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SYNOPSIS 

While service records and field observations are recognized as essential to the 
design of bases and surfaces, theoretical relations between pavement perform
ance and soil characteristics are presented as an aid to interpreting and evaluat
ing field data. 

The stresses and displacements resulting from a uniform vertical pressure 
over a circular area are tabulated. Also discussed are the variations caused by 
time-consolidation, contact shear stress, elliptical contact area, rigidity of 
bearing area, and strength of supporting material. 

Stress-strain and strength characteristics of pavement and foundation ma
terials are determined from triaxial test results and applied to the calculation of 
pavement thickness by three methods: (1) Displacement, which requires em
pirical determination of allowable displacement; (2) overstress of a point, 
applicable to cohesive materials; (3) bearing capacity, applicable to both cohe
sive and cohesionless materials. 

The variation of pavement thickness with load and moisture content of a 
cohesive subgrade is illustrated. It is suggested that the effect of the pave
ment on the strength of the subgrade may be as important as its affect on the 
stress distribution. 

Stresses transmitted from a uniform tangential stress over a circular area 
such as caused by vehicle deceleration are evaluated. A relation between such 
loading and surface thickness is presented. 

The selection of thickness of flexible pave- tion in elastic materials and the strength of 
ment (surface and base) required to support a plastic materials, 
given loading over a given subgrade is gener
ally based on service records and observations ELASTIC STRESS DISTRIBUTION 
of field performance of similar pavements Yigare 1 shows the stresses acting on an 
constructed on Hmilar subgrades. To evalu- eig^g^t in a semi-infinite elastic mass sub-
ate the similarity of various pavement mate- jg t̂ed at the surface to a uniform pressure 
rials and subgrades, a method of testing the ^^^j. ̂  ̂ ^^^^^^j. „ea . The shear stress acting 
materials is necessary. In correlating ob- vertically in the tangential plane is equal to 
seryations of pavement performance involving t̂ e horizontal radial shear stress. The hori-
various loads and materials it is helpful to jj^ntal tangential normal stress is a principal 
have a theoretical relationship between the t̂̂ egg. t^ere are no shear stresses in the plane 
pavement thickness and the material test which it acts. 
results. , „ , , , These stresses have been evaluated ana-

Thus, while the results of field observations i^i^aU ^y Love (ly and tabulated numeri-
are required, their apphcation may be broad- ^^ly Tufts (2). Some corrections were 
ened and their evaluation inade more quanti- ^^e to Tufts' tabulation by means of influ-
tative if they are correlated by means of test ĝ ê charts (S) to derive Table 1, which shows 
results on the component materials with the t̂ e ratio of these stresses to the applied pres-
aid of theoretical relationships The follow- ^̂ ^̂  f„j. ^^^ous depths and radial distances 
mg discussion concerns several relationships 
between triaxial compression test results and > Italicized numbers in parentheses refer to 
pavement thickness based on stress distribu- list of references at the end of the paper. 
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measured from the center of the loaded area 
in terms of its radius. The vertical normal 
stress and the horizontal radial shear stress 
are independent of Poisson's ratio (ratio of 
lateral to axial strain in a simple compression 
test). The radial and tangential normal 
stresses are given for Poisson's ratio of 0 and 
0.5. Stresses for Poisson's ratio other than 
0 and 0.5 may be obtained by direct interpo
lation, thus the stress for a Poisson's ratio 
0.25 is halfway between the tabulated values. 

Integration of the stresses shown in Table 
1 gives the vertical displacement factors 
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Figure 1. Stresses from Applied Pressure 

shown in Table 2. While the stresses in a 
homogeneous mass are independent of the 
modulus of elasticity, the displacement is 
inversely proportional to the modulus. The 
displacement may be divided into two parts— 
that due to volume change only, correspond
ing to Poisson's ratio = 0; and that due to 
lateral displacement at constant volume 
corresponding to Poisson's ratio = 0.5. 

I n comparing displacements in field tests 
with calculated values, consideration must 
be given to the fact that displacement due to 
volume change of wet soils is delayed because 
of the time required for the stress to be trans
ferred to the soil solids as part of the water is 
forced out. This time effect and its depend
ence upon the permeability of the surface (4) 

is illustrated in Figure 2. The curves on the 
left represent settlements when the surface 
is pervious, those on the right show the settle
ments at the same time when no drainage can 
occur at the surface. The relation between 
stress, volume change, and time for soil 
samples is determined in the consolidation 
test whereby a disk of soil is encircled with a 
metal ring and compressed between two 
pervious plates. 

The time effect must also be considered 
when viscous materials are loaded. Under 
constant pressure, the surface displacement 
outside the loaded area may increase at first 
and then decrease as the displacement under 
the load continues to increase (-5). 

Figure 3, Case I , shows the deflection of the 
surface of an elastic mass caused by a uniform 
pressure. I f the supporting material is over-
stressed by a uniform pressure, the edge de
flection increases and may exceed that at the 
center as indicated in Figure 3, Case I I , for 
cohesionless support. I f an elastic circular 
bearing block is placed between a uniform 
pressure and an elastic support, the reaction 
is concentrated toward the edge of the block 
(e). As the rigidity of the block increases, 
the edge stress increases without limit giving 
a uniform displacement (Case I I I , Figure 3) 
equal to 0.923 times the average displacement 
under a uniform pressure or 0.785 times the 
axial displacement under a uniform pressure 
(Case I , Figure 3). Because of the lack of 
bearing capacity of unconfined cohesionless 
material, a rigid block on the surface of sand 
produces a reaction concentrated on the axis 
of loading (Case IV, Figure 3). 

The reaction under smooth-faced rollers 
and wheels without pneumatic tires ap
proaches that shown in Case V, Figure 3, 
under a rigid sohd cylinder. The average 
reaction is 0.785 times the maHmum reac
tion (7). 

The maximum reaction is 

P'E 

where: 
P' = load per unit length 
R = radius of loading cylinder 
E = modulus of elasticity of the elastic 

support 
M = Poisson's ratio of the elastic support 
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T A B L E 1 
RATIO OF STRESSES TRANSMITTED TO A POINT I N A SEMI-INFINITE MASS FROM A SURFACE LOAD ttAxiu UJ! oifl,r,oor,D p j j j p Q j j j j L Y DISTRIBUTED OVER A CIRCULAR AREA 

Depth of point 
•S- radius 

Horizontal radial distance + radius, r 
a Depth of point 

•S- radius 
0 0.25 0.5 1.0 1.5 1 2.0 2.5 3.0 4.0 

Vertical normal str Pa 
ess transmitted to point + pressure applied at surface, — 

0.25 
0.5 
0.75 
1.0 

1.25 
1.6 
1.75 
2.0 

2.6 
3 
4 
6 

0.986 
.911 
.784 
.646 

.624 

.444 

.346 

.284 

.200 

.146 

.087 
.057 

0.983 
.895 

.508 

.413 

.336 

.277 

.196 

.143 

.086 

.057 

0.964 
.840 
.691 
.560 

.455 

.374 

.309 

.258 

.188 

.137 

.083 

.066 

0.460 
.418 
.374 
.336 

.295 

.256 

.223 

.194 

.160 

.117 

.076 

0.016 
.060 
.105 
.125 

.136 

.137 

.135 

.127 

.109 

.091 

.061 

.045 

0.002 
.010 
.025 
.043 

.067 

.064 

.071 

.073 

.073 

.000 

.003 

.010 

.016 

.037 

.041 

.044 

.046 

.041 

.000 

.000 

.002 

.007 

.010 

.013 

.018 

.022 

.031 

.031 

.027 

.000 

.000 

.000 

.000 

.001 

.002 

.004 

.006 

.011 

.015 

.018 

.018 

Horizontal radial normal stress + applied pressure (Poisson's ratio : "•*>7 

0.25 
0.5 
0.75 
1.0 

1.25 
1.6 
1.75 
2.0 

2.6 
3 
4 
6 

0.25 
0.6 
0.76 
1.0 

1.25 
1.5 
1.75 
2.0 

2.5 
3 
4 
6 

0.643 0.626 0.566 0.386 0.144 0.068 0.028 0.014 0.004 
.374 
.208 

.360 .325 .286 .196 .098 .050 .027 .008 .374 
.208 .204 .196 .209 .176 .112 .064 .044 .012 
.116 .118 .123 .149 .146 .104 .069 .046 .022 

.067 .072 .080 .107 .116 .096 .069 .047 .026 

.040 

.026 
.046 
.028 

.055 .078 .091 .082 .064 .047 .026 
.027 .040 

.026 
.046 
.028 .035 .056 .070 .068 .058 .046 

.026 

.027 
.016 .019 .024 .041 .053 .067 .052 .042 .027 

.008 .009 .013 .023 .033 .038 .038 .036 .025 

.004 .006 
.002 

.008 .014 .021 .026 .028 .026 .022 
.016 .001 

.006 

.002 .003 .006 .009 .012 .015 .016 
.022 
.016 

.001 .001 .002 .003 .005 .007 .008 .009 .010 

Horizontal tangential normal streas -t- applied pressure (Poisson's ratio ' •OJ i )^ 

0.643 0.628 0.680 0.243 0.019 0.005 0.001 0.000 0.000 
.374 .359 .317 .141 .028 .007 .003 .001 .000 
.208 .197 .170 .086 .026 .008 .003 .001 .000 
.116 .109 .096 .054 .021 .008 .003 .001 .000 

.067 .063 .056 .036 .016 .007 .003 .001 .000 

.040 .037 .034 .023 .012 .006 .003 .001 .000 

.026 .024 .022 .015 .009 .006 .003 .001 .000 

.016 .015 .014 .011 .007 .004 .002 .001 .000 

.008 .007 .007 .006 .004 .003 .002 .001 .000 

.004 .004 .003 .003 .002 .002 .001 .001 .000 

.001 .001 .001 .001 .001 .001 .000 .000 .000 

.001 .001 .000 .000 .000 .000 .000 .000 .000 

Horizontal radial shear stress at point pressure applied at surface, — 

0.25 0.000 0.024 0.066 0.299 0.042 0.014 0.003 0.002 0.001 
0.60 .000 .057 .129 .262 .102 .032 .013 .006 .002 
0.76 .000 .069 .141 .221 .128 .063 .024 .013 .003 

.007 1.00 .000 .066 .124 .178 .128 .069 .033 .018 

.003 

.007 

1.26 .000 .053 .101 .146 .118 .072 .039 .023 .010 
1.50 .000 .041 .080 .119 .104 .071 .045 .028 .012 
1.76 .000 .033 .062 .094 .091 .068 .046 .030 .014 
2.00 .000 .026 .048 .070 .078 .062 .046 .032 .015 

2.5 .000 .016 .030 .060 .066 .050 .041 .032 .018 
3 .000 .009 .019 .034 .040 .040 .035 .029 

.022 .018 
4 .000 .005 .009 .018 .022 .024 .024 

.029 

.022 .016 
6 .000 .002 .005 .010 .013 .016 .016 .016 .013 
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T A B L E \-Coadvded 

Depth of point 
+ radius 

Horizontal radial distance + radius f 
' a 

0 0.25 0.5 1.0 1.5 2.0 2.5 3.0 4.0 

Horizontal radial normal stress + applied pressure (Poisson'a ratio =• 0) — 
P 

0.26 
0.60 
0.75 
1.00 

0.266 
.098 
.008 

-.030" 

0.248 
.087 
.008 

-.025 

0.199 
.063 
.009 

-.015 

0.082 
.076 
.055 
.033 

-0.026 
.056 
.067 
.058 

-0.046 
-.006 

.033 

.041 

-0.061 
-.016 

.009 

.021 

-0.046 
-.018 

.000 

.008 

-0.026 
-.017 
-.010 

.000 
1.25 
1.50 
1.75 
2.00 

-.043 
-.044 
-.041 
-.037 

-.036 
-.038 
-.036 
-.033 

-.024 
-.028 
-.028 
-.024 

.018 

.007 
-.001 
-.006 

.044 

.032 

.022 

.013 

.040 

.035 

.028 

.022 

.026 

.027 

.025 

.022 

.015 

.019 

.019 

.019 

.004 

.006 

.009 

.010 
2.5 
3 
4 
5 

-.028 
-.022 
-.014 
-.009 

-.026 
-.020 
-.012 
-.009 

-.022 
-.017 
-.011 
-.008 

-.010 
-.010 
-.009 
-.007 

.004 
-.002 
-.004 
-.004 

.012 

.006 
-.001 
-.002 

.016 

.010 

.003 

.000 

.016 

.011 

.005 

.001 

.011 

.010 

.007 

.004 

Horizontal tangential normal stress + applied pressure (Poisson's ratio •> 0) — 
P 

0.25 
0.50 
0.76 
1.00 

0.265 
.098 
.008 

-.030 

0.259 
.094 
.007 

-.030 

0.245 
.085 
.007 

-.025 

0.183 
.070 
.017 

-.009 

0.132 
.074 
.034 
.011 

0.095 
.061 
.038 
.020 

0.061 
.048 
.034 
.023 

0.046 
.037 
.029 
.021 

0.026 
.022 
.019 
.016 

1.25 
1.50 
1.76 
2.00 

-.043 
-.044 
-.041 
-.037 

-.042 
-.043 
-.040 
-.036 

-.037 
-.039 
-.037 
-.033 

-.021 
-.025 
-.026 
-.026 

-.002 
-.010 
-.013 
-.015 

.009 

.001 
-.003 
-.007 

.014 

.007 

.003 
-.001 

.016 

.010 

.006 

.003 

.013 

.010 

.008 

.006 
2.5 
3 
4 
5 

-.028 
-.022 
-.014 
-.009 

-.028 
-.021 
-.014 
-.009 

-.026 
-.020 
-.014 
-.009 

-.022 
-.018 
-.012 
-.009 

-.015 
-.014 
-.010 
-.008 

-.010 
-.010 
-.008 
-.007 

-.004 
-.006 
-.006 
-.006 

-.001 
-.004 
-.006 
-.006 

.002 

.000 
-.002 
-.002 

' Minus sign indicates tensile stress. 

T A B L E 2 
DISPLACEMENT FACTORS D U E TO UNIFORM PRESSURE OVER C I R C U L A R AREA 

pressure X radius - « 
modulus of elasticity ' e ^ Displacement S • 

Depth of point 
radius 

Horizontal radial distance -̂  radius, — 
a 

0 .25 .50 .75 1.00 1.25 1.5 2 2.5 3 4 

Displacement factor for Poisson's ratio = 0.5. — 
pa 

z 
a 

0 
0.5 
1 
1.5 

1.50 
1.34 
1.06 
0.83 

1.48 
1.31 
1.05 
0.83 

1.40 
1.23 
0.98 
0.79 

1.25 
1.09 
0.89 
0.73 

0.95 
0.89 
0.78 
0.67 

0.66 
0.68 
0.66 
0.60 

0.54 
0.55 
0.56 
0.52 

0.39 
0.40 
0.41 
0.40 

0.30 
0.31 
0.32 
0.32 

0.26 
0.27 
0.27 
0.28 

0.18 
0.19 
0.19 
0.20 

2 
3 
4 
5 

0.67 
0.47 
0.36 
0.29 

0.67 
0.47 
0.36 
0.29 

0.65 
0.46 
0.35 
0.29 

0.62 
0.45 
0.35 
0.29 

0.57 
0.43 
0.34 
0.29 

0.63 
0.41 
0.33 
0.28 

0.48 
0.38 
0.32 
0.28 

0.39 
0.34 
0.30 
0.25 

0.32 
0.30 
0.28 
0.24 

0.28 
0.27 
0.25 
0.23 

0.20 
0.21 
0.20 
0.19 

Displacement factor for Poisson's ratio = 0, SE 
pa 

0 
0.5 
1 
1.5 

2.00 
1.51 
1.12 
0.86 

1.97 
1.49 
1.11 
0.85 

1.86 
1 39 
1 04 
0.81 

1.67 
1.24 
0 94 
0.76 

1.27 
1.06 
0.85 
0.70 

0.88 
0.85 
0.74 
0.65 

0.71 
0.68 
0.65 
0 59 

0.52 
0.51 
0.50 
0 47 

0.41 
0.41 
0.40 
0.39 

0 34 
0.34 
0.34 
0.34 

0.26 
0.25 
0.25 
0.25 

2 
3 
4 
5 

0.68 
0.48 
0.37 
0.29 

0.67 
0.47 
0.36 
0.29 

0.65 
0.46 
0.36 
0.29 

0.62 
0.45 
0.35 
0.29 

0.59 
0.44 
0.35 
0.29 

0.65 
0.42 
0.34 
0.28 

0.52 
0.40 
0.33 
0.28 

0.44 
0.37 
0.31 
0.26 

0.38 
0.33 
0.29 
0.26 

0.33 
0.30 
0.26 
0.24 

0.25 
0.24 
0.22 
0.20 
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The reaction thus increases with increases in 
the load and modulus of elasticity, E, and 
decreases with increases in the radius, R. 

Another factor which must be considered 
in evaluating loading tests is the production 
of inward acting shear stresses at the surface 
under pneumatic tires {8). While measured 
shear stresses show a maximum at the quarter 

RELATIVE TIME 

Figure 2. Effect of Time of Consolidation on 
Displacement of a Loaded Surface 

stress also tends to increase the axial dis
placement more than that at the edge. 

U - radius 

uniform tYmr «tr«8t-^ 1 

turfoce-^ 

symmMry 
of 
lotry-^ 

ELASTIC SUPPORT eOHESIONLESS SUPPORT 

ELftSTC SUPPORT COHESIONLESS SUPPORT 

Figure 3. Reactions Under Surface Loads 

points of the diameter of the loaded area 
their effect may be approximated by the 
vertical normal stress and displacement shown 
in Figure 4 for a uniformly applied shear 
stress {9). These normal stresses added to 
those due to the vertical applied pressures 
could account for the fact that Spangler 
measured pressures transmitted to a strong 
base through a surface course which were 
greater than the inflation pressure of the tire 
used for applying the load {10). The shear 

Depth of point 
-T- radius 

Vertical normal 
stress -T- applied 

stress 
Displacement factor' 
(Foisson's ratio — 0) 

0 1.00 1.00 
0.25 0.91 0.76 
0.5 0.72 0.55 
1 0.35 0.29 

1.5 0.17 0.17 
2 0.09 0.11 
3 0.03 0.05 
5 0.01 0.02 

^ . , ^ shear stress X radius 
. Displacement = ^^julus of elasticity 

Figure 4. Axial Vertical Stress and Displace
ment Under Uniform Shear Stress 

Applied Over Circular Area 

The theoretical surface displacements for 
three distributions of vertically applied pres
sure {11) are shown in Figure 5. A uniform 
pressure over an elliptical area slightly smaller 
(about 10 percent) than the contact area is a 
good approximation of measured vertical 
pressures under pneumatic tires {12). While 
the displacement is different on the major and 
minor axes, the average displacement is very 
close to that for a uniform pressure over a 
circular area. 

I n the following discussion, the load, P, 
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is considered as the inflation pressure of the 
loaded tire, p, applied vertically and uni
formly distributed over a circular area of 
radius, a, giving the relation P = pra'. 

STRESSES AT A POINT 

The stresses sliown in Figure 1 and Table 
1 are those acting at a point in the vertical 
and horizontal directions. The stresses at a 
point in other directions can be calculated 
from those given in Table 1. Thus, for a 

the stresses acting on a plane making an angle 
of I AOB with the plane of the stresses repre
sented by point A. The intersections of the 
semicircle with the normal stress axis deter
mine the principal stresses at the point. 
Those principal stresses act in the two mutu
ally perpendicular directions in which there 
are no shear stresses. The ma.ximum shear 
stress is equal to OA and acts in a direction 
at 45 degrees to the direction of the principal 
stresses. 

In Figure 6 only two dimensions have been' 
RADIAL D I S T A N C E r- RADIUS Or EQUIVALENT A R E A T A 

,?fi IS 10 OS g OS 10 IS 2 0 

M I N O R A X I S . A M I N O R A X I S . B 

UNIFORM PRESSURE 
OVER CIRCULAR AREA 

MAJOR AXIS.A MAJOR AXIS .B 

DISPLACEMENT - - g f ^ C A S E A C A S E B 

P L A N PLAN 
PRESSURE,/* 

U N i r O R M PRESSURE OVER 
E L L I P T I C A L AREA 

ELLIPSOIDAL PRESSURE 
D I S T R I B U T I O N 

Figure 5. Surface Displacements for Various Pressure Distributions 

point with coordinates - = 3 and - = 2 with 
a « 

Poisson's ratio 0.5, Table 1 gives 

0.066, 0.026, and - = 0.040. The 
p ' . P 

average normal stress is the average of the 
normal stresses in any two mutually per
pendicular directions, which for this point is 
0,066^^0:026 ^ 

The average normal stress is plotted in 
Figure 6 as point 0 on the horizontal or nor
mal stress axis. A point representing the 
normal and shear stress on one plane is 
plotted as A in Figure 6 for the plane per
pendicular to the radial direction with an 
abscissa of 0.026 and an ordinate of 0.040. 
With 0 as a center and OA as radius, a semi
circle is drawn. Any point B on this semi
circle (Mohr's circle of stress) represents 

NORIII«L UNO SHE4H STRESS 
ON ONE PLANE 

ADIU5>MAXIMUM 
HEAR STRESS 

PRINCIPAL A V E R A G E T O R M A L MINOR PRINCIPAL 
STRESS S T R E S S 

, ^ " 0 6 0 8 
NORMAL STRESS RATIO 

Figure 6. Stresses at a Point 

considered, whereas there is always a third 
principal stress. For the case of an axially 
symmetrical load such as is considered here, 
this is the tangential normal stress and has 
an intermediate value. 

THIAXIAL SHEAR TEST 

The stresses at a point in a loaded soil mass 
may be simulated in a cylindrical sample by 
applying normal stresses to its faces by means 



32 DESIGN 

of an apparatus such as that shown in Figure 
7. The stress on the ends of the cylinder 
corresponds to the major principal stress. 
The stress on the curved face corresponds to 
the minor principal stress. The intermediate 
principal stress is the same as the minor prin
cipal stress, which, although an arbitrary con
dition, is satisfactory since i t is the severest 
condition possible and has a minor effect. 
While compressive stresses are applied, the 
sample fails by shearing so that the test has 
been called both triaxial compression and 
triaxial shear. 

To evaluate a subgrade material by means 
of this test, a sample may be taken from the 

CONSTANT 
r—PRESSURE 

SUWLT 

S T P " L ' A T E 

RUBBER MEMBRANE 

-LUCITE CYLINDER 

chine is brought just in contact with the 
piston, A constant pressure is applied to the 
chamber around the sample and is designated 
lateral pressure, L. The reaction indicator of 
the testing machine is set to zero. The piston 
is displaced at a rate of 0.04 in. per minute 
and the reaction and displacement recorded. 
The test is continued until the reaction be
comes constant or diminishes. The vertical 
pressure, V, minus the lateral pressure,L, 
is calculated from the reaction, R, the reduc
tion in height per unit height, d, and the 
initial cross-sectional area of the test sample 

by the relation V - L = -—j-^ . 

TABLE 3 
HEPOET OF TRIAXIAL COMPRESSION T E S T 

RESULTS 

Vertical minus lateral pressuie, 
V-L 

Lateral pressure, L , — 
kipt per 3q f t 

Vertical minus lateral pressuie, 
V-L 0 1 2 4 

Vertical minus lateral pressuie, 
V-L 

Reduction in height, d 

kips per square foot 
0 

percent percent percent 
0.0 1 0.0 1 0.0 

Lateral pressure applied 

Figure 7. Essentials of Triaxial Shear Test 

0 0 0 0.2 0.3 
1 0.3 0.4 0.45 
2 1.0 1.0 - 0.9 
3 2.5 2.3 l.g 
4 6.0 5.0 4.5 -

Maximum V-L, kips per sq ft 4.3 4.5 5.0 
Corresponding percent — 
Initial density, lb per cu ft.. . 

10 16 17 Corresponding percent — 
Initial density, lb per cu ft.. . 124 126 126 
Initial moisture content, percent 

of dry soil . 21.8 22.3 22.5 
Initial density (dry weight) lb 

per cu f t 102 103 103 

subgrade in an undisturbed condition or pre
pared so as to simulate the worst conditions 
expected to obtain during the life of the 
•structure and for which i t is economical to 
design. Evaluation of field conditions is a 
problem in itself, involving observations at 
various locations of moisture, density, and 
temperature variations with time and analysis 
of their relationship to soil and pavement 
properties, climate, topography, ground water 
and loading. 

The sample is placed in a rubber membrane, 
which is clamped to two rigid end plates, the 
lower of which is connected to a drain. (If 
desired, the drain may be closed to prevent 
drainage from the sample). The Incite cyl
inder and loading head are assembled and 
tightened, and the head of the testing ma-

Separate samples are tested with different 
lateral pressures to evaluate the effect of 
this variable. Its effect on the maximum 
reaction may also be determined from one 
sample for materials which are not brittle by 
retesting the sample at a higher lateral pres
sure. 

The results of tests on three samples taken 
from a compacted clay subgrade are shown in 
Table 3. For the three values of L,V — L is 
plotted against d in Figure 8A. The reduc
tion in height due to L, for V - L = 0, repre
sents volume change (0.2 percent for L = 2 
and 0.3 percent for L = 4) and is not plotted 
in Figure 8^1, which is intended to represent 
the effect of distortion or lateral displace
ment. The curves for lateral pressures of 
0, 2, and 4 kips per sq f t are not far apart and 
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an average curve will be used to calculate a 
modulus of elasticity. 

For sand, 7 - L is approximately propor
tional to L, making the construction of one 
effective curve a function of L and therefore 
a function of the field loading to be considered. 

L = 4 KIPS/5Q FT 

AVERAGE CURVE 

REOUCTION IN HEIGHT PER UNIT HEIGHT, d 

C-19 KIPS/SO FT 

NORMAL STRESS, n - K I P S / S O FT 

Figure 8. Plot of Trlazlal Compress on 
Test Results 

Stress semicircles based on the principle 
of Figure 6, using L and the maximum V-L 
from Table 3, are plotted in Figure 8B. The 
minor principal stress is L and V-L equals 
the difference in principal stress which is the 
diameter of the stress circle. The circles 
have their centers on the horizontal axis at 

L + ^ ^ and pass throughlL plotted on the 

same axis. A straight line approximating 
the envelope of these semicircles defines a 
relation between the normal stresses and shear 
stresses on the planes of failure of the test 
cylinders. (The line is not tangent to all 
three semicircles due to variations in the 
samples). The intercept of this line on the 
vertical axis is termed the cohesion, c, and 
its slope is the coeflScient of internal friction, / . 
(The angle of internal friction is arc tan/) . 

THICKNESS OF PAVEMENT AND SETTLEMENT 

The vertical displacement factors for points 
below the center of a uniform pressure applied 
over a circular area are plotted in Figure 9 for 
Poisson's ratio = 0.5. The maximum stress 
difference at any depth is also shown. These 
curves may be used to calculate the maximum 
displacement due to distortion below any 
depth for a given load on a cohesive sub-
grade for which triaxial compression test 
results are available. 

Settlement due to volume reduction could 
be calculated separately. However, since 

MAXIMUM STRESS DIFFERENCE RaTIO, 

s/nss ditUrtnet 

6 8 10 12 

DISPLACEMENT FACTOR, • § § -

Figure 9. Vertical Displacement and Stress Difference at Different Depths 
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volume reduction strengthens the soil, the 
resulting settlement is usually not critical in 
pavement thickness design for distributed 
traffic and is not calculated here. 

For example, assume a load P = 10 kips 
with a unit pressure p = 8.64 kips per sq 
f t (60 lbs per sq in) and calculate the dis
placement at a depth of 1 f t for a subgrade 
represented by the test results show-n in 
Table 3 and Figure 8. 

Now, the equivalent radius, o, of the area 
over which the load is appheid is calculated 

as follows: a = i = i / 
y xp V 3.14 

10 
X 8.64 

0.35 

= 0.607 f t . 

At a depth of 1 f t , ̂  = = 1.65. 

From Figure 9, f o r - = 1.65, ^ = 
a p 

SE 
and — = F (as defined in Table 2) = 0.78. 

pa 
Then, V-L = 0.35p = 0.35 X 8.64 = 3.02 

kips per sq f t . 
In Figure 8A, a straight line is drawn to 

approximate the average of the test curves 
from V-L = 0 to V-L = 3.02 by making the 
area between the vertical axis and the straight 
line equal to the area between this axis and 
the average curve. The slope of the straight 
line is taken as the effective modulus of 
elasticity, E, for the subgrade. Using the 
ordinate on this line at d = 0.01 gives E = 
2 35 

= 235 kips per sq f t . 

SE 
Since — = 0.78, the displacement at a 

pa 

depth of 1 f t is S 

0.78 X 8.64 X 0.607 
235 

- 0.0174 f t or 0.21 in. 
I f an allowable displacement is determined 

from field observations, similar calculations 
would determine the depth, z, in the sub-
grade at which this displacement would oc
cur. Since E depends on the depth, z, i t is 
generally most convenient to calculate S for 
various assumed values of z and plot z against 
S to determine z for given values of S. Thus 
for the above conditions, at z = 1.5 f t , iS = 
0.110 in, and at z = 2 f t , S = 0.064 in. For 
an assumed allowable displacement of iS = 
0.1 in, z = 1.6 f t by interpolation. 

For a flexible pavement with a modulus 
Ep equal to that of the subgrade, this depth 
would be taken as the required pavement 
thickness (surface plus base). IfEpia greater 
than E, the pavement thickness, t, could be 
calculated from the formula {IS): 

For several layers with different moduli, each 
layer can be considered as an equivalent thick
ness of subgrade. 

For example, the Kansas Highway De
partment has used the foregoing analysis (14) 
for calculating pavement thickness using E, 
= 2,160 kips per sq f t and S = 0.1 in. Using 

this value of Ep and E = 330 corresponding 
to z = 1.6 f t , the required pavement thickness 

I = 1.6 
2160 

= 0.855 f t = 10.3 in 

For granular materials the modulus varies 
appreciably with the lateral pressure making 
it difficult to select an effective value of the 
modulus. For example, a base course mate
rial conforming to the AASHO specifica
tions gave a modulus of 500 kips per sq f t 
with a lateral pressure of 1 kip per sq f t and 
1000 kips per sq f t with a lateral pressure of 
2 kips per sq f t . Field correlations may make 
it possible to determine an effective lateral 
pressure to use in evaluating such materials. 

THICKNESS AND OVERSTHBSS OF A POINT 

By plotting the stress ratios from Table 1 
in the manner shown in Figure 6, the various 
combinations of cohesion and friction re
quired to prevent overstress at points at 
various depths were calculated (IS) and are 
plotted in Figure 10. Thus, for p = 8.64 

z 
kips per sq f t and - = 1.65 as in the previous 
example, and with / = 0.1 from Figure 8B, 

- from Figure 10 is 0.16. Then the cohesion 
P 
required to prevent overstress of any point in 
the subgrade below a depth of 1 f t is c = 0.16 
X 8.64 = 1.38, which is to be compared with 
the test value of 1.9 from Figure 8B, giving a 

1 9 

factor of safety of = 1.38. For a factor 

c 1.9 
of safety of 1, - = = 0.22, which, from 
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Figure 10, gives - = 1.0orz = l X 0.607 
a 

f t or 7.3 in. Neglecting pavement rigidity 
this is the minimum allowable thickness. 
Comparison of this design method with field 
observation has been reported from Great 
Britain {16), indicating its applicabihty to 
cohesive subgrades. 

Overstress at a point occurs at a consider
ably lower pressure than the bearing capacity 
which corresponds to total failure for a single 

be approximated for the present purpose (see 
Fig. 11) by a uniform pressure equal to p' 
distributed over an area of radius a' such that 
the total load at any depth is equal to the 

load applied at the surface. The ratio ^ is 

given in Figure 12. 
For illustration, again take z = 1 f t , a = 

0.607 f t , - = 1.65, p = 8.64 kips per sq f t , 
a 

/ = 0.1, and c = 1.9 kips per sq f t ; find the 

HEOUIRED 

eoeffieient - f — 
of 

1riclion,f-l 1 B 

nrp-- • ^ 
Locus of points 

of maximum required 
i"| cohesion 

I " — . — 

Figure 10. Depth Required to Prevent Overstress of a Point 

loading; however, a large number of repeti
tions of a load which causes overstress at a 
point in a clay or loose sand may eventually 
cause failure by progressive deterioration. 
In dense sands this criterion is invalid because 
such a material tends to expand before fail
ure so that the stresses are redistributed from 
a region which is approaching overstress until 
the bearing capacity is reached, whereupon 
the sand fails sharply in a manner typical of 
brittle materials. 

THICKNESS AND BEARING CAPACITY 

The vertical pressure transmitted through 
the pavement may be compared with the 
bearing capacity of the subgrade {17) as in
dicated in Figure 11. The ratio of the maxi
mum vertical pressure, p', at any depth to 
the applied, pressure, p is plotted in Figure 
12 from Table 1. The pressure distribution 
on horizontal planes is not uniform but may 

RADIUS 

PRESSURE, P 

DEPTH, , 
1- •̂litnmiiiji UNIT WEICHT-w 

COHESlON-e' 
COEFFICIENT OF A 

FRIOTION=l ^ / \ 
UNITWEIGHT=W 

BESRINC CAPACITY, if=cF^i-»sr^ +»'a'rg 

1 Ft F. F«. 
0 74 OO 0 0 
1 9 oe 01 
2 14 21 04 
3 19 43 12 
4 27 a 30 
5 36 14 66 
6 53 24 13 
7 75 4 0 26 
e 106 67 51 
9 156 108 102 

10 224 172 192 

Figure 11. Bearing Capacity Under eireofair 
Loaded Area 
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unit weight of the subgrade w' = 125 lb 
per cu f t or 0.125 kips per cu f t , which is the 
initial density given in Table 3; and assume 
the density of the pavement u' = 0.140 kips 

z 
per cu f t . From Figure 12, for - = 1.65, 

a 
- = 1.63 and a' = 1.63 X 0.607 = 1.0 f t ; 
a 

also, - ' = 0.375 and p' = 0.375 X 8.64 = 
P 

3.24 kips per sq f t . Now the bearing ca
pacity, q, may be computed from the formula 
and factors given in Figure 11. Thus, for 
/ = 0.1, Fc = 9,F, = O.S, Fa = 0.1, and q 

5.4 = 14.8 kips per sq f t . Values of q would 
be higher for greater values of / which would 
result from increased compaction. 

This method of design has been used ex
tensively (18) except that the bearing ca
pacity of the subgrade is here calculated from 
triaxial compression test results instead of 
being iissumed or derived from field loading 
tests. 

E F F E C T OP MOISTURE 

The effect of moisture content of a single 
clay subgrade material on pavement thick
nesses calculated by the three foregoing meth
ods is shown in Table 4. The calculated 

V E R T I C A L PRESSURE RATIO, -p-

TPi+J+P 

i i i . l t r' i E H rod/as 

I 2 3 1 5 

RADIUS OF DISTRIBUTION RATIO, § ' 

Figure 12. Vertical Pressure Distribution 

= 1.9 X 9 -1- 0.140 X 1 X 0.8 -1- 0.125 X 1.0 
X 0.1 = 17.1 +0.11 + 0.01 = 17.2 kips per 
sq f t . Now, q may be compared with p' 
giving a factor of safety against total failure 

17.2 
of the subgrade of r-— = 5.3. 

0.24 
For a given factor of safety, the required 

depth may be calculated by trial. Thus for 
a factor of safety of 3, the required thickness 
of nonrigid pavement or required effective 
depth of cover is z = 7 in. 

For a cohesive material with a low value of 
/ as above, the bearing capacity is approx
imately cFc and the depth and size of loaded 
area have only a small effect. For sand the 
reverse is true. Thus, for a moderately com
pact sand we might have c = 0, / = 0.8, and 
w' = 0.105 kips per'cu f t , so that with the 
above dimensions g = 0 + 0.140 X 1 X 67 
-h 67 +. 0.105 X 1.0 X 51 = 0 -f- 9.4 + 

thickness depends, of course, upon the allow
able settlement or required factor of safety 

TABLE 4 
E F F E C T OF MOISTURE CONTENT OF CLAY SUB-

GRADE ON CALCULATED PAVEMENT 
THICKNESS 

Moisture 
content 

Design criterion 

Moisture 
content Displacement Point 

overstress 
Bearing 
capacity 

Moisture 
content 

Pavement thickness for 10-kip wlieel load 

in. in. in. 
14 0 0 0 
19 4 2 0 4.S 
23 9.8 8.6 8.0 
26 12.5 15.1 13.6 

against overstress, which in turn can only be 
determined by correlation of analyses of test 
results with pavement performance. I n 
Table 4, P = 10 kips, p = 8.64 kips per sq 
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f t ; for the displacement method, S = 0.2 
in. and Ep = 2,160 kips per sq f t ; for point 
overstress, a factor of safety of one is used; 
for bearing capacity, a factor of safety of 3 is 
assumed. 

These analyses consider vertically apjilied 
pressures only. Therefore, the zero pave
ment thicknesses calculated for a moisture 
content of 14 percent does not indicate that 
no cover is required to tiike care of abrasive 
stresses. Furthermore, if such a soil were 
left unloaded in a humid climate, i t would 
become much wetter and weaker. In fact, 
the pavement may have more effect on the 
strength of the subgrade than i t does on the 
stresses transmitted to the subgrade. The 
moisture content of 26 percent was obtained 
by compacting samples to the AASHO 
maximum density and optimum moisture 
content and then allowing them to sorb water 
while confined by an all-around pressure 
equivalent to a head of one foot of water. 

E F F E C T OF LOAD 

For a constant unit pressure, the variation 
of pavement thickness with load calculated 
by the displacement method depends upon 
the variation of the allowable settlement with 
the wheel load. For instance, if the allowable 
S is assumed proj)ortional to a, then t is pro
portional to V P - For S independent of the 
load, t increases much more rapidly with 
increased load. 

For a constant factor of safety in the point 
overstress method, t is proportional to a / P 
if a constant strength of soil is assumed. 
However, as the pavement thickness in
creases, i t may be expected that the minimum 
seasonal strength of the subgrade will increase 
so that <_would actually increase less rapidly 
than VP. 

Using a factor of safety of 3 against bearing 
capacity for the clay at 26 percent moisture 
with c = 1.1 and/ = 0, and for sand w t h c 
= 0 and / = 0.8, pavement thicknesses for 
various wheel loads and p = 8.64 kips per 
sq f t are given in Table 5. I t may be seen 
that for the clay t is proportional to \/P 
but for the sand, the rate of increase is 
much smaller. 

BRAKING STRESSES 

In addition to vertical pressures, the stop
ping of vehicles causes shear stresses, s, on the 

surface in the direction of travel. The magni
tude of s depends upon the rate of decelera
tion and is limited by the product of the verti
cal pressure and the coefficient of friction 
between the tire and the surface. 

TABLE 5 
E F F E C T OF T Y P E OF SUBGRADE ON VARIATION 

OF PAVEMENT THICKNESS WITH WHEEL 
LOAD BASED ON BEARING CAPACITY 

Wheel load 
Clay subgrade Sand subgrade 

Wheel load 
Pavement thickness 

kips in in. 
5 9.5 8.3 

10 13.6 10.0 
15 16.6 10.9 
20 19 2 11.5 
30 23.6 12.3 
60 33.3 13.3 

The stresses transmitted from such a sur
face shear stress may be of use to indicate the 
required thickness and strength of the sur
face course. For instance, the horizontal 
shear stress, «*, near the contact of a surface 
course with a base course may be a factor in 
the required thickness of surfacing or t̂he 
required strength of the materials near the 

LOADED AREA 

PLAN 

SHEAR STRESS,* 

RADIAL 
DISTANCE/ NORMAL STRESS.;;, 

HORIZONTAL SHEAR 
STRESS 4t 

ELCVATIPN 
Figure 13. Stresses From Applied Shear Stress 

plane of contact. For a uniform shear stress, 
s, applied over a circular area at the surface 
as shown in Figure 13, the maximum values 
of s* are in the vertical plane through the 
center of the circle and oriented in the direc
tion of travel. 

I t so happens that the ratio — is the same 
s 

numerically as — for Poisson's ratio = 0 . 5 
V 
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for a vertically applied load (9) as tabulated 

in Table 1. Thus, for - = 0.5, the maximum a 

value of is 0.374 at - = 0, so that the maxi-
8 o 

mum shear stress in a horizontal direction at 
the depth z = 0.50 has been reduced to 37 
percent of its values at the surface. 

The normal stress on a horizontal plane, 
Pn, is compressive in front of the area to 
which shear stresses are applied but tensile 
behind the center of the loaded area. The 

7} S 
ratio — is equivalent numerically to — given 

s p 
in Table 1. The maximum tensile stress is 
at the edge of the loaded area (point B in 

Figure 13) where ^ = 0-318. At a depth ^ 

= 0.5, the maximum value of — = 0.262, 
s 

as shown in Table 1 at - = 1.0. The hori-
a 

zontal normal stress developed by an applied 
shear stress is likewise compressive in front 
of the loiided area and tensile behind it . 
Its magnitude is theoretically infinite at 
points A and B. 

The stresses traasmitted from a combina
tion of vertical and .shear loads may be calcu
lated as the sum of corresponding stresses 
calculated for each load separately. 

The maximum resistance of a surface to 
horizontal displacement is the sum of its 
horizontal bearing capacity, Qh, and the total 
shearing resistance, St, at its lower boundary. 
For the .shear loading considered above, Qh, 
is approximately 4 acz + 1.4cz*, where c is 
half the compressive strength of a cohesive 
surface; and St = Sfcira* where S6 is the unit 
shearing resistance at the lower boundary. 
Equating Q* -\- Sb to the applied shear force, 
S T T O ' , and solving for z gives approximately 

z = t o 
Sb as the thickness of surface 

required to prevent failure by horizontal 
displacement. 

The value of s cannot exceed c because 
skidding is imminent for s = c. For the 
worst condition S6 = 0 and s = c so that z 
= f a which gives for a 10-kip load with a 
= 0.607 f t , z = f X 0.607 = 0.4 f t or 5 

in. With c greater than s or with an appre
ciable value of Sb, the required thickness 

would be reduced. Thus, for the above load
ing and c = 2s, z = 2.5 in. for Sb = 0 or z = 
0.5 in. for Sb = 0.8s. I f the surface is la
minated, the same analysis could be applied 
to the upper layer of the surface. 

SUMMARY 

Tables and graphs of stresses, displace
ments, and bearing capacity under normal 
and tangential surface loads have been pre
sented. Their application to the design of 
thickness of flexible pavement courses is out
lined using unit values for the components 
derived from triaxial compression tests. De
signs based on allowable displacement, over-
stress at a point and total failure have been 
considered. These analyses are not proposed 
as determinative design procedures but are 
rather intended as an aid in studjring the 
behavior of pavements in service, and as a 
guide in planning and conducting experi
mental studies of the interaction of pavements 
and subgi-ades. 
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DESIGN OF F L E X I B L E SURFACES IN MICHIGAN 

W. W. MCLAUGHLIN AND O. L . STOKSTAD 

Michigan State Highway Department 

S Y N O P S I S 

A discussion of Michigan's basis for design describing how design criteria have 
been developed around a system of soil profile classification is presented. Traffic 
volumes control wearing course design, and soil, drainage, and climate are impor
tant factors controlling foundation design. The relations between laboratory 
test results and the soil classification based on field study of soil profiles is also 
discussed. 

The soil survey provides most of the soil engineering design information. In 
addition to this i t supplies area meaning by which to test results; i t yields infor
mation concerning the natural environment of the samples collected; arid i t 
suggests the infiuence which changes in this environment will have on the signifi
cance of test results. Information obtained both from laboratory tests and from 
field identification of soils is complementary in providing a soil engineering back
ground for the design of flexible surfaced roads. 

In considering design of flexible highway 
surfaces i t is natural and desirable that a 
great deal of attention should be devoted to 
the development of tests for determining 
the thickness of sub-base, base and surfacing. 
A number of sampling and testing methods 
have been developed for this purpose, some of 
which are the California bearing ratio test. 
North Dakota cone test, Florida sand test, 
and various shear tests. Each of these are 
intended to yield information for specific 
design problems after the location has been 
selected and grades established. As yet, 
however, there is no complete agreement or 

general acceptance of any method of rational 
foundation design for flexible surfaces. 

In Michigan, field studies rather than 
laboratory studies have been emphasized 
as a basis for design. These studies combined 
with long experience in the evaluation of 
soil, geology, climate, water, and certain 
laboratory tests as factors in foundation 
design, serve to determine the practices to be 
followed. This method has been successful 
for two reasons. First, highway wheel loads 
have remained fairly constant, so that experi
ence of 15 years ago is still applicable insofar 
as the effect of this factor on foundation 




