can support. Wherailable the design, testing, and construction
record data for the subgradedammponents of the pavemenusture can often be used
to make the evaluation. Or, tgsts can be opened to determine thieknesss of layers
their strengths, and subgrad&ength for the purpose of evaluation. A technical
evaluation also can be made basadmeasurement of the response of pavement to load.
Deflexion of a pavement undstatic plate or tire load can be used &dmt its behaviour.
Also there are varioudevices for applying dynamic loads to a pavement, olgeits
response, and using tha predict its behaviour. When for economic or other reasons a
tedhnical evaluation isiot feasilte, evaluation can be dad oneger i ence wi t h |
a i r c A pafemensatisfactorily supporting aircraft using it can adceather aircraft if
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3.3.6.

they are nomore demading than the using aircraft. iEhcan be the basis for an
evaluation.

Pavements folight aircraft Light aircrét are those having a mass ®f00lg or less.
These aircraft have pavement requirements less ttr@nof manyhighway trucks,
Techncal evaluations of those pavertgman, of course, be made, laut evaluation
based on using aircraft is satisfagtdt is worth noting that at somairports service
vehicles such asré trucks, fuel truks, or snow ploughs may be more critical than
aircraft. Since narly all light aircraft have sgle-wheel undercarriagkeegs there isi0
need for reporting subgradategoies. However, since some lwelpters and military
trainer aeroplanes within thimass range have quite high tpeessures limited quality
pavements may need to have tire pressure lesitlished.

3.4. Assessig the magnitudeand compsition of trafic

34.1.

34.2.

General Pavement bearing strength eviiras should address not merein
allowable load but a repetitions use level fattioad. A pavement which caostain

many repetitions of one load can sirsta larger load but for feweepetitions.
Obsrvable effects of traffic, even thaseolving careful measuremerts on samples

in controlled laboratory test unfortunately do not (unlesBhysical damage is
apparent*) permit a determination of the portion of pavemesgétitions life that has

bean used or, conversely, is remaining. Thus an evaluation leading to bearing capacity
determination is an assessment of pavement's total expected repetitions (traffic/load)
life. Any projection of remaining useful life of the pavement will depend on a
detemination of all traffic sustained since construction or reconstruction.

* In the case oévident physical damage a pawwill already ben thelast stagesf
its useful life.

Mixed loadngs. Normally, it will be neessary to consider a mixture lokdings at

their respetive repetitions use levels. @fe is a strong tendency to rgiavement:
bearing strengt in terms of some selectdéoading for the allowable repttins use

level, and to rate each loading applied t@agment in terms of its egralent number

of this basic loading. To do this, a relation is first established between
loading and repetitions to produce failure. Such relations are variously established
using combinations of theory or design methods and experience behavious fmattern
laboratory fatigue curves for the principal structural element of the pavement.
Obviously, not all relations are the same,* but the repetitions parameter is not subtly
effective. It needs only to be established in general magnitude and not incspecifi
value. Thus fairly large variations can exist in the loadiepgetitions relation
without serious differences in evaluation resulting.

*See Chapter 4, Figure29 (French practice) and 4.4.12.1 (United States practice).
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343. Using the cwe for loading versus repetitions to failure, the failure
repetitions for each loading can be determined and compared to that for the basic
selected loding. From these comparisorise tequivalent number of thasicselected
loadirg for single applicatins of ay loading are determined, i.éactors greater than
1 for larger loadings and less than 1 for smaller loadings. An explanatory example of
this process follows:

a) Relateloading to failure repetitions, as illustrated in Figuk 3

Log load \

SR

Log of repetitions

Figure 31

b) Forselected loads L, read repetitions r from curve
LiTrg
LoT 2
L3i rs
LaT 1

¢) choosd._; as the basic load; and
d) compute equivalent repetitions factor f for each load

Load Equivalent Repetitions Factor
L1 fi= r_r3 (a value less than 1)
1
L, f, = :3_ (avalue less than 1)
2
L3 f3 = E =1
I3
Ly fa= rs (a value greater than 1)
Ts
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By use of these factors, the accumulated effect of any combination of dgpdsenced or
contemplated can be compared to the bearing strength evaluagmmsnofa selected loading at
its evaluatedlbpwable repetitions use level.

3. Techniqgues for fAusing aircrafto evalwuation

3.5.1. While technical esaluation should beaccomplished wherevepossible, itis
recognized that financial and circumstantial constraints aeitlasionally prevent
it. Since it is most important to have completely reported bearing strength
information andsincethe using aircraft evaluation is reasonably direct and readily
comprehensible it is being presented first.

3.5.2. Heaviest using aircraftA pavement satisfactorily sustaining its using traffic can
be considered capable of supporting the heaviest aircraft regularly using it, and
any other aircrafwhich has no greater pavemetresgth requirements. Thuos
beginan evaluation based on usingcaaft, the types and masses of aircraft and
number oftimes each operates in a given period must be examined. Emphasis
here should berothe heaviest aircraft regularly using the pavement. Support of a
particularly heavy loag but only, does not necessly establish a capability to
supportequivalent loadsn a regular repetitive basis (sed)3.

3.5.3. Pavement condition and behaviouFhere must next be a careéxaminationof
what effect the traffic otisingaircraft is having on the pavement. The ctindi
of the pavement in relation to any cracking, aisbn or wear, and the expern
with needed maintenance are of first importance. Age must be considered since
overload effects on a new pavement may not yet be evident while some
accumulated indicains of distress may normally be evident in a very old
pavement. In general, however, a pavement in good condition can be considered
to be satisfactorily carrying the using traffic, while indications of advancing
distress show the pavement is being oveldoh The Condition examination
should take note of relative pavement behavior in areas of intense versus low
usage such as in and out of wheel paths or mmdtleast used taxiways, zones
subect to maximum taking, e.g., taxiwayturn-off, etc. Note shoild also be
taken of behawur of any known or observable weak or criticalearsuch as low
points of pavemedngrade, old stream crossggpipe crossings where initial
compaction was poor, structurally weak sections, etc. These will help to predict
the rate of deterioration under extant traffic and thereby indicate the degree of
oveloading or ofunder loadingThe condition examinations should also focus on
any damage resulting from tire pressures of using aircraft and tlleforeére
pressure limitatns.

3.5.4. Referencaircraft. Study of the types and masses wEraft will indicate those
which must be of concern in establishing a reference aircraft and the condition
survey findings will indicate whether the load of the reference aircraft should be
less than that being applied or might be somewhat greater. Since load distribution
to the subgrade depends somewhat on pavement type and sukigeadth,the
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3.5.5.

3.5.6.

particularreference aircrafind its mass cannot kelecte until those elements of
the ACN-PCN method which are reptad in addition to the PCN have been
established (see 3.2 and 33. 3)

Determination of the pavement typsubgrade strengtrand tire pressure
categories. The pavement type must be established as rigid or flexible. If the
pavanent includes a Portland cement concrete slab as the primary structural
element it should be classified as rigid even though it may have a bituminous
overlay resurfacing (see 3.3.2). If the pavement includes no such load
distributing slab it should beadsified as flexible.

The subgrade category must be determined as high, medium, low, or ultra low
strength. If CBR or plate bearing test data are available for the subgrade these can
be used directly to select the subgrade category. Such data, howestr,
representin situ subgrade conditions. Similar data from any surrounding
structures on the same type of soil and in similar topography can also be used.
Soil strength data in almost any other form can be used to project an equivalent
CBR or modules ofubgrade reaction k for use in selecting the subgrade category.
Information on subgrade soil strength may be obtainable form local road or
highways agencies or local agricultural agencies. A direct, though somewhat
crude or appropriate, determation of sulgrade strength cabe made from
classification* of the subgrade material and reference to any of many published
correlations suchs that shown in Figure3 (Also see 3.3.3 and 3.2.2.)

*ASTM D2487, D3282, and D2488.
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CALIFORNIA BEARING RATIO
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Figure 32 Interrdationships of soil classification, California Bearing Ratio and K values

CHART TAKEN FROM " Design of Concrete Airport Pavement PORTLAND
CEMEMT ASSOCIATION.

M.B, ANl interrelotionships are very approximate. Actuagl fesis are reguired
ta detarmine CBR, K, efc,
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35.7.

3.5.8.

3.5.9.

3.5.10.

3511

The tire pressure category must be determined as high, medium, iewydow.
Portland cement concrete surfacing and good to excellent duitalityinous surfacing
can susdin the tire pressures commorgycountered and should tlassified aigh
pressure category with no limit on pressure. Bitumirsurgacingof inferior quality
and aggregate or earth surfacings will require the limitatidoveér categoriegsee
3.3.4). Theapplicable pessure category should normalbg selected basedn
experience with using aircraffhe highest tire pressure being appliether than
rarely, by umg aircraft, without producingbservable distress shouldthe basigor
determining theire pressure category.

The most significant element of the using aircraft evaluasiateterminatiorof the
critical aircraft and the equivalent pavement classification nu(Ria&x) for reporting
purposes. Having determined the pavement type and ltigeasiecategory the next
step would be the determination of the ACNs of aircraft usiagakiement. For this
purpose, the aircraft classification table presemmedppendix 5 or the relevant
aircraft characteristics document published thg manufactureshould be used.
Comparison of aircraft regularly using the paveméngd theiroperating masses
with the abovementioned table or the relevaaitcraft characteristiocdocuments will
permit determination of the most critical aircrafting thepavemaet. If the using
aircraft are sat satisfactorily being sustained byptheement anthere are no known
factors whichindicate that substantially heavier aircraduld besupported, the ACN
of the most critical aircraft should be reported as the PGhegbavement Thus any
aircraft having an ACN no higher than this PCN can uspatiement facilityat a use
rate (as repetitions per month) no greater than tharesfently supportedircraft
without shortening theise life of the pavement,

In arriving at the critical aircraft only aircraft using the pavementamtinuingbasis
without unacceptable pavement distress should be considEnedoccasionalise of
the pavement by a more demanding aircraft is not sufficieahsare itcontinued
support gen if no pavement distress is apparent.

As indicated, @CN directly selected based on the evaluatitidal aircraftloading
contemplates an aircraft use intensity in the future similar toathéhetime of
evaluation, if a substantial increase use (wheel load repetitions) expectedthe
PCN should be adjusted downward to accommodate the increase. Aobdbis
adjustment, which relates load magnitude to load repetitions, is presented in 3.4.

Pavement$or light aircraft.In evabaing paements meant fdight aircraft- 5700 kg
mass and lessit is unnecessary to consider the geometryhef undercarriagef
aircraft or how the aircraft load is distributed amongwheels. Thusulgrade class
and pavement type need not be reported,cmhy the maximum allowable aircraft
mass andnaximum allowable tirgoressure neetle determined and reportdeor
these the foregoing guidance on techniques for "using aircraft" evaluation bkould
followed.
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3.5.12 Because th&700 kg limit for light aicraft represents pavemdoiads onlytwo-thirds
or less of common highway leads, the assessment of traffic usinggraseshould
extend to consideration of heavy ground vehicles such as fuel fiteksicks, snow
ploughs, service vehicles and the like. Séhenust also be controlléal relationto
load limited pavements.

36 Techni gues and equi pment for Atechnical o

3.6.1. Technical evaluation is the process of defining or quantifyiregbearingcapacity of a
pavement through measurement and studyhefdharacteristics of the pawent andits
behaviour under load. Thean be done either by an inversion of the design process, using
desgn parameters and methods, but reversing the process tmidetatlowable load from
existing pavement characteristiar by a direct determinatioof response of the pavement
to load by one of several means.

3.6.2. Pavement behaviour concepts di@signand evaluatin. Concepts obehaviour developed
into analytical means by which pavements can be destgnadcommodatspecifc site
and aircraft traffic conditions areommonly referred t@as desigmmethods. There are a
variety of concepts and many specific design methdtts. example several design and
evaluaton methods are explained in some detail in Chaptétiis Manua

3.6.2.1.The early methods.The early methods fodesign and evaluation of flexible pavements

were experience baseaid theory extended. They madke of indexype testd¢o assess
the strength of the subgrade and commonly to also assess the strecgtitibuting
strengthof base and subaselayers. These were tests such as the GiRe bearing, and
many others, especially in highway design. These eagiyrods, extensivelgeveloped,
are still the methods in primary use for aerodrgpaeement designThe CBR method
adopted for ACN determinations as mentioned in Chaptand. Appendix2 of this
Manual is an excellent example, and the French and Canadktitods describeth
Chapter 4 are further examplesGBR and plate loadinmethods, respectively

3.6.2.2.Ealy methods for design and evaluation of rigid pavements virtadllipadeuse of the
Westergaard model (elastic plate on a Winkler foundation) ibciuded various
extensions to treat fatigue, ratio of design stress to ultistr@ss, strengthenirggfects of
subbase (or base) layers, etc. Westergaard devetogidds fotwo cases: loading at
the centre of a pavement Islgwidth unlimited) and loadingit the edge of a slab
(otherwise unlimited)While most rigid pavement methods uee centreslab load
condition, some use the edge condition. These considetréveder tathe adjacent slab
but means of treating the transfer vary. Plate bearing #éestsedto characterize
subgrade (or subgrade and s#se) support which is agssential elenmd of these
design methods. Here again the early methods, fudidnezloped, remaithe primary
basis for aerodrome pavement desi The method adopted for AGitemination (see
Chapter 1 and Appendix 2) @& excellent example of these methais] seeral other
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examples arpresented ilChapter 4.

3.6.2.3.The newer more fundamental methods. Continuing efforts tdase pavemeimtesign on
more fundamental principles has led to the developmamketiiods usinghe stresstrain
response of materials and catal theoretical models. The advancesn computer
technology have made these previously intractable meftradtical anded to computer
orienteddevelopments not otherwise possible.

3.6.2.4.The most popular #oretical model for the newer design methodthés elastidayered
system. Layers are of finithitkness and infinite extematerally excepthat the lowest
layer (subgrade) is also of infte extent downward. Response ofeach layer is
charactdreed by itsmodulus of elastity and Poisson's rati¥alues forthese parameters
are variously deermined by laboratory tests of several typeddly tests of several types
with correlations or calculated derivations, or merdly estimatingvalues where
magnitudes argot critical. These methods patrthe stressesstrainsg and deflexions from
imposed loads to be computed. Multiple loads loarreatedy superimposition of single
loads. Commonly, the magnitude of stratrcritical points (top of subgradeeneath load,
bottom of surface layer, étes correlatedwith intended pavement performance fize in
design or evaluatioWhile thesemethods have been applied mostly to flexible pavements
there have alsbeen application® design of rigid pavements.

3.6.2.5.While the elastic layered models are cutiepopular it isrecognized thathe stresstrain
response of pavement reatls is nodinear. Thelayering permitsvariation of elastic
modulus magnitude from layer to layer, but teterally within each layer. There are
developments which establishstress dependencetbé moduluof elastiity and use this
dependence inirfite element models of thpavement, througtierative computational
means, to establish the effective modulidementby elementin the grid- and thereby
produce a more safactory model. Here alssirains calculatedbr critical locations and
compared with correlations to expecteeghaviour. Finite element models are also being
used to biker model specifigeometric aspectst rigid pavements but these remain largely
resarch applications.

3.6.2.6.Direct load responsenethods.Theoriesapplied earlier to pavemeiehaviour indicated
proportionality between load and deflexion, thus implying tleflexion should be an
indicator of capacity of a pavement to support load. Hhs implied that pavement
deflexion determined for a particular applied load cdotd adjustedoroportionately to
predict the deéixion which would result from othévads. Thesevere a basis for pavement
evaluation. Field verification both from experierarel researckoon showed strong trends
relating pavement behaviour to load magnitudedeilxion and led to the establishment of
limiting deflexions for evaluation.There havesincebeen many controlled tests and much
carefully analyzed field experiemavhich confirm a strong relation between pavement
deflexion and the expected load repetitigiasfalure) life of thepavement subjecbtthe
load which caused that deflexiohlowever, this relation, though strong, is not well
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represented by a single diror curve It is a somewhat broad band within which many
secondary factors appeart® impacting

3.6.2.7.This established strong relation has been and is being used bastbeforpavemen
evaluation, but predominanthyuntil reently - applications haveeento flexible pavements.
Methods based on plate tests have been most common and the st&2demth diameter
plate preferred. The LCN method and long used Canadian metloel examplegsee
Chapter 4)Deflexionsunderactualwheel loads (or between tHaalsof two and four wheel
gear) are the basis of some expatimethods which closeparallel theplate methods The
Benkleman Beam methods, as well as other highway mettiedapplicabléo evaluaibn
of light aircraft pavementsée the Canadiarrgcticein Chapte#).

3.6.2.8. There area numbelof reasons why dynamic pavement loadiogiipment becamgopular.
Static plate loads of wheel load magnituderaigher transportable neasily repositioned.
Dynamicloading applies a pulse load much more like pulsénducedby a passing wheel.
Repeated dynamic loading better representsefpeated loadingf wheel traffic.But most
important was the development of sensors wlgohld merelybe positioned on the
pavement or load plate and would measurdedebn (vertical displacemeht As a result, a
variety of dynamic load equipment has beateveloped. Initiallythere were devices for
highway applications and lateedwier devicefor aerodromgavemets. Theserange from
light devices includindoads ofless thaf000 kg to the heavy device described later in this
chapter in conration with theUnited States FAA nodestructiveevaluaion methodgsee
3.6.5). All of theseearlierdevicesinvolved reciprocating masses capable of prouyc
peakto-peak puse loads of up to nearly twice the staticad. The pulse loads are
essentially sinusoidal and steady state. Some devices can vary frequency and Load (but
not static load except for surcharging). Some later dynamic devaggsarently quickly
being populainvolve a falling mass. These can apply loads in excess of twice tite stat
mass and can vary force magnitude by controlling the height of fall. Pluses induced are
repetitive but not steady, and the frequency is that which is normal for the device and
pavement combination. The dynamic devices are applied in much the same manner as
the static methods discussed in 3.6.2.7. Some can also be used to generate data on the
stressstrain response of the pavement materials, as will be discussed later.

3.6.2.9. Essentiainputs to pavement design methodsThe parameters which define behavior
of elements (layers) of a particular pavement within the model upon which its design is
based vary from the CBR and other index type tests of the earlier flexible pavement
methodsand plate load tests of Westergaard rigid pavement and some flexible
pavement method to the strestsain, modulus values employed in the newer more
fundamental methods.

3.6.2.10. CBR tests fordetermining the strengths of subgrades and of other unbound pavement
layers for use in design or evaluation should be as described in the particular method
employed (French. United States/ FAA, other}, ¢eenerally will be as coverediSTM
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D1883, nBearing Rati o of Laboratory Coi
Det er mi nGommooly feld.inplace CBR tests are preferable laboratory tests
whenever possible, and such tests should be conducted in accordance with the
following guidance (from United States Military Standard 621A).

3.6.2.11 Field inplace CBR tests

a) These tests atesed for design under any one of the following conditions:

(1) when the irplace density and water content are such that the degree of
saturation (percentage of voids filled with water) is 80 per cent or greater;

(2) when the material is coarggained and coh&m less so that it is not
affected by changes in water content; or

(3) Whenconstruction was completed several years before. In thedastd
case, the water content does not actually become constant but appears to
fluctuate within rather narrow ranges, atifte field inplace test is
considered a satisfactory indicator of the loadying capacity. The time
required for the water content to become stabilized cannot be stated
definitely, but the minimum time is approximately three years.

b) PenetrationLevel the surface to be tested, and remove all loose material. Then
follow the procedure described in ASTMIB83.

¢) Number of tests. Three inplace CBR tests should be performed at each
elevation tested in the base course and at the surface of the subgrade.
However, if the results of the three tests in any group do not show reasonable
agreement, additional tests should be made at the same location. A reasonable
agreement betweethree tests wher¢he CBRis less than 10 permits a
tolerance of 3where the CBR igrom 10 to 30, a tolerance of 5; and where
the CBR is from 30 to 60, a tolerance of 10. For CBRs example, actual test
results of 6, 8 and 9 are reasonable and can be averaged as 8; results of 23, 18,
and 20 are reasonable and can be averaged as 20. flfsththree same
location and the numerical average of the six tests is used as the CBR at that
location.

d) Moisture content and densitfter completion of the CBR test, a sample shall
be obtained at the point of penetration for moistioetent determation, and
10 to 15 cm away from the point of penetration for density determination.

3.6.2.12. Plate load tests for determination of the modulus of subgrade reaction (k) for
Westergaard analysis in evaluation or design should be made in accordance with
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procedues of the method empl oyed, or c-an be
Repetitive Static Plate Load Tests of Soils and Flexible Pavement Components, for use

i n Evalwuation and Design of Ai rport and
ARepetiti vweloa® Teats of SoilPdnc Flexible Components, for Use in
Eval uation and Design of AThe proceduresaalsad Hi ¢
relate to flexible pavement design, as indicated by ASTM standards titles. The
Canadian practice, as described in Chagtenakes use of the ASTM method. The
Canadian practice also covers use of other static or dynamic tests wititandard

plate sizes for either determination of subgrade coefficient values or for direct use in
pavement evaluations.

3.6.2.13. Conventional methaland values pertaining to determination of modulus of elasticity,
E,andP o i s saton|) ae used in depicting structural behavior of the concrete layer
in Westergaard analyses of rigid pavement. Commonly, u is taken to be 0.15. The
modulus E, shouldbe determined by test of the concrete and molimally be in the
range of 25000 to 3MO0 MPa.

36214 Modul us of elasticity and Poissonds ratio
layered system, and these can be determined in a variety of Raayss o natid & not
a sensitive parameter and is commonly taken to be 0.3 to 0.33 for aggregate materials
and 0.4to 0.5 for fine grained or plastic materials. Since mean of determining modulus
of elasticity vary and since the stregtgain response of dand aggregate materials is
nornlinear ( notproportiona) the values found for a particular material, by the various
means, are not the same singular quantity which ideal theoretical considerations would
lead one to expect. Following are some of the wayshich modulus of elasticity
values can be determined for use in theoretical models (such as elastic layered) of
pavement behavior.

a) Modulus of elasticity values for subgrade materjadsticularly but for other
pavement layers as wéllexcepting bitminous or cemented materidlsan be
determined from correlations with index type strength tests. Most common has
been correlation with CBR where:

E =10 CBR MPa

b) Stressstrain response (modulus) can be determined by direabftesepared
or field sampkd specimens, but these are neaalways unsatisfactory
Response is too greatly affected by either preparation or sampling disturbance
to berepresentative

¢) It has been found #tprepaed specimens, and in soese specimerisom field
samples, can b&ubjectedd repeated loading to provideafter severato many
load cycles a reasonably representative moduwustressstran response curve.
Modulus of elasticity so determined idaeed to as resilient modulus arsl i
currently strongly favouredin some form- for layered elastic alyses. Tests

41



Guidance Document for Airport Pavement

f)

9)

can be conducted as triaxial tests, indirect ikentests, even unconfined
compressionest,and there may be others. ddings can be regular wave forms
(sinusoidal, etc) but are commonly ofseleted load pulse shape witlelays
between pulses to better reggat passing wheels. Resilienbdulus can be
determined for bitunmous materials by some of these tests and sitmdar tests,
but tempeature is most significafitoth fortesting and appiation of themodulus
for bituminous layersModuli for the variouspavement layers are taken from
these type testand used directly in layered system lgses, but there are
frequentlyproblems or questions of validity.

When dynamic plate load testirggdarried out on existy pavements it is possible
to instrument to measutbe velocity of propagation aftress waves within the
pavementsMeanshave been developed fdeducing the modulus of elasticity of
each layer- generally exceptinghe top layeror layers- of the pavemet from
these velocity measaments. While moduli so determinede sometires used
directly in layered anlyses the determinationsare for such smalstrains that
values represent tangent modulidarved stresstrain relationsvhile the moduli
for higher (workingstrain) stress levels should losver. Deteminations by this
means adjusted by judgemensomeegablished analytical means arsed.

The subgrade modulus is the most significant parameter and some analyses use
oneof the above methods to determine a modulus for the subgrade and choose the
moduli of other layers either directly on a judgement basis or by some simple
numerical process (such as twice the underlying layer modulus dratine
overlying layer modulusgince precise values are not critical.

By using selected or simplistically derived moduli for all layexseptthe
subgrade, it is possible to compute a value for subgrade modulus using elastic
layered analysis and plate or wheel load deflexions. Ehidone for some
analyses.

There isrear interest currently imsing elastidayered theory and using field
determined deflexianfrom dynamic load pavement tests fomgobeneath the
centre of load and at several offset positisom theload centre. By iterative
compuer means the motiof the subgrade and severaledlying layers can be
computed Suchcomputedmoduli are therused in the layered model to compute
strains at critical locations as predarsof pavement performance.

3.6.2.15. Finite element minods permit formulation of paveent models which nobnly can
provide for layering but can treat ninear (curved) stresstrain responséund for
most pavement materials. Here again thera requirement for Poissorratios and
moduli of elasticitybut these must now be éemined for each pavement layas a
function of the load or stress condition existingay point in the model (on ariite
element). Moduli relations are establistesim laboratory tests and mostmmonly
by repeated triaal load testsGenerally, these are of the following forfout there are

variants.
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a) For granular materials

M,= E =k,d*2
or
M, = E = k3054

b) For finegrained soils:

M, = E =ks046

Where:

M- resilientmodulus

E - modulusof elasticity

d -bulks t r e 5.8, 0s0 r .y + 0,
(sum of 3 mutually perpendicular normalestses at
a point)

Gy G, Us - principal stresses

v - confining stress on the triaxial specimen

Cg -deviator;-8tress = G

K1 Ko, K3 Ka, ks, Kg - constantgound by test

3.6.3. Evaluation by inversio of design. To desgn a pavement one must selectiesign
method. Then determine the thicknesses asugptable characteristics miaterials for
each layer and the wearing surface takinggp account the subgrade upwiich the
pavement will rest and ¢hmagnitade andintensity of traffic loading whichmust be
supported. For evaluation, the process mushberted since the pavementakeady in
existence. Character of the subgrade thickness and character of eathuctural layer
including the stfacing must be established, from whithe maximum allowable
magnitude and frequency of allowable aircraft loading can be determinedify a
chosen design method in reverse. It is retassary that the design mettsmflected for
evaluation bethe metlod by which the pavement wa designed, but thessential
parameters, whickharacterize behaviour of the various materials (layers) brugtose
which the chosen design method employed.

3.6.3.1.The method and elements of dedlhe design method to bevertedfor evaluation must
first be chosen. Next the elements of design inherent in thengqistvement must be
evaluated in accordance with the selected design method

a) Thickness of each layer must be detemedi This may be possible from
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3.6.4.

b)

f)

9)

construction recoslor may reque the drilling of core holes apening of test
pits to permit measuring thickness.

Subgradestrength andcharactermust be determined. Here alsonstruction
records may supply the rdeEl information either directlyr by a translation dhe
information to the form needed for tlselected design method. Otherwiseilt

be necessary to obtain the needddrmation from field studies. Reference to
3.6.2.9 to 3.6.2.1 will shothe widevariety of waysn which subgradéoehaviour

is treaked in the various @&gn methods. Test pits may becessary to permit
penetratioror plate testing or sampling sfibgrade material for lakaiory testing.
Sampling or penetratiaiesting in core holes may be possible. Dynamic or static
surfa@ load ddélexion or wave propagation tesy may be required. Specific
guidance must be gained from detaifsthe design method chosen fase in
evaluation.

The strength and chatar of layers btween the subgrade and surfacest also be
determined. Problenm@e much thesameas for the suirade (see b above) and
guidancemust comdrom the chosen designethod.

Most piocedures for the design of rigidvements require a modulus of elasticity
and limiting flexual stess for the concrete. If thesee not avidable from
construction records they should determined bytest on specimens extracted
from the pavemenfsee DSTM C 469 modulus of elascity and ASTM C683
flexural strength). For refiorced or prestressed concrete layers depsmge must
he placd on details of the indidual selected design method.

Bituminous surfeing (or overlay) layeresust be charderized to suithe selected
design method and teepmit determination of any tingressurdimitation which
might apply. Costructionrecords mg provide the needed informatiothewise
testing will be required?avement temperature data may be required to help assess
the stresstrain responser tire pressure effects on the bituminous layer.

Any special consideratioof frost effects by thesekcted design method or for the
climate of the area need to be treated and the impact upon the evaluation
determined.

The cumulative load repetitions to which the paseims subject is an important
element of design and both past traffic sustained ane:fuiffic expected may be
factors in evaluationSee 3.4in relationto assessing traffic.For sme design
methods it is suffient to consider that the traffic ibg sustained adequately
represents future traffic and ¢limiting load established by evationis for this
intensity of traffic. Thé assumption is inherent in thearslations between
aircraft massand ACN (or the reverse) of the AGRCN method. Many
methods, haever, require a load or strespetitions magnitude as a basis for
selectionof a limiting deflexion or stain which is needed for load limit
evaluation.

From the chosen design method and established quantities for theeliesignts, limiting
load or mass can be established for any aircraft expected to use the pavement.

Direct or nondestructive evaluation. Direct evaluation involves loading aerpawt,
measuring its response, (adly in terms of deflexion under the load and sometimes also at
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points offset from the load to show deflexion basin shape),irdading expectd load
support capacity from the measurements. Concepts disressed ir8.6.2.6, 3.6.2.7, and
3.6.28.

3.6.4.1. Static methods. Staic methods involve positioning plates or wheels, applying load, and
measuring deflexions. Plate loads require a reaction agairgt whwork in applying load
while wheels can be ded into position and then awayThe original LCN for flexible
pavements, developed by the United Kingdom but used by many, is an excellent example of
the direct static methodsh& Canadian method foreRible or rigid pavements uses plate
load and deflexion but less directly (see ChapteiTgse direct methods depend @n
correlation between pavemgrgrformance and deflexion resulting from loading of the type
indicated in Figure 3. A warning commdnmay be needed here, since such correlations
can be misinterpreted. They do not indicate the deflexion which will be measured under the
load after it has been applied for some numberepgtitionsas mightbe interpreted.
Deflexiors of a pavement aresemtiallythe same when measured early or late (following
initial adjustment and before termird@terioration) in its lifeThese correlations indicate the
number of repetitions that can be applied topgheementoy theload which caused the
deflecton before failure of the pavementCorrelations are establishéy measuring the
deflexions of satisfactory pavements and establishing their traffic history. The expeditious
deflexion methods fagvaluationdescribed below are a good example of static methods

3.6.4.2. Expeditious de#txion methods Studies and observations byany researchelave shown
a strong general correlation between the deflexionpaEfv@ment undest wheel load and
the number of traffic applications (repetitions) of tivatel loadvhich will result in severe
deterioration (failure) of the pavemeseé Figure3-3). These providehe basis for a
simple expeditious means e¥aluating pavemeistrength. References to several of these
curves are listed below:

Transport and Road Researclbeatory Report LR 375 (British);
California Hichway Research Report 633128;

Paper presented l§yschwendt and Paicek at the Third Internation@onference on
Structural Design of Asphalt Pavements; and

Paper presented by Josheml Halialso at the Tind InternationalConference on
Structural Design of Asphalt Pavements.
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Log defiexion
under load

——- Log repetitions to failure

Figure 33

3.6.4.3.While the pattern of these relations is quite strong, the saattespecific points is
considerable. Thus either the conservatisms of a limiting cuorethe low confidence
engendered by the broad scatter of points or some combinatiorbenasteptedh using
these relations for erplitious pavement evaluationshely doprovide asimple relatively
inexpensive means of evaluation.elprocedure for suatvaluationis as follows:

a) Measuredeflexion under a substantial wheel load irselected critical
pavement location. Single or multiple wheehfigurations cabe used.
1) position aircraft wheel in critical area;
2) mark points along pavemeior measurement asdicated irFigure 34 a);
3) using "line of sight" method, taked readings at each point;
4) move aircraft away and repeat rod readings;
5) Plotdifference in rod readings as deflexions. See Figdré)3and
6) Connecpoints to gain an estirt@of maximundeflexion beneattire.
b) Plotload versus maximum defliex as illustrated in Figure-8c).
c) Combinethe deflexionversus failuraepetitions curve with thabove curveo
provide an evaluation of pavement bearing strengthttfer gearused to

determinedeflexion.

1) determine the repetitions of gor equivalent repetitions agplained in
3.4) which it isntended must use the pavemieefiore failure;

2) from a correlation of the type @lwn in Figure 33 determine the
deflexion for the repetitions to faile; and
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3.6.4.4.

3.6.4.5.

3) Fromthe established relation of load to deflexion of tiipe shownin
Figure 3-4 determinethe pavement bearing strength terms of the
magnitude of load allowable on the wheel used for daéiexion
measurements.

d) Usethe procedure describ@a Chapter 1 to find how thevaluated pavement
bearing strength rekes to the PCN. Aircraft with ACMio greatetthan this
PCN can use the pavement without overloadin§eeAppendix 5 for ACN
versus mass information.

] Tire
& & $I"ie B o8 @ h_u_th‘_Jh| J’L-l""l_d

al k)

/\‘/Whﬁsl load

=t Extend straight line from arigin
through plotted point

|
Load |
I

I Maximum deflexion determined
|
: //

0 | n

0 Deflexion

¢l

Figure 34

A similar procedure can be followed usingagk and loading plate workinigeneath a
jacking point of an aircraft wing or some etiyauitable reaction load. Theomplete
pattern of load versus deflexion can be determined and dial gauges monrdéthg
reference beam call be used instead of optical survey methods. With provision of a
suitable access aperture the deflexion directly beneatltehre of the load cahe
measuredResults can be treated on the save lines as those for a single wheel load.

Methods used for highway load deflexion measurements, such as the Benkleman Beam
methods, can be used to develop deflexion versus load patterns. Results are treated as
indicated in Figure 3l to extrapolate loads to those of aircraft singheel loads,

which with a relation as in Figure-3, permits evaluation of pavement bearing strength

for singlewheel loads. From this the limiting aircraft mass on pavements for light
aircraft canbe determined directly and reported in accordance @Ghitapter 1, 1.2.If
unusually large loading plate or tire pressures are involved it may be necessary to adjust
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between the single load characteristics used in the determination of the type indicated in
Figure 34 (3.6.4.3a) and the reported limiting aircraft mass allowalbleritical
vehicle loads being compared to the limiting mass. Such adjustments can follow the
procedures iAppendix 2or a selected pavemeté¢signmethod Limits on pavements

for heavieraircraft can be determined aglicated in3.6.4.3d). It shoulde noted that
recent findings indicate extrapolation of lodellexion relationgas in Figure 31 c))from

small load data taken on higlrength pavement® not give good results, Unfortunately,

the limits of extrapolation for goa@sult are not edtished.

3.6.4.6.DynamicmethodsThesemethods involve a dynamic loading device whghmountedor
travel on a vehicle or trailer and which is lowered, in position, tr@@avemenDevices
make use of counter rotating masskegdraulically actuated recipratting masses, or
falling weights (masses) to apply a series of pulses eithesteady stateby the
reciprocating or rotating masses or attenuating by the falling miksst applythe load
through a loading plate but some smaller devices use rigid wirepéls All methods
make use of inertial instruments (sensors) which when plact#teqravemengurface or
on the loading plate can measure vertical displacement (deflexion).The dynamic loading is
determined, usually by a load cell through which trelie passedn to the load plate.
Comparison of the load applied awlisplacements measured provitbaddeflexion
relations for the pavemeragdted. Displacements are alwaysasured directly under the
load but are also measured at several additionatgat specificdistances from the centre
of the load Thus loaddeflexion relationgre determinedot only forthe load axis (point
of maximumdeflexion) but also abffset pointswhich indicate the curvature or shape
(slope) of the deflexion basinThe devicesvary in size from some highly developed,
highway oriented, units whiclpply loadingsof less than Q00 kg to the large unit
describd in the United States FAA nafestrudive test method presented i5.%5. Some
of the counterotatingandreciprocatingnass systems can vary teguency of dynamic
loading andsome otthese andhe falling weightunits can vary the applied load.

3.6.4.7.1t is possible to measure the time for stress waves induced tyrtamic loadingo travel
from one sensor tthe next, and to compute the velocity frahis time and distance
between sensors. Some dynamic methods make use ofvéiesity measurements
evaluate the strength or stredgain response of the subgraaled overlyingpavement
layers for use in véous degjn methods. Shearave velocity, vjs relatedo Modulus of
Elasticity, E, by the relation:

E
1+ ulp

B |

(See Barkanbés ADynamics of Base

Where P@son's Ratiu, can satisfactorily bestimated (see 3513 and 3 6.2.14nd
density, p, of the subgrade or pavement layer (dudme-base) can be determindxy
measuremertr satisfactorily estimatedModulus values thus determined ased, either
directly or with modification, in theoretical dga models, or they are usedith
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correlations to project subgrade and other layer strengths in terms of SUBfade
coefficient k, and similar strgth index quantities. Sensors used in Wedocity
measurementsiay need to be located at greater distarfrom the load thawhen wsed

to determine deflection basin shape. Also, the dynamic device must be capable
frequency variation since the various pavementrsayespod at preferred frequeres
and these mudte found and dyamic load energy indudeat thepreferredfrequency for
deermination of each layé&s velocity of wave energy propaupet

3.6.4.8. Application of dyamic methods measements. The central and offsgbstions
deflexions and stressave velocities variolg determined by the variety afynamic
equipment and methods in use are being aedgbr pavement evaluation imamber
of ways.

a) Direct correlations are made between the {deffiexion in responsef
pavemento dynamic loading and paventebehaviour. The correlatiosse
developd from dynamic loadesting of pavements for whidiehaviour can
be established. The United States FAA nondestructiveevaluation
methodology presented in 3i6.an excellent example.

b) Measurements frordynamic methodseither directly or with extrapolion,
can provide plate load informah. This can serve as inputwith suitable
plate size omther conversions to methods such as thé&CN or Canadian
procedures. Used rdictly on subgrades or on otheayers with established
correlations subgrade cffecients can baletermined for Westergaard arsdy.

c) Shape of the deflection basin estdimd from sensors placed atsefs from
the load axis are used some methodsespecially forhighways- to reflect
overall stiffness,and thereby loadlistributing character, of the paverhen
structure. But direct use mstblishing evaluation of load capacity has not
found success,

d) Measured deflection under dynamic losdused to establish the effective
modulus ofelasticity of the sbgrade in theoretical pavement models. The
elastic constanténodulusand Poisson's ratio) for othktyers are d@ablished
by assumption or tesind the subgrade modslcalculated using the load, the
defledion measured, and the pavemamtdel, commonyl the elastidayered
theory.

€) More recent developments involve the use of the elastic layered computer
programmes. With an appropriate load applied, deflections are measured in the
centre and at several offset locations. Then iterative congutateans i@
used to establisblastic moduli for all layers of the pavement modeled.

f) Theoretical models with elastic cong® as in d) and e) above are used to

calculatestrain in flexure othe top layer beneath the loadvertical strain at the
top of subgrale beneath the load; whidbcations are considereditmal for
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9)

flexible pavements. Stress strain in flexure of a rigid pavemeslab can be
similarly calcuated. These ar&ompared to Maes of strain (or stress) from
establshed correlations witpavement performance. The literatym®vides
many examples of these correlations.

1. 1977 International Air Transportation Conference, ASCE Proceedpagser
by Monismith.

2. The Deggn and Performarcof Road Pavements by D. Cron&yansport
andRoad Reearch Laboratory, United KingddinChapterds3 and 15

3. Faigueof Compacted BituminousggregateMixtures,ASTM - STP508

4. Symposium on Nondestructivieest and Evaluation of AirpoRavemerit
Nov 1975, Vicksburg, Miss., published May 1976 by A®ny Engineer
- WES paper bielsen and Baird.

5. Other examples should be easdymd in the pavement literatures.

Stresswave velocity measurements are used to establish pavement layer
characteristics without sampling. Moduli of elasticity of pavement lagess
derived from these measurements and used directly in theoretical models or
adjusted to better represent moduli at larger strains and used in the models.
CBR values are derived from correlations between CBR and derived elastic
moduli, commonly form E 40 CBR in MPa. Modulus of subgrade reaction,

k, and other such strength values could be similar derived.

3.6.4.9.Pavement strength reporting-or reporting information on pavement bearing strength the

four elements specified BAR-14, Part and the PCN musigbestablished.

a)

b)

Pavement type.The pavemenwill be considered rigid (codR) if its primary

load distribution capability is provided by a plain, reinforced, orsmessed
Portland cement concrete (PCC) layer, and this layer is not so shatterecathat it
no longer perform as a load distributing slab. A pavement which makes primary
use of a thick and strongly stabilized layer and which, as a result, is substantially
thinner than an equivalent flexible pavement using no stabilized lagbrgsuhe

LCF structures at Newaykmight also be considered rigid. All other pavements
should be reported as flexible (co@®. This includes aggregate or eastirfaced
stripsand expedient surfacing of military landing mat.

Subgrade strength.The subgrade stretigcategory must be evaluated as high
strength (A), medium strength (B), low strength (C), or ultra low strength (D). If
CBR or coefficients of subgrade reaction aleectly involved, selection of
category can be made directly from the prescribed lImit€AR-14, Part |
Otherwise the category must be determined from a correlation between the
subgrade strength parameter used for evaluation and CBR or subgrade

50



Guidance Document for Airport Pavement

coefficient, or it must be determined directlyjbgigment For subgrade strengths
on the bordeihe betweercategories, settion of the lower (weaker) strength
category will generally be more conservative in relatiorprimtection of the
pavement from overload.

c) Tire pressure The tire pressure &gory must be evaluated as high),
medum (X), low (Y) or very low (Z) Where a surfacing is PCGhe hic
category is virtually alwaygertinent. High qualitybituminoussurfacingor
overlays should readily accept hi h category piressures while the very low
categoy need only be able to sustaiormal truck tire pressures. The medium
and low categories fall beloand above these twionits respectively. Some
design methodset minimum bituminouslayer thickneses in relation to tire
pressureqs e the Canadian method irh&pter 4) and these magelp in
selectingthe tire pressure category. Sommethods prescribe tire pressure
directly in relation to surfacing charactergstiand these can ligectly applied
or category seldmn. OGtherwise selection must depkron expeence and
judgmentin reldion to surfacingcharacteristicstire pressures of using aircraft,
and condition surveys glavemaets.

d) Evaluation methodThis will be aéchnical evaluation reported azdeT.

e) Reported PCNrhe PCN to be repted can be determined from the aircraft
loads(masses) which thevaluation has established as maxinaliowable or
the pavement. B using the evaluation load fane of the heaviésype
aircraft usng the pavementand information shownin Appendix, and
interpolating as necessary, tREN can bdound. This can be denfor a
selected representative aircraft or $mveral airaft for which evaluation of
allowalde load has been made. All such deterrtiores should yield the same
PCNvalue, or vey nearly so. If there arlarge differences it wid bewell
to recheck both the translatiorom the evaluation load and teeduation. If
differences are small an average or lower range valuddsbeuselected for
reporting If needed information is notr@vided in Appendix 5 they can be
obtained fom the aircraft manufacturerlCAO, or by analysis usinghe
prescribed ACNPCN methodg¢see Appendix 2).

3.6.4.10. Reporting strength of pavements meant for light aircrafhe pavement type, subgrade
strengthcategory, and type of evali@n are not requiredf light aircraft paements so
only the limiting aircaft mass and tire pressure needdported. The foregoing methods
for load and tire psure limitation determinatiorepply to pavements meafar light
aircraft as well. Highway evaluation or deasignethods might also be usedll the
preautionary measures discusse@.i7 areequally applicable here.
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3.6.,5. United States Federal Aviation Administration sdestructive evaluation
method

3.6.5.1. Introduction. This report describes a procedure for the detetionof the load
carrying capacity of airport pavemesytstemsising nondestructivetesting \NDT)
techniques. The equipment and procedures have been developed by the United
States Corpsof Engineers in response to a need of the Federal Aviation
Administration (FAA andUnited States Army for making rapid evaluations of
pavement systems withnainimum ofinterference to normal airport operations.

3.6.5.2. Little research was conductéd the field of NDT untilabout themid-1950s when
Royal Dutch Shell Laboraty researchers began a study of vibratory loadagces
to evaluate flexible pavements. Many other agencies have since investigated the use
of NDT techniques to evaluate pavements. The United States EAmgineer
WaterwaysExperiment StationfWES) comlucted minimal research using various
types of vibratory equipmerturing thel950s and 19608. Much of tlearly WES
work emphasiz# attempts to measure the @@properties othe various layers of
pavement materials using wayeopagation measurementsThe bag approach
involved use of these elastic constants aleitig multilayeredtheory for computation
of allowable aircraft loadings. In 1970, anproved vibratoryloading device was
developed by the Army, and, in 192Sbegan a studfor the FAA to develop an
NDT evaluation procedure. To meet the FAA time framepthmeary efforthas been
directed" toward developing a procedusséd upon measuring the dynastifness
modulus (DSM) of the pavement system and relating this valupat@ment
performancedata. Work is continuing on the development of a methodology for
measuring thelastic constants of the various layers using NDT techniques; however,
thismethod hasot yet been developed to arcepable level of confidence.

3.6.5.3. Applications The NDT evaluation procedure reported hereiraplicable onlyto
conventional rigid and flexible pavement systems. A conventional payement
consistsof a nonreinforced concrete surfacing layer on +stabilized base and/or
subgrade materials. A cegntional flexible pavement consists of a thin (15 cm )6 in
or less) bitummous surfacing layer on neatabilized layers of base, sbhse, and
subgradenaterials.Work is currently under way to ettd the NDT procedure to other
typesof pavemensystemsvhich incorporate such other variables as thick bituminous
surfacingand stabilized layers.

3.6.5.4. Equipment.The evaluation procedure comtadl herein requires the deteration of
the response of the pavement system to a specific steadyvibtat®ry loadim,
Inasmuch as the response of materials making up the pavement system tpisoadin
generally nodinear, the determination of the pavement response of use in the
evaluation procedureontained herein regres a specific loading systeriithe loading
device must exerta static load of 16 kips**on the pavement and be capable of
producingO to I15-kippeakvibratory loads at a frequenoy 15 Hz. The load is applied
to the pavemensurface througha 45 cm (18in) diameter steel load plat&he
vibratory loadis monitored bymeans of three load cells mounted between the actuator
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and the load plate, and tlgavement response measured by means of velocity
transducers mounted on the load platdutomatic datarecording and processing
equipment is a necessity.The loading device must beeadily transportableo
acomplish a large number désts ina minimum amount of timehus avoiding
interference vth normal airport operationshe WESNDT equipment isnounted in

a tractortrailer unit as shown inigure 3-5.

* The material included in this section was taken from the Federal Aviation
Administration United States, Airport Pavement Bulletin No. FAA1l of
September 1974
** 1 kip = 454 kg (10000).

3.6.5.5. Data collection.In the evaluation procedure, the resmorof the pavement system to
vibratory loading is expressed in terms of the DSM. Since the time required to measure a
DSM at each testing point is short (2 to min), a large number of DSM measurements can be
made during the normal evaluation period. Onways and primary and higpeed
taxiways, DSM tests should be made at least every 75 m (250 ft) on alternate sides of t he
facility centre line along the main gear wheel paths. For secondary taxiway systems or
lesser used runways, DSM tests should beenadmbut every 150 m (500 ft) on alternate
sides of the centre line. For apron areas, DSM tests should be conducted in a grid pattern
with spacing between 75 m and 150 m (250 ft and 500 ft). Additional tests should be made
where wide variations in DSM waés are found, depending upon the desired thoroughness
of the evaluation. DSM measurements for rigid pavements must be made in the interior
(near the centre) of the slab. The layout of DSM test sites and selection of DSM values for
evaluation must congd the various pavement types, pavement sections, and construction
dates. Thus, a thorough study ofbadit pavement drawings is particularly helpful in
designing the testing programme. After the DSM tests have been performed and grouped
according to pgement type and construction, a representative DSM value should "be
selected (as described below) for computation of the allowable loading.

3.6.5.6. At each test site, the loading equipment is positioned, and the dynamic force is varied from O
to 15 kips at Xip intervals at a constant frequency of 15 Hz. The deflection of the pavement
surface, measured by the velocity transducers, is plotted versus the applied load as shown in
Figure 3 6. The DSM (corrected as described below) is the inverse of the slope of the
deflection versus load plot (see Figur)3

3.6.5.7.In addition to the DSM measurement, it is necessary to know the pavement type (rigid or
flexible) and the thicknesses and material classifications of each layer making up the
pavement section These paramet@n be determined from the constructiontait)
drawings or by drilling smaffliameter holes through the pavement.
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Figure 35. Waterways Experiment Station ndestructive testing equipment
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3.6.5.8. When the evaluation is for flexible pavement, the teatpee of the bituminous material
must be determined at the time of test. This can be determined by directly measuring the
temperatures with thermometers installed 2.5 cm (1 in) below the top, 2.5 cm (1 in) above
the bottom, and at the makpth of the uminous layer andveraging the values to abt
the mean pavement: temperature or by measuring the pavement surface and air temperatures
and using Figure-3 to estimate the mean pavement temperature.

3.6.5.9. Data correctionThe load deflectionresponse of amy pavements, particularly flexible
pavements, is nelmear at the" lower force levels but becomes more linear at the higher
force levels (12 to 15 kips). In such cases, a correction is applied to thelédadtion
curve so that the DSM is obtainedrh the linear portion of the curve (see Figu®.3

3.6.5.10.The modulus of bituminous materials is highly dependent upon temperature, so an
adjustment in the measured DSM must be made if the temperature of the bituminous
material at the time of test is otheah 22C (70F). The correction is made by entering
Figure-8 with the measured or calculated mean pavement temperature and determining the
DSM temperature adjustment factor by which the measured DSM should be multiplied.

3.6.5.11 The DSM and loadtarrying capaty of a pavement system can be significantly changettidy
freezing and thawing of the materials, especially when frost penetrates-sufcsptible layer
of material. Correction factors to account for these conditions have not been developed.
Therefae, the evaluation should be based on the normal temperature range, and, if a frost
evaluation is desired, the DSM should be determined during the frost melting period.

3.6.5.12 A representative DSM value must be selected for each pavement group to be evaluated.
Although a section of pavement may supposedly be of the same type and construction, it should
be treated as more than one pavement group when the DSM values measured in one section of
the pavement are greatly different from those in another section. THev&llGe to be assigned
to a pavement group for evaluation purposes will be determined by subtracting one standard
deviation from the statistical mean.

3.6.5.13 Determination of allowable aircraft load. After determination and correction of the
measurement of thBSM, the evaluation procedure depends upon the type of pavement, rigid
or flexible.
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3.6.5.14. Rigid Pavement evaluation.

Step 1

The corrected DSM is used to enter Fig8@ and determine the allowable
singlewheel load.

Step 2

The radius of relative stiffness is computed as

4 ]T
b= 24,2 V()
T

Where

h = thickness of the concrete slab, in
F= = foundation strength factor determined from Figw#03using the FAA
subgrade soil group classification

Step 3

Using, determine the load factor FL frorRigure 3ll, 3>12, 313 or 314
depending upon the gear configuration of the aircraftiMaich the evaluation is
beingmade.

Step 4

Multiply the allowable singlevheel bad from Step 1 by the FL valuketermined
from Step 3 to obtain the gross aircraft loading.
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Step 5

Step 6

3.65.15

Multiply the gross aircraft loading from Step by the appropriateidréfttor
from Table 31 to obtain the allowable aircraft gross loaglfor critical areaor
the pavement being evaluated-or the case of highpeed exit taxiways, the
computedallowalle gross load should be incredsy multiplying by a factor of
1.18.

The allowable loading obtained from Ste@$sumes that the rigid paveméeing
evaluated is structurally sound d@ndctionally safe.The computed allowableading
should be reduced if one or more of the follegvconditions exist at the tinoé the
evauation

1) the allowable load should be reducegdll® per cent if 25 per cent orore of
the slabs show evidence afrpping;

2) the allowable load should be reduced Byp2r cent if 30 to 50 per cenitthe
slabs have structural cracking associated Voitdl (as opposetb shrinkage
cracking, uncontrolled caraction cracking, frost heavewelling soll, etc.).If
more tlan 50 per cent of the slabs shtwvadinduced cracking, the pavement
should be considered failed,;

3) theallowable loading should be redeacby 25 per cent if there &vidence
of excessive joint distress &u as continuous spalling alothgngitudinal
joints, which would eénote loss of the loalansfermechanism.

Flexible pavement evaluation

Step 1

Using the DSM corrected for ndmear effets and adjusted to the standard
temperature, determine the pavement system strength index Sp from3Figure

Step 2
Using the total thickness t of flexible pavent above the subgrade, compilte
factor k for critical pavements as

Ft =0.067t

or for highspeed taxiways as

F.=0.074t

Step 3

Using K determined in Step 2, enter Figurd@ and determinéhe ratio of the
subgrade strength factor SSF to the pavement system strengthgndex S

Step 4

Compute the subgrade strength factor SSF by multiplying S3fy/ tBe value of
S,determined in step 1.
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Step 5
Evaluate the pavement for aaicraftdesired as follows:

1) select the aircraft or aircraft magear configuration for whicthe evaluation is being
made and dermine the tire contact areadh one wheel of the niralanding gear (see
Table 32);

2) select the annual depar¢ levelfor each aircraft for which thevaluation is being
made and detmine the traffic factor a f@ach aircraft from Table-B;

3) compte the factor £for each airaft for which the evaluan is being made for
critical pavements as

oot
£t avh

Or for high speed taxiways as

-
Ft T 0.9 avA

4) enter Figure 46 with Ft and determine SSF/Sp;

5) compute the pavement systenesgth index Sp for the aircrdfeing evaluated by dividing
SS determined in Step by tladio SSF/Sp determined Bub step!) above;

6) multiply Sp by the tire contact aréafrom Table 3G2 to obtain thequivalent single
wheel load (ES §f each aircraft for which thevaluation is being made;

7) enter Figure 47, 318, or 319 with the total pavment thickness &nd determine the
percentage of ESWfor the controlling number ofvheels of the aircraft for which the
evaluation is being made, i.e., if the aircraft has a-dimelassembly with a dual spacing of
26 in, use Curve 4 in Figurel¥ a, if the evaluation is for thBoeing 747STR aircraft, use
the Boeing 74 STR curve in Figure-39;

8) the allowable gross raraft Dad for te pavemen being evaluateénd for the traffic
volume selected is then obtained from

ESWL 1 Wiy

Allowable gross aircraft load ;. ————— x — x —

Where

ESWL = determinedy sub stef®)
Per cenESWL = determinedy sub stefy)
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Table 31. Traffic Factor for Flexible and Rigid Pavements

Traffic factor for cited annual departure level for 20-¥Year design life

]

1 200 3 000 & 000 [ 15 000 25 000
Afireraft [Fiexible Rigid |Flexible Rigid | Flexible Ripid |Fiexible Rigid |Flexible Rigid
30-kip single wheel 0.94 1.00 1.01 0.93 [ 1.05 .86 1.11 0.79 1.14 0.75
45-kip single wheel 0.94 1.00 1.01 0.92 i 1.05 .85 1.11 0.78 1.14 Q.75
60-kip single wheel 0.94 1.00 | 1.01 0.91 | 1.05 0.85 1.11 0.78 1.14 D.74&
75-kip single wheel 0.94 1.00 E 1.01 0.91 é 1.05 0.84 1.11 0.77 1.14 0. 74
50-kip dual wheel 0.84 0.97 | 0.87 .88 0.89 0.82 0.91 0.75 ; 0.92 0.72
73—kip dual wheel 0.84 0.96 0.87 0.87 0.89 0.82 E 0.9L 0-”5-: 0.92 .72
100-kip dual wheel 0.84 0.96 0.87 0.87 0.89 0.81 % 0.9L 0.75 0.92 0.72
130-kip dual wheel é .84 .95 0.87 0.86 0.89 0.81 0.91L 0.74 Q.92 0.71
200-kip dual whéel % 0.84 .95 0,87 0.86 0.89 0.81 0.91 Q.74 0.92 0.71
100=kip dual tandem I 0.78 0.99 I 0.79 0.89 j .80 0.83 0.81 .77 0.82 0.73
150-kip dual tandem 0.78 0.98 | .79 .88 % .80 0.82 C.81 D.76 0.82 .73
200-kip dual tandem 0.78 Q.97 0.79 0.88 i .80 .82 0.381 0.75 0.82 0.72
300-kip dual tandem Q.78 G.95 0.79 0.87 0.80 0.81 } 0.81 0.75 0.82 0.72
400-kip dual tandem 0.78 .95 0.79 0.86 0.80 0.81 E 0.81 0.74 .82 0.71
Boeing 727 0.84 0.95 0.87 0.87 0D.89 0.81 0,21 0.75 0.92 0.71
DC-8-63F 0.78 0.95 Q.79 0.87 0.80 0.81 0.81 0.74 0.82 0.71
Boeing 747 Q.70 .97 Q.70 (.88 0.705 0.82 0.7 0.75 0.71 0.72
DC—-10-10 Q.78 .96 0.79 0.88 0.80 0.82 .81 0.75 0.82 0.72
DC-10-30 0.78 0.96 0.79 0.87 .80 0.82 0.81 0.75 0.82 0.72
L-1011 0.78 .96 .79 0.88 0.80 .82 0.81 0.75 0.82 0.72
Concorde 0.78 0.94 0.79 0.86 0,80 0.80 0.81 0.74 0.382 0.71
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Wc = number of controlling wheels used to determine the per cent
Wy = total numbe of wheels on all main gears of the aircraft (see Tak?@ for

which the evaluation is being made (does not include wheel on nose gear).

3.6.5.16. Summary. The evaluation procedure presentedein is what must be referrexdas a first

generation procede. That is, furthework is under way to extend tiapplicability of this
procedure, and it will be updat@s appropriate. In additioresearch is under way which
will establish the NDTevaluation procedure on a mdreoretical basis and thus further
enhance its applitéity. The allowable loadingdetermined using the procedure
presented herein are withiacceptable limits of accurags compared with those
determined using other recogaeik evaluation procedures. Tipigocedure has the added
advartages of being less costlyresenting less interferencertormal airport operaticn
and providing the evaluating engineer with much more datavlich to base his
decisions. Also, in addition to theirility for arriving at allowableaircraft loadingthe
DSM values are useful for qutative comparisons between opavement area and
another (DSM values on flexible paveme should not be compared witlose on rigid
pavements) and for locating areas whictyrslaow early distress and whinlay warrant
further investigation. As more experience is gained with the NDTnitgass and
interpretation of data, it is envisioned that mather uses of the concept walinerge.

Table 32. Aircratt tire contact areas and total number of main gear wheels

l Tire Total Tire Total
arerate | et | e e Areratt e |
| cm in2 | Whaale r:m2 in Wheels
| 30 kip single wheel | 1226 190 2 100 kip dual tandem | 645 100 8
t 45 kip single wheel : 1 548 240 2 150 kip dual tandem 239 130 B
60 kip single wheel | 1 741 270 2 200 kip dual tandem 968 150 E 8
75 kip single wheel | 1 935 300 2 300 kip dual tandem | 1 290 200 | B
|50 ktp dual vhee1 % G i 3 400 kip dual tandem | 1 548 240 8
| 75 kip dual wheel | 1 032 160 4 Boeing 727 1355 210 4
100 kip dual wheel ! 1097 170 4 DC-B-63F 1419 220 8
150 kip dual wheel | 1419 220 4 Boelng 747 1316 204 16
200 kip dual wheel 1677 260 4 Boeing 747 STR 1 580 245 16
| pc-10-10 1897 294 8
DC-10-3 2135 33 10
, L-1011 1 819 282 8
Concorde 1 593 247 ]
r O] R

67



GuidanceDocumentfor Airport Pavement

T |
Ly
%k%
= Py :
- "\__ = ""-.‘::f.““t'-_: |
R e _1— '
ey i o |
- —
i e e W Exgd
i I= S
s TN EETEA (.. SN, fiil
- 14 ‘-"‘1_
. H |
v
g | ]
-
=
a [
T e o -
2 1
: | r
=
& LEGEND
g Tipe TIRE i
3 aph 1 CURVE SRACINGE CONMTACT AaREA |
o i . - FECE | S o - L e
&
e L] 20 150
x 2 2l &l
-
n 3 21 iTD
-
o " a 24 RO
= T 5 an 750 ]
HOTE TEC w-ECLS WERE LS00 N
BEVE LOPuNG THMELRE LURVES
B e El
]
H {
i
| |
i
T0 i
3% L2 L] El-] T8 [.54] L] 0 w5 (R e)

ESWE , FERCENT OF LOMD O Duas —wWHELL &S50 way

Figure 317. ESWL curves for dual whieaircraft on flexible pavement

o .
| ; T , I
] 1
1 . 1 i
i | i
' |
d 1
(R ] T I
|
!
an i
P
-
[ 3o
=
=t
=
=
-
=
g A0 f—
¥
=
=
or
=
-
P ] B e e
a i LECEHKD
=1
TIRE
SR E S B RS
B 1
S| e e b 1 EQ=4b
= 20w A
= ET W dE
& 26 = 51
5 A0 = &5
Tl RMOTE FOLT WOEELS wE R
CEwElL, DG THESS LU0
| |
i
H
T p—
1] a0 0 [=1n

EEWL. PERCEMT OF LOAD Ok DLAL-TARDER ASSE WMHEHLY

Figure 318. ESWL curves for dual tandem aircraft on flexible pavement



GuidanceDocumentfor Airport Pavement

0 e Y =
\t |
o \ \
20 Y\]
|
3o \ ) |
8 \
w 4p ]
= .
o
e
[+ 4
]
(T2
-
o
- < S
v - =
& @
-*
5 P
o ~
[ s
S
g AR S
e < |
ﬂ 1
o |
o
z |
70 h"&"«,
'}
h‘
-
Ly
o
o
B0 ‘.}
LEGEMD
CONTROLLING TIRE
MUMSGER OF CONTACT AREA
AIRCRAFT TIRES 50 N
D0 | BOEING 747fSTR 16 104/745
l.-1011 4 282
oC-10-10 4 294
DC-10-30 4 33l
CONCORDE 4 247
T ] 11
2 20 29 50 ac 100

ESWL , FERCENT OF LOAD ON CONTROLLING WUMBER OF WHIELS

Figure 319. ESWL curves for various jet aircraft on flexible pavement



GuidanceDocumentfor Airport Pavement

CHAPTER 4: - STATE PRACTICES FOR DESIGN AND EVALUATION OF
PAVEMENTS

41. CanadiarPractice

41.1. Scope

4.1.1.1. This section briefly outlines Transport Canada practices for the design and evaluation
of airport pavements. Further details are available in Transport Gartadanical
manual series. The practices ddsel hae evol ved fromsTransp
experience as the operator of akjor civil airports in Canadaviost airport sites in
Canada are subject to seasonal frost penetration and the desigevaluation
practices described are oriented to this typenvironment. The practices described
do not apply to pavements constructed in permafrost regions where special design
considerations are required. The practices outlined do not cover several topics which
are associated with and essential to the desigmavement structures. Included in
this category are prengineering studies such as soils, materials and topographic
surveys, and design considerations such as pavemerdnkment stability and
drainage.It should also be noted that the desmnpavemen structures is often
greatly influenced by considerations related to cost, construction feasibility and
airport operations.

4.1.2. Pavementesign practices

Partialfrost protection

41211 Unless otherwisgustified by a life cycle cost analysis, the thickness of paar@m
constructed on frost susceptible subgrades must not be less than the partial frost protection
requirement given in Figured The frost susceptibility of subgrades is assessed on the
basis of subgrade soil gradation as shown in Figt2e 4'he paial frost protection
requirement given in Figure-H4is a function of site freezing index. For a given winter
period, this index iffic -days is calculated as the sum of average daily temperatiees in
for each day cer the freezing season, withid& 0°c temperatures taken as positive and
aboveQ°c temperatures taken as negative. The mitezing index used in Figurelds a
tenyear average. The thickness requirements of Figlraré notsufficientto prevent
excessive differential frost heaving @&hhighly frost susceptible soils exist in pockets in
an otherwise nofrost susceptible subgrade. This situation requires additional design
measures, such as excavation of the frost susceptible soil to a suitable depth and
replacement with material siraiito the surrounding subgrade.

Flexiblepavement design curves

4122. A flexible pavemat design curve foa given aircraft is a plot ggJavement thickness
required tosupport theaircraft loading as a function of subgradearing strength
The equation utiied to generate this design curve is:
S=(ESWL) (g10%'
Where:
S = subgrade bearing strength (kN) as discussed in 4.1.3.3
ESWL = equivalent single wheel load of the design aircraft loading (kN)
t = pavement equivalent granular thickness (cngissussed in 4.1.3.1
C1, C2 factors depending on contact area of ESWL,given in Figide 4
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MUBIRELA TRAICE RESSE OF FLEXIBLE AND RIGID PAVEMENTS (sm)

L [ 4
200 1000

10 YEAR AVERAGE FREEZING INDEX (Cenmgrads degraedivil

Figure 41. Partial frost protection
requirements
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Figure 43. Design equation &ors G and G

Rigid Pavementlesign curves

41221. A rigid pavement design curve for a given aircraft is a plot of concrete slab thickness
required tosupport theaircraft loading as a function of bearing modulus of the surface
on which the slab rests. Sldbdkness required to support an aircraft loading is based
on limiting to 2. 5MPa the flexural stress occurring at the bottom of the slab directly
under the centre of ertire of the aircraft geaf.he stresscalculations are carried out
according to the Waergaardanalysisfor interior slabloading conditions using a
computer programme similéy theone in Appendix 2.

Design curves for standard gear loadings

4.1.2.2.2. Airport pavements are usually designed for a group of aircraft having similar loading
charactestics rather than for a particular aircraft. For this purpose a series of 12
standard gear loadings were defined to span the range of current aircraft loadings.
Flexible and rigid pavement design curves for these standard gear loadings are given in
Figures 45 and4 -6. To compare the loady of a particular aircraft tthe standard
gear loadings, the flexible and rigid pavemesmsigh curves for the aircraft are
superimposed over those for the standard gear loadings. Based on this method of
comparisonTable 41 lists various aircraft and the standard gear loadings to which they
are equivkent. The standard gear loading which is equivalent to a given aircraft loading
is referred to as the "load rating" for that aircraft (ALR).

SURFACE BEARING MODULUS k& P

SUHGRADE BEAFRING STRENGTH S
kb, PEctmen B 12 Somm claf'n 50 rep |

e PAVEMENT EQUIVALENT GRANULAR
| THICRMESS 4 iomy |

T e A0 200 400 =00
SUAPACE BEARING STRENGTH P (k&L 76Zmm B8, 12 Smem defl®s_ 13 reg|
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Figure 44. Surface baring strength and bearing modulus as a function of subgrade bearing
strength and pavement equivalent granular
thickness
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Figure 45. Flexible pavement design curves for standard gear loadings
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Figure 46. Rigid pavement design curves for standard geatihgs

4.1.2.23. The steps followed to determine asphalt pavement thickness requirements are

a

determine design loading (ALRYIf the pavement on the basistiaffic
studies and projections;

determine subgrade bearing strength as discussed in 4.1.3.3;

determinefrom Figure 45 pavemenequivalent granular thicknessquirement
.for the design load rating;

determine the pavement thickness reedifor patial frost protectiorin accordance
with 4.1.2.1; and

the pavement thicknessopided will be as determined ic), oras determineah d),
whichever is grater. In making the comparisate equivalent granular thickness
deermined in c) must be convertéa actual pavement thickness as discussed in
4.1.3.1.
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Table 41 Aircraft load ratings

AIRCRAFT LOAD RATINGS (ALR)
!. WEIGHT
! TIRE K] FLEXIBLE PAVEMENT RIGID PAVEMENT
PRESSURE | (MaX] AT 5 VALUE OF [kN) AT K VALUE OF (MPa/m|
AIRCRAFT {MPa) MIN| MOMINAL
50 80 | 130 | 180 | 20 40 30 150
1500 0.7 10.7 | 107 | 105 | 104 | 105 | 103 | 102 | 104
B707.320 1.24 800 18 TA3 | d2 ) 32 12 16} 76 ; iz |01
930 1.1 103 |07 | 108 | 11 | 105 | 108 | 11.1 11.3
8727100200 1.35 500 8.7 TO{ %2 75| 78 | B3| B4 | B4 | B7F
50 | B0 7.3 5 3.8 [ 38 15 1T | 78 | A0
BY37-100-200 102 300 | 6.5 58 | 60 | 84 | - 62| 64 | 64 | 65
3600 111§ 11 108 | 108 | 105 | 110 | 108 | 108 0.8
B747-100-200 140 2000 B4 B0 | 79 ) 80 | 80 | B4 | B3I | BO | 8D
1400 98 88 | 94 ] 82| 92 J ] 851 83 8.0
8767200 120 300 18 69 | 70 | 69 | B9 | V3| W 843 6.5
470 18 8 TE| 72| = 9| 78] 74 78
aleg-1:] 0.712 Jog B 56 | 56 | 58 ) =~ §0 | &1 f.1 6.1
1600 1.2 g (10 |1 | 1.2 (109 108 [ 108 | 109
DCE46243 135 500 73 75| %6 | RTp 72| 18| 18| 17 15
485 a7 8.1 B.1 B2 | 82 | 83 | B4 | 38 B.7
0C9-21-32 1.00 300 6.3 60 | B4 | B1 B.1 87 | 67 ] &7 E8
1870 1.0 170 (108 (108 | 107 [ 110 | 110 |08 | 108
0C-10-20-30-40 1.21 1200 T8 i0 | BE | 63 | BO | 78 ) 111 15 72
1480 10.5 105 {105 | 104 § 102 | 103 [ 103 | 102 | 102
| AJ00-B2-B4 1.25 1000 3.8 85 | 86 | 82 80 | 86 | B5 | 82 80 |
I 1
2080 1.1 111 (110 | 108 {106 | 108 | 105 | 105 | 105 E
L1o11-700:200 125 1400 9.2 92 |87 | B3| 83 | 82| &t 839 g8
E 1750 1.8 114 1116 11T | 118 113 | 143 i 114 | 114
CONCORDE I 1000 2.0 80 | BS | 87 | BS | 80 | #0 | 8.7 24
Beg 8.7 Bl | B0 | 8D | 80 | B | 86 | 87 8.7
HERCULES C-130 | 068 | 67 B0 | 60 | B0 | — 65 | 67 | 66 | 68
330 BS 74 F 75 | 14 | = 80 | Bi B.J | 83
BAC-1-17400 0g7 . 28 6.2 BE | 88 | 58| - 80 | B2 | B2 .2
280 5.0 58 | 80 | - - 54 | 60 | 58 | 56
[ CONVAIR 640 052 200 so0 |43 | 40| - | - [ 82| 50| 50 | 49
| A u 1
To determing aircraft load ratings at intermediate weights intarpolate linearly betwesn the ALR velues listed for minimum and
maximum weights,
i
Ta dutarmine aircraft load ratings st subgrade bearing strength (5] or bearing modulus [k} othar than those listed, interpolats
Setween the ALR values shown,
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4.1.2.3. The thicknessfgpavement component layers will depend on tire pressure to be
provided for, as outlined in the following table.
Pavement layer design thickness (cm)

Pavement layer Design tire pressure (MPa)
Lessthan 0.4t00.7 0.7t0 1.0 Greater than
0.4 1.0
Asphaltic 5.0 6.5 9.0 10.5
concrete
Cr Gravel or 15 23 23 30
Cr Stone Base
Selected Granular As necessary to provide total thickness required
Subbase

Rigid pavement thickness requirements
4.1.2.4.The steps followed to determine rigid pavefrtaickness requirements are:

a) determine design loading (ALRpif the pavement on the basis todffic
studies and projections;

b) determine total pavement thiwéss required for partial frogtrotect on in
accordance with 4.1.2.1;

c) estimate concrete slali¢kness that will be required,

d) determine required base thickndsg subtracting slab thicknessom total
pavement thickness determined in b);

€) determine bearing modulus at top oféa&ourse as discussad}.1.3.4;

f) determine concrete pavemelatsthidkness required for thisearing modulus from
Figure 46; and

g) using the slab thickness determined in f) as a new estihagquirementsrepeat steps c)
to f) until the slalthickness determined f) equals that assumed in c).

41.24.1. The minimum base coursayker provided is 15 cm, even if not required fiarst
protection. WWith pavements designed for a load rating of 12, the miniftoage course
normally provided is 20 cm of cement stabilized material. These minimum thicknesses
are placed over seafed granudr subbase material when thicker base layers are
required for frost protection purposes.
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41242

The pavement design practices outlined aband the evaluation practicestlined
below, assume that the pavement is conttduto standard specificatiogsvernng the
quality of pavement construction matesiand workmanship. If standard sfieeition
requirements are not metome adjustmentsased on engineerirjgdgmentmay be
required to the design and evaluation prastigetlined. Tables-2, -3 and4-provide
some construction requirements considezssential to normal design aedaluation
practices.

4.1.3. Pavemengvaluation practices
Pavementhicknessand equivalent granular thickness

413.1.

The evaluation of pavement structuréx aircraft loadings requireaacurate
information on the thickness of layers witlthve structure, and the physigaibperties

of the materials in these layers. A bdrele survey is conatted to determinghis
informationwhen it is not available from existing rstruction records. Egvalent
granular thickness is a term applied to flexible pav@nséructures, and is the basis
for compamg pavements constructed with different thickesssf materials having
different load distributioncharacteristics. Theqeaivalent granular thickmss is
computed through the use of the granular equivalencyora for pavement
construction materialsisted in Table 4. The granularequivalency fatr of a
material is thedepth of granular base icentimetersconsidered equalent to one
centimeteiof the material on the basis of load distribution characterisfidse values
given in Table 46 are conservative and actual granular equivalency fmchoe
normally higher than the values listed. To determihe equivalent granular
thickness of flexild pavemenstructure, the .depth of each layer in the strectar
multiplied by the granulaequivalency factor for the material in the layer. The
pavement equivalent granuldnickness ighe sum of these converted layer thickness.

Table 42. Compactiomequirements

Campaction Beguirad

|
| Lawer HAefereneos ' % of Befarence
Censity | Dengity
J Embankment Fill:
cohesive 30l ASTM D 1557 =L f
i non-cohagive soil ASTM D 1887 a5
:I Subgrage Surface: (1)
i cohesive soil ASTM 2 1587 83
non-coneasive soil ASTM D 1557 ' ag
Sub-Base ASTM D 1867 | 38 ;
Base Course I ASTM D157 100
Aspheltic Concrere I, ASTM D 1559 98
More: [1] Compaction of subgrade surface is specified 15mm ceap in
cohesive sail and J0mm deep in non=cohesive sail, |
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Table 43. Asphaltic and Portland cement concrete mix requirements

Property Min Max,
| ASPHALTIC CONCRETE |
| Marshall Srability (kMG B6.75
Marshall Flaw Index {mmi 2 4
Adr Woids %) 3 5
Waids in Mineral Aggregate: -5
125mm max. sized aggregats 15
25mrm max. sized aggregare 12
Immergion Loss %] 25
1 PORTLAND CEMENT CONCRETE
: Cament Contant !kg.r'ma] 280 310
i Water/Cement Ratio 0.45
Avg. 28 Day Flexursal Strength iMPal 4.0
Slump il 10 40
Entraned Air Content (%} 4 B

Table 44. Aggregate requirements

T
ASThA H Azphaltic Concrete
Tast :
Propearty hietihod Sub-Base Base Lowveer Lippeer
Coursa Course
H | 7S C136 100 ]
50 C136 | 100
= | E I8.1 C136 FO-100
g *—f' Fri= c138 10
g = 19 [ ci13s 50-75
= = 12.5 I ci1386 TO-25 100
2 = 2.5 =136 A0-55
= T
=] = | 4. .75 c136 I0-50 40-55 S5-75
1 & 3— i = .00 =136 30-50 35-55
! 0 a5 1 3E 0-30 108-303 15-320 15-30
. O.1380 136 520 5-20
| Q.07S c117 a-8 ER:] 3-8 33
Crushed Comtant 1
19 rrvink = s sot1) L L=
Liquid Limit
g D423 =L 25 = —
Plasticrty |mdex ]
| (2 maxh D2 = | & - -
Sand Eguivelent P - -
$% i) D242 = - S0 50
Abrasion Loss — 12
L% max) =137 =0 5 25 { 25
Soundness Loss cag i3} f 12 coarse agdg.
095 rmasch i 16 fine agg.
NOTES:
™ i~

(BN
R

Crushed aggregate not necessary for bases cnder P

PN S 121

- use gradazion A7 for base course and gradation “8° for

(2] Text method 23131
asphaltizs concrate aggragate.,
{31 Teast method C3E - use magnesium suiphaoe,
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Table 45. Granular equivalency factors

i Gr;nular

{ Equivaiency

| Pavermant Matarial Factor
Selected granular sub-base 1
Crushed gravel or stone base 1
Wiatarbound Macadam basza 1112
Biturrinous stabilized base 1-1/2
Cement stabilized base 2
Asphaltic concrete (good congitian) 2
Asphaltic concrete (poor condition 1-1/2

: Portland cement corcréte [good condition) 3

| Portland cement cancrete {fair condition 2:1/2

| Portland cement cancrete |poar condition) Z

Table 46. Typical subgrade bearing strengths

Uiswal Subgradae Searing Strenath
Soring (ke |
Subgrade g0 Type HedL;f:an o | Design Walue
¢ H.an-:.:ne Fall Spring
W - well graded graved ) 280-400 280 | 280
GF - pooriy graded aravel 10 i 180-3385 220 200
GM - gravel with silty fines 25 1356-335 180 135
| G - gravel with clay fines { 25 110-245 | 1485 110
{ 3W - well graged sand 10 135335 | 18O 160
; 5P - poorly graded sand 20 110-200 H 135 110
i SM - sand with siity fines 45 05-190 120 | BB
| 5C - sand with ciay fines ' 25 86-155 s | &5 |
! ML - siit with dlow liguid fimit f a0 [ SU-180 L L) &5
i CL - cdaw with low liguid Timmer 2c ' ER-125 85 't &5
i MH - 5ilt with high liquid fimit S0 | 2ES0 0 | 20
i CH -« clay with high liguid lirmit | 45 |‘ 25-90 =11 | 20

Pavement bearipstrengdh measuremss

4132

Transport Canada practice is to condu@asurements of bearing strength the
surface of flexible pavements. Testing is not conduated at least two yearafter
construction to permit subgrade moisture conditions to reach an equilibriemTstat
bearing strength of ridi pavements is not normally asured, as strengths calculated
on the basis of slab thickness and estimated bearing lusoduwe considered
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sufficiently accurate. The standard measure of bearing strength is the load in kilo
Newton which will produce a deflexion of i2m after 10 repetitias of loading, when
the load isapplied through a rigid circular plate 762 mm in diamef€his definition
applies forsubgrade bearing strength as well as for measursncenducted at the
surface of aflexible pavement. In actual pretice, a variety of testnethods are
employed to measuteearing strength. These methods include both reetitid non
repetitive plate loadest procedures in which a variety of bearing platessinay be
usal. Benkelman beartesting procedures may be employed in place of [ete
testing at small airporténtended to serve light aircraft only. Transport &den
document AK68-31 "PavementEvaluation - Bearing Strength" details the test
methodswhich may beused, and providesorrelations for converting the results of
these testnethods to the standard measairbearing strength defined above.

Subgrade bearing strength

4133. When a bearing strength measuremieas been made on the surfaceflekible
pavementand the equivalent granular thiclaseof the pavement structurekisown,
the subgrade bearing strength at that location may tmated from Figure 4.
Subgrade bearingtrength varies from location ttmcaion throughout a pavement
area.In pavements uhject to seasonal frost penetration,iaton also occurs with
time of year, with the lowest values reached during the spring teriod. The
subgrade bearingtrength used to characteriz@paement area is the lower quatrtile,
spring reduced valueThe lower quartile value of several bearing strength
measurements made throughout a pavement area isathatfor which 75 peert of
the measurements are greatemagnitude. lis calculated as x 0.675s,where X is
the average of measurements made sargdtheir standardeviation. For pavements
subject ofseasaoal frost penetration, springhaw conditions are estimated by
applying a redction factor to lower quartilsubgrade bearing strengths derived from
summer and fhmeasurements. The redugctiéactor applied depends on gradation
of the subgrade soil as shown kingure 42, and typical spring reductiofactors
based on soil classification are listed in Ta#é. When the ground watdable is
within 1 meterof the pavemernsurface, the springeduction factordisted inTable 4
6 are increased by 10 fora@asoil type. Subgrade bearistrengths are normally
established at existing airports through bearing strength measoirprogrammes.
Subgrade bearing strength values it from measureants are usedvhen
designing new pavement facilities at the airpoavpded subgrade soil conditioase
similar throughout the site. when designing orleating pavements at an airport
where strength measurements have not been madeue w@hlsubgradéearing
strengthis selected from Tabk-6 on the basis of subgrade soil classification.

Rigid Pavement bearing modulus

4134. Bearing modulus is based on the load Mega Newton which will produce a
deflection of 1.25 mm when the load is applied througlgid circular plate 762 mm
in diameter. This load is then divided by the volumetric displacement ofatesgi
this deflection (0.57 x 18 m®) to compute bearing modulus imits of megagascals
per metreRigid pavemenbearing modulus is the bearingpdulus atthe surface of
the base coursen which the concrete slab reslisis rarely measured directlyor
pavement desigor evaluation purposes. Instead, bearing modulilseatop of the
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base course isstimated from Figure-4 on the basis of a sgkadebearing strength
determined asdliscussed in 4.1.3.3, and the equivalent granular thickness -tieselb
and base courg@ovided between subgrade and concrete slab.

Pavement strength reporting

41.35.

The two parameters governing strengbh flexible pavemats are pavement
equivalent granular thickness (t) as discussed in 4.1.3.1 and subgrade bearing strength
(S) as discussed in 4.1.3.3. Pavement strength is reported in terms of the Pavement
Load Rating (PLR) which is determined by plotting the point onréigktb using the
pavement t and S values as coordinates. The load rating reported for the pavement is
the numerical value of the standard gear loading whose design curve falls
immediately above this point. The two parameters governing the strength @ a rig
pavement are bearing modulus (k) as discussed in 4.1.3.4, and concrete slab thickness
(h). These values are plotted on Figuré 4o determine the load rating of rigid
pavements in a manner similar to that for flexipavements.A tire pressure
restridcion may be applied to flexible pavements. The restriction applied is the tire
pressure for which the pavement asphalt and base course thickness satisfy design
requirements, as given in 4.1.2.6. No tire pressure restrictions are applied for concrete
pavemats. Aircraft having a load rating (ALR) and tire pressure equal to or less than
the values reported for pavement structure are authetizto operate on the
pavement without restiion. Proposed operations by aircraft with a load rating or

tire pressre exceeding reported values must be referred to the airport operating
authorit for an engineering and managemasgessment

Composite pavement structures

41.36.

A composite pavement structure is created when an existing pavemetuirstisic
overlaid for stengtheningr resurfacing purpose. Composite pavensémictures are
evaluated aflexible or rigid pavements aaecordance with the procedures below:
a) Asphalt overlay on flexible pavement
A flexible pavement overlaid with additional asphalt pavement $aigeevaluated
as a flexible pavement having a&guivalentgranular thickness determined as
outlined in 4.1.3.1.
b) Asphalt overlay on rigid pavement
A rigid pavement receiving an asphalt overlay less than 25 cm in thickness is
evaluated as rigid pavement,tivthe concrete slab and asphalt ovetlagkness
is converted to an equivalent single slab thickness as given in FigurA fgid
pavement receiving as asphalt overlay greater than 25cm in thickness is evaluated
as flexible pavement with an equivalgmanular thickness determined as outlined
in4.1.3.1.

c) Concrete overlay on flexible pavement
A flexible pavement overlaid with concrete slab is evaluatedaasgid pavement
with the flexiblepavement structure forming thase for the concrete slab.

d) Concrete overlay on rigid pavement
A rigid pavement overlaid by a concrete slab ysleated as aigid pavement
with the two $abs converted to an equivalesiab thickness as given in Figu4
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7, except when a separatioaurse greater than 15 cm is pldb=tween the two
slabs. When &eparation course greater than 15 cm in thickiessed, the
upperslab is considered to act indepently as a single slab with thewer slab
forming part of  the base.

Surface condition evaluation

41.3.7.

41.3.8.

41.3.9.

41.3.10.

In addition to pgement bearing strength atuation and reporting, airpgoavements
are subjectto an evaluation of surface atitions yearly at internationalirports and
biennially at other airports. The surfamendition evaluation programnoensists of a
visually bagd structural conditions suryeyand quantitative measurement$
roughness and friction levels on runway surfaces.

Structural condition surveys are contitt by an experienced pavemeaigjineer or
technician who visually inspects the panents and regrts on the exterand severity of
observed pavement defects and dgrfeatures. On the basistEffic levels and
observed defects and distress feauam estimate is also providied the year in which
pavement rehabilitation should be grammed. A typical Structuralcondition survey
report is shown in Figure-8.

Runway roughness measurements are agaduvith a Road meter, a deviaich
records vertical movements in an automobiléhasvehicle is driven along tmanway
at 80 km/h. Roadeter readings are convertieda Riding Comfort Index onscale of
0 to 10 and plotted as shown in Figur® #o provide a record of runwagughness
development with time. The runway roughmesrformance chart illustrated Figure
4-9 is used to assesvhen excessive roughndssels requiring rehabilitatiowill be
reached.

Runway surface friction measurement®r(mal wet state) are currenttpnducted
with a SAAB SurfaceFriction Tester Measurerants are conducted at a vehicle
speed of 65 km/h ugjna treaded measuring tire inflated to 0.21 MPa presstie
runway surface friction profiles obtained from theseasurements, distrated in
Figure 410, are used to determine the need foraserftexturing or rubber removal
programmes
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42. French Practice

421. General

4.21.1. Definitions

a)

b)

Structure of pavementA pavement nanally comprises th&llowing from top

to bottom:

-a fAsurface | ayero consisting of a
cous e 0 ;

-a Abaseo;
-a Nsadbeod; and

- Possiblya lower sukbase or an improved subdea

Types of structures,

- A fiflexible structuré consists only ofourses of materials that hamet been

bound or treated with hydrocarbon binders.

- a "rigid structure offers a wearig course made up of a Portlateinent slab;

- afisemirigid structue" comprises a base treated witidrocarborbinders; and

- a "composite (or mixed) structuregsults from reinforcing a rigigtructure with

a flexible or semrigid structure.

c)

Pavement typeBor the sake of simification a distinction is madkereindter
only between the two majorapement types, referred to in general terms as
follows:

- fiflexible pavements" include fleXd and semrigid structures, agell as certain
types of composite stctures (e.g., a formerly rigidgadly cracked pavement
reinforced with material treated thihydre carbon binders); and

- firigid pavements" include rigidtructures and certain types obmposite
structures (e.g., a rigidavement renewed by applyingnearing course treated
with hydrocarbon binders).

d) Bearng strength The "bearing strength" ébearing capacity” is thability of

a pavement to accept the loansposed by aircraft whilemaintaining its
structural integrity.

Pavement life.This is the period at the endwhich thebearing strengtbf the
pavement becomes inadequate to pbe&athout risk, thesametraffic in the
course of the follwing year, thus necessitatingeneal reinforcement or
reductiontraffic. Thefinormal life" of a pavement is ten yeaasid pavements
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are generally designed for th@eriod, however, in the circumstaes described
later on in thesguidelines, another value mag lestablished for the life of a
pavement.

f) Traffic

- One "movement (actual)" is the applion to the pavement of a loag an
actual undercarriage legiihg one manoeuvre (takdf, landing, taxiing), The
number dactual movements is generatigher tfan the number of movement
accounted for by the operator @adfs and landings),

- An fAactual | actaaklapplied by a aircraftelecarrage tbg.

- "Actual traffic" consists of diffeent movements of varying actueads applied
by actual undercarriage legs of different categories.

- The "normal design load" ike load taken into accountformulas or graphs
for the purpose of desigmgjrihe pavement.t inay be “weighted” or not,
depending on the function thfe pavement
involved.

- MNormal traffic" is traffic consigtg of ten movements per day the aircaft
producing the desigonad over an expected pavemig@atof at least ten yesr

- The "allovable load Po" of a peement is the load on an undearriage leg
(actual or fictitios) calculated according to thdesign concept as being
allowable &the rate of ten movements plaryover ten years.

- An "equivalent movement” is the amaliion of a refemce load byan
undercarriage leg (actual or fictitious).

- AEquUi val ent trafficdo corresponds to
equivalentovements

- The fApotentialo of a pavement on a
equivalent movementwhich it can accept during the residual life.

0) Types of Design
- foptimized design" (or optimizededign method): design which &skinto
account all aircraft types having a significarfeeff on the paveent, This
method is referable ifufficiently reliable andaccurate traffic forecasts are
available throughout the expectéd of the pavement.

- Afgener al d e s i g mmétho()o desigg i terens Girdferedce s i g n
load which the pavementust support. In practice, thisethod ismainly
used at the levelfgreliminary studies or in thabsence of accurate data.
The refeence load is evaluated in terwisthe anticipated utilization of the
aerodrome, the characteristafsaircraft in service or at the planning stage,

88



GuidanceDocumentfor Airport Pavement

and the spafic role of the pavement in question.

4.2.2. Choice of the design load

4.2.2.1. Aircraft characteristics affecting the design

a) Aircraft massThere is a need to list for each aircraft:

- in the case of the general design method:-tdkmass
- in the case of the opmized degn method: takeoff mass, landingnass

Collection of data on the mass of the various aircraft tmheidered ira design is
a difficult task bearing in mind:

- the variations in payload

- the uncertainty of forecasting traffic roposition (aircraft stages) and
developments in regard to aircraft fleets.

For the purpose of studying an opized design, one useful method consists of
establishingnass histograms in resp@fteach aircraft. Selectingcategory width
of 1/20th of the maximummass provides sufficient accuracy.

b) Undercarriage legWheel assembly mounted on one leg. Toenplete setof
undercarriage legs cestitutess t he under c awumdercargage BB A At y
which is representative of each of the threest widely used catgories of
undercarriags (single wheel, dual wheetiyal tandem wheels) is introduced The
characteristics of the typicahdercarriage legs are as follows:

Typical Track Base Tire
undercarriage leg (cm) (cm) pressure
Single Wheel - - 0.6 MPa
Dual wheels 70 -- 0.9MPa
Dual tandem 75 140 1.2MPa
wheels

c) Distribution of the mass over the undercarriage legs
1) Static distribution.The overall distribution of the aircraft mass between
the nose leg and the main undercarriage legs is depenuenthe load
distribution of the aircratft (i.e., the position of the centre of gravity) and
varies little. In the absence of data, one would assume that the distribution
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4222.

42.2.3.

is 10 per cent on the nose leg (maximum forward load distribution) 95 per
cent on tle main undercarriage legs (maximum reward load distribution)
for conventional undercarriages.

2) Braking action. The effect of braking action is not taken into account in
designing pavements. It plays a role only in specified studies (example:
structures udkerneath the runway).

d) Loads used in thealculations.In the case of the undercarriagescafrent aircratt,
the distance betwedine legs is such as to justdyseparate study of the action affea
undercarriage leg. The maindercarriage leg gendyatauss the greatest stress. In
somecases, the secondary undercarriagentay well be the most criticébr the
pavement (examples: nose @d@3-747, centre leg of DAO- 30). The load is taken
into account in the calculations in th@m of a loadper undercarriage leg. The
graphs in respect of thmain aircraftexamined (Appendix 3) arerq@uced in
accordance with this concept. Thosses where the secamg undercarriage leg is
likely to be more critical than the main undercarriage legdartified andadditional
graphs provided.

Weidhting of loadaccording thdunction of thepavementEach type ofacility (runways,

taxiway, aprons, maintenance areas,) ehust be designed separatelyake into account

differing stress conditions. Althgh subjected to the same loageme pavements may

experience differa fatigue conditions. For exaohe:

a Traffic is slow and concentrated oprans and, conversely, rare atidpersed on
shoulders and stopways; and

b. Consequencest dynamic effect. Wanan aircratft rolls at high spee@uch as the
middle part of theunway at takeoff and the firstl000 m beyond the threshold
during Bnding), the loading phenomenen transient and thus less severe. In
addition, the load is reducéy the lift of the wings.The loads kted in respect of
each type ofirea are weighted to takearaccout the different fatige condiions
as shown on Figure-#1. When studying a project, it iecommended to examine
the savings that may be achievedabplying theseonceptsas well as the poskde
difficulties that may ariseuring construction or at the time when thasgsas may
be used for alifferert purpose.Thus reductions inhe thickness cabe made
wherever thesewill have real short andong term advantages. Suchesign
concepts for reducing pavement Kmess are commonly used in sonmintries.
In France they have onbeen applied on a very limitedale up to now.

Loads other tharhbse produced ly aircraft. Some areas (such #sosein front of
airport: buldings) are not accessible tbe undercarriage legs. on thther hand,
aerodrome pavements do not only support airctaift, also other vehicleand
machinery(e.g, ground transportation vehéd- buses, trucks, baggage tarolleys,
container carries, fire fighting vehites, aerobridges, etoghich sometimegroduce

more critical loads (particularly on aprons). When stationary, these units have a
considerable punching effect on the pavement producing concentrated stress, due to
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the fact that they armoving about in a limited space. The exceptional loads are taken
into account in the following manner:

a) the affected areas are designed for these loads;

b) the surface of areas used by stqesducing vehicles or equipment must be
limited (traffic rules,markings on the surface); and

c) special pavements may be studied (example: special coatings)
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4 TAXIWAY J
TAXIVAY
a) Example of a runway eguipped with a parallel taxiway
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RUNWAY 15 m either side of C/L

STOPWAY

by Example of a runway not equipped with a parallel taxiway

Weighting of load P

Figure 411. Weighing of load P
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4.2.3. Designingflexible pavements

4.2.3.1.The design of a flexible pavement involves two stages:

a) Collection of data: traffic (loads, moements)
- characteristicef the natural soil.
b) Calculation of the thickness, which also comprises two stages;

- the determination of an "equivalent pavement thicldgessing
either the general design or optimized design methods.

- the selection of a paventestructue which provides an equivalent
thickness corresponding to or greaten the thickness determined
above.

4.2.3.2. Bearimg strength othe sulgrade
a) General caseThe bearing strength of the subgrade is denotéd Gwlifornia Bearing
Ratio(CBR). TheCBR value adopted is the loweste obtained during the "“test series
in which the total numberfosamples is compacted 8 per cent of Mdified Proctor
OptimumDersity after having been immersed in water for four days.

b) Gravelly soils and pure sandn the case of gravelly soils and pusand, the CBR
measurement is meaningless and general valuesevihdoptedas shown in the
following table:

Description of the soll Measured CBR Significant CBR
Pure weligraded gravel 40 20
Pure badly gded gravel 30 20
Gravel containingik >40 (P1<7)>20 (PI>7) 20 (PI<7)10 (PI>7)
Gravel containing clay 20 10
Pure wellgraded sand 20 10
Pure badly graded sar 20 6to8
Pl Plasticity Index
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¢) Improved Subgrade. Where the pavementomprised an impreed subgrade
(considerable thiakess of added material of average or {mmogeneous
quality), this will be taken into account in the calculation in the following
manner. Let it be assumed that the bearing strength of the untreated emdetnp
subgrades are, respectively, GBRnd CBR and that hand h , which will be
calculated according to the design method selected (general or optimized)
correspond to one of these CBRs. If h is the thickness of the improved subgrade,
the required tlikness of the pavement above this subgrade, i.e., e can be
calculated by applying the formula:

. CERZ—-CER1

e=hih CER2Z+ CBR1

providing exceedsor is at least equal to h2. Should e be less Hahan the
thickness of the pavement is fixed atThis asoapplies to cases where the natural
soil comprises a substratum thatc@vered by a relatively thin soilyar of better
bearing strengthlhis top layer may then lregardedas an improved subgrade so
thattheabove method can still be used.

4.2.3.3. Calculaing the equivalent pavement thickness

- General desigin see 4.2.5
- Optimized desigii see 4.2.6

42.34. Structure of the pavementA flexible pavement is normally made up of three different
courses of increasing quality from bottom to top: thelsadethe base and the surface
course.The concept of equivalent thickness is introduced to take into account the
different mechanical qualities of each course. @tpaivalentthicknesse of a course is
equal to its actual thicknesgraultiplies by a numericatoefficient ¢ orequivalence
coefficient. The equivalent thickness of the pavement is equal to the sum of the
equivalent thicknesses of its courses. The vasiesvn inthe table below may be
used as a reference in the case of new materials:

New Materials Equivalence Coefficien
Concretetype dense bituminous mix 2
Sandgravel mix bound with bitumen 15
Emulsionsandgravel 12
Sandgravel treated with hydraulic binders (cement, s 15

fly-ash, lime)

Well-graded crushed gravel 1

Sand treated withydraulic binders (cement, slag) 1

Pea gravel 0.75

Sand 0.5

In a properly constituted pavement, the equivalence coefficients of necessity increase from
bottom to top

93



GuidanceDocumentfor Airport Pavement

4235. Choice of a structurelhe choice of a structure mustke into accountwo generh
concepts:

a) Construction concepts whialelate tothe nature of the materials be used, the
quality and formulation of caponents, the minimum andaximum thicknesses
involved, sound bonding of courses, etc,; and

b) Mechanical conceptshich define tie vdues of equivalence cosffents, proscribe
or advise againghe use of certain materials tihe different courses, indicatke
thicknesses of the treatedhterials needed for the normal medbainbehaviour of
the pavementetc. These directives haviet fdlowing effect on the different
courses:

1 Surfacecourse (wearing cours@a possibly binder course). Therfacecourse
must consis of bituminous concrete. (Sordirectives, especially as regards
formulation and compactness to &ehieved at thavork site, differ cosiderably
from those applicabl® road pavements.)

M Base and subase. The choice of materid® the base and sulbase is
subject to the applicatns specified in the. Followingble:

Types of materials Used in Used in Remarks

base subbase
Sandgravel mix bound with hot Yes No Expensive
hydrocarbon binders materials.
Materials treated with hydraulic No Not Except with
binders (coarse aggregated advisabl special
concrete, slag, fhash gravel, sand e dispensation
based concrete) following

consultation  of
Administration.

Untreated gravel (crushed, well Yes Yes -
graded)
Pea gravel No Yes -
The use of these
Materials treated with  cold Not Not materals calls for
hydrocarbon binders (emulsion | advisable advisabl a technique
gravel) e which has not
been sufficiently
tested on
aerodrome
pavements.
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Frequently, economic considerations make it necessaryisage the use of materiddat have been
treated with hydraulic binders (coamggregate concretslag based osandgravel mix, sandjravel
fly-ash mix, etc.) in thbase or sulbase. However, theagnitude of the loads applied to aerodrome
pavements ceges much greater stresses ttiayse produced on road pavements. The risks and
consequences, amg others, are:

1 for the pavements: rapid signs oéterioration (cracks in wearingourse,
crumbling, tearing, pumping up of particles campearancef fines of laitance);

1 for aircraft: ingestion by jetngines of aggregate particlegenness; and
1 for management: higher nméenance costs (filling cracks).

Consequently, the use of materials treated with hydraidders is proscribed for thmse anadhot
advisedfor the sub base. In the casetlwéd latter, an actual thicknessasuring at least 26m of
materials treated with hyolcarbon binders must cover tsemirigid course. Any exception to these
rules calk for a special study for whickxpert deviceof the Administration must be requested
Specifications for materiathat may be used & base or subbase are identical to those applied to
road pavements.

4.2.3.6. Thickness of treated materialdn_adequate thickness of treat@dterials is necessary to
ensure an acceptable behaviotithe upper pavement layeFRgure 412 shows, for
guidancethe optimum equivalerthickness of treated materialgth respect to the
total equivalent thickness tife pavement and the CBR of thegural soil.

423.7. Influence of climatic factors In regionsthat are subject to significaseasonal climatic
variations possible changes in the bieg strength of the soil shdle taken into account.
Despite the considerable liménce which temperature hasttuminous mix pavements,
no correction for thickness Ivibe made toaccount forthis parameter: the values
indicated for the equivalence dfigients for the coating mixesuggested previously
represena weightedaverage. lis recommended that testing favstthaw be performed
in accordance with the information contained in 4.2.7.

42 4. Designing rigid pavements

4.2.4.1.The design of rigid pavements involves the following two stages:
a) Collection of data:
i. TTraffic (loads, movements)
ii. Characteristicef the subgrade and of the hydraulic cement concrete; and

b) Calculation of the thickness dfdconcreteslab (only the mosieneral case of nereinforced
and nonprestressed pavementexamined).
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Figure 412. Flexible pavements: Optimum thickness of treated materials with regard to the
equivalent thickness of treated materials to the total thickness of the pavementhenGBirt

4242. Evaluation of the subaseA rigid pavemennormally consists of twgourses on top
of the natural soll, k., a sukbase anchydraulic cement concrete slabhe bearing
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4243.

4244,

4245.

strength of the natural soil is expressethe form of itsmodulus of reetion ko. This is
corrected in accordance with thguésalent thickness of the sidase. The modulus
thus correctedi.e. modulus of sulbase reaction) makes it possilbbeaccount for the
soil and sukbase as one sirgparameter in the calculations.

Bearing strengtlof natual soil (subgrade).The modulus of subgradeaction k of
the soil is evaluated by means oplate bearing test carried oot soil compacted to
95 per cent of the ModifieBroctor Optimum density. It desirable for a certaitime
to elapse between compacting aesting to allow the sotio regain its free moisture
content. The number and dibution of test pints must besuch ago make the results
meaningful.

Bearing stregth of the sukbase. The modulus of subgradesaction ofnatural soil is
subsequently corrected in regard to theiealent thickness of the subase. Figuré-
13 is used for this purposthe defintion of equivalent thickness ggven in 4.2.3.4.

Important Note:The corrected k shoulde used irthese calculationgJsing
the k measured at the top of the $usse course would result optimistic
figures.

Although the sulbase affects the calculation onlygbtly (as a corrective
term of modulus k whiclitself has only a minor impact), it has mmportant
multiple role:

- it ensures a continuous support the slab, particularly at itpints and
participates in the transfer of loads;

- because of its weight it opposes a giole swelling of the sulgradesoil and
protects it against frost;

- it offers a stable surface for subsequent concreting operations; and
- it prevents pumped up particles from rising at the joints.

Structure of the subase.lt is importait to have a high quality stlmse. The
following rules must be applied:

- Thesubbase carse must be treated;
- The use of coarse aggregate concrete is advisable;

- lean cement concrete is not lhgarecommended (higher risk of
cracking);

- the actual thickness of the shhse rost be at least 15 cm to ensareefficient
use ofthe material; ath
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- the specifications for materials thamay be used in a stimse areSimilar to
those for road pavements
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Figure 413. Modulus of reaction of the sdiiase: Correction of the modulus of reaction of the
subgrade on the basis of the equivalent thickoe#se subbase
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4246.

424.7.

4248.

The subbase can rest on an inpwed subgrade which may or may roansist of
stabilized materialsThe total equivalent thickness of the two s@s is subsequently
taken intoaccount to correct the modulus of subgrade reactidhi&feasible to place
a layerof porous concrete between the concrete slab and thedtireastbase in order
to improve the drainagend to reduce the pumping effect.

Designing the thicknes®f the concrete slabDue to the rigidity of theoncrete, the
vertical stresses applied to the suldbhy a loaded concrete slab aleays very low;
the slab ensures the distribution ofesses due to loading by mobilizing its flexural
strength. Consequently, contragy what happens in the case ofiexible pavemet)
the design criterion for a rigid pawent is not maximum pressuresabgrale level,
but permissible flexural moment of the slab. In the desigmstaatvalues are adopted
to desribe the concrete as follows:

modulus of elasticity: E = 30 MPa
Poisson's ratio = A5

Stresses of concretéccount is éken in the calculations of tipermissible flexural stress
on the concrete whiobguals thdlexural breaking strength dividdxy a safety factoiThe
flexural breakingstrength ismeasured on prisatic specimens after 90 dayghe final
value to be retaied is the mean of the measuvadles reduced by a standard deviation
which correspondt® the foreseeable scatter over the site (vafygigeen a minimm of

10 per cent for @losely supervised ostructionsite and 20 per cent)lf the results of
tests performedhfter 28 days' curing only amvailable, it may be assumed that the
flexural strengttof the concrete increases bygddr cent between 28 and 90 days.

Safety factors The safety fator degnds on the type of joints uskeeveen the slabs of
the pavement. It is established1a8 where joints are equippedth devices for the
efficient transfer of loads and at 2.6 in othesesa as shown the table below

loads

Type of device forransfer of Other conditions Safety factor

construction joints

across pavemen

Without device in all cases 2.6

Dowels

Tongue and groove joints less than 3 unfavourable condition: 1.8

(see below)

at least 3 unfavourable cotidns 2.6
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| (see below)
Unfavorableconditions
- poor subgrade (k 20 MN/for norhomogeneous or frost susceptible

- thin subbase (e < 20 cm)r untreated

- heavy traffic consisting of widbodied aircraft -747, DG10, etc)
- significant daily temperaturgradient

- absence of tie bars across joints

42409. Construction rulessee 4.2.4.11

42.4.10. Thickness of concrete slab

- Generaldesign (see 4.2.5)

- Optimized design (see 4.2.6)

Comment:The general design method is generally adequate for studying rigid
pavements.

42411. Construction rules

a) Joints.A correctly designed rigid pavement must respleetmain construction
rules laid down in Figure-44.

b) Efficient transfer ofloads.None of the devices described providesmplete
efficiency. The tongue and groove syssand thecontractiorexpansion joirg are
efficient only where the joints are not too open under the icmuteffect of
hydraulic contractioridefinitive) and thermic contractionépodic); also, with time
theylose some of this efficiency due to thetfdnat the two surfaces oontact show
wear from the effects dfaffic and the thermic cycle3he efficiency of dowelled
jointsis not closely linked to thewpenings. However, the transfer oadls is also
likely to diminish with time, maiy due tothe factthat thecylindrical cavity in
which the dowel moves in a longitudirditection becomes enlarged amore oval
in shape. As pointed guhe sukbase may improve theansfer of loads, provided
it is suficiently rigid. However, itsbeneficial action alsodecreases wit time,
particularly because surface erosion.
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Figure 414. Joints in cement concrete pavements
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42412. Influence of climatic factors

a) Factors of thermic thygrometric aigin. As a general rule it iaccepted that,
provided appropate nmethods are used for the jointstresses which have a
thermic or hygrometric origin need not be takeninto account in the design.
Flexural stresses produced by loatiging use of the pavement are not the only
tensile stresses to v the concrete mabe subjected. Ssses may, first of all,
resultfrom .differential expansions betwedime top and bottom surfaces thie
concrete because of differences between these two faces:

- in the temperature (temperature gradient)

- water content

Other streses may also be caused tigtion on the sudbase which resists a
variation in length of thelab as a whole when a changethie temperature or in
the water cotent occurs. These changes assumed to be of a sufficient
duration to enable the slab tochieve astate of hygrometric equilibrium.
Consequently, they are chandbkat may be described as seasonalpgmosed to
those (daily) changethat are produced byygrometricgradients in the slab. In
all cases, the existence of joints whighit the lengths of the basislabshas the
effect of reducing the agnitude of the different typex stresses. Moreover, the
stresse of the first category largetgnd to compensate each othaedo the fact
that temperature gradients and water content are mally opposite
characteristics. iRally, these different stresse® not appreciably increase the
stresses imposed by loads.

b) Frost. Aninspection for frosthaw in accordance with the explanati@ositained
in 4.27 is recommended.

4.25. General design

425.1. Principle The general design method enables a pavement to be designed according to
a reference load. For example:

- the maximum load of the aircraft considered to produce the grettes;
and

- the desired load for a typical category of undercarriage.

The desig is based on normal traffic condition®., tenmovements per day oven years
at the design loadHowever, where the actual traffic clearly differs fraims basic
assumption, it is possible to apply a correction factor to take account of thetiadfical
intensity. Examples of using the general design methods are:

- study of an aerodrome used for operations with an aircraft type that clearly
produces greater stress than others;
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4252.

4253.

- rigid pavements (the accuracy of the method is generally sufficigmd) ;
- Preliminarystudies in the absence of reliable traffic forecasts.

Determination of pavement thickness

Data required

- Normal design load P
- CBR of the natural soil (flexible pavements)

- Modulus of subgrade reaction k and frermissible flexuraktress othe concrete
(rigid pavements)

Graphical method

Depending on the case under study, one uses either the graph for typical undercarriage
(Figure 415 to 427) or the specific graph for the aircraft (Appendix 3).

Note -If one intends to determe pavement thickness for an aircraft or, more
generally, an undercarriage leg not included in the graphs in Appendix 3, it is possible to
use the graphs for an aircraft whose main undercarriage leg (track, base) has
characteristics that most closely redaenthose of the aircraft under study.

Traffic intensity. Ten movements pe&fay over 10 yeanepresenan entirely reasonable
and conservative assumptiom foe purpose of designinghaw pavementNevertheless,

it is conceivable that this fige 5 either clearly below thiereseeable traffic volume for
the aerodrome (e.g. aajor aerodrome) or considerabhigher €.g. an alternate
aerodrome). It is necessarytitose cases to take accountlod actual traffic intensity
appropriately adjustedThe correction is based omeationship between the pairs (B, n
where Ris theload and n the number apgications in movements/day and the pair (P,
10) where Ps the normal designdd (by definition applied 1@imes per day for):

P
P' = — The graph in Figure 4-28 [lJ
C translates relationship 1

with C=1.2-0.2 logn

ImportantRemark:Relationship [1] is only valid for a pavement life of ten years. For any
other period, it would be appropriate to relate the figure to ten years (example: 4
movements/day over 20 years are equivalent to 8 movements/day over ten years). The
value d factor C is limited to 1.2 at the top end of the scale (minimum assumption of 1
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movement/day) and to 0.8 at the bottom end of the scale (maximum assumption of 100

movement/day).
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Figure 416. Flexible Pavemerittypical undercarriage leigdualwheels
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