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Triaxial Compression Test Results 
. 

Applied to Flexible Pavement Design 
HE SELECTION of thickness of flexible 

pavement (surface and base) required to 

support a given loading over a given subgrade 

is generally based on service records and ob- 

servations of field performance of similar pave- 

ments constructed on similar subgrades. To 

evaluate the similarity of various pavement 

materials and subgrades, a method. of testing 

the materials is necessary. In correlating 

observations of pavement performance in- 

volving various loads and materials, it is help- 

ful to have a theoretical relation between the 

pavement thickness and the material test 

results. 

Thus, while the results of field observations 

are required, their application may be broad- 

ened and their evaluation made more quanti- 

tative if they are correlated by means of test 

results on the component materials with the 

aid ef theoretical relations. The following dis- 

cus*%on concerns several relations between 

tria. al compression test results and pave- 

meut thickness based on stress distribution 
slastic materials and the strength of plastic 

‘erials,! 

ELASTIC STRESS DISTRIBUTION 

The earth may be considered as an elastic 

ass, bounded only by the surface horizontal 

plane and hence semi-infinite in extent. When 

such a mass is subjected at the surface to a 

uniform vertical pressure over a circular area, 

every element in the mass is acted upon by the 

stresses shown in figure 1. Three planes are 

considered to intersect at the element: The 

horizontal plane, parallel to the surface; the 

radial plane, vertical and along the radial line 

between the load center and the element; and 

the tangential plane, vertical and perpendicu- 

lar to the radial plane. Acting upon the ele- 

ment, in these three planes, are the normal 

stresses shown in figure 1: The tangential nor- 

mal stress, p,; the radial normal stress, 7,; 

and the vertical normal stress, p,. Two equal 

- shear stresses are developed: The vertical shear 

stress, s,, acting in the vertical direction on 

the tangential plane; and the radial shear 

stress, s,, acting in the radial direction on the 

horizontal plane. The tangential normal 

stress is a principal stress, and therefore there 

are no shear stresses in the plane on which 

it acts. 

These stresses have been evaluated analyti- 

cally by Love (1)? and tabulated numerically 

by Tufts (2). Some corrections were made to 

Tufts’ tabulation by means of influence charts 

1 A complete notation for this article appears on page 8. 

2 Italic numbers In parentheses refer to the bibliography, 

p. 8. 
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BY THE DIVISION OF PHYSICAL RESEARCH 

PUBLIC ROADS ADMINISTRATION 

Reported by E. S. BARBER, Highway Engineer 

This discussion concerns several relations between triaxial compression test 

results and the thickness of flexible pavement based on stress distribution in 

elastic materials and the strength of plastic materials. Tables and graphs of 

stresses, displacements, and bearing capacity under normal and tangential sur- 

face loads are presented. Their application to the design of thickness of flexible 

pavement courses is outlined, using unit values for the components derived from 

triaxial compression tests. Designs based on allowable displacement, overstress 

at a point, and total failure are considered. The analyses are not proposed as 

determinative design procedures but are rather intended as aids in studying the 

behavior of pavements in service, and as guides in planning and conducting 

experimental studies of the interaction of pavements and subgrades. 

} | radius 

SURFACE 
R J PLANE 

pressure ee) 

ee oe a 

radial 
shear 

Stress radial distance 

tangential normal stress ——»- (*,) 

Figure 1.—Stresses on an element from pressure applied at the surface. 

vertical normal stress 



Table 1.—Ratio of stresses transmitted to a point in a semi-infinite mass from a surface 
load uniformly distributed over a circular area 

VERTICAL NORMAL STRESS TRANSMITTED TO POINT+PRESSURE APPLIED AT SURFACE, o 

2 4 
Depth of point+radius, : 

Horizontal radial distance+radius, r 

0 0.25 0.5 1.0 1.5 2.0 2.5 3.0 4.0 

0.26 -Peee 0 Sa SOS Fee EE ee Ee 0.986 | 0.983 | 0.964 | 0.460 0.015 | 0.002} 0.000 | 0.000 0. 000 

0.5 ee Saat ee eee 911 895 . 840 418 - 060 - 010 - 003 - 000 - 000 
OCF Bie tse en wee Se eee te ee . 784 - 762 - 691 374 - 105 025 - 010 . 002 - 000 
pW hn a DP Se ee Sea eee - 646 - 625 - 560 335 - 125 - 043 -016 - 007 . 000 

125 ee a a eee oo . 524 - 508 455 . 295 «135 057 - 023 -010 - 001 

1 Wy eee cS SR RN 2 SSS a ae ees Pere 424 -413 -374 . 256 - 137 - 064 - 029 -013 - 002 

5 By fie: SE CR eS 8 ee ee eee - 346 336 309 . 223 135 -071 037 -018 - 004 

DG ota a ee eng wee a ee em el ee . 284 -277 - 258 - 194 127 073 - 041 022 . 006 

A One ete EL. 8 ee ee eee - 200 - 196 . 186 - 150 . 109 - 073 - 044 028 011 
Hers Oe OS By 2 te te Se et Se . 146 143 137 ala - 091 - 066 - 045 - 031 -015 
Ah Fs en ee eee i Lee ee Nae Tes 2 - 087 . 086 - 083 . 076 - 061 - 052 041 - 031 .018 
1 Se, I ee ey Se Be ee . 057 057 . 056 . 052 045 039 - 033 - 027 -018 

RADIAL NORMAL STRESS TRANSMITTED TO POINT+PRESSURE APPLIED AT 

SURFACE, 3 (POISSON’S RATIO=9.5) 

PTI separ Soe Ot SPE SE le y= rare ae 0.643 | 0.626 | 0.565 | 0.385 0.144 | 0.058 | 0.028 | 0.014 0. 004 
02D Sass no Boe bre ete ree ee aes eee 374 - 360 -325 - 286 - 196 . 098 - 050 - 027 - 008 
OB ee ie ee Jae eee canoe nese ee ena - 208 . 204 - 196 - 209 «175 112 - 064 . 044 012 
Oc eels = arn te Semen oe ee oer = eee ene 116 -118 - 123 149 - 146 104 069 - 045 - 022 
LAA b wae ae a en en ee eee . 067 072 - 080 - 107 -116 - 096 - 069 047 -026 
LR es ae ON a eee ee eee ee ee . 040 - 046 - 055 078 091 - 082 - 064 - 047 - 026 
1s Ase Se or ee eS ee ae eS - 025 . 028 - 035 - 056 -070 - 068 - 058 - 046 027 
2.0) 22 aden d eRe REE aos e eee nae aeee - 016 019 024 - 041 - 053 - 057 +052 - 042 027 
OFF eee ET Aplin she OR eae oe ae aoe . 008 - 009 -013 . 023 - 033 - 038 - 038 - 035 025 
en eS eer a ee = wwe eee ee - 004 - 006 - 008 014 -021 +026 - 028 - 026 022 
Sees ee as ews 2 8 = ne eee sansa} 9 sO0L - 002 . 003 - 006 - 009 - 012 -015 - 016 -016 
Doe ee Sin Stes Ga oy Ree eS ce - 001 - 001 - 002 - 003 - 005 - 007 - 008 - 009 - 010 

TANGENTIAL NORMAL STRESS TRANSMITTED TO POINT+PRESSURE APPLIED AT SURFACE, 

A (POISSON’S RATIO=0.5) 

aon 

1 oo Peas a8 

idl ated dt se pea an pet ae 

0.643 | 0.628 | 0.580] 0.243 0.019 | 0.005 
. 374 359 2317 - 141 -028 | .007 
. 208 - 197 - 170 - 085 - 025 . 008 
. 116 - 109 . 096 - 054 . 021 - 008 
- 067 . 063 - 056 - 035 - 016 . 007 
. 040 - 037 - 034 . 023 - 012 . 006 
- 025 - 024 - 022 - 015 - 009 - 005 
- 016 - 015 014 -011 . 007 004 
- 008 - 007 . 007 . 006 - 004 . 003 
- 004 - 004 - 003 - 003 . 002 . 002 
- 001 . 001 - 001 001 - 001 - 001 
- 001 001 - 000 . 000 . 000 . 000 

RADIAL SHEAR STRESS TRANSMITTED TO POINT+PRESSURE APPLIED 

Site oe Nie ee ee 

0.000 | 0.024] 0.065] 0.299 0.042} 0.014 
. 000 - 057 . 129 . 262 - 102 - 032 
. 000 . 069 . 141 . 221 - 128 . 053 
. 000 - 065 - 124 - 178 - 128 - 069 
. 000 - 053 -101 - 146 - 118 - 072 
. 000 . 041 - 080 - 119 . 104 071 
. 000 - 033 - 062 . 094 - 091 - 068 
- 000 . 026 . 048 - 070 . 078 - 062 
. 000 . 016 - 030 . 050 - 056 . 050 
- 000 - 009 - 019 - 034 - 040 . 040 
. 000 - 005 - 009 018 - 022 . 024 
. 000 . 002 - 005 . 010 . 013 - 015 

* 000 

‘001 
- 001 
001 
000 
- 000 

. 000 
- 000 
. 000 
- 000 
- 000 
- 000 

AT SURFACE, 5 

0. 003 
. 013 
. 024 
- 033 
- 039 
- 045 
. 046 
- 045 
- 041 
- 035 
. 024 
- 016 

0. 002 
- 006 
- 013 
- 018 
- 023 
. 028 
- 030 
- 032 
- 032 
- 029 
- 022 
- 016 

0. 001 
. 002 
- 003 
- 007 
- 010 
- 012 
-014 
- 015 
- 018 
- 018 
- 016 
- 013 

RADIAL NORMAL STRESS TRANSMITTED TO POINT+PRESSURE APPLIED AT SURFACE, = 

(POISSON’S RATIO=0) 

OR ON NHR He OOS 

or 1 t ‘ ' ' ' ' 1 ' 1 ' ' ‘ ' 1 ' 1 ' 1 ' i ' t ' i ' ' ' ' ' 1 ‘ ' ‘ 1 ' 1 ' ' ' ' 

—.016 
. 009 
. 021 
. 026 
- 027 
- 025 
. 022 
- 016 
- 010 
- 003 

0.265 | 0.248 | 0.199 | 0.082 | 1 —0.026 |—0.045 |—0. 061 
. 098 . 087 . 063 - 075 - 056 | —. 006 
. 008 - 008 . 009 - 055 . 067 - 033 

—.030 | —.025 | —. 015 + 033 . 058 - 041 
—.043 | —.036 | —. 024 - 018 044 . 040 
—.044 | —. 038 | —. 028 - 007 - 032 . 035 
—.041 | —.036 | —.028 | —.001 . 022 - 028 
—. 037 | —.083 | —.024 | —. 006 - 013 . 022 
—. 028 | —.026 | —..022 | —.010 - 004 . 012 
—. 022 | —./020 | —.017 | —. 010 —. 002 - 006 
—. 014 |} —.012'| —. 011 | —.009 —.004 | —.001 
—.009 | —.009 | —.008 | —. 007 —. 004 | —. 002 . 000 

—0. 046 
—.018 

- 000 
. 008 
015 
- 019 
- 019 
-019 
. 016 
O11 
- 005 
- 001 

—0. 026 
—. 017 
—.010 

TANGENTIAL NORMAL STRESS TRANSMITTED TO POINT+PRESSURE APPLIED AT SURFACE, - 

(POISSON’S RATIO=0) 

ao 

or 

or 

Aono Sint 

Pr 2 

gat edt ad od --- ae 

0.265 | 0.259 | 0.245} 0.183 0.132 | 0.095 
098 094 - 085 . 070 074 - 061 

. 008 007 - 007 - 017 - 034 - 038 
—. 0380 |} —.030 | —.025 | —. 009 011 020 
—.043 | —.042 | —.037 | —. 021 —. 002 - 009 
—.044 | —.043 | —.039 | —.025 —.010 - 001 
—.041 | —.040 | —. 037 | —. 026 —.013 | —. 003 
—.037 | —.036 | —.033 | —.025 —.015 | —. 007 
—.028 | —.028 | —.026 | —. 022 —.015 | —.010 
—.022 | —.021 | —.020 | —.018 —.014 | —.010 
—.014 | —.014 | —.014 | —.012 —.010 | .—. 008 
—.009 | —.009 | —.009 | —. 009 —. 008 | —. 007 J I a J I I J J J —. 002 

1 Minus sign indicates tensile stress, 

PERVIOUS 2 IMPERVIOUS = 
SURFACE SURFACE - 

UNIFORM PRESSURE 
ON LONG STRIP 

Za 
OISPLACED SURFACECY. 

Figure 2.—Effect of time of consolidation on 
displacement of pervious and impervious 
loaded surfaces. 

(3) to derive table 1, which shows the ratio 

of these stresses to the pressure applied at the 

surface, for various depths and for various 

radial distances 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 

(the 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 

interpolation: thus, the stress for Poisson’s 

ratio of 0.25 is halfway between the tabulated 

values. 

Integration of the stresses shown in table 1 

gives the vertical displacement factors shown 

in table 2. While the stresses in a homo- 

geneous mass are independent of the modulus 

of elasticity, the displacement is inversely 

proportional to the modulus. The displace- 

ment may be divided into two parts—that 

due to volume change only, corresponding to 

Poisson’s ratio=0; and that due to lateral 

displacement at constant volume, correspond- 

ing to Poisson’s ratio=0.5. 

In comparing displacements measured 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 transferred to the soil solids as part of the 

water .is forced out. This time effect and its 

dependence upon the permeability of the sur- 

face (4) is illustrated in figure 2, The curves 

ELASTIC SUPPORT COHESIONLESS SUPPORT 
. UNIFORM P 

PRESSURE PRESSONE 

I u 

ELASTIC SUPPORT 

UNIFORM 
DISPLACEMENT 

COHESIONLESS SUPPORT 

| OsPRAeMENT | 
DISPLACEMENT 

Iv 

CYLINDRICAL 
DISPLACEMENT 

DEFLECTED 
SURFACE 

“Ssreaction 
Vv 

Figure 3.—Reactions under surface loads. 
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Figure 4.—Inward acting shear stresses 
produced by pneumatic tires. 

on the left represent settlements when the 

surface is pervious, those on the right show 

the settlements at the same time when no 

drainage can occur at the surface. The rela- 

tion between stress, volume change, and time 

for soil samples is determined in the consoli- 

dation 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 (6). 

Figure 3, case I, shows the deflection of the 
surface of an elastic mass caused by a uniform 

pressure. If 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 II, for 

cohesionless support. If 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 

(6). As the rigidity of the block increases, the 
edge stress increases without limit giving a 
uniform displacement (fig. 3, case III) equal 
to either 0.923 times the average displacement 

under a uniform pressure or 0.785 times the 

axial displacement under a uniform pressure 

(fig. 3, case I). Because of the lack of bearing 

capacity of unconfined cohesionless material, 

a rigid block on the surface of sand produces a 

Table 3.—Axial vertical stress and displace- 

ment under uniform shear stress applied 

over circular area 

Vertical Displace- 
normal | ment 

Depth of point + radius stress + factor ! 
4 applied (Poisson’s 

stress ratio=0) 

POLS. pte es a ae leaner ae ae 1.00 1.00 
Cts tp aa, Sanaa ia eae ee a -91 . 76 
[eit | SS Baa AES - 55 
A Se en de we epee 35 . 29 
i Set A RNS a ea a ee es en ae 17 
210. 4 a. AE eee .09 11 
Ps a ES FS - 03 05 
i Se a ae ee . 01 02 

ol) Fee Eee eee 

- shear stress Xradius 
1 Displacement = modulus ofelasticity 2" 
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Table 2.—Factors for calculation of displacement due to uniform pressure over a circular 

area! 

DISPLACEMENT FACTOR FOR POISSON’S RATIO=0.5 

r 
m Horizontal radial distance +radius, — 

a 

Depth of point+radius, = 

0 0. 25 0.5 0.75 1.0 1, 25 1.5 2 2.5 3 4 

Que ieee SE eee: See 1. 50 1.48 1, 40 1, 25 0. 95 0. 66 0. 54 0. 39 0.30 0. 26 0.18 
Ryo Sat cape Se ei PEN ee Sn 1.34 1.31 1. 28 1.09 . 89 . 68 . 55 - 40 31 ~27 .19 
Da eae Pe gee nen a ph ale i 1.06 1.05 . 98 . 89 .78 . 66 . 56 41 .32 27 .19 
1 ge See ee Sa oe ee . 83 . 83 .79 .73 . 67 . 60 . 52 . 40 -32 . 28 . 20 
fe He pie: a Oe eae _ 67 . 67 - 65 . 62 . 57 . 53 - 48 .39 -32 . 28 . 20 
hikes Ries 15s AE ee aoe ae .47 .47 - 46 45 . 43 . 41 . 38 34 .30 au val 
eee ren ee ee) ee . 36 . 36 .35 .35 34 .33 -32 . 30 . 28 . 25 . 20 
Ory ee eee ee Sane . 29 .29 . 29 . 29 . 29 . 28 . 28 . 25 a4! +23 .19 

DISPLACEMENT FACTOR FOR POISSON’S RATIO=0 

ee eee oe ee 2.00 1.97 1. 86 1. 67 1. 27 0. 88 0.71 0. 52 0. 41 0.34 0. 25 
Ee ee ee ene ee a, 1.51 1.49 1.39 1. 24 1.06 . 85 . 68 . 51 41 34 - 25 
he Spake Se ee ee 1,12 yohl 1.04 . 94 85 . 74 - 65 . 50 . 40 . 34 ~ 25 
Ose en ee oe oe . 86 85 81 . 76 .70 65 . 59 47 39 . 34 25 
DE AS oes SO . 68 . 67 - 65 - 62 . 59 . 55 . 52 . 44 -38 33 25 
bie ae a Sens Oe . 48 .47 . 46 245 . 44 42 . 40 37 .33 .30 . 24 
Fg Ae aad a tec ee ee .37 . 36 35 35 .35 . 34 33 31 . 29 . 26 . 22 
ee EE ee ene Sa . 29 .29 . 29 . 29 . 29 . 28 . 28 . 26 . 25 . 24 . 20 

pressure Xradius DE 1Di ape 
Displacement, D modulus of elasticity 

reaction concentrated on the axis of loading 
(fig. 3, case IV). 

The reaction under smooth-faced rollers and 
wheels without pneumatic tires approaches 

that shown in figure 3, case V, under a rigid 

solid cylinder. The average reaction is 0.785 

times the maximum reaction (7). 

The maximum reaction is 

P/E 
R(1—p?) 

where: P’=load per unit length, 
R =radius of loading cylinder, 

E =modulus of elasticity of the elastic 

support, 

pw =Poisson’s ratio of the elastic sup- 

port. 

The reaction thus increases with increases. in 

the load and modulus of elasticity, H, and 

X displacement factor= 7" F; hence displacement factor, F,= pa 

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) as shown in figure 4. 

While measured shear stresses show a maxi- 

mum at the quarter points of the diameter of 

the loaded area, their effect may be approxi- 

mated by the vertical normal stress and dis- 

placement shown in table 3 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 (10) measured pressures trans- 

mitted to a strong base through a surface 

course which were greater than the inflation 

pressure of the tire used for applying the load. 

The shear stress also tends to increase the 

axial displacement more than that at the 

edge. 

RADIAL DISTANCE + RADIUS OF EQUIVALENT AREA, & 

a Ks, 1.0 0.5 
° 
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Figure 5.—Surface displacements for various pressure distributions. 
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Figure 6.—Stresses at a point. 

DISPLACEMENT APPLIED. REACTION AND DISPLACEMENT RECORDED 
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Figure 7.—Essentials of the triaxial com- 
pression test. 

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 

(fig. 5, case A) is a better approximation of 

measured vertical pressures under pneumatic 

tires (12) than an ellipsoidal pressure distribu- 

tion (fig. 5, case B). 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. 

In the following discussion, the load, P, is 

considered as the inflation pressure of the 

loaded tire, p, applied vertically and uniformly 

distributed over a circular area of radius, a, 

giving the relation P= pra’. 

STRESSES AT A POINT 

The stresses shown 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 point with 

coordinates =3 and r=2 with Poisson’s 

ratio of 0.5, table 1 gives p= 0.066, a 

0.026, and = 0.040. The average normal 

stress is the average of the normal stresses in 

any two mutually perpendicular directions, 

0.066 + 0.02 nooo nee =0.046. 

The average normal stress is plotted in 

figure 6 as point O on the horizontal or normal 

stress axis. A point representing the normal 

and shear stress on one plane is plotted such 

as point A in figure 6 for the plane perpendicu- 

4 

which for this point is 

lar to the radial direction. Point A has an 

abscissa of 0.026 and an ordinate of 0.040. 

With point O asacenter and distance OA as radius, 

a semicircle is drawn. Any point B on this 

semicircle (Mohr’s circle of stress) represents 

the stresses acting on a plane making an angle 

of one-half AOB with the plane of the stresses 

represented by point A. The intersections of 

the semicircle with the normal stress axis de- 

termine the principal stresses at the point. 

These principal stresses act in the two mutu- 

ally perpendicular directions in which there 

are no shear stresses. ‘The maximum shear 

stress is equal to radius OA and acts in a direction 

at 45 degrees to the direction of the principal 

stresses. 

In figure 6 only two dimensions have been 

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. 

d 

nm 

STRESS DIFFERENCE, v-d IN KIPS/SQ. FT. 

TRIAXIAL COMPRESSION 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 

of an apparatus such as shown in figure 7 and 

in the cover illustration. 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 principal stress, which, although an 

arbitrary condition, is satisfactory since it 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 

subgrade in an undisturbed condition or pre- 

pared so as to simulate the worst conditions 

expected to obtain during the life of the struc- 

straight Line approximating average curve 
from v-l=O to v-e =3.02 

O Ol .02 03 .04 05 06 O7 
REDUCTION IN HEIGHT PER UNIT HEIGHT, ¢d 

Ol 

in) 

SHEAR STRESS, $s IN KIPS/SQ. FT 

O | 2 3 4 5 6 7 
NORMAL STRESS,7 IN KIPS/SQ. FT. 

Figure 8.—Plot of triaxia! compression test results, 
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ture and for which it is economical to design. 

Evaluation of field conditions is a problem in 
itself, involving observations at various loca- 

tions of moisture, density, and temperature 

variations with time; and analysis of their 

relation to soil and pavement properties, cli- 

mate, 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 de- 

sired, the drain may be closed to prevent 

drainage from the sample. The lucite cylinder 

and loading head are assembled and tightened, 

and the head of the testing machine is brought 

just in contact with the piston. A constant 

pressure is applied to the chamber around the 

sample and is designated lateral pressure, I. 

The reaction indicator of the testing machine 

is set to zero. The piston is displaced at a rate 

of 0.04 inch per minute and the reaction and 

displacement recorded. The test is continued 

until the reaction becomes constant or dimin- 

ishes. The vertical pressure, v, minus the 

lateral pressure, l, is calculated from the reac- 

tion, Q, the reduction in height per unit 

height, d, and the initial cross-sectional area of 

the test sample, A, by the relation 

_Y—4Q v—l= aa 

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 a single sample 

for materials which are not brittle by retesting 

the same sample at a higher lateral pressure. 

The results of tests on three samples taken 

from a compacted clay subgrade are shown in 

table 4. For the three values of 1, v—l is 

plotted against d in figure 8A. The reduction 

in height due to / for v—/=0 represents volume 

change (0.2 percent for /=2 and 0.3 percent 

for 1=4) and is not plotted in figure 8A, which 

is intended to represent the effect of distortion 

or lateral displacement. The curves for lateral 

pressures of 0, 2, and 4 kips per square foot are 

not far apart and an average curve will be used 

to calculate a modulus of elasticity. 

For sand, v—lis approximately proportional 

to l, making the construction of one effective 

Table 4.—Report of triaxial compression 
tests 

REDUCTION IN HEIGHT, d ' 

Lateral pressure, 7, in 

Vertical minus lateral pressure, kips per sq. ft. 
v—1 (kips per sq. ft.) 

0 2 “4 

Percent| Percent| Percent 
CU epe ae Rao eee ee ee 0.0 0.2 0.3 
ULt.5). 433 = eee 45) 4 45 
Fe RRR Dro Gn on rs 1.0 1.0 9 
rhe 306s) eee 2. 5 223 1.8 
VL nee eee eee ae 6.0 5.0 4.5 

SUPPLEMENTARY TEST DATA 

Maximum v—1__kips per sq. ft_- 4.3 4.5 5.0 
Corresponding d____----- percent- 10 16 17 
Initial density__..Ib. per cu. ft__ 124 126 126 
Initial moisture content____---_-- 

percent of dry soil__| 21.8 22.3 22. 5 
Initial density (dry weight) ------ 

Ib. per cu. ft_- 102 103 103 

1 Lateral pressure applied. 
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Figure 9.—Vertical displacement and stress difference relation to depth. 

curve a function of / and therefore a function 

of the field loading to be considered. 

Stress semicircles based on the principle of 
figure 6, using / and the maximum v—/ from 

table 4, are plotted in figure 8B. The minor 

principal stress is 1, and v—l equals the dif- 

ference in principal stress which is the diameter 

of the stress circle. The circles have their 

centers on the horizontal axis at lees and 

pass through / 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 inter- 

cept of this line on the vertical axis is termed 

the cohesion, c, and its slope is the coefficient 

of internal friction, f (the angle of internal 

friction is arc tan f). 

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 subgrade 

for which triaxial compression test results are 

available. 
For example, assume a load P= 10 kips, with 

3 Settlement due to volume reduction could be calculated 

separately. However, since volume reduction strengthens 

the soil, the resulting settlement is usually not critical in 

pavement thickness design for distributed traffic and is not 

calculated here. 

a unit pressure p=8.64 kips per square foot 

(60 pounds per square inch), and calculate the 

displacement at a depth of 1 foot for a sub- 
grade represented by the test results shown in 

table 4 and figure 8. 

The equivalent radius, a, of the area over 

which the load is applied is calculated as 

follows: ; 

tae} )P2 9 10 a 

Zz 1 4 
At a depth of 1 foot, a 0.607" 1.65. 

From figure 9, for = = 1.65, r= 0.35 and 

oan F (as defined in table 2)=0.78. 
Then v—l=0.35p=0.35X 8.64=3.02 kips 

per square foot. ‘ 

In figure 8A, a straight line is drawn to 
approximate the average of the test curves 

from v—l=0 to v—1=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 B= 872935 kips 

per square foot. Since a= 0.78, the displace- 

ment at a depth of 1 foot is pao Pa 

0:78 X8-GEX0.604 VALUE Ay U2 foot or 0.21 inch. 

If an allowable displacement is determined 

from field observations, calculations similar to 

the foregoing would determine the depth, z, 

in the subgrade at which this displacement 

would occur. Since H depends on the depth, z, 
it is generally most convenient to calculate D 

for various assumed values of z and plot z 
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Figure 10.—Depth required to prevent overstress of a point. 

against D to determine z for given values of D. 

Thus, for the above conditions, at z=1.5 feet, 

D=0.110 inch, and at z=2 feet, D=0.064 

inch. For an assumed allowable displacement 

of D=0.1 inch, z=1.6 feet by interpolation. 

For a flexible pavement with a modulus E#, 

equal to that of the subgrade, this depth 

would be taken as the required pavement 

thickness (surface plus base). If EH, is 

greater than H, the pavement thickness, ¢, 

could be calculated from the formula (13): 

4; 3) t=2z E, 

For several layers with different moduli, 

each layer can be considered as an equivalent 

thickness of subgrade. 

For example, the Kansas Highway Depart- 
ment has used the above analysis (14) for 
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Figure 11.—Bearing capacity under a 
circular loaded area, 

calculating pavement thickness using EH,= 

2,160 kips per square foot and D=0.1 inch. 

Using this value of H, and H=330 correspond- 
ing to z=1.6 feet, the required pavement 

thickness is 

_— 
3 220 = 0.855 feeti= 10.8 inches. i=1.6 

For granular materials the modulus varies 

appreciably with the lateral pressure, making 

it difficult to select an efféctive value of the 

modulus. For example, a base-course mate- 

rial conforming to the A.A.S.H.O. specifica- 
tions gave a modulus of 500 kips per square 

foot with a lateral pressure of 1 kip per 

square foot, and 1,000 kips per square foot 

with a lateral pressure of 2 kips per square 

foot. Field correlations may make it possible 

to determine an effective lateral pressure to 

use in evaluating such materials. 

THICKNESS OF PAVEMENT AND 
OVERSTRESS 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 (15) and are 

plotted in figure 10. Thus, for p=8.64 kips 

per square foot and == 1.65 as in the previous 

example, and with f=0.1 from figure 8B, 

figure 10 shows that 50-16. Then the co- 

hesion required to prevent overstress of any 

point in the subgrade below a depth of 1 foot 

is c=0.16X8.64=1.38, which is to be com- 

pared with the test value of 1.9 from figure 

ah SS) 8B, giving a factor of safety of 1.38 

ip 
For a factor of safety of 1, 378.647 0-22, 

which from figure 10 gives ==1.0 or z=1.0X 

0.607=0.607 feet or 7.3 inches. Neglecting 

pavement rigidity, this is the minimum allow- 

able thickness. Comparison of this design 

method with field observation has been re- 

ported from Great Britain (16), indicating its 

applicability 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 

loading; however, a large number of repetitions 

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 failure so 

that the stresses are redistributed from 4 

region which is approaching overstress until 

the bearing capacity is reached, whereupon 

the sand fails suddenly in a manner typical 

of brittle materials. 

THICKNESS OF PAVEMENT AND 
BEARING CAPACITY 

The Vertical pressure transmitted through 

the pavement may be compared with the 

bearing capacity of the subgrade (17) as indi- 

eatedi figure1l. The ratio of the maximum 

vertical pressure, p’, at any depth to the 

pressure applied at the surface, p, is plotted 

in figure 12 from table 1. The pressure distri- 

bution on horizontal planes is not uniform but 

may 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 foot, a= 

0.607 foot, = —1.65, p=8.64 kips per square 

foot, f=0.1, and c=1.9 kips per square foot; 

find the density of the subgrade w’=125 

pounds per cubic foot or 0.125 kips per cubic 

foot, which is the average initial density given 

in table 4; and assume the density of the 
pavement w=0.140 kips per cubic foot. From 

, 

figure 12, for —=1.65, “=1.63 and therefore 

a’ =1.63 X 0.607=1.0 foot. 
Ud 

12, £-=0.875 and therefore p’=0.375 X8.64= 

Also, from figure 

3.24 kips per square foot. Now the bearing 

capacity, g, may be computed from the formu- 

Table 5.—Effect of moisture content of clay 
subgrade on calculated pavement thick- 
ness 

Pavement thickness for 10-kip 
wheel load, when design 

criterion is— 

Moisture content 

Displace- phon Bearing 
ment stress capacity 

Inches Inches Inches 
1 Soa oe ae eee es oe 0 0 0 
he ee eee eee 4.2 0 4.5 
Da FR ee ee 9.8 8.6 8.0 
2G ts Foca eee Seed iwases 12.5 15.1 13.6 
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la and factors~given in figure 11. Thus, for 
f=0.1, Fe=9, F.=0.8, and F,=0.1, and 
q=1.9X9+0.1401X0.8+0.1251.0X0.1= 

17.2 kips per square foot. Now gq may be 
compared with p’, giving a factor of safety 

17.2 
against total failure of the subgrade of 3947 

5.3. 

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 inches. 

For a cohesive material with a low value 

of f, as in the example above, the bearing 

capacity is approximately cF, and the depth 

and size of loaded area have only a small 

effect. For sand the reverse is true. Thus, 

for a moderately compact sand we might 

have c=0, f=0.8, and w’=0.105 kips per 

cubic foot, so that with the above dimensions 

q=0+ 0.140 X 1X 67+ 0.105 X 1.0 KX 51=14.8 
kips per square foot. Values of g would be 

higher for greater values of f which would 
result from increased compaction. 

This method of design has been used exten- 

sively (18) except that the bearing capacity of 

the subgrade is here calculated from triaxial 

compression test results instead of being 

assumed or derived from field loading tests. 

EFFECT OF MOISTURE 

The effect of moisture content of a single 

clay subgrade material on pavement thick- 

nesses calculated by the three methods out- 

lined above is shown in table 5. The calcu- 

lated thickness depends, of course, upon the 

allowable settlement or required factor of 

safety against overstress, which in turn can 

only be determined by correlation of analysis 

of test results with pavement performance. 

In table 5, P=10 kips and p=8.64 kips per 

square foot. For the displacement method, 

D=0.2 inch and H,=2,160 kips per square 

foot. For point overstress, a factor of safety 

of 1 is used. For bearing capacity, a factor 

of safety of 3 is assumed. 
These analyses consider vertically applied 

pressures only. Therefore, the zero pavement 

thicknesses calculated for a moisture content 

of 14 percent do not indicate that no cover is 

required to take care of abrasive stresses. 

Furthermore, if such a soil were left unloaded 

in a humid climate, it would become much 

wetter and weaker. In fact, the pavement 
may have more effect on the strength of the 

subgrade than it does on the stresses trans- 

Table 6.—Effect of type of subgrade on vari- 
ation of pavement thickness with wheel 

load based on bearing capacity 

- 

Pavement thickness 

Wheel load (kips) oa 

Clay sub- | Sand sub- 
grade grade 

Inches Inches 
Nin SP ee ee pe ee fe Re 9.5 8.3 
eS heroes Ne esse Se ec tse tet 13.6 10.0 
Chih ee aS eee 16.6 10.9 
rn 55: es Eh SR EB SR ee RRO 19.2 11.5 
eS pa 2 ae aS a ee ay ae 23.6 12.3 
ee ee ee ee ee ee 33.3 13.3 
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Figure 12.—Vertical pressure distribution. 

mitted to the subgrade. The moisture con- 

tent of 26 percent was obtained by compacting 

samples to the A. A. 8. H. O. maximum 

density and optimum moisture content and 

then allowing them to sorb water while con- 

fined by an all-around pressure equivalent to 

a head of 1 foot of water. 

EFFECT 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 
D is assumed proportional to a, then ¢ is pro- 

portional to YP. For D independent of the 
load, ¢ increases much more rapidly with in- 

creased load. 

For a constant factor of safety in the point 

overstress method, ¢ is proportional to ¥P 

if a constant strength of soil is assumed. -As 

the pavement thickness increases, however, it 

may be expected that the minimum seasonal 

strength of the subgrade will increase so that 

t 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 f=0, and for sand with c=0 

and f=0.8, pavement thicknesses for various 

wheel loads and p=8.64 kips per square foot 

are given in table 6. It may be seen that for 

the clay ¢ 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 
magnitude of s depends upon the rate of 

deceleration and is limited by the product 

of the vertical pressure and the coefficient of 

friction between the tire and the surface. 
The stresses transmitted from such a sur- 

face shear stress may be of use in determining 

the required thickness and strength of the 

surface course. For instance, the horizontal 

shear stress, s,, near the contact of a surface 

course with a base course may be a factor 

in the required thickness of surfacing or the 

required strength of the materials near the 

plane of contact. For a uniform shear stress, 

s, applied over a circular area at the surface 

as shown in figure 138, the maximum values 

of s, are in the vertical plane through the 

center of the circle and oriented in the 

direction of travel. 

It so happens that the ratio = is the same 

numerically as a for Poisson’s ratio=0.5 

for a vertically applied load (9) as tabulated 

in table 1. Thus, for ==0.5, the maximum 

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

mum shear stress in a horizontal direction 

at the depth z=0.5a has been reduced to 37 
percent of its value at the surface. 

The normal stress on a horizontal plane, p,, 
is compressive in front of the area to which 

shear stresses are applied but tensile behind 

the center of the loaded area. The ratio Pe 

is equivalent numerically to js given in table 

LOADED AREA 

DEPTH, 2 RADIAL ; 4 t OISTANCE,? = | NORMAL STRESS, 4, 

HORIZONTAL SHEAR 
== ‘STRESS, % 

MATH 

Figure 13.—Stresses from applied shear 
stress. 



1. The maximum tensile stress is at the edge 
of the loaded area (point B in fig. 13) where 

Es— 0.318. At a depth ==0.5, the maximum 

value of P= 0.262, as shown in table 1 at 

7 =1.0. The horizontal normal stress devel- 

oped by an applied shear stress is likewise 

compressive in front of the loaded area and 

tensile behind it. Its magnitude is theoreti- 

cally infinite at points A and B. 

The stresses transmitted from a combina- 

tion of vertical and shear loads may be cal- 

O5 522 Eee ae eee radius of loaded area 

Fy Ne oh le Bar radius of area such that total load 

at any depth equals load ap- 

plied at surface 

Pee. he ed initial cross-section area 

Cn a= s SOR 2 ee cohesion 
6d. Jee reduction in height per unit height 

(pfaseh SS” 52 Spee he displacement 

E.. yee modulus of elasticity of subgrade 

Et pette aet modulus of elasticity of pavement 
No ee te ee coefficient of internal friction 

i a nhc da ie displacement factor 

Tepodcctitedanamim ees bearing capacity factors 

De ae mie bom og ee ee ee lateral pressure 
i al ee aie leee eS See .--normal stress 

Te oi Wee A pressure on loaded area 

(1) Loves, A. E. H. 

The stress produced in a semi- 

infinite solid by pressure on part 

of the boundary. Philosophical 
Transactions of the Royal So- 

ciety of London, Series A, vol. 

228, 1929, p. 377. 

(2) Turrs, WARNER. 

Public Aids to Transportation. 

Report of the Federal Coordi- 

nator of Transportation, 1940: 

vol. IV, Public Aids to Motor- 

Vehicle Transportation, Appen- 

dix C, pp. 248-250 (table C-4). 

(3) Newmark, N. M. 

Influence charts for computation of 

stresses in elastic foundations. 

University of Illinois Engineer- 

ing Experiment Station Bulletin 

No. 338, 1942. 

(4) Brot, M. A. and Cuiinean; F. M. 

Consolidation settlement of a soil 

with an impervious top surface. 

Journal of Applied Physics, 

July 1941, vol. 12, No. 6, p. 578. 

(5) Hasxett, N. A. 

The motion of a viscous fluid under 

a surfaceload. Physics, August 

1935, vol. 6, No. 8, p. 265, and 

February 1936, vol. 7, No. 2, 
p. 56. 

(6) Terzacui, Karu 

Theoretical soil mechanics. John 

Wiley & Sons, 1943, p. 389. 

culated 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, Q,, and the total 
shearing resistance, S,, at its lower boundary. 

For the shear loading considered above, Q, is 

approximately 4 acz+1.4 cz*, where c is half 
the compressive strength of a cohesive sur- 

face; and S,=s,ra? where s, is the unit shear- 

ing resistance at the lower boundary. Equat- 

ing Q,+S, to the applied shear force, sa’, 
and solving for z gives approximately 

= a 5—*? as the thickness of surface required 

NOTATION 

Drikd gt ats cee oe maximum vertical pressure 

Ne coe eee aes radial normal stress 

Dp Sees toes Be es oe tangential normal stress 

Dosien eee vertical normal stress from applied 
shear stress 

eae 5 vertical normal stress from applied 

vertical pressure 

Pio, «nastiest ee: total load 

Pies wis Wat bea ee oe load per unit length 

 peaeatet) ath S423 bearing capacity per unit area 

os eg oa Se Petes ae ee ee reaction 

4 ea Dene eS spat horizontal bearing capacity 
fee ek horizontal radial distance from 

load axis to element 

tae ope = Ee radius of rigid solid cylinder 
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Scarifying hardened soil-cement base course for reconstruction 

Experimental Soil-Cement Base Course 
in South Carolina 

In the 8-year study of soil-cement base 

courses described in this article it was found 

that, under the conditions encountered, the 

durability of the base courses increased 

proportionally with the percentage of ce- 

ment used. As expected, performance of 

soil-cement bases on friable soils was better 

than that on soils of plastic nature. The 

conclusion that admixtures of soil and gran- 

ular material alone performed as well as or 

better than soil-cement mixtures of equal 

cost is not surprising, in view of the long 

history of successful use of stone-stabilized 

base courses. 

ROM 1932 to 1935 the State of South 

Carolina constructed several experimental 

sections of highway using portland cement as 

an admixture with the soils existing in the 

roadbed to serve as base course for light bitu- 

minous surfaces. The excellent results ob- 
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tained from that early construction contrib- 

uted largely to the increase in use of soil-cement 

base courses throughout the State. They 

served to develop and improve construction 

procedures and control methods, and furnished 

data useful for determining cement require- 

ments for different types of soils. As further 

information became available from the individ- 

ual sections, it was evident that additional 

studies were necessary to aid in solving prob- 

lems relative to base thickness, quantity of 

cement, and method of curing. Accordingly, 

the South Carolina State Highway Department 

in cooperation with the Public Roads Adminis- 

tration constructed an experimental road 

during the summer of 1938 to study the influ- 

ence of these variables on the service behavior 

of the soil-cement base course. 

This report describes the construction of 

the experimental road and presents conclusions 

drawn from study and observation of its per- 

formance under traffic for about 8 years. The 

6-mile road crosses rolling country and carries 

an average traffic of about 500 vehicles per 

day. Subgrade soils encountered were all of 

silt-clay material. Twenty-two sections of 

soil-cement base course were constructed, with 

thicknesses of 4, 6, and 8 inches, and with 

cement contents varying from 3 to 11 percent. 

In addition, two sections were built without 

cement—in these, stone screenings and crushed 

stone were added to the soil. Eight of 

the soil-cement sections were cured with the 
aid of either tar or emulsified asphalt sur- 

face application. 

CONCLUSIONS 

The conclusions drawn from observation 

of the experimental road are stated below. 

They are necessarily confined to the condi- 

tions encountered in this investigation. 

Portland cement used as an admixture was 

found to be effective in altering the physical 

properties of the soil, and this alteration was 

a major factor in the success of the soil- 

cement base. One important change effected 
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Figure 1.—Soil-cement base-course construction: (A) Scarifying the roadbed; (B) pulverizing with a disk harrow; (C) shaping the sub- 

grade; (D) spreading cement; (E) applying water; and (F) wet mixing with a disk harrow. 
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Figure 2.—Soil-cement base-course construction (continued): (A) Wet mixing with a blade grader; (B) compacting; (C) shaping the 

compacted mixture; (D) rolling with trucks; (E) final blading; and (F) the finished base course. 
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Table 1.—Details of experimental sections 

Section No. Length Soil classification group 

Feet 
te et cc eee ee 1, 320 
eR | Ee ee eas 1, 320 
et ee ae nee 1, 320 
Pe ee. | Se eS eer 1, 320 
Gee rs eee 1, 320 
Gee. =k . 1, 320 
Vig Se ee oe EES 1, 320 
Sie eee ee 1, 320 
9 ee ee ee 1, 320 
LOL Soe eee eee Soe 1, 320 
ph ae ge eh 1, 320 
TA ee 2 eee 1, 320 
13: Sota ae eee 1, 258 
14.2 ee ae 3 1, 320 
a Nites Were ee Sas Be det 1, 320 
165 es ibe RES Set 1, 320 | 
| ye 6 nd er Sea eee, Sees = 8 1, 320 
[Sesto ee oe ee 1, 320 

WIG a eee tee 1, 320 
ys acai ie ae aes Ti 1, 320 
pA U ate Sat, a RE ec ee BES T3820 WAKA CA 7c es ea ee 
py a Ra ge Se eee L200 AR 4 cess one se oa 
PSN eae LO ay Sa 14407 GA=4, VAS i See eee oe 
yy Beet a WEE ELD SET 1,919 | A-4, A-6, A-7__22--2-2--- 

. Cement 
Grou Desi 
index | thick- gens Curing aid 
range ness x aight 

Inches Percent 
9-13 6 7 | None. 

13-18 6 9 Do. 
8-13 6 5 Do. 

13-19 6 7 Do. 
14 6 9 Do. 

9-14 6 11 Do. 
11-14 6 oa acs 
4-10 6 5 Do. 
2-8 6 7 Do. 

8-20 6 9 Do. 
14-19 6 (2) None. 
6-15 6 (3) Do. 

4 6 3 | Emulsified asphalt. 
2-14 6 5 Do. 
1-7 6 7 Do. 
4-8 6 9 Do. 

13-20 6 3 | None. 
8-10 6 5 Do. 
6-7 6 47 Do. 

7-11 6 9 Do. 
SPATS 4-10 4 5 Do. 
Spats 4-5 4 7 Do. 
ane 7-11 4 9 Do. 
eCan 3-11 8 3 Do. 

1 Sections 1 and 2 were scarified, pulverized, and recompacted at optimum moisture content about 3 weeks after com- 
pletion of original base-course construction. 

2 Admixture of stone screenings applied at rate of 300 pounds per square yard. 
3 Admixture of stone screenings and crusher-run stone applied at rate of 300 pounds per square yard. es 
4 Rain interfered with original construction. The top 2 inches were pulverized, mixed with 6 percent additional cement, 

and recompacted. 

by the addition of cement was a reduction 

in the plasticity indexes of the soils. 

The addition of cement to the soil increased 

the durability of the base course, as observed 

in field performance and as measured in the 

laboratory by increased resistance to de- 

terioration from wetting and drying and from 

freezing and thawing. Each increase in the 

proportion of cement to soil correspondingly 

increased the quality of performance of the 

base course. 

Soil-cement base courses 6 inches thick, 

with cement content of 9 percent, and con- 

structed on the more friable soils, gave satis- 

factory performance for the full 8 years. As 

might be expected, the soil-cement base 

courses on friable soils gave better performance 

than comparable bases on the more plastic 

soils. 

A 3 percent cement content was not suffi- 

cient to produce required base-course sta- 

bility, even when the base thickness was in- 

creased to 8 inches. 

Soil-cement bases 4 inches thick were in- 

adequate even with cement content as high 

as 9 percent. 

Use of a surface application of asphalt 

emulsion or tar as an aid in curing the soil- 

cement base courses proved beneficial, the 

emulsion producing superior results. 

Admixtures of granular material and soil, 

without cement, gave performance equal to or 

better than soil-cement mixtures, and at no 

greater cost. The excellent performance of 

the stone-stabilized base courses agrees with 

long experience in which good results have 

been achieved by this low-cost construction 
method. 

DESCRIPTION OF PROJECT 

The experimental road is located on State 

route 93 in Lancaster County, South Carolina. 
It begins at a point about 6 miles northeast of 

Nitrolee and extends in a northeasterly direc- 
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tion for a distance of 6.1 miles to the intersec- 

tion with route U S 521 at Lancaster. 
The road passes through an area of rolling 

hills containing soils of the Cecil series formed 

by weathering of the underlying crystaline 

rocks characteristic of the Piedmont Plateau. 
Surface soils in this region vary from a light 

gray or pale yellow fine-sandy loam to a red- 

dish clay loam. Generally, the subsoils consist 
of red or yellowish-red or mottled yellow-and- 

red stiff clays. As the underlying rocks are 

approached, the soil changes to a soft disinte- 

grated rock containing sufficient mica to 

impart a greasy feel. Quartz veins occur in 

some places and rock fragments are encoun- 

tered throughout the entire profile. 

*A traffic count made in 1941 disclosed that 

an average of 424 vehicles per day traveled 

over the southern 17 sections and 800 vehicles 

per day over the northern end which includes 

sections 18 to 24. During 6 weeks of Army 

maneuvers in 1942 between 1,500 and 2,000 
vehicles used this road daily, and at one time 

500 tanks, varying in weight from 12 to 32 

tons, were counted in a 5-hour period. An 

average of 559 vehicles per day was recorded 

in a later traffic count made during the week of 

January 2 to 9, 1942. 

Details of the 24 test sections, each approx- 

imately one-fourth mile in length, are given in 

table 1. A soil-cement base was constructed 

on 22 sections by mixing cement with the 

natural soil encountered on the grade. Base 

thicknesses of 4, 6, and 8 inches were employed 

and the cement content was varied from 3 to 

11 percent by weight. No special provision 

was made for curing the soil-cement base on 

14 of the sections. On four sections curing 

was aided by a light coat of tar applied the day 

after the base was completed, and the four 

remaining soil-cement sections received a 

similar application of asphalt emulsion. 

Sections 1 and 2, which contained 7 and 9 

percent of cement, respectively, were scarified 

and repulverized about 3 weeks after they had 

been completed originally. Following pul- 

verization, the moisture content was brought 

up to optimum and the base courses were re- 

compacted. This was done to determine the 

effect of reworking a soil-cement base after 

hydration was well advanced. 

A heavy rain occurred while section 19 was 

being compacted. The resulting excessive 

moisture made it impossible to compact the 

upper 2 inches of the base course. Therefore, 

on the following morning the upper 2 inches 

were loosened, pulverized, and mixed with ad- 

ditional cement in an amount equal to 6 per- 

cent by weight of dry soil. 
Cement was not used in the base courses of 

sections 11 and 12. Instead, stone screenings 

and crushed stone were mixed with the soil. 

In section 11a mixture of soil with stone 

screenings, in an amount equal to 300 pounds 

per square yard, was used. In section 12 

the soil was mixed with 150 pounds per square 

yard of stone screenings following which 

crushed stone, applied at the rate of 150: 

pounds per square yard, was incorporated 

in the upper 2 inches of the soil-screenings 

mixture. No attempt was made to propor- 

tion the stone screenings, crushed stone, and 

soil in accordance with any particular method 

of design, The purpose in constructing sec- 

tions 11 and 12 was to produce a 6-inch base 

course in which the cost of the stone added 

would equal the cost of the cement required 

for an equivalent thickness of soil-cement 

base course containing 9 percent cement. 

The soils ! occurring in the subgrade were 

utilized in the construction of the base course. 

All of them were silt-clay materials of which 

more than 35 percent passed the No. 200 

sieve. They varied from a group A-—4 soil 

with a group index of 1 to a group A-7-5 

soil with a group index of 20. The classifi- 

cation and variation in group index of the 

soils found on each section are indicated in 
table 1. Analyses of typical soils are given 

in table 2. 

i The soil classification used in this report is the one adopt- 

ed by the Highway Research Board Committee on Classifi- 

cation of Materials for Subgrades and Granular Type Roads 

and published in the Proceedings of the Highway Research 

Board, Vol. 25, 1945, pp. 376-384. Reprints of the Classi- 

fication are available from the Public Roads Administration. 

Table 2.—Results of tests on typical soils 

Sampled from— Passing sieve— : Soil : 
S le N Liquid Plasti- | classifi- Group Maxi- Onti- 
sage ease OR limit city cation index mum dry} _ mum 

Section | Station | No. 10 | No. 200 index group density | moisture 

Percent | Percent Db./cu. ft.| Percent 
ee eee Ce 15 450 90 41 34 6 A-4 1 112 17 
CRE pO Ee 20 | 508 94 | 66 36 12 A-6 Z 113 15 
ae ae ee ee ee 17 483 96 | 79 47 20 A-7-6 13 104 19 
ra eae ae ee ee 10 | 394 100 87 64 33 A-7-5 20 100 23 
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After a preliminary soil survey had been 

made, the limits for the experimental sections 

were established and the percentages of 

cement to be used were selected arbitrarily. 

This selection was based primarily on previous 

experience with soil-cement base construction 

in South Carolina. Subsequently, three or 

more samples of soil were obtained from each 

section for test purposes. 
In addition to the mechanical analyses and 

physical test constants, which were determined 

in the Public Roads laboratories, compaction 

and durability tests were performed on these 

samples in the South Carolina State Highway 

Department laboratory. In general, dura- 

bility tests were made on each soil with three 

different cement contents: that selected for 

the section, 2 percent above the selected per- 

centage, and 2 percent below. The procedures 

followed were similar.to those later adopted 

by the American Society for Testing Materials 

in Methods D 559-44 and D 560-44. 
The results of compaction tests on typical 

soil samples are shown in table 2. Average 

values of the percentage of loss in weight of 

soil-cement mixtures after approximately 50 

cycles of wetting and drying and of freezing 

and thawing are shown in table 3. 

CONSTRUCTION METHODS 

Base construction was started in May and 

completed in August 1938. A bituminous 

surface treatment was applied in September 

1938 and a re-treatment in August 1939. 

State forces built the base and surfacing. 
Construction of the soil-cement base con- 

sisted of scarifying and pulverizing the soils in 

the roadbed to the required depth and width, 

spreading the cement, mixing the cement and 

dry soil, applying and mixing water, compact- 

ing the mixtures, and shaping to the desired 

cross section. The various operations are il- 

lustrated in figures 1 and 2. 

‘ Shaping of the base commenced when the 

soil was compacted to the extent that the 

Table 3.—Results of durability tests of soil- 
cement mixtures 

Average loss after 
approximately 50 

Subgrade group and cement content cycles of— 
by weight (in percent) 

Wetting—| Freezing— 
drying | thawing 

A-4 (group index 1-7) with cement con- 
tent of:— Percent | Percent 

Bho she eae 8 ee ee 32 37 
DE er ee ee LS ens 20 26 
Vis 2e,2) 535 Sea Se See a 16 
(). ie 2 a ee eee 2 8 
WITS oe ae oe ee oS ee 2 0 

A-6 (group index 2-10) with cement 
content of:— 

La 2 5) Se eee ee 41 65 
esau | Set Sa ee 27 26 
He’. = Sea ae ees 16 15 
Geer te ee 12 18 
(th SS eS SS See ee eee 1 1 

A-7-6 (group index 7-18) with cement 
content of:— 

"iste, 4 Ss Se ee eee Py Se 61 78 
ij.) ee 2 Se ee eee eee 40 39 
U{ (8 3 eae © eee ee 12 22 
Ok 22 ee Aen 9 11 
2 = ee ee OE eee | eee 4 11 

A-7-5 (group index 8-20) with cement 
content of:— 

Lo SE SS: Sas ae eee. Sere 100 100 
ae le? ee ee batt Pes tal ees fs 46 41 
y RSE Sa SITE OR ee 20 30 
Ae a Meer Prac fi Fah Bi. 5 12 
ees Pas te ees ais 1 10 
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Figure 3.—Appearance of the base after 

rolling (A) and after final blading on 

friable soil (B) and on heavy clay soil (C). 

sheepsfoot rollers penetrated only 1% inches 
below the surface. Shaping and compacting 

were continued until the surface was brought 

to the desired cross section and the feet of the 

rollers rode on the surface without penetra- 

tion. The sheepsfoot rollers were then taken 

off the road and compaction was completed by 

rolling with pneumatic-tired trucks. The 

appearance of the surface after rolling is shown 

in figure 3A, 

Surface irregularities and roller marks were 

removed by blading as soon as the rolling was 

completed. Approximately one-half inch of 

material was removed in this manner. This 

work was done with the motor grader shown in 

figure 2H and also with a light tractor-drawn 

blade grader. The appearance of the surface 

after the final blading is illustrated in figures 

3B and C: The surface texture in figure 3B is 
typical of locations where the soil was of a fri- 

able nature, while the texture in figure 3C is 

representative of the more plastic red clay 

soils. The scars in the surface were caused by 

dislodgement and removal of rock fragments 

during the final blading. 

A transverse joint was constructed at the 

end of each section when the final blading 

started. The compacted material was first 

cut away to leave a smooth vertical face for 

the full depth of the compacted mixture. <A 

wooden header, trimmed to conform to the 

final cross section of the base, was then 

staked against the cut face and was not re- 

moved until after the adjoining section had 

been constructed. 

In the construction of the joint, difficulty 
was encountered in getting a uniformly mixed 

and thoroughly compacted base at the junc- 

tion without damaging the completed section 

when the construction equipment turned 

around. A protective cover of earth from 2 

to 3 inches thick was placed over the last 50 

feet of the completed section in an attempt to 

overcome this difficulty. This permitted the 

equipment to turn on the completed section 

without producing any damage. However, 

this procedure did not eliminate the necessity 

for hand-mixing and tamping at the joint. 

The method finally adopted at the turn- 

arounds consisted of blading the materials 

forward from the joint and making all turns 

ahead of the completed section, as shown in 

figure 4. Only pneumatic-tired equipment 

such as water distributors and the motor 

patrol were permitted on the completed base 

course. After each mixing operation was 

completed, the mixture was spread out uni- 

formly against the joint. Machine-mixing 

and compacting near the joint were supple- 

mented by hand-mixing and tamping. 

On sections 7, 8, 9, and 10 a surface applica- 

tion of tar (RT-2) was used to aid curing, 

while sections 13, 14, 15, and 16 were similarly 

treated with emulsified asphalt (South Caro- 

lina designation RCO-1). Both materials 

were used at the rate of about 0.2 gallon per 

square yard. The tar was applied by a pres- 

sure distributor on a surface previously 

cleaned of loose material. Emulsified asphalt 

was applied in the same manner as the tar, but 

no cleaning was necessary as the surface was 

maintained in a moist condition by sprinkling 

until the application of the emulsion. The 

several applications of water amounted to ap- 

proximately 2.2 gallons per square yard of 

surface. 

The remaining 16 sections were allowed to 

cure without a protective covering of any kind 

until the surface course was constructed. 

Sections 1 and 2 were torn up and recon- 

structed about 3 weeks after they were 

originally constructed. The scarifier tore up 

the hardened soil-cement mixture in large 

slabs from 4 to 6 inches thick, as shown in 

the illustration at the top of page 9. A 

sheepsfoot roller reduced the slabs to small 

TURN AROUND HERE 

COMPLETED BASE: 

Figure 4.—Construction method at joints. 
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clods which were then easily pulverized by 

disk harrows and blade graders. As no 

cement was added to the pulverized soil- 

cement mixture, the dry-mixing operation 

was eliminated. Otherwise, the reconstruc- 

tion was performed in the same manner as the 

original construction. 

On section 11 the soil in the roadbed was 

searified to a depth of 4 inches for a width 

of 21 feet. The scarified soil was then pul- 

verized and leveled, and stone screenings 

were placed in piles on top of the pulverized 

soil as shown in figure 5A. The piles of 

screenings were spaced so that when spread 

uniformly over the surface an application of 

300 pounds per square yard resulted. The 

screenings were first spread, then the soil and 

screenings were mixed thoroughly and uni- 

Table 4.—Gradations of screenings and 
crushed stone used in sections 11 and 12 

: ; : Screen- | Crushed Material passing sieve size— ings stone 

Percent | Percent 
cB 100 
pie fa AE Sn - 96 
Se Scare 67 
LoS fa ae 2 28 

100 20 
S4 18 
50 9 
18 2 

Figure 5.—(A) Placing stone screenings on section 11; (B) spreading crushed stone on 

section 12, 

formly, and finally the mixture was com- 

pacted and shaped to conform to the desired 

cross section. 

A heavy rain occurred on the night previous 

to the mixing of the soil with the screenings. 

For this reason, no water was required for 

mixing but a great deal of extra disking and 

blading was necessary in order to dry out 

the mixture sufficiently to permit compaction. 

Otherwise, all the operations of scarifying, 

pulverizing, mixing, compacting, and shaping 

were performed in the same manner as de- 

scribed for the soil-cement mixtures. 

On section 12, a 4-inch layer of the pulver- 

ized soil was mixed with stone screenings ap- 

plied at the rate of 150 pounds per square yard. 

This mixture was shaped and compacted until 

the sheepsfoot rollers would penetrate only 2 

inches below the surface. Crushed stone was 

then spread, at the rate of 150 pounds per 

square yard, from trucks equipped with 

spreader boxes as shown in figure 5B. The 

crushed stone and the 2-inch uncompacted 

surface layer of soil and screenings were thor- 

oughly and uniformly mixed, shaped to cross 

section, and compacted by rolling with a 

sheepsfoot roller and pneumatic-tired trucks. 

Typical gradations of the screenings and 

crushed stone used in sections 11 and 12 are 

given in table 4. 

Observations of variations in construction 

procedures, weather conditions, and time re- 

quired to perform the different operations on 

each section were made during construction of 

the base. Important variables have already 
been described. No correlation was found be- 
tween weather conditions, or time of mixing, 

compacting, and other operations, and the 

condition of the base course. Therefore, since 

they would serve no useful purpose, weather 

records and time study data are not presented 

in this report. 

BITUMINOUS SURFACE CONSTRUCTED 

A bituminous wearing surface was con- 

structed in September 1938. This consisted of 

a prime coat of tar at the rate of 0.22 gallon 

per square yard followed by an application of 

0.40 gallon per square yard of hot asphalt 

(150-200 penetration) covered with crushed 

stone at the rate of 36 pounds per square yard. 

In August of 1939 the experimental road 

was resurfaced. A tack coat of 0.10 gallon 

per square yard of cut-back asphalt (RC-1) 
was applied to the old surface and covered 

with 42 pounds per square yard of crushed 

stone. This was followed by two equal ap- 

plications of sand totaling 40 pounds per 

square yard. When the last application of 

sand was dry, cut-back asphalt (RC-1) was 
distributed over the sand and stone at the 

rate of 0.90 gallon per square yard. The 

asphalt and aggregates were mixed by a 

multiple blade drag, spread, and then com- 

pacted with a 5-ton tandem roller. 

CONDITION OF BASE DISCLOSED 
BY CORE BORINGS 

At periods ranging from 7 to 40 days 
following construction of the various test 

sections, cores were drilled from the base 
course at 250-foot intervals. Cores were 

Table 5.—Condition of base courses after 
curing, as revealed by core borings 

‘Test borings 

Designed | Harden- 
Section Number| cement ing 

content | period | Number bg be 
ened! 

Percent Days 
1S eee ae 7 30 15 0 
Date Fey 9 30 18 0 
rs Epa geil cies Bowe, 5 19 15 60 
ofa eer* 0 Loeyes 7 18 15 60 
ep ape eee, 5p Oe 9 16 18 50 
Rp RL Bia Sal 11 16 15 73 
ae ee 3 40 15 7 
| ae ee ites nay 5 36 15 0 
HR Eh wa sttiaek: SF ft: 7 35 15 0 
10S ek se ee 9 34 18 0 
1 epiktee gee oe @eetlli.-4cl S| ae eee 
Lp Ree as Se (ORT) Pee td ke BS RES rt oe 
iS 6 eee a 3 22 15 7 
142 See 5 21 15 0 
LOSE Shed 5 ees fs 22 18 72 
Ree a OE 9 19 15 40 
12 Verne 3 20 12 58 
SSA ee 5 17 18 6 
10. 23.23 7 17 15 0 
RSE ae: Ae 9 16 15 7 
21.22 See 5 14 18 23 
/ 7 OE ae, eR 7 24 12 0 
bs eS oS eee 9 24 18 ll 
2¢ see SES 3 7 4 13 

1 Percentage of total number of borings where base was not 
hard for the full processed depth. 

2 Mixture of soi] and stone screenings. 
3 Mixture of soil, stone screenings, and crushed stone. 
4 Nonuniform mixing near bridge abutment. 
+ Mixed and compacted after dark. 
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taken on the center line and about 6 to 8 feet 
on either side of the center line at each 

location. 
Many of the cores were shattered when the 

drill struck rock fragments in the soil. In 

other instances, satisfactory cores could not 

be obtained because the lower portions of the 

base-course mixtures had not hardened. For 
these reasons the thickness of the base courses 

was measured in the drill hole. The weights 

and volumes of the sound cores were deter- 

mined later, in the laboratory, and their 
densities calculated. 3 

Table 5 shows the total number of borings 

in each section and the percentage of the 

locations containing unhardened (dry, friable, 

and crumbly) material within the processed 

layer. The table also shows the age of the 
base at the time of drilling the cores. On all 

of the sections, except Nos. 3 to 7, wet- 
mixing during construction was aceomplished 

by disk harrow and blade grader. On sections 

3 to 7 only the disk harrow was used. 
The greater uniformity of the base in the 

sections mixed with both disk harrow and 

blade grader is clearly shown in table 5. 
Nonuniformly hardened material was en- 

countered at 50 percent or more of the loca- 

tions drilled in sections 3, 4, 5, and 6, which 

had been mixed with disk harrow alone. 
Borings were made when these sections were 

16 to 19 days old. Section 7, containing 3 per- 

cent cement, was the only other section on 

which mixing was accomplished solely with the 

disk harrow. Cores were drilled when this 
section was 40 days old. At that time non- 

hardened material was found at only 7 percent 
of the locations. 

The disk harrow and blade grader had 

been used in combination in the mixing oper- 
ations on the remaining 17 sections containing 

cement. On eight of these sections the base 

was uniformly hardened at all locations 

where borings were made. These sections 

were drilled at ages ranging from 17 to 36 

days. Nonuniformly hardened material was 

Figure 6.—(A) Shrinkage cracks in the roadbed soil prior to construction. (B) Appearance 

of the completed soil-cement base course on section 17 (3 percent cement); (C) on section 

22 (7 percent cement); (D) on section 19 (7 percent cement) after the top was enriched 

and reconstructed; (E) on section I (7 percent cement) before reconstruction; (F) on the 

same section after reconstruction; and (G) on a section cured with emulsified asphalt. 

encountered at some locations in all of the 

remaining nine sections but in only three of 

Table 6.—Summary of thickness and density measurements 

Thickness in inches 
Density in pounds per cubic 

Designed foot Average 
Section No. cement Measured compac- 

content Designed tion ! 

Avg. Max Min Avg Max. Min. 

Percent Percent 
7 6 7.0 8.0 5.0 97 103 9 92 
9 6 1g 9.0 5.5 97 106 92 97 
5 6 6.7 8.5 5.2 100 108 92 100 
ik 6 720 8.5 5.5 100 107 95 96 
9 6 6.9 9.0 5.2 102 107 94 101 

ll 6 7.3 9.0 4.3 98 _ 102 91 93 
3 6 6.5 8.0 5.0 105 109 97 101 
5 6 6.2 7.0 4.0 100 105 90 96 
7 6 7.0 8.5 6.0 100 107 96 92 

i 9 6 6.4 9.0 5.0 92 97 90 94 
(?) 6 6.0 7158- 5.2 119 123 117 111 
(3) 6 6.2 7.0 5.5 122 128 116 103 

3 6 6.0 9.0 4.0 109 116 105 97 
5 6 6.0 8.0 4.5 108 111 105 100 
7 6 6.4 8.5 4.5 98 100 95 94 
9 6 6. 6° 8.0 5.5 101 104 96 94 
3 6 7.3 8.0 6.5 100 100 99 100 
5 6 6.5 8.0 5.0 97 98 95 93 
7 6 ee 9.0 6.0 103 106 99 94 
9 6 6.1 8.0 5.0 101 104 100 96 
5 4 5.2 6.5 4.5 100 104 94 93 
7 4 5.2 6.0 4.5 101 102 100 94 
9 4 4.5 6.5 4.0 92 97 85 89 
3 8 7.9 9.5 6.0 101 105 93 93 

1 Average compaction expressed as percentage of average maximum density determined in accordance with Method T-99-38 
of the A.A.S.H.O. 

2 Mixture of soil and stone screenings. 
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3 Mixture of soil, stone screenings, and crushed stone. 

these, sections 15, 16, and 17, was the per- 

centage of occurrence greater than 28 percent. 

Sections 15 and 16, on which nonuniform 

hardening -was found to be 72 and 40 percent, 

respectively, of the core drill locations, were 

mixed and compacted at night with no other 

light than that furnished by the headlights 

on the construction equipment. Nonuni- 

formly hardened base was encountered at 

58 percent of the locations on section 17, con- 

taining 3 percent cement, when cores were 

drilled 20 days after construction. 

The large number of-locations where non- 

uniformly hardened material was encountered 

in the sections mixed with the disk harrow 

alone was due apparently to the fact that 

the disks did not cut deeply enough to dis- 
tribute the water properly in the lower part 

of the mixture. This condition was corrected 

by using the blade grader which produced a 

more uniform distribution of the water in the 

mix. 

Results of thickness and density measure- 

ments are summarized in table 6. A con- 

siderable variation from the specified thick- 

ness was found in individual cases, ranging 

from a minimum of 4 to a maximum of 9 

inches for the 6-inch sections. However, the 
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average thickness of any one of this group of 

18 sections was never less than 6 inches and 

the maximum value of average thickness was 

7.3 inches. Similar variations from specified 

thickness were encountered on the 4-inch 

and 8-inch sections. 

Although base-course densities (table 6) 

varied over a wide range, the average com- 

paction per section, with the exception of 

section 23, was not less than 92 percent of the 

average Maximum density of the soil-cement 

mixtures as determined in the laboratory in 

accordance with Method T-99-38 of the 

American Association of State Highway 

Officials. The average compaction for sec- 

tion 23 was 89 percent. 

A check on base thickness was made in 1944 

by drilling additional cores from each section 

at locations close to those where the original 

cores were taken. The individual values 

varied appreciably from the figures given in 

table 6. However, the average values for 

each section showed no significant change 

from those measured in 1988. 

SHRINKAGE CRACKING 

Shrinkage cracks that developed in the 

various sections after the base had been 

compacted were recorded by means of photo- 

graphs. 

Figure 6A shows the roadbed soil before it 

was scarified and mixed with cement. Typical 

examples of the cracking that developed in 

the soil-cement base in many of the sections 

where no curing aid was provided are shown 

in figures 6B and H. Figure 6C shows the 
appearance of section 22, where practically no 

shrinkage cracking occurred in the _ soil- 

cement base. 

In general it was observed that-.as the 

amount of cement was increased, the amount 

of shrinkage cracking decreased. Differences 

in the amount of cracking occurring on sec- 

tions having the same percentage of cement 

were probably due to variations in the soil. 

The condition of section 19 (7 percent ce- 

ment), on which the upper 2 inches had been 

reconstructed with an additional 6 percent of 

cement, is shown in figure 6D. It will be seen 

that the enriched upper layer was almost en- 

tirely free from shrinkage cracks. 

The appearance of section 1 after reconstruc- 

tion is illustrated in figure 6/7. Comparing fig- 

ures 6H and F, it will be seen that as a result 

of reconstruction the amount of cracking and 

the crack width had been considerably re- 
duced. 

The cracking that occurred in the soil- 

cement bases on sections 7 to 10, inclusive, 

where tar was used as a curing aid, was similar 

in amount and intensity to the cracking ob- 

served in the bases of corresponding cement 

content on the sections that had been al- 

lowed to cure without a protective cover. 

Shrinkage cracking did not occur in the base 

courses of sections 13 to 16, where emulsified 

asphalt was used as a curing aid. Figure 
6G is representative of the condition of these 

four sections prior to surface treatment. 

Unlike the tar, which penetrated to a depth 
of one-eighth to one-fourth inch and was dry 
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Table 7.—Effect of cement on average liquid 
limits, plastic limits, and _ plasticity 
indexes 

Aver- | Aver- ety 
Subgrade group and cement age | age | 088. 

content (in percent) liquid | plastic | P ity 
limit limit index 

eae A-4 with cement content 
of: 

Cl eoeens SA shee Ese ee 33 26 7 
Coe. oe ee ee 36 32 4 
O22 e222 ee eee ee 35 33 2 
(AE PE i Rt fe 36 INP NP 
ae AES sae ee eee ae 34 NP NP 

Group A-6 with cement content 
of: 

ae a ee aren eee ee 36 22, 14 
palo 8 yt Fon SEE Re ben eae, 38 31 7 
Be a ee Oe eee ae 36 32 4 
A er re oe en ee 40 36 4 
cei ak Bi See 3 or a 37 36 1 

Group A-7-6 with cement content 
of: 

[a aeespee CES 5a See Soy ee 47 27 20 
Sas x ee ee ete ee eres 36 29 7 
bi ep a Saeee te Seep eee Ce 38 31 7 
yf aR ae ee es ee 39 37 2 
ee ee es ree Ae 38 36 2 

Toe Sere. 2 Eee ee 38 NP NP 
pou A-7-5 with cement content 

of: 
022225 | ee ee ee 53 33 20 
Geter. Soe es Se eee 40 30 10 
Gaede eed Bee ee 38 30 8 
Doce a Se Oe ee ee 40 35 5 
O'S. See ee ee eee 40 37 3 
LI oe 23-38 ea ree oe 37 NP NP 

1 NP=nonplastic. 

by the following morning, the asphalt emulsion 

formed a film over the surface and did not 
dry for about 3 days. Before it dried, the 

emulsion film could be lifted and peeled off 

without disturbing the base underneath. 

After drying, it was securely bound to the base. 

Two other factors that probably influenced 

the behavior of the emulsion-treated sections 

were the maintenance of the surface in a moist 

.condition by sprinkling until the emulsified 
asphalt was applied, and the friable character 

of the soils which, on an average, had lower 

liquid limits and plasticity indexes than any 

other four consecutive sections on the experi- 

mentalroad. Sample No. 1, table 2, is typical 

of the soils in these sections. 
No cracking developed in the crushed stone 

and screenings sections, Nos. 11 and 12, 

except in one 140-foot length where water 

from heavy rains had saturated the loose mix- 

ture of soil and screenings... The mixture in 

this portion of the road was bladed back and 

forth for 5 hours until it was dry enough to 

roll. The moisture content, even after this 

period of aeration, was judged to be above 

optimum. 

EFFECT OF CEMENT ON PLASTICITY 

Samples of pulverized soil were taken from 

each section before cement was added. 
These samples, representative both of the soil 

‘in the soil-cement mixture and of the subgrade 

soil, were tested to determine their gradations 

and physical properties. The cores of hard- 

ened soil-cement previously described were 

obtained from the completed base course at 

approximately the same locations as the pul- 

verized soil samples. After their densities 
had been determined, the cores were pulverized 

and the resulting material tested for liquid 

limit and plasticity index. 

In all but 2 of the 66 locations sampled, the 

plasticity indexes of the soil-cement mixtures 

were appreciably lower than that of the raw 

soil. The plasticity indexes of the mixtures 
and raw soils were equal in the two exceptions 

noted, 
The effects of the various percentages of 

cement on the average liquid limits, plastic 

limits, and plasticity indexes of soils of the 
A-4, A-6, A—7-6, and. A—7—5 subgrade groups 

encountered are shown in table 7. 

The cement admixtures were effective in 

reducing the liquid limits of the raw soils 

having liquid limits above about 40, while 

generally producing an increase in those soils 

having liquid limits below 40. This relation 

was observed regardless of the percentage of 

cement. “ 

In illustration, the average liquid limits of 

the group A-4 and group A-6 soils without 

cement were 33 and 36, respectively. The 

same soils with cement admixtures had some- 

what higher average liquid limits. The addi- 

tion of cement to the group A—7—6 and A-7—5 
soils, which had average liquid limits of 47 
and 53, respectively, resulted in average liquid 

limits between 36 and 40. 
The average plastic limits of all four sub- 

grade groups were increased by the addition 

of cement except in the case of the group 

A-7-5 soils with 3 and 5 percent cement, 

where a slight decrease resulted. In all cases, 
the average plasticity indexes of the soil- 

cement mixtures were appreciably less than 

the corresponding average values for untreated 

soil. In general, the greater the percentage 

of cement, the greater was the reduction in the 

plasticity index, although the addition of 3 
percent of cement produced a greater change 

than any succeeding increment. 

OBSERVATIONS FROM CONDITION _ 
SURVEYS 

Data relative to the service behavior of the 

various sections following construction of the 

bituminous surface were obtained in six sur- 

veys made in March 1939, March 1940, No- 

vember 1940, February 1942, May 1944, and 
April 1946. The condition at the time of the 

last survey is shown graphically in figure 7. 

Sections having the same cement content are 

grouped together in this figure in order to 

facilitate the study of the several variable 

factors. 

The survey of March 1939, when the road 

was about 7 months old, disclosed no base- 

course defects except in section 24 (8 percent 
cement) where a 75-foot length of the base 
was destroyed as a result of soft, unstable 

subgrade caused by seepage. Surface failures 

consisted almost entirely of peeling and 
pitting of the thin bituminous mat and some 

raveling along the edges of the surfacing. 

Unsatisfactory drainage caused by high 
shoulders that became soft and deeply rutted 

contributed largely towards these conditions. 

Surface irregularities and defects were cor- 

rected by the bituminous re-treatment placed 
in August 1939. 

The shoulders were rutted badly at the 

time of the March 1940 inspection. The 

surfacing was in good condition throughout 
except that failures were beginning to occur in 

the sections containing 3 percent cement. 
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SECTION NUMBER 

STATION NUMBER equation © 
= ¢ 

SUBGRADE GROUP ne p-n6-} $n nha }+-———a76 ——++-a75q| Gumi oats A4——+L- ne+| 
CEMENT CONTENT 3% 3% 
DEPTH + 6" a 6" 
CURING AID NONE NONE TAR EMULSION 
SPEGIAL FEATURE oa — — — 

SECTION NUMBER 8 i4 

STATION NUMBER aa EQUATION & ° Pe g pa 
20. a mM tT t+ t+ 

ie hae ses aS 
SUBGRADE GROUP ORE TE ese eer Pale Pen ia eee -a764.————_A6 | },-— nqg—-}- n76-++-044 
CEMENT CONTENT 5% 5% 5% 
DEPTH 4 e e 6" 6" 
CURING AID 
SPECIAL FEATURE 

NONE NONE TAR EMULSION 

SECTION NUMBER 

CONDITION SURVEY 

STATION NUMBER 

GROUP INDEX 

SUBGRADE GROUP j EA Sarge Fan ee elag 2 Shae aaponle 5—+ mm Pat a ITA [_——— a a+] - a76-+ +} 7-5 4 
CEMENT CONTENT 7% 7% Tie 

DEPTH 4 @ e e 6" 6" 
CURING AID NONE NONE NONE TAR EMULSION NONE 
SPECIAL FEATURE aes 6% ADDITIONAL CEMENT TOP 2" RECONSTRUCTED 

SECTION NUMBER 23 

common sunver [YE 
a = (ee 

[e) wo STATION NUMBER B B 3 
20 

GROUP INDEX 10 

SUBGRADE GROUP f—a Space Rat aT -5-| BASAL RES bo tag | ees ie | cl Ne aa aes UTP }-—A sarc at A6+{ }——_a?55—____+ 
CEMENT CONTENT 9% 
DEPTH ° ~ Co ~ . 6 

CURING AID NONE NONE NONE TAR EMULSION NONE 
RECONSTRUCTED SPECIAL FEATURE 

SECTION NUMBER " SECTION NUMBER 

CONDITION SURVEY 

STATION NUMBER STATION NUMBER o 2 2 a a 
t vt Tv Tt Tv 

20 20 

GROUP INDEX 10 ; GROUP INDEX 10 

aed 100) 0) 
SUBGRADE GROUP = |-—A7-5—~-}-—A76— SUBGRADE GROUP ~~ FA7-5=++A7-6—-+-—A75—| A75S4+-A6—-+- A76-+-AG+| 
CEMENT CONTENT 1% CEMENT CONTENT 0% 0% 
DEPTH Cy DEPTH 4" 4" 

CURING AID NONE CURING AID NONE NONE 
SPECIAL FEATURE SOIL-STONE SCREENINGS MIXTURE SOIL- 

CRUSHED STONE- 
STONE SCREENINGS MIXTURE 

SPECIAL FEATURE 

LEGEND 

ISOLATED CRACKS OR 

— CRACKED AREAS: INDICATING 
DISPLACEMENT BUT NO BREAKAGE 

COMPLETE FAILURE: BREAKAGE 
& BASE DISPLACEMEN 
INCLUDING PATCHED 
AREAS 

Figure 7.—April 1946 condition survey; sections grouped according to cement content. 

INTACT: NO FAILURES 

MAP CRACKING & BREAKAGE: 
DISPLACEMENT HAS NOT 
DEVELOPED TO EXTENT OF 
COMPLETE FAILURE 

mately 3 months after the completion of 

extensive Army maneuvers. 

By May 1944, failures had increased in 

These failures consisted of 

breakage and displacement. Map cracking 

was developing in the other sections. There 

The survey made in November 1940 revealed percent cement. 

no significant change in the condition of 

the pavement. 
The February 1942 survey showed that 

after 34% years of service important failures 

had developed in the sections containing 3 
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was also evidence that fill settlement was 

responsible for some of the cracking that 

occurred. This survey was made approxi- 

number and area to the extent that there was 

a definite indication of the difference in per- 

formance of the various sections. Additional 
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Figure 8.—Pavement performance: (A) Isolated longitudinal cracks; (B) isolated transverse cracks; (C) map cracking and breakage; and 

failures occurred between the surveys of May 

1944 and April 1946 but they were less in 

number and degree than had occurred during 

the previous 2 years. Most of the maintenance 

required between 1944 and 1946 consisted of 

repairing previously patched areas that con- 

tinued to break up. 

The varying conditions of the pavement, 

after approximately 8 years of service (fig. 7), 

were classified into four groups as follows: 

Intact.—Areas containing no cracks or fail- 

ures of any kind were classed as intact. 

Isolated cracking.—Isolated cracks or 

cracked areas, indicating displacement but no 

breakage, are illustrated in figure 8A and B. 
This type of cracking was probably the result 

of very slight displacement produced by traffic 

or by volume changes in the base and ‘sub- 

grade. Transverse cracks, as shown in figure 

8B, were evidently caused by shrinkage in the 

base or subgrade, or both. This condition did 

not affect the riding qualities of the road. It 

was important principally because of the fact 

that additional cracking of the same kind 
developed into areas of map cracking. 

Map cracking and breakage.—In the classi- 

fication of map cracking and breakage, a con- 

dition bordering on complete failure developed 

(fig. 8C) but was not classed as complete 

failure because displacement was not in evi- 

dence and riding qualities were not impaired. 

Complete failure-—Complete failure due to 

breakage and base displacement is illustrated 

in figure 8D. This condition included all 

areas where the surfacing had been replaced 

by patches of premixed bituminous materials. 

The structural weakness of the base at these 

locations was demonstrated by the continued 

breaking up of the patches. Breakage was 

accompanied by displacement of base and 

surfacing and produced a rough riding surface. 

Figure 7 shows general relations between 

the condition of the road surface and character 

of soil, base thickness, cement content of base, 
method of curing, and other factors. Many 

of the discrepancies in the general trends are 
attributable to fill settlement. While no 

measurements of subsidence were made, the 

effects of fill settlement on bridge approaches 

were observed soon after the road surface was 

constructed. Later surveys indicated that 

gradual settlement was taking place in all the 

18 

(D) complete failure. 

fills, especially those over 10 feet in height, 

and was definitely a contributing factor in the 

cracking that developed. 

Four sections were constructed with 3 per- 

cent cement in the base course. One of these, 

section 24, had an 8-inch base course, while 

in the remaining three, sections 7, 13, and 17, 

the thickness of the base was 6 inches. These 

four sections were continually in need of repair 

and, as shown in figure 7, were in the poorest 

condition of any group of sections on the 

experimental road after approximately 8 

years of service. Unsatisfactory service was 

experienced irrespective of the type of soil 

from which the base was constructed, the 
method of curing employed, or whether the 

base course was 6 or 8 inches thick. Replace- 

ment of the surfacing served to improve con- 

ditions temporarily, but repeated failures in 

the same locations proved that the bases in 

these sections were structurally inadequate. 

The base courses of sections 3, 8, 14, 18, 

and 21 contained approximately 5 percent 

cement. 

base thickness of 6 inches except section 21, 

in which the nominal base thickness was 
4 inches. The condition of the surface on 

the 5 percent soil-cement base courses after 

8 years of service was better than that on the 

ones containing 3 percent cement. However, 

as shown in figure 7, a considerable portion of 

the area included in the 5 percent sections had 

failed completely, and breakage and cracking 

occurred in many locations. Section 21, 

with a 4-inch base, was the poorest of these 

sections. Although extensive failures oc- 

curred on fills in this section, the general dis- 
tribution of failures indicates base weakness. 

The full-width failure in the vicinity of 

station 492 in section 18 was definitely asso- 

ciated with fili settlement. Otherwise, this 

section, built on group A—5 and A-6 subgrades 

with group. indexes generally less than 10, 

shows only a moderate amount of distress. 

Of the remaining three 5 percent sections, 

section 14, built largely on group A—4 soils and 

cured with an emulsion cover, was in the best 

condition although numerous areas of isolated 

cracking and a few edge failures were recorded. 
An extensive area of breakage and cracking 

occurred in the vicinity of station 296 in sec- 

tion 3, on group A-7-6 soil. The condition of 

All of these sections had a designed 

section 8, in which tar was used as a curing 

aid, was comparable to that of section 3, 

which had been allowed to cure without a pro- 

tective cover. 

Base courses containing approximately 7 

percent cement were built on six sections, as 

shown in table 1 and figure 7. Extensive edge 
failures occurred in section 9, cured with a 

tar cover. Otherwise, areas of total failure 

were generally of smaller extent in these 
sections than in the sections with the same 

base thickness and construction variables but 

with 3 and 5 percent cement. Little differ- 

ence could be noted in the amount of breaking 
and isolated cracking that occurred in the 

sections with 7 percent and those with 5 per- 

cent cement base courses. 

The best of the 7 percent sections were 

section 15 (cured with an emulsion cover) and 

section 22, both on group A-4 soils with rela- 

tively low group indexes, and section 1 on 
group A—7-6 and A-7-5 soils. Section 1 was 
scarified to the full depth of 6 inches and re- 

compacted about 3 weeks after the original 

construction. A considerable amount of 

cracking and breakage occurred in section 19 

even though the top 2 inches of the base course 

were enriched with an additional 6 percent of 

cement following a rain during construction 

which interfered with proper compaction. The 

condition of section 4, on group A-7—5 and 
A-7-6 soils with high group indexes, was 

definitely inferior to that of other sections 

having bases of the same cement content but 

soils with lower group indexes. 

Sections 2, 5, 10, 16, 20, and 23 had base 

courses with designed cement contents of 9 

percent. The condition of these sections was 

generally superior to corresponding sections 

(those having similar base-course thicknesses, 

group index values, and methods of con- 
struction) having lower cement contents. 

Large areas of breakage and cracking in the 

vicinities of station 400 of section 10 and 

stations 547 and 560 of section 23 were as- 
sociated with fill settlement. 

Sections 16, 20, and 23, constructed on the 

more friable soils with group indexes generally 

less than 10, were in better condition, except 

in the areas of fill subsidence previously noted, 

than the remainder of the 9-percent sections 

constructed on the more plastic A-7—5 and 
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A-7-6 soils with group indexes generally 

above 10. This followed the general trend 

observed in the sections that have already 

been discussed. ‘ 
Section 2, which (like section 1) was torn 

up and reconstructed, was superior to sections 

5 and 10, which were also on soils with rela- 

tively high group indexes. The condition of 

the emulsion-cured section 16 was the best of 

any of the sections having 9 percent soil- 
cement bases, following another trend noted 

throughout the experiment. 

The condition of section 6, which had a 

base course with a designed cement content 

of 11 percent, was similar to that of the adja- 

cent section 5, with 9 percent cement and 

constructed on similar subgrade soils. 

Fill settlement was largely responsible for 

the failure which occurred at the beginning of 

section 11. Otherwise, sections 11 and 12 
were in very good condition after 8 years of 

service. As mentioned previously, no at- 

tempt was made to control the plasticity 

index or grading of the mixtures used as base 

courses in these sections. The principal 

object was to study the effect of screenings 

and crushed stone when used in amounts equal 

in cost to the cost of cement in a 6-inch base 

course containing 9percentcement, Although 

these granular mixtures did not conform to 

A. A. 8. H. O. specification requirements for 
base courses, the performance of these sec- 

tions, built for the most part on group A—7-6 

and A~-7-5 soils having group indexes above 
10, was equal to the best of the cement sec- 

tions. The good performance of these sec- 

tions illustrates the benefits to be derived from 

granular admixtures. However, it should not 

be inferred that the addition of crushed stone 

and screenings in the amounts used in this 

experiment will in all cases result in trans- 

forming an otherwise unsatisfactory soil into 

a stable base course. The construction of 

granular base courses without adequate con- 

trol of gradation and plasticity index is not 

advisable and is not considered good practice. 

SUMMARY 

It is believed the foregoing discussion pre- 

sents information that may be generally 

applicable to the design and construction of 

soil-cement bases. However, no attempt is 

made to draw broad conclusions since the 

results of one experiment of this character do 

not justify it. Instead, the information 

gathered from laboratory tests and observa- 

tion of the behavior of the experimental sec- 

tions of roadway is presented in summary 

form. 

1. Portland cement was effective in chang- 

ing the physical characteristics of the soils 

occurring on the roadway when present in the 

proportions used—from 3 to 11 percent. 

2. In general, if the liquid limits of the raw 

soils were above 40 the addition of cement 

decreased this value, while if the liquid limits 

of the soils were below 40 the addition of 

cement resulted in a higher liquid limit (table 

7). The plastic limits were with few excep- 

tions increased by the addition of cement and 

in all cases a cement admixture produced a 

decrease in the plasticity index. Based on 

the average values, the addition of 11 percent 

cement produced a nonplastic mixture with 

the more plastic group A—7—6 and A—7-—5 soils, 

while 7 percent cement was sufficient to reduce 

the group A-4 soils to a nonplastic condition 

as shown in table 7. 

3. The addition of cement increased the 

durability of soils of the four groups en- 

countered when subjected to either wetting 

and drying or freezing and thawing tests 

(table 3). Generally, the higher the group 

index, the greater the amount of cement 

required to produce equal durability. 

4. A cement content of 3 percent did not 

impart to any of the soils encountered the 

stability required for a satisfactory base 

course (fig. 7). Increasing the base thickness 

from 6 to 8 inches, as in section 24, did not 

materially improve the performance of the 

3 percent soil-cement mixture as a base course. 

5. The performance of sections with higher 

cement contents in the base courses was supe- 

rior to those having only 3 percent of cement. 

For comparable sections, i. e., those having 

similar base-course thicknesses, group index 

values, and methods of construction, there 

was a definite trend toward better perform- 

ance with increasing cement contents (fig. 7). 

6. For equal cement contents, and disre- 

garding areas of fill subsidence, the sections 

constructed on the more friable soils with 

group indexes of 10 or less were generally in 

better condition after 8 years of service than 

those constructed on the more plastic A—7—5 

and A-7-6 soils with group indexes over 10. 

For example, compare sections 16 and 20 with 

sections 2, 5, and 10, in figure 7. 

7. Soil-cement base courses 4 inches thick, 
and having cement contents of 5, 7, or 9 per- 

cent, were not adequate on any of the soils 

encountered for the volume of traffic carried 

by this highway (fig. 7). 

8. Gradual failure of soil-cement base 
courses 6 inches thick and with cement con- 

tents as high as 11 percent was experienced on 

this road on group A-7—5 and A-7-6 soils, 

particularly if the group index of the soil ex- 

ceeded 10. For the same volume of traffic 

(approximately 500 vehicles per day, 15 to 20 

percent of which was of the commercial type), 

soil-cement base courses 6 inches thick and 

containing 9 percent cement, appeared to be 

adequate on the more friable soils whose group 

indexes were 10 or less. 

9. The use of curing aids on the soil-cement 

base during the hardening period appears to be 

desirable. In this experiment, the emulsion- 

cured sections were among the best of those 

constructed, and in every case were superior 

to comparable sections cured with tar. Com- 

pare sections 7, 8, 9, and 10 with sections 13, 

14, 15, and 16, in figure 7. 
10. The performance of sections 1 and 2 in- 

dicates that the altered physical properties 

of the soil produced by the addition of cement 

is a major contributing factor in the success 

of the soil-cement type base. course. These 

sections, constructed on groups A-7-5 and 

A-7-6 soils with group indexes generally 

greater than 10, gave comparatively good re- 

sults under service conditions although the 
hardened base course had been torn up, pul- 

verized, and recompacted 3 weeks after it was 

originally constructed. Compare sections 1 

and 2 with sections 4 and 5, in figure 7. After 

pulverizing, the cement-treated soil was very 

easy to reprocess with water and was similar 

to a friable sand-clay in workability. 

11. Sections 11 and 12, whose base courses 

contained admixtures of granular material 

without the addition of cement, gave service 

equal to, if not better, than any of the soil- 

cement base-course sections. 

The National System of Interstate Highways 
The National System of Interstate High- 

ways (see map, p. 20), selected by the State 

highway departments in cooperation with the 

Public Roads Administration, was approved 

by Maj. Gen. Philip B. Fleming, Federal 

Works Administrator, on August 2, 1947. In 

recommending routes, the States were gov- 

erned by the Federal-aid Highway Act of 1944 

which provided for the designation of a 

40,000-mile system connecting the principal 

PUBLIC ROADS e Vol. 25, No. 1 

centers of the country and serving the national 

defense. 
The system as approved contains 37,681 

miles of the Nation’s principal highways, in- 

cluding 2,882 miles of urban thoroughfares. 

It reaches 42 State capitals and serves 182 of 

the 199 cities with population of 50,000 or 

more. All routes not already included in the 

Federal-aid highway system are automatically 

added thereto by law. 
Rural sections of the interstate system com- 

prise only 1.1 percent of all rural reads but 

carry 20 percent of all rural traffic. Average 

traffic in 1941 on the rural portions of the 

network was 2,693 vehicles per day, as com- 

pared with 972 on State highways. 

Design standards for the system approved 

by the American Association of State Highway 

Officials call for four-lane divided highways 

wherever traffic is 800 vehicles or more in 

peak hours. Control of access, particularly 

in and near cities, is considered essential. 
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A complete list of the publications of the Public 

Roads Administration, classified according to sub- 

ject and including the more important articles in 

PUBLIC ROADS, may be obtained upon request 

addressed to Public Roads Administration, Federal 

Works Building, Washington 25, D. C. 

PUBLICATIONS 
Of the Public Roads Administration 

The following publications are sold by the Superintendent of 

Documents, Government Printing Office, Washington 25, D. C. 

Please do not send orders to the Public Roads Administration. 

ANNUAL REPORTS 
(See also adjacent column) 

Reports of the Chief of the Bureau of Public Roads: 

1931, 10 cents. 1934, 10 cents. 1937, 10 cents. 

1932, 5 cents. 1935, 5 cents. 1938, 10 cents. 

1933, 5 cents. 1936, 10 cents. 1939, 10 cents. 

Work of the Public Roads Administration: 

1940, 10 cents. 1941, 15 cents. 

1946, 20 cents. 

1942, 10 cents. 

HOUSE DOCUMENT NO. 462 

Part 1 . . . Nonuniformity of State Motor-Vehicle Traffic 

Laws. 15 cents. 

Part 2... . Skilled Investigation at the Scene of the Acci- 
dent Needed to Develop Causes.” 10 cents. 

Part 3. . . Inadequacy of State Motor-Vehicle Accident 

Reporting. 10 cents. 

Part 4 . . . Official Inspection of Vehicles. 10 cents. 

Part 5 . . . Case Histories of Fatal Highway Accidents 

10 cents. 

Part 6 . . . The Accident-Prone Driver. 10 cents. 

MISCELLANEOUS PUBLICATIONS 

No. 191MP . . Roadside Improvement. 10 cents. 

No. 272MP . . Construction of Private Driveways. 10 cents. 

Highway Accidents. 10 cents. 
The Taxation of Motor Vehicles in 1932. 35 cents, 

Guides to Traffic Safety. 10 cents. 
An Economic and Statistical Analysis of Highway-Construction 

Expenditures. 15 cents. 

Highway Bond Calculations. 10 cents. 

Transition Curves for Highways. 1 dollar. 

Highways of History. 25 cents. 
Specifications for Construction of Roads and Bridges in National 

Forests and National Parks. 1 dollar, 
Publie Land Acquisition for Highway Purposes. 10 cents. 

Publie Control of Highway Access and Roadside Development 

(revision). 35 cents. 

Tire Wear.and Tire Failures on Various Road Surfaces. 10 cents. 

Legal Aspects of Controlling Highway Access, 15 cents, 
House Document No. 379. Interregional Highways, 75 cents. 

Highway Statistics, 1945. 35 cents. 
Model Traffic Ordinance. 10 cents. 

BULLETINS 

No. 1279D . . » Rural Highway Mileage, Income, and Expendi- 

tures, 1921 and 1922. 15 cents. 

No. 1486D .. . Highway Bridge Location. 15 cents. 

Single copies of the following publications may be obtained free 

upon request addressed to the Public Roads Administration. 

They are not sold by the Superintendent of Documents, 

ANNUAL REPORTS 
(See also adjacent column) 

Public Roads Administration Annual Reports: 

1943. 1944, 1945. 

MISCELLANEOUS PUBLICATIONS 

No. 279MP. 

No. 296MP . 

Indexes to PUBLIC ROADS, volumes 17-28, inclusive. 

Bibliography on Automobile Parking in the United States. 

. Bibliography on Highway Lighting. 

. Bibliography on Highway Safety. 

Express Highways in the United States: a Bibliography. 

Bibliography on Land Acquisition for Public Roads. 

No. 1036Y - Road Work on Farm Outlets Needs Skill and 

Right Equipment. 

REPORTS IN COOPERATION WITH 

UNIVERSITY OF ILLINOIS 

. Tests of Plaster-Model Slabs Subjected to Con- 

centrated Loads. 

No. 313 . 

No. 314. . . Tests of Reinforced Concrete Slabs Subjected to 

Concentrated Loads. 

No. 315 . . . Moments in Simple Span Bridge Slabs With Stiff- 

ened Edges. 

No. 336. . . Moments in I-Beam Bridges. 

No. 345. . . Ultimate Strength of Reinforced Concrete Beams 

as Related to the Plasticity Ratio of Concrete. 

No. 346. . . Highway Slab-Bridges with Curbs: Laboratory 

Tests and Proposed Design Method. 

No. 363. . . Study of Slab and Beam Highway Bridges. 

UNIFORM VEHICLE CODE 

Act I—Uniform Motor-Vehicle Administration, Registration, 

Certificate of Title, and Antitheft Act. 

Act I].—Uniform Motor-Vehicle Operators’ and Chauffeurs’ 

License Act. 

Act I1].—Uniform Motor-Vehicle Civil Liability Act. 

Act I1V.—Uniform Motor-Vehicle Safety Responsibility Act. 

Act V.— Uniform Act Regulating Traffic on Highways. 
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