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SYNOPSIS 
A method is described for deternumng the thickness of flexible pavements 

comprising an asphalt surface and one or more soil or aggregate bases on a given 
subgrade. The data required for evaluating a design are. 

1. The subgrade bearing strength under the conditions of saturation and 
density expected to prevail 

2 The bearing strength of soils or aggregate for use in the base or sub-base 
3. The shear strength of the asphalt surface 
4. The wheel loads and tire pressure to be earned 

The method is based on fundamentals so that each problem can be evaluated by 
engineering methods of analysis A practical aspect is stressed throughout the 
development. Scientific precision is sacrificed in favor of conservative simpli
fication wherever i t is beheved the foot rule of the construction job is more 
practical than the micrometer gauge of the scientist Compensating factore are 
pointed out where systematic error may result from ideahzed assumption An 
example is worked out for 60000-lb wheel loading on a IS-psi subgrade, indicat
ing 4} in. asphaltic concrete plus 6 in local aggregate base (bearing strength 27 
pri.) on 8 in. compacted subgrade can be used A discussion of field and labora
tory bearing tests, shear tests, etc stresses their practical application. 

A method is proposed for determining the 
thickness of flexible pavements compriong an 
asphalt surface and one or more soil or aggre
gate base courses. I t is a scientiflc method, 
having been developed on the basis of accept
able tibeories and selected fundamentals. I n 
a larger sense, however, i t is a practical method 
liecause each design problem can be evaluated 
by engineering analysis instead of recourse to 
purely empirical formulae. I have drawn 
ireely on tiie pubbshed information of en^-
neer^cientists and technologists who have 
Appeared before The Highway Research 
Board and other societies. To them I extend 
my sincere thanks and if their names do not 
Appear in this paper, i t is because of feeling 
-that their work is too well known to escape 
notice. I t should be made clear that my part 
i n developing the proposed method has been 
merely to assemble from any and all available 
sources the fundamentals necessary for a 
practical analysis of the engineer's problems 
i n the design of asphalt pavements. 

There are three main factors m the design 
problem: 

1. The Applied Loads 
2. The Distnbution of Stress 
3 The Subgrade Bearing Capacity. 
Analysis of these three factors has been 

influenced more by the effect on a practical 

answer to the design problem than by its virtue 
as a scientiflcally correct refinement. Obser
vations of how pavements are really built and 
the variety of conditions surrounding every 
job show that a flexible pavement design is 
better evaluated on the basis of a foot rule 
rather than a micrometer scale. Where con
ditions affecting the design have been idealized 
to simplify mathematical study, i t is believed 
the d^crepancies with respect to a more 
rigorous analysis will err on the conservative 
side; and, that by and large, the influences of 
such rationalization in various parts of the 
desgn method do tend to compensate for each 
other. 

THE AFFUEO LOADS 

The stress distribution of the load on a tire 
imprint at the surface of a pavement has been 
frequentiy discussed I t is known that due to 
sidewall stiffness and other factors, the stress 
is generally not uniform on the contact sur
face Over and under-inflation for ^ven loads 
also have their mfluence. I n terms of the 
flnished design, however, such influences are 
likely to be of mmor importance. A loading 
condition represented by the load-mflation 
quotient method of determining the area for 
an equivalent circle of contact is beheved to be 
suitable for practical purposes because there 
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are several compensating factors for whatever 
discrepancies may enter the design from its 
use. One unportant factor is the shape of the 
tire imprint The tire impnnt will always 
have a larger penmeter than the equivalent 
curcle for any given area of contact. There
fore, any assumption of stress concentration 
at the edge of the tire imprmt will be com
pensated for by the higher shear stress neces
sary on the perimeter to achieve a balance of 
stresses when the circle is used; that is, we will 
have a higher umt stress on the boundary of 
the equivalent circle than would be calculated 
for the longer perimeter of the tire imprmt. 
The same situation is relatively true for 
handling the problem of dual tire loadings. 
The eqmvalent cu-cle has a shorter penmeter 
than the two separate tire imprinte, or the 
boundary of the overlapping ellipses or other 
proposed shapes of the loaded area for this 
tire system Such compensating mfluences 
become more practical when thought of in 
terms of the asphalt surface over a flexible 
base and subgrade Shear is indicated as a 
dommant factor m the additional support 
contnbuted by the asphalt surface to a flexible 
pavement. I f the use of an idealized, uniform 
average stress over an equivalent circle im
poses the assumption of greater unit stress 
at the perimeter, the design will be influenced 
to requu-e a thicker or stronger asphalt surface 
than would be required by the true shape, 
but this extra thickness due to the ideahzed 
shape IS most probably necessary to compen
sate for the non-umform stress distribution 
observed on the actual tire contact surface. 

For the puipose of our design method, 
therefore, we have adopted the load-inflation 
quotient as a criterion and assume an average 
uniform stress distribution over an equivalent 
circle. Thus, for a 60,000-lb. auport wheel-
loading and 75 psi inflation pressure, the de
sign would be based upon the foUowmg 

W 

A = -p, the load-inflation quotient. 

. 60000 
A = -=r— = 800 sq. m. 

75 
where 
A = Area of equivalent circle, sq in. 
W = Wheel load, = 60000 lb. 
p =' Tire inflation pressure, = 75 psi. 
An eqmvalent circle of this area has a diameter 
6 = 31.90 in. and the penmeter area ratio is 
P 4 
7 = ? = 0.1253. A 0 

DISTRIBUTION OF STRESS 

The fundamental conception of the proposed 
design is based upon the demonstrated be
havior of granular and cohesive soils when 
loaded through a finite beanng area Figures 
1 and 2 are almost classic illustrations of what 
happens in granular matenal' and plastic 
clay.' These illustrations are similar in two 
respects 

1 The action lines along which flow- is 
indicated are alike. 

2 Most significant, there is a fimte limit to 
the depth of failure or zone where the soil 
particles are moved by the effect of the 
applied load 

The demonstrations illustrated in Figures 
1 and 2 show that the du^ction of flow seems 
to be caused by a sunilar system of forces. 

Figure 1. Movement of Granular Material under 
a Bearing Area 

This system is generally explained by the con
ception of pressure bulbs that develop m the 
soil mass stressed under a bearing plate. For 
all practical purposes the pressure bulbs are 
assumed to be sphencal as in the case of an 
elastic body of indefimte extent. Figure 3 
is a photoelastic study approachmg the ideal. 
The pressure bulbs are mdicated by the alter
nate light and dark bands I t is assumed in a 
soil mass, that an infinite number of pressure 
bulbs can be developed, each with its center on 
the vertical axis beneath the beanng plate 
and its surface intersecting the edge of the 
bearing area. 

> "Internal Stability of Granular Material," 
W S Housel, Procecdtnjs ASTM 1936. 

* A Penetration Method for Measuring Soil 
Resistance," W. S Housel, Proceedings ASTM 
1935. 
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The forces in a soil are mterpreted as acting 
normal to the surface of the pressure bulbs 
and are larger on the small pressure bulbs than 
on the large pressure bulbs. This follows from 
the geometry of the system because the sum 
of applied stress as onginating at the surface 
is spread over a larger surface on each larger 
pressure bulb. Since movement of a particle 
will be in the direction of least pressure, i t is 
possible to trace a locus of potential action 
Imes in Figure 3 by drawmg lines from 
l)eneath the bearing area in a direction normal 
to each pressure band until the hne emerges 
at the surface somewhere adjacent to the bear
ing area. Notice the similanty to the direc
tion of movement observed in Figures 1 and 2. 

Figure 2. Movement of Plastic Material under 
a Bearing Area 

Attention is directed to the fact that there 
is a finite lumt to the depth of material caused 
to move when a load is apphed at the surface. 
Apparently all material is blessed with only a 
limited amount of abihty to \t-ithstand pres
sure without failure. I n the kmd of materials 
under consideration this property is called 
stability. 

Notice m Figures 1 and 2 that the outward 
sweep of the action Imes is horizontal at some 
point along their length. I f the forces along 
these lines are resolved into horizontal and 
vertical components i t will be observed, that 
at this pomt, only a horizontal component 
exists, the vertical component being zero. 
Particles of the soil at this pomt can thus have 
only honzontal velocity The surface gen
erated by connecting all of the points where 
this condition exists has therefore been called 
the zone of zero vertical velocity and i t divides 

the soil mass into two parts The part inside 
the zone of zero vertical'velocity is distm-
guished by the fact that all forces acting within 
i t have downward and outward components 
only. Outside this zone the forces have only 
outward and upward components. 

I t is evident, therefore, that only part of 
the load applied at the surface is reacted upon 
by upward components of stress originating in 
the soil within the zone of zero vertical veloc
ity. Some of the stress along the action lines 
is directed into the surroundmg soil and must 
take its reaction from horizontal components 
and vertical components developed there. 
Since the magmtude of downward reaction is 
limited by the amount of material above any 
point in this region, the resolution of motion 

Figure 3. Photo-Elastic Study Showing almost 
Ideal Development of Pressure Bulbs 

is bound to be upward toward the surface. 
Any downward movement is opposed by the 
soil mass below 

Thus, accordmg to demonstration, the 
analysis leads to the general conclusion that 
when a soil is stressed by means of a load on 
the surface, horizontal and upward movement 
of the soil particles occurs in the region outside 
the zone of zero vertical velocity when the 
magnitude of horizontal stress components is 
sufiiciently great to overcome the natural 
stability of the soil and the weight of its over-
lymg mass 

This leads to the interestmg proposition of 
what will happen if the forces along the action 
bnes emerging at the surface are opposed by 
an equal and opposite force, as by an overlying 
asphalt surface. Obviously, if the surface 
confines the soil without upward movement, 
considerably more load can be applied to the 
bearing area than before and the soil will 
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undergo mostly cubical compression reacting 
primarily as an elastic body. By the same 
token, if the load is not increased, the intensity 
of stress on the soil withm the zone of zero 
vertical velocity would be less by the amount 
of upward reaction agamst the underside of 
the pavement adjacent to the beanng area 
The depth of soil stressed would be m propor
tion to the amount of load reaching the contact 
plane beneath the beanng area and between 
the soil and surface course 

THE FUNDAMENTALS OF DESIGN 

The analysis up to this point has been a 
discussion of the distnbution of stress in a soil 
mass which can be considered the subgrade 
and base for purposes of design. The next 

Thus, 

Figure 4. Geometry of Spherical Pressure Bulb 

portion of this paper will be devoted to evalua
tion of the design including an asphalt surface 
course. The nomenclature used is given m 
Table 1 and the mathematical derivation of 
all equations has been mcluded in Table 2. 
Reference should be made to these tables 
whenever indicated 

Figure 4 pictiu:es a spherical pressure bulb 
with radius = r under a bearing area of diam< 
eter = 6. Points Pi(x, y) and P j ( - z , y) 
are m the zone of zero vertical velocity. In 
the two-dimensional representation, tracing 
out the locus of all such points on the pressure 
bulbs of every size will deflne the zone of zero 
vertical velocity. 

=. A* -f-
6 V .Equation 1 

See Tables 1 and 2 

This equation defines the radius, x, of a circle 
representmg the mtersection of the zone of 
zero vertical velocity with a horizontal plane 
at a depth, h, below the bearing area having 

a radius—^. Al l dimensions are in inches. 

With this equation i t is possible to deter-
mme the relation between a load applied on a 

TABLE 1-NOMENCLATURE 
W = nheel load, lb. 
A = ana of equivalent circle of contact of load-inflation 

W 
quotient = — sq in 

p •=• average unit stress on bearing area or tire inflation 
pressure 

= design load-stress, psi 
I radius of spherical pressure bulb, in 
i diameter of beanng or contact area, in 
•• radius of circle defined by the intersection of the reac

tion plane and sone of zero vertical velocity, inches 
' depth of reaction plane beneath plane of beanng area 

on unconfined subgrade, in , also depth to subgrade 
when unconfined base equals h, i n , thickness 

• thickness of base course, in 
' a\erage stress on A on top of base, psi also beanng 

strength of base course oi depth h or h'. 
• averagestressonAontopofsubgrade.psi .alsobeanng 

strength of subgrade 
= bearing strength of sub-base or compacted subgrade, 

psi 
I " a parameter = pressure on contact plane between as

phalt surface and base, psi 
= force equivalent of punching shear distnbuted over 

= unit neig^of asphalt surface, psi 
= shear strength of asphalt surface, psi 
= thickness of asphalt surface, in 
= distnbuted pressure of confined base against annulus 

of surface adjacent to beanng area, psi 
= load reaction coefficient, a dimensionless f unofaon. 

bearing area resting on the surface of a soil 
and the reacting stress distributed uniformly 
over the surface of a circular area on any plane 
within the zone of zero vertical velocity. Such 
a relationship is expressed as 

= po I — 1 - h i . . . . Equation 2 

See Tables 1 and 2 

With this equation, the average stress, p., 
on the bearing area can be computed for any 
known stress, p., on a reaction plane at a 
depth, h. 

Wntten in another form 

. .Equation 3 and 3a 

See Tables 1 and 2 
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T A B L E 2 
M A T H E M A T I C A L D E R I V A T I O N O F A L L E Q U A T I O N S 

159 

G a o H B i B i c P p o r a a i i B S OF P B s a a v B E B n s s 

In the right triangle beneath the bearing area-

( I ) ' 
but 

So, 

r = * and y h 

Equation 1 

S l K K S a D i B T B I B U T I O N INSIDE Z O N E O F Z E B O V E B U C A L 
V l l O C I T Y 

t i o n ' ^ ^ ^ ! ? d % ™ 

- J » ( * « + j ) f i o m E q . l 

and 

Notice also that when p = p. 

Also 

and 

Equation 2 

Equation 2a 

Equation 3 

Equation 3a 

FBESSUBE OR CONTACT PLANE BETWEEN 
ASPHALT SUBFACE AND BASE 

1. Pressure on the base 

where 

2. Bearing capacity of the base 

Pl = P . +Pd + wt 
According to Eq. 3B, 

Equation 4 

Thus, 

Pi°P» { ( t ) ' + + 2 ^ 6 + Equation i 

T H E GBNBBAL EQUATION FOB DESIGN OF ELBXIBLE PATEMENIS 

Combining Equations 4 and 6 gives an expression m terms of all the reacting stresses and dimensions Thus, 

and 

....Equation 6 

S i M F u r r i N O THE GBNBBAL EQUATION 

Notice that the last function in Equation 6 may be written 

Consider the dimensionless function m the above brackets: 

Let 

Simplifyug 

« = 
2x 
b 1 

ST—",—b 
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TABLE 3-amduied 

SmpuFxnio THE GENBBAL EQUAnoN^oncItidaii 

and 

Evaluating z in terms of stress 

— BO K = -j=^ 
2 po 2 V» 

and finally 

Thus equation 6 may be vntten 
. 4S(K 

P-P'+ — - Equation 7 

E q c A T i O N FOB THICKNISB OF ABPBAUC SUBFACE 

By rearranging the tenns in Equation 7. the following equation for thickness of the asphalt surface is obtamed: 

, p — P» Equation 8 

from which the depth, h, of a plane cariying a 
stress, p„ can be calculated when the average 
stress, p„ on the bearing area is known. 

This series of equations will evaluate the 
relationships of applied stress, reacting stress 
and dimensions within the loaded soil when the 
soil mass is of ample depth as in a subgrade 
but unconfined by any overlying strata such 
as surface and base courses. 

The objection may be raised at this point 
that Equations 2 and 3 are based on the as
sumption that the stress, p„ is uniformly 
distnbuted over the area of the reaction plane 
and stress, p., is uniformly distributed over 
the bearmg area. This objection has nothing 
to do with the determmed position, h, of the 
reaction plane but is concerned rather with 
the fact that by any analjrsis or measurement 
there is a region at the middle of the reaction 
plane where the stress is in excess of the 
assumed uniform value, p,. 

Again we may emphasize that while this is 
teclmically true, the uniform distribution of 
stress IS a practical assumption to make since 
the consequent error is on the safe side m a 
design. Consider first the higher stress at the 
middle of the reaction plane. This concentra
tion of stress is directly beneath the bearing 
area and over the most stable position m the 
underlymg soil. The only result i t can have 

IS to show greater support available for the 
applied load than under the assumed condi
tion. This might in some instances tend to 
place the reaction plane at a slightly sluillower 
depth. Ignormg this refinement is a conserva
tive conclusion and quite m line with avoiding 
the use of a micrometer scale when a foot rule 
will serve a more practical purpose. 

As a next step, the effect of confinement on 
the stress reactions in the soil should be con
sidered Figure 5 depicts a pavement 
comprismg an asphalt surface over a base 
course and subgraide. The various load and 
reaction stresses are shown. 

First consider a subgrade soil havmg a bear
mg strength of p.. I f the design load is placed 
upon the bearmg area resting on the uncon
fined subgrade soil, the soil would be stressed 
to a depth, h, accordmg to Equation 3. The 
radius of the reaction plane accordmg to Equa
tion 2a would be x. 

Obviously this load cannot be carried on 
the unconfined soil since all of the soil beneath 
and adjacent to the bearmg area to the depth, 
h, will be overstressed and therefore movmg. 
One thing that can be done then is m effect to 
replace the overstressed soil in this layer with 
a more stable soil and, i f the soil selected is 
stable enough, the load can be carried without 
causing the underlying subgrade to fail. I n 
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effect this creates and describes a base course. 
However, the depth required for heavy loads 
on a poor subgrade under these conditions 
(i e., soil unconfined) is generally large. Fur
thermore, such a design does not in any way 
utilize the advantage of confinement obtained 
from an asphalt surface on top of a base. 

face and base course The pressure on the 
contact plane is designated as -p', and is the 
parameter for equating the apphed stress to 
reacting stresses 

, The downward pressure, p'„ according to 
Figure 5 is the pressure, p, on the bearing area, 
minus the pressure factor, / , representing a 

w/////m/////////////m /•fiunc/ting sfnar 

rtexiBLC 

e/>3e 

7 f^-ieanngsfyt3st\ 
[oneonfocfp/oney I 

su/rr^cc f 
1 

/mMdasecoum ana 
,• jur/aee mof 

, 1 « pnsiurm agoinaf-ceofin-
ing shearrtsiatonetof 

\ t—/faoefionffene 
^^confinaa mil) 

\ 

/ Af-t^V^t raoef/onio/oad 
on uneon/inadmi/ 

Figure 5. Distribution of Stresses in a Flexible Pavement System 

I t is apparent from previous discussion that 
if an asphalt surface of adequate strength is 
included m the design, the base course can be 
made appreciably thmner without overstress-
ing the subgrade Figure 5 illustrates the 
principles adopted for a balanced design. 

An asphalt surface course is proposed having 
su£Scient strength to supply the necessary 
shear reactions to resist punchmg through by 
the bearing area and the upward thrust of 
the adjacent soil against the surroundmg 
annulus of surface. The inside diameter of 
the annulus is the diameter of the bearing 
area. The outer diameter is equal to 2x, 
or the diameter of the zone of zero vertical 
velocity on the reaction plane for the uncon
fined subgrade This lunits the total upward 
reaction of the soil against the underside of the 
asphalt surface to an area equal to that on the 
reaction plane for the u n c o i l e d soil. 

Al l of the dimensions and relations of the 
variables for a complete design can now be 
derived by equating the pressures above and 
below the contact plane between asphalt sur-

force required to punch a hole in the asphalt 
surface by punching shear, plus the unit 
pressure (wi) from the weight of the mat, i e., 

= P - / + 

Evaluating/ m terms of the shear strength of 
the asphalt surface, iS, thickness of the surface, 
t, and dimensions of the bearing area in terms 

P 4 
of the perimeter area ratio ^ = ^ 

gives 

p', = p — ^ +tat Equation 4 

See Tables 1 and 2 
The bearing power of the base is the pres

sure, p'„ on the contact plane equal to the 
pressure, p., that can be developed as bearmg 
stress within the zone of zero vertical velocity 
due to subgrade bearmg strength, p., on the 
reaction plane at depth, h', plus the distnbuted 
pressure, p<t, due to the upward thrust agamst 
the confining influence of the asphalt surface. 
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plus the unit pressure (w<) from the weight of 
the surface, i.e., 

P.' = p. + Pd + wt 

Evaluatmg p, according to Equation 2 and .pd 
accordmg to the derivation in Table 2, this 
becomes 

DESIGN 

where 

.:-4(f)%:] 
iSi 

2x-b 
+ Equation 5 

See Tables 1 and 2 

The general equation for design m terms of all 
the reacting stresses is now obtamed by 
equating the conditions described in Equa
tions 4 and 5 about the contact plane with the 
following result: 

-4(f)--] 
1_6 ^ 2x - b_ 

+ St\ Equation 6 

See Tables 1 and 2 

R 

or R .See Tables 1 and 2 

The dimensionless function R is apparentiy a 
load-reaction coefficient approaching the value 
fi = 1 for very weak subgrades or extremely 
heavy loadmg. 

Expressmg thickness of the asphalt surface 

in terms of all the stresses, Equation 7 be-
comes 

.Equation 8 P - P» 

4SR ' 
b 

The following calculations for an aorport 
runway surface will suffice to illustrate the 
use of the various formulae: 

Data: 

CalnlalionB: 

AIRPORT RUNWAY DESIGN 
Heavy loading. Poor subgrade. 

W = 600001b. 
p = 75 psi 
pt = 15 psi 

31.00 in. 
15.95 in. 

.125 
50psi. 

500 
PC 

B 15 95 X 2 00 X 
31 90 in. 

h' b 
2i * ~ 2 

(31.90)! Pj 
2 (35 7) Pt 

14 3 in. 

p 
Po = 2.24 

15.95 X 2.24 
35.7 in. 

- 19.75 in 

\li9Sj 

- 1.801 

75-27 
.125 (60) 1 81 

p i 

- 4.24 in. 

200 

35 7 
19 75 

= 181 

15 X 1 801 

27.0 

Equation 6 may be sunplified as follows- A typical cross-section will have a total 
thickness of 18i in obtamed from the sum of 

, iStR „ , fc'+t = 14in . - l -4 i in . = 18iin. Thethick-
p = p. - I - — . . Equation 7 ^^^^ of tj^e g^ould always be rounded 

off to the nearest inch and the thickness of as 
See Tables 1 and 2 phalt surface to the nearest one-quarter inch. 
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The asphalt surface mixture must have a shear 
strength, iS, in this case equal to or greater 
than the 50 psi. assumed in the example. 
This would most probably be a hot-mix 
asphaltic concrete laid in two courses. The 
14-in. base must be made of suitable aggregate 
or soil combination having a bearing strength 
of p . = 27 psi. Considenng that the subgrade 
itself has a beanng strength p . = 15 psi, the 
aggregate for the base would no doubt be some 
sdected top soil or other local material 
Better yet, and certainly more economical 
would be a 14-m base comprising two 7-in 
courses. I n this case, p, for the upper layer 
(base) would be 27 psi. and for the bottom 

and A'(sub-base) 
= 14 in. — 6 in . = 8 in. 

Thus, the base would comprise 8-in. compacted 
subgrade and a 6-in. aggregate base course of 
27 psi. bearing strength. 

The possibilities of this design method and 
its flexibility provide for the greatest use of 
local aggregate in the base courses. The bal
ance between asphalt surface course and soil 
bases is economically and mechanically good. 
Vanous asphalt mixtures can also be used, of 
course I n Table 3 is a list of tsrpical average 
shear strengths of popular asphalt surface 
mixtures and the usual thicknesses that they 

T A B L E 3 
U S T OF A V E R A G E S H E A R S T R E N G T H S A N D P R A C T I C A L T H I C K N E S S FOR S O U E OF T H E M O S T 

P O P U L A R A S P H A L T S U R F A C E S 

Average Range of 
See 

Notes Kmd Type shear 
strength, 

psi 

practical 
thickness, 

m 

1 Asphaltic Concrete Hot Plant Mix SO 3-9 
2 Sheet Asphalt 11 I I 11 45 2-5 
3 Topeka Mix (Stone-filled sheet) tt I I I I 40 2-4 
4 Hot Penetration Macadam I I Penetration with A C. 3S 2 H 
S Dense Graded Aggregate Mix 

Macadam Aggregate Mix 
Cold Plant or Road Mix 20 2-4 

8 
Dense Graded Aggregate Mix 
Macadam Aggregate Mix (1 Plant or Road Mix 15 2-4 

7 Light Surface Seal I I Plant or Road Mix 10 
8 Heavy Surface Treatment (C Road Apphcation 7 
9 Light Surface Treatment f l Road Application 5 

Notes 
1 Minimum single course 3 in Minimum base course 3 in and minimum surface course 2 in 
2 Binder and top proportional between H in binder—i in top for 2 in surface to 3 in bindei^2in top for 5 in . surface. 
3 One course 2 in -4 in 
4 Maximum single course 4 in 
5 " " " 3 in 
6 " " " 3 in 
7 Finemuc maximum sue aggregate 95-100 per cent through No 10 sieve 
8 Double or triple treatment 
9 Single treatment 

7-in. (sub-base) the strength by Equation 2 
would be 

"-4(«^)'-] 
In still another case, if the compacted subgrade 
soil can be used, suppose its bearmg strength is 
found to be Ps = 23.5 psi The thickness of 
the two courses can be evaluated as follows. 
From Equation 3a-

A'{base) = 15.95 ^ / - Z L . _ i 
'\ 5 y 235 

= 15 96 Vl . lSO - 1 
= 15.9S(.387) = 6.18 in . , 

or 6 in. approx. 

are laid I t is assumed m any design that 
acceptable specifications will be used with 
proper construction methods on the job. 

T E S T S 

Shear Strength of Asphalt Mixlvres 
Evaluating the shear strength of the asphalt 

mixtures is generally a sunple matter. Ahnost 
any device that will test a cylmder or beam of 
asphalt nuxture for direct shear is suitable 
Any device that will measure punching shear 
on slab or disc-like specimens will serve. The 
control of these tests is simple Loads should 
be applied gradually until the test specimen 
fails. Record the maximum shear stress m 
pounds per lineal inch per inch of specimen 
thickness In other words, pounds per square 
inch of shearing planes This gives the value, 
S, in the formulae While different methods 
and various techniques will give somewhat 



164 DESIGN 

varied results, these variations are not as great 
as the variations observed in a single job with 
one testing apparatus The tests should 
preferably be made on specimens at 140 F. 
and, in the case of cold-mixes, after a suitable 
curmg period. 

Bearing Sirength of Subgrade 
Considerable doubt is carried in some peo

ple's nunds regarding suitabihty of actual 
bearing tests for evaluating the beanng 
capacity of soil for flexible pavement design. 
I have seen much data obtained by elaborate, 
heavy field testing equipment that certamly 
does much to convince the unimtiated that 
the bearing test is temperamental This is 
unfortunate because in most cases like this, 
the field load bearing test has been misused and 
the data misunderstood 

I have listened to, and been assailed with, 
the shortcomings of the rigid beanng plate 
Much of the data flouts a negative Housel 
n-value oi, m other words, indicates a negative 
developed pressure with an excessive concen
tration of stress on the peruneter of the bearing 
area. I n fact, I beheve data I presented m a 
paper at the 10th Annual Asphalt Paving 
Conference in New Orleans in 1932 first called 
this phenomenon to Mr Housel's attention. 
Smce that time his studies have led to the 
conclusion that some flexible loadmg device 
might avoid this comphcation He pomts out, 
however, that his insistence on the use of rigid 
plates was justiflable m the "simplification of 
settlement measurements and the fact that 
secondary boundary effects has caused no 
difficulty in load tests for building founda
tions " He states further, "This latter ob
servation can be traced to the fact that natural 
soils are comparatively compressible and um
form bedding of the plates can be obtamed 
without more than neghgible stress concentra
tion at the edge " And further, "By the same 
line of reasomng it appears that paving sur
faces fall into a different category and these 
effects should be eluninated " 

I cannot agree with all of this because of its 
general unphcation Whether I do or not, I 
can be assured, however, that we do agree 
that the bearmg test with rigid plates gives 
proper results at least for subgrades and ma
terial for soil bases, which for the purpose of 
the present design is sufficient. Personally, I 
do not expect as much improvement from the 

use of flexible bearing areas as some believe 
will result M y interpretation of the stress 
concentration showing up on the perimeter 
when testmg flexible pavements at low deflec
tion would be that this phenomenon is rather 
due to the fact that with the flrst inclination 
of the asphalt surface to bend the base or sub-
grade IS stressed over the annulus surrounding 
the bearing area. Since the area of the annu
lus is greater than that of the bearmg plate, 
the reaction is bound to overemphasize the 
factor, m, of perimeter shear. Accordmgly I 
expect the results with flexible plates to be not 
much different than those with the rigid plates 
and certainly the technique and apparatus 
will be immeasurably complicated 

Therefore, for measuring the bearing ca
pacity of the subgrade, pe, and the bearing 
capacity of -the base course materials, p., p'„ 
etc, this method nail be satisfled with data 
obtamed from bearmg tests with rigid plates. 
Whatever the error, i t will keep the design 
conservative smce the rigid plates will merely 
result m lower bearing values for large areas 
than the flexible plates, if my belief is proven 
wrong. 

Bearmg tests of the subgrade and potential 
base course matenals run in the field ^ould be 
interpreted for the effect of moisture and con
solidation on the basis of corresponding labora
tory bearing tests with suitably prepared 
samples of the soil. Equipment for such test
ing ^vith bearing plates 1, 2, 4 and 6 sq. in. 
area has been described m the 1932 paper 
referred to earlier, as well as by Messrs. Housel 
and Berry in their 1935 A S T M paper. 
Small portable equipment for use of small 
bearing plates could be used equally well m 
the field 

The bearing value to use in the formulae 
should be calculated from the data for the size 
of beanng area designated by the load-mflation 
quotient in every case. The general equation 
for this IS obtamed from the best straight line 
through the data when the bearmg value at a 
given deflection is plotted against the peri
meter-area ratio of the bearing plates used 

Some investigators have decided that the 
bearmg strength at 0 10-in. deflection is a 
proper criterion for design. Others have ar
gued for 0 20 m , 0 25 in. and Provost Hubbard 
of the Asphalt Institute has offered data to 
show a 0.5-in deflection of the surface is all 
that should be tolerated. Personally, we be-
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heve a design is safe if the bearing strength 
of the subgrade, p„ is selected at 0 10 to 0.20 
in and the bearing strengths of base and sub-
base materials on such basis that the total 
deflection of the whole pavement does not 
exceed Mr. Hubbard's figure The laboratory 
test on finite depths of soil for the base 
courses should supply the data 

I t is necessary m all bearmg tests either to 
correct the load-deflection data for the effect 
of seatmg the plates and consolidation of the 
soil or use some method of repetitive loading 
suggested by Hubbard m Asphalt Institute 
Research Bulletin No. 9, or use the yield-value 
method suggested by M . Housel m the 1942 
Protxedinga, Association of Asphalt Paving 
Technologists. 

These many thoughts have been discussed 
to emphasize that the approach to beanng 
tests should not be hampered by too many 

refinements. I t will not affect the ultimate 
design a great deal to call a 20-psi. bearing 
value subgrade an 18 or 22-psi. subgrade. 
When the amount of deflection to be tolerated 
m the pavement has been decided upon, the 
beanng value measured will not be out of line 
by any careful techmque as much as the varia
tions to be encountered m soil conditions and 
construction in the field. 

One last thought* bearing strength deter-
mmed by other methods than bearing tests 
may be used in their proper place in the formu
lae for design. I f the bearing value of a soil, 
determmed by some other test such as the 
triaxial shear test, can be evaluated in terms of 
the size bearing area and load required in the 
design, such values may be taken for p„ p', 
and p, without changmg the ultunate answer 
a great deal. 

CULVERT DESIGN I N CALIFORNIA* 

B Y G . A. T I L T O N , J R . , Assistant Construction Engineer 
AND 

R ROBINSON R O W E , Senior Bridge Engineer 
California Division of Highways 

SYNOPSIS 
After a 20-year period of comparatively moderate storms m California, the 

heavy runoff of 1937-38 caused such expensive damage to highways throughout 
the state that the Division of Highways of California, Department of Public 
Works, authorized an exhaustive departmental study of the performance of cul
verts and survey of culvert practice. 

I t was found that conduit sizes were usually determined directly from formulae, 
such as Talbot's depending only on drainage area and a runoff factor, and that the 
runoff factor was modified to fit local conditions as determined by experience 
Consequently, there was a tendency toward under design after a period of 
drought and toward over design after a period of floods I t was also evident that 
headwalls, endwalls, and other appurtenances had not been designed from any 
rational application of hydraulics 

From this need there was developed a new concept for design of culvert con
duits, combining two principles; (one) design to pass a 10-year flood without static 
head on crown of conduit at the entrance, (two) balanced design of barrel and 
appurtenances to pass a 100-year flood without serious damage to the highway 

These two principles are applied successively for each problem For the typi
cal case with free outfall, the outlet is far from full when the entrance is just ful l . 
I f gradient of flow line exceeds a neutral slope (say 0 8 per cent for smooth and 3 

' The conclusions and recommendations expressed are those of the writers and do not neces
sarily reflect policies of the California Department of Highways, Division of Highways 




