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AIRPORT RUNWAY EVALUATION IN CANADA 
PART II 

By 

NORMAN W. McLEOD, £ngineering Consultont 
Departaent of Transport, Ottawa, Canada 

SYNOPSIS 

Further study of the e a r l i e r data provided by the Department of Transport's 
i n v e s t i g a t i o n and of the a d d i t i o n a l data obtained during 1947, i n d i c a t e s that 
the r a t i o of the load c a r r i e d at one d e f l e c t i o n to the load supported at an­
other d e f l e c t i o n for a bearing p l a t e of given s i z e , probably v a r i e s with the 
s o i l type f r o D i a i r p o r t to a i r p o r t . However, i t appears t h a t r e p r e s e n t a t i \ e 
o v e r a l l average v a l u e s f o r these r a t i o s can be employed with reasonable ac­
curacy when required. 

Compacting a c l a y subgrade to 95 perc e n t modified AASHO maximum de n s i t y , 
developed a greater supporting value than that of the uiicompacted subgrade a t 
85 percent modified AASHO. The i n c r e a s e i n be a r i n g c a p a c i t y provided by the 
f i r s t 12-inch l a y e r of compacted s o i l was considerably greater than that given 
by an a d d i t i o n a l 12-inch compacted l a y e r . 

Subgrade compaction i n the f i e l d appears to cause the f i e l d CBR and cone 
L e a r i n g r a t i n g s of the subgrade to i n c r e a s e a t a considerably f a s t e r r a t e than 
the a c t u a l supporting value as measured by the pl a t e bearing t e s t . The Housel 
penetrometer value i s a f f e c t e d i n t h i s manner to a l e s s s e r i o u s degree, while 
the t r i a x i a l t e s t seems to more n e a r l y p a r a l l e l the i n c r e a s e i n d i c a t e d by the 
pl a t e bearing t e s t . 

A d e f i n i t e r e l a t i o n s h i p appears to e x i s t between the d e f l e c t i o n , settlement, 
and e l a s t i c deformation, which occurs when subgrades or f l e x i b l e , pavements are 
subjected to load. 

A simple equation i s presented for c a l c u l a t i n g the subgrade modulus a t the 
surfa c e of any given t h i c k n e s s of well compacted granular base course, i f the 
subgrade modulus for the underlying subgrade has been determined. 

The value of K i n the f l e x i b l e pavement design equation T = K log (P/S) has 
been found to be dependent upon the s i z e of bearing p l a t e employed, when a l l 
other v a r i a b l e s are constant. T h i s has r e s u l t e d i n some modi f i c a t i o n of the 
pavement t h i c k n e s s design c h a r t s for a i r p u r t s and highways contained i n the 
paper presented at the 1946 annual meeting. 

The angle of p r e s s u r e d i s t r i b u t i o n through d i f f e r e n t t h i c k n e s s e s of base 
course for 30-inch and 12-inch bearing p l a t e s i s i l l u s t r a t e d for the f l e x i b l e 
pavement design equation, T s K log (P/S). 

A method for s e l e c t i n g base course m a t e r i a l s , and designing f l e x i b l e wear­
ing course mixtures by means of the t r i a x i a l compression t e s t i s o u t l i n e d . 

The Department of Transport's investi- Moncton, New Brunswick, Calgary, Alberta, 
gation of runways at Canadian airports and the new airport being bu i l t at Saska-
has continued during 1947'. Runways at toon, Saskatchewan, were included in this 



DESIGN 

AIRPORT TEST LOCATIONS 

RUHWAY EVALUATION PBOGRAM IMS-1947 

F i g u r e 1. 

TABLE I 

GUmAL D E S Q l I P n W OF AIRPORT SITES 

Depth 
Subgrade 

Depth 

Ai r p o r t to 
Water 
Table 

Pavement Base Course Sub>Base PRA 
C l a s s i ­
f i c a t i o n 

L.L. 
Ave. 

P . I . 
Ave. 

Calgary Generally 
Deep 

2.5 to 3.0 
i n . SC-S 
bituoinoua 
mixture 

3.5 to 8.0 i n . 
crusher 
run gravel 

N i l A. 4 
A-6 29.1 9.1 

SaskatooD 
(No. 2) Deep 

3.S i n . 
A s p h a l t i c 
Concrete 

12 i n . 
Mechanical 
S t a b i l i t a t i o n 

N i l A-7 
A-6 40.3 20.7 

Honeton Deep 3 to 4 i n . 
SC. 5 
Bitnoinous 
Mixture 

3 to 4 i n . 
crusher 
run gravel 

8 to 19 i n . 
sandstone 
3 to 5 i n . 
gravel 

A-6 
A-4 29.3 11.7 

year's testing program, (Fig. 1). Hie 
general description of the subgrade, base 
course, and pavement for these three a i r ­
ports i s contained in Table 1. 
1. Relationahips Between Loads Supported 

at Different Deflections on a Given 
Bearing Plate 
Figure 2 indicates the r a t i o of the 

load carried at any specified deflection 
frooi 0 to 0.7 inch for 10 repetitions, to 
that supported at the deflection of 0.2 
inch , for subgrade load t e s t s on a 30-
inch diameter plate, for each of eleven 
airports. The broken l i n e curve repre­
sents the overall average values for these 
ratios for the elevet airports. 
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While there i s an individual set of 
r a t i o s for the subgrade load te s t s with 
the 30-inch plate at each airport, the 
range of variation at 0.5 inch deflection 
i s from 88 to 108 percent of the overall 
average vajue. That i s , the average 
curve provides values for bearing capa­
c i t y that are within 12 percent of the 
actually measured values at 0.5 inch de­
flection for these eleven airports. The 
maximum deviation from the overall aver­
age curve i s somewhat greater than th i s 
for deflections larger than 0.5 inch. 

S i m i l a r information for load t e s t s 
made on the surface of flexible pavements 
with a 30-inch bearing plate at 11 a i r ­
ports i s given i n Figure 3. Here the 
range of variation at 0.5 inch deflection 
i s from 85 to 121 percent of the overall 
average value. 

In general, the curves for each a i r ­
port i n Figures 2 and 3 occupy s i m i l a r 

01 az 03 0.* 03 
DEFLECTION '0* IN INCHES 

Figure 2. Ratio of load at deflection "D" 
in inches over load at 0.2-in. deflection 
versus deflection "D" in inches for 30-in. 

diameter bearing plate.(Subgrade) 

r e l a t i v e positions with respect to the 
ov e r a l l average curve i n each diagram. 
For example, curve No. 5 for Winnipeg i s 
the lowest curve i n both figures. Also, 
curves Nos. 2, 3, 5, 8 and 10, for Fort 

St. John, Lethbridge, Winnipeg, Uplands, 
and Regina, are below the overall average 
curve in each figure. 

The overall average r a t i o s shown i n 
Figures 2 and 3 were determined by the 
method of least squares. Overall average 
ratios were obtained i n a similar manner 

U r 

LECEND 

GRAWE PfUBS 
Rnr ST JOHN LfTieniME 9 
S>9UTC0N 
WDMPEB 
FCRT KELSON 6 
HALItN T 
UPUND9 e 
OCRWL 

Figure 3. Ratio of load at deflection "D" 
in inches over load at 0.2-in. deflection 
versus deflection "D" in inches for 30-in. 
diameter bearing plate. (Flexible Pavement^ 

for other sizes of bearing plates. Hiese 
relationships are summarized in Table 2 
for load tests on dubgrades, and in Table 
3, for load tests on flexible pavements. 

Probably the most striking fact i l l u s ­
trated by the data of Tables 2 and 3, i s 
that for any given s i ^ e of bearing plate, 
the ratios for any two specified deflec­
tions are very nearly identical for both 
subgrade and surface load tests. 

Data for the 18- and 42-inch bearing 
plates were thought to be too limited to 
provide representative average informa­
tion for inclusion in Tables 2 and 3. 

I t should be emphasized that the ratios 
of Tables 2 and 3 w i l l probably apply 
only for the p a r t i c u l a r load t e s t pro­
cedure employed throughout the Department 
of Transport's investigation. 
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TABLE 2 

SUBCKADE LOAD TCSTS 

Average r e l a t i o n s h i p between load c a r r i e d a t any d e f l e c t i o n to the load 
supported at 0.2 inch d e f l e c t i o n for bearing p l a t e s of d i f f e r e n t diameters. 

Diameter 
Rati o of 

0.1 
0.2 

Load Snpp orted at De f l e c t i o n "D" 
of 

Bearing 
P l a t e 
Inches 

0.05 
0.2 

Ratio of 

0.1 
0.2 

Load Supported at 

0.2 0.3 
0.2 0.2 

0.2 inc h 

0.4 
0.2 

D e f l e c t i o n 

0.5 0 ^ 
0.2 0.2 

0.7 
0.2 

12 0.372 0.634 1.000 1.253 1.443 1.594 1.724 1.838 

24 0.398 0.658 1.000 1.244 1.437 1.601 1.751 1.889 

30 0.394 0.651 1.000 1.253 1-.462 1.646 1.811 1.966 

36 0.392 0.638 1.000 1.263 1.479 1.675 1.850 2.015 

TABLE 3 

SURFACE LOAD TESTS ON FLEXIBLE PAVEMENTS 

Average r e l a t i o n s h i p between load supported at any d e f l e c t i o n to the load 
supported at 0.2 inch d e f l e c t i o n for bearing p l a t e s of d i f f e r e n t diameters. 

Diameter 
of 

Bearing 
P l a t e 
Inches 

R a t i o of 
Load Supported at D e f l e c t i o n "D" 
Load Supported at 0.2 inch D e f l e c t i o n 

0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

0.368 0.637 1.000 1.242 1.425 1.580 1.718 1.839 

0.364 0.627 1.000 1.268 1.483 1.668 1.837 1.977 

0.388 0.641 1.000 1.256 1.467 1.650 1.811 1.963 

0.388 0.641 1.000 1.258 1.479 1.678 1.836 1.977 

12 
24 
30 
36 

2. Yield Point Deflections for Subgrades 
and Flexible Pavements 
From subgrade load test data for test 

locations where bearing plates of more 
than one diameter were used, the r e l a ­
tionships between the unit load carried 
on bearing plates of different s i z e s at 
each d e f l e c t i o n fron 0.05 to 0.7 i n . , 
have been determined by the method of 
lea s t squares. Hie resu l t s are similar 
to those shown in Figures 34, 35 and 36 
( F i g 38 as published), of l a s t year's 
paper. Similar results have been worked 
out for a l l surface load test locations 

where different sizes of bearing plates 
were employed. 

From thi s information, combined witl; 
that in Tables 2 and 3, the diagram oi 
Figure 4 for subgrades, end the diagram oi 
Figure 5 for load tests on f l e x i b l e sur­
faces, have been prepared. Figure 4 i s 
based upon the unit load supported by t 
30-in. diameter plate on a cohesive sub-
grade for 0.2 i n . deflection as unity, 
from which the unit load for a bearing piat« 
of any diameter of at l e a s t 12 to 42 
i n . , and for any def l e c t i o n from 0 tc 
0.7 i n . , can be cal c u l a t e d . Figure J 
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^ 
it 

42* 36- 50-

FOR AERCPLANE VWEEL LOAOINSS 

COHESIVE SUaSRAOE SOILS 

AT 10 REPETITIONS OF LOAD 

PERHIETER-AREA RATIO P/A 

Figure 4. I\atio of subgrade support at deflection "D" for bearing 
plates of any diameter over subgrade support at 0.2-in. deflection 

on 30-in. diameter plate versus perimeter area ratio 

SURFACE lOAOS ON FLEXBLE MyQENTS 
AT n REPETUIGNS OF LOAD 

PERIMETER-AREA RATO W. 

Figure 5. Ratio of applied load on surface at deflect i o n "D" for 
bearing plates of any diameter over applied load on surface at 0.2-in. 

deflection on 30-in. diameter plate versus perimeter area ratio 

provides s i m i l a r information for load 
tests on flexible pavements. 

The contact areas of highway wheel 

loads vary considerably between the small­
est passenger car and a large truck, and 
t h i s difference i s even more pronounced 
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AT Oa INCH DEFLECTION 
rO REPETITIONS CF LOAD 

0.1 <X2 03 Ol4 
TOTAL DEFLECTION IN INCHES 

Figure 6. Yield point diagram for cohesive subgrades 

between the t i r e s of a s n a i l airplane, 
and those'of huge a i r c r a f t weighing from 
100 to 200 tons that may be r e l a t i v e l y 
common in the near future. I t i s not 
practical to have to measure the support­
ing value of the subgrade for each of 
these sizes of contact area when working 
out a d e s i ^ i problem involving different 
wheel loads and t i r e pressures. Con­
sequently, there i s need for a method 
whereby limited load test data obtained 
for one s i z e of bearing plate, can be 
extrapolated to any other contact area 
for which bearing capacity data are re­
quired. Figure 4 answers the need for 
this information with regard to the sub-
grade, and Figure 5 provides similar i n ­
formation for load test data on bitumin­
ous pavements. 
^ Figures 4 and 5 can be analysed for 
\ y i e l d point" or "bearing capacity l i m i t " 
By a method devised by Professor Housel 

( i , 2 ) ' ' . The r e s u l t s of t h i s metho 
of analysis are i l l u s t r a t e d i n Figure 
for subgrades and i n Figure 7 for flex 
i b l e pavements. Hie yield point occur 
at a minijmim value of the Kj^ curve, or a 
a maximum value of the ̂ 2 curve. Figur 
6 indicates that the average yield poin 
for the subgrades at the thirteen a i f 
ports tested so far occurs at a deflectio 
of 0.222 in. 

Ibe average yield point deflection fo 
the f l e x i b l e surfaces at these a i r p o r t 
i s shown to be 0.35 i n . in Figure 7 
According to Professor Housel's i n t e r 
p r e t a t i o n , the load supported a t th 
y i e l d point d e f l e c t i o n i s the larges 
that can be carried without progressiv 
settlement occuring. 

^ I t s l i c i i e d figure* in parenclieaea ra-
far to the l i a t of refarencaa at the ea< 
of the paper. 
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Figure 7. Yield point diagram for flexible pavements 

Figures 4, 5, 6 and 7 are based upon 
a l l the load test data obtained to date 
in the Department of Transport's investi­
gation. Hie re s u l t s summarized i n each 
of these four figures were determined by 
analysing a l l data by the method of least 
squares. 

llie yield point deflections indicated 
i n Figures 6 and 7 are in approximate 

agreement with those given in las t year's 
paper, although l a s t year's values'were 
based on a smaller amount of infotmation, 
and the method of least squares was not 
employed throughout when analysing the 
available data. 

3. Relationship of Unit Load on 12-inch 
and 30-inch Bearing Plates 

Figure 4 demonstrates that for a range 
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of deflectirai from 0.2 to 0.5 i n . , the 
unit load supported on a 12-in. plate i s 
somewhat more than twice that supported 
on a 30-in. bearing p l a t e . For load 
tests'on f l e x i b l e pavements. Figure 5 
shows that for the same range of deflec­
tion, the ratio of unit load supported (Hi 
a 12-in. to that c a r r i e d on a 30- i n . 
bearing plate i s somewhat greater than 
2.4. 

These two r a t i o s were indicated by 
data previously reported ( i ) . The fact 
that they are confirmed by the greater 
number of load tests upon which Figures 4 
and 5 are based, i s pointed out here, be­
cause these two ratios are extremely use­
ful when interpolating or extrapolating 
limited load test data to contact areas 
of different s i z e s . Ihese calculations 
must always be made when evaluating the 
runways at an e x i s t i n g airport, orwhen 
designing new runways, by means of load 
test data. 

Ihese ratios may not hold for a l l sub-
grades and flexible pavements, and wher­
ever possible they should be checked be­
fore they are employed for any given pro­
j e c t . 

i . Relationships Betueen Deflection, Set­
tlement, and Elastic Deformation 

The terms "deflectiorf' and"settlement" 
are generally used synoiymously. In this 
section however, they w i l l have the d i f ­
ferent meanings i l l u s t r a t e d by Figure 8. 
When a subgrade or fle x i b l e pavement i s 
subjected to repeated applications of a 
given load, i t i s depressed below i t s 
o r i g i n a l e l e v a t i o n when the load i s 
applied. When the load i s completely re­
moved i t recovers in part, but does not 
reach i t s original elevation. Hie term 
"de f l e c t i o n " i s applied to the amount of 
vertical deformaticHi which occurs when the 
load i s acting, while the residual v e r t i ­
cal deformation remaining after the load 
i s removed i s designated " settlement". 
The difference between d e f l e c t i o n and 
settlement as a load i s applied and then 
removeil i s defined as " e l a s t i c deforma­
tion". 

I f the same load i s repeated a number 
of times, both the deflection and settle­
ment gradually increase. Figure 8 i l l u s ­

trates the gradual increase in deflectioi 
and settlement which occurred when a loac 
of 40,000 pounds on a 30-in. diametei 
plate was applied and released 100 times. 
The end point deflection rate for both 
application and release of load was 0.001 
in. per minute or less for each of three 
successive minutes. I t appears from Fig­
ure 8 that the relationship between numbei 
of repetitions of load and both deflection 
and settlement can be expressed as 
straight line on a log-log graph. Figure 
8 i l l u s t r a t e s the fact that e l a s t i c defor-i 
mation i s the difference between the de^ 
flection and settlement measurements fori 
any given number of repetitions of load. 

mmatriamm 

F i g u r e 8. Inc r e a s e i n d e f l e c t i o n anc 
settlement resulting from repetitions oi 

a given load 

Repetitive load t e s t s have been em­
ployed for the Department of Transport' i 
investigation since i t s beginning. De­
flection and settlement measurements foi 
each a p p l i c a t i o n and each r e l e a s e oi 
every load respectively, were entered i i 
fie l d note books at the end of every min­
ute as a routine matter. Fran these dat« 
i t i s possible to establish the relation­
ship between deflection, settlement, anc 
e l a s t i c deformation for both subgrade an< 
surface load tests for each airport, anc 
to determine overall average r e l a t i o n ­
ships for a l l airports investigated up tx 
the present time. 

In t h i s investigation each load vac 
applied and released from four to si> 
times. The d e f l e c t i o n and settlement 
data for these repeated loadings can be 
extrapolated to 10 repetitions of load 
w i t h reasonable accuracy by means of 
e i t h e r semi-log or log-log graphs o i 
deflection versus number of repetitions 
of load, e.g. Figure 8, and probably with 
less accuracy to 100 or more repetitions. 
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oj 02 OS 04 a8 T s 
OEFtECTION OR SETTlfMENT IN INCHES 

F i g u r e 9. Load versus d e f l e c t i o n and 
settlement for 1, 10, and 100 repetitions 

of load 

Figure 9 i l l u s t r a t e s the general nat­
ure of the graphs obtained by plotting load 
versus both settlement and deflection for 
a single t e s t locabion. Figure 9 pro­
vides information for 1, 10 and 100 re­
petitions of load. 

In Figure 10 the settlement expressed 
as a fraction of the deflection i s plot­
ted versus deflection from subgrade load 
t e s t data for nine airports having co­
hesive subgrade s o i l s . Hie broken l i n e 
curve represents the overall average re­
lationship for these nine airports. I t 
i s apparent that the ratio of settlement 
to deflection tends to increase as the 
d e f l e c t i o n under load i n c r e a s e s . The 
r a t i o s for the individual airports are 
a l l reasonably close to the overall av­
erage r a t i o . At 0.2 in. deflection the 
maximum deviation i s 15 percent, and at 
0.5 in. deflection the maximum deviation 
i s 9 percent. 

The overall average relationship of 
Figure 10 has been u t i l i z e d i n the pre­
paration of Figure 11, which indicates 

the average value of settlement and 
e l a s t i c deformation, for any given de­
flection from 0 to 0.7 i n . for cohesive 
subgrade s o i l s . Figure 11 shows that for 
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Figure 10. Relationships between deflec­
tion and settlement for cohesive subgrade 

s o i l s 

> 

1 / 

stswrooM icntma 
CAU 
i s a 
WW 

um 
MA 
iPCO 
It « m 
ML 
rcM 

FT < 
OCRI 

um 
MA 
iPCO 
It « m 
ML 
rcM 

E 

10 HUt l l lMM OF UMO 
ocHESve auaaMKacn. 

•6^ <M OS 03 04 05 6» 07 
(Luno ocFgmuraN. grnunzKr m ocruorraH H HOWS 

Figure 11. Relationships between deflec­
tion, settlement and e l a s t i c deformation 

(cohesive subgrade s o i l s ) 

a d e f l e c t i o n of 0.2 i n . caused by 10 
repetitions of load on a 30-in. bearing 
plate on a cohesive s o i l , the correspond-
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ing settlement and e l a s t i c deformation 
w i l l each be approximately 0.1 i n . on the 
average. When the deflection i s 0.5 i n . 
under these conditions of load, the cor­
responding settlement and e l a s t i c deform­
ation w i l l average about 0.3 and 0.2 i n . , 
respectively. Figure 11 also indicates 
that to obtain an e l a s t i c deformation or 
a settlement of 0.2 i n . , the load r e ­
quired i s respectively 1.6 times and 1.4 
times that which w i l l give a deflection 
of 0.2 i n . 

hesive subgrades themselves. 
Figures 14 and 15 provide similar i n ­

formation for subgrade load tests at the 
only two airports with sand subgrades. A 
comparison of Figure 14 with Figure 10, 
shows that the ratio of settlement to de­
flection i s considerably higher for these 
two sand subgrades, then for the subgrades 
of cohesive s o i l s . For t h i s reason the 
overall average relationships of Figure 
15 for sand subgrades are n o t i c e a b l y 
different from those of Figure 11 for co-
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Figure 12. Relationships between deflection and settlement for flex­
ible pavements on cohesive subgrade s o i l s 

Hie relationships between deflection, 
settlement, and e l a s L i c deformation for 
load tests^on f l e x i b l e surfaces for the 
nine a i r p o r t s with cohesive subgrade 
s o i l s are sunmarized in Figures 12 and 13. 
Hie relationships of Figures 12 and 13 
approximate those of Figures 10 and 11 
for cohesive subgrades very c l o s e l y , 
although for the lower deflections, the 
r a t i o of settlement to d e f l e c t i o n i s 
somewhat smaller for f l e x i b l e pavements 
on cohesive subgrades, than for the co­

hesive subgrades. Hiere i s a remarkably 
small deviation from the average rat i o s 
for the date i n Figure 14, although the 
two airports with sand subgrades, Uplands 
at Ottawa i n Eastern Canada, and Fort 
Nelson in Northern B r i t i s h Columbia are 
about two thousand miles apart. 

Ihe relationships between deflecticn, 
settlement, and e l a s t i c deformation for 
load t e s t s on f l e x i b l e pavements over 
sand subgrades, as sunmari zed in Figures 
16 and 17, are in remarkably close agree-
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ment with those shown in Figures 14 and 
15 for load tests aa the sand subgrades 
themselves. 

7/ 
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Figure 13. Relationships between deflec­
tion, settlement and e l a s t i c deformation 
( f l e x i b l e pavements on cohesive subgrade 

s o i l s ) 

Hie information outlined i n Figures 
10 to 17 pertains to 10 repetitions of 
load on a 30-in. diameter bearing plate. 
There has not been tine to completely 
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Figure 14. Relationships between deflec­
tion and settlement for sand subgrades 

analyse these relationships for 1 repeti­
tion and for 100 repetitions of load, and 
for other bearing plate sizes. The limit­
ed information so far obtained, however. 
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Figure 15. Relationships between deflec­
tion, settlement and e l a s t i c deformation 

(sand subgrades) 

i n d i c a t e s that r a t i o of settlement to 
deflection for 1 repetition of load i s 
about 90 percent of that for 10 repeti­
tions. For 100 repetitions i t i s about 
108 percent of that for 10 repetitions of 
load. 

Figure 16. Relationships between deflec­
tion an4 settlement for flexible pavements 

cn sand subgrades 

Hie data analysed so far also tend to 
i n d i c a t e that the magnitude of these 
ratios i s greater for a smaller s i z e of 
bearing plate than for one of la r g e r 
diameter. 
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Hie question might be.asked, what i s 
the practical value of the average rela­
tionships between deflect ion, settlement 
and e l a s t i c deformation summarized i n 

I 

rriatsoM 

_ <m O B 

(uone o0onwnoN.6cnuicifr OR amonn n nm 
Figure 17. Belationships between deflec­
t ion , settlement and elast ic deformation 

(Flexible pavements on sand subgrades) 

Figures 11, 13, 15, and 17? Insofar as 
the required thickness of f l ex ib l e pave­
ments i s concerned, i t i s possible to base 
the i r design upon some value of se t t l e ­
ment or e las t ic deformation rather than 
upon a c r i t i c a l def lect ion. The average 
relationsliips shown i n Figures 11, 13, IS 
and 17, tend to indicate that l i t t l e would 
be gained by so doing. Hiat i s , on the 
basis of the informat ion contained i n 
Figure 13, f o r instance, i t appears to 
make no d i f f e r e n c e whether design i s 
based for example on a deflecti<B> of 0.5 
i n . , a settlement of 0.3 i n . , or an elas­
t i c deformation o f 0.2 i n . , a l l at 10 
r e p e t i t i o n s o f load , s ince the same 
applied load i s required to give each of 
these three values. 

Since d e f l e c t i o n i s o r d i n a r i l y an 
easier property to measure, and a more 
simple concept to understand, and because 
for any given applied load, the amounts 

of settlement and elastic deformation are 
approximately de f in i t e fract ions of the 
deflect ion, there may be no advantage i n 
considering the design of thickness for 
f l e x i b l e pavements i n terms of e l a s t i c 
deformation, or settlement, i n place of 
deflection. 

I t has been indicated by some invest i ­
gators that af ter a certain small number 
of repetitions of any given load, a so i l 
becomes p e r f e c t l y e l a s t i c i n i t s be­
havior (J, 4 ) . I f i t reaches th is point, 
a constant value of deflection w i l l occur 
each time the load i s applied, and i t w i l l 
recover to a constant value of settleanent 
when the load i s released. This would 
result i n a constant value of elastic de­
formation also. I t i s to be observed 
that th i s condition of e las t ic behavior 
does not seem to develop for the test ing 
procedure and magnitudes of load and de­
f l e c t i o n employed for the Department of 
Transport's invest igat ion, at least not 
up to 100 repetitions of load, e.g. Fig­
ure 8. While for normal testing proced­
ure only 6 repetitions of each load were 
employed, individual testa were made at a 
number of airports i n ^ i c h the same load 
was applied and released from 80 XM> 100 
times. 

5. Influence of Subgrade CoKpaction on 
Subgrade Bearing Capacity 

For a runway constructed i n 1946 for a 
new a i rpor t at Saskatoon, Saskatchewan, 
the top 2 f e e t o f the c lay subgrade 
( L . L . . 35-50%; P.I. .20-25%; Pass No. 
200 s 65-85%) were compacted to 95 percent 
o f modified AASHO maximum density under 
r i g i d f i e l d laboratory control . A dense 
graded, impervious, mechanically s t a b i l i ­
zed base course was constructed on the 
subgrade, and the asphaltic concrete sur­
face was pa r t l y completed. No surface 
water could penetrate through to the sub-
grade. After standing during the winter, 
and being exposed to one complete yearly 
cycle of weather conditions to permit 
reasonably uniform d is t r ibu t ion of mois­
ture through the subgrade, plate bearing 
tests were made at seven d i f f e r en t loca­
tions on the runway during the summer of 
1947, to determine the influence of com­
paction on subgrade bearing capacity. 
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Pavement and base were removed, the sub-
grade was excavated as required, and re­
p e t i t i v e unconfined load bearing tests 
were performed with a 24-in. plate on the 
top of the uncompacted subgrade, on top 
of 12-in. of compacted subgrade, and on 
top of 24 i n . of compacted subgrade, Fig­
ure 18. 

Figure 19 indicates that compacting a 
12-in. depth of t h i s s o i l from 85.5 to 
94.4 percent of maximum density, increased 
the subgrade bearing capacity by approx­
imately 25 percent, while ccmpacticn to a 
depth of 24 i n . increased the bearing 
capacity of the subgrade by about 38 per­
cent. 

APPLIED 
LOAD 

COMPACTED 

PLATE 

UNCOMPACTED SUBQRAOE 

Figure 18. Arrangement of load tests on compacted and 
uncompacted subgrade 

Field moisture and density tests on each 
6- in . layer throughout the 24-in. depth 
of compacted material were made at each 
load tes t loca t ion i n 1947. They i n ­
dicated that the density in place of the 
compacted subgrade averaged 94.4 percent 
of modified AASHO maximum, and the mois­
ture content averaged 114.2 percent of 
modified AASHO optimum. Ihe corresponding 
average in place density and moisture con­
t en t s o f the unde r ly ing uncompacted 
subgrade as determined fo r each 6 - i n . 
layer to a depth of 24-in. were 85.5 per­
cent of maximum, and 118.0 percent of 
optimum respectively. 

The load test data have been plot ted 
i n Figure 19 for 0.5 i n . def lect ion and 
10 repet i t ions of load. Two pr incipal 
conclusions can be drawn from the data of 
Figure 19: 

(a) Compaction of the subgrade de­
veloped a marked increase in sub-
grade bearing capacity for th i s 
s o i l . 

(b) The increase in supporting value 
due to ccmpacticn was much great­
er for the lower 12 i n . than for 
the top 12 i n . of the compacted 
layer. 

The average increase in bearing capa­
c i t y fo r the lower 12 i n . of compacted 
subgrade at Saskatoon can be represented 
by the equation, 

Tis = 120 l o g | i £ (1) 

(Fig . 19), and fo r the f u l l depth of 24 
i n . o f compacted subgrade, can be ex­
pressed by the equation 

184 = 160 log | § i 
(2) 

Where 
Tia and Tz^ = Thicknesses of 12 i n . and 

24 i n . of compacted sub-
, grade respectively 

•So = subgrade support on a 24-
i n . diameter bearing plate 
at 0.5-in. deflection for 
10 repetitions on the un­
compacted subgrade. 

Sj_Q and = subgrade support on a 24-
i n . diameter bearing plate 
at 0.5-ini deflecticn for 
10 repetitions on 12 i n . 
and 24 i n . of compacted sub-
grade respectively. 

In our paper fo r las t year's annual 
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Figure 19. Influence of depth of subgrade 
compaction on bearing capacity 

meeting an equation was derived for ex­
pressing the supporting value provided by 
any thickness of well compacted granular 
base course materia] on a cohesive sub-
grade. The equation i s 

T = ^ f l o g I (3) 

T = thickness of granular base i n inches 
P = applied load 
•S = sttbgrade support at the same de­

f l e c t i o n , number of repet i t ions of 
load, and contact area that pertains 
to P. 

K = base course constant, and has a value 
of 60 for a 24-in. plate (see Figure 
30 below) 

From a corpariscn of equation (3) with 
equations (1) and (2) , i t can be easily 
calculated that coirpaction of the lower 
12 i n . o f the compacted subgrade 
layer at Saskatoon provided the same i n ­
crease i n supporting value that would 
have been given by a wel l constructed 
granular base 6.0 i n . t h i r k placed on 
the uncompacted subgrade. S imi lar ly , a 

granular base course 9.0 i n . t h i ck on 
the uncompacted subgrade would have been 
required to obtain the increase in sup­
port ing value provided by compaction of 
the subgrade to a depth o f 24 i n . An 
economic comparison of the cost of sub-
grade c t ^ a c t i o i i versus the cost of the 
greater thickness of base course required 
when subgrade coiq>action i s not employed,' 
cannot be e n t i r e l y j u s t i f i e d on t h i n 
basis, however, since the value of the 
smaller d i f f e r e n t i a l settlement and the 
smoother pavement surface which results 
from compacting the subgrade, i s not 
taken into consideration. 

Hie increase in bearing capacity due 
to compaction could be expected to vary 
w i t h the nature of the subgrade s o i l , 
with the degree of compaction as compared 
with the density of the uncompacted mat­
e r i a ] , and wi th i t s topographical and 
geographical loca t ion . While the date 
contained i n th i s section were derived 
experimentally for the airport at Saska­
toon, the quant i ta t ive values might be 
d i f f e r e n t fo r a i rpor t s i tes elsewhere, 
and should he employed with caution un­
less cliecked by actual f i e l d or laboratory 
tests for the location to which they are 
to be applied. 

6. Influence of Subgrade Compaction on 
Cone Bearihg, Field C.B.R., Housel 
Penetrometer, and Triaxial Compres­
sion Versus Plate Bearing Values 

At each test location for which sub-
grade plate bearing data were determined 
f o r the new runways at Saskatoon, cone 
bearing, f i e l d C.B.R., Housel penetro­
meter, and t r i ax i a l compression data were 
obtained fo r each 6 - in . layer of the 2 
feet of cooipacted subgrade, and for earh 
6 - i n . layer of the under ly ing uncom­
pacted subgrade t o a depth o f 24 i n . 

By averaging the values for the four 
6 - in . layers of conpacted subgrade, an 
overall average for the 2 - f t . depth was 
obtained f o r each o f the four t e s t s . 
S i m i l a r l y , overa l l average values f o r 
each of the four tests fo r four succes­
sive 6 - i n . layers were detennined for 
the 2 4 - i n . depth of uncompacted sub-
grade. However, cone bearing values 
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Figure 20. Subgrade support versus f i e l d CBR 
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Figure 21. Subgrade support versus f i e l d cone bearing 

which were higher f o r the f i r s t 6 - i n . 
layer than f o r lower layers were d i s ­
carded when overal1 cone bearing aver­
ages were ca lcu la ted . An occasional 
t r i ax i a l compression value for 4> was also 
obviously out of l i n e , and was deleted 
when determining the overall average for 
th i s test for to th compacted and unconi-

pacted portions of the subgrade. 
In Figures 20, 21, 22, and 23, the 

f i e l d C.B.R., cone bearing, Housel pene­
trometer, and t r i a x i a l compression data 
respectively, are plotted versus the load 
supported on a 30- in . plate at 0.2 i n . 
deflection for 10 repetitions of load, for 
both compacted and unconpacted portions 
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Figure 22. Subgrade support versus Housel penetrometer 
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Figure 23. Subgrade support i n kips at 0.2-in deflection vs. angle 
of internal f r i c t i o n 

of the subgrade. The broken l ine curve 
i n each of Figures 20, 21, 22, and 23, 
represents the average relationship be­
tween each o f the four tes ts and the 
plate bearing test established previous­

l y f o r unconpacted subgrades ( i ) , (with 
the exception noted in the next sentence), 
on the basis that i f any one of the four 
tests were employed instead of the plate 
bearing test, the actual subgrade support 
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would not be overestimated by more than 
10 percent for any a i rpor t . However, i t 
should be noted that the curves of Figures 
20 and 23 have been revised sooiewhat from 
those of Figures 44 and 60 respectively, 
o f last year's paper (1) , as a result of 
study of a l l corresponding CBR, t r i a x i a l , 
and plate bearing data obtained so f a r . 
Consequently, the curves of Figures 20, 
21, 22, and 23, represent the best rela­
tionships wi th the corresponding plate 
bearing values that can be established in 
the case of each of the four tests , on 
the basis of a l l the test data that have 
been obtained up (o the present for sub-
grades that had been covered with f l e x ­
ib le pavements for a time, and which had 
not been compacted to high density during 
coistruction. 

centages greater than 100 show that the 
representative curve fo r that test has 
overestimated the actual subgrade support 
by the amount of the difference between 
the percentage given and 100 percent. 
S imi lar ly , the subgrade support as given 
by the representative l ine for any one of 
the four tests, has been underestimated 
^erever the percentage shown in Table 4 
I S less than 100 percent. 

The data of Table 4, and Figure 20, 
indicate that a somewhat d i f f e r en t rela­
tionship exists between f i e l d CBR versus 
plate bearing tests for the compacted than 
for the uncompacted subgrade at Saskatoon 
Ai rpor t No. 2. Subgrade compaction has 
caused the f i e l d CBR value to increase at 
a considerably faster rate than the plate 
bearing value, since the points for the 

TABLE 4 

Ratio of load test values given indirect ly by representative lines 
through data for cone bearing, Housel penetrometer, f i e l d C.B.R., and 
t r i ax i a l compression tests, versus actual load test values given by 
corresponding plate bearing tests. Data for compacted and uncompacted 
subgrade layers at Saskatoon Airport No, 2. Ratios expressed as per­
centages. 

Saskatoon ^ Overall Average for 
Airport No. 2 Cone Housel Field Triaxial Average Cone Bearing & 

Subgrade Layer Bearing Penet. C.B.R. Comp. For 4 Tests Housel Pen. 

Compacted 

Uncompacted 

102.1 

66.1 

84.1 

67.5 

127.3 

85.2 

65.9 

72.4 

96.8 

70.3 

93.1 

66.8 

In table 4, a comparison i s made be­
tween the load test information obtained 
ind i rec t ly from the representative curve 
through the f i e l d CBR, cone bearing, 
Housel penetrometer, and t r i a x i a l com­
pression data of Figures 20, 21, 22, and 
23, respectively, versus the actual load 
test data provided by corresponding plate 
bearing tests, for the compacted and un­
compacted subgrade layers at Saskatoon 
A i r p o r t No. 2. Table 4 indicates for 
both compacted and uncompacted layers, the 
deviation between load test information 
obtained ind i rec t ly from the correlation 
curves for these four tests, versus the 
actual load test resul ts determined by 
corresponding plate bearing tests. Per-

uncompacted subgrade tend to 1ie above the 
representative l i ne i n Figure 20, while 
those for the compacted subgrade are below 
the l ine . The data of Table 4 for the QBR 
test show that use of the representative 
curve of Figure 20, would lead to over­
estimating the supporting value of the 
compacted subgrade by 27.3 percent on 
the average, but would underestimate the 
supporting value of the uncompacted sub-
grade by 14.8 percent. Insofar as these 
r e l a t i v e l y l i m i t e d data are concerned 
therefore, the f i e l d CBR test indicates a 
considerably greater improvement in sub-
grade bearing capacity due to compaction 
than has actually occurred, and this could 
lead to serious underdesign, part icularly 
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for subgrade soi ls i n the low CBR range. 
Figure 21 and Table 4 demonstrate that 

a somewhat s i m i l a r conclusion can be 
drawn wi th respect to the cone bearing 
t e s t , but without the tendency toward 
serious underdesign. Use of the repre­
sentative curve of Figure 21 would lead to 
overestimating the supporting value of 
the compacted subgrade by cmly 2.1 per­
cent, but would underestimate the sup­
porting value of dthe tunanpacted subgrade 
by 33.9 percent. 

Table 4 indicates ithat £he jepresenta-
t i v e enrve « f Figure 22 fox ithe IHensel 
penetraneter t e s t somewhat underestimates 
t b e supporting value of both the compacted 
and uncompacted subgrade. The supporting 
value of the compacted subgrade is under­
estimated by 15.9 percent, and of the un­
compacted subgrade by 32.5 percent. 

Figure 23 i l lus t ra tes the location of 
the data f o r the compacted and uncom­
pacted subgrade layers wi th respect to 
the representative l i n e that has been 
established between tbe angle of internal 
f r i c t i o n 4> from the t r i a x i a l compression 
test versus the corresponding plate bear­
ing values for a l l subgrades tested so far . 
Table 4 indicates that the actual sub-
grade supporting value i s underestimated 
io each case by about 30 percent. Con­
sequently, the percentage of deviation i s 
approximately the same for both compacted 
and iDioampacited layers, and the t r i a x i a l 
test i s ^ e r e f o p e the icmly one of these 
four tests <for m^ixih enyitliing «(pproadiiqg 
th is degree of uniformity ' O c c u r s for Iwth 
the compacted and tmcompacted matierials. 

From the right-hand column of Table 4, 
i t can be seen that by averaging the plate 
bearing values obtained i n d i r e c t l y from 
cone bearing and Housel penetrometer data 
for both compacted and uncompacted sub-
grade layers by means of Figures 21, and 
22, average subgrade bearing values are 
determined that are wi th in 33.2 percent 
of the actual average plate bearing value 
fo r the uncompacted subgrade layer, and 
w i t h i n 6.9 percent f o r the compacted 
layer . The actual subgrade support i s 
underestimated by these percentages i n 
each case, and i s therefore on the safe 
side f o r design. From a comparison of 

the two right-hand columns of Table 4, i t 
w i l l be observed that averaging the values 
f o r these two tests, provides deviations 
from the actual subgrade support that are 
no greater, practical ly speaking, than the 
deviations obtained by averaging the val ­
ues for the four tests. At 8 out of 11 a i r ­
ports wi th cohesive subgrades tested up 
t o t h i s time, t h i s method, based upon 
averaging plate bearing values obtained 
I n d i r e c t l y from cone bearing and Housel 
penetrometer data, has provided results 
tbat were within 10 percent of those de-
itermined 'by actual plate bearing tests, 
and at the other three a i rpor t s i t has 
underestimated the actual subgrade support 
by 23, 25, and 33 percent, which i s on 
the safe side for design. At no airport 
with a cohesive subgrade investigated so 
fa r , ha^ this method led to overestimat­
ing the actual subgrade support by more 
than 10 percent. 

Ota the basis of these rather l i m i t e d 
da ta t h e r e f o r e , i t appears t h a t the 
actual increase i n bearing capacity due 
t o compaction of a cohesive subgrade i n 
the f i e l d , mig^t be obtained with reason­
able accuracy from t r i a x i a l data on sam­
ples taken to the laboratory and u t i l i z ­
ing the re la t imship of Figure 23, or by 
means of the method j u s t ou t l ined f o r 
averaging plate bearing data obtained i n ­
d i r e c t l y from cone bearing and Housel 
penetrometer tests performed in the f i e l d , 
i n conjunction with the relationships of 
Figana 21 and 22. 

I n Figure 24, values of cone bearing 
and angle o f i n t e rna l f r i c t i o n 4>, are 
plotted versus the moisture contents and 
densities indicated by the corresponding 
modif ied AASHO compaction curve f o r a 
sample of so i l from Saskatoon Airport No. 
2 . At maximum d e n s i t y and optimum 
moisture, the angle of internal f r i c t i o n 
4> i s 37 deg., and the corresponding cone 
bearing value i s 2300 ps i . From Figure 
33, i t i s apparent that the thickness of 
base course required to support any given 
wheel load over a subgrade with a cone 
bearing rating of 2300 psi , i s much less 
than the thickness indicated when the 
ra t ing of the subgrade support i s given 
by <̂  = 37 deg. Better agreement between 
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the thicknesses required by corresponding 
angles of internal f r i c t i o n 0, and cone 
bearing values, i s obtained for the moisture 
contents and densities from the wetter 
por t ion of the wet branch of the com­
paction curve. 

From the plate bearing, cone bearing, 
and ^ values determined f o r compacted 
layers in the f i e l d at Saskatoon Airport 
No. 2, Figures 21 and 23, and from d ia ­
grams similar to Figure 24 prepared from 
data obtained f o r samples of the same 
subgrade layers that were compacted i n 
the l a b o r a t o r y , i t appears t h a t the 
actual subgrade support af ter compaction 
is greatly exaggerated by the cone bearing 
ratings for laboratory compacted samples 
i n the v i c i n i t y of optimum moisture and 
maximum density, but i s indicated wi th 
reasonable accuracy by the <t> values 
obtained from the t r i a x i a l compression 
test . 

basis of laboratory data, i t i s believed 
that th is estimate can be made with rea­
sonable accuracy by determining the 4> 
values for the conpacted and uncompacted 
s o i l by means o f the t r i a x i a l compres­
sion t e s t . The probable increase i n 
strength due to conpaction can be deter­
mined front the increase in 4>, and from a 
correlation of <t> with plate bearing data 
such as that shown by the curved l i n e 
relationship of Figure 23. I t should be 
unnecessary to add that when such tests 
are to form the basis for pavement design, 
both the compacted and uncompacted sam­
ples should be tested at the worst con­
d i t i o n of moisture content expected for 
the subgrade af te r the pavement i s l a i d . 

7. Influence of Base Course Thickness on 
Subgrade Modulus 

For r i g i d pavement desi^i the subgrade 
modulus k i s normally detennined from the 

I \ I 
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Figure 24. Influence of so i l moisture and density on angle of internal 
f r i c t ion- and cone bearing values 

Consequently when an estimate of the 
probable increase i n subgrade strength 
due t o compaction i s required on the 

load supported on a 30-in. plate at 0.05 
def lec t ion i n a s t a t i c load test on the 
subgrade, although i t was pointed out last 
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year (1) that repet i t ive load-tests with 
larger bearing plates might provide more 
representative values fo r the degree of 
subgrade support actual ly available for 
a r i g i d pavement. 

I t i s quite common practice to place 
a granular base course over cohesive sub-
grades and under the pavement. This 
raises the problem of ca lcula t ing what 
the subgrade modulus k on top of any giv­
en thickness of granular base course w i l l 
be, i f the subgrade modulus for the sub-
grade i t s e l f has been measured. 

In Figures 25, 26, and 27, the load 
carr ied by a 30 - in . plate at 0.05 i n . 
deflection for 10 repetitions of load on 
thicknesses of base course of 7,- 14, and 
21 i n . respect ive ly , has been p lo t t ed 
versus the load supported on the under­
lying subgrade for the same conditions of 
test , for a number of test locations at 
several airports. 
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Figure 25. Applied load i n kips on base 
course at 0.05-in. deflection versus sub-
support i n kips at 0 .05- in d e f l e c t i o n 

I t i s observed that the straight l ine 
representing the equation 

Figure 26. Applied load i n kips on base 
course at 0.05-in deflect ion versus sub-

grade support i n kips at 0.05-in. 
deflection 

expresses the re la t ionship between the 
data reasonably w e l l , where each symbol 
has the significance previously explained 
for equation (3). 

Hierefore, i f the subgrade irodulus 
f o r tlie subgrade has been measured, the 
subgrade modulus at the surface of a 
wel l compacted granular base course o f 
any thickness T can be calculated from 
the equation 

T = log (4) 

r = ^ l o g ^ (3) 

While tlie best average value of A fo r 
the 30- in . plate fo r f l e x i b l e pavement 
design appears to be 65 (1) , Figures 25, 
26 and 27, indicate that K = 80 might be 
more representative fo r calculat ing the 
subgrade modulus fo r a granular base 
course for r i g i d pavement design, by means 
of equation ( 4 ) . Ac tua l ly , insofar as 
i t s influence on the required thickness 
of a r i g i d pavement i s concerned, i t mat­
t e r s very l i t t l e what value o f A' i n 
equation (4) over the range of 65 to GO, 
i s taken, as the following example i l l u s ­
trates. 
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I f the subgrade modulus for a given 

project i s 100 Ibs . / cu . i n . , and i t i s 
covered with a 12-in. thickness of well 
compacted granular base, i t i s found by 
subs t i tu t ion in equation ( 4 ) , that ^ E ^ , 
the value of the subgrade modulus at the 
surface of the base course i s 153 Ibs./cu. 
i n . i{ K = 65, and is 142 Ibs./cu. in . i f 
K = 80. . I n s o f a r as r i g i d pavement 
design for most wheel loads is concerned, 
a subgrade modulus of ei ther 141 or 153 
I b s . / c u . i n . would r e s u l t i n the same 
pavement thickness, practically speaking. 
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Figure 27. Applied load i n kips on base 
course at 0.05-in, deflection versus sub-

grade support i n kips at 0.05-in. 
deflection 

Consequently, i f the subgrade modulus 
fej fo r the subgrade has been measured, 
the subgrade modulus at the surface of 
any thickness T.of well compacted granu­
lar base course can be calculated by means 
of the equation. 

r = 80 log ^ (5). 

I f a loose poorly compacted granular 
base course is employed, i t s supporting 
value fo r a r i g i d pavement may be less 

than that of an underlying cohesive sub-
grade. I t cannot be too strongly empha­
sized t h e r e f o r e , t h a t equa t ion (S) 
w i l l apply only for granular base courses 
that have been thoroughly compacted. The 
degree of compaction should be not less 
than 100 percent of modified AASHO maximum 
at any point. 

8. Supporting Value of BitiMinous Sur­
face Relative Granular Base 

For bituminous pavements that have 
been in service fo r sometime, the load 
tes t data have demonstrated that 1-in. 
of bituminous surfacing made with l i qu id 
asphalt or s o f t asphalt cement has the 
supporting value o f 1.5 i n . of granular 
base, and that th i s r a t io i s 2.5 for well 
designed and constructed penetra t ion 
macadam, sheet asphal t and aspha l t i c 
concrete ( i ) . 

Load test data obtained during the 
1947 test ing program, have indicated on 
the other hand, that 1-in. of a newly 
constructed bituminous surface may have 
a somewhat smaller supporting value than 
1-in. of granular base. 
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Figure 28. Applied load in kips on base 
course at 0.5-in. deflection versus 
subgrade support i n kips at 0.5-in. 

deflection 

9, Flexible Pavement Design Equation 
for Sandy Subgrade s 

Figure 28 i s a graph of applied load 
versus subgrade support, both determined 
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with a 30-in. plate, 0.5 i n . deflect ion, 
10 repet i t ions o f load, for a granular 
base course 7 i n . thick. 

Data f o r Uplands a i rpor t at Ottawa, 
where the subgrade consists of about 80 
feet of r e l a t i ve ly clean sand, are seen 
to be represented quite well by the best 
line through the data for other airports, 
where the sulgrade consists of cohesive 
s o i l . In the absence of comprehensive 
data from a nuirber of airports with sandy 
subgrades, i t would appear from Figure 
28, that f l e x i b l e pavement design equa­
tion (3) 

T = K (3) 

can be tentat ively employed to determine 
the required thickness of granular base 
courses over subgrades of sandy soi ls . 

10. Influence of Bearing Plate Size on 
Value of the Base Course Constant K 

For the paper presented las t year 
i t was found t l ia t tbe Jjest a v e r a g e value 
f o r the base ' C o n r s e constant K i n equatimi 
(3) f o r A 30- in . p la te , was 65. I t was 
also believed at tltat lime that the value 
oi K was independent o f t h e size o f tlie 
bearing plate. 

From data obtained during 1947, and from 
closer scrutiny o f the ea r l i e r data, i t 
has been found that the base course con­
stant K varies wi th the size of bearing 
plate . Figure 29 demonstrates that the 
average value of K for a 12-in. plate i s 
about 35. 

From a study of a l l available data, i t 
appears that the change i n value o f K 
with change i n size of bearing plate can 
b e expressed as a straight l ine relation­
ship irfien K i s plotted versus P/A r a t i o . 
Figure 30. 

11. Thickness Design Charts for Flexible 
Pavements for Airports 

Figures 94, 95, 96, and 97 o f l a s t 
year's paper (1) , for required thickness 
o f granular base f o r runways were de­
rived from equation (3), T = K log (P/S), 
and were based upon 0.5 i n . de f l ec t ion 
f o r 10 repe t i t ions of load, and upon a 
value o£ K = 6S which was independent of 
size o f contact area. S i m i l a r l y , the 
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Figure 29. Applied load i n kips on base 
course at O.S-in. deflection versus 
subgrade support i n kips at O.S-m. 

deflection 

thicknesses f o r taxiways, aprons and 
turn-arounds, as given by Figures 96 and 
97, were also obtained from equation (3), 
based upon = 65 and 0.225 i n . deflec­
t i o n fo r 10 repet i t ions of load. This 
approach resulted i n an almost constant 
d i f f e r e n c e of abcut 10 to 11 i n . be­
tween the thickness requirements for run­
ways and for taxiways, e tc . , regardless 
of the ma^itude of the wheel load. I t 
would be more reasonable to expect that 
th i s di f ference would increase wi th an 
increase in wheel load, and vice versa. 

Figures 31, 32, and 33, are revised 
charts which indicate the thicknesses of 
granular base required for runways, and 
f o r taxiways, aprons, and turnarounds, 
for a wide range of airplane wheel loads 
for capacity operations. They are based 
upon f l e x i b l e pavement design equation 
( 3 ) , and upon a d e f l e c t i o n of 0.5 i n . 
fo r 10 repeti t ions of load for runways, 
and upon a d e f l e c t i o n o f 0.35 i n . f o r 
10 repetiticns of load for taxiways, etc., 
but the value of K varies with the size 
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Figure 30. Influence of perimeter - area ra t io on value of K i n 
f lexib le pavement design equation 

o f contact area as indicated by Figure 
30. This results in a difference between 
thickness requirements for runways, end 
fo r taxiways, e t c . , which changes wi th 
the magnitude of the wheel load. Figures 
32 and 33. This difference varies from 
about 3 i n . f o r a 5000 l b . wheel load 
t o about 6 i n . f o r a wheel load o f 
150,000 lb . 

Thickness design for runways for capa­
c i t y operations i s based upon 0.5 i n . 
def lec t ion fo r 10 repet i t ions of load, 
since this has been indicated by correla­
t i n g load test wi th t r a f f i c data. For 
taxiways, aprons, and turnarounds, the 
design c r i t e r i o n should be the y i e l d 
point d e f l e c t i o n to avoid progressive 
settlement of parked a i r c r a f t i n to the 
pavement. Figure 7 indicates that the 
average y i e l d point def lec t ion f c r the 
f l ex ib l e pavemeiitt. for the thirteen a i r ­
ports tested so fa r , occurs at 0.35 i n . 
Consequently, the load which develops 
0.35 i n . de f lec t ion fo r 10 repet i t ions 
has been selected as the design cr i ter ion 
for taxiways, aprons, and turnarounds fo r 
capacity operations. 

In Figure 31, the runway thickness 
requirements o f the U.S. Corps o f 

Engineers for subgrade soi ls with soaked 
CBR values of 3.0 and 4.5, are shown on 
the curves by c i r c l e s and crosses, re­
spectively (5). The cross-hatched portion 
of Figure 31 outlines the range of thick­
nesses indicated by equation (3) based 
upon actual load test data (0.5 i n . de­
f l e c t i o n fo r 10 repe t i t ions) f o r eight 
Canadian a i rpor t s at which the average 
CBR ratings of soaked samples varies from 
2.2 to 4.6. The cross-hatched portion of 
Figure 31, which represents the results 
of combined t r a f f i c and load test i n f o r ­
mation obtained during the Department of 
Transport's invest igat ion, demonstrates 
that very satisfactory service performance 
has been obtained from runways with thick­
nesses of base and surface that vary from 
one- th i rd to f o u r - f i f t h s of those re­
quired by U.S. Corps of Engineers' design. 
This difference i n thickness requirements 
was commented upon at length i n l a s t 
year's paper ( i ) . I t i s due to the fact 
that the Department o f Transport 's i n ­
ves t iga t ion has demonstrated that the 
moisture contents of the top inch of the 
soaked subgrade samples, upon which tbe 
CBR tes t that forms the basis f o r the 
Corps of &igineers' design is made, were 
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Figure 31. Design curves for f lex ib le pavements for airplane vriieel 
loadings ( f u l l load an single t i r e ) 

from 25 to 140 percent higher than the 
actual moisture contents of the subgrades 
under the pavements at the Canadian a i r ­
ports investigated so far . 

(Canadian a i rpor t engineers have been 
in te res t ed to observe that t h e i r own 
experience concerning f l e x i b l e pavement 
design f o r runways, i n comparison wi th 
what i s considered to be the u l t r a con­
servative design of the Corps of &igineers, 
has been qui te adequately confirmed by 
Palmer (6) recent ly , w i th regard to a 
considerable number of a i rpor t s i n the 
United States which are being currently 
investigated by the Bureau of Yards and 
Docks of the U. S. Navy. 

Although they are considerably smaller 
than those of the Corps of Engineers, i t 
i s not u n l i k e l y that the thickness re­
quirements for runways as given i n Fig­
ures 32, and 33, for capacity operations, 
are s t i l l too conservative. At Dorval a i r ­
port near Montreal for example, there were 
up to 40 operations per day by (constella­
tions and D.C. 4's for some weeks during the 
Spring and sumner of 1947, and the runways 
have supported several tens of thousands of 

operations wi th wheel loads o f 30,000 
pounds or more, without sign of distress. 
By U.S.A. standards however, t h i s might 
be classif ied as l imited t r a f f i c for this 
wheel load. Hie Department of Transport 
study has indicated that the c r i t e r ion of 
runway design f o r capacity operations 
should be 0.5 i n . def lec t ion for 10 re­
petitions of load, and for l imited t r a f f i c 
should be 0.5 i n . d e f l e c t i o n f o r I r e -
pet i t ion of load. 

For the contact area of a 30,000 l b . 
wheel load, the subgrade support for the 
two weakest runways at Dorval i s 11,300 
lbs . at 0.5 i n . de f l ec t ion fo r 10 re­
peti t ions of load, and i s 13,000 lbs. at 
0.5 i n . de f lec t ion f o r 1 r epe t i t i on of 
load. For this subgrade support, equation 
(3) indicates that the thickness require­
ment for a runway for a 30,000 l b . wheel 
load for capacity operations is 

r = 60 log 3 0 ^ 
^ 11,300 

= 25.5 i n . 
and for l imited operations i s 
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T = 6 0 1og 3 0 i M 
" 13.000 

= 22 i n . 
Therefore, according to the design f o r 
thickness of granular base for f l e x i b l e 
pavement developed by the Department of 
Transport's investigation, i f the t r a f f i c 
a t Dorval i s considered to be i n the 
" l i m i t e d " category, the required th ick­
ness i s 22 i n . I f t r a f f i c i s i n the 
"capacity" class, the thickness required 
i s 25.5 i n . 

equation (3 ) , and the actual thickness 
( i n terms of equivalent thickness o f 
granular base) approximate each other, 
even on the basis of l imited operations. 
In addition, i t is to be remembered that 
Dorval has been subjected to considerable 
t r a f f i c by a i r c r a f t w i th wheel loads 
greater than 30,000 lbs. Furthetmore, at 
nearly a l l Canadian airports, the runways 
serve also as taxiways, and this i s par­
t i cu la r ly true of Dorval. Figures 32 and 
33, indicate that f o r a wheel load of 
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Figure 32. Design curves for f lex ib le pavements for runways and tax i ­
ways etc., for airplane wheel loadings ( f u l l load on single t i r e ) 

Actually, the runways at Dorval have a 
t o t a l thickness o f only 14 i n . , made 
up of 10 i n . of granular base, and 4 
i n . o f penetra t ion macadam and sheet 
asphalt. I f each inch of bituminous sur­
face at Dorval has the supporting value 
o f 2.5 i n . o f granular base, as con­
servat ively indicated by plate bearing 
tes ts , the base and pavement at Dorval 
are equivalent in supporting value to 20 
i n . of granular base. 

Consequently, i t i s only by allowing 
f o r the greater supporting capacity of 
the bituminous surface per inch of thick­
ness, as compared wi th granular base, 
that the design thickness as required by 

30,000 pounds, the thickness requirement 
f o r a taxiway i s about 4 i n . greater 
than for a runway. Hiis further increases 
the difference between the actual thick­
ness o f the Dorval runways, and the 
thickness requirement indicated by equa­
t i o n ( 3 ) , i l l u s t r a t e d e a r l i e r i n t h i s 
section. Therefore, as far as the runways 
at Dorval are concerned, f lex ib le pavement 
design equation (3), T = K log (P/S), and 
the design charts of Figures 32, and 33, 
provide f o r conservative thicknesses of 
granular base, rather than otherwise. I t 
may be that f u r t h e r f i e l d t e s t ing and 
t r a f f i c studies w i l l indicate that smaller 
thicknesses than these could be safely 
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AND 039 INCH DEFLECTION FOR TAXIWAYS, E T C , FOR SAME CONISCT 
AREA A S ' P " 
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INTERNAL FRICTION INDICATED.APPLY TO FINE TEXTURED COHESIVE SOILS AND REPRESENT THE 
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Figure 33. Design curves for f l ex ib le pavements for runways and t ax i -
ways, etc. , for airplane wheel loadings ( f u l l load on single t i r e ) 

(Based upon f ive subgrade tests) 

employed for runway design in general. 
I t should be pa r t i cu l a r ly noted that 

the curves ii» Figures 31, 32, and 33, are 
for the f u l l load on a single t i r e , and 
that the thickness of granular base re­
quired is considerably less when the load 
i s carried on dual t i r e s . Most comnercial 
a i r c r a f t wi th wheel loads greater than 
30,000 pounds are equipped w i t h dual 
t i r e s a t the present t ime. From data 
obtained by the Department of Transport 
for dual and single steel bearing plates 

of the same contact area (1) , i t appears 
that for any given thickness of granular 
base and f l ex ib le surface up to about 20 
i n . , the load supported on dual t i r e s 
i s from one- th i rd to one-half greater 
than t h a t which can be c a r r i e d on a 
s ing le t i r e . For thicknesses greater 
than about 20 i n . , t h i s r a t i o probably 
begins to decrease. For a i r c r a f t 
equipped with dual t i r e s therefore, the 
thickness requironents would be apprecia­
bly less than those shown i n Figures 31, 
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32, and 33. 

li. Thickness Design Charts for Flexible 
Pavenents for Higtuiays 
Figures 99 and 100 o f l a s t year ' s 

paper ( i ) , contained curves for thickness 
requirenients fo r f l e x i b l e pavements fo r 
highway wheel loadings, which were based 
upon equation ( 3 ) , a de f lec t ion o f 0.5 
inch for 10 repetitions, and upon a value 
of K = 6S which was independent of the 
size of contact area. Figure 3C, however, 
indicates that /f = 35 i s the value of t i e 
base course constant K f o r a 1 2 - i n . 
p l a t e , which approximates the contact 
area f o r a heavy highway wheel load. 
Using = 35 i n place o ' * = 65, with 
a l l other factors ren<aining equal, would 
cut the thickness requirements o f Fig­
ures 99, and 100 (1) approximately i n 
l i a l f , which would undoubtedly be inade­
quate, and a somewhat d i f f e r en t approach 
than that employed a year ago is indicat­
ed. 

deflection. The Department of Transport's 
i nves t i ga t i on has indicated tha t 0.35 
i n . f o r 10 repe t i t ions , i s the average 
y ie ld point deflection for f l ex ib le pave­
ments studied so f a r . Therefore, the 
revised curves of thickness requirements 
for highway «^eel loadings i l lus t ra ted in 
Figures 34, and 35, are based upon f l ex ­
ib le pavement design equation (3 ) , for a 
deflection of 0.35 i n . for 10 repetitions 
o f load, and upon a value o f K which 
varies with size of contact area, as i n ­
d ica ted by Figure 30. The curves o f 
thickness requirements given by Figures 
34 and 35, appear to be reasoriaLle fo r 
the various wheel loadings, f o r a high 
density of t r a f f i c . 

The significance of the small circles 
and crosses on the four curves, and o f 
the cross-hatched area of Figure 34, was 
commented upon at length in las t year's 
paper ( 1 ) . The distance between the 
c i r c l e and cross on each curve of Figure 
34 represents the small range o f th ick-

SUBGRAOE SUPPORT IN KIPS AT 0 3 3 INCH DEFLECTION 
2 3 4 9 6 7 8 9 

6 MINIMUM 
THICKNESS 

PKISN EWflTlOW 
T . K LOG(P/S) 

WHERE 
T • REQUIRED THICKNESS OF GRANULAR BASE 

IN INCHES 
K > BASE COURSE CONSTANT, AND HAS THE VALUE 

INDICATED FOR EACH WHEEL LOAD 
p.APPUED LOAD IN KIPS AT 0 3 3 INCH 

DEFLECTION 
S-SUBGRADE SUPPORT IN KIPS AT 0 35 INCH 

DEFLECTION FOR SAME CONTACT AREA AS'P 

NOTE - DESIGN CURVES ARE BASED UPON PLATE BEARING TESTS, AND 03S 
INCH DEFLECTION AFTER 10 REPETITIONS OF LOAD. ON COHESIVE 
SUBGRADE SOILS 

Figure 34. Design curves for f l ex ib le pavements for highway wheel 
( f u l l load on single t i r e ) 

To avoid settlement into the road sur­
face when vehicles are parked or stalled, 
f lexib le pavements for highways should 
probably be designed for the yield point 

nesues of f l ex ib le pavements for highway 
wheel loadings permitted l y the Corps of 
Engineers' design chart (5) , and presum­
ably by the Cal i forn ia Division of Fig^-
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ways ( 7 ) , f o r subgrades h a v i n g soaked 
CBR r a t i n g s f r o m 3 .0 to 4 . 5 . A c t u a l 
p l a t e bear ing t e s t s a t Canadian a i r p o r t s 
w i t h subgrades having soaked CBR values 
between 2 .2 and 4 . 6 , have warrented the 
v e r y much w i d e r range o f t h i c k n e s s e s 
shown by the shaded p o r t i o n o f Figure 34, 
because the actual moisture contents o f 
these subgrades a re c o n s i d e r a b l y l eas 
t h a n t hose o f t h e t h o r o u g h l y soaked 
samples upon which the standard CBR t e s t 
i s made. 

l oad . For an e x c e p t i o n a l l y h igh i n t e n ­
s i t y o f t r a f f i c , design might be based 
upon 0.35 i n . d e f l e c t i o n f o r 100 r e p e t i ­
t i o n s o f l o a d . Table 5 o f l a s t y e a r ' s 
phper ( i ) i n d i c a t e d t h a t f o r the same 
contact area, and f o r any given d e f l e c t i o n 
over the range o f 0 .2 t o 0.7 i n . , the 
loads c a r r i e d a t 1 r e p e t i t i o n and 100 
r e p e t i t i o n s were 115 and 89 p e r c e n t 
r e s p e c t i v e l y , o f the load supported a t 
10 r e p e t i t i o n s . 

3 9 STB 

1 0 

I 

P B C T H O M E T E R — NCX OF BLOWS FOR 6 INCH PENETRATIOM 
19 2 0 2 9 3 0 3 0 
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THICKNESS CURVES APPUT TO COHESIVE 
SUBORAOE S O L S , A N D ARE DERIVED FROM 
T I C FOLLOWINO OESION EQUATION BASED 

UPON U V U ) TESTS (AT 10 REPETITIONS OF UMD) | 

T • K LOO(>yS) 

WHERE 

T • REQUIRED THICKNESS OF GRANULAR BASE I N INCHES 
K • BASE COURSE CONSTANT HAVINO T H E VALUE INDKATED 

FOR EACH WHEEL LOAD 
P • A P P L E D LOAD I N KIPS AT O J S INCH OEFLECTKM 

SUBSRAOE SUPPORT I N KIPS AT 0 3 9 INCH DEFLECTION FOR S A M E 
CONTACT A R E A A S ' P ' 

NOTE - I N GENERAL, T H E VALUES OF CONE BEARING, HOUSEL PENETROMETER, 
FIELO CLBLR. AND ANGLE OF INTERNAL FRICTKM M O C A T E O , A P P L Y 
TO nNE T E X T U R E D COHESIVE S O I L S , AND REPRESENT T H E AVERAGE 
RATmS FOR THE TOP I B INCHES OF T H E SUBGRADE 

Figure 35. Design curves f o r highway wheel loadings on cohesive 
subgrade s o i l s ( f u l l load on s ing le t i r e ) 

When employing equation (3) f o r a high 
d e n s i t y f o h ighway t r a f f i c , f l e x i b l e 
pavement design should be based upon 0.35 
i n . d e f l e c t i o n f o r 10 r e p e t i t i o n s o f 
l o a d . Where t he a n t i c i p a t e d t r a f f i c 
d e n s i t y i s l o w , t h e d e s i g n c r i t e r i o n 
should be 0.35 i n . f o r 1 r e p e t i t i o n o f 

12. Flexible Pavement Design Equation 
and the Angle of Spread 

From f l e x i b l e pavement design equation 
( 3 ) , T = K log (P/S). the angles o f spread 
f o r the t ransmission o f pressure through 
d i f f e r e n t th icknesses o f g r a n u l a r base 
course can be ca l cu l a t ed , on the assump-
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t i o r i that the subgrade support i s uni form 
across the base o f each cone o f pressure. 

The product o f a un i fo rm appl ied u n i t 
load p at the su r face i m i l t i p l i e d by the 
contact area (assuned c i r c u l a r ) over which 
I t i s a c t i n g , must be equal t o the p ro ­
duct o f a u n i f o r m u n i t subgrade support 

on any h o r i z o n t a l plane below, mul ­
t i p l i e d by the c i r c u l a r area over which 
i t i s d i s t r i b u t e d . Figures 37 and 38. 

Subgrade suppo r t s i n equa t ion ( 3 ) 
r e f e r s t o the same c o n t a c t area as p . 
However, i t i s obvious tha t when p and s 
are unequal as they usua l ly are, tiie pro­
d u c t s ob ta ined when each i s m u l t i p l i e d 
by the same contact area w i l l be unequal. 
Tha t i s , subgrade s u p p o r t « must be 
m u l t i p l i e d by a l a r g e r con tac t area i f 
the product i s t o be equal t o t h a t o f the 
app l i ed load p m u l t i p l i e d by the surface 
c o n t a c t a rea over w h i c h p i s a c t i n g . 
However, u n i t subgrade support s d i m i n ­
i shes f o r any g i v e n d e f l e c t i o n as the 
(;ontact area i s increased over which i t 
i s a p p l i e d , i n a c c o r d a n c e w i t h t h e 
s t r a i g h t l i n e r e l a t i o n s ! i p o f u n i t load 
versus P/A r a t i o . F igure 4 . The change 
i n u n i t subgrade support s w i t l i s ize o f 
contact area, i s such tha t the u n i t load 
on a 1 2 - i n . bear ing p l a t e i s approximat­
e l y twice t h a t on a 3 0 - i n . p l a t e f o r any 
given d e f l e c t i o n over the range o f 0.2 t o 
0 .5 i n . 

Keeping a l l these f a c t o r s i n mind, i t 
i s a r e l a t i v e l y simple mat ter t o ca l cu ­
l a t e the radius o f the c i r c u l a r area over 
which the u n i t subgrade support must 
be u n i f o r m i l y d i s t r i b u t e d , so t h a t the 
product o f m u l t i p l i e d by t h i s c i r c u l a r 
area w i l l be equal t o the product o f the 
a p p l i e d u n i t l oad p m u l t i p l i e d by the 
contact area a t the surface over \rf i ich i t 
i s a c t i n g , f o r each thicl iness T o f gran­
u l a r base c o u r s e . From t h e r a d i i o f 
these c i r c u l a r areas and the corresponding 
thicknesses o f base course, the angles o f 
spread f o r d i f f e r e n t depths o f base course 
can be determined. Explanatory diagrams, 
t h e necessa ry e q u a t i o n s f o r a 3 0 - i n . 
bea r ing p l a t e , and a sample c a l c u l a t i o n 
are ou t l i ned i n Figure 36. 

F igure 37 i l l u s t r a t e s the r e s u l t s o f 
t h i s ana lys i s when i t i s a p p l i e d t o the 
f l e x i b l e pavement d e s i g n e q u a t i o n 
T = 65 l o g ' f p / s ) f o r a 3 0 - i n . d i a m e t e r 
bearing p l a t e on which the u n i t app l i ed 
load i s 85 p s i . T h i s coriesponds t o an 
a i r p l a n e wheel l o a d o f a p p r o x i m a t e l y 
60,000 pounds. The t ab l e i n Figure 37, 
i n d i c a t e s t h a t the angle o f spread i n ­
creases f a i r l y r a p i d l y w i t h depth o f base 
course f o r t h i s design equation. 

Figure 38 provides s i m i l a r i n f o r r a t i o n 
f o r the f l e x i b l e pavement design equation, 
T = 35 l o g ( p / s X a p p l i e d t o a 1 2 - i n . 
diameter p l a t e on which the u n i t load i s 
80 p s i . T h i s app rox ima te s a h ighway 
wheel load o f 9,000 pounds. I t i s again 
apparent , f rom the t a b l e i n F igu re 38, 
t h a t f o r t h i s dcbign equat ion, the angle 
o f spread increases r a t h e r r a p i d l y w i t h 
thickness o f base course. 

Both Figures 37 and 38 ind ica te tha t i n 
general , the angle o f spread determined 
from equation (3) i s a great deal less than 
45 deg. , the value upon vrfiich several f o r ­
mulae f o r determining the required t h i c k ­
ness o f f l e x i b l e pavement i s based. 

I t i s o f i n t e r e s t t l i a t f o r a thickness 
o f ve ry n e a r l y 13 inches , the t a b l e i n 
F i g u r e 3B i n d i c a t e s t h a t the angle o f 
spread has the value o f 24 deg. 54 m i n . , 
which B a i l (8) r e p o r t s i s employed f o r 
f l e x i b l e pavement des igpbythe New Mexico 
S t a t e Highway Depar tment . For a base 
course th ickness o f very n e a r l y 16 i n . , 
the tab le i n Figure 38 shows tha t the use 
o f the equation, T = 35 l o g ( p / 4 provides 
an angle o f spread o f 26.5 d e g . , which 
according t o B a i l {8) i s u t i l i z e d by the 
Texas S t a t e Highway D e p a r t m e n t f o r 
f l e x i b l e pavement desig^. 

For both Figures 37 and 38, the angles 
o f s p r e a d g i v e n by e q u a t i o n ( 3 ) , 
T <= K loglp/sj, may increase too r a p i d l y 
f o r t h e g r e a t e r t h i c k n e s s e s o f base 
course. A sma l l e r r a t e o f increase o f 
angle o f spread w i t h t h i ckness o f base 
would be o b t a i n e d , i f the base course 
constant K were considered to increase wi th 
depth o f granular base i n accordance w i t h 
equa t ions (23) o r ( 2 7 ) o f l a s t y e a r ' s 
paper ( 1 ) . 
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13. The Selection of Base Course Uater-
tals and the Design of Bituminous 
Mixtures 

This t op i c was toudied upon i n the 

paper f o r l a s t year 's meeting i n a ra ther 
l i m i t e d manner ( i ) . Fu r the r s tudy has 
l e d t o t h e more comple te development 
which i s o u t l i n e d below. 

i PERIMETER/AREA RATIO 

DIAGRAM A 

t t t t t t t 
8 

OiAGRAM B 

F L E X I B L E PAVEMENT DESIGN EQUATION T - 6 5 log p / s 
FO R GIVEN VALUES OF " p " AND 'T" 

\og 8 « log p -

s • ontilog ( l o g p - ^ ) 

TO DETERMINE ANGLE OF SPREAD -O-
FROM DIAGRAM A 

Y 
2 0.55S-W55 

FROM DIAGRAMS A IMD 8 

SAMPLE CAinJLATION 

I F p - 8 5 p.s.1. 
AND T = IS INCHES 

l - Y 

8(15+ 0.333 X ) ( I 5 + X ) « 

0,333X*+20 X + 2 2 5 « 

X"+ 6 0 X + 6 7 5 - ^ - 0 

pir 15* 
225P 
225 p 

I b g s 

S - 4 * 9 6 

^ 7 

l o g 8 5 - g 

> ^ V 6 0 - 4 [ 6 7 5 

- 6 0 ^ 6 < f c ^ ( 6 7 5 - g ^ ) 

7 0 5 8 

TAN • - > 0.4705 

TAN - ^ - 2 5 * 12* 

Figure 36. Derivat icm o f angle o f spread given by f l e x i b l e pavement 
design equation (a i rp lane wheel loadings) 
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Figure 37. Angle o f spread o f un i fo rm pressure d i s t r i b u t i o n given by 
the f l e x i b l e pavement design equation (a i rp lane wheel loadings) 

W h i l e the head ing o f t h i s s e c t i o n 
would o r d i n a r i l y be considered to deal w i t h 
two q u i t e separate subjec ts , t h i s i s not 
t r u e f o r the approach t o be presen ted 
he re , where in the design o f b i tuminous 
m i x t u r e s ( i n s o f a r as s t a b i l i t y i s con­
cerned) i s i n d i c a t e d to be merely a l i m ­
i t e d case o f the more general development 
appl icable to the se l ec t ion and desigp o f 
base course mater ia l s . 

F i g u r e 39 i s a diagram o f p o s s i b l e 
planes o f shearing f a i l u r e under a loaded 
area on the surface o f a f l e x i b l e pavement 
on an a i r p o r t or highway. Hie p r i n c i p a l 
problem o f design consis ts o f prevent ing 
d e t r i m e n t a l shear i n the subgrade, base 
course , and w e a r i n g s u r f a c e . I f s u f ­
f i c i e n t p l a s t i c shear develops i n any one 
or more o f these three elements, r u t t i n g 
and upheaval o f the sur face w i l l occur. 

Det r imenta l p l a s t i c shear o f the sub-
grade i s prevented by an adequate over­
l y i n g thickness o f base course and pave­
ment, as given by equation ( 3 ) . However, 

the base course mater ia l and the f l e x i b l e 
surface must a l so each possess the r e ­
qu i r ed s t a b i l i t y ( r e s i s t ance to p l a s t i c 
shear) under tlie imposed s t ress . 

I t i s a serious drawback to tlie design 
o f bituminous pavements and granular base 
courses a t the present t ime, tha t i t can­
not be placed on the basis o f pounds per 
s q u a r e i n c l i , i n t e r m s o f f l e x u r a l 
s t r eng t l i , sheer, or s i m i l a r proper ty , as 
i s the case f o r the design o f s tee l c o l ­
umns or g i r d e r s , r i g i d pavements, e t c . 
I n a d d i t i o n , there i s the d i f f i c u l t pro­
blem o f f i n d i n g a common basis f o r com­
p a r i n g the s t a b i l i t i e s o f the v a r i o u s 
base course m a t e r i a l s a v a i l a b l e f o r any 
p r o j e c t , and the s t a b i l i t i e s o f bituminous 
mix tures made from the d i f f e r e n t aggre­
gate mater ia ls a t hand, i n order t h a t the 
most economical s e l e c t i o n o f each may be 
made. A t the present t ime, some engineers 
objec t t o die use o f so i l -b i tuminous mix­
tures f o r base courses, even f o r locat ions 
where they should be favored f o r economic 
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reasons because g ranu l a r m a t e r i a l s are 
not l o c a l l y ava i l ab le . This o b j e c t i o r i s 
due very l a r g e l y t o the lack o f a coDimon 
bas i s f o r comparing the s t a b i l i t i e s o f 
the granular and so i l -b i tuminous types o f 
base course mate r i a l s . 

can provide a fundamenta l ly sound basis 
o f comparison f o r the s e l e c t i o n o f base 
course and aggregate m a t e r i a l s i n s o f a r 
as t h e i r s t a b i l i t y i s concerned, and tha t 
i t can be u t i l i z e d f o r d e s i g n i n g the 
s t a b i l i t y or s t r e n g t h o f f l e x i b l e bases 
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Figure 38. Angle o f spread o f uni form pressure d i s t r i b u t i o n given 
by the f l e x i b l e pavement design equation (highway wheel loadings) 

APPLIED LOAD 

SURFACE 

B U B O H A S E 

Figure 39. Diagram o f shear planes under a loaded area 

Hie development which f o l l o w s , i n d i ­
cates t h a t the t r i a x i a l compression t e s t 

and wearing surfaces on a ps i basis . 
A t r i a x i a l compression t e s t d i f f e r s 
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from an ord inary compression t e s t , i n tha t 
p r o v i s i o n i s made f o r c o n t r o l l e d l a t e r a l 
support w h i l e the specimen i s subjec ted 
t o v e r t i c a l load. Figure 40 i s a diagram 
o f the essent ia l equipirent f o r t h i s t e s t . 
To the l u c i t e c y l i n d e r , the two metal 
end pieces are f i t t e d by means o f water-
t i g h t ' a n d a i r - t i g h t gasketed j o i n t s . A 
c y l i n d r i c a l specimen o f the m a t e r i a l t o 
be tes ted i s i n se r t ed i n a rubber sleeve 
between porous stones a t top and bottom. 

VERTICAL LOAD-V 

GAUOE FOR UCASURIMO 
LArCRAL F 

TO «TCR MESSURC OR 
VACUUM 

Figure 40. Sketch o f apparatus f o r 
t r i a x i a l compression t e s t 

By means o f connections through the porous 
s tones , the m a t e r i a l w i t h i n the rubber 
sleeve can be subjected to e i t h e r vacuum 
or water pressure, i f des i red . Water or 
a i r can be pumped i n t o the l u c i t e cy l inde r 
to provide the magnitude o f l a t e r a l sup­
por t required when t e s t i n g each specimen. 
The rubber sleeve prevents water w i t h i n 
the l u c i t e c y l i n d e r f rom e n t e r i n g the 
sample. Each specimen i s subjected to a 
constant l a t e r a l pressure throughout the 
t e s t , and i n c r e a s i n g v e r t i c a l l oad i s 
a p p l i e d i n a s tandard manner u n t i l i t 
f a i l s . A complete t r i a x i a l compression 
t e s t usua l ly consists o f loading three or 
f o u r c y l i n d r i c a l specimens o f a g i v e n 
m a t e r i a l t o f a i l u r e , employ ing a d i f ­
fe ren t degree o f l a t e r a l support f o r each 
specimen, e.g. 0, 15, 30 and 60, p s i . 

The data obtained from t e s t i n g a given 
m a t e r i a l i n t r i a x i a l compress ion a re 

p l o t t e d i n the form o f a Mohr diagram. 
Figure 4 1 . l l i e app l i ed l a t e r a l pressure 
L, and the corresponding v e r t i c a l pres­
sure V which caused f a i l u r e , are marked 
o f f on the ho r i zon t a l ax is f o r each t e s t 
specimen. Using the d i f f e r e n c e between 
the v e r t i c a l and l a t e r a l pressure, V - L, 
f o r each specimen as the diameter, semi­
c i r c l e s , known as Mohr c i r c l e s , are de­
sc r ibed . The tangent which i s common t o 
the Ntohr c i r c l e s i s drawn and produced to 
i n t e r s e c t the v e r t i c a l a x i s . The i n t e r ­
cept made on the v e r t i c a l ax is i s des ig­
nated cohesion c, from the G>ulomb equa­
t i o n s = c + n tan tf}, whi le the angle be­
tween the common tangent and the h o r i ­
zontal i s the angle o f i n t e r n a l f r i c t i o n 

Hie common tangent i s genera l ly known 
as the Mohr rupture l i n e or Mohr envelope. 
A l l s emi -c i rc les which are tangent t o o r 
below the Mohr envelope, represent equ i ­
l i b r i u m or s table r e l a t i o n s h i p s respect­
i v e l y , between cor responding values o f 
l a t e r a l pressure L and v e r t i c a l pressure 
V. Any s e m i - c i r c l e which cu t s th rough 
the Mohr envelope, indica tes corresponding 
combinat ions o f l a t e r a l pressure L and 
v e r t i c a l p ressure V which would cause 
f a i l u r e o f the mater ia l being tes ted. 

For the development which f o l l o w s , i t 
i s assumed t h a t the Mohr envelope i s a 
s t r a i g h t l i n e . Th i s assumption appears 
t o be j u s t i f i e d on the bas i s o f recen t 
published repor t s by H o l t z (9), Rutledge 
( i O ) , N i j b o e r (11 ) , and o thers . 

The Mohr diagram provides a fundamen­
t a l basis f o r d e f i n i n g the term " s t a b i l ­
i t y " as app l i ed to granular and cohesive 
m a t e r i a l s i n g e n e r a l , and t o f l e x i b l e 
base course and s u r f a c i n g m a t e r i a l s i n 
p a r t i c u l a r . Granular and cohesive mater­
i a l s may be c l a s s i f i e d i n terms o f i n ­
c r e a s i n g s t a b i l i t y a c c o r d i n g t o t h e i r 
capac i ty f o r c a r r y i n g a g rea te r app l i ed 
v e r t i c a l l o a d V f o r a g i v e n v a l u e o f 
l a t e r a l support L. Consequently, f o r the 
e q u i l i b r i u m c o n d i t i o n s o f s t r e s s estab­
l i shed by the Mohr envelopes f o r a number 
o f m a t e r i a l s under comparison, f o r any 
s p e c i f i e d value o f l a t e r a l support L the 
most s t a b l e m a t e r i a l i s t h a t f o r which 
the value o f (V - L ) i s greatest . 
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Figure 4 1 . Typical Mohr diagram f o r t r i a x i a l canpfession t e s t 

While the terms, v e r t i c a l load V. and 
l a t e r a l support L, as they are f r equen t ly 
desi'gnaibed for itihe i t o iAx ia l tesit, '•niiJ be 
enpSoyed ttliroughont t h i s paper, i t i s t o 
ibe undexstood t h a t diey have the s i g n i f i ­
cance, i n the widest sense, o f major and 
minor p r i n c i p a l s t resses r e s p e c t i v e l y , 
which are u s u a l l y denoted by and c r m . 

By reference to the Mohr diagram, co­
hesive and granular mater ia l s can be con­
ven t i ona l l y d iv ided i n t o three groups: 

(a) purely cohesive mate r ia l s , i . e. 
those having a p o s i t i v e value f o r 
cohesion c, but f o r which the 
angle o f i n t e r n a l f r i c t i o n </> i s 
zero. Figure 42. Saturated clays 
i n the quick t r i a x i a l t e s t ap­
proximate these requirements. 

(b) purely granular ma te r i a l s , i . e . 
those having a p o s i t i v e value f o r 
the angle o f i n t e r n a l f r i c t i o n 
<p, but f o r which the cohesion c 
i s zero. Figure 44. Clean sands 
and gravels approach t h i s condi­
t i o n . 

(c) mater ia l s which have both granular 
and cohesive proper t ies , i . e. 
those having p o s i t i v e values f o r 
both c and (p, Figure 4 1 . Bi tumin­
ous paving mixtures, mechanically 
s t a b i l i z e d base courses w i t h pos­
i t i v e values f o r p l a s t i c i t y i n ­
dex, and retriolded clays , are com­
mon examples. 

a. The Stability of Purely Cohesive 
Materials - F i g u r e 42 i l l u s t r a t e s the Mohr 
diagram f o r a pu re ly cohesive m a t e r i a l . 
The angle o f i n t e r n a l f r i c t i o n 4> i s zero. 
The Mohr envelope i s p a r a l l e l t o t he 
absc issa , and a t a d i s t ance c f rom i t . 
Begardless o f the magnitude o f the l a t e r a l 
support L, the diameter o f any Mohr c i r ­
c l e , t ha t i s , (V - L), which represents 
the s t a b i l i t y o f the m a t e r i a l , i s a con­
s tant f o r any s p e c i f i e d value o f c. 

The mathematical equation o f s t a b i l i t y 
f o r a purely cohesive mater ia l i s , there­
f o r e , 

K - L = 2 c (6) 

and the s t a b i l i t y diagram f o r a p u r e l y 
cohesive m a t e r i a l , based upon t h i s equa­
t i o n , i s shown i n Figure 43. 

I f a v e r t i c a l load V o f 150 p s i were 
t o be supported by a base course which 
cou ld develop a maximum l a t e r a l support 
/. o f 50 p s i , equation (6) and Figure 43 
i n d i c a t e t l i a t a purely cohesive ma te r i a l 
w i t h cohesion c equal to 50 ps i minimum, 
would be r equ i red t o provide the neces­
sary s t a b i l i t y . 

6. The Stability of Purely Granular 
Materials - Fran Figure 44, aMohr diagram 
f o r p u r e l y g r a n u l a r m a t e r i a l s , i t i s 
apparent t h a t the s t a b i l i t y value (V - L ) 
depends upon the magnitude o f the l a t e r a l 
support L, and the s i ze o f the angle o f 
i n t e rna l f r i c t i o n <t>. 
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Figure 42. Mohr diagram f o r mater ia ls having zero angle o f i n t e r n a l 
f r i c t i o n i n t r i a x i a l compression 

From a study o f t h e t r igonometr ica l 
r e l a t i o n s h i p s o f F igure 45, i t f o l l o w s 
t h a t . 

and 

f. _ L s i n 4> 
1 - s i n 4> 

V - L = 2r 
Therefore, 

V - L = 2 ^ s i n ^ 
1 - s in ^ 

(7) 

(8) 

(9) 

Equat ion ( 9 ) i s a mathematical equa­
t i o n f o r the s t a b i l i t y , (V - L ) , o f purely 
granular ma te r i a l s . When equation (9) i s 
p l o t t e d i n terms o f (V - L) curves f o r 
d i f f e r e n t values o f l a t e r a l suppor t L , 
and o f angle o f i n t e r n a l f r i c t i o n </>, the 
s t a b i l i t y diagram o f Figure 46 i s obtained. 

I f a base course i s to car ry a v e r t i ­
ca l load V o f 150 p s i , and can develop a 
maximum l a t e r a l s u p p o r t L o f 50 p s i , 
then I t s s t a b i l i t y requirement, (V - L ) , 
i s 100 p s i . F i t he r equation (9) or F i g ­
ure 46 i n d i c a t e s t h a t a pu re ly granular 
m a t e r i a l w i t h an a n g l e o f i n t e r n a l 
f r i c t i o n <̂  = 30 deg. or greater , would be 
requi red to provide the necessary s t a b i l ­
i t y f o r t h i s base course. 

c. The Stability of Materials With 
Combined Granular andCohesive Proper ties -
From F i g u r e 4 1 , i t i s c l e a r t h a t t h e 
s t a b i l i t y , (V - L), o f mater ia ls w i t h 
bo th g r anu l a r and cohesive p r o p e r t i e s , 
depends upon the magnitude o f the l a t e r a l 
support L, the cohesion c, and the angle 
o f i n t e r n a l f r i c t i o n <p. The geometrical 

40 60 SO 
COHESION ' C * IN P3J 

Figure 43. S t a b i l i t y d i a g r a m i n t e rms 
o f ^1^ - and cohesion c f o r m a t e r i a l s 
hav ing zero angle o f i n t e r n a l f r i c t i o n 

i n t r i a x i a l compression 

and t r i g o n o m e t r i c a l r e l a t i o n s h i p s r e ­
q u i r e d f o r the development o f the equa­
t i o n o f s t a b i l i t y f o r these m a t e r i a l s . 
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Figure 44. Mohr d i t ^ a m f o r ma te r i a l s l iov ing otto crihesiion i n 
t r i a x i a l conpression 
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Figure 45. Trigonometr ical re la t i ra i sh ips f o r Mohr diagram f o r 
mater ia l s w i t h zero cohesion 

are i l l u s t r a t e d i n Figure 47. 
I t f o l lows f r a n Figure 47, t h a t , 

9 cos <p - c 

«4iich can be worked through to 

1 - s m <p 
1 s i n 0 
1 - s i n 4) 

tan 4> 
L + i L l J - L : L i ; s i n 0 

2 2 

(10) 
(11) 

The s t a b i l i t y diagram o f Figure 48 i s 
obtained when equation (11) i s p l o t t e d i n 
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t e rms o f g i v e n v a l u e s o f s t a b i l i t y , 
(V - L), f o r d i f f e r e n t degrees o f l a t e r a l 
support L, and f o r various magnitudes o f 
c and <p. The (V - L) s t a b i l i t y curves o f 
t h i s diagram are no t s t r a i g h t l i n e s , a l ­
though f o r the i n t e r m e d i a t e and h igher 
values o f l a t e r a l support L they are very 
n e a i l y so. For a l a t e r a l support L = 0, 
the s t a b i l i t y curveb are concave upwards 
throughout, wh i l e f o r L equal to any value 
greater than zero, they are reverse curves. 

The s t a b i l i t y diagram o f Figure 48 may 

shown as po in t s 1, 2, 3, 4, and 5 on the 
curved l i n e graph o f Figure 48, represent­
i n g (V - L) = 100 p s i , and L = 40 p s i 
That i s , points 1, 2, 3, 4, end 5, repre­
sent Molir envelopes AT, BT, CT, DT, and 
ET o f Figure 49, where T i s a t the p o i n t 
o f tangency f o r each Mohr envelope drawn 
to the Mohr c i r c l e i n quest ion. 

For the curved l i n e represen t ing any 
one o f t h e i n f i n i t e c o m b i n a t i o n s o f 
{V - L) and L values t h a t are possible i n 
Figure 48, t h e r e are very simple equations 

19 2 0 29 3 0 
AN8LE OF INTERNAL FRICTION "4" 

Figure 46. S t a b i l i t y diagram i n terms o f L , <t> and (V - L) f o r 
mater ia ls having zero cohesion i n t r i a x i a l compression 

be more r e a d i l y understood w i t h reference 
t c the Mohr diagram o f Figure 49, which 
contains several Mohr c i r c l e s o f the same 
d iamete t , t h a t i s , same {V - L) va lue , 
b u t w i t h d i f f e r e n t deg,rees o f l a t e r a l 
support L. To CTie o f these- (V - £ ) = 100 
p s i , and L = 40 p s i , s e v e r a l Mohr 
envelopes have been drawn f o r some o f the 
i n f i i J t e combinations o f c and 4> that are 
possible f o r t h i s p a r t i c u l a r Mohr c i r c l e . 
The combinatiaib o f c and </> corresponding 
t o each o f these Mohr enve lopes , are 

f o r l o c a t i i i ^ the ex t r emi t i e s o f the l i n e 
on the c and <P a x i s . 

When (p = 0, equat ion (11) reduces to 
equation (6) 

V . L=2c (6) 
and t h i s loca tes the requ i red e x t r e m i t y 
o f the l i n e on the c ax i s . 

When c = 0, the e x t r e n i t y o f t h i s l i n e 
on the 4> a x i s can be ob ta ined f rom tl-e 
equation 

V + L 
(12) 
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R e f e r r i n g again t o the problem o f de­
s ign ing a base course to carry a v e r t i c a l 
l o a d V o f 150 p s i , and f o r wh ich t h e 
maximum l a t e r a l suppor t L t h a t can be 
developed i s 50 p s i , the s o l u t i o n can 
be ca l cu la t ed by means o f equation (11 ) , 
and i s g iven g r a p h i c a l l y i n F igure 40, 
which i n d i c a t e s t h a t an i n f i n i t e number 
o f answers are p o s s i b l e . A l l m a t e r i a l s 
posessing those combinations o f c and <t> 
which are on or t o the r i ^ t o f the curve 
l a b e l l e d (V - L ) = 100 p s i , L = 50 p s i , 
i n F i g u r e 50, would 'have the r e q u i r e d 
s t a b i l i t y . Mater ia l s w i t h those canbina-
t i o n s o f c and 4> wh ich l i e w i t h i n the 
c ross -ha tched area t o the l e f t o f t h i s 
l i n e would tend to be unstable and there-

one o f economics, as t o whether i t s ^ 
value should be improved by incorpora t ing 
a good granular m a t e r i a l , o r i t s c value 
improved by adding a su i t ab le binder such 
as c l ay , bitumen, po r t l and cement, e t c . , 
or tdiether both binder and granular mater­
i a l are t o be incorpora ted . I f the d e f i c ­
i e n t ma te r i a l can be improved t o the ex­
t e n t t h a t under t he w o r s t c o n d i t i o n s 
expected f o r i t i n the f i e l d , i t s combina­
t i o n o f <t> and c values w i l l be located t o 
the r i ^ t o f the required (V - L) s t a b i l ­
i t y curve f o r the maximum l a t e r a l support 
L developed by the base .course on t h a t 
p r o j e c t , e .g . Figure SOr i t w i l l ftmction 
as s a t i s f a c t o r i l y as the most c a r e f u l l y 
s e l ec t ed crushed aggregrate , i n s o f a r as 

. . . ^ . (V-LlCoi»-ee 
(V+L)-(V-L)S,n# A 

! / 
1 / 

NORMAL PRESSURE — PSJ 

Figure 47. Tr igoncniet r ical r e l a t ionsh ips f o r Mohr diagram f o r 
mater ia l s having p o s i t i v e values o f c and <f> i n t r i a x i a l 

conpression 

f o r e u n s a t i s f a c t o r y , i n s o f a r as t h i s 
p a r t i c u l a r base course d e s i ^ problem i s 
concerned. 

As deposi ts o f good granular ma t e r i a l 
f o r base coarses become depleted, h i g ^ a y 
and a i r p o r t engineers are be ing f o r c e d 
more and more t o contemplate the u t i l i z a ­
t i o n o f what have been considered i n f e r i o r 
m a t e r i a l s . The primary requirement o f a 
base course mater ia l i s adequate s t a b i l i t y 
under load . By t e s t i n g i n f e r i o r gravels , 
sands, o r o the r m a t e r i a l s i n t r i a x i a l 
compression, and p l o t t i n g the l oca t ion o f 
t h e i r corresponding c and 4> values on a 
s t a b i l i t y diagram l i k e t h a t o f Figure 48, 
t h e i r de f i c i eoc ies become i m m e d i a t e l y 
apparent. Hie problem w i t h regard t o any 
given i n f e r i o r m a t e r i a l i s then l a r g e l y 

base course s t a b i l i t y i s concerned. 
I t might be added t h a t t h i s a p p l i c a ­

t i o n o f the t r i a x i a l t e s t would place the 
design o f s o i l - b i t u m i n o u s mixtures on a 
sound fundamental basis . S o i l bituminous 
m i x t u r e s possess both cohesion and i n t e r ­
n a l f r i c t i o n . By means o f the develop­
ment j u s t o u t l i n e d , the s t a b i l i t i e s o f 
so i l -b i t uminous mixtures could be de te r ­
mined and compared d i r e c t l y w i t h those 
f o r g ranu la r base course m a t e r i a l s on a 
pounds per square i n c h basis . 

d . The Design of Bituminous Uixtures -
Regard less o f the magnitude o f t h e i r 
s t a b i l i t y as determined by the t r i a x i a l 
compressicn t e s t , i t i s coamon knowledge 
t h a t g r a v e l road sa r faces which c o n t a i n 
no binder o f any k i n d , develop washboard 
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F i g u r e 48. S t a b i l i t y diagram i n terms o f c, <f>, L and (V - L) f o r 
mater ia l s having p o s i t i v e values f o r c and <̂  i n t r i a x i a l conpression 
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F i g u r e 49. Mohr diagram f o r cons t an t (V - L) but v a r y i n g l a t e r a l 
support L 

and other i nd i ca t ions o f i n s t a b i l i t y under 
the p a r t i c u l a r types o f stresses to which 
the sur face l aye r i s subjec ted by motor 
v e h i c l e and a i r p l a n e t r a f f i c . Exper­
i ence has shown t h a t f o r s a t i s f a c t o r y 
performance, the surface layer o f a h igh­
way or a i r p o r t must c o n t a i n a b i n d i n g 

ma te r i a ] t o give i t cohesion. The most 
coomonly employed binders are c l ay , b i t ­
umen, and P o r t l a n d ceihen^j and shou ld 
probably include moisture. 

Equation (11) and the s t a b i l i t y d i a ­
gram o f Figure 48 are no t e n t i r e l y s a t i s ­
f a c t o r y f o r the design o f the s u r f a c i n g 
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f o r a highway or a i r p o r t , s i n c e they 
would pe rmi t the use o f m a t e r i a l s w i t h 

Figure 50. S t a b i l i t y diagram i n terms o f 
c, 4>, L and (V - L) f o r ma te r i a l s having 
p o s i t i v e values f o r c and <f> i n t r i a x i a l 

compression 

even zero cohesion. Hie problem there ­
f o r e , i s t o e s t a b l i s h the miniimim value 
o f the cohesion c which i s r equ i red f o r 
su r fac ing m a t e r i a l s , such as bi tuminous 
m i x t u r e s , and m e c h a n i c a l l y s t a b i l i z e d 
mix tu re s o f ag^ega te and s o i l b inder s . 

I h e r equ i red minimum value o f c might 
be determined e m p i r i c a l l y . I t happens 
however, tha t there i s an approach to t h i s 
problem, based upon the proper t ies o f the 
Mohr d i a g r a m , w h i c h p r o v i d e s minimum 
values f o r cohesion c that are i n reason­
able agreemoit w i t h the r e su l t s o f expe r i ­
mental s tudies contained i n a diagram i n 
a recent p u b l i c a t i o n o f the A s f ^ a l t I n ­
s t i t u t e . 

The geomet r i ca l and t r i g o n o m e t r i c a l 
r e l a t i o n s h i p s requ i red f o r t h i s approach 
t o the problem are i l l u s t r a t e d i n Figure 
5 1 . 

When l o g — i s p l o t t e d versus l o g 

L f o r the Mohr envelope f o r any ma te r i a l 
possess ing bo th cohes ive and g r a n u l a r 
p r o p e r t i e s , t he reverse curve graph o f 
Figure 52 i s obtained. The value o f the 
l a t e r a l pressure L a t v^dch the po in t o f 
i n f l e c t i o n i n Figure 52 occurs, i s ob ta in­
ed by equa t ing the second d e r i v a t i v e o f 
the equat ion f o r the curve t o zero. I t 
should be noted t h a t a reverse curve i s 

a l so obta ined when e i t h e r ^ o r ^ i s 

p l o t t e d versus l o g L. 

Ihe equations and mathematical der iva­
t i o n s i nvo lved i n o b t a i n i n g expressions 
f o r the value o f the slope o f - t h i s reverse 
curve a t any p o i n t , a rd c f the l a t e r a l 
pressure L a t the p o i n t o f i n f l e c t i o n , 
are ou t l i ned i n Figure 52. 

"Ilie term "LjJ' i s a p p l i e d t o the par­
t i c u l a r value o f the l a t e r a l pressure L 
a t the p o i n t o f i n f l e c t i o n o f the curve 
i n Figure 52, and the corresponding ver­
t i c a l pressure V i s represer t ed by " V ^ " , 
For each Mohr envelope, Figure 4 1 , there 
can be only one value o f and one value 
o f V^, That i s , f o r any one combination 
o f values o f cohesion c and angle o f i n ­
t e rna l f r i c t i o n 4>, there can be only one 
value o f and i t s corresponding value 
o f V , . Consequently, the corresponding 
values o f L^ and are a c h a r a c t e r i s t i c 
o f each Mohr envelope. 

The e x p r e s s i o n s f o r L j and and 
(K^ - Li), when reduced t o U i e i r s implest 
fonrisin terns o f c and <t> are as f o l l o w s , -

2 c s i n (p 

2 s i n 0 (13) 

= 2 c 1 + s i n 0 + >l 2 s i n 0 >l 1 + s i n 0 
s i n (f) -il - s i n 0 

(14) 

N 1 - s i n <̂  
(15) 

also 

( \ • h ) -

I 2 s i n <̂  •*• >l2 s in <̂  ^ 1 s i n 
1 - s i n <̂  (16) 

I n Figure 53, Mohr c i r c l e s represent­
i n g c o r r e s p o n d i n g va lues o f and 
have been drawn to the Mohr envelopes f o r 
c equal t o u n i t y i n each case, but w i t h 
va lues o f i n t e r n a l f r i c t i o n 4> v a r y i n g 
f rom 1 deg . t o 50 deg. I n F i g u r e 54, 
Mohr c i r c l e s i n terms o f and l ' ^ are 
drawn t o the Mohr envelopes f o r (p" 30 deg. 
i n each case, but w i t h values o f c equal 
t o 10, 20, and 30 p s i . 

Figure 53 demonstrates tha t f o r a con-
Btant value o f c, the value o f (V^ - L ^ ) 
increases as <t> increases, and v ice versa. 
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Figure 5 1 . Diagram i l l u s t r a t i n g c e r t a i n geometrical re la t icmships 
f o r t r i a x i a l compression t e s t data 

F igure 54 i n d i c a t e s t h a t f o r a constant 
va lue o f <p, the va lue o f (V^ - L j ) i n ­
creases as c increases , and v i c e versa. 
I t has long been known t h a t f o r a g iven 
l a t e r a l p r e s su re L, the s t a b i l i t y o r 
s t rength o f ma te r i a l s , (V - i ) , increasesr 
as e i t h e r c or 0 or both increase. Con­
sequently, f o r any s p e c i f i e d magnitude o f 
i j , the va lue o f (V^ - L ^ ) p r o v i d e s a 
measure o f the s t a b i l i t y o f a mater ia l 
w i t h combined g r a n u l a r and c o h e s i v e 
p roper t i e s , ( F i g . 59) . 

Figures 55 and 56 are graphs o f d i f ­
f e r e n t v a l u e s o f L j and (V^ - L j ) 
r espec t ive ly , i n terms o f c and <p. 

Figure 57 i s a s t a b i l i t y diagram f o r 
h o t mix a s p h a l t i c concre te pav ing m i x ­
tures , based upon the t r i a x i a l compression 
t e s t , which appears i n the Asphalt I n s t i ­
t u t e ' s recen t manual (12). I t w i l l be 
observed t h a t a s i n g l e boundary appears 
between mixtures hav ing combinations o f 
c and <p l abe l l ed s a t i s f a c t o r y and unsa t i s ­

f a c t o r y . Obviously, however, an asphal t 
mix ture o f greater s t a b i l i t y i s r equ i r ed 
i n the v i c i n i t y o f bus stops and t r a f f i c 
l i g h t s , then f o r average t r a f f i c c o n d i ­
t i o n s . The diagram o f Figure 57 does not 
i n d i c a t e the combinations o f c and 0 r e ­
q u i r e d f o r increased or decreased pave­
ment s t a b i l i t y . I t i s c l e a r t h e r e f o r e , 
tha t the u t i l i t y o f t h i s diagram would be 
m a t e r i a l l y increased i f i t could be zoned 
i n t o areas o f greater o r less s t a b i l i t y . 

I h F i g u r e 58 ( l ^ i - L j ) cu rves are 
superimposed upon the Aspha l t I n s t i t u t e 
diagram o f Figure 57. I t should be noted 
t h a t the curve represen t ing a ( V j - L j ) 
v a l u e o f 80 p s i c o i n c i d e s q u i t e w e l l 
w i t h the lower boundary f o r s a t i s f a c t o r y 
mix tu res shown i n the Aspha l t I n s t i t u t e 
diagram, although b e t t e r agreement would 
probably be obtained w i t h the curve f o r a 
(V j - L j ) valile o f 70 p s i . For loca t ions 
such as bus s tops o r t r a f f i c l i g h t s , 
where h i g h s t a b i l i t y i s r e q u i r e d , b i t -
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uminous mixtures mig^t be s p e c i f i e d tha t 
have c o r r e s p o n d i n g v a l u e s o f c and <p 
vbich r e s u l t i n a ( K j » L j ) value o f 120 
p s i or h ighe r . For average c o n d i t i o n s , 
bi tuminous mix tu res hav ing combinations 
o f c and </> which r e s u l t i n a (V^ - L j ) 
va lue o f 80 p s i , might be s a t i s f a c t o r y . 

maximuD! l a t e r a l suppor t £ which i t can 
develop i s 50 p s i , the r e q u i r e d s t a b i l ­
i t y (V - L) o f the paving mix ture i s 100 
p s i . The s o l u t i o n t o t h i s p roblem o f 
paving mixture design i s ind ica ted graph­
i c a l l y i n Figure 60. Only those b i tum­
inous mix tu res hav ing combinations o f c 
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Figure 52. Log o f r a t i o L ^ L versus l o g L f o r 

t r i a x i a l compression t e s t 

H e (Vj - L j ) values required by b i tumin­
ous pavements f o r d i f f e r e n t t r a f f i c con­
d i t i o n s , r o u l d be detennined by i n v e s t i ­
g a t i o n s i n which f i e l d performance was 
c o r r e l a t e d w i t h t r i a x i a l t e s t s on repre­
senta t ive pavement sas^les. 

I n Figure 59, values o f L ^ , the l a t e r a l 
support a t the p o i n t o f i n f l e c t i o n , from 
F igu re 55, hare been superioiposed upon 
the ^V^ - L j ) curves o f Figure 58. Hat*) 
i s a maximun l a t e r a l suppor t L, wh ich 
each bi tuminous pavement can develop i n 
s e r v i c e , and t h e d i f f e r e n t p o s s i b l e 
va lues o f t h i a l a t e r a l s u p p o r t L, f o r 
corresponding (V^ ' ^ i ) curves , are i n ­
d ica ted by the L { curves o f Figure 59. 

I f a fcituninoaa pavement m i s t support 
a v e r t i c a l l o a d V o f 150 p s i , and t he 

and <p «riiich are on or t o the r i ^ t o f the 
l i n e l a b e l l e d (K - L ) = 100 p s i , L = SO 
p s i , and above t h e (K^ - i j ) c u r v e 
l a b e l l e d 100 p s i , would have the r e ­
q u i r e d s t a b i l i t y and cohes ion . Those 
pav ing m i x t u r e s w i t h combinat ions o f c 
and <t> f a l l i n g w i t h i n the cross -ha tched 
area o f Figure 60, would be d e f i c i e n t i n 
e i t h e r s t a b i l i t y o r cohesion c i n s o f a r 
as the p a r t i c u l a r c o n d i t i o n s o f des ign 
s p e c i f i e d f o r t h i s problem are concerned. 

I n t h e A s p h a l t I n s t i t u t e d i a g r a m . 
Figures 57 and 60, the l e f t - h a n d boundary 
between s a t i s f a c t o r y and u n s a t i s f a c t o r y 
paving mixtures i s a v e r t i c a l l i n e . F i g ­
ure 60, on the other hand, ind ica tes t ha t 
t h i s l e f t - h a n d boundary should consis t o f 
por t ions o f two curves. I t s p o s i t i o n i s 
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Figure 53. Mohr diagram i l l u s t r a t i n g in f luence o f v a r i a t i o n i n angles 
o f i n t e r n a l f r i c t i o n 4) on values o f and when cohesion c i s 
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Figtire 54. Mohr diagram i l l u s t r a t i n g in f luence o f v a r i a t i o n o f 
cohesion c on values o f L j and V^ when angle o f i n t e r n a l 

f r i c t i o n <i> i s constant 
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Fignre 55. Belat ian^ips between cohesion c, angle of internal 
f r i c t i o n <t>, and lateral pressure at the point of in f l ec t ion 

•L^ for t r i a x i a l compression test 

not v e r t i c a l , i N i t slopes fa r toward the 
l e f t . Consequently, Figure 60 indicates 
tha t the Asphalt I n s t i t u t e diagram i s 
much too r e s t r i c t i v e , and that s a t i s ­
factory s t ab i l i t y w i l l be obtained for b i t -
timinous mixtures with a much wider range 
o f c and <f> values than i t would permit. 

H i i s approach, based upon {V^ - L^) 
curves, provides minimum values for co­
hesion c for bituminous mixture design, 
that appear to be in reasonable agreement 
with the experimental infoimation already 
obtained. I h i s i s i l lus t ra ted in Figure 
58, where i t i s apparent that a (V^ ' ^0 
curve fo r about 70 psi would correspond 
very we l l w i th the lower boundary f o r 
s a t i s f a c t o r y mixtures on the Asphalt 
Ins t i tu te diagram. The lower boundary of 

t h i s diagram was derived i n part from 
empirical considerations as a resul t o f 
cor re la t ing the c and 4> values of b i t ­
uminous paving mixtures determined by 
t r i a x i a l compression tes ts , w i th t he i r 
service performance i n the f i e l d , and 
p a r t l y from theoret ical considerations 
based upon the mathematical theory of 
e l a s t i c i ty . 

On the basis of the properties of the 
Mohr diagram, there i s another approach 
to the problem o f modifying the s t a b i l i t y 
diagram of Figure 48 to provide the min­
imum values of cohesion c required fo r 
the design of bituminous paving mixtures, 
that might be referred to b r i e f l y . The 
point o f i n f l e c t i on which occurs i n each 
o f the V - L s t a b i l i t y curves of Figure 
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Figure 56. Relationships between cohesion c, angle of internal 
f r i c t i o n 0, and - for t r i a x i a l compression test 

48, might be expected to have some sig­
n i f icance in establ ishing the required 
minimum values of cohesion c. Hie general 
equatiw for each of these curves i s given 
by equation (11) 

1 sin 4> 
> 1 - s i i 

ANgLX or imcMuL 

Figure 57. Design chart f o r asphalt ic 
concrete based upon the t r i ax i a l compres­
sion test (Hie Asphalt Inst i tute Manual 
on hot-mix asphaltic concrete paving) 

_ 2_L_sin^ 
^ - 1 - s in<p* ^ >ll - sin<^ (11) 

For a l l values of lateral pressure L. ex­
cept L = 0, the s t a b i l i t y graph for any 
value of V - L i s a reverse curve. By 
equating the second derivative of equation 
(11) to zero, the value of 4> at which the 
point of i n f l ec t ion occurs can be calcu­
lated for any set of corresponding values 
o f V - L and L. The location of these 
points of in f l ec t ion for V • L = ipO psi , 
and fo r a l l posi t ive values of l a t e ra l 
pressure L, i s shown by the broken l ine 
curve of Figure 61. Hie general equation 
for the curve through the points of i n -
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Figure 58. Graph shoving the boundaries between satisfactory and 
unsatisfactory asphaltic concrete mixtures proposedby the Asphalt 

Ins t i tu te , and Vj - Li values 

f l e c t i o n for any s imilar s t a b i l i t y dia­
gram is also given i n Figure 61. 

Hie curve for {V^ - L^) = 100 psi has 
been drawn i n Figtire 61 . I t w i l l be 
observed t h a t the broken l i n e curve 
through the points of i n f l e c t i o n on the 
various reverse curves f o r V - Z. = 100 
ps i i n Figure 61, would require higher 
minimum values of cohesion c for bitumin­
ous mixtures, than would the curve fo r 

- L j ) = 100 p s i , when <p i s greater 
than 13.7 deg. Tliat i s , insofar as the 
range of combinations of c and 4> values 
normally employed for the design of b i t ­
uminous mixtures i s concerned, the curve 
through the points of i n f l e c t i o n would 
be more res t r i c t ive than the correspond­
ing (Kj - L^) curve. This i s emphasized 
by the cross-hatched area of Figure 61. 

Hierefore, since the minimum values of c 
given by the (V̂ ^ ~ ^ i ) curves appear to 
agree reasonably well wi th the required 
values of c determined empir ica l ly , i t 
would seem that the (V^ - -L^) curve i n d i ­
cated i n each case, should be considered 
for bituminous mixture design, in prefer­
ence to the corresponding curve through 
the points of in f l ec t ion . 

e. Influence of Braking Stresses -
When the brakes are a p p l i e d to the 
wheels of a moving vehicle, a horizontal 
thrust i s developed within the pavement. 
A similar e f fec t but i n the opposite d i r ­
ection occurs irfien a vehicle i s accelera­
ted. H i i s horizontal thrust decreases 
the ef fec t ive lateral support within the 
pavement that i s available for supporting 
the ver t i ca l load on the wheel. Figure 
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Figure 59. Chart for asphaltic ctmcrete design based upon values 
of c, <f>, L^, and V^ - derived f ran the t r i a x i a l compression test 

BOUNDARY BETWEEN SATISFACTORY 
AND UNSATISFACTORY ASHULTIC CONCRETE 

PAVING MIXTURES (ASPHALT INSmUTE MANUAL) 

ANGLE OF INTERNAL FRICTION • * 

Figure 60. Use of s t a b i l i t y curves (V - L) and (V^ • L J for f l ex ib le 
surface design 
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62 denonstrates i n a quantitative manner, 
the influence which this horiiontal thrust 
due to hraking or accelerating stresses 
may have on the design o f a bituminous 
paving mixture. 

the curve (K^ - ) = 125 p s i , and to 
the r i g h t of the curve Y - L = 125 ps i , 

L = 25 ps i . 
Consequently, the double hatched area 

represents the increase i n pavement 

GENERAL EQUATION FOR CURVE THROUGH 
POINTS OF INFLECTION GIVEN BY 

LOCATION OF POINTS OF INFLECTION 

10 20 30 40 so 60 
'ANGLE OF . I N T f R N O L FRICTION 

Figure 61. Ixrcscti'on ̂ of 'points of in f l ec t ion <on -sAi s t a b i l i t y curves 
for V - L = 100 ,psi. 

I f the ver t ica l load V to be carried 
i s 150 p s i , and the maximum l a t e r a l 
support L available under ordinary t r a f ­
f i c conditions i s 50 ps i , (V - L = 100 
ps i ) , those paving mixtures with combin­
ations o f c and 4> to the r i g h t of the 
area i n s ingle hatching i n Figure 62, 
would have su f f i c i en t s t ab i l i ty , that i s , 
above the curve (V^ - ) = 100 psi and 
to the r i g h t of the curve V - L 100 
p s i , L = 50 p s i . However, i f due to 
braking stresses, the e f f ec t i ve la tera l 
support L i s reduced to 25 p s i , then 
Figure 62 demonstrates that to carry a 
vert ical load V o f 150 psi , (V - L = 125 
p s i ) , only those bituminous mixtures 
« i t h combinatians of c and <t> to the r i ^ t 
o f the double hatched area, would have 
the required s t a b i l i t y , that i s , above 

s t a b i l i t y tliat may be required because of 
braking or accelerating stresses (braking 
stresses are usually more severe). Figure 
62 makes i t clear «hy paving mixtures wit l i 
l i t t l e more than s u f f i c i o i t s t a b i l i t y for 
average locations, d i s t o r t badly at bus 
stops and t r a f f i c l igh t s , idiere there i s 
much stopping and start ing of t r a f f i c . 

Figure 62 demonstrates that the hor i ­
zontal thrust B a t the pavement surface 
due to braking, tends to create a shear 
stress H at the in t e r f ace between the 
pavement and the base course. This shear 
stress H i n turn , reduces the e f f ec t ive 
la te ra l support L w i th in the underlying 
base course. Because of th is lowering of 
e f fec t ive lateral support, a more stable 
base course material i s required to carry 
a given v e r t i c a l load, at a l l po in t s 



McLEOD - RUNWAY EVALUATION IN CANADA 49 

VERTICAL LOAD 
V 

DIRECTION 
OF TRAVEL 

HORIZONTAL THRUST B 
DUE TO BRAKING 

^INHERENT L A 1 _ INHERENT LATERAL<^ 
L c a^ 

F L E X B L E f W ^ 

BASE COURSE 

f ^ E A R ^ R ^ H BETWEEl!^ 
-'nVEMENT AND BASE 
" COURSE DUE TO BRAKING, 

STRESS ON SURFACE 

MINIMUM EFFECTIVE LATERAL SUPPORT . L - B 

10 IS 20 29 SO 
ANGLE OF INTERNAL FRICTION *6* 

4 0 49 SO 

Figure 62. Influence on the design of f lex ib le pavement mixtures 
of change in lateral support due to wheel load braking 

where there i s much stopping and start ing 
of t r a f f i c . This can be i l lus t ra ted by 
reference to the lower diagram of Figure 
62. I f the vert ical load V to be carried 
by the lase course i s 150 p s i , and the 
maximum la tera l support available under 
ordinary t r a f f i c conditions i s 50 ps i , 
(V - L = 100 ps i ) , only those base course 
materials, with combinations of c and <p 
t o the r i g h t o f the curve l a b e l l e d 
V - L = 100 psi, and L = 50 ps i , would 
have the required s t a b i l i t y . However, i f 
due to braking stresses at the pavement 

surface, the effect ive lateral support i n 
the base course i s reduced to 25 p s i . 
Figure 62 demonstrates that to carry a 
ver t ical load V o f 150 psi , (V - L = 125 
p s i ) , only those base course materials 
with combinations of c and 4> to the r ight 
o f the l ine designated V - L = 125 psi , 
L = 25 p s i , would have the necessary 
s t a b i l i t y . 

Consequently, at bus stops, t r a f f i c 
l i g h t s , and a l l other locat ions where 
there i s much braking or accelerating of 
t r a f f i c , not only must the bituminous 
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pavement have greater s t a b i l i t y to wi th­
stand the strfsses of stopping and start­
ing, but the underlying base course mat­
e r i a l must have greater s t a b i l i t y than 
would otherwise be necessary. For similar 
reasons, this i s also true of sections of 
pavement on slopes, p a r t i c u l a r l y w i th 
steep gradients, as compared with level 
areas, and for the pavement around curves 
where considerable side th rus t may be 
exerted by high speed vehicles. 

To make the presentation as simple as 
possible, the above discussion has avoided 
consideration of secondary ver t i ca l re­
ac t ions which are caused by braking 
stresses. However, these coulrl be added 
to the other v e r t i c a l forces involved, 
end the same method of solution followed. 

GENERAL 

1. I t should be p a r t i c u l a r l y noted 
that the development based upon the t r i -
axial compression test wliich has been out-
l ined here, places the design o f base 
courses and f l ex ib l e wearing surfaces on 
a pounds per square inch basis. 

2. I t i s to be observed that Figure 
60 can be employed by i t s e l f to detemine 
the minimum value o f •€ for a purely co­
hesive materia]J tiie minimum value of (p 
f o r a purely granular mater ia l , or the 
required combinations of c and '(^ Jteeded 
by materials having both cohesive and 
granular properties to function as either 
base or wearing courses. One extremity 
of the curve (V-L) = 100 psi, L=50 psi, 
in Figure 60, cuts the c axis at c = 50 
psi , the minimum value of cohesion n^ch a 
purely cohesive material must have fo r 
t h i s p a r t i c u l a r problem. The other 
extremity of this ( V - L ) l ine cuts the 4> 
axis at <̂  = 30 deg., the minimum value 
of 4> required for a purely granular mater­
i a l . Only the combinations of c and 0 
to the ri^t of this {V-L) l ine sat isfy 
the s t a b i l i t y requirements of th is pro­
blem for base course materials, w h i l e the 
curve fo r {V^ - L j ) = 100 ps i , imposes 
the special restrictions which are needed 
to provide suitable paving mixtures for 
the surface course. Consequently, the 
special s t a b i l i t y diagrams of Figures 43 
and 46, fo r purely cohesive and purely 

granular materials respectively, are un­
necessary, since the same information can 
be derived from the general s t a b i l i t y 
diagrams of Figures 48, 50 and 60 etc. 

3. The amount of l a t e ra l support L 
which can be developed by a base course 
or f l e x i b l e pavement fo r an a i rpor t or 
highway i s largely unknown at the present 
time. However, by means of the develop­
ment which has j u s t been ou t l i ned , i t 
would appear that the la te ra l support L 
fo r exist ing base courses and bituminous 
pavements can be evaluated by suitable 
investigations which include both f i e l d 
observations and laboratory tests. Val­
ues o f c and if> can be measured by the 
t r i a x i a l test performed on representative 
samples from projects for which the base 
course layer, or surface layer, or both, 
have shown d e f i n i t e i n s t a b i l i t y , from 
projects showing evidence of inc ip ien t 
i n s t a b i l i t y , and f o r those tha t are 
stable. The maximum unit vert ical load V 
supported on each project can be measured 
or calculated from vehicle t i r e pressure, 
corrected by a suitable factor for dyna­
mic loading where necessary (13). Tbia 
would leave the la teral support L as the 
only unknown variable in the general sta­
b i l i t y equation (11), and i t s value could 
tlterefore be calculated. 

• 

WWMAL S T R E S S 

Figure 63. Mohr c i r c l e s representing 
unstable, equilibrium, and stable 
combinations of V and L values 
for a given material under stress 

The value of the avai lable l a t e r a l 
support L could also be determined graph­
ica l ly by means of the Mohr diagram. Fig­
ure 63. l l ie Mohr envelope i s drawn from 
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the values of c and <P measured f o r the 
sample by the t r i a x i a l t e s t , and the 
value of the vert ical load V to be carried 
i s marked on the abscissa. A M6hr c i rc le 
(2) passing through V and j u s t touching 
the Mohr envelope i s drawn by t r i a l and 
error, or by calculating the correspond­
ing value of L from equation (11). Nfohr 
c i r c l e s (1) and (3) through V, cu t t ing 
the Mohr envelope and within i t , respect­
ively , are also shown in Figure 63. Mohr 
c i r c l e (1) represents a condit ion that 
would resul t i n f a i l u r e of the material 
i n service under vert ical load V, because 
su f f i c i en t lateral support L i , could not 
be developed for s t a b i l i t y . Mohr c i rc le 
(2) indicates a condition where there i s 
j u s t s u f f i c i e n t l a te ra l support L 3 , to 
avoid fa i lu re . I t represents a condition 
of equilibrium. Mohr c i rc le (3) indicates 
a h i g h l y stable cond i t ion since more 
l a t e r a l support, Ls, i s available than 
the minimum required f o r e q u i l i b r i u m . 
Consequently, i f the sample of material 
came from a f a i l ed area, i t would be re­
presented by Mohr c i rc le (1), i f from an 
area of incipient fa i lu re , by Mohr c i rc le 
( 2 ) , and from a highly stable area, by 
Mohr c i r c l e ( 3 ) . From informat ion o f 
th i s nature from many projects, reason­
able estimates of the amount of la te ra l 
support L available under various condi­
t ions in the f i e l d could eventually be 
made. 

I t i s quite probable that subgrade, 
base course, and bituminous surfacing 
materials develop a d e f i n i t e structure 
under t r a f f i c and wi th the passage of 
time, that adds to the i r strength, and 
which is broken down i f samples of these 
materials are remolded for the t r i a x i a l 
tes t . Consequently, the c and 4> values 
for the material i n place may be d i f f e r ­
ent than those measured f o r remolded 
samples. Since i t is the values of c and 
4> for the material in place that are re­
quired, i f reasonably accurate values of 
available lateral support L are to be de­
termined, the t r i a x i a l tes t should be 
made on ei ther undisturbed base course 
and pavement samples, or on remolded 
samples that have been compacted in such 
manner that the structure of the material 
i n place i s dupKcated. A time factor 

may also have to be considered when at­
tempting to duplicate i n laboratory test 
specimens, the structure developed i n any 
g iven ma te r i a l under t r a f f i c i n the 
f i e l d . 

Dynamic factors associated with mov­
ing vehicles, and other variables, may 
make the problem more complicated, but 
the methods jus t described for evaluating 
the degree of lateral support L available 
under various conditions, appears to be 
reasonable as a f i r s t approach. The 
amount of la te ra l support L that can be 
mobilized by the material i n any given 
layer may depend upon i t s composition, 
densi ty, l i q u i d content, tcMperature, 
e t c . , the thickness o f the layer i n 
question, the thickness, composition, 
etc. , of the overlying layers, the nature 
of the underlying material, size of con­
tact area of the applied load, etc. How­
ever, i f ' t h e problem were c a r e f u l l y 
studied, i t might eventually be possible 
to prepare suitable tables of values for 
available lateral support L, in which a l l 
o f these d i f f e r e n t variables are taken 
into account. 

4. While very l i t t l e infonnation can 
be found concerning the anMunt of lateral 
support L available within subgrade, base 
course, or su r f ac ing mater ia l s under 
stress, nevertheless, insofar as the de­
sign of bituminous paving mixtures are 
concerned, there are at least two existing 
i n d i c a t i o n s o f the amount of l a t e r a l 
support L that might be safely assumed 
f o r design. 

Figure 57, taken from the Asphalt I n ­
s t i t u t e Manual on Hot Mix Asphaltic Con­
crete Paving, indicates the combinations 
o f c and <t> that asphaltic concrete must 
have for satisfactory s t a b i l i t y , and those 
combinations that are unstable. This dia­
gram has been checked on the basis of the 
performance i n the f i e l d of asphal t ic 
concrete pavements for which correspond­
ing c and 0 values have been measured in 
the laboratory, and i s considered to be 
sat isfactory (12)- I t w i l l be observed 
that the point of intersection of the low­
er wi th the v e r t i c a l boundary in t h i s 
diagram occurs at c = IS psi, 4> = 25 deg. 
From Figure 59, i t would appear that pav­
ing mixtures to the l e f t of th i s i n t e r -
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section, even though an or above the pro­
jec t ion to the l e f t o f the lower bound­
ary, are unsatisfactory because the amount 
of lateral support L ^ i c h they would re­
quire fo r s t a b i l i t y , cannot be developed 
i n the f i e l d . Figure 59 indicates that 
the curve f o r <° 25 p s i would pass 
through t h i s p o i n t o f i n t e r s e c t i o n 
(c <̂  15 psi, 4> = 25 deg.). Consequently, 
i n the absence of more de f in i t e informa­
t ion at th is time, i t would seem reason­
able to assume on the basis of Figures 57 
and 59, t h a t the des ign o f ho t -mix 
asphaltic concrete paving mixtilres could 
be based upon the assumption that the 
maximum amount o f l a t e r a l support L 
available i s 25 ps i . 

The second method f o r a r r i v i n g at a 
reasonable value of lateral support L for 
bituminous mixture design i s based upon 
the fact that fo r any given mixture, the 
value of L that can be developed i n the 
f i e l d i s always greater than 2c, that i s , 
greater than twice the cohesitm c of the 
paving mixture, except f o r occasional 
poor ly designed mixtures f o r which L 
might approach the value of 2c. 

That the amount of l a te ra l support L 
which a bituminous pavement can develop 
i n the f i e l d i s normally greater than 
twice the cohesion c of the paving mix­
ture, can be quite eas i ly i l l u s t r a t e d . 
Figure 64(a) represents the p r inc ipa l 
stresses and shear stresses that are dev­
eloped in a bituminous pavement under load, 
«4ien the weight of the material i s neglect­
ed. The stresses acting on element (2) i n ­
dicate that the lateral pressure L exerted 
by element (Don element (2) , i s resisted 
by the shear stress acting along the 
diagonal plane of element (2) . Figure 64 
(b) and (c) i l l u s t r a t e the principal and 
shear stresses acting upon elements (1) 
and (2) , respectively. Figure 64 (d) i s 
a Mohr diagram representing the stresses 
acting on element (2) , fo r a bituminous 
paving mixture having values of c and ^ 
that result i n the Mohr envelope indicated. 
L i s the major principal stress acting on 
element (2), and the minor principal stress 
is zero, i f the weight of the element and 
other factors are neglected. The Mohr 
c i rc le of rupture representing these com­

binat ions o f stress under equ i l ib r ium 
condit ions, has the radius L/2. I t i s 
apparent from the geometry and trigonometry 
of the Mohr diagram of Figure 64(d), that 
the radius of the Mohr c i rc le of rupture, 
L/2, i s greater than the shear stress, 
Sg, on the c r i t i c a l plane. I t i s also 
obvious t h a t i s g rea te r than the 
cession c. Therefore 

L/2) c 

from iriiich i t follows that 

L> 2 S c ) 2 c 

(17) 

(18) 

Consequently, the amount o f l a t e r a l 
support L that a bituminous pavement can 
develop i n the f i e l d , i q greater than 
twice the cohesion c o f the bituminous 
paving mixture. 

Even f o r the worst cond i t ion tha t 
could develop in a pavement i n the f i e l d , 
t h a t i s , when the angle o f i n t e r n a l 
f r i c t i o n * i s or becomes zero. Figure 
64(c) demonstrates that the Daxinum l a t ­
eral support L available cannot be less 
than twice the cohesion e. 

Figure 64(d) end equation (18) i n d i ­
cate that by assuming that L » 2c for de­
sign purposes, very conservative valnes 
o f l a t e r a l support L w i l l normally be 
employed. Furthermore, i t should be 
noted that the weight of element (2) has 
been neglected i n t h i s development. I f 
this weight were taken in to consideration, 
the assumption f o r purposes o f design 
that L 2c becomes s t i l l more conserva­
t i v e . 

The following example of the design o f 
a bituminous mixture on the basis that 
the l a t e r a l support L avai lable i n the 
f i e l d i s not less than twice the cohesion 
c of the paving mixture , i s provided. 
Suppose that when a t r i a l or proposed 
paving mixture i s tes ted i n t r i a x i a l 
compression, and the Mohr envelope i s 
plotted, that the value of cohesion e i s 
found to be 10 ps i . For design purposes, 
i t i s assumed that the maximum la t e ra l 
support L that can be developed > 2c «> 20 
psi . I f the vert ical load V to be carried 
by the pavement i s 80 ps i , then the re-
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Figure 64. I l l u s t r a t i ng that the available lateral support L for a 
bituminous pavement is generally greater than twice the cohesion c 

of the paving mixture 

quired s t a b i l i t y K - L = 60 psi . In Fig­
ure 65, the s t a b i l i t y curve fo r V - L " 
60 psi and L = 20 psi has been drawn, to­
gether wi th the CVj - L^) curve for 60 
psi which indicates the minimimi cohesion 
necessary for these particular conditions 
of design. In addition, the value of the 
cohesion c = 10 psi is shown in Figure 65 
as a broken l ine parallel to the abscissa. 
Figure 65 indicates that to meet the con­
ditions of this particular design problem, 
a paving mixture with cohesion c = 10 psi 
must at the same time have an angle of 

internal f r i c t i o n ^ = 28 deg. or higher. 
I t can be seen that when c = 10 psi , an 
angle ^ = 28 deg. i s the smallest that 
w i l l provide a paving mixture wi th co­
ordinates) of c and ^ that l i e on or to 
the r i g h t o f the s t a b i l i t y curve f o r 
K - L = 60 psi, L = 20 psi , and is at the 
same time on or above the curve f o r 
(V^ • LJ = 60 p s i . 

5. I t should be emphasized that the 
values of c and <f> obtained for any given 
material depend upon the procedure em­
ployed for the t r i a x i a l test . This fact 
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has been carefully pointed out by Endersby 
(lU) and others. No standardized pro­
cedure for th is test has yet been esta­
blished, and several d i f f e r e n t methods 
are being employed. Tlie size of sample 
and i t s dimensions, the method of pre­
para t ion of the sample, the speed o f 
testing, the size of the largest part icle , 
absence or freedom of drainage, the tem­
perature of test , and the procedure for 
applying lateral and ver t ical pressures, 
are some of the variables that must be 
considered. For the design o f base 
courses and bituminous mixtures for sta­
b i l i t y , for example, the procedure devised 
fo r the t r i a x i a l test would seem to re­
quire close correlat ion with the condi­
tions of loading to which the materials 
are exposed on a roadway or runway. 

r e su l t s obtained by inves t iga to r s i n 
d i f fe ren t laboratories can be placed on a 
conmon basis of comparison. 

6. Figure 66 i l l u s t r a t e s how an ex-
t rus io i test, or any of the ordinary com­
pression tests, could register high sta­
b i l i t y for a sample of a bituminous pav­
ing mixture in the laboratory, which would 
l a t e r be found^ to be unstable i n the 
f i e l d . I f a bituminous pavement f o r a 
g iven p r o j e c t can develop a maximum 
l a t e r a l support L o f 50 p s i , and must 
carry a ve r t i c a l load of 150 ps i , only 
those paving mixtures with combinations 
o f c and 4> to the r i g h t and above the 
cross-hatched area of diagram A would have 
the required s t ab i l i t y and cohesion. 

An extrusion test or any one of the 
ordinary compression tests might register 

SUPPOSE COHESION 0 • 10 pA 
THEN MAXIMUM (UMUkBLE LATERAL SUPPORT L ' S C - e O p a l 

IF VERHCAL LOAD V TO BE CARRIED • SOpH 
THEN REQUREO FWEMENT S m a L I T Y V - L • SOpH 

OAORAM liaCAr£S Ttm A 

WtST H U E AN A N S U OF MTERNAL 

a 20 ZS 30 30 
ANGLE OF INTERNAL FRCTIQN V 

Figure 65. An example of bituminous mixture design by the t r i a x i a l 
method 

Consequently, before the s t a b i l i t y 
equaticHis and diagrams based on a straight 
l ine Mohr envelope, which have been out­
lined above, can be employed, a procedure 
for the t r i ax i a l compression test must be 
devised that w i l l provide values f o r c 
and <t> which are t r u l y representative of 
conditions as they ex i s t i n the f i e l d . 
A standardized procedure for the t r i a x i a l 
t es t must also be developed before the 

high s t a b i l i t y for a bituminous mixture 
having the c and ^ values, c >: 25 psi and 
* = 9 deg. 45 min., represented by point 
X i n diagram A of Figure 66. For point 
X, diagram A indicates a'K - L value of 
100 p s i , i f a l a t e r a l support L o f 100 
psi can be developed. That i s , a ver­
t i c a l load Kof 200 psi could be supported 
by a bituminous mixture represented by 
point X, i f i t could develop a lateral 
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Figure 66. Conditions of s t ab i l i t y and ins t ab i l i t y in terms of c and 
4> which govern the selection of base course and f lexib le surfacing 

materials with respect to a given requirement 

support of 100 ps i . Hi is combination of 
V and L values i s represented by the f u l l 
l i ne Mohr c i r c l e i n diagram B of Figure 
66. However, the maximum lateral support 
L available, i s only 50 ps i . The broken 
l ine Mohr c i r c l e of diagram B of Figure 
66 indicates that the bituminous mixture 
represented by point X could support a 
vert ical load V o f only 129.6 psi , i f the 
la teral support were 50 ps i . According 
to the conditions of the pr<^lem, i t must 
be capable of supporting a ver t ica l load 
V of 150 psi at a l a t e ra l support of 50 
pai . Consequently, the bituminous mix­
ture represented by point X i n diagram A 
of Figure 66 does not have the s t a b i l i t y 
required for the conditions of this pro­
j e c t . 

In the extrusion test , the sample i s 
r i g i d l y confined within a steel cylinder 
when vert ical load i s applied. The amount 
of lateral support provided for the sample 
i s therefore indeterminate, probably 

variable from mixture to mixture , and 
l i ke ly quite high. For any of the ordinary 
compression tests , the l a t e r a l support 
provided is zero, or essentially so. Con­
sequently, since neither the extrusicxi nor 
the ordinary compression tests provide 
test conditions similar to those to which 
a bituminous pavement is subjected in the 
f i e l d , they may give en t i r e ly erroneous 
measurements o f the s t a b i l i t y which a 
bituminous mixture w i l l be able to develop 
under service conditions, as the above 
example has i l lus t ra ted . 

Section C of Figure 66, i s a M<Ar dia­
gram for point Y in part A of th is f i g ­
ure. Point Y represents corresponding 
c and <i> values of c = 25 psi , and <̂  ° 20 
deg. 48 min. Point Y indicates that i f 
the lateral supportL available i s 25 psi , 
the maximum ver t ical load V which can be 
carried is 125 ps i . This i s i l l u s t r a t ed 
by the f u l l l ine Mohr c i rc le i n diagram C. 
The question might be asked, that i f the 
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bituminous mixture with the c and lvalues 
represented by point Y i n diagram A can 
support a ve r t i ca l load of aaly 125 psi 
^en the la teral support i s 25 psi , w i l l 
i t be able to carry a v e r t i c a l load of 
150 p s i , as required by t h i s problem, 
when the la teral support i s 50 psi^ Hie 
answer i s given by the broken l ine Uehr 
ci rc le of diagram C, which shows that for 
a lateral support of 50 psi , this bitumin­
ous mixture w i l l be stable under a maximiiw 
vert ical load of 177.4 psi . 

7. While s t ab i l i t y has been considered 
in terms of (V - L) values in this paper, 
i t i s to be noted that each (V - L) value 
can be converted into shearing resistance. 
The maximum shearing resistance that a 
material can develop f o r corresponding 
values of V and L is (V - L)/2, and i t 
occurs on planes making an angle of 45 
deg. with the direction of the principal 
stresses. However, the maximum shearing 
resistance that can be developed on the 
actual plane of f a i lu re , sometimes called 
the c r i t i c a l plane, i s g iven by the 
eqdation. 

Y-L cos ^ (19) 

where s ,̂ i s the maximum shearing resis­
tance on the c r i t i c a l plane, and the 
other symbols have the significance a l ­
ready a t t r ibuted to them. 

I f required, general s t a b i l i t y equa­
t ion ( I I ) can be very easily expressed i n 
terms of rather than (V - L) values, 
tAen i t becomes 

sin 
^ I 1 + sin » + ^ , 

' 1 - s in <p 
(20) 

Hie diagram corresponding to equation 
(20) i s i l lus t ra ted in Figure 67. 

8. Equation (9) for the s t a b i l i t y of 
purely granular materials, can be rearrang­
ed into the following form 

V 
I 

1 sin ^ 
1 - sin 4> 

or as 

V = L ( l sin 
1 - sin <f> 

*) 

(21) 

(22) 

Equati<Hi (21) indicates that the value 
o f the r a t i o V/L f o r purely granular 
materials i s a function of the angle of 
internal f r i c t i o n ^ , while equation (22) 
shows that the maximum v e r t i c a l load V 
that can be carried by a mass of purely 
granular material depends apon the lateral 
support L and the angle o f i n t e r n a l 
f r i c t i o n 

Wien equation (21) i s plotted i n terns 
of V/L versus angle o f internal f r i c t i o n 
4>, the s t a b i l i t y diagram of Figure 68 i s 
obtained. 

I f a base course i s to carry a ver t ical 
load V o f 150 psi , and can develop a l a t ­
era l support L o f 50 p s i , the value o f 
the r a t i o V/L i s 3, and Figure 68 i n d i ­
cates tha t a purely granular material 
with an angle of internal f r i c t i o n ^ « 30 
deg. or greater, would be required to 
provide the necessary s t a b i l i t y . Hie 
same solution to th i s problem was given 
by Figure 46. 

Qmsequently, the nathenatical equation 
of s t a b i l i t y for purely granular materials 
can have the form o f either eqnaticn (9) 
or equation (21). Furthermore, the s t ab i l ­
i t y diagram for purely granular materials 
i s represented by e i t he r Figure 46 or 
Figure 68. 

9. From the geometrical and trigono­
metrical properties of the general Mohr 
diagram, i l lus t ra ted in Figures 47 and 51. 
other equations than those already develop­
ed, can be derived to express r e l a t ion ­
ships between various coobinations of the 
quantities ver t ica l load V, l a te ra l sup­
port L, maximum shear stress cn the c r i t i ­
cal plane (the plane of fa i lu re) s^, max­
imum normal stress on the c r i t i c a l plane 
n^ , cohesion e, and angle o f in t e rna l 
f r i c t i o n <t>, together with the V^, L^, n^, 
and quan t i t i e s t ha t can be derived 
from the point o f i n f l e c t i o n i n Figure 
51 . 

Of the relationships not already d i s ­
cussed, t h a t between V, L, e, and ^ 
obtained by rearranging equation (11) i s 
o f part icular interest . 

I (1 s in * + 2c [IZ n - s in ^1 -
sin » 
i i T * (23) 

According to equation (23), i f the ver-
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Figure 67. Relationship between c, 4>, L and for materials having 
positive values for c and <f> in t r i ax i a l compression test 
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Figure 68. S tabi l i ty diagram in terms of ^ materials having 
zero cohesion in t r i a x i a l compression test 
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t i c a l load V to be carried i s specified, 
and the amount of l a t e r a l support L i s 
known, the combinations of c and <t> which 
the materials under stress must possess 
to avoid fa i lu re of the material, can be 
calculated. S imi lar i ly , i f a certain ver­
t i c a l load V i s to be carr ied, and the 
values f o r c and <f> f o r the p a r t i c u l a r 
material tinder stress have been measured, 
the minimum value of l a t e r a l support L 
required to prevent fa i lure of the struc­
ture can be calculated. 

A diagram based upon equation (23) i s 
i l l u s t r a t ed in Fioure 69. The curve for 

i n t e r r e l a t i o n s h i p between the normal 
pressure on the c r i t i c a l plane, n^, L, c 
and i s 

rig = L (1 + s in *) + c cos * (24) 

and that expressing the interrelationship 
between s^, n^, c, and <f> i s the we l l 
known Coulomb equation. 

c + tan * (25) 

The equation for and s^, the values 
of and respectively at the point of 
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Figure 69. Relationship between c, <t>, L and V for materials having 
positive values for c and * i n t r i a x i a l compression test 

V " 100 psi and L = 20 ps i , for example, 
indicates that only those materials wi th 
combinations of c and <t> which l i e on and 
to the r ight of this curve would have the 
necessary s t a b i l i t y under these particular 
conditions of ver t ica l stress V and l a t ­
eral support L. 

The general equation expressing the 

inflecticH), Figure 51, are 

^ ( 2 [ p 4 1 p + i ) (26) 
•\2 a\n <t> n, = c cos 

S i " c ( l + sin * + \2 sin 4>\l sin 4,) 
(27) 
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Diagrams which indicate graphical ly 
the relationships expressed in equations 
(24) and (25), are i l lus t ra ted i n Figures 
70 and 71, respectively, and the corres­
ponding and curves are also shown. 

are kept constant i n equation (28), 
and and V are kept constant in equa­
t i o n (29), i t should be noted that the 
value of the lateral support L i s chang­
ing whenever c or <̂  or both vary. 
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Figure 70. Relationship between c, <(>, L and for materials having 
positive values for c and ^ in t r i a x i a l compression test 

Equations (20) and (24) can be writ ten 
i n terms of ver t ica l load V rather than 
l a te ra l support L, as 

sin"?". 
(1 - sin 4,) V s in * 

sin 0 + c 
(28) 

and 

= V (1-sin <f) c cos « (29) 

Graphs demonstrating the relationships 
of both equations (28) and (29) in rear­
ranged form, are i l lus t ra ted i n Figures 
72 and 73 respectively. 

I t should be observed i n connection 
with equations (28) and (29) and Figures 
72 and 73, that negative values of L are 
encountered fo r certain combinations of 
values for the variables i n these equa­
t ions . Furthermore, whenever and V 

Experimental data on materials tested 
i n a shear box are obtained i n terms of 
Sg, n^, c, and <j>, while data on the same 
materials tested i n t r i a x i a l shear are 
obtained d i r e c t l y i n terms of V, L, c, 
and Consequently, i t might be desir­
able to rearrange the various equations 
containing these d i f f e r en t variables de­
pending upon whether the source of the 
data i s from the shear box or from the 
t r i a x i a l t e s t . That i s f o r example, 
equation (29) might be preferred i n i t s 
present form for data obtained from the 
shear box, but rearranged in to the form 

sin 4> 
c cos 0 
1 - sin <t> 

1 - sin 4) 
+ c 

1 s in <t> 
1 - s in 4> (30) 
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for data obtained diTec^tly 'fron the t r i -
axial shear test. 

10. Figure 59 i s a diagram of (V^ -
L^) and L j curves. I n Figure 60 the 
curve for (V^ - ij^ = 100 psi cuts across 
the lines for V - L = 100 psi and L = 25, 
SO and 100 psi. The intersection of the 
curve (V^ - L^) = 100 psi with the lin e 
V - L = 100 ps i , t = 50 psi, of Figure 
60, i s also the point of intersection of 
(Y^ - LJ = 100 psi, L^ = 50 psi i n Figure 
59. That i s , the point of intersection 
of the curves for (V^ - L^) " 100 psi and 

" 50 psi in Figure 59, must l i e on the 
s t a b i l i t y curve for V - L •» 100 psi, L • 
50 psi of Figure 60. S i m i l a r l y , the 
point of intersection of the curves for 
(^i - i'l) = 100 psi and «= 25 psi of 
Figure 59, must l i e on the s t a b i l i t y curve 
for V - L = 100 psi, L « 25 psi of Figure 
60, and so on. 

While the s t a b i l i t y curves, V - t = 100 
psi, Z. = 25 psi; V - L " 100 psi, L = 50 
psi; and V - L •• 100 p s i , L ° 100 p s i , 
etc. are actually reverse curves, they 
are very nearly straigh t lines for the 
intermediate and h i ^ r values of L. From 
Figure 48 some conception of the very 
large number of these s t a b i l i t y curves 
required to represent various combinations 
of vertical load and lateral support may 
be obtained. The c a l c u l a t i o n of the 
exact location of these s t a b i l i t y curves 
requires seme time for each problem, and 
i t would be worth while to have a rapid 
method for locating t h e i r position for 
a l l magnitudes of v e r t i c a l load V, and 
lateral support L. 

I t can be shown that a diagram o f 
(V^ - L^) and L^ curves forms a general 
s t a b i l i t y diagram on which the s t a b i l i t y 
curve for any combination of values for 
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vertical load V and lateral support L can The i n t e r s e c t i o n of the curve f o r 
be very quickly located. This w i l l be (V^ • L^) = 80 psi with the curve for 
illustrated by means of Figure 74. 60 psi must also be a point on the 

EQUATION FOR CURVES 

TANO l i -sm 

ANGLE OF INTERNAL FRICTION 

Figure 72. Relationship between c, 4>, and V for materials having 
positive values for c and (i> in t r i a x i a l compression test 

I t has been already stated that for a l l 
except the small values of L, while the 
s t a b i l i t y curves i n terms of V - L and L, 
e.g. Figure 48, are actually reverse 
curves, they are very nearly s t r a i g h t 
lines. The direction of a straight line 
i s f i x e d , i f the location of any two 
points on the line is known. 

Suppose that the location for the 
s t a b i l i t y curve for V = 140 psi and L = 
60 psi i s required. Figure 74. Then 
V - L = 80 psi. Hie s t a b i l i t y curve re­
quired therefore i s for V - L = 80 psi, 
I. = 60 psi. TTie intersection of the re­
quired s t a b i l i t y curve with the c axis is 
easily calculated from equation (6) 

V . L = 2c (6) 
That i s , one extremity of the required 
s t a b i l i t y curve i s located on the c axis 
at c = 40 psi. 

required s t a b i l i t y curve for the reasons 
given earlier in this section. Qinsequent-
ly, a straight line drawn from c = 40 psi 
through the intersection of (V^ - L,^) = 
80 psi and = 60 psi. Figure 74, re­
presents the location of the required 
s t a b i l i t y curve for V - L = 80 psi, L = 
60_psi within the r a n ^ of arruracy re­
quired f o r most p r a c t i c a l problems. 
Similarly, the straight line drawn from 
c = 40 psi through the point of i n t e r ­
section of the two curves (V^ - L^^) = 80 
psi, = 40 psi represents very nearly 
the location of the required s t a b i l i t y 
curve for V - L = 80 p s i , L = 40 p s i , 
that i s the s t a b i l i t y curve for V = 120 
psi and L = 40 psi. 

Therefore, the network of (V^ - LJ 
and (L^) curves similar to that of the 
diagrams of Figures 59 and 74, provides 
a simple and rapid method for determining 
the location of the s t a b i l i t y curves for 
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Figure 73. Relationship between c, tf>, and V for materials having 
positive values for c and <t> i n t r i a x i a l ccmpression test 

a l l coniiinatians of values for V • L and L. 
Similarly, the network of and L^ 

curves provides a rapid method for locat­
ing the curves for a l l combinations of 
and L values from equation (20), as shown 
by Figure 75, although i n thi s case the 
range of accuracy is less for the smaller 
values of L, due to the greater curvature 
of the reverse curves for corresponding 
Sg and L values i n thi s region. 

11. I h i s same procedure based upon 
the principal stress, shear stress, normal 
stress, c and ̂  values for the point of 
in f l e c t i o n , can be of similar assistance 
for locating the curves for other equa­
tions previously developed. 

A network of and lines can be 
employed for locating the curves for a l l 
combinations of V and L values from 
equation (23). 

and lines can be used for rapid­

l y locating the curves f o r combina­
tions of and L values from equation 
(24) , except when i s greater than 2L. 

The network of and lines can be 
ut i l i z e d to locate the curves for combin­
ations of Sg and values from equation 
(25) , but only when i s less than about 

The and 8^ lines are e n t i r e l y un­
satisfactory for locating the curve for 
any combination of V and values from 
equation (28). 

The network of and »»j lines can be 
employed to locate the curves for a l l 
combinations of V and values from 
equation (30). 

12. I t should be noted that the dev­
elopment presented i n t h i s section i s 
concerned with evaluating the s t a b i l i t y 
of various materials. I n the design of 
bituminous mixtures, other characheristics 
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such as density, d u r a b i l i t y , etc., must 
always receive a great deal of attention. 
However, a f t e r a l l these other matters 
have been given due consideration, the 
development which has been outlined here 
makes i t possible to determine whether or 
not the r e s u l t i n g paving mixture w i l l 
have the s t a b i l i t y required, and i f not, 
i n what d i r e c t i o n i t s design must be 
modified i n order that i t w i l l have ade­
quate s t a b i l i t y . 

every other respect. The t r i a x i a l method 
of design w i l l probably indicate that a 
great many aggregrate materials have been 
needlessly rejected i n the past. This 
method w i l l also indicate precisely i n 
which direction an i n f e r i o r bituminous 
paving mixture must be improved i n order 
that i t w i l l develop the necessary mini­
mum s t a b i l i t y . 

13. The development presented i n this 
section would seem to have value f o r 

'.~'-'V>Ps 1 

19 20 29 30 35 
ANGLE OF INTERNAL FRICTION "(J" 

40 45 

Figure 74. Stability diagram based upon values of - L^, L j , V - L, 
L, c and 4> derived from the t r i a x i a l compression test 

As a result of the rapid depletion of 
readily accessible deposits of good grav­
els, materials previously considered i n ­
ferior must now be investigated as suit­
able aggregrates for bituminous paving 
mixtures. The t r i a x i a l method outlined 
i n t h i s section, w i l l indicate whether 
paving mixtures made with these i n f e r i o r 
aggregrates possess the required minimum 
s t a b i l i t y , when properly designed i n 

solving s t a b i l i t y problems i n other d i v i ­
sions of s o i l mechanics, e.g., the sel­
ection of materials for, and the design 
of earth dams, embankments, foundations, 
etc. I t should also be observed that i f 
the maximum major principal stress, cr^ 
supported i n equilibrium by an element at 
any given point i n a structure can be 
measured or calculated, and the c and <t> 
values for the material at that point are 
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Figure 75. Relationships between s^, L^. s^, L, c, and <t> derived from 
the t r i a x i a l compression test 

measured i n the laboratory, the maximum 
minor principal stress, cr]^ii> acting on 
the element can be calculated by means of 
equations ( I I ) or (23). When this infor­
mation has been obtained, the normal and 
tangential stresses acting on any plane 
through the element can be easily cal­
culated. 

OGNCLUSIGN 

While the results outlined i n t h i s 
paper have been derived from the data 
obtained at airport locations extending 
r i g ^ t across Canada, i t i s realized that 
certain abnormal soils may occasionally 
exist here or i n other countries to which 
these results may not d i r e c t l y apply. 
This may also be true of certain s o i l s 
which would ordinarily be classified as 
normal, llierefore, i t would be prudent 
to perform a certain amount of soil test­
ing before applying these results else­
where. 

I t i s realized also that additional 
t e s t data may lead to modification of 

some of the ccmclusions which have been 
expressed. 

While on the basis of evidence obtain­
ed during the Department of Transport's 
investigation, this paper expresses some 
disagreement with the method for flexible 
pavement design currently advocated by 
the U. S. Corps of Engineers, which i s 
considered to be unnecessari ] y conservative; 
i t I S a pleasure for the writer to pay 
tribute to the large amount of excellent 
investigational work that the L. S. Corps 
of Engineers i s ca r r y i n g on i n many 
phases of the f i e l d of soil meckanics at 
the present time. This research w i l l 
eventually greatly extend our knowledge 
of the engineering properties of soils, 
and of pavement desifp. 

SUMMARY 
I 

1. While the r a t i o of load sup­
ported at one deflection to that sup­
ported at another deflection for a given 
bearing plate, appears to vary with the 
s o i l type from a i r p o r t to a i r p o r t , re-
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presentative overall values for these 
ra t i o s can be employed with reasonable 
accuracy when required. 

2. The supporting capacity of a 
clay subgrade curpacted to 95 percent of 
modified AASHO density «as found to be 
appreciably greater than that of the im-
ccpipacted material at 85 percent of mod­
i f i e d AASHO density. The lower 12-iri. 
layer of contacted subgrade provided a 
greater increase in supporting value due 
to conpactinn than that given by an addi­
tional 12-in. compacted layer. 

3. F i e l d CBR and cone bearing 
ratings increase at a much faster rate 
due to f i e l d compaction of a clay sub-
grade, than the actual supporting value 
neasured by a plate bearing test. The 
Housel penetrometer values deviate less 
in this resi-ect, while t i e t r i a x i a l test 
resuJta more nearly parallel the increase 
indicated t y the plate bearing test. 

4. The unit load supported on a 12-
i n . bearing plate i s approxinately twice 
that supported on a 30-in. plate at any 
given <^eflectio(i over the range of 0.2 to 
0.5 i n . for cohesive subgrade s o i l s . 

5. Relationships between deflectirai, 
settlement, and elastic deformation have 
been developed for subgrades and flexible 
pavements on the basis of load test data. 

6. A simple equation i s presented 
for calculating t i e subgrade modulus at 
the surface of any given thickness of 
well compacted granular base course, i f 
the subgrade modulus of the underlying 
subgrade has been measured. 

7. Further data have indicated that 
the value of the base course constant K 
i n the flexible paver«nt design equation 
T = K log (P/S) i s dependent upon the 
size of bearing plate employed. This has 
necessitated the preparation of new charts 
for flexible pavement thickness require­
ments for various wheel loads for airports 
and highways. 

8. The angle of pressure dist r i b u ­
t i o n through d i f f e r e n t thicknesses of 
granular base course for 30-in., and 12-
m. bearing plates, for the f l e x i b l e 
pavement design equation T = K log CPZ-S), 
is illustrated. 

9. A method for the selection of 

base course materials and the design of 
flexible wearing course mixtures by means 
of the t r i a x i a l compression test i s out­
lined. 
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DISCUSSION 

W. K. Boyd^ In December 1946, Dr. Nonnan 
W. McLeod presented the results of an i n ­
vestigation of the principal airport run­
ways in Canada before the Hig^nray Research 
Board. Since the amount of data which he 
presented was considerable and the results 
were complex, i t was not possible to pre­
sent a discussion of his paper at that 
time. Ihe paper has only recently become 
available for study, (this discussion was 
dated 12 Feb. 1948, ed.) end there was not 
sufficient time to digest the contents i n 
i t s e n t i r e t y . However, i t i s apparent 
that a wealth of very valuable informa­
tion has been made available for study. 

r e l a t i v e to f l e x i b l e pavement, design. 
Doctor VcLeod and his associates are to 
be congratulated for accumulating and 
presenting t h i s infonnatian i n such an 
able manner. 

In the introductory portion of the 
paper i t i s stated that the pr i n c i p a l 
motive for the study was the fact that i t 
was f e l t the design c r i t e r i a advanced by 
the engineering agencies i n the United 
States were too conservative. In par­
t i c u l a r , i t was believed the California 
Bearing Ratio (CBR) design procedure 
adopted by the Corps of Engineers re­
sulted i n the construction of runways 
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Figure A. Design Curves for Flexible Pavements for Runways 
and Taxiways, Etc., for Airplane VWieel Loadings 

(Full Load on Single Tire) - Cone Bearing, Etc. Tests 

I t can be expected that the date together 
with the analysis w i l l ccmstitute a real 
contribution to the store of knowledge 

^ Chief, F l e x i b l e Pavement Branch, S o i l s 
D i v i s i o n , Waterways E x p e r i o e n t S t a t i o n , 
M i s s i s s i p p i R i v e r Commission, Corps of 
Engineers, Vicksbnrg, M i s s i s s i p p i . 

with thicknesses of base and pavement 
considerably in excess of those actually 
required. Ihe resulte of tests performed 
on the runways o f Dorval a i r p o r t at 
Montreal are c i t e d to i l l u s t r a t e the 
alleged nltraconservative design requite* 
ments of the CBR test. I t i s believed 
the CBR method of design has been c r i t i -
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cited more severely than appears j u s t i ­
f i e d . Therefore, t h i s discussion w i l l 
review Doctor McLeod's report primarily 
as i t applies to comparisons with the 
CSR method of design as presently used by 
the Corps of fiigineers. 

As a result of the investigation \rfiich 
i s reported, Doctor McLeod presents a new 
method of design for considerati<m. For 
the purpose of this review, Figure 97 from 
Doctor McLeod's paper which appears i n 
Highway Research Board Bmsearoh Report 

No. 4 B is reproduced as Figure A of this 
discussion. The thickness of granular 
base in inches i s shown for both runways 
and taxiways, for wheel loads between 
5,000 and 150,000 lb., and for a range of 
s o i l conditions from weak to strong. A. 
valuable feature of the work performed by 
Doctor McLeod i s the fact that the strength 
of the subgrade i s evaluated by several 
iiietliads: t o w i t . Cone Bearing, CBR, 
Honsel penetroaeter, t r i a x i a l , and plate 
bearing tests. Doctor McLeod has found 
that an approximate reasonable relation­
ship exists so that although his design 
i s based ess e n t i a l l y on plate bearing 
tests i t i s possible to u t i l i z e other 
available tools. Hie Corps of Engineers 
also has determined that many of the 
empirical strength tests for subgrade 
soils can be correlated and confirms the 
relationship indicated between the cone 
bearing and CSR as being about 30 or 40 
to 1. Hie Corps has had no experience 
with thi Housel penetrometer. Doctor 
McLeod considers these design curves 
reasonably v a l i d , providing the soil 
in-place and subiected to t r a f f i c i s in 
the condition shown by one of the teat 
methods. I t should be noted that the re­
quirements indicated for taxiways are 
considerably i n excess of those for run­
ways for any given wheel load and sub-
grade condition. I t may be noted that 
for a runway design for a 5|000-lb> idieel 
load about 3 inches of t o t a l base and 
pavement are indicated as s u f f i c i e n t 
where the CBR i s approximately 3 or the 
cone bearing value i s about 100. I f the 
taxiway curve i s used, the requirements 
are about 12 inches, (h Figure 100 of the 
referenced report highway curves are 
shown for 4.000; 7,000; and 12,000-Ib. 

wheel loads. Although a'S.OOO-lb. load 
is not shown, i t appears that highway and 
taxiway design curves are approximately 
equal. The highway design curve developed 
by the North Dakota Highway Department, 
based on some 1,300 cone bearing tests, 
more nearly conforms to Doctor McLeod's 
curves for taxiways rather than those for 
runways. 

TABLE A 

15-Kip Wheel 
Bnnvay Taxiway 

CSR Can. C.E, Can. C.E. 

3 18 25 30 27 
5 11 19 22 21 

10 6" 12 9 14 

60-Kip Hteel 
Run way Taxiway 

CBR Can. C.E. Can. C.E. 

3 3a 45 50 SO 
5 31 33 42 37 

10 18 21 29 23 

' Recommended Dinimum. 

The comparisons of the thickness re­
quirements based on both the Canadian and 
the CBR method of design are shown on 
Table 1. The values for the thickness 
requirements based on the Canadian design 
are from Figure 1 while the CBR values 
are from the curves presented in Part X I I , 
Chapter 2 of the fngtneering Manual. Com­
parisons are shown for two wheel loads 
and for three CBR values. Looking f i r s t 
at the runway data, i t can be seen that 
the CBR method i s d e f i n i t e l y more con­
servative than indicated by the Canadian 
curves. For a 15,000 l b . wheel load, 
t h i s d i f f e r e n c e i s marked. For the 
60,000-lb. wheel load, the difference is 
not great for a CBR of 3 and may be con­
sidered identical for CSR values of 5 and 
10. In the case of taxiways-, the s i t ­
u a t i o n i s somewhat reversed. Doctor 
McLeod indicates in nearly a l l cases that 
greater pavement tbidmcfiaes are required 
than are shown by the CBR curves. In the 
case of the 15,000-lb. wheel load, the 
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differences are not great and are cer­
t a i n l y no more than would be reasonably 
expected between independent investigators 
In the case of the 60,000-lb. load f o r a 
CBR of 3, both require identical thick­
nesses of base. For CBR's of 5 and 10, 
the Canadian design requires greater 
thicknesses. I t can be seen, therefore, 
that the two methods are not entirely i n ­
consistent with each other and are not as 
different as one night be led to expect. 
The principal factor appears to be wide 
d i f f e r e n t i a l s i n thickness requirements 
i n the Canadian nethod between runways and 
taxiways. This differential i s consider­
able, amounting to f rooi 11 to 12 inches. 
I t i s conceded by a l l concerned that t a x i -
ways receive greater t r a f f i c concentrated 
over a narrower width. Also, planes are 
sometimes required to stand with motors 
idl i n g on the taxiways waiting their turn 
to enter the runway. Some increase i n 
the thickness requirements for taxiways 
as compared to runways may be reasonable. 
However, the experience of the Corps of 
Engineers does not indicate that such a 
large differential is i u s t i f i e d on heavily 
used f i e l d s . The fact that the highway 
design curves prepared by Dr. Mcleod com­
pare with his taxiway curves strengthens 
the belief that the latter curves are more 
nearly correct. 

I t should be clearly understood that 
the CBR design curves are based on i n -
place data. A symposium relative to the 
development of the CBB method has recent­
l y been prepared and submitted to the 
American Society of C i v i l Engineers for 
publication. I t is hoped that i t w i l l be 
printed in the near future. This sympos-
ium reviews the several test secticois that 
have been constructed and subjected to 
accelerated t r a f f i c tests, the t r a f f i c 
tests performed on existing f i e l d s , and 
behavior studies from f i e l d s subjected 
to actual heavy wheel load t r a f f i c . In 
a l l cases, in-place CBR data and not 
soaked CBR values were obtained and used 
to verify the design curves. 

The requirement that the samples be 
soaked is simply a method for evaluating 
the subject material i n i t s most c r i t i c a l 
condition. I t i s probably true that sub-
grades in some locations and under cer­

tain conditions never become f u l l y sat­
urated. I t should be clearly understood, 
however, that a soaked sample i s not 
necessarily saturated (100 percent of the 
voids f i l l e d with water). The soaked 
condition implies that the sample has 
been completely innersed in water for four 
days. At the end of this period from 70 
to 100 percent of the voids may be f i l l e d 
with water, the exact proportion being 
dependent on the type of a o i l . i t s density, 
and other factors. An investigation has 
been in progress for more than two years at 
the Waterways &cperiment Staticn to gather 
factual data for in-place ntoisture con­
tent on typical f i e l d s . The results of 
t h i s study demonstrate that under cer­
t a i n conditions the in-place moisture 
content w i l l range between about 70 to 
95 percent of a l l voids f i l l e d with water. 
As of the present time, t h i s o f f i c e has 
no satisfactory method for analyzing a l l 
factors such as so i l type, density, drain­
age i n s t a l l a t i o n , r a i n f a l l i n t e n s i t y , 
level of water table, pavement cracking, 
and climatic conditions, and predicting 
the probable percent of saturation 10 or 
20 years hence. Dr. McLeod repeatedly 
warns that the subgrade material must be 
evaluated on the basis of i t s weakest 
potential state. He neglects, however, 
to include i n his report his method for 
preparing and/or adiusting the s o i l to 
the proper moisture and density widch can 
be anticipated. I t i s expected that the 
problem w i l l continue tc be studied and 
the Corps w i l l welcome any c r i t e r i a which 
safely can supplant the admittedly con­
servative soaked condition. 

W. K. Boyd and C. R. Foster^. The senior 
author presented a discussion of Part I 
of Dr. Mcleod's paper at the 1947 meeting. 
Since then additional time hashes avail­
able for the study of Part I and for a 
study of Part I I which was presented by 
Dr. McLeod at the 1947 meeting. The 
statements made by the senior author rela­
tive to Part I are s t i l l considered gen­
e r a l l y applicable. The following d i s -
2 Chief and Assistant Chief. PlesiUe 
Pavement Branch, Soils Division, Water­
ways Experiment Station, CE, Vicksburg. 
Mississippi. 
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cussion pertains to both Parts I and I I . 
(This section of the discussion was re­
ceived September 9, 1948, ed.). 

Dr. McLeod's paper " A i r p o r t Runway 
Evaluation in Canada, Part I I " presents 
the results of tests on three additional 
fields together with additional aaalyais 
of prevrous data. Both the runway and 
taxiway thickness design curves presented 
in Part I have been revised. The changes 
in runway thicknesses have been negligible 
except for the heavier wheel loads where 
the thicknesses have been increased. 
Considerable revisions have been made to 
taxiway thicknesses to bring the taxiway 
thicknesses i n better harmony with the 
runway thicknesses. I t w i l l be recalled 
that the wide difference between runway 
and taxiway thicknesses i n the design 
curves was pointed out at the 1947 meet­
ing. 

Both Parts I and I I of Dr. UoLoed'a 
paper deal essentia]ly with two subiect 
matters. For convenience the authors 
discuss them separately, although both 
subiects are treated in Part I and I I of 
Dr. McLeod's paper. The f i r s t subiect is 
a proposal for a method of designing the 
total thickness of base and pavement above 
the subgrade. The other subiect i s an 
outline for a possible method which may 
be useful i n designing the bituminous 
mixes and base courses. 

Total Thickness 
Dr. McLeod's method of designing total 

thickness i s based on the use of the 
plate bearing test. Essentially, he has 
correlated the results of the plate bear­
ing tests with the capacity of the pave­
ments to support airplane t r a f f i c on run­
ways. This has been done by comparing 
the load i n the plate bearing test at 
0,S i n . deflection at 10 repetitions with 
the wheel load of the airplanes using 
the runways. Tests were made at 12 ai r ­
fields where the pavements were adequate. 
For taxiways Dr. McLeod uses a different 
approach. He computes a "y i e l d point de­
f l e c t i o n " by a method suggested by Prof­
essor Housel and determines that a value 
of 0.225 i n . represents an average yield 
point. The design curves for taxiways 
are therefore based on the load i n the 

plate bearing test at 0.225 i n . deflection 
(revised to 0.35 i n . i n Part I I ) at 10 
repetitions. Tliis naturally results i n 
greater thickness requirements for t a x i ­
ways than for runways. 

A large portion of the remainder of 
th i s part of the paper i s taken up- with 
an interesting study of the slope of the 
load-deflection corves obtained i n the 
plate bearing tests and the correlations 
between the load at a given deflection in 
the plate bearing test and the CBR, North 
Dakota Cone Bearing, Housel penetrometer 
reading, and t r i a x i a l shear test results. 
The study results in relationships from 
which the subgrade support at 0.5 i n . 
(0.35 in. for taxiways) can be determined 
from any of tlie tests mentioned above or 
from practically any type of plate bear­
ing test. 

From the study of the plate bearing 
test results Dr. McLeod develops the f o l ­
lowing relationships: '̂ 

T = R- log P/S 

Where T = Thickness i n inches, K 
i s a constant = 65 (revised later to 
increase with size of bearing plate), 
P i s the applied load i n kips, and 
i s the subgrade support i n kips at a 
given deflection. 
I t can be seen that by varying the de­

flection at which S i s obtained, any given 
thickness can be obtained for any given 
wheel load. Dr. McLeod has used 0.5 i n . 
for runways and0.225 i n . (later 0.35 in.) 
for taxiways. With these values be has 
computed design curves for runways and 
taxiways which are f a i r l y reasonable, 
especially since he has revised taxiway 
thicknesses. The thicknesses i n general 
average a few inches less than the writers 
are accustomed to thinking of, but close 
agreement cannot be expected on this sub­
iect. 

There i s no denying that the data Dr. 
McLeod has collected plot up nicely and 
clear-cut relationships can be developed, 
especially for the study of the slope of 
the load-deflection curves. However, the 
nicety with vkich these relationships can 
be developed i s not proof that the method 
of designing f l e x i b l e pavements from 
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plate bearing test results i s applicable. 
The crux of the problem i s how well the 
load at the selected deflection reflects 
the a b i l i t y of the pavement to support 
t r a f f i c . Dr. NfeLeod states on page 18 of 
Highway Research Board Report k B " i t was 
found that the lower quartile plate bear­
ing value (the lower 25 percent point) at 
0.5 i n . defl e c t i o n for 10 repetitions 
provided a load test value which appear­
ed to be approximately equal to the maxi­
mum wheel load which the runways had been 
supporting under reasonably intensive 
t r a f f i c . " Yet nowhere i n the paper does 
he give a direct comparison of the load 
at 0.5 i n . d e f l e c t i o n and the maximum 
wheel load using the f i e l d . Further, i n -
fonnation i s not available in the report 
from which such a correlation can be made 
by the reader. T r a f f i c data are given 
only for four fi e l d s i n the 1947 paper, 
supplemented by additional data for one 
of the fields i n the 1948 paper. I b t i l 
proof i s established that the load i n the 
plate bearing test at 0.5 i n . deflection, 
or for that matter at any specific de­
f l e c t i o n , represents the airplane wheel 
load which the pavement can carry, the 
proposed design method must remain a 
hypothesis. 

Another c r i t i c i s m which the writers 
have is the fact that apparently a l l the 
runway data used for the correlation were 
from "satisfactory" pavements. The w r i t ­
ers consider i t necessary to have data 
from " f a i l e d " as well as "sa t i s f a c t o r y " 
pavements before limits can be esteblished. 
While at f i r s t glance i t would appear that 
a design based on only "satisfactory" date 
would be conservative, th i s i n not nec­
essarily the case. Experience has shown 
that i n any correlation there i s a zone 
in which there are no failures, a zone i n 
which there are a l l failures, and a zone 
in \riiich there is an intermingling of both 
failures and satisfactory pointe. An ex­
ample i s Figure 1 of the paper "An Analy­
sis of Wheel Load Limits as Related to 
Design," which appeared in Volume 22 of the 
Proceedings, Hi^way Research Board, 1942. 
I h i s figure shows the correlation obtain­
ed between cone bearing, thickness, and 
traffic-carryinp capacity. Approximately 
40 percent of the "satisfactory"pointe are 

intermingled with " f a i l u r e " points. 
Another item which needs explanation 

i s why the method of correlating load at 
a given deflection with carrying capacity, 
which was satisfactory for the runways, 
was not even attempted for the taxiways. 
While i t i s admitted that the loading 
conditions are not the same, s t i l l Dr. 
McLeod had the necessary elements. Surely, 
i f the load at a given deflection i n the 
plate bearing test represente the a b i l i t y 
of a pavement to act as a taxiway, and 
Dr. McLeod assumes that i t does, then a 
correlation with f i e l d behavior would not 
only be possible but logical. 

In view of the fact that the papers 
have not substantiated the fact that the 
load at 0.5 i n . deflectim for 10 repeti­
tions represents the load carrying eapa> 
c i t y of the pavements, the writers teke 
strenuous oblection to Dr. McLeod's use 
of such terms as "actual supporting value 
as measured by the plate bearing test." 
The papers apparently are so well docu­
mented that the reader, after being sub-
iected to the continued use of such stete-
ments, may subconsciously come to feel 
that the plate bearing test does measure 
the acteal supporting value of the pave­
ment, whereas such has not been proved. 
The plate bearing test does measure the 
supporting power of the pavement--to 
loading with a plate—but idiether or not 
there i s a r e l a t i o n s h i p between t h i s 
value and the pavement's a b i l i t y to sup­
p o r t airplane t r a f f i c remains t o be 
proved. 

Cbe item for which Dr. McLeod should 
be ccDplinented i s the excellent infotna-
t i o n on density and moisture contents 
found at the a i r f i e l d s tested. As more 
of these date are accumulated the engineer 
can begin to know more about the condi­
tions for which he i s designing. I t i s 
very hard to desiccn for an unknown quan­
t i t y . Ihe safest procedure is to take the 
l i m i t i n g case, as the Corps of Engineers 
has, i n assuming the "soaked" condition. 
Possibly a more reasonable approach than 
the "soaked" condition may be that taken 
by Wyoming and Colorado i n their methods 
of weighting the thickness values f o r 
various s o i l typos and conditions o f 
r a i n f a l l and drainage. As additional date 
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are accumulated on these items, engineers 
w i l l be ̂ l e to anticipate maximum mois­
ture conditions with reasonable accuracy. 
As explained i n the discussion given by 
the senior author i n the 1947 meeting, 
the Corps of Engineers i s continuing a 
study of the problem. 

fiituninous Mixtures 
Hie seccHid part of the paper i s de­

voted to bituminous mixes primarily. Dr. 
McLeod outlines a procedure for testing 
bituminous mixes with t r i a x i a l apparatus 
to determine i f the mixes are satisfactory. 
I t i s suggested that the procedure is also 
applicable to the design of base courses. 
Tke procedure for applying the test re­
sults i n an extension of that proposed by 
the Asphalt Institute, i ^ c h is definitely 
empirical i n spite of i t s use of the t r i ­
axial test. As used by the Asphalt I n s t i ­
tute the results of the test are corre­
lated with the behavior of the mixes under 
t r a f f i c and the Asphalt I n s t i t u t e has 
published a chart aa which the results of 
the test can be plotted. Ohe part of the 
plot i s shaded and one part i s not; i f a 
point f a l l s i n the shaded area, the mix 
i s unsatisfactory; i f i t f a l l s i n the 
open area, i t i s s a t i s f a c t o r y . Dr. 
McLeod's paper goes into the theory of the 
test at some length. Throughout Part I I 
of Dr. McLeod's paper examples are given 
to show the computations that could be 
made i f values of the maximum l a t e r a l 
support could be determined. A value of 

SO psi is assumed for the maximum lateral 
support in so many examples that the read­
er may get the impression that t h i s i s 
the value. The actual value of the max­
imum lateral support cannot be detennined, 
as Dr. McLeod states near the end of the 
paper. Before the t r i a x i a l test can be 
used i n a raticmal method of design, the 
test pn)ce<iBres mat be a<liusted so that 
the stress-strain relationships produced 
i n the test simulate those produced by 
the airplane irfteel load. This cannot be 
done at present f o r no one knows the 
stress-strain relationships produced by 
the wheel load. I k t i l such i s done, the 
use of the t r i a x i a l test i s iust another 
empirical method i n which the test re­
sults are compared with the service be­
havior. For Dr. McLeod to infer that the 
proposed method "places the design of 
base courses and f l e x i b l e wearing sur­
faces on a pounds per square inch basi^' 
is misleading. 

In summation, i n reference to f l e x ­
i b l e pavements Dr. McLeod has presented 
(1) a method of design f o r thickness 
above the subgrade, and (2) a method of 
design for base and wearing courses. By 
the manner of presentation one would 
ipfer that these methods are new and that 
they are highly tbeoretical and consist 
of a much more rational approach to the 
problem than has heretofore been given. 
Actually, Dr. McLeod has only presented 
two empirical methods, the basic p r i n ­
ciples of which have been proposed before. 

AUTHOR'S CLOSURE 

by Norman W. McLeod 

The discussions by Mr. Boyd, and by 
Mr. Boyd and Mr. Foster, touch on a num­
ber of very important considerations. 
Their comments are valued for the atten­
tion they have focused on these matters. 

Cb the basis of the CBR test, Mr. Boyd 
presents in his Table A, a comparison of 
runway and taxiway thickness requirements 
as given by the Canadian Department of 
Transport and the U.S. Corps of Engin­
eers' designs. Data for the Department 
of Transport design are taken from Figure 

97 of our paper f o r the 1946 meeting 
published as Highway Research Board Re­
search Report No. 4B i n October 1947. 
Thickness requirements for the Corps of 
Engineers' design are taken from the CBR 
design curves i n Part X I I Chapter 2 of 
their Engineering Manual. 

With reference to the Corps of Engin­
eers' CBR design curves, Mr. Boyd states, 
" I t should be clearly understood that the 
CBR design curves are based on in-place 
data". In the same paragraph, after re-
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ferring to the f i e l d projects from which 
test data were obtained to check these 
design curves, he further explains, "In 
a l l cases, in-place CBR data and not soak­
ed CBR values were obtained and used to 
verify the design curves". Nevertheless, 
i n the next paragraph he adds the very 
signi f i c a n t statement, "The requirement 
that the samples be soaked i s simply a 
method for evaluating the subject material 
in i t s most c r i t i c a l condition". Con­
sequently, although he states that the 
Corps of Engineers' design curves were 
verifi e d by in-place CBR tests, Mr. Boyd 
reiterates the well known requirement of 
t h e i r Engineering Manual that in-place 
CHI values must under no circumstances be 
employed for design, but that design must 
be based upon soaked CBR values. 

Department of Transport design on the 
other hand has been correlated with i n -
place CBR values. Furthermore, our i n ­
vestigation of airports tested to date, 
has shown that the moisture contents of 
the top inch of subgrade samples soaked 
according to the procedure required for 
the Corps of Engineers' CBR t e s t , has 
ranged a l l the way from 25 to 140 per­
cent higher than the actual moisture con­
tents found in the subgrade under runways 
that have been paved for several years. 

Consequently, there is no j u s t i f i c a t i o n 
for comparing the Department of Transport's 
and the Corps of Engineers' designs for 
flexible pavement thickness requirements 
on the basis of in-place CBR values as 
Mr. Boyd has done i n his Table A. Such 
a comparison on the basis of the CBR test, 
i s valid only i f the Corps of Engineers' 
thickness requirements are given in terms 
of the soaked CBR values on which their 
design is based, and i f data for the De­
partment of Transport's design are ex­
pressed in terms of the in-place CBR val­
ues with which I t has been correlated. 
Therefore, this comparison can be made 
only for airports for which the correspond­
ing in-place CBR and soaked CBR ratings 
for the subgrade are available. This i n ­
formation was l i s t e d i n Table 7 of our 
1946 paper (Highway Research Board Re­
search Report No. 4B) for a number of 
Canadian a i r p o r t s . I t i s repeated i n 
Table 5 for several of these airports. 

From the data of Table 5, a true com­
parison can be made between the Corps of 
Engineers' versus the Department of Trans­
port design or the basis of the CBR test. 
This i s provided i n Table 6, using data 
from Figure 97 from our 1946 paper to re­
present Department of Transport design 

TABLE 5 

Average v a l u e s f o r c o r r e s p o n d i n g 
i n - p l a c e CBR and soaked CBR r a t i n g s 
for the subgrades a t s e v e r a l Cana­
dian a i r p o r t s . 

Average Average 
Ai r p o r t I n - P l a c e CBR Soaked CBR 

Lethbridge 
Regina 
Mai ton 
Saskatoon 
Dorvifl 

12.6 
7.3 
6.6 
5.3 
3.9 

4.6 
3.3 
3.5 
3.6 
3.1 

and the thickness curves from the Engin­
eering Manual for Corps of Engineers' de­
sign. I t should be noted that Figure 97 
from our 1946 paper no longer represents 
Department of Transport design because 
further analysis and additional data have 
led to the revisions that appear in Fig­
ure 33 of the present paper. However, the 
data of Figure 97 are u t i l i z e d for the 
time being for Table 6, since Mr. Boyd's 
discussion was based on i t . 

Contrary to Mr. Boyd's conclusions, 
the data of Table 6 indicate that in not 
a single case for either taxiway or run­
way does the overall thickness required 
by Department of Transport design exceed 
or even equal that of the Corps of Engin­
eers. Department of Transport taxiway 
thickness requirements for Dorval come 
nearest to those of the Corps of Engineers. 
In a l l cases the Corps of Engineers' de­
sign requirements greatly exceed those of 
the Department of Transport for runways, 
and this i s generally true to a somewhat 
lesser degree for taxiways. 

I t I S to be particularly noted, however, 
that for the reasons outlined in the pre­
sent paper, Figure 97 of our 1946 paper 
no loiger represents Department of Trans­
port design for either runways or tax i ­
ways. I t has been replaced by Figure 33 
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TABLE 6 

Comparison of t o t a l t h i c k n e s s r e ­
q u i r e m e n t s between Department of 
T r a n s p o r t and Corps of E n g i n e e r s 
methods for f l e x i b l e pavement de­
s i g n . ( B a s i s of comparison, F i g ­
ure 97 of our 1946 paper and Corps 
of Engineers' CBB design c a r v e s ) . 

When comparing the Corps of Engineers' 
and the Department of Transport's design 
methods, i t should be particularly noted 
that for any one soaked CBR value, e.g.3, 
there can i>e a wide range of in-place 
CBR values, depending upon the moisture 
content that develops i n the subgrade i n 
d i f f e r e n t geographical areas. This i s 
i l l u s t r a t e d i n a limited manner i n Table 

15 Kip Wheel 
A i r p o r t Runway Taxiway 

DOT CE DOT CE 

Lethbridge 7.5* 20 9* 22 
Regina 7.5» 23 15 26 
Mai ton 7.5* 22 17 25 
Saskatoon 10 22 21 25 
Dorval 12 24 26 27 

* Recommen ded Minimum Thickness 

60 Kip Wheel 
A i r p o r t Runway Taxiw ay 

DOT CE DOT CE 

Lethbriilge 14 35 24 39 
Begina 24 42 35 47 
Maiton 26 41 37 45 
Saskatoon 30 41 41 45 
Dorval 34 44 46 49 

of the 1947 paper. Consequently, to com­
pare the differences i n thickness re­
quirements between the Corps of Engineers' 
and the revised Department of Transport 
design, the data of Table 7 should be 
used. 

The data of Table 7 serve to emphasize 
the fact that the Corps of Engineers' 
method of design based upon the CBR rating 
of soaked subgrade samples, is very much 
more conservative for both runways and 
taxiways, than the design method of the 
Department of Transport. The data also 
stress the fact that the comparison made 
by Mr. Boyd i n his Table A cannot be 
j u s t i f i e d unless the Corps of Engineers 
abandon t h e i r present requirement that 
design must be based upon the CBR ratings 
of soaked subgrade samples, and establish 
their design on in-place CBR values i n ­
stead. 

TABLE 7 

Comparison of t o t a l t h i c k n e s s r e ­
quirements between c u r r e n t Depart­
ment of Transport and Corps of En­
g i n e e r s ' methods for f l e x i b l e pave­
ment design. ( B a s i s of comparison. 
F i g u r e 33 of p r e s e n t p a p e r and 
C o r p s of E n g i n e e r s ' CBR d e s i g n 
c u r v e s ) . 

IS Kip Wheel 
A i r p o r t Runway Taxiway 

DOT CE DOT CE 

Lethbridge 7.5* 20 7.5* 22 
Regina 7.5» 23 7.5 26 
Maiton 7.5» 22 9.0 25 
Saskatoon 8.0 22 12.0 25 
Dorval 12.0 24 16 27 

* Recommended Minimum Thickness 

60 Kip Wheel 
Air p o r t Runway Taxiway 

DOT CE DOT CE 

Lethbridge 14 35 18 39 
Regina 24 42 29 47 
Mai ton 26 41 31 45 
Saskatoon 30 41 35 45 
Dorval 35 44 40 49 

5. This means that for any given wheel 
load, the same design cannot be j u s t i f i e d 
for a large ntmiber of airports merely be­
cause the subgrades happen to have iden­
t i c a l soaked CBR ratings, as the Corps of 
Engineers currently i n s i s t i n general, 
but that each airport should be designed 
with f u l l consideration for a l l the ex­
i s t i n g local conditions. 

Near the end of his f i r s t discussion, 
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Mr. Boyd states that we have neglected to 
point out how we would adjust the moisture 
and density of a subgrade sample from a 
new site to the worst condition anticipat­
ed for i t in service. I t was thought that 
th i s has been done quite clearly i n the 
section on "Results of Field Moisture and 
Density" in our 1946 paper. I t i s our be­
l i e f that this information can be obtained 
i n a reasonably satisfactory manner by 
studying the condition of the subgrade for 
projects in the same general area that have 
been paved for several years, provided 
that s o i l , drainage, topography, and other 
conditions are similar to those to be en­
countered at the new airport site. 

Mr. Boyd and Mr. Foster have of fered the 
cri t i c i s m that nowhere in our papers for 
the 1946 and 1947 meetings has a direct 
comparison been given between the plate 
bearing value at 0.5 i n . deflection for 
lO re p e t i t i o n s for the lower q u a r t i l e 
point and the maximum wheel load of the 
airc r a f t using the a i r f i e l d . This state­
ment is not quite correct, since the pre-

In Table 8, the thi r d and fourth columns 
from the l e f t 1ist the maximum plate bear­
ing values at 0.5 i n . deflection for 10 
repetitions, for unit loads of 55 and85 
psi respectively, which are the approxi­
mate t i r e pressures of the largest a i r ­
c r a f t using the airport. Consequently, 
the data of the t h i r d and fourth columns 
from the l e f t indicate the plate bearing 
values at unit pressures of 55 and 85 psi 
respectively, which correspond to the 
supporting values for a 30-in. diameter 
plate that are given i n the second col­
umn. 

I t i s to be emphasized that the data 
of Table 8 by themselves, which are for 
the weakest runway for each a i r f i e l d , are 
of l i t t l e value for the purpose Mr. Boyd 
and Mr. Foster have i n mind, that i s a 
comparison of plate bearing values at 0.5 
in. deflection and 10 repetitions for the 
lower quartile point, versus the maximum 
wheel load using the airport. They are of 
l i t t l e value i n themselves, because the 
data must be weighted by other consider-

TABLE 8 

Comparison of p l a t e bearing values at O.S i n . 
d e f l e c t i o n for 10 r e p e t i t i o n s for the lover 
q u a r t i l e point for the weakest runway versus 
the maximum wheel load of a i r c r a f t using the 
a i r p o r t for s e v e r a l a i r p o r t s . 

Total Load 
30-Inch P l a t e 

A i r p o r t 0.5 i n . D e f l e c t i o n 
10 R e p e t i t i o n s 
Weakest Runway 

Lbs. 

Corresponding Corresponding 
Supporting Supporting 

Value 0.5 Inch Value 0.5 Inch 
D e f l e c t i o n D e f l e c t i o n 

10 Rep e t i t i o n s 10 Re p e t i t i o n s 
For Unit Load For Unit Load 
Of 55 p s i . Of 85 p s i . 

Lbs. Lbs. 

Maximum Wheel 
Load for 

A i r c r a f t Using 
the A i r p o r t 

Lbs. 

Moncton 54,500 
Winnipeg 40,000 
Lethbridge 53,600 
Saskatoon No. 1 22,000 
Grande P r a i r i e 33,400 
Fort St. John 27,400 

sent paper provides such information for 
Dorval airport. The comparison suggested 
by Mr. Boyd and Mr. Foster i s given in 
Table 8 for several other airports. 

11,700 
28,200 
18,600 

48,900 
25,700 
47,600 

45,000 
37,000 
37,000 
12.500 
12,500 
12.500 

ations, such as whether the maximum wheel 
load represents limited or capacity oper­
ations, whether the wheel load i s for 
duals or a single t i r e , etc. Insofar as 
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Ginadian a i r p o r t s are concerned, i t i s 
f u r t h e r complicated by the f a c t tha t run­
ways a l s o serve as t ax iways t o a ve ry 
considerable degree. 

To discuss the data o f Table 8 f o r each 
of the a i r p o r t s l i s t e d w i t h a l l these con­
s i d e r a t i o n s i n mind, would r equ i r e much 
more space than i s a v a i l a b l e f o r t h i s 
c lo su re . Hiere i s a f u l l d i scuss ion o f 
t h i s m a t t e r i n c o n n e c t i o n w i t h Dorva l 
A i r p o r t a t M o n t r e a l , under the s e c t i o n 
head ing , " T h i c k n e s s Design Char t s f o r 
F lex ib le Pavements f o r A i r p o r t s " , i n t h i s 
paper. I t i s c l e a r l y demonstrated t h a t 
insofa r as the runways at Dorval are con­
cerned, the Department o f Transport method 
o f design i s conservative. 

I t might be added t h a t the runways a t 
the a i r p o r t s l i s t e d i n Table 8 have been 
ca r ry ing the vrfieel loads shown f o r a nim-
ber o f years, w i t h o u t signs o f d i s t r e s s . 
I t should be p a r t i c u l a r l y noted t h a t i n 
t h e case o f W i n n i p e g , and Saska toon 
N o . 1 a i r p o r t s , t h e p l a t e b e a r i n g 
values f o r the u n i t loads equal t o the 
t i r e pressures o f the heaviest a i rp lanes 
using them, are less than the wheel loads 
o f these a i r c r a f t . H i i s i s a f u r t h e r i n ­
d i c a t i o n t h a t even t he Depar tment o f 
Transpor t ' s p la te bearing method f o r run­
way design may be r e l a t i v e l y conservative 
ra ther than otherwise. 

Mr. Boyd and Mr. Foster p o i n t out the 
d e s i r e a b i l i t y o f i n c l u d i n g " f a i l e d " as 
w e l l as " s a t i s f a c t o r y " runways when work­
i n g ou t a method f o r f l e x i b l e pavement 
d e s i g n . H i i s sugges t ion would seem t o 
have considerable m e r i t provided a l l the 
f ac to r s tha t may have cont r ibu ted t o " f a i l ­
u r e " are p rope r ly weighted i n each case. 
However, t he re have been ex t remely few 
runway f a i l u r e s a t the seve ra l hundred 
a i r p o r t s b u i l t i n Canada, and where f a i l ­
u re has o c c u r r e d i t has n e a r l y always 
been due t o d i s r ega rd f o r some w e l l es­
tab l i shed design or cons t ruc t ion p r i n c i p l e , 
ra ther than to over loading. Consequently, 
we do not have s u f f i c i e n t data f o r " f a i l e d " 
and " s a t i s f a c t o r y " runways f o r prepar ing 
the type o f diagram tha t Mr. Boyd and Mr. 
Foster have i n mind. 

Mr. Boyd and Mr. Foster ask "Why the 
method o f c o r r e l a t i n g l o a d a t a g i v e n 
d e f l e c t i o n w i t h c a r r y i n g capac i ty , which 

was s a t i s f a c t o r y f o r the runways, was not 
even a t t empted f o r the t a x i w a y s " , and 
suggest t h a t we "had the necessary e l e ­
ments" f o r such a c o r r e l a t i o n . The an­
swer i s , tha t a t t h i s time we do not have 
the necessary d a t a . A t most Canadian 
a i r p o r t s the runways have a l s o served 
as taxiways to a very considerable degree, 
and up t o the present the taxiway systems 
have been very much less ex tens ive than 
those a t many U i i t e d States a i r p o r t s . To 
date the Department o f Transpor t ' s a i r p o r t 
evaluat ion program has been confined very 
l a r g e l y to runways. Experience has shown 
t h a t a greater thickness i s r equ i red f o r 
t a x i w a y s , ap rons , and the t u r n a r o u n d 
areas a t the ends o f the runways, than 
f o r the runways themselves. Th i s added 
th i ckness can be l o g i c a l l y ob ta ined by 
basing taxiway, apron, and turnaround de­
sign on a smaller c r i t i c a l d e f l e c t i o n than 
the 0.5 i n . d e f l e c t i o n employed f o r run ­
way design. Since the average y i e l d po in t 
d e f l e c t i o n f o r a l l p la te bearing t e s t s on 
f l e x i b l e pavements was found t o occur a t 
0.35 i n . , t h i s value has been a r b i t r a r i l y 
assumed as the c r i t i c a l d e f l e c t i o n f o r the 
des ign o f t a x i w a y s , aprons, and t u r n ­
arounds, f o r the reasons o u t l i n e d i n the 
paper i t s e l f . I f a d d i t i o n a l experience 
i n d i c a t e s t h a t t h i s c r i t i c a l d e f l e c t i o n 
i s e i t h e r too large or too smal l , i t w i l l 
be modif ied accordingly. 

Mr. Boyd and Mr. Foster s ta te tha t "The 
p la t e bearing t e s t does measure the sup­
p o r t i n g power o f the pavement • t o loading 
w i t h a p l a t e • but whether or no t there 
i s a r e l a t i o n s h i p between t h i s value and 
the pavement's a b i l i t y t o suppor t a i r ­
plane t r a f f i c , remains to be proved". I n 
s p i t e o f the p u b l i s h e d r e s u l t s o f the 
comprehensive i n v e s t i g a t i o n s t h a t the 
Corps o f Engineers have made, there are 
a great many informed engineers «rfio f e e l 
t h a t a p a r a l l e l c r i t i c i s m could be made 
w i t h regard t o the Corps o f Engineers ' 
use o f the CBi t e s t f o r f l e x i b l e pavement 
d e s i g n . A s i m i l a r s ta tement c o u l d be 
made concern ing every method f o r f l e x ­
i b l e pavement design t h a t has been p r o ­
posed up t o t h i s t ime . 

I t i s t r u e t h a t no d e f i n i t e , f i n a l , 
r e l a t i o n s h i p has been es tabl ished so f a r 
between p la t e loads and t i r e loadings on 
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f l e x i b l e pavements, due to the experiment­
a l d i f f i c u l t i e s involved i n any formal 
i n v e s t i g a t i o n o f t h i s problem. I t would 
seem tha t the most s a t i s f a c t o r y p r a c t i c a l 
approach t o t h i s mat te r can be made by 
r e l a t i n g the p l a t e b e a r i n g da ta f o r a 
great many a i r p o r t s w i t h the wheel loads 
o f the a i r c r a f t u s ing them. I t i s t h i s 
approach t h a t has been adopted f o r the 
Department o f Transport ' s t e s t i n g program. 
Oh the basis o f load t e s t and t r a f f i c i n -
format ion obtained up to t h i s t ime, i t i s 
b e l i e v e d t h a t load t e s t data f o r r i g i d 
bearing pla tes at 0.5 i n . d e f l e c t i o n pro­
v ide a reasonable c r i t e r i o n f o r the de­
s ign o f f l e x i b l e pavements f o r runways. 
As pointed out e a r l i e r i n t h i s discussion, 
t h i s approach seems t o even provide con­
se rva t ive thickness values. I t i s r e a l i z ­
ed t h a t f u r t h e r i n v e s t i g a t i o n w i l l un­
doubtedly lead t o m o d i f i c a t i o n o f the De­
par tment o f T r a n s p o r t ' s present method 
o f des ign . We are c l e a r l y aware o f the 
nature o f several a d d i t i o n a l ref inements 
t h a t should be made i f the necessary t e s t 
data were a v a i l a b l e . Nevertheless, u n t i l 
the in format ion required f o r these r e f i n e ­
ments i s developed through f u r t h e r inves­
t i g a t i o n , i t i s our b e l i e f , based upon our 
own experience, t h a t a reasonable design 
w i l l r e s u l t from the use o f the EVspartment 
o f Transpor t ' s present method. I t should 
be observed tha t a number o f other organ­
i z a t i o n s , i n c l u d i n g the Bureau o f Yards 
and Docks o f the U . S. Navy, u t i l i z e the 
p l a t e bearing t e s t f o r the evaluat ion and 
design o f f l e x i b l e pavements. Consequent­
l y , the use o f p l a t e be a r i ng t e s t s f o r 
f l e x i b l e pavement design would appear t o 
bea t leas t as f a r beyond the "hypothes is" 
s t age , as any o the r t e s t i n use a t the 
present t i m e . 

R e f e r r i n g t o the sec t ion o f our paper 
d e a l i n g w i t h the design o f base courses 
and bi tuminous mix tu res by means o f the 
t r i a x i a l t e s t , Mr. Boyd and Mr. Fos ter 
s t a t e tha t the procedure described i s an 
ex tens ion o f the method proposed by the 
Aspha l t I n s t i t u t e . We be l i eve tha t upon 
c loser examination, Mr. Boyd and Mr. Foster 
w i l l f i n d t h a t t h i s s t a t e m e n t i s n o t 
c o r r e c t . "Die Aspha l t I n s t i t u t e ' s t r i ­
a x i a l char t r e su l t ed p a r t l y from a study o f 

empi r ica l data, and p a r t l y from considera­
t i ons based upon the theory o f e l a s t i c i t y . 
The curved lower boundary o f the Asphal t 
I n s t i t u t e diagram was es tabl i shed e n t i r e ­
l y on the basis o f the theory o f e l a s t i ­
c i t y , f o r an appl ied v e r t i c a l load o f 100 
p s i . 

The method f o r bituminous paving mix­
ture design, based upon the t r i a x i a l test, 
t ha t i s o u t l i n e d i n our paper, on the other 
hand, i s based throughout upon the geo­
met r i ca l and t r igonomet r ica l impl i ca t ions 
o f a s t r a i g h t l i n e Mohr envelope i n the 
u sua l Mohr d iagram. Consequent ly , the 
two methods, w h i l e b o t h u t i l i z i n g the 
t r i a x i a l t e s t , approach the problem o f 
the design o f bituminous mixtures on the 
basis o f e n t i r e l y d i f f e r e n t concepts. 

As Mr. Boyd and Mr. Foster p o i n t ou t , 
the amount o f the maximum l a t e r a l support 
tha t can be mobil ized t o oppose an appl ied 
v e r t i c a l l oad on b i t u m i n o u s s u r f a c e s , 
base courses , o r s o i l s , i s a ma t t e r on 
which there i s very l i t t l e e x i s t i n g i n ­
fo rma t ion . We were c a r e f u l t o emphasize 
t h i s p o i n t i n our paper. The va lue o f 
50 p s i f o r l a t e r a l support L, which was 
employed f o r the various sample c a l c u l a ­
t i o n s i n the l a t t e r p a r t o f the present 
paper, was selected f o r i l l u s t r a t i v e pur­
poses on ly . I t was not intended tha t t h i s 
value should be considered t o represent 
the maximum amount o f l a t e r a l suppor t 
always ava i l ab l e . 

I n genera l , the maximum l a t e r a l sup­
por t t ha t can be developed probably var ies 
from p r o j e c t t o p r o j e c t , and p a r t i c u l a r l y 
f rom m a t e r i a l t o m a t e r i a l . I n the case 
o f b i tuminous m i x t u r e s , i t seems q u i t e 
l i k e l y t h a t the maximum l a t e r a l support 
ava i l ab l e depends upon the p roper t i es o f 
each paving mix tu re . I n connection w i t h 
F igure 64 o f the present paper, i t was 
demonstrated t h a t the amount o f l a t e r a l 
support a v a i l a b l e i n a bi tuminous pave­
ment w i l l probably always be greater than 
tw ice the cohesion c o f the b i tuminous 
mixture . I n Figure 65 sample ca lcu la t ions 
f o r the design o f a bituminous paving mix­
ture on t h i s basis are i l l u s t r a t e d . 

I t i s r a t h e r l i k e l y t h a t the assump­
t i o n t h a t L - 2c, which was employed i n 
connect ion w i t h F igure 65, represents a 



78 DESIOi 

much too conse rva t ive approach t o b i t ­
uminous pavement design, since Figtire 64 
i n d i c a t e s t h a t t he amount o f l a t e r a l 
support L tha t can be developed, i s l i k e ­
l y t o exceed 2c, i n general . 

From Figure 64 (d) and equaticm (23 ) , 
i t would appear t h a t the maximum l a t e r a l 
support L ava i lab le f o r a bituminous pave­
ment i s more l i k e l y t o be 

2c s i n 4 
s i n <t> (31) 

l l i a t i s , the maximum amount o f l a t e r a l 
s u p p o r t L t h a t can be deve loped by a 
b i t iminous pavement, i s equal t o the un-
c o n f i n e d compress ive s t r e n g t h o f the 
bi tuminous mix tu re as obta ined from i t s 

i l l u s t r a t e d f o r the design o f a bituminous 
m i x t u r e on the bas i s t h a t the maximum 
l a t e r a l support L a v a i l a b l e i s g iven by 
equation (31 ) . Iheseca lcu la t ions ind ica te 
t h a t a bi tuminous mix tu re w i t h cohesion 
c = 10 p s i and an a n g l e o f i n t e r n a l 
f r i c t i o n ^ = 28 d e g . , would p r o v i d e a 
s t ab l e pavement i f the app l i ed v e r t i c a l 
load were 80 p s i , b u t t h a t the pavement 
would be unstable f o r a v e r t i c a l load o f 
100 p s i . 

Mr. Boyd and Mr. Foster s ta te tha t "—the 
use o f the t r i a x i a l t e s t i s j u s t another 
empir ica l method i n which the t e s t r e s u l t s 
are compared w i t h se rv ice behavior. For 
D r . McLeod t o i n f e r t h a t the proposed 
method places the design o f base courses 
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Figure 76. An example o f Bituminous Mixture Design 
by the T r i a x i a l Method when La te ra l Support L 

1 » » / 1 s i n <p 
assumed equal t o 2c U ^ _ 

corresponding Mohr diagram, e .g . Figure 
64 ( d ) . Since the weight o f element (2 ) 
o f F igure 64 (a ) has been neg lec ted i n 
t h i s development, i t i s not u n l i k e l y tha t 
even equation (31) provides conservative 
values o f l a t e r a l support L f o r the de­
s i g n o f bi tuminous mix tu r e s . 

I n Figure 76, sample c a l c u l a t i o n s are 

s i n <t> 

and f l e x i b l e wearing surfaces an a pounds 
per square inch basi? i s misleading". Oa 
the basis o f the evidence provided i n the 
paper i t s e l f , and i n the present closure, 
we can only express our complete disagree­
ment w i t h Mr . Boyd ' s and Mr . F o s t e r ' s 
remarks, since the method we have o u t l i n e d 
i s not e m p i r i c a l , and i t very d e f i n i t e l y 
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places the design o f bituminous mixtures 
on a pounds per square i nch bas i s . I h e 
method « e have descr ibed cannot be used 
on any other than a pounds per square inch 
or s i m i l a r u n i t load bas is , s ince t h i s 
fea ture i s a fundamental pa r t o f i t . 

We are q u i t e w e l l aware t h a t f u r t h e r 
refinements i n t h i s approach t o the design 
o f bituminous mixtures should be made as 
soon as the necessary in fo rmat ion becomes 
a v a i l a b l e . For example, more accura te 
i n fo rma t ion should-be obtained concerning 
the maximum l a t e r a l support t h a t can be 
developed. I t i s a lso t rue tha t the meth­
od f o r n inning the t r i a x i a l t e s t should be 
c o r r e l a t e d w i t h the r a t e o f s t r a i n t o 
which the paving mixture i s subjected i n 
the f i e l d . Some special considerat ion may 
have t o be given t o the viscous resis tance 
which these m i x t u r e s can.develop under 
moving loads, t o the temperature o f t e s t , 
the size o f specimen, e t c . These however, 
are d e t a i l s and even though some o f them 
may be i m p o r t a n t d e t a i l s , they do n o t 
a l t e r the fundamental f a c t t h a t the ap­
proach based up<« the t r i a x i a l t e s t which 
i s o u t l i n e d i n t h i s paper, makes i t pos­
s i b l e to design the s t rength or s t a b i l i t y 
o f bituminous wearing surfaces on a pounds 
per square inch or other u n i t load basis . 

I t should be the goal o f engineers i n 
every f i e l d t o evaluate the s t r e ng th o f 
the ma te r i a l s they are us ing on a pounds 
per square inch basis . H i i s i s standard 
p r a c t i c e w i t h s t r u c t u r a l des ign, i n the 
design o f f o o t i n g s , i n r i g i d pavement de­
s i g n , e t c . Ccoisequently, i t i s our f i r m 
b e l i e f tha t there could be no greater de­
t e r r e n t t o progress i n the d e s i g n o f 
b i tuminous m i x t u r e s , than a tendracy on 
the par t o f highway and a i r p o r t engineers 
t o cont inue w i t h the use o f the var ious 
c u r r e n t l y employed i n d i c a t o r t e s t s , f o r 
a t t emp t ing t o evaluate the s t a b i l i t y o f 
these mix tu res . While i n the absence o f 
more fundamental methods, they have served 
a u s e f u l purpose i n the past , e n g i n e e r s 
shou ld be t h o r o u g h l y aware o f the f a c t 
t h a t these i n d i c a t o r tes ts are not basic 
i n na tu re , and are a c t u a l l y l i t t l e more 
than rough r u l e o f thumb methods. Among 
the i n d i c a t o r t es t s i n most conmon use on 
t h i s c o n t i n e n t a t the present t ime are 

va r i ous e x t r u s i o n t e s t s o f the Hubbard 
F i e l d s t a b i l i t y type, unconfined compres­
s ion t e s t s o f which the Marshall t e s t i s 
the most recent v e r s i o n , and w i t h these 
there nust also be included the percentage 
s t a b i l i t y values given by the Hveem s t a -
b i loo ie te r . A l l o f these methods are mere 
i n d i c a t o r tes ts because they do not p ro­
v ide data t h a t can be analysed i n terms 
o f shear, or f l e x u r a l s t r eng th , e t c . , on 
a pounds per square inch bas is . 

We cannot hope t o make any reasonable 
f u r t h e r progress i n the design o f b i t u m i n ­
ous paving mix tures , u n t i l these various 
i n d i c a t o r t e s t s are rep laced by a more 
fundamental method. The t r i a x i a l t e s t 
seems t o have the necessary qua l i f i ca t ions^ 
s ince f rom i t s use the i n d i v i d u a l con­
t r i b u t i o n s t o t he t o t a l s t a b i l i t y o r 
s t reng th , made by the cohesion f a c t o r , the 
i n t e r n a l f r i c t i o n f a c t o r , and even the 
v i scous r e s i s t a n c e f a c t o r i f r e q u i r e d , 
can each be evaluated on a p s i bas is . 

Mr . Boyd and Mr. Foster make severa l 
statements i n t h e i r f i n a l paragraph irf i ich 
do not seem t o be e n t i r e l y i n accord w i t h 
the f a c t s . R e f e r r i n g t o the method o f 
design f o r thickness above the subgrade, 
and the method o f design f o r base course 
and bituminous mixtures described i n our 
paper f o r the 1946 meeting and the present 
paper, they s t a t e "By the manner o f p re ­
s e n t a t i o n one w o u l d i n f e r t h a t these 
methods are new and t h a t they are h i g h l y 
t h e o r e t i c a l and c o n s i s t o f a much more 
r a t i o n a l approach t o the problem than has 
h e r e t o f o r e been g i v e n . A c t u a l l y Dr . Mc 
Leod has o n l y p r e sen t ed two e m p i r i c a l 
methods, the bas ic p r i n c i p l e s o f which 
have been proposed before l ' 

The two sentences j u s t quoted from the 
f i n a l paragraph o f the d iscuss ion by Mr. 
Boyd and Mr. Fos t e r , do n o t seem t o be 
consis tent w i t h the f i r s t sentence o f the 
t h i r d paragraph o f Mr. Boyd's i n i t i a l d i s ­
cuss ion, wherein he s t a t e s , "As a r e s u l t 
o f the i n v e s t i g a t i o n which i s r epor t ed , 
Dr . McLeod presents a new method f o r con­
s i d e r a t i o n " . The u n d e r l i n i n g has been 
added. 

We cannot agree t h a t the method f o r 
bituminous mixture design based upon the 
t r i a x i a l t e s t , which has been o u t l i n e d i n 
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our papers i s an e m p i r i c a l method. I t s 
d e r i v a t i o i i s based t h r o u g h o u t on the 
mathematical impl i ca t ions o f a s t r a i g h t 
l i n e Mohr envelope. Consequently, t h i s 
method i s d e f i n i t e l y no t e m p i r i c a l , but 
i s e n t i r e l y t h e o r e t i c a l and r a t i o n a l i n 
i t s approach. We have c a r e f u l l y avoided 
s p e c i f i c c la ims t o a n y t h i n g new a t any 
p o i n t i n t h e s e two p a p e r s , s i n c e i t 
f r e q u e n t l y happens when an inves t iga to r 
claims a new discovery tha t a search may 
r e v e a l t h a t Noah had a complete or a t 
l e a s t a p a r t i a l d e s c r i p t i o n on f i l e i n 
h i s l i b r a r y on t he A r k , o r t h a t i t has 
been recorded elsewhere since the Flood. 
Never the less we would be i n t e r e s t e d i n 
having the references which i nd i ca t e tha t 
the s p e c i f i c approach t o the des ign o f 
b i tuminous mix tu res which has been ou t ­
l i n e d i n the p r e s e n t paper, "ha s been 
proposed b e f o r e " . 

Concerning the method described i n our 
paper f o r d e t e r m i n i n g the t h i c k n e s s o f 
ma te r i a l requi red above the subgrade, i t 

i s d i f f i c u l t t o see on what b a s i s Mr . 
Boyd and Mr. Foster can j u s t i f y the s t a t e ­
ment t h a t " b y the manner o f p resen ta t ion 
one would i n f e r " t h a t t h i s method i s 
" h i g h l y t h e o r e t i c a l " . I t should be c lea r 
t o everyone who has read our papers f o r 
t h e 1946 and 1947 m e e t i n g s , t h a t our 
approach t o t h i s problem has been e n t i r e l y 
e m p i r i c a l . From f i r s t t o l a s t i t has been 
governed comple te ly by the a n a l y s i s o f 
experimental data. Our e n t i r e approach to 
t h i s matter i s c l e a r l y and c a r e f u l l y ex­
pressed i n the f o l l o w i n g paragraph which 
appears on Page 4 o f our paper f o r the 
1946 annual meeting as publ ished i n the 
H i ^ w a y Research Board Research Report No. 
4B. " I t i s emphasized t h a t i n s t a r t i n g 
t h i s program o f runway t e s t i n g , the De­
partment o f Transport had no theor ies o f 
i t s own t o e i t h e r prove or disprove. The 
p r i n c i p a l o b j e c t i v e was t o o b t a i n t he 
necessary data , and l e t t h i s i n f o r m a t i o n 
speak f o r i t s e l f . This p r i n c i p l e has been 
f o l lowed cons i s t en t l y throughout the e n t i r e 
i n v e s t i g a t i o n . " 
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