A CANADIAN INVESTIGATION OF FLEXIBLE PAVEMENT DESIGN

Norman W. McLeod, Englneering Consultant,
Department of Transport, Ottawa, Canada.

Introduction.

During the past fifty years, a great many different
equations and methods of design have been proposed by indi-
viduals and organlzations for the thilcknesses of flexlble
pavement requlred to carry wheel loads of varlous magnltudes,
when supported by subgrades with & wide range of bearing ca-
paclties. BSome of these designs have been derived from theo-
retical soll mechanics, some have been developed from partly
theoretlcal and partly empirical considerations, and others
have been based entirely upon empirical data.

The methods of design for determining thicknesses of
flexible pavements for airport runways, that are best known
among engineers 1n North America, are probably those recom-
mended by the U.S. Corps of Engineersl, C1vil Aeronautlcs Ad-
ministration®, U.S. Navy®, and Public Roads Administration®
For highway construction on the other hand, 1t would appear
that no method of flexible pavement deslgn so far proposed
has been wldely accepted, although several seem to have ac-
quired regional recognition. It 1s to be noted that no method
of deslign for thickness of flexlble pavements which has been
suggested so far, even begins to approach the general accept-
~ance accorded by both highway and airport engineers to the
Westergaard method for rigid pavement design.

Because of the enormous number of alrports that were
required for training purposes, for global alr transport, and
for the various theatres of operatlons during the world war
Just concluded, the method of design for thickness of flex-
ible pavement which has recelved the greatest attention on
this continent, and probably among engineers throughout the
entire world, is that which was developed by the Corps of
Engineers of the U.S3. War Department, on the basis of the
€.B.R. (California Bearing Ratlo) rating of sosked subgrade
samples. It 1s also undoubtedly true, that thls method of
design has recelved a greater amount of fleld and laboratory
study than that proposed by any other individual or organiza-
tion. As a result of their many Investlgations, the U.S.
Corps of Engineers belleve that thelr method of design has
been amply confirmed by experimental data.

In splte of this imposing array of evidence, the prin-
cipal englneers of Canada's Department of Transport, which
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with very few exceptions has been responsible for all Canadian
airport construction, have for some time been firmly convinced
that some of the pavement design procedures for ailrport runway
construction being currently advocated in the U.S.A., are un-
necessarlly conservative. They belleve also, that they have
sufficlent traffic data in connectlion with alrport runways in
all parts of Canada, on which to base a reasonable opinion
concerning the adequacy or otherwlse of any proposed method
for flexible pavement design.

Canadae's buslest alrport, Dorval, is located near the
city of Montreal.* It 1s one of the terminals for alr trans-
port between North America and Europe, and was used qulte 1in-
tensively during the war for the ferrying of 4-motored air-
craft from this continent to Briltain.

The average overall thickness of flexible surface,
base course, and sub-base at Dorval is about 14 inches. The
clay subgrade has & C.B.R. rating of 3, after the samples
have been subjected to the standard soaking test. In winter,
the frost penetratlion is several feet.

Based upon this information, the aircraft wheel load-
ings which should not be exceeded for capaclty operations at
Dorval according to the design requirements of the U.S.E.D.,
C.A.A., and P.R.A., are as follows:

According to U.S.E.D.' design - 5,000 pounds

" 1 C.A.A.2 1t - 7’500 f
" " P.R.A.Z " - 10,000 " (maximum).

Actual traffic data for Dorval over the period from
January 1, 1942 until January 31, 1947, for operations by air-
craft of the gross loadings indicated, were as follows, (each
take-off or each landing 1s counted as one operation):

Over 211,000 operatlons of alrecraft welghing 25,000

pounds or more

over 89,000 operations of airecraft weighing 50,000

pounds or more

Over 23,000 operdations of aircraft weighing 65,000

pounds or more
In one day laat fall there were 77 opersations by Lockheed
Constellations, which weigh from 80,000 to 90,000 pounds.

The fileld C.B.R. value (fileld condition and unsoaked)
for the subgrade under the runways at Dorval, ranges from 2.7
to 4.9, .and averages 3.9.

The Digtrict Airway Englneer at Montreal, Mr. John
Curzon, reports that at no time since the airport went into
operation during the winter of 1941-42, has traffilic been de-
layed because of poor runway condition, even during the spring
break-up.
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If the runways at Dorval had been designed on the
bagls of the soaked C.B.R. rating of the subgrade, the
U.S.E.D. deslgn chart indicates that an overall thickness of
sub-base, base course, and wearlng surface, of approximateiy
30 to 35 inches would have been required to support the wheel
loadings which 1t has been carrying for several years with
its present thickness of about 14 inches.

The experlence of the Department of Transport at Dor-
val can be verifled by that at many other ailrports in Canada.
In Table I below, traffic data and certain essential descrip-
tive characteristics are summarized for Malton Airport at
Toronto, Stevenson Fleld at Winnipeg, and the alrport at Leth-
bridge, Alberta, which are among Canada's busier airfields.

Table I
Traffic Data for Toronto, Winnipeg and Lethbridge Alrports.

January 1, 1941 to January 31, 1947

Average Wheel Actual Traffic Data to

Overall C.B,R. Loead Nearest Full Thousand

Thickness Value Rating Number of Operations of Aircraft

Pavement Soaked U.S.E.D, Weighing More Than

and Base Subgrade Design 7,500 15,000 25,000 50,000 64,000
Airport Inches Samples Curves 1bs. lbs., lbs. 1lbs., lbs.
Toronto 8 to 10 3.5 2000 1bs. 299,000 79,000 41,000 3,400 3,000

(approx.)

(8"-2 rwys. 2000 1bs.) several
VWinnipeg (141 ruy. 3.3 5000 1bs.) 319,000 96,000 25,000 Pndred
*Leth- .
bridge 6 to 8 4,6 2000 1bs. 229,000 35,000 4,400 geveral

(approx.) hundred

#*Traffic data for the period of Jamuary 1, 1942, to January 31, 1947.

Table I indicates that the runways at Toronto, Winni-
peg, and Lethbridge have been supporting wheel loads which ex-
ceed by several times their rated safe carrying capacity ac-
cording to some current U.S. designs. Thls also applles to &
great many other Canadian airports where the runways have
been constructed on clay or clay loam subgrades.

As 8 result of this experlence, englneers of the De-
partment of Transport belleve that the relatively thin bases
and vearing surfaces on runways at most Canadian alrports,
have considerably greater load carrying capacity than their
rating according to several current U.S. designs would indi-
cate, In particular, it 1s felt that a design based upon
‘the C.B.R. rating of soaked subgrade samples could not
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ordinarlly be justifled for sasirport runway construction in

Canada.

It was because of the necessity for developing a
method of deslgn of theilr own, that the principal engineers
of the Department of Transport arranged to have the current
investligation undertaken in the early spring of 19145.

The objectlives of this investigetion were:

(1) To determine the load carrying capaclty of existing run-
vays, by means of plate bearing tests (repetitive).

(2) To obtain information that could be employed for the de-
sign of elther rigid or flexible pavements, by means cf
repetitive load tests on subgrade, base course, and sur-
face.

(3) To ascertain the fileld molsture content and density of
the base course and subgrade at each test location.

(4) To conduct certailn simple fleld tests on the subgrade,
such as cone bearing, Housel penetrometer, and C.B.R.,
which might be correlated with the results of the cum-
bersome and costly plate bearing test.

(5) To secure large undisturbed samples of base courses, sub-
base, and subgrade, on which the usual physical tests,
‘mechanical analysis, and compaction tests could be made,
and undisturbed samples of the subgrade for C.B.R. (both
field and soaked conditlons), triaxial compression, shear,
and consolidatlon tests, ’

(6) To prepare soll maps for each alrport, based upon the
pedologlcal system of soll classiflcation, and to corre-
late soil type with load test data, if possible.

(7) Upon the basis of plate bearing repetitive load test
data, to establish a design equation or set of curves for
required thickness, which could be employed with reason-
able confldence for the design of flexible pavements to
support aeroplane wheel loadings of any magnitude,

2. Location and Brief Description of the Airport Projects
Investigated.

The locatlions of the ten airports which have been in-
cluded in the investlgation so far are shown in Fig. 1. Thelr
geographical distribution covers a wlde area extending from
Eastern Canada to the southeastern approaches to Alaska.

Fort Nelson, Fort St. John, and Grande Prairle, are
part of the North West Stagling Route, and were buillt durin
the war for the ferrylng of alrcraft, personnel, and supplies
to Alaska and beyond during the war. The other seven air-
ports have been regular ports of call on the scheduled route
of Trans-Canada Alrlines for some years.
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‘Since all of the runways at these alrports had been
constructed for at least one year, and generally for several
years before the testing program began in the early spring of
1945, it could be reasonably assumed that the subgrade, sub-
base, and base course, had attained approximate equilibrium
insofar as the distribution of soll molsture was concerned.

Table 2 contains a general description of the sub-
grade, sub-base, base course, and wearing surface for each
of the ten airports. At Uplands Alrport at Ottawa, the sub-
'grade consists of about 80 feet of clean sand, and at Fort
Nelson there 1s from 3 to 5 feet of sand over clay. The sub-
grades at the other eight ailrports are composed of clay or
¢lay loam, with C.B.R. values (soaked) varying from 2 to 4.5.

The runways at the ten alrports tested zo far have
flexible pavements. The deslgn for rigld pavements has re-
.celved a great deal of study over the years, and 1t seemed
unlikely that an investigation of our own would add anything
worth while to the very fine analysls and method of design
iihich has been worked out by Westergaard for this type of
pavement. Flexlble pavement design on the other hand, has
until quite recently recelved very little fundamental study,
probably because of the inherent difficulties involved.
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Table 2
General Description of Airport Sites
Depth Subgrade
to P.R.A.
Water Base Sub- Class- L.L. P.I.
Alrfield Table Pavement Course Bage 1fication Ave. Ave.
Ft. St. Deep 3.5 to 6”"- 5.5 to 10" 5.0 to A-T k9.2 27.0
John R.C.4 & Crusher 17.0"
150/180 Pen. Run Pit Run
Bituminous Gravel Gravel
Mixture
Grande Deep 2.0 to 8.0~ 6.5 to None A-T 63.9 38.5
Prairie S.C.5 16.5" Me-
Bituminous chanical
Mixture Stablliza-
tion and
Gravel
Saskatoon Deep 1.5 to 3.5"- 4.5 to 6.5" Nome A-T
S.C.5 Gravel A-6 k6.5 23.7
Bituminous
Mixture
Leth- Deep 1.5 to 3.5 4.0 to 7.5" None A-T
bridge 8.C.5 Gravel A-6 39.5 20.0
Bituminous
Mixture &
Surface
Treatment _
Dorval L,0' 4.0 to 6.0" 3,0 to 5.0" 3.0 to 9.0" A-k
(Montreal) to Pen.Macadem Water Bound Pit Run A-T 33,7 13.4
6.0' with Sheet Macadam Gravel A-6
Asphalt Top
VWinnipeg Deep 3.0 to 4,0" 5,0 to None A-T 644 36.7
" 8.C.5 10.5" Me-
Bituminous chanical
Mixture Stabiliza-
tion
Malton Deep 3.5 to 9.0" 1.5 to 7.0" Nome A-b
( Toronto) 5.C.5 Gravel A-T 32,1 13,8
Bituminous A-6

Mixture
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Table 2 (Cont'd.)

Depth Subgrade
to P.R.A.
Water Base Sub- Class~ L.L. P.T.
Alrfield Table Pavement Course Base 1fication Ave. Ave.
Uplends Deep 2.0 - 3,0" 2.3 to 6.0" None A-2 18.8 0
(Ottawa) S.C.5 Gravel
Bituminous
Mixture
Ft. Nelson 2' 4,5 to 5.5 6.0 to None 4' to 5' 24.8 10.4
to 150/180 10.0" Pit of Sand  (for clay)
3! Pen. Bitumi- Run Gravel over
nous Mix- Clay
ture
Regina Deep 0.5 to 1.0" 5.0 to 7.0" Nome A-T 72 38
Surface Mechanical

Treatment Stabilization

Except where speclfilcally lndlcated to be otherwise,
thls entlre paper deals wlth the test data obtalned for the
elght alrports wlth clay subgrades. Arriving at a reasonably
satisfactory deslgn for runways to be placed on grasnular sub-
grade solls, 1s in general not a too difficult problem. It
Is for clay subgrades that the greatest thicknesses of base
and surface are required, and 1t 1s 1n connectlon wilth clay
subgrades that the greatest difference of opinlon exists at
the present time concerning the thickness of flexlble pave-
.ment that should be selected.

3. 801l Survey and Pedological Soil Maps for Alrport Sites.
Pedological soll surveys were conducted at each air-
port site by qualified soll surveyors provided through the
courtesy of the Central Experlimental Farm at Ottawa, and the
S0i1ls Department of the University of Saskatchewan. From the
801l surveys, & pedologlical soil map of each site was pre-
pared, showing the ares occupled by each soll type, Fig. 2.
In general, not more than one or two principal soil
types occurred at each sirport site, and most frequently
there was only one. Fig. 2 Indicates the areas occupled by
the two maln soll types at Dorval, one a fluvlal deposit
laid down by the St. Lawrence Rlver which flows nearby, and
the other being composed of boulder clay or glacial till
left by the 1lce ages. The remalnder of the slte consists
chiefly of soll which 1s transitional between the two prin-
-o0lpal types, or of a layer of boulder clay deposited over the
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. fluvial or transil-
N¥§§ tlonal soll types
N during constructlon
operations. Small
areas of sand and
muck solls also oc-
cur.

N T
N
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In Table 3,
a comparison 1is made
between values of
subgrade support un-~
der the pavement
measured at 0.5 inch
deflectlon for the
portions of the run-
ways on the fluvial
and glacial soils.
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Table 3

Comparison of subgrade support at 0.5 inch deflsection
for fluvial and glacial till soils at Dorval airport.

Subgrade support in lbs. at 0.5"
deflection. 30-inch dlameter
bearing plate.

No. of Fluvial Soil Glacial Ti11
Repetitions A-Y4 to A-T A-4 to A-T
of Load Grade Cut Embankment
1 15000 29000 28000
10 13000 24000 23000
100 12000 21000 20000
1000 11500 19000 19000
10000 11000 17000 18000

While both glaclal and fluvial soills fall into the
same renge of P.R.A. classiflcatlon, the glaclal soill con-
talns an appreclable percentage of filne gravel. The average
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plasticity index of the glaclal soll was about 11, and the
average P.I. of the fluvial soll was about 20.

The pedologlcal soll survey furnlshes valuable in-
formation to alrport and highway engineers, by indlcaetlng the
areas occupled by solls wlth different engineering properties.

4, Bvaluation of Field Moisture Content and Density Tests.

During the past four or five years, a number of tech-
nical articles have suggested that all subgrades and base
.courses are llkely to become saturated with time, and that
designs for pavement thickness should be based upon this an-
ticlpated condition.

One objective of the Department of Transport's in-
vestigation, consisted of determining the In-place molsture
contents and densities of the base course, and of each 6-
inch layer of the subgrade to a depth of 18 inches, and fre-
quently to 24 inches below the surface of the subgrade. Large
samples were taken from each of these layers and sent to the
laboratory for various tests, lncluding modified A.A.S.H.O.
compaction. From the test data obtained in place in the
fleld, and on samples sent to the laboratory, the degree of
saturation in place can be determined. 1In addition, the
fleld moisture content of the subgrade can be expressed as
a8 percentage of the plastlc limilt, and of the modifiled
A.A.S.H.0. optlmum molsture. The varlous relatlionships ob-
telned from this informatlon are summarized in Figs. 3 to 5.
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It 1s evident from Fig. 3 that complete saturation of
the subgrade occurred at a relatively small percentage of the
total number of subgrade locations tested. Even 1if all values
above 90 per cent saturation were considered to represent com-
plete saturation, the percentage of locatlions that could be
-gonsldered to be saturated 1s only 21.7 per cent of the total.

Kersten® in summarlizing a study of molsture contents
in highway subgrades, reports that for clay soils the field
molisture content generally exceeds the plastic limit. It is
interesting to note that the reverse has been the case for
the eight alrports with clay subgrades included in thils study.

Flg. 5 indlcates that the fleld molsture content of
the clay subgrades at the elght alrports exceeded the modi-
fled A.A.3.H.0. optimum 1n 71.2 per cent of the locatlons
tested. Figs. 4 and 5 can also be usefully employed when
estimating the probable subgrade molsture content to be ex-
pected under paved runways at & new slte.

5. Plate Bearing Tests.

{a) Equipment

To determine the supporting capacity of the sub-
grades, base courses, and surfaces of the sxisting runways,
repetitive loading with steel bearing plates was employed.
The arrangement of the load testing equipment followed in
general that recommended by the Committes on Flexible Pave-
ment Design of the Highwsy Research Board®.

Four welghted tractor trailer units similar to
that of Fig. 6, and capable of applying loads of from 70,000
to over 100,000 pounds were employed as the source of reac-
tion.

. The arrangement of the equlpment for perform-
ing each load test 1s 1llustrated in Fig. 7. Cilrcular steel
plates 1 inch thick and 30 inches in dlameter were used for
most tests, but a considerable number were performed with-
bearing plates 12, 18, 24, 36 and 42 inches in diameter.
Measured load was transferred from a jacking point on the
traller to the steel bearing plate by means of hydraulic jacks
of 100,000 pounds capacity. Deflections of the bearing plate
vere measured to the nearest 1/10,000 of an inch by means of
two Ames dials graduated in increments of 1/1000 of an inch,
set on the plate near the extremities of a diameter, Fig. 7.
All points of support for elther the tractor-
traller units, or for the deflectlon beam were at least 8
fest from the bearing plate.
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Fig. 6a. Load test unit No. 1. Capacity 150,000 pounds.

Fig., 6b, TLoad test unit No. 2. Ceapacity 80,000 pounds.
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(b) Load Test Procedurs

The load test procedure employed, while following
in general that recommended by the Highway Research Board
Committee on Flexible Pavement Designs, was also governed by
the need for obtaining test data on which the design of
either rigld or flexible pavements could be based, 1if it
should become necessary to reconstruct or extend the runways
at any one or more of the alrports investigated.

It was therefore necessary to employ one loading
of a magnitude which would give a deflection of approximately
0.05 inch, from which the subgrade modulus for rigld pave-
ment design could be determined. Another load, giving s de-
flection of about 0.5 inch was required to provide data for
‘flexlble pavement design. A third load intermediate between
these was used, to give the further Information required for
a oomplete load deflection curve.

Each load was applied and released from four to
glx times. The end polnt for either application or relesse
of each repetition of load was a rate of deflection of 0.001
1nch or less per minute for each of three successive minutes.

Load tests were made on the surface of the pave-
ant, on the surface of the base course, and on the surface
of the subgrade. Fig. 8 illustrates the general arrange-
ment for the grouping of the load tests at each test loca-
tion on a runway, followed in 1945. For load tests on the
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base course, the pavement was removed from & clrcular area
12 feet in dlemeter, and the bearing plate was placed 1n the
centre. For load tests on the subgrade, both pavement and
base course were excavated to the top of the subgrade over a
clrcular area 12 feet in dlemeter, in order that the subgrade
load test would be completely unconfined.

All fleld tests were performed, and both dlsturbed
and undlsturbed samples were obtalned, in the rectangular
sampllng area sltuated between the surface and subgrade load
tests, Fig. 8.

FIG. 8
DIAGRAM SHOWING TYPICAL ARRANGEMENT
OF LOAD TESTS & SAMPLE LOCATIONS
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Since the Department of Transport has no large
central laboratory of 1ts own, arrangements were made to have
the required tests on the disturbed and undisturbed soil sam-
ples performed at the engineering laboratories of the Univer-
sity of Toronto, McGill University, and the University of
Alberta. .

It might be added that for a time the investiga-
tion required more than one hundred employees for the various
phases of work involved in the fleld and laboratory testing.

(¢) Plotting of Load Test Data for Load Deflection

Curves.

To obtain the data needed for the construction
of load versus deflection curves, the following steps were
involved:
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(1) For each repetlition of each load, the deflection was de-

(2)

(3)

termined &t whilch the rate of deflection was exactly 0.001
inch per minute. Thls can be found with sufficlent &ac-
curacy from Inspectlon of the deflectlon data for each
repetitlon of load recorded 1n the fleld note books.

Zero polnt corrections are determlned for both applied
load and deflection. This requires taking into account
the welght of the jack, the pyramld of bearing plates,
etc., and the corrected jack loads at which the deflec-
tion gauges are zeroed at the beglnning of the test. The
load correction may amount to from one to three thousand
pounds.

The zero point correction for deflection 1s obtained
graphically, and occaslonally mey amount to two or three
hundredths of an i1nch. It must be added algebralcally

to the observed deflectlons.

The corrected deflections (at which the rate of deflec-
tion 1s exactly 0.001 inch per minute for each repetition
of each load), versus the logarithm of the number of
repetitions of load 1s plotted for the three corrected
loads on semi-log paper, Filg. 9.
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(%) Flg. 10 was prepared directly from Fig. 9. The curves
from top to bottom represent load versus deflection for
1, 10, 100, 1000 and 10,000 repetitions of load, respec-
tively.
From Fig. 10, data for either rigid or flexible pavement
design can be obtailned for any number of repetitions of
load. The subgrade modulus "k" for rigid pavement de-
sign, can be calculated from the load for 0.05 inch de-
flection, while for flexible pavement design, the load
corresponding to 0.5 inch deflection can be used.

6. Runway Load Test Data Versus Safe Design for Aeroplane
Wheel Loadings.

The maximum wheel loadings which the runways have
been supporting under reasonably Intensive data can be esti-
mated from the traffilc data. Thils estimate 1s somewhat com-
plicated by the fact that the runways also serve as taxiways
at most Canadlen airports. Experlence has shown that a
greater thickness of base and surface 1s required for taxiways
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aprons, and turnarounds, than for runways, for the same aero-
plane wheel loading.

Load test data for any runway may vary by several
thousand pounds between the high and low values. To avold
olther serious over-design or under-design, the load test
value at the lower 25 per cent point (the lower quartilé
point) was adopted as the representative value for each run-
vay. That 1s, the representatlve load test value was greater
than 25 per cent, but smaller than 75 per cent of the load
test results obtalned.

It was found that the lower quartile plate bearing
value (the lower 25 per cent poilnt) at 0.5 inch deflection
for 10 repetitlions of load, provided a load test value that
appeared to be approxlmately equal to the maximum wheel load
which the runways had been supporting under reascnably in-
tensive trafflc. It should be emphaslzed that both wheel
load and representative plate bearing value must apply to
the same contact area.

Further Informatlon mey lndicate that this approach
should be modifled, but slince 1t seems to fit in wilth present
traffic experlence In Canada, 1t 1s employed as the criterion
for safe runway design throughout this paper. It is for this
reason that the data for most of the accompanylng dlagrams
are for 10 repetitions of load.

7. General Informaticn from Load Test Data.

(a) Influence of P/A Ratio on Unit Load Bearing
Capacity.

It has been known for masny years from the work
of early investigators in soll mechanics, and more recently
from the investigatlons of Housel7, Hubbard and Fileld®, Cam-
pen and Smith °°*°, Teller and Sutherland*', Middlebrooks
and Bentramlz, and others, that the size of bearing plate
employed for load tests on solls, materially influences the
magnitude of the unlt load which 1is supported at a given de-
flection. For cohesive soils, the influence of plate size
on unit load 1s frequently expressed as a stralght line graph
when unit load 1s plotted versus the perimeter area (P/A)
ratlio of bearing plates of different dlameters.

It has been suggested recently’®, that the size
of the bearing plate ceases to have any influence on the
msgnitude of the unit load supported at a glven deflection,
if the plate dlameter 1s greater than about 26 to 30 inches.
?rofessor Housel's 1investigatlons on the other hand, have in-
dicated that the straight line graph of unit load versus P/A
retio holds for bearing plates up to at least 40 inches in
diameter, and probably well beyond.
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To obtain further information on thls matter, the
Department of Transport made a conslderable number of tests
with bearing plates 12, 18, 24, 30, 36 and 42 inches in di-
ameter. When the values of unit load are plotted versus the
P/A ratio for these different plates at any given deflection,
graphs similar to that shown in Fig. 1l are obtalned.
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When all of the load tests with bearing plates of
different sizes are considered, there seems to be little
doubt that a stralght lilne relationship exlsts betwesn unit
load support &t & given deflection versus P/A ratio, for
bearing plates with diemeters between 12 and 42 inches, and
probably larger.
These results, therefore, confirm those of Housel -
on the influence of bearlng plate slze on unlt subgrade sup-

port, and are indicated also by the investigations of Campen
and Smith®’*°

ER
393

(b) Ratlos of Loads Supported on Given Bearing Plate
at Different Numbers of Repetitions.

Flg. 12 indicates that a ratio appears to exist
between the load carried at 1 repetitlon of load to that car-
ried at 10 repetitions of load, for & 30-inch dlameter bear-
ing plate at 0.5 inch deflectlion. Similar ratios seem to




CANADIAN INVESTIGATION OF DESIGN 67

120
LEGEND

LETHBRIDGE o
FT.$T JOHN o . /
e GRANDE PRAIRIE x
WINNIPEG -
SASKATOON + -
100 DORVAL . / °
MALTON .
FT. NELSON - -
UPLANDS -
90 REGINA a . /-/
R4
80 —
e
.//
TO0 -
o
P
ot -
60 3
o
.o e
S0 o" Cil
°p
°
-3
40 i -
] l Leir
Lk
0 O T
< 30" DIAMETER PLAE
20
-
7
io ‘1
| |
[+] (K] 20 30 40 50 60 70 80 90 100

LOAD IN KIPS AT 0.5 tNCH DEFLECTION FOR 10 REPETITIONS OF LOADING

FIG.12 LOAD IN KIPS AT 0.5 INCH DEFLECTION FOR | REPETITION VERSUS
LOAD N KIPS AT 0.5 INCH DEFLECTION FOR 10 REPETITIONS

hold for 10 versus 100 repetitions, and 10 versus 1000 repe-~
titlons, over the range from 0.0 to 0.7 inch deflection.
These ratlos are summarized in Table 4, for deflections be-
tween 0.2 to 0.7 inch.

Table 4
Load for "n" repetitions at deflection
Ratio indicated
Loed for 10 repetitlons at same deflec-
Deflection tion
Range Number of Repetitlions of Load
Inches 1 10 100 1000
0.2 to 0.7 1.15 1.00 0.89 0.80

The ratios of Table 4 are convenlent when design-
ing for more limited or for heavier traffic, than the load
indicated for 0.5 inch deflectlon at 10 repetitions of load,
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which 1s employed in thils paper as a criterlon for safe run-
way design.

(c) Ratlos_of Loads Supported on a Glven Bearing
Plate at Different Deflections.

When the curves fer load versus deflectlion for
load tests with the 30-lnch diameter plate on the subgrades
at all ten airports were analyzed, the relationships illus-
trated 1n Figs. 13 and 14 were developed. This information
is summarized in Fig. 15, as an arithmetic graph of the ratio -
of load supported at any deflectlon up to 0.7 inch over load
carried at 0.2 inch deflection, versus deflection in inches.

Fig. 15 indicates that 1f the exact load sup-
ported at 0.2 1lnch deflectlon can be accurately determined
for a 30-inch dlameter plate, the complete load deflectlon
curve can be calculated over the range of deflection between
0.0 and 0.7 inch.
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BEARING PLATES 36,30,24,AND [2 INGHES IN DIAMETER.

Informa-
tion similar to
that in Figs. 13
and 14 has been
assembled for
36-1inch, 24-inch
and 12-inch di-
ameter plates
with very similar
results, Fig. 16.
It may be seen
that the ratilos
for bearing plate
diameters of 36,
24, and 12 inches
do not colnclde
with those for
the 30-inch plate

Similar
Information which
has been devel-
oped for load
tests made on the
surfaces of flex-
ible pavements,
for bearing plate
dlameters of 12,
24, 30 and 36
inches, and for
a deflection
range of 0.0 to
0.7 1nches, is
summarized in
Fig. 17.

(d) Ratios of Loads Supported on Bearing Plates of

Different Sizes at Same Deflection.

In Fig. 18 the total load carried on a 36-inch

plate 1s plotted versus the total load supported by a 30-
inchH plate at a deflection of 0.2 inch.
lationship seems to be indicated.

A stralght line re-

Information similar to that of Fig. 18 was devel-

oped at deflections of 0.05,.0.1, 0.2, 0.3, 0.4, 0.5, 0.6
and 0.7 inches, for 1l2-inch versus 30-inch plates, 18-inch
versus 30-inch plates, 24-inch versus 30-inch plates, 36-
inch versus 30-inch plates and 42-inch versus 30-inch plates.
From this information, the ratio of the unit load supported
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on a plate of glven size over the unit load supported on a
30-inch dlameter plate could be readlly determined for any
requlired deflection.

Knowilng the ratlo of the load supported at one
deflection to that supported at another deflection for a
bearing plate of glven size, e.g., Fig. 15 for the 30-inch
plate, and knowing also the ratlo of the unit load supported
on a plate of one size to the unit load supported on a plate
of different size for a given deflection, 1t 1s a relatively
simple matter to prepare the chart of Fig. 19. This chart
is based upon the 1Bad carried by & 30-inch diameter plate at
0.2 inch deflection as unity, or it could be considered to
be based upon & unit load of 1 p.s.i. on a 30-inch dlameter
plate at 0.2 inch deflection.
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The value of Fig. 19 lies in the fact that if the
unit load supported on a 30-inch diasmeter plate at 0.2 inch
deflection 1s known accurately, the unit load supported on
& bearing plate for any other dlameter over the range of 12 -
to 42 inches and probably somewhat beyond, can be calculated
for any deflectlon between 0.0 and 0.7 inch.
From load tests made on the bituminous surfaces
at the ten alrports, information similar to that of Fig. 19
for subgrades, was obtalned for flexible pavements, Fig. 20.
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8. Yield Point Deflections for Subgrades and Flexible Pave-
ments.

Professor Housel has devised a method for determin-
ing the yleld point of & soil, when load tests have been per-
formed with bearing plates of at least three different
sizes”’2*. Professor Housel defines the yield point, or
bearing capacity limit of & soll, as the meximum load which
8 soll will support without progressive settlement occur-
ring 15718 For loads beyond the bearing capaclty limit, de-
flection increases progressively with time. The yield point
deflection 1s the deflectlion which occurs under the yleld
point load, or bearing capacity limit of the soil.

Professor Housel's method would require too much
space to outline here, other than to state that 1t depends
upon perimeter shear "m", developed pressure "n", and deflec-
tion "d" under each magnitude of load. From data for each of
these variebles, he calculates soll resistance coefficients
L and Kz, where Ky = d/n, and K» = m/n. When K; and Ko
values are plotted versus deflection, the yleld point deflec-
tion occurs at elther a minimum value of the K curve, or at
a maximum value of the Kz curve.

- The dlagrams of Figs. 19 and 20 are susceptible to
analysis by Housel's method, and the results are presented
in Figs. 21 and 22, respectively.
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Flg. 21 indlcates that the yleld point occurs at a
deflectlon of 0.26 inch, where the Ko curve reaches 1ts maxi-
mum. Thils means that the average yleld point deflectlon of
the subgrades for the ten airports is 0.26 inch.

Flg. 22 gives the average yleld point deflection for
the flexible pavements at the ten alrports. It also occurs
at & maximum value of K», and has the value of 0.225 inch.

The very nearly ldentlcal yleld point deflections in-
diceted by Flgs. 21 and 22 respectlvely, could be interpreted
as evidence that the subgrade 1s the weakest element of the
runway structure, and that it is the yleld polnt of subgrade
which established the yleld polnt of the flexlble pavements
at these ten alrports.

g. Base Course Load Support Versus Nature of Base Course
Materials. .

Table 2 1ndicates that the base courses at the var-
lous alilrports tested so far, consist of several materlals,
including pit-run and crusher-run gravel, waterbound macadam,
and mechanical stabllization.

At a conslderable number of test locations for the
different alrports investigated, load tests were performed
on the subgrade, base course, and wearing surface. Load ver-
sus deflection curves were prepared for the load tests on
each of these three elements of the runway structure at each
test location, e.g., Filg. 23. Apart from the data for one
airport, the analysis of these load deflectlon curves has in
general provided no definite evidence that any one of these
“types of granular base course materials 1s superior to any
other type, insofar as load supporting value per inch of
thickness 1s concerned. The U.S.E.D. appear to have obtalned
dats which point to a similar conclusion®’?”

10. Bituminous Surface Stronger than Granular Base.

A study of the load deflectlon curves for subgrade,
base course and surface, Flg. 23, at the different test loca-
tions, showed very definitely that the load carrying capacity
‘of & bituminous surface was greater than that of the various
types of base course per 1inch of thickness. The test data
indicate that for bltumlnous surfaces made with liquld as-
phelts, soft asphalt cements (softer than about 120 penetra-
tion), etc., one inch of thickness has the same load support-
ing capacity as about 1.5 inches of granular base. This
ratio should probably not be applied for greater thicknesses
of these types of pavement than about 4 inches, until justi-
fied or otherwlse for greater thlcknesses by further load
tests.
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For well designed and constructed bitumlnous concretes,
penetration macadam, and sheet asphalt, one lnch of thickness
of these types appears to have the same load carrying capsac-
ity as about 2.5 inches of granular base. Again, however,
this ratio should probably not be applied for a greater thick-
ness of these types of pavement than about 6 inches, unless
warranted by further investigation.

It is to be noted that this informatlion with regard
to the relatlve load carrying capacities of bituminous pave-
ments versus granular bases was obtalned on runways that had
been in service for several years. There has not yet been
an opportunity to learn whether the same ratios would hold
for elther newly constructed or relatively new bituminous
surfaces.

11. Subgrade Load Test Versus California Bearing Ratio.

Oné of the objJectives of the investigation was to
establish relationships between subgrade load tests and cer-
tain simple fileld tests such as the California Bearing Ratio
(C.B.R.), cone bearing, and Housel penetrometer. If these
relationships could be established, subgrade bearing capac-
ity data could be obtained by means of one or more of these
simple fleld tests in place of the cumbersome and costly load
test.
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Fig. 24. Equipment for obtaining C.B.R. Semples.

At all test locatlions, undilsturbed samples were taken
in cylinders 6 inches in dlameter by 6 inches high, Fig. 24,
at depths of 0 to 6 inches and 9 to 15 inches below the sur-
face of the subgrade. They were Ilmmedilately trimmed and
sealed and then shipped to the laboratory for the determina-
tion of C.B.R. values for both fleld and socaked conditions.
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The field C.B.R. values were obtained by testing in
the "as received" condltion. The soaked C.B.R. values were
determined after soakling the samples for four days according
to standard procedure, and with required surcharge.

For the eight alrports where the subgrade consists of
cohesive soll, Table 5 lists the C.B.R. values obtalned for
both field and soaked conditlons.

Table 5

C.B.R. values for both fleld and soaked conditions, for eight
alrports where the subgrade consists of cohssive soill.

C.B.R., Values

Field Soaked
Alrfleld Ave. Max. Min, Ave, Max., Min.
Fort St. John 5.1 15.8 2.3 2.8 4.7 1.1
Grande Prairie 6.1 14.5 2.4 2,2 3.9 1.0
Saskatoon 5.3 . 10.4 2.0 3.6 6.8 1.5
Lethbridge 12.6 25.0 Sk 4,6 Te3 1.8
Dorval 3.9 k.9 2.7 3.1 3.9 2.2
Winnipeg b7 6.8 3.4 3.3 5.3 2.6
Malton 6.6 13.5 2.9 3.5 4.8 2.2
Regina T3 11.2 5.7 3.3 5.0 1.2

The average soaked C.B.R. rating of the subgrades
varied from approximately 2.3 to 4.5 for the elght alrports.

The field C.B.R. values, on the other hand, varied
wilth the actual condltlon of the subgrade soll under the
pavement, and the average ratings ranged from 3.9 to 12.6.

In Flg. 25, the fleld C.B.R. values are plotted ver-
sus actual subgrade support measured for a 30-inch diameter
plate at 0.2 1nch deflectlon, for the varlous test locations
at the elght alrports with coheslve subgrade soils. The
field C.B.R. value employed in each case was the averuge for
subgrade depths of 0 to 6 and 9 to 15 inches.

In arriving at the location of the best average line
through the points of Fig. 25, the data could have been
treated statistically without regard for the different air-
ports to which they pertained. On this basis, however, the
fleld C.B.R. values could lead to seriously overestimating
the actual subgrade support for some of the airports. For
this reason, a different approach was adopted. The position
of the best average line through the data of Flg. 25 was
established on the basls that the subgrade support lndicated
by the curve for fleld C.B.R. values must not exceed the
actual subgrade support determined by & 30-inch dlameter
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plate at 0.2 Inch deflection, by more than about 10 per cent
for any one of the eight alrports. That 1s, the locatlon of
the best average line through the data must not lead to over-
estimating the true subgrade support by more than about 10
per cent when the fleld C.B.R. test 1s employed to measure
subgrade bearing capacity indirectly.

12. Subgrade Load Test Versus Cone Bearing.

Boydrgjihas described a cone bearing test that can
‘be performed rapldly wilth very simple equipment, Pig. 26,
with which he evaluated subgrades for flexlible pavement de-
sign for highways in North Dekota. The cone bearing test 1s
made by loading a standard steel cone with 10, 20, 40 and 80
pounds, in turn, and reading the penetration of the cone
into the subgrade after sach load in succession has been ap-
plied for one minute. From 4 to 6 determinations should be
made on the surface of each layer of subgrade tested in
order to obtaln good average values. Good checks can be ob-
tained and all values that devlate too widely from the aver-
age should be discarded.
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Fig. 26. Equipment for Cone Bearing teat.

In Fig. 27 cone bearing values are plotted versus
subgrade support on & 30-inch dlameter plate at 0.2 inch
deflection for test locatlons at the eight alrports with co-
hesive subgrade scils. The cone bearing value employed in
each case was the average for the three subgrade layers, 0
to 6, 6 to 12 and 12 to 18 inches below the top of the
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subgrade, with the exception that where the value for the O
to 6 inch layer was higher than for the other two, 1t was
discarded and the average was based upon values for the 6 to
12 and 12 to 18 inch layers. This gave better agreement
with the load test data.

The posltion of the best average line through the
data of Flg. 27, was established on the basls that the sub-
grede support lndicated by the cone bearing values curve,
vould not exceed the true subgrade support measured by a
30-inch dlameter plate at 0.2 Iinch deflectlion by more than
about 10 per cent for any one of the elght alrports Included.

13. Subgrade Load Test Versus Housel Penetrometer.

Professor Housel has Investigated the possible corre-
lation of a simple penetrometer test with his own load test
data’*. The penetrometer test equipment"e, Fig. 28, consists
of a sharpened 1-1/4 inch diameter standard pipe, which with
accessories welghs exactly 20 pounds, exclusive of the driv-
ing weight, which also weighs exactly 20 pounds. Stops on
the barrel of the 1-1/4 inch pipe control the height of drop
of the driving welght to exactly 34 inches. The test con-
sists of determlning the number of blows of the 20 pound
driving welght falling exactly 34 inches required to drive
the sharpened pipe 6 inches into the soil. A cardboard strip
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Fig. 28. Equipment for Bousel penetrometer test.

firmly attached to the barrel of the plpe, Flg. 28, 1s marked
with pencll at the beginning of the test and after the pene-
tration of each blow.

Fig. 29 is a graph of Housel penetrometer values ver-
sus subgrade support on a 30-inch diameter plate at 0.2 inch
deflection, for test locations at the eight alrports with
coheslive subgrade soils. The penetrometer value taken in
each case was the average for three subgrade layers 0 to 6,

6 to 12 and 12 to 18 inches below the surface of the sub-
grade.



CANADIAN INVESTIGATION OF DESIGN 83

E LEGEND
O |sop—
w FT.ST.JOHN a
£ GRANDE PRAIRIE x 30" DIAMETER PLATE
a OON + AT 10 REPETITIONS OF LOAD!"
= LETHBRIDGE ° COHESIVE SUBGRAOE SOILS

| DORVAL .
g% WINNIPEG -
o MALTON ®
P REGINA o
«
o0

o
g ] ©
x o o
z . | 1
c % 5 P 7 5 "
; ==l
o
Bleo . o ° . ] ° .
o
w
o s 1t L /
3 . Y Ori®
« s e, e AT
x T S
= Splififzatia® 12 M
® //.3"‘ °
-
i0 5 20 25 30 E2) 40 a5 0

HOUSEL PENETROMETER—NUMBER OF BLOWS FOR 6INCHES OF PENETRATION
FIG.29 SUBGRADE SUPPORT VERSUS HOUSEL PENETROMETER

14, Subgrade Load Test Versus Triaxial Compression Test.

In addltion to field C.B.R., cone bearing, and Housel
penetrometer. tests, a laboratory test was desired, which
could be correlated wlth subgrade bearing values determined
.from load tests on steel bearing plates. The triaxial com-
prosslon test was selected for thls purpose, and a relatlvely
large amount of trlaxlal compresslon test data was obtained
on undlsturbed samples sent in from the fleld.

The data obtalned from a triaxlal compression test
is usually plotted as a Mohr dlagram, which provides informa-
tion concerning the quantities, cohesion "c;" angle of inter-
nal friction ¢, and various corresponding equilibrium values
of vertical pressure V and lateral pressure L.

If the triaxial compression test was to be correlated
vith the plate bearing test, some characteristic value from
the triaxisl test was requlred, which would be as representa-
tive and as quantitatively definite as the cone bearing or
C.B.R. values, for example, are for the cone bearing or
C.B.R. tests, respectively. From the Mohr dlagram, it 1s ob-
vious that this representative value for the triaxial compres-
sion test must come from che cohesion "c," the angle of in-
ternal friction "¢," the lateral pressure "L," the vertical
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pressure "V," or from some combination of two or more of
these varlables.

Flg. 30 1llustrates the geometrical and trigonomet-
rical relationships that are employed for the development
which follows in this section. The two Mohr rupture lines
in Fig. 30, "line A" and "line B," are parallel, but the co-
hesion "c¢" is zero for line B which passes through the ori-
gin. The dlagram has been constructed in such manner that
the two Mohr cilrcles have the same value for latersal pres-
sure, that 1s "L" = "Lo." However, the corresponding verti-
cal pressure "V" for line A 1s greater than the vertical
pressure "Vo" for line B.

The equations required for the following paragraphs
are llisted in Flg. 30. .

When studyling the relationships between the differ-
ent varlables of the Mohr diagram, 1t was found that a rec-
tangular hyperbola resulted if (V-L)/V was plotted versus L,
Fig. 31. This curve conformed to the general equation

(x ~a) (y -b) =K

where each symbol has the significance indicated in Fig. 31,
and K is & constant.
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It was also found that a rectangular hyperbola re-
sulted when (V-1)/V was plotted versus V, Fig. 32, and this
curve was represented by the general equation,

(x) ( -b) =K

where each symbol has the significance indicated 1n Filg. 32,
and K is a constant.

It is obvious that there 1is nothing significant about
the curves of Figs. 31 and 32. However, when log E VLg is
plotted versus log L, the reverse curve graph of Fig. 33 1s
obtained.

(v-L)

The graph of log (fv—) versus log V, on the other
hend, 1s wilthout special significance. It might also be
added that graphs of (V-L)/L versus L, of (V-L)/L versus V,

- V-
of log (Y—I:Ii) versus log L and of log €-L—Lg versus log V, are
Jdikewilse devold of any significant feature.

It was thought that the slope of the reverse curve
of Fig. 33 at the point of inflection might be the sought
after definlte quantitative value provlided by the triaxial
compression test, which could be correlated with the corre-
sponding plate bearing test. The slope of the curve at the
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point of inflection in Fig. 33 1is referred to in the next
few paragraphs as "slope factor 'm'."

The slope of the tangent at any point on & curve is
glven by the first derivative of the equation for the curve.
The lateral pressure "L" at which the point of inflection oc-
curs in Fig. 33, is found by equating the second derivative
of the equatlon for the curve to zero.

' An outline of the equations and mathematical deriva-
tions involved in obtaining expressions for the valuss of the
slope of the curve (slope factor "m") and of lateral pres-
sure "L," at the poilnt of inflectlon, 1ls glven in Fig. 33,
and need not be repeated here.

From the mathematlical equations derived 1n this man-
ner, the value of slope factor "m" can be calculated for sach
Mohr diagram representative of the undlsturbed samples from
each test locatlon. Fig. 34 1s a graph of the values of
slope factor "m" versus loed test results on a 30-inch diem-
eter plate at 0.2 inch deflection for the six airports with
cohesive subgrade soils for which triaxial compression tests
date were obtalned. It 1is apparent that a relatlionshlp
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appears to exist, and a best average line can be drawn through
the points as shown.

Further study of the mathematiocal equatlons indlcated
that slope factor "m" is independent of cohesion "c," and is
entirely & function of the angle of internal friction "¢."
The relationship between slope factor "m" versus angle of
internal friction "¢" is shown in Fig. 35.

Consideration of the information in Figs. 34 and 35
implies that a relationship should exlst between angle of in-
ternal friction "¢" and subgrade support on a 30-inch diam-
eter plate at 0.2 inch deflection, Flg. 36. .

An attempt was made to establish the best average line
through the data of Fig. 36 on the usual basis that the sub-
grade bearing capacity indicated by the "¢" values curve
would not exceed the true subgrade support on & 30-inch diam-
eter plate at 0.2 inch deflection by more than about 10 per
cent for ady of the six alrports. However, because of the
distortion of the curve which this would have required, the
deviation for Regine 1s about 15 per cent.

There 1s obviously no advantage in golng through the
mathematical calculations required to determine slope factor
"m," in order to obtain the corresponding value of the sub-
grade support on a 30-inch dlameter plate at 0.2 inch deflec-
tion, from Fig. 34, when the latter information can be
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determined with ldentical accuracy from Fig. 36 based upon
the angle of internal friction "¢," which can be read off di-
rectly from the Mohr dlagram.

Fig. 37 indicates the relationships for angle of in-
ternal frictlion "¢" versus subgrade support on a 30-inch di-
ameter plate for deflectlons from 0.0 to 0.7 inch. Filg. 37
combines the information of Figs. 15 and 36. Information
similar to that of Fig. 37 can also be prepared for Fleld
C.B.R., cone bearing, and Housel penstrometer tests.

If "L," represents the lateral pressure at the point
of inflection, Fig. 33, and "V;" is the corresponding verti-
cal pressure, it might be expected that relationships should
exist between subgrade support on a 30-inch dlameter plate
at 0.2 inch deflection versus Vi, or versus (V; - Lj), or
versus Ly, or versus (V; - Li)/%i- Graphs of the data for
these relatlionships are given In Figs. 38, 39, 40 and 41,
respectively.

While a relationship might be particularly antici-~
pated between subgrade support on a 30-inch plate versus Vg,
the scattering of date in Fig. 38 indicates that none appears
to exist. This 1s equally true when load test data are plot-
ted versus (V; - L;), Fig. 39.
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A reasonable graph 1s obtalned when L, 1s plotted
versus subgrade suppoﬂ! on a 30-inch dlameter plate, Filg. 40,
but because of the sharpness of the curve, and the flatness.
of the lower portion, it seems less satisfactory as a basls
for design than the relationship between "¢" and load test
data of Flg. 36. On the other hand, the graph of Filg. 40
has the advantage that Ly Includes values of both "¢" and
and "¢" from any Mohr dlagram, and 1t may be of particular
advantage for soft cohesive solls with values of "¢" approach-
ing zero, but having measurable values of "c.”

A very good relationship exists between subgrade sup-
port on a 30-inch diameter plate versus (Vy - Ly)/Vy, Fig.
41. However, in any ratio such as Vi/Li’ or (V4 - Ly)/Vy,
etc., the cohesion "c¢" term cancels from both numerator and
denominator, and the expression is seen to be dependent on
"¢" only. Therefore, (V4 - Ly)}/Vj is independent of cohe-
sion "c¢c" and 1s a function of "¢" only. Consequently, there
1s no advantage in determining the value of (Vy = Ly)/Vy
since a simllar relatlionshlp with respect to load test values

can be determined from ¢, Fig. 36.
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15. Cone Bearing, Housel Pesnetrometer, Fileld C.B.R. and Tri-
axlal Compression Tests Compared.

In Table 6, a comparison 1s made between the load
test data obtailned Indirectly from the best average line
through the field C.B.R., cone bearing, Housel penetrometer,
and triexial compression tests data of Figs. 25, 27, 29, and
36, respectlvely, and the actual load test data provided by
plate bearing tests for each of the elght alrports with co-
hesive solls. Because of the basis on which theilr position
was established (overestimate of subgrade support must not
exceed about 10 per cent for any airport), it is obvious
that the locatlons of the best average lines in Figs. 25, 27,
29 and 36, would fit the data for some airports better than
for others. Table 6 indlcates for each ailrport, the devia-
tion between the load test informatlon obtalned indirectly
from the correlation curves for these four tests, and the ac-
tual load test results determined by plate bearing tests.
Percentages greater than 100 show that the best average curve
for that test has overestimated the subgrade support for that
alrport by the amount of the difference'between the percent-
age glven and 100 per cent. Simllarly, the subgrade support
bhas been underestimated according to the best average line,
wherever the percentage shown 1n Table 6 is less than 100
per cent.

In general, reasonably good agreement 1s indicated
by Table 6, between the actual load test information and the
subgrade support determined indirectly by means of the four
tests. There are two or three alrports 1n the case of each
of these four tests, for which thls agreement 1s poorer than
for others, but 1n only one case 1s the deviation greater
than thirty per cent, and in only filve cases 1s 1t greater
than twenty per cent.

From the right hand column of Table 6, 1t will be
gseen that when the results of the four tests are averaged,
the actual load tests data are approxlmated within 10 per
cent except for Lethbridge and Grande Pralrie. Of even
greater interest 1s the fact that i1f the cone bearing and
Housel penetrometer test deta in Table 6 are averaged, the
results are within 10 per cent of the actual locad test data
for all sirports except Lethbrildge.

In Fig. 42, the cone bearing, Housel penetrometer,
field C.B.R., and ¢ (from the triaxial compression test)
values are plotted versus subgrade support on a 30~inch di-
ameter plate at 0.2 inch deflection for cohesive subgrade
solls. Consequently, Fig. 42 combines into one graph, the
information provided by the best average lines through the
data of Figs. 25, 27, 29 and 36.
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Table 6

Ratlo of load test values given by best average line through
data for cone bearing, Housel penetrometer, field C.B.R., and triaxial
campression tests, versus actual load test values given by plate bearing

tests.
coheslive subgrade soils.

Ratlos expressed as percentages.

Data for eight airports with

Ratio of load test values read from best average line through

data for the following tests véreus actual load test values. Ratios
expressed as percentages.

Cone Housgel Fleld Triaxial Overall
Alrport Bearing Penstrameter C.B.R. Compression Average
Fort St. John 108.1 98.7 109.5 93.3 102.4
Grande Prairie 90.0 96.6 82,2 76.2 86.3
Lethbridge 85.6 64,8 74.8 79.9 75.5
Saskatoon 109.7 109.8 104.6 89.5 103.4
Regina 85.7 101.9 115.9. 113.7 109.3
Winnipeg 78.7 108.2 85,2 86.7 89.7
Toronto 103,8 90.¢ 85.1 - 93.3
Montreal 101.0 - 83.9 87.7 - 90.9



CANADIAN INVESTIGATION OF DESIGN 95

SUBGRADE BEARING CAPACITY-PSI.
ON 30"DIAMETER PLATE
AT 05" DEFLECTION

AT 10 REPETITIONS OF LOAO 9 v = % . S0 6 70 8 % g0 o
SUBGRADE BEARING CAPACITY-PSI.
ON 30"DIAME TER PLATE
AT 0.2°DEFLECTION
Ky
AT IQREPETITIONS OF LOAD e e 20 39 hed %0 50 0
SUBGRADE BEARING CAPACITY-RS).
ON 12" DIAMETER PLATE
AT 0.5" DEFLECTION
AT |0 REPETITIONS OF LOAD ¢ 20 40 60 80 100 120 40 160 80 200 220
SUBGRADE BEARING CAPACITY-PS).
ON 12" DIAMETER PLATE
AT 0.2" DEFLECTION
AT 10 REPETITIONS OF LOAD 9 bd 40 60 80 190 120 140

SUBGRADE MODULUS "k" “in3
ON 30" DIAMETER PLATE

AT 10 REPETITIONS OF LOAD q ¥ I?O I?O 290 2?0 *) 3% ‘p 4? 500 5?0

* FIELD COR%

? $3%.8 & 022 18 6 20 22 23 26 2p
# CONE BEARING-PS.I.
9 % K0 200 300 490 50 600 790 8G0 S0 1000 19O 300
* HOUSEL PEMETROMETER
NO.OF BLOWS FOR 6" PENETRATION |
§ lo B 20 2 30 3P 40 4 50 5B e €
* ANGLE OF INTERNAL FRICTION "9*
FROM TRIAXIAL COMPRESSION TEST
2 0P o 3¢ hid 43 kd

% Averoge valus for top 2 fast of subgrode
FIG.43 RELATIONSHIPS BETWEEN THE MEASUREMENTS OF SUBGRADE BEARING CAPAGITY INDICATED
BY VARIOUS TEST METHODS(FOR GOHESIVE SUBGRADE SOWS)

Fig. 43 consists of a chart which provides relation-
ships between plate bearing tests on a 30-inch plate at de-
flections of 0.2 and 0.5 Inch, plate bearing tests on a 12-
‘inch plate at 0.2 and 0.5 inch, subgrade modulus "k" deter-
mined with a 30-lnch plate, and values of cone bearing,
field C.B.R., Housel psnetrometer, and triaxlal compression
tests, all with reference to 10 repetitions of load on cohesive
subgrade solls.

16. Bituminous Mixture Design by the Triaxial Compression
Test.

A further development of the information for the tri-
axlal compression test presented in Sectlon 14 above, appears
to be applicable to the design of bitumlnous paving mixtures.
Figs. 44 to 51 contain data leading up to this development.

‘ Figs. 44, 45, 46 and 47 illustrate relationships in-
volving Ly and V4, the lateral and vertical pressures respec-
tively, corresponding to the point of inflectlion in Fig. 33.

Flg. 44 shows the relatlionshlp between Lji versus ¢
for several values of cohesion "¢."

In Fig. 45 the graph of Vi versus ¢ 1s given for three
values of cohesion "¢c." Like Ly, the value of Vi depends
upon both ¢ and “c¢."
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The equation for V, can be expressed somewhat more
simply than that glven on the various figures, as shown be-
low,

cos @ (L +sin @ + 1)
l-sing (2sing

In Fig. 46, Sy, Ly, V;y, and (Vy - LiJ are plotted
versus ¢ for a value of coheslon "¢" equal to unity in each
case. 84 1s the maxlmum shear stress at the polnt of in-
flection.

Figs. 44 end 46 indicate that when "c¢" is. constant,
for each value of Ly there 1s only one corresponding value
of ¢. Figs, 45 and 46, on the other hand, show that when
"¢" 1s constant, for each value of Vy; there are two corre-
spondlng values of ¢, provided ¢ 1s greater or less than
13° 39! 16.7", the value of ¢ at which the minimum value of
Vi occurs.

When "c¢c" is constant, it is of interest that while
L4 decreases continually as ¢ increases, Vi decreases as ¢
Increases until it reaches the value of 13.7 after which V
increases as ¢ increases. The reason for this can be readily
seen by reference to Fig. 47, which is a Mohr diagram in
terms of L and V; , with ¢ constant but ¢ variable.

Cohesion “¢c" in Fig. 47 has the valus of unity and
Mohr rupture lines have been drawn for values of the angle
of internal friction ¢ varying from zero to greater than 45°
When ¢ is zero, both Vi and L are infinitely great and are
therefore off the diagram to the right. For values of ¢
from 0° to 13. 7 » both Vi and Lj steadlily decrease as ¢ Iin-
creasss, For all values of ¢ greater than 13.7 , Li con-
tlnues to decrease, whlle Vi, on the other hand, begins and
continues to Increase as ¢ increases from 13.7° to 90°. Con=-
sequently, for any given value of cohesion "¢," the lowest
value of Vj occurs at an angle of 13. 7 » and Vy; 1increases as
¢ decreases toward O or increases toward 90 from this criti-.
cal value of 13.7°.

Fig. 47 demonstrates that for a constant value of c,
the value of (V; - L;) decreases as ¢ deoreases, and vice
versa. It can be simllarly shown that for & constant value
of ¢, (Vi - Li) decreases as c decreases, and vice versa.
Consequently, (Vi - Li) values represent a measure of the
stabllity of a coheslve material being tested by triaxial
compression.

Fig. 4 indicates that (V; - Lj) increases as ¢ in-
creases, when "c¢c" 1s constant, but a point of inflection
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occurs when ¢ 1s equal to 13.70. 33 increases slowly as ¢
Increases over the range of 0 to 50°.

Figs. 48, 49, 50 and 51, are graphs of cohesion "c"
versus angle of internal friction "e¢," for values of Li, Vi,
(Vy - Ly), and Sy, respectively. Fig. 48 indicates that the
curve for each value of Ly rises as "¢" and ¢ are both in-
creased, and a point of inflectlon occurs when 9= 13.7 .

Flg. 49 shows that the curve for each value of Vy
rises as "¢" and ¢ Increase, over the range of ¢ between 0°
and %3.70. Thereafter the curve falls as ¢ lncreases beyond
13.7°.

Flg. 50 indicates that the curve for any given value
of (V; - L) falls steadily as ¢ increases from 0° to 50° and
beyond.

From Filg. 51, 1t 1s ssen that the curve for any value
of 34, the maximum shear stress at the point of inflection,
falls steadlly as ¢ increases from 0° to 50°.

Flg. 52 1s a chart teken from a manusl on the design
of asphaltic concrete recently published by the Asphalt
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Institute®®. The unshaded portion of this chart indicates
the corresponding ranges of values for "¢" and ¢ which as-
phaltic concrete mixtures must possess according to the man-
ual, for satisfactory stabllity and performence when they
are designed by the trilaxlal compression test. The cross-
hatched area of the chart represents those comblnations of
"¢" and ¢ which.are reported to result in the poor behaviour
of asphaltlc concrete pavements.

The single boundary of the dlagram of Fig. 52 between
satlsfactory and unsatlsfactory combinations of ¢ and ¢ for
bituminous mlxture deslgn 1s 1lloglcal, since for certain
projects the stabllity requirements given by this boundary
will be too high, and for other projects will be too low.
The dlagram would have greater value if 1t were zoned into
low, moderate, and high stabllity requirements.

Flg. 53 represents a combination of the information
of Figs. 50 and 52. The (V4 - L4) curves of Fig. 50 have
been superimposed upon the asphaltlc concrete design chart
of Fig. 52. It will be observed that a (V; - L,) value of
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80 p.s.1. coincldes very well with the lower boundary of

Flg. 52. Curves representing lower values of (Vi - Li) than
this lie within the portion of the chart labelled unsatis-
factory. (V4 - L;i) curves for higher values than 80 p.s.1.,
and to the right of the ¢ = 25° ordinate, lie within the area
of the chart consldered to represent satisfactory design.

Fig. 54 comblnes the information of Figs. 48 and 53,
and superimposes graphs for several (Vi - Lj) and Ly values
respectively, on the Asphalt Institute dlagram of Fig. 52.

Every bituminous paving mlxture can mobllize only so
much lateral support against displacement by applied vertlcal
‘loads. For weak mixtures, the inherent lateral support that
can be moblllized 1s probably moderate and for strong bitumi-
nous mixtures 1t may be conslderably greater. The exact
amount of lateral support inherently avallable within each
bituminous pavement in place 1s unknown at present in quantl-
tative terms, but might be determined from its performence
under traffic, coupled with triaxial compression test studles
of samples from the pavement.

Figs. 53 and 54 Indicate that stability requirements
for bituminous paving mixtures could be very satisfactorily
zoned in terms of (Vi - Ly) values. For example, & (V¥ - Lq)
value of 80 p.s.i. might be adequate where average stability
vas required. A (Vy - Ly) value of 120 p.s.i. might however



104 McLEOD

be requlred wherever there was much starting and stopplng of
motor vehicles, as at stop lights, bus stops, etc.,, while for
pavements. for secondary roads, a (V; - Lj) value of 40 p.s.i.
or less might provlide adequate stabllity under traffic. The
(V4 - Ly) value representing the minimum stability that could
be tolerated for the pavement on a gilven project could be
speclfied, and thse curve for thls value would establish the
boundary between satlsfactory and unsatisfactory stabilities
for that project. The only limitation on this boundary,

((V{ - Ly) curve), would exlst on the left hand slde, and
would be marked by the intersection of the (Vi - Ly) curve,
with the curve for the Lj value corresponding to the maximum
lateral support that could be mobllized within the pavement
in place under expected trafflc loads when 1ln 1ts most criti-
cal condition, (probably its highest summer temperature).
This L4 value might frequently be to the left of the vertil-
cal boundary shown in the Asphalt Institute dlagram, Fig. 52.
The critical L4 value could be expected to vary from project
to project depending upon the maximum lateral support that
could be mobilized within the pavement In place, and 1t would
probably also vary with the (V4 - Li) value specified or
adopted for the paving mixture.

Bituminous mixtures having combinatlions of ¢ and ¢
(giving higher Li values) to the left of thils critical L
value for each bituminous pavement in place, would be satis-
factory in themselves, but would tend to be unsatisfactory
in service for the project In question in each case, because
they could not mobillze sufficlent lateral support to develop
the minimum (V4 - L;) value specified for stability. The
Justification or otherwise for sharply defining the critical
value of Ly to be adopted for each paving project can only
be establlshed as the result of consi¢erable investigation,
since calculations indicate that a conslderable decrease in
lateral support does not markedly or rapidly lower the (Vv - L)
stabllity value of the paving mixture. That 1s, the stabllity
of a bituminous mixture 1ln place does not appear to be criti-
cal with regard to apprecilable changes in the amount of lat-
eral support which it can moblllze under traffilc loads. The
stabllity appears to depend much more critically upon changes
in the (Vi - Li) values specifled for design, than upon mod-
ifications in the degree of inherent lateral support that can
be developed by the pavement.

It is believed that Ly and (Vy; - L) curves similar
to those of Fig. 54, obtained from the triaxlal compression
test, represent a loglcal and useful method for the design
of the stabllity requirements for bituminous paving mixtures.
However, conslderable investigation 1s needed to measure the
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maximum velues of lateral support L4 that can be developed,
and the corresponding minimum (Vy; - L;) values required for
-stabllity, under different magnitudes of wheel load and var-
ious intensities of traffic. This involves observation of
the performance under traffic of various bltuminous surfaces
having a wide rangs of ¢ and ¢ values, and the study of sam-
ples of these pavements by means of ths triaxlal compression
test.

It should be noted that a dlagram somewhat similar to
Fig. 54 for designing the stabllity for biltuminous mixtures
could also be prepared on the basis of 33 values, Fig. 55.
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17. Selection of Base Course Materials by the Triaxial Com-
pression Test.

It was pointed out 1n Section 9, that for similar
relative density and molsture conditions, different types of
granular bases may have the same supporting capacity per unit
of thickness. If this 1s substantiated by further investiga-
tion, 1t means that there 1s 1little or no difference in the
abllity of a gilven thickness of different types of granular
bases to distribute an applled load over the subgrade. A
much wider range of granular materials, including sands,
might therefore functlon satisfactorlly as base courses than
1t has bsen considered advisable to use 1In the past.
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In addition to providinglthe necessary thickness how-
ever, & base course material must be able to develop adeguate
shear reslistance against the shearing stresses imposed by the
applied load. The highest shear stresses occur nearest the
loaded area, and it 1is for this reason that the best granular
materials are usually specified for the top layer of the base
course. If the base course has sufflclent thlckness, the
shearling resistance of the subgrade will not be exceeded.

In Fig. 56, the shear stress trajectories under a
loaded area are Ilndlicated. If the shearing resistance along
the full line in Fig. 56 were exceeded, base course material
under load would move laterally and upward along thls tra jec-
tory, leading to rutting and probable fallure.
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Fi10.56 DIAGRAM OF SHEAR STRESS TRAJECTORIES UNDER A LOADED AREA

The shearing resistance of base course materials can
be determined by the triaxlal compression test. Those with
measureable cohesion can be evaluated by means of Flg. 55,
in vhich the different degrees of stability under load are
zoned in terms of Sy and L4 values. For projects or portions
of the base course subject to large shear stresses, a base
course material with a high value of S; should be specified,
and for locations where shear stresses are lower, & material
with a lower S84 value could be stipulated. Each 33 curve in
Fig. 55 would be bounded toward the left hand side by the Ly
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curve corresponding to the maxlimum lateral support that could
be mobllized within the base course 1n place under traffic
loads, when in 1ts most critical conditlon, (probably the
highest moisture content anticipated).

Base course materials having combinations of ¢ and ¢
glving the higher Lj values to the left of this critical Lj
value for each base cour8e in place, would tend to be unsat-
isfactory in service, because they could not mobilize suf-
flcient lateral support to develop the minimum S, value spec-
ified for stabllity. Howevew, calculations indicate that a
consliderable decrease in lateral support does not merkedly
or rapldly lower the Si1 stabllity value of a base course ma-
terial possessing measureable cohesion. That 1s, the stabil-
1ty appears to be much more critical with regard to changes
in the S; values specified for design, than upon modifications
in the degree of 1nherent lateral support that can be mobil-
ized within the base course (with cohesion) in place.

The stability requlrements for base course materials
with measureable coheslion could also be zoned in terms of
(Vi - Li) values, Flg. 54, after the manner descrlbed for
bituminous mixtures in Section 16 above.

For base course materials having no measureable co-
heslon, Fig. 55 could not be employed. The shearing reslst-
ance of these as glven by the Coulomb equation

8 =n tan ¢

depends upon the normal pressure n and the angle of internsl
friction ¢. For any glven highway or alrport project and
wheel loading, the normsl pressure (from load, confining in-
fluence, etc.) on the base course might be consldered to be
constant and independent of the nature of the granular base
course materiasl, as a first approx tion. The shear strength
or stabllity of granular base courses wilthout cohesion would
then vary directly with the magnitude of the angle of inter-
nal friction ¢ of the varlous materials. This angle can be
determined by means of the triaxial compression test.
A study should therefore be made to determine the

34 and Ly values for base course materials with cohesion,
and the values of ¢ for base course materials without cohe-
slon, that are required for resisting the base course shear-
ing stresses developed under different magnitudes of wheel
load, and various intensitles of traffic. Thils would involve

observation of the performance under traffic of various base
' course materisls having & wide range of ¢ and ¢ values, and
the investigatlon of samples of these materlals by means of
the triaxial compression test.
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There was no evidence of base course shear fallure at
any of the alrports tested so far, in splte of the different
base course materlaels employed. Consequently, a much wider
range of granular materials may functlon satisfactorlly as
base courses under the varlous range of loadings and traffilc
to which hlghways and alrport runways are subjected, than 1s
favoured at the present time. This applies particularly to
sands and poorly graded gravels, which sultable tests might
indicate are either satisfactory by themselves, or that they
would be after admixture with a different granular ingredient,
a filler, or other inexpensive materlal.

Evaluating in a quantitative manner, the requirements
of granular materlals for base courses, and the various 1in-
expensive methods for improving the performance of otherwise
unsatisfactory granular materials, has not received the re-
search which the economic importance of base course materilsals
to highway and alrport englneers both justifies and demands.

18. Evaluation of lLoad Test Dates for Flexible Pavement Design.

In Flg. 57 the surface load carried by a 30-inch di-
ameter plate at 0.5 inch deflection has been plotted versus
subgrade support on a 30-inch dlameter plate at 0.5 inch at
the same test locatlon, for all load test sites on the run-
ways at the elght alrports with cohesive subgrade solls.
Since the thickness of base course and-wearing surface varied
from about 6 inches to about 24 inches at the different test
locatlions, the data of Flg. 57 have been corrected to an
overall thickness of 12 inches on a simple proportionate
basis.

Line "B" of Fig. 57 has been drawn at en angle of 45°,
and represents on either axis, the load carried by the un-
confined subgrade on a 30-inch diameter plate at 0.5 ilnch
deflection.

Line "C" represents the best average line through the
points of Flg. 57 and indicates, on the ordinate axls, the
load carried by a 30-inch diameter plate on the surface of
the runway (corrected thickness 12 inches) at 0.5 inch de-
flectlion versus the corresponding subgrade support at 0.5
inch deflectlon on the abscissa.

Line "Q" has been drawn parallel to line "B" and has
the significance indicated below.

The followlng comments ere made with regard to Fig.
57:

(1) In general, the points fall along & straight line, line
C, passing through the origin,

(2) If the points had fallen along line B in Fig. 57, it would
have meant that the base and wearing surface contributed
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nothing to the load supporting capaclty of the structure.
That 1s, the load carrying capaclty at 0.5 inch deflec-
tion, would have been no higher than that of the sub-
grade at this deflection. This, of course, would not be
expected.
Line Q indicates a locatlion of the best average line
through the poilnts, that might have been expected on the
agsumption that 12 inches of & glven base and surface
would increase the load carrylng capaclty of a runway
by exactly the same amount, regardless of the strength
of the subgrade. That is, 1if 12 inches of a given base
and surface lncreased the overall carrying capaclty of &
runway by 16,000 pounds when the subgrade support at 0.5
inch was 20,000 pounds, line Q indicates that this 12
inches of base and surface would likewlse Increase the
overall carrying capaclty by 16,000 pounds whether the
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subgrade support were only 10,000 pounds, or 5,000 pounds,
or 40,000 pounds, or any other value. Most of the
theorlies and equations proposed 1n the past for the re-
quired thickness of flexlible pavements are 1lmplicltly

or expllcitly based upon this assumption.

Fig. 57 demonstrates very definitely, however, that this
1s not the case, for there 1s no tendency for the points
to fall slong line Q, or along any other line parallel
to line B.

On the other hand, Flg. 57 indlcates very clearly that
the points tand to fall along line C which pesses through
the origin.

The most notable conclusion to be drawn from Fig. 57, 1is
thaet the increese 1ln overall load carrying capacity pro-
vided by any glven thlckness of flexlible base and sur~
face varies directly with the load supporting value of
the subgrade upon which 1t is placed, when the bearing
capaclty of both subgrade and pavement are measured at
the same deflectlon by bearing plates of the same diam-
eter,

This conclusion appears to be reasonable after studying
Fig. 57 since line B and 1line C both start from the
origin and diverge instead of running parallel.
Consequently, 1f 12 lnches of a given flexible base and
wearing surface adds 16,000 pounds to the carrylng capa-
city of a subgrade that supports 20,000 pounds at 0.5
inch deflection, the same thlickness of base and surface
will add 32,000 pounds to the carrylng capacity of a
subgrade supporting 40,000 pounds, but only 8,000 pounds
to the carrying capacity of a subgrade supporting 10,000
pounds. .

This means that the load carrying capaclty of a given
thickness of base and surface 1s doubled 1f the subgrade
support 1s doubled, but is halved when the subgrade sup-
port becomes only one-half as great, etc.

Fig. 57 emphasizes the value of increasing the strength
of the subgrade under flexlble pavements. Not only 1s
the load supporting capaclty of the subgrade ltself inr
creased, but the load carrying value of the base and sur-~
face per unlt of thlckness varles directly with the
strength of the subgrade, and doubles when the subgrade
support 1s doubled.

The work of other Ilnvestigators has been studled for

confirmation, or otherwlse, of the princlpal conclusion to
be drawn from Flg. 57, that the load carrying capacity of a
glven thickness of base and pavement varles directly with
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the strength of the subgrade upon whilch it 1s placed. It has
been demonstrated elsewhere®® that indications of agreement
cah be obtained from the investigetions of others®’i0s2%,

It would be interesting to know whether or not a
gomewhat similsr conclusilon could be developed from plate
pearing tests oh rigid pavements (particularly of the unrein-
forced type) and on the underlying subgrades, or 1if 1t is
restricted to flexible pavements and hases. No data are
avallable from this investigatlon to check the possible ap-
plication of thls conclusion to rigid pavement design.

19. Influence cf Bearing Plate Size on Surface Loed Versus
Subgrade Support.
In Fig. 58, the influence of the slze of bearing
plates 30 inches and 12 inches 1n diameter on the ratio of
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the load carried by the surface at 0.5 1nch deflectlon versus
that supported by the subgrade at 0.5 inch deflection is
given for Regina Airport. Fig. 58 indicates that the best
average line through the origin, and through the points for
the 30-inch plate, 1s also quite representative for the loca-
tion of the points for the 12-inch plate. Thls means that
the relationship between surface load and subgrade support
as determined by a 12-inch plate 1is the same as that which
would have been indicated by the 30-inch plate for a weaker
subgrade, other conditions remaining the same.

Data similar to those of Fig. 58 are provided by
Fig. 59 for Lethbridge airport for bearing plates 12, 18, 24,
30, 36 and 42 inches in diameter. Again the best average
line through the origin and through the polnts for the
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30-inch plate 1s, generally speaking, a reasonably represent-
ative line through the points for the other bearing plate
slzes &lso. Consequently, the relationshlp between surface
load and subgrade support determined by bearing plates of
different sizes, corresponds to that for a 30-inch diameter
plate for the same pavement and base, but on a stronger sub-
grade for larger plate sizes or on a weaker subgrade for
smaller plate slzes. Or expressed somewhat differently, the
relationship between surface load and- subgrade support estab-
lished by a 30-inch dlameter plate holds for bearing plates
of different dlameters all other conditions being the same.

Confirmetion of this trend has been developedZ® from
some date of Campen and Smith®.

20. A Method of Design for Thickness of Flexible Pavements.

One of the principal objectives of the Department
of- Transport's Investigation was to develop & method of de-
slgn based upon the load test data which had been obtailned,
that could be employed wlth reasonable confldence to estab-
lish the overall thlckness of flexlble base and surface re-
quired to carry aeroplane wheel loadings of any magnitude.

From the load test informatlon obtained for each of
the alrports included in this investigatlion, an estimate of
the load supporting capacity of the exlsting runways at each
airport can be very easily made. For heavier wheel losads
than these, greater thicknesses of pavement and base course
are required. The problem of design therefore, econsists of
determining & method for extrapolating the test data obtalned
for the present runways, which will indicate the thlcknesses
requlired for aseroplane wheel loads of any magnitude.

It was demonstrated in Fig. 57, that the carrying ca-
pacity of a given thlckness of base course material varles
directly with the strength of the subgrede upon which it is
placed. This observation can be developed Into an equation
for designing the thickness of flexlble base and surface re-
quired to carry a wheel load of any magnitude.

Fig. 60 can be used to Indicate the fundamental prin-
ciple of thils method of design. The load carrylng capacity
at 0.5 inch deflection of the first 6-inch layer of base
course in Filg. 60, 1s normally greater than that measured on
the surface of the subgrade at the same deflection., If the
first 6-inch layer of base course 1s now considered to be
the subgrade for the second 6-inch layer, all other condi-
tions being the same, the load carrying capacity of the
second layer will be greater than that of the flrst, sinte
it rests on a stronger subgrade. Similarly, the load sup-
porting capecity of a third 6-inch layer of base would be
greater than that of the second, etc.
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Fig. 61 has been prepared to develop this principle
into a simple mathematical equation.

The diagram of Fig, 61 has been drawn on the basis
of three assumptions, of which the f£irst two are the two
conclusions to be drawn from the data of Fig. 57 that have
already been pointed out:

(1) A given thickness of base course has an increasingly

greater load carrylng capacity when placed on successively

stronger subgrades, and vice versa.

(2) The increasingly greater load carrying capacity of a
given thickness of base course, when it is placed on
successively stronger subgrades, or vice versa, can be
expressed as a linear relationship when applied load on
the surface of the base 1s plotted versus subgrade sup-
port, line C of Fig. 57.

The first conclusion a4bove from Fig. 57 implies the
assumption that has already been stated with regard to Fig.
60, and which is also required for the preparation of the
disgram of Flg. 61, namely:

(3) A layer of gilven base course of specified thickness,
normally has a greater load carrying capaclty than the
subgrade upon which 1t is placed. A second layer of
base course of the same thlckness willl therefore have
a greater load carrylng capaclty than the first layer,



CANADIAN INVESTIGATION OF DESIGN 115
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since 1t rests on a stronger subgrade (the first layer).
The third layer has a greater carrylng capaclty than the
second because 1t in turn rests on a stronger subgrade
(the second layer) than the second layer, etc.

It 1s to be noted that the load supporting capacltles
of both subgrade and base course refer to the same deflectlon
and same contact area, It 1s to be also observed that the
subgrade support 1n all cases, 1s the load indlcated by an
unconfined load test on the layer in question, and this may
be quite different from the actual subgrade support furnished
to any layer that is afterwards superimposed. Soll mechanilcs
is unable as yet to provide rellablse information on this lat-
ter aspect of the problem.

In the diagram of Fig. 61,

(1) Line 0 P drawn at a slope of 45° gives the value of the
subgrade support for any given contact area and any
specified deflection N, on either axis,
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Polnt A represents & glven magnitude of subgrade support
S for a coheslive soll.

Point B represents the applied load Pi (for the given
contact area and deflection N) carried by a layer of
base course of thickness t, over the subgrade with sup-
porting value 8.

Line 0 Q 1s drawn through polnt B. B C 1s drawn horlzon-
tally and B A vertically from B.

Since O P has a slope of 45°, 1t follows from geometry
that A B 1s equal to B C, and therefore P; 1s equal to
S1. Point C therefore, represents the supporting value,
Py = 81, of a base course of thickness t.

C D 1s drawn vertically to 0 Q from C.

The load carrying capaclty P2 of a base course of thick-
ness t placed on subgrade support 8; (point C), is given
by point D.

(Prom essumption No. 2 above}.

Bearing ocapaclty Pz (point D), is therefore the load
carried by a base course of thickness t plus t, or 2%,
since point C represents the supporting value P; of the
first layer of thlckness t.

However, the subgrade support for the base course of
thickness 2t 18 S, at point A,

D', the intersectlon of the vertical extension of A B,
and of the horizontal through D, therefore represents
the value of the appiled load Pz, which can be carried
by & base course of thickness 2t over subgrade support S.
D E 1s drawn horizontally through D.

From geometry, A D' 1s equal to D' E, and Pz 1s there-
fore equal to Sz, point E.

Consequently, point E represents the supporting value,
P> = Sz, of & base course of thickness 2t.

EF is drawn vertically to 0 Q from E.

The bearing capacity Ps of & base course of thickness t
placed on subgrade support Sz (polnt E), is given by
point F. (From assumption No. 2 above).

The bearing capacity Ps, (point F), is therefore the load
carried by & base course of thickness t + 2t, or 3t,
since point E represents the supporting value Pz of &
layer of base course of thlckness 2%.

However, the subgrade support for the base course of
thickness 3t 1s 8, at point A.

F", the intersection of the vertical extension of A B,
and of the horizontal through F therefore, represents
the value of the applied load Ps, which can be carried
by a base course of thickness 3t when placed on subgrade
support 8.



CANADIAN INVESTIGATION OF DESIGN 117

(15) Incidentally, F! represents in turn, the load Pg which
could be carried by & base course of thickness 2t, if
the subgrade support were S;.

(16) Lines O R and 0 8 have been drawn through points D' and
F', and through F", respectively.

.{17) The above procedure can be followed to determine the
bearing value, P, , of n layers of base course, each of
thickness t, over subgrade support S.

From the geometry of similar triangles in Fig. 61,
BJ DK _PFL
AJ CK EL
That 1s, from what has gone before,

- = - = = gte. (l)

Ba B2 _Ps______ B __FP (2)
S S1 Sa Sn-1 Sp-1

where,

S - subgrade .support of originsl subgrads.

33 - subgrade support given by first layer of base
course of thickness t, when placed on subgrade
support S.

Sz - subgrade support given by filrst two layers of
base course each of thlckness t, placed on sub-
grade support S,

etc.

P1 - load carrying capaclity of first layer of base
course of thilockness t when placed on subgrade
support 8.

P2 - load carrying capacity of first two layers of
base course of everall thickness 2t, when placed
on subgrade support S.

P, = P - load carrying capacity of base course of n layers
each of thickness t, when placed on subgrade sup-

port 8.
but from what has gone before,
P1 = 81, P2 = 82, Ps = 83, oto. (3)
therefore, substituting in (2)
Pa=Ra=~Pa= _____ B_-F (4)
3 Py P2 Pp-1 Pp-1
from which

Pz = Egi (5)
3
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And 1t follows from substituting (5) in (4), that

Ps _Pa _Pu
Pz P;z S (6)

S

425

Dividing through by S glves

- (5 - () (8)

It can be similarly shown that

or

g‘L = (%‘)‘ (9)
or
- & (o)

where P = |, , the load carrylng capaclty of n layers of base
course each of thickness t, when placed on a coheslve sub-
grade of supporting value S.

It follows that the overall thickness of hase course
T required to carry applled load P over subgrade support S
is,

T=nt (11)
where n = number of layers each of thickness t.

If the layers of base course are considered to be
l-inch thick, equation (10) becomes,

% = <—§l)T (12)

= (1_05;(_;1/5——,) (log (P/3) ) (13)
Since Py 1s the load carried by a base course of
unlt thickness when placed upon & given subgrade support S,
1ts value could be expected to vary with the composition,
molsture content, and density, of the base course material.
It was pointed out in Sectlon 9 however, that for similar
conditions of moilsture content and density, there is no

or
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definite evidence that any one type of granular base has a
greater supporting value per inch of thickness than any other
type. If 1t 1s assumed therefore, that base courses are
placed and functlion under simllar conditions of compaction,
the expression log (P,/S8) could be considered a constant,

and equation (13) would become,

T = K log P/S (14)

where
K

1/10g (P./S).

A further discussion of the value of the expression
1/log (Py/8) from equation (13), 1is given in Section 27
below.

21. Eveluating Constant K in Design Equation (14).

Before equation (14) can be utilized for design, an
average value, or a serles of values must be determined for
the constant K. Figs. 62, 63, and 64 have been prepared for
this purpose. The data of these three figures all pertain
to 0.5 inch deflectlion, 30-ihch dlameter bearing plate, and
cohesive subgrade solls.

In Fig. 62, total applied load 1s plotted versus sub-
grade support for base courses 7 inches thick. The actual
thickness in each case varied from about 5 to 9 inches, but
the data were corrected on the basis of simple proportion
to apply to a thickness of 7 inches.

In Fig. 63 information similar to that of Fig. 62 is
glven for bass courses of 14 Inches in thickmess. For this
disgram, the actual thickness of base course in the field
varied from 12 to 16 inches, but the load test data have
been corrected on & proportionate basis to apply to & thick-
ness of exactly 1l inches.

A base course thickness of 21 lnches has rarely been
employed for alrport runway construction in Canada, and it
was necessary to obtain the infcormation for Fig. S4 somewhat
indirectly, on the basls of surface load tests for all test
locations where the overall thickness of base and wearing
course was I1n the vicinity of 18 inches. The thickness of
thebltuminous wearing surface at these test locations was
usually from 5 to 6 inches. It was pointed out previously
in Section 10 of this paper, that one inch of bituminous
pavement containing liquid asphalt or soft asphalt cement
binder, was found to have the same load supporting capaclty
‘as about 1-1/2 inches of granular base. Applying thls prin-
olple to the load test data for 18 inches of pavement and
base, gave the load test data in terms of granular base 21
inches in thickness, which appear in Fig. 64,
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The straight line relationships through the data of
Figs. 62, 63 and 64, were establlished by means of trial and
error, end represent & value of K = 65. It will be observed
that they filt the data very well. 1In each case therefore,
the stralght line relationships through the points of Figs.
62, 63 and 64, represent the design equation,

T = 65 log (P/8) (15)

It 1is to be observed that equation (15) represents
the particular case of equation (14) in which the value of
K = 65.

22, Deslgn Curves for Thickness of Flexible Pavements for
Runways.
The thlckness requirements of equation (14) have been
indicated graphlcally in Flg. 65, to illustrate the influence




122 McLEOD

80

—TT7 7
& @ 8 ®
5 be / /k /\-
, / y /
g, L/
z / | /
o . AT 10 REPETITIONS OF LOAD
! /
g 7
=
g /
= /}/ /
w
5
a)
8l w0 —
5 1SN Tl
[«]
8

/ T: K LOG P/S
on WHERE

Ts OVERALL THIGKMESS IN INCHES 1

T
Ps APPLIED LOAD IN XIPS AT DEFLECTION"N"
/ SeSUBGRADE SUPPORT IN KPS AT DEFL."N*

LOG PrS £

FIG65 GRAPH OF OVERALL THICKNESS VERSUS LOG P/S

on required thickness of different values of K. For base
courses constructed at Canadian alrports up to the present
time, the best average value of K for design appears to be
65, Figs. 62, 63, and 64. This 1s indicated by the contin-
uous line labelled K = 65 in Fig. 65. The influence of threse
other values of K on the required thickness of granular base,
has been shown by means of the broken lines in Fig. 65.

While Fig. 65 ilndicates the required thlckness of
granular base for any combination of applied load and sub-
grade support by means of a very simple graph, this informa-
tion can be expressed somewhat differently through the use
of other graphs. Fig. 66 consists of a chart of curves show-
ing the required thiclmesses of granular base versus subgrade
support at 0.5 1nch deflection for a wide range of aeroplane
wheel loads for airport runways.
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{FULL LOAD ON SINGLE TIRE)

The thilckness requirements of U.S.E.D. design curves
for different aeroplane wheel loadings over subgrades with
soaked C.B.R. ratings of 3 and 4.5, are indicated on the
curves of Fig. 66, by means of circles and crosses, respec-
tively. The cross-hatched portion of Fig. 66 gives the range
of thicknesses Indicated by design equation (15) for 8
Canadian airports at which the average soaked C.B.R. ratings'-
of the subgrades varied from 2.3 to 4.5. It should be re-
ocalled that the designs represented by the curves of Fig.

66 are based upon 10 repetitions of load, and a subgrade de-
flection of 0.5 inch. '

It will be noted that the thickness requirements for
runvays indicated by load tests made at Canadian airports,
and based upon observed traffilc performance over & period of
several years, are materlally less than those specified by
U.8.E.D. design. Quantitatively speaking, the combined load
test and traffic Information obtained during this investiga-
tion shown that runways with thicknesses of base and surface
.varylng from about one-third to about four-fifths (depending
upon climate, depth to water table, etc.) of those requlred
by U.3.E.D. design, have been functioning satisfactorily in
Canada.

The broken lines on the extreme left and extreme
right of Fig. 66, indicate the thicknesses that would be
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required on the basis of the lowest and highest subgrade
plate bearing values respectively, that were found for the
elght airports with cohesive subgrade solls. These values
were too far out of line with the others, to be Iincluded
when evaluating the subgrade support for the alrports at
which they occurred.

In Fig. 67, the thickness design curves of Fig. 66
have been drawn on the basls of the four tests, cone bearing,
Housel penetrometer, field C.B.R., and triaxial compression.
Fig. 67 represents the combined information of Figs. 16, 42
and 66. Fig. 67 makes it possible to deslgn the thickness
of base course and surface requlred for runways, upon the
basls of the rating of the subgrade as measured by one or
more of these simple tests.

23. Thickness Deslign Curves for Taxiways, Aprons and Turn-~
arounds.

The thickness design curves of Flgs. 66 and 67 can
be employed to determine the required thickness of base
course and surface for any aeroplane wheel loading for run-
ways, except for the turnaround areas at each end, where thse
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alrcraft turn and pause before take-off. They are based upon
0.5 inch deflection and 10 repetitions of load as determined
by plate bearing tests, since these criterila seem to fit in
very closely with the performance under traffic of the var-
ious runways tested.

When these airports were constructed, the taxiways
and aprons were of the same thickness and general construc-
tion as the runways. In & large number of cases, the taxi-
ways and particularly the aprons, showed signs of distress
under alrcraft trafflc, after a time. The taxiways were
strengthened by the use of a greater thickness of base or
by employing rigid pavements, and many of the aprons when re-
constructed were provided with a rigld pavement. In some
cases, elther during construction or afterward, the runways
were provided wlth rigld pavements for the turnaround areas
at each end of the runway.

It 1s obvious, therefore, that the thlcknesses of
base and flexlible surface whlch are satlsfactory for runways,
are usually inadequate for taxlways, aprons and turnarounds.
Published reports indicate that this has been wildely observed
olsewhere. .

The problem which presents itself therefore, 1s how

to arrive at the greater thickness of base and flexible sur-
face required for taxlways, aprons and turnarounds, as com-

pared with the thickness established for the runways at any

alrport site.

It 1s believed that Figs. 21 and 22 provide a rational
approach to this problem.

It seems reasonable to sexpect that the wheels of a
standing aircraft will settle steadily Into & runway if the
Yield point of the overall structure, and more particularly
if the yleld point of the subgrade, 1s exceeded.

Figs. 21 and 22 Indicate that the average yleld
points of the overall runway structures and of the underly-
ing subgrades, occur at 0.225 and 0.26 inch, respectively.
Since these two values check each other so nearly, it 1s be-
lieved that they both represent the yield point of the sub-
grade. The actual yleld point therefore, might be conserva-
tively taken as the lower of these two values, or 0.225 inch.

Consequently, 1f runway design for flexible pavements
1s to be based upon the subgrade supporting value for 10 rep-
etitions of load at 0.5 inch deflection, since this ties In
with Canadlan traffic experlence, 1t seems reasonable to base
the thickness design for taxiways, aprons, and turnarounds,
on the supporting value of the subgrade for 10 repetitions of
load at_0.225 inch deflection, the average yleld point de-
flectlon of the pavement.
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Fig. 68 gives the thickness design curves for & num-
ber of aeroplane wheel loadings for runways, and for taxiways,
aprons and turnarounds, respectively, based upon plate bear-
ing tests. The curves for runway design are ldentical with
those of Fig. 66, and are based upon the design equation
T = 65 log (P/S) for 0.5 inch deflection. The curves for
taxiway, apron, and turnaround deslgn are those given by this
same design equation but based upon 0.225 inch deflection.
Both sets of curves can be plotted on the same dlagram, Fig.
68, since there 1s a constant ratio between subgrade support
at 0.5 inch and at 0.225 inch deflectlion for each individual
size of besaring plate, Fig. 16.

Fig. 69 also gives thickness design curves for run-
vays, and for taxiways, aprons and turnarounds, but in terms
of the four tests, cone bearing, field C.B.R., Housel Pene-
trometer, and triaxial compression. The curves for runway
design are identical with those of Fig. 67. Those for taxi-
way, apron, and turnaround design, are based upon & deflec-
tion of 0.225 inch, and have been derived by reference to
Figs. 16, 42, and 68.

It 1s to be observed that the thickness design curves
of Figs, 68 and 63 refer to the thicknesses of granular base
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required. It was pointed out in Section 10 above however,
thaet l1-inch of a bituminous pavement containing & liquid as-
phalt or soft asphalt cement binder, appesars to have the load
supporting capacity of about 1-1/2 inches of granular basse,
and that this ratio seems to be about 2-1/2 for well designed
and constructed asphaltic concrete, penetration macadam, or
sheet asphalt. The maximum thicknesses of bitumlnous sur-
face to which these ratios can apply, should be taken as 4
inches for the former type, and 6 inches for the latter, un-
t1l more test data affirms that they may be applied to
greater thilcknesses.

Some designers may prefer to make no reduction in
overall thlckness because of the greater load supporting
value of the bltuminous surface, but to utilize 1its larger
carrying capaclty as & safety factor.

By making load tests on existing runways, or taxlways,
ete., surfaced with flexible pavements, 1t 1s belleved that
the additicnal thickness of base and surface required for
& heavier wheel loading cen be obtained directly from Fig. 68,
by assuming that the exlsting surface will be the subgrade
for the new base and surface.
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24, Influence of Dual Tires on Flexlble Pavement Design for
Alrcraft.

For a glven wheel load, 1t appears reasonable to ex-
pect that the deflectlon of the pavement willl be less 1f the
load 1s carrled on dual tires than on & slngle tire.

To Investigate the quantitative value of dual versus
single wheels with regard to runway design, a number of load
tests were made with dual and single elliptical steel bearing
plates having the same total contact aresa, Fig. 70. The
spacing between the centre llnes of the dual plates, 30.75 in.,
1s 1dentlcal with that for the dual wheels on D.C.4 aeroplanes
used by Trans-Canada Alr Lines. The dual bearing plates were
rigidly yoked together so as to function as & unit in a load
test.

The results of a llmlted number of tests are summar-
1zed in Table 7.

DUAL BEARING SINGLE BEARING
PLATE PLATE

30.75"

TOTAL AREA =424 SQ.INS. AREA = 424 SQ.INS,

DIAGRAM OF ELLIPTICAL STEEL PLATES EMPLOYED FOR GOMPARISON OF

SINGLE VERSUS DUAL BEARING PLATE TESTS.

FiG.70
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Table T

Load Supported by Dual versue Single Elliptical Bearing Plates of
the Same Total Contact Area, for any given Deflection from 0.2 to
0.5 inch, after 10 Repetitions of Loading.

Overall Thickness Ratlos of Load Supported on Duals
Arport Surface and Base Load Supported on Single
Course at any given deflectlon, for de-
Inches flection range 0.2 to 0.5 inch.
Fo. 1 7Tt 8 1.35
Fo. 2 15 %6 16 1.25

According to thlis series of tests, dual wheels of this
size and spacing carry from 25 to 35 per cent more load than
& single wheel of the same contact area at any glven deflec-
tion over a range of 0.2 to 0.5 inch. The difference in load
carrylng capacity of single and dual wheels appears to de-
crease as the total thickness of base course and wearing sur-
face lncreased, as would be expected.

The above results arg at considerable varlance with
those reported by the U.S. Corps of Engineers from thelr
studies of the iInfluence of dual versus single tires on run-
way design for a wheel load of 60,000 pounds for the B-29
Superfortress. They reporte that for thicknesses of base
course and surface up to about 10 inches, this wheel load of
60,000 pounds, 1f carried on dual tires, had the same effect
on runway design as a wheel load of 30,000 pounds on & single
tire. That 1s, for base and surfeace thicknesses up to 10
inches, the use of & single tire under the glven conditions
would increase the design load on the runway by 100 per cent
above that for dual tires.

Department of Transport data on the other hand, in-
dicate for similar conditions that the use of a single tire
increases the design load by only 35 per cent (maximum) above
that for duals,

25. Flexible Pavement Design for Highways.

When equation (15), T = 65 log (P/S), 1s employed for
establishing the thicknesses of flexible base and surface re-
quired for various highway wheel loadings over different
magnitudes of subgrade support, the design curves of Fig. 71l
&re obtalned.

While the small circles and crosses on the four
surves were taken from the U.S.E.D. design chart for aero-
plane wheel loadings for subgrades with socaked C.B.R. ratings
of 3 and 4.5 respectively, the basls of the U.S.E.D. chart
oonslsted of the results of actual observations of flexible
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pavement performance in the field made by the California
Division of Highways. The thicknesses represented by the
circles and crosses were determined by a fleld survey of the
conditlon of flexible pavements on California highways over
subgrades which had fleld C.B.R. ratings of 3 and 4.5 re-
spectively, if not permsnently, than at sometime during the
year. In the Californis highway survey, thlcknesses of base
and surfece less than those shown by the clrcles and crosses,
were found to result in fallures over subgrades with C.B.R.
values of 3 and 4.5 respectively, while greater thicknesses
did not.

The shaded portion of the chart of Fig. 71 represents
the range of thicknesses for the four highway loadings, which
are indicated by design equation (15), when based upon plate
bearing tests on subgrades at the elght airports where the
subgrade soils had soaked C.B.R. ratings between 2.3 and 4.5,
It 1s to be noted that the maximum thicknesses glven by the
shaded portion, are in approximate agreement with the thick-
nesses indicated by Celifornis experience for & subgrade with
a C.B.R. of 3, for wheel loadds of 12,000, 9,000 and 7,000
pounds, but requires about 6 inches less for the wheel load
of 4,000 pounds.
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It 18 of conslderable Interest that a design equation
based upon plate bearing tests at 10 repetitions of load, and
0.5 inch deflectlon, should have Indicated maximum thicknesses
of pavement which conform s¢ nearly to the maximum depths of
base and surface found necessary by an actual survey of flex-
ible pavement performance under traffic in California. In-
sofar as highway wheel loadings of 9,000 and 12,000 pounds
are concerned therefore, it 1s obvious that if anything, the
thickness requirements indicated by design equation (15),

T = 65 log (P/3), are somewhat conservative, rather than
vtherwise.

It 1s to be noted that fci» subgrade solls with soaked
C.B.R. values of 3, the four curves of Fig. 71l would contract
to the points 1indicated by the small clrcle on sach curve, 1f
the design recommended by the U.S.E.D. or Californie Division
of Highways were fullowed, since thelr designs are based upon
the assumption of completely saturated subgrade conditions.
It 1s precisely because all subgrades of fine textured cohe-
sive solls do not become saturated, that the greater flex-
1bility of design Indlcated by the full curves of Fig. 71,
must be consldered.

The distance between the circle and cross along each
ourve of Fig. Tl, represents the range of thicknesses permit-
ted by U.3.E.D. and California designs for subgrades with
soaked C.B.R. ratings of 5 to 4.5, Actusl plate bearing
tests on Canadian airports with subgrades having soaked C.B.R.
ratings between 2.3 and 4.5, have warranted the very much
wlder range of thicknesses shown by the shaded portlon of
Plz. 71. This much wider range of thicknesses is justifled
because the subgrade solls were saturated at only & small
percentage of the test locatlons.

’ The shaded area Indicates that even for a soaked
C.B.R. rating of not over 4.5 the subgrade soil itself had
sufficient supporting value in some cases to carry highway
wvheel loads as high as 12,000 pounds without pavemeont, al-
though in actual practice a pavement 1s always required to
provide the necessary resistance to the abrasion of traffile,
and to protect the subgrade from rain and other weathering
agencles.

The broken line on the extreme left of Filg. Tl in-
dlcates the thicknesses that would be required for the four
highway wheel loadings, on the basls of the lowest subgrade
plate bearing value found at any test location. This low
value was too far out of line with the others, to be included
when evaluating the subgrade support for the airport at which
it was found.
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Fig. 72 provides a chart of thickness design curves
for the four highway wheel loadings, based upon cone bearing,
Housel penetrometer, fleld C.B.R., and triaxial compression
tests. PFig. 72 was derlved by combining the Information of
Figs. 16, 42, and 71.

It will be observed from Figs. 71 and 72, that the
thickness requirements are given in terms of granular bhase.
This thickness can be somewhat decreased on the basis of the
type of bitumlinous surface employed. For bltuminous surfaces
constructed with liquid asphalt or soft asphalt cement bind-
ers, 1 inch of surface appears to have the supporting value
of about 1-1/2 inches of granular base, while 1 inch of
properly desligned and constructed asphaltic concrete, pene-
tratlion macadam, and sheet asphalt, seems to have the support-
ing value of about 2-1/2 inches of granular base. The maxi-
mum thickness of bltumlinous surface to which these ratios
can apply, should be teken as 4 inches for the former type,
and as 6 inches for the latter, until more test dsta for
greater thicknesses become available. However, the design-
ing englneer may not care to make any reductlion in overall
thickness from that indicated by Filgs. 71 and 72, but may
prefer to utlllze the greater supporting capaclty of the
bituminous pavement as a safety factor.
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26. General Discussion of Flexible Pavement Design Equation

(14).

There are two comments with regard to equation {(14)
for required thicknesses of flexible pavements, that was de-
veloped earlier, which should be made at this polnt.

(1) while the thickness design requirements of Figs. 66, 67,
68, 69, 71, and 72, are all based upon & deflection of
0.5 inch deflection (except the curves for the design of
taxivays, aprons, and turnarounds of Figs. 68 and 69),
it 1s to be noted that the fundamental development of
design equation (14),

T = K log (P/S)

does not restrict its use to 1/2 inch deflection. It
happens that thickness requlrements based upon applled
load P and subgrade support S at 0.5 Inch deflectlon
and 10 repetitions of load, seem to conform very closely
with actual runway service performance under traffilc at
Canadlan airports so far. If at any time In the future,
values of P and S at 0.5 Inch deflectlon appear to pro-
vide either too great or not sufficlent thickness for
flexlible pavements for runway or highwagydesign, values
of P and S at a larger or smaller deflection than 1/2
inch, which would result in smaller or greater thick-
nesses respectlvely, can be employed.

(2) The thickness requirements for aprons, taxiways, ana
turnarounds, glven by Figs. 68 and 69, are based upon
values of P and S at 0.225 1lnch deflection. If exper-
ience indicates that these thicknesses are elther too
great or not large enough, values of P and 8 at a re-
spectively greater or smaller deflectlion than 0.225 inch,
can be selected for equation (14).

27. A General Equation for Flexible Pavement Design.
1. Equation (14)
T = K log (P/8) (24)

was developed upon the basils that a layer of glven base course
of specified thickness will develop successively Increasing
supporting value as 1t 1s placed upon successively greater
‘depths of the same base course material over a gilven sub-
grade, the load carrying capaclty in each case belng equlva-

" lent to that which would occur 1f the layer of base course
were placed upon subgrades of cohesive solls having the same
supporting values as those measured at the top of different
depths of base course, Fig. 61.
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A moment's consideration indicates trat this contin-
uous increase 1ln supporting value of & given layer of base
course when placed upon successlvely greater depths of base
course cannot go on indefinitely. For example, a layer of
gravel 1l-foot thick would probably add very little to the
supporting value of a gravel deposit 1l00-feet deep, assum-
ing that layer and deposit were alike Iln every respect. Con-
sequently, the graph of Fig. 65, instead of being a straight
line, should probably be a curve which 1s generally concave
upwards as demonstrated by the broken line curve of Fig. 73.
That is, the value of K should not be a constant which is
independent of the depth of any given base course, as indi-
cated in Fig. 65, but should vary with the depth of base
course required.
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It 1s necessary, therefore, to reconsider equation
(1%)

T = K log (P/S) (14)

to learn what modifications are required in order that a more
general equation for flexible pavement design may be devel-
oped.

Examination of the right hand side of equation (1%)
indicates that 1t consists of parts I and II as shown below

T = (K) (1og (P/3))
I II1

Part II, the expression log (P/S), seems to be independent of
the depth of base course and is therefor valild as 1t stands.
Geometrically 1t follows from Fig. 61, and from the develop-
ment of equations (4) to (14) in Section 20 above, that the
expression log (P/S) 1s independent of the thickness of base
course. For example, the geometrical arrangement of steps
in Fig. 61 for a base course layer of thickness t, from which
the expression log (P/3) was derived, holds for a base course
of any given depth from & fraction to a multiple of t, since
the relation between surface load versus subgrade support for
a base course of any thickness, 1s expressed by a straight
line through the origin, e.g., Figs. 62, 63 and 64.

The expression log (P/S) of equation (14) therefore,
results from the straight line relationship when applied
load P 1s plotted versus subgrade support S for a base course
of any given thickness, which 1s one.of the fundamental con-
clusions indlcated by the Department of Transport's investiga-
tion. Unless this fundamentasl conclusion is found to require
modification as a result of further study, this portion of
equation (14) is valid as it stands.

Part I, or K, of equation (14), has been considered
thus far as a constant which has an average value of 65,
based upon load test data from the Canadian airports so far
investigated. The value of K for the base course at Regina
Alrport, however, was about 35. Consequently 1t appears that
the value of K for any particular base course in place may
depend upon the composition, molsture content, and density
of the base course material.

From equations (13) and (14), it will be seen that
K = 1/log (Py/8). A review of Section 20 indicates that the
expression 1/log (P./S) may very well be a variable, since
P, 1s the load supported by a unlt depth of base course over
‘subgrade support 3. It 1s clearly qulte probable that the
value of P, may depend upon the composition, molsture content,
and density of the base course material.
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In the opening paragraph of this section it was
pointed out that the value of the right-hand side of equa-~
tion (14) could be expected to vary with the depth of base
course. It has already been Indicated that Part II of the
expression on the right, 1.e., log {P/S), appears to be in-
dependent of the depth of the base course. Therefore, 1t
must be Part I, or the value of the expression K of equation
(14) whileh varies with the depth of base course.

Consequently, for the general case, the value of K
of equation (14) may vary not only with differences in the
composition, molsture content, and denslty of the base course
meterlal from project to project, but may also vary with the
depth of any glven base course even when all other factors
are kept constant.

Prom these various considerations, 1t appears that
for the general case, the requlred thlckness of base course
would be glven by the followlng expression:

T = (1/10g (P1/8))57T} log (P/8) (16)
where T = required thickness of granular base in inches.

Py = load supported &t a glven deflectlon by &
unit thickness of any given base course on
subgrade support S.

P = appllied loed &t glven deflection.
S = subgrade support at given deflectilon.
£(T) = function of thickness T.
It 1is more convenient to wrilte equation (16) as
T = k ¥(T) 10g (B/8) (17)
in which
K = 1/3og (P./8) (18)

where K = base course constant, and for any given base course
1t has the value given by the expression 1/log
(P,/8). The value of the base course constant K
depends therefore, upon the compositlon, molsture
content, and density of & unlt thickness of each
bage course materlal in place.

The exponential term, f£(T), appearing in equation
(17), indicates that the value of K determined for e unit
thickness of any glven base course, may be dependent also
upon the depth of the base course.

Before equation (17) can be used, it 1s necessary to
be able to evaluate the expression f(T), the functlon of the
thickness T, which appears as an exponential term in this
equation.
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It 1s obvious that for relatively small thicknesses,
the value of the expression Kf(T) of equation, (17) will not
be greatly different from the value of the expression K of
equation (14). Consequently, the following relationship ap-
pears to be reasonable:

k(D) - g(logm)" (19)
in which
£(T) = (log T)F (20)

That is, £(T), the function of the thickness T re-
quired, 1s the logarithm of the thickness T ralsed to the
rth power, where r 1is a fraction heving a value between zero
and unity.

There 1s & possibility that the exponential term "r"
of equations (19) and (20) may not be constant, but that it
also varies with the thickness T. That 1s, "r" may elso be
a function of T, or

r = ¢(T) (21)

The general equation for the required thickness of
flexible pavements on the basls of thils development becomes
then,

T = K(f(T)cP(T)) log (P/S) (22)

or

T = K((1°3 T)‘P(T)) log (P/S) (23)

For equations (22) and (23), the values of K and ¢(T)
must be determined experimentally before they can be employed
for actual design.

Equations (22) and (23) can be written in the follow-
ing simpler form,

T = B log (E/5) (2%)
in which
B = x((1°8 n*?) (25)

vhere B = the base course variable for a unlt thlckness of
any glven base course material in place. Equations
(18) and (25) indicate that the value of B depends
upon the composition, molsture content, density,
and depth of the base course material in place on
any project.
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The influence of thickness T on the value of the ex-

T
pression B = K((l°8 ¥ )) is shown in Table 8 for a wide
range of values of ¢(T), when the value of K is taken as 65
by way of examplse.
' From the data of Table 8, it 1s apparent that values

o(T)

of B =K ((1°3 T) ) of equatlons (23) or (25) depart very
little from the value of K in equation (14), for small values
of ¢(T). For values of ¢(T) greater than about 0.1 on the

"mP(T)
other hand, the value of B = K((1°3 T) ) from equations
(23) or (25) may deviate widely from the corresponding value
of K from equation (14).

Table 8

T
((log T)q,( ))
Influence of the magnitude of ¢(T) on the values of B= K
for the thicknesses of T indicated, when the value of K is taken as 65
for the purpose of illustration.

o« T)
Values of B = K((log o ) for the thicknesses indicated, when ¢(T)
varies from O to 1.0.
Thickness
T ] ¢(T) Values

Inches 0 {0,02| 0.0k |0.06]|0.,08; 0.1 | 0,2 0.k 0.6 0.8 1.0

5 65. | 63.1] 61.2159.5| 5.8 |56.1 | ¥7.1} 37.2| 29.0 23,0 18.5
10 65. | 65. | 65. | 65. |65. |65, 65. 65. 65. 65. 65.
20 65, | 66.4| 67.9169.5 | 71.0 | 72.6 | 81.4 [103.3 |132.7 | 172.9 | 228.4
30 65. | 67.2{ 69.4 | TL.T | The2 [76.7 | 91.2 | 131.5 |195.4 | 269.8 | 476.3
40 65. | 67.6| TOM | 73.3] 76.3 | 79.5 | 98.2 | 154.5 | 25k.3 | 439.7 | 802.k
50 65. | 67.9{ T1.1 | Thb | 77.9 [81.6 1103.7 | 17h.2 | 310.2 | 589.2 | 1203.

60 65. | 68.2| 71.6 | 75.3( 79.1 |83.2 |108.2 | 191.5 | 363.T7 | 746.6 |167k.
70 65. | 68.4 | 72.1{ 76.0 | 80.2 [84.6 [112.0 | 207.1 |415.1 | 910.6 {2213,
80 65. | 68.6| 72.5 | 76.6 | 81.0 {85.8 |115.3 | 221.b4 | k6k.T }1080. |2819.
90 65. | 68.7| 72.8| T7.1 | 81.8 [{86.8 |118.3 | 234.5 [512.8 {1255. [ 3h490.
100 65. | 68.9]| 73.1| 77.6 | 82.5 | 87.7 |120.9 246,77 [ 559.6 |1h34, | 4225.0

For each vertical column of date in Table 8, it will
be observed that ¢(T) has a constant value. If ¢(T) should
vary with the thickness T as 1ts symbol permits, the influ-
ence of thickness T on the value of ¢{T) can be inferred by
reading the data of Table 8 from top to bottom in a generally
diagonal direction.
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It should be noted particularly, that when ¢(T) = O,
equations (22) or (23) become identical with equation (114).

An example of the difference in thickness of granular
base requlred by the use of equations {(23) and (14) 1s glven
in Fig. 73. The stralght 1line 1s a graph of equation (14),
while the curve represents equation {(23) for a value of K = 65,
and a value of ¢(T) = 0.1. The divergence In thickness re-
quirements gilven by the two squations 1s seen to be quite
marked, particularly for the greater thickness values. The
divergence illustrated by Flg. 73 has been exaggerated how-
ever, 1f the value of ¢(T) = 0.1 employed by way of example,
is considerably higher than experimental data would indicate.

Fig. T4 1s similar to Fig. 61 which was employed to
1llustrate the development of equation (14). The full lines
0Q, OR, 0S8, OT, and 0U, for thicknesses of 5, 10, 20, 30 and
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40 inches of base course, respectively, are drawn on the basls
of equation (14), T = K log (P/S), using & value of K = 65.

The broken linea 0Q', OR', 03', OT', and 0U', for base course
thicknesses of 5, 10, 20, 30 and 40 inches respectively, per-

tain to equation (23), T = K ((los T)q)(T))log (P/8), using a
value of K = 65, and & velue of ¢{T) = 0.1.

For any given value of thickness greater ‘than 10
inches, 1t is obvious from Fig. T4, that for any specified
subgrade support 3 equation (14) gives & higher load carry-
ing capacity P than equation (23), since the full lines 0S8,
0T, and 0U, cut the ordinate representing any given subgrade
support at & higher value of P, than do the broken lines 03',
OT', and OU', respectively. For a subgrade support of 20,000
pounds for example, and for a thickness of 40 inches, P,
glven by equation (14) 1s 82,400 pounds, whereas P.' glven
by equation (23) is 63,700 pounds.

The horizontal straight line I, H°, H, H', H", H'",
of Fig. T4, shows the constant value of the applied load P,
which would be supported by various thicknesses of base course,
0, %t, t, 2t, 3t, and 4t, over different degrees of subgrade
support S, 8%, Ss, 82, S1, and 8, respectlvely, on the basis
that K is a constant which 1s independent of depth, as in-
dicated by equation (14). The curved line I, H,°, Hi, H.',
Hy", Hi"', on the other hand, demonstrates the variable na-
ture of the applied load which 1is supported by base course
thicknesses of 0, %t, t, 2t, 3t, and 4#t, over the same de-
grees of subgrade support, S, 8%, 8a, 82, S1, and 8, respec-
tively, when the magnitude of the applied load 1s calculated
by means of equation (23). Similar differences between equa-
tions (14) and (23) are indicated by the horizontal straight
line G, F°, F, F', FP", versus the curved line G, F,°, Fi, F',
F.", and by E, D°, D, D', versus E, D,°, D, D,', etc.

The difference in load carrying values given by
equations (14) and (23) for any specified thickness of base
course wvhen all other conditions are the same, may be some-
wvhat exaggerated in Pig. 73, since future experimeantal data
might indicate that a value of ¢(T) = 0.1 1s too high to use
in equation (23).

A csreful and comprehénsive research program would be

required to evaluate the expression B = Kﬁ1°gfm?(T» of equa-
tion (23), for the wide range of base course conditions, com-
position, moisture content, density, and thickness, which
probably influence its valuse.
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2. Assuming that values of K and ¢(T) have been estab-
lished, the thickness requirement T glven by equations (22)
or (23) can be determined very easlly by a series of succes-
sive approximations, as shown below.

1lst approximation
Ty = K log (P/8) (14)
2nd approximation

T = k(108 Tl)q’(T)) log (p/3) (23)
3rd approximation

Ty = x((1°8 Tz)q)(T)) log (P/8) (23)

It will be shown by an actusl set of calculations,
that the 3rd successive approximation carried out as indiceted

above, will gilve the actual thickness required within a frac
tion of an inch. That is,

Ts = T = the required thickness,

3. Sample calculation for obtailning required thickness T
by means of equation (23) for an aeroplane wheel loading on
the basis of the following data,

Applied load P = 100,000 pounds
Subgrade support 8 = 20,000 pounds
Base course constant K = 65

¢(T) = 0.06.
lst approximation
T, = K log (P/8)
T, = 65 log (100,000/20,000)
T, = 45.43 inches.

2nd approximation

T
To = K((log Tl)w( ))
0.
To = 65((108 k5.43) 06) log (100,000/20,000)
T2 = 51.7 inches.

3rd approximation

(108 1)7(D)

Ts =

o.
Ts = 65(<1°8 51.7) 06) log (100,000/20,000)
Ts = 52.1 inches.
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Therefore for design Tz = T = 52 inches.

In this example, the required thickness was given
within a fraction of an inch by the 2nd approximation.

4. When designing for the thickness of flexlble pave-
ments for highways, or for aseroplane wheel loadings for which
moderate thicknesses of base course are indicated, the thilck-
ness requirement wlll probabliy be glven with sufficlent ac-
curacy by equation (14),

T = K log (P/8) (14)

It would seem that only for aeroplane wheel loadilngs
of about 40,000 to 50,000 pounds or more, that are to be car-
rled by runways over low subgradg support, for whlch consld-
erable thicknesses of base course are needed, and where the
use of equation (14) might lead to under-design, would the
use of equation (23) or (24) become necessary,

r - k(0 D" 1o (p/s) (23)

T = B log (P/S) (24)
5. In equation (23)

T = K((los T)(F(T)) log (P/S) (23)

the right-hand side consists of the three terms which might
be expected to enter into flexlble pavement design,

(a) The applied load P to be carried.
(b) The subgrade support S that can be mobllized at
the deflectlon specified.

T

(¢c) The base course fdctor K((1085”¢( ))which-depends
upon the composition, moisture content, density,
and thickness of the base course material.

6. It was pointed out in item 4 above, that for highway wheel
loadings, and for moderate thickmess requirements for aero-
plane wheel loadings, the required thickness seems to be gilven
with sufficlent accuracy by equation (14). Only for the
heavier aeroplane wheel loads, which must be carried on run-
ways with low subgrade support, does the use of equation (23)
appear to be indicated, slince for these cases equation (14)
might give thicknesses that are too small, and therefore lead
to under-design.

On the other hand, as a result of thelr investiga-
tlons, the U.S. Corps of Englneers have suggested that since
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the radius of curvature Ilncreases wlth the size of the wheel
loading {(larger imprint area), the allowable flexible pave-
ment deflectlion to be consldered for runway design may be
greater for large aeroplane wheel loadings than for smaller
wheel loadings17

If the allowable deflectlon of & flexlble pavement
varles directly as some functlon of the antlcipated wheel
load, the curved line graph of equation (23) in Fig. 73 would
diverge much less than is shown from the straight line graph
of equation (1%), since the value of the subgrade support S
increases as the permissible deflection is ilncreased, Fig. 16.
If the subgrade support S 1s Increased for any given applied
load P, the value of the expression log (P/S) becomes smaller.
It is generslly true that the larger values of log (P/S) ap-
ply to the wheel loadings of the heavler aeroplanes. Con-
sequently, 1f the permissible deflectlon increases with an
Increase in wheel load, the top portion of the curved line
graph of equation (23) in Fig. 73, would tend to approsch
toward the straight line graph of equation (14), as indicated
by the dotted arrow.

Therefore, if 1t should be true that the permissible
deflection of a flexible pavement can be lncreased as the
wheel load is increased (for heavier wheel loadings), equsa -~
tion (14) (vesed upon a constent deflectlon throughout) may
have & wider range of application than the previous develop-
ment 1n thils sectlion would suggest.

7. For graphs of equations (14%), (23), etc., which have
been shown in a number of diagrams for thls paper, a constant
deflection for both P and S in the expression log (P/S) has
been assumed over the whole range employed 1n each case. It
1s to be emphasized however, that these equatlons are equally
applicable if a variable deflection is assumed for different
values of P and S (provided that corresponding values 5f P
and S are always taken at the same deflection), although the
graphs would have a somewhat modlfled shape. Consequently,
equations (14), (23), etc., will hold, even if it should be
adequately demonstrated that the permissible deflection for
flexible pavement design is a functlon of the wheel load or
tire imprint area, (greater radius of curvature), as sug-
gested by the investigatlions of the U.S.E.D.

For the sake of clarity however, it might be prefer-
able to consider that when P and S of the expression log
(p/S) appear without subscripts, as in the present notation
for equations (1%), (23), etc., a constant critical deflec-
tion, e.g. 0.5 inch, applles throughout. On the other hand,
if the deflectlion at which the values ofi P and S are to apply,
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is to be a varlable, e.g., the deflection is to vary as some
function of the wheel load, or of the tire imprint area, etc.,
then both P and 8 would carry & suitable subscript. The
letter "d" 1s suggested. Under these conditions,

equation (14) would be written as,
T = K log (Pg/Sa) (30)
equation (23) would be written as,

v - xlos ") 100 (5 /5,) (31)

It would be understood that while the values of P
and 83 each depend upon the varlable permlssible deflection
to be employed, the corresponding values of Py and Sd would
always refer to the same deflection, and to the same contact
area,

Summary

1. This paper outlines the results of an investigation of
runvays at a number of Canadlian alrports which has been
conducted during 1945 and 1946 by the Department of Trans-
port. -

2. Traffic experience at several of Canada's busler airports,
indicates that the current flexible pavement thickness re-
quirements for runways according to the design criteria
of several principal organizations in the U.3.A., are
ultra conservative.

3. By means of a pedological soil survey, the areas of sub-
grade with different engineering properties at any air-
port site, can be ascertained and mapped.

4, Pleld moisture and density data demonstrate that at only
a small percentage of test locations could the subgrade
be considered to be saturated.

5. Plate bearing equipment, repetitive load testing proce-
dure, and the method of plotting the load test data are
described.

6. Load test data versus traffic information at Canadlan
alrports, indlcates that safe runway design can be based
upon a deflection of 0.5 inch for ten repetitions of load.

7. For any given deflection for plate bearing tests on co-
hesive solls, a stralght line relationship appears to
hold for unit loasd support versus the P/A ratios of a
series of steel bearlng plates, over the range of bearing
plate dlameters between 12 and 42 inches, and probably
beyond.
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It 1s indicated by means of useful correlations, that if
the load supported at 0.2 Inch ‘deflection on a 30-inch
dlameter plate has been accurately determined for a given
test locatlion on & cohesive subgrade soll or on a flex-
ible surface, the average load supported at any other de-
flection between 0.0 and 0.7 inch for bearing plates be-
tween 12 to 42 inches in diameter, and probably beyond,
mey be calculated.

The average yleld point deflectlion for subgrades seems to
occur at 0.26 inch deflection, and for bituminous surfaces
appears to be 0.225 Inch, for the alrports so far Included
in the investigatilon.

Base course support per unit of thickness may be generally
independent of the composition of granular base course
materials, but appears to be influenced by base course
density. .

Bitumlnous surfaces seem to have & greater load carrying
capaclty per unit of thlckness than do granular bases.

The ratio appears to be about 1.5 for bituminous surfaces
containing liquid asphalt and soft asphalt cement binders,
and sbout 2.5 for properly designed and constructed as-
phaltic concrete, penetration macadam, and sheet asphalt.
Relationships have been ‘established for plate bearing

test results versus cone bearing, Housel penetrometer,
field C.B.R., and trilaxlal compression test data, respec-
tively. '

A method for deslgning bituminous peving mixtures by the
triaxial compression test 1ls outlined.

The use of the triaxilal compression test for selecting
base course materlals of adequate stabllity 1is described.
Evaluation of the load test data for flexible pavement
design, Iindicates that for any specifled deflection, the
supporting value of any given thickness of base and sur-
face depends directly upon the magnitude of the subgrade
support. This in turn leads to a method of flexible pave-
ment design.

Thickness design curves have been prepared to indicate

the required thickness of granular base for runways, and
for taxiways, aprons, and turnarounds, for a wide range

of aeroplane wheel loadings. One set of curves 1s based
upon plate bearing tests, and another set on bone bearing,
Housel penetrometer, fileld C.B.R., and triaxlal compres-
sion tests.

Data are given for dual versus single tires for support-
ing aeroplane wheel loads.

Charts of thickness design curves for flexible pavements
for highway wheel loadings have been prepared, based upon
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plate bearing tests, and upon cone bearing, Housel pene-
trometer, field C.B.R., and triaxlal compression tests.

15. General equations of deslgn for required thickness of
flexible pavements have been developed, based upon sub-
grade support, base course support per unlt thickness of
base, and appllied wheel load.
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Discussion

MR. E. W. BAUMAN (National Slag Association): The
findings of the ilnvestigation which permitted the conclusions
that an Inch of bituminous material, using the cut-back or
soft asphalt, was equivalent in bearing value to about 1-1/2
inches of granular material - macadam or the like - and that
3 inches of asphaltic concrete was the equlvalent to approx-
imately 6 inches of granular constructlon is interesting.
However, I wonder, 1f because of what you stated later in
your discussion, that as . you increase the number of layers
of the sub-base material, each succeeding layer provides a
greater bearing value, what would you get if bearing tests
were made by reversing the order of the layers? That 1s, put
the bituminous layer directly over the subgrade with the gran-
ular layer on top of it. Wouldn't it be possible that you
would find that the layer of the granular material to have at
least the same value &s the bltuminous layer?

# MR. McLEQOD: Whlle we have no load test information
with regard to the exact problem about which you enquire, we
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would infer that the increase 1In load supporting capacilty ob-
tained from placing a given thickness of granular base on an
existing bltumlinous surface would be no greater than that ob-
tained by placing the same base course on a clay subgrade of
the same bearing capaclty as the bltuminous surface. The in-
crease In bearing capsclty provided by the granular base
course 1n this case would be less than that provided by the
same thickness of bltuminous pavement, provided the range of
thickness was not large. Thils at least 1s the interpretation
we place on our present data.

We would also infer that a bltumlnous surface of a
specified thickness, when placed on a given granular base
over a clay subgrade, would increase the load carrying capa-
oity of the structure by a greater amount than an equal thick-
ness of granular base course material, all other conditions
belng the same. The ratlos of the lncrease in supporting
capaclty provided by the bituminous surfacing versus the
granular base for these conditlions, would be those given in
the paper, at least as revealed by our own data. It 1s pos-
sible, however, that 1f granular base courses could be placed
at greater relative densltles than are obtalned during aver~
age construction practice at the present time, the quoted
ratios might be reduced.

MR. H. G. NEVITT (by letter): This report on Canadisn
data and 1its analysis 1s another helpful contribution by Mr.
Mcleod, and adds to hls record of careful study in the criti-
cal problem of flexible pavement design.

Without in any way questioning that the data obtained
to a conslderable extent substantiates the analysis, I still
believe that the application of the relatlonships worked out
to general design purposed lacks Jjustification without much
more evidence, since it is subject to serious criticism from
theoretical standpoints. Two relationships will be discussed.

The first 1s that when any bearing velue for a given
plate dlameter 1s known the value for any other silze plate
for the particular structure tested can be predicted. This
implies that the strength of a soll 1s a unidimensional quan-
tity, at least under constant condltlions of moisture content,
oompaction, and similar. Incldentally thls same assumption
18 likewise implied in the C.B.R. method. Without getting
into the merit of whether the C.B.R. testing procedure ac-
curately predicts the bearing value under the most severe
moisture conditions to be expected, or that fleld bearing
tests can be made under condltions which will correspond to
this critical moisture situation, the merit of this assump-
tlon as to the unidimensionallty of soll as a structure 1s



150 McLEOD

strongly questioned. All our knowledge secems to be to the
contrary. Triaxial tests clearly show that soll may have two
independent properties (namely, the angle of friction and co-
hesion) and there 1s nothing to indicate these may always be
Interrelated even though thls appears to have been approxi-
mately the case for the serles of alr flelds tested. Housel's
work on bearing tests likewlse Indicates that soll strength

is a two-dimenslonal quantity, and whether or not it 1s de-
fined by the two quantities of bearing power and perimeter
shear as questioned in one example by Mack or whether some
other sltuation exlsts, 1t seems clear that two solls can
exlst whlch show the same bearing power for one slze plate

yet a qulte different bearing power for other plates appre-
clably different 1n slze. Too much data to this effect exlsts
to in the writer's opinion Justify any general position that
soll strength 1s a unidimenslonal quantity and can be deter-
mined by a bearing test wilth one plate, a bearing value with
one plunger, or simllar.

Another relationshlp that 1s theorétically dublous 1s
the formula for pavement thickness to support any load value
over a given bearing value soll, when both are measured with
the same size plate. This implies that the load bearing ca-
paclty for any pavement or base course layer increases ex-
ponentlally with the thlckness, as agalnst an increase in
bearing value of elastic materials which display beam action
wlth the square of the thlckness. It seems obvlous that thils
relation cannot have benerel applicabllity because of the tre-
mendous bearing value which would shortly be reached with
thicknesses which are stlll of a reasonable magnitude. It
seems just as questlonable, even though the exponentlal curve
may coinclde wilth the observed data over the range of thick-
nesses recorded, that 1t holds for all structures of this
type. As a matter of fact, to this implicit doubt concerning
the formula can be added explicit disagreement wlth 1ts deri-
vation. This essentlally depends upon the assumption that
any subgrade strengthened by & given thickness of surfacing
will act exactly like another subgrade of the same (greater)
strength, and therefore require the same further increment
in thickness to carry a deslired load as would the stronger
subgrade. Thils assumption does not seem justified. Theoretl-
cal considerations of the mechanics of soil (or aggregate
mess) actlion Indicate the existence of at least two independ-
ent properties (1). Furthermore as Burmister (2) has pointed
out, the characteristics of a two layer system are qulte dif-
ferent than those of a one-layer system; 1t is consequently
not at all justiflable to assume that this Ilncremental layer
willl give the same support to the weak subgrade plus &
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foundation course that it would supply to a subgrade of the
same strength as the relnforced weaker subgrads.

While these theoretical doubts demand caution in any
attempt to generally apply the formulae worked out by Mr.
Mcleod to design where the conditions are not known to be
practically identical with those for which the data was ob-
tained, this doss not mean that they may not have great merit.
Certalnly designs developed 1n accordance with these proce-
dures should be compared against those arrived at by other
methods 1n order to get a better evaluation of the limits in
deslign arrlved at for any proposed structure. Likewlse 1t
mey be found that the resemblance of so many structures to
the Canadlan flelds tested 1s sufficlently close that these
design procedures may be tentatively Justifilable with the
corollary concluslon that stronger structures than they de-
mand are not justifled unless actual bearing tests or similar
clearly show that greater investment 1s required. In brief,
while Mr. McLeod's data seems to cover a series of structures
which are similar in nature and therefore the design formulae
worked out to suilt them may not yet justify general applica-
tion on theoreticsel grounds, they still may 1n practice prove
to be qulte helpful. However thilis confirmation must be defil-
nitely worked out before we can safely use them wlthout cau-
tlons, although at the same time 1t 1s certainly obvious that
the excessive structures now belng called for by some design
techniques must clearly demonstrate that they are necessary
before sound engineering will permit the commitment to the
high construction costs they 1imply.

The flexible design problem seems to need both data
and discussion for its final solution, and this paper of Mr.
McLeod's is certainly a contribution from both standpoints.

(1) Nevitt, H. G., "A Mathematical Analysis of Some Phases of
the Flexlble Surface Design Problem" Highway Research
Board Proceedings, 1943, p. 149,

(2) Burmister, Donald M., "The Theory of Stresses and Dis-
placements in layered Systems and Applications to the
Design of Airport Runways," Highway Research Board Pro-
ceedings, 1943, p. 126.

MR. McLEOD (by letter): Mr. Nevitt's discussion was
vritten on the basls of the oral presentation of the paper,
which had to be relatively brief. Some of his comments have
been answered, at least in part, in the paper as published.

From a theoretlical standpoint, Mr. Nevitt questions
the statement that 1f the bearing value of & soll has been
determined with a given bearing plate, the bearing value can
be calculatbd for a plate of any other size. He states that
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"...1t seems clear that two solls can exlst which show the
same bearing power for one slze plate yet a quite different
beari?g power for other plates appreciably different in
size."

We have no doubt that two such solls may occur. A
clay soll of dense structure, and one of porous flocculated
structure, might be examples, because of differences in the
shapes of the-load versus deflection curves that might be ex-
pected for each. However, for the ten alrports included so
far in the Department of Transport's investigation, where the
subgrade solls are representative of those normally occurring
in Canada, our load test data made with different sizes of
bearing plates, seem to justlfy the chart of Fig. 19, which
Indicates that if the load carried by a 30-inch plate at 0.2
deflection 1s acourately known, the load supported on bear-
ing plates of 12 to 42 inches in dlameter, and for a range
of deflectlon from 0.0 to 0.7 inch, can be calculated.

Mr. Nevitt states that the two varilables, the angle
of internal friction ¢ and cohesion ¢, given by the trlaxial
compression test, are evidence that soll strength 1s a two-
dinenslional quantlty. It 1s to be noted from Section 14 of
the paper however, that no relationship could be found be-
tween load test results and any function of both ¢ and ¢.

On the other hand, a reasonable correlation was established
between the load supported on & 30-inch plate at 0.2 inch
deflection and the angle of internal friction ¢, Fig. 36.
That 1s, soll strength In these cases was what Mr. Nevitt
refers to as unidimensional, rather than two-dimensional.

We would like to have conslderably more load test
data for bearing plates of varlous slzes to check the chart
of Fig. 19. However, 1t represents the results of a large
number of load tests from representative locatlons, and ve
are inclined to feel that for normal cohesive solls, if the
load supported on & bearing plate of given slze 18 known, the
load supported on any other bearing plate size over the usual
range of wheel load contact areas can be calculated with
reasonable accuracy. On the other hand, thls would not hold
true for solls having abnormal load versus deflectlon curves.
Solls of the latter type are probably uncommon In Canada, and
may tend to be unusual elsewhere, but the possibility of
their occurrence should be consldered by both highway and
airport engineers.

Mr. Nevitt has taken exception to the exponential
equations (14) and (15) for required thickness of base course
Mr. Nevitt's objJectlion 1s theoretically sound, but we believe
it 1s adequately answered by equations (22) and ¢23) in Sec-
tion 27 of the paper, which could not be presented at the
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meeting 1tself due to lack of time. Our own data indicate
that equations (14) and (15) may be adequate for flexiblse
pavement design for highways, and for runways for moderate
wheel loadings. Only when the higher aeroplane wheel losds
are to be carrled over the poorest subgrade soils would it
‘appear to be necessary to oconsider equations (22) or (23).



