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Foreword 

In the past 10 or 15 years, the Committee on Flexible Pavement Design under 
the guidance of its chairman, A. C. Benkelman, has been one of the most-active 
working committees of the Highway Research Board. A progress report of its 
activities would list several high points among its contributions to advancing tl\e 
design of flexible pavements. 

As a result of its work, Wartime Road Problems No. 8 was published in 1943 
under the title, "Thickness of Flexible Pavements for Highway Loads". This 
publication summarized current practice in the United States as of that time, 
presented basic definitions and gave the range of pavement thickness as re­
lated to soil classification. 

After the war, this committee continued its work acting as the clearing house 
for the various state highway departments in formulating methods for use in the 
various states. This program culminated in 1949 in the revision of the War­
time Road Problem$ booklet as Current Road Problems No. 8-R, "Thickness 
of Flexible Pavements. " This revised and enlarged publication brought the 
older one up to date as to definitions, pavement-thickness practice, and soil 
classification. Sections were added on methods adopted by several state high­
way departments, a brief description of various thickness formulas that had 
gained some recognition and a presentation of methods adopted by several gov­
ernmental agencies including the U.S. Engineer Department, U. s. Navy De­
partment, and Canada. 

The committee has held regular meetings each year at the annual meeting 
of the Highway Research Board and these have been the occasion for concen­
trated review and discussion of flexible pavement design problems. Each year, 
there have been papers presented on developments in flexible pavements under 
the auspices of the committee, and many of U1ese papers have been important 
contributions in this field. In addition, the committee has held summer meetings 
at Ann Arbor (Michigan) in 1948, Kansas City (Missouri) in 1950, Lexington 
(Kentucky) in 1951 and Malad City (Idaho) in 1953. These summer meetings 
have provided the opportunity for members to see the work being done in these 
several states through field inspection trips as well as to expedite important 
committee ~usiness. The Board has recently distributed Bulletin 80, "Flexible­
Pavement Design," which presents the results of a nation-wide survey by this 
committee of the methods currently being used by the state hlghway departments. 

The symposium which has been arranged for this year's annual meeting 
should mark another milestone in the committee's progress. At this time, 
six of the states are ready to report the results of a review of the experience 
of the past few years with the methods of design which they adopted through 
the result of their association with the work of this committee. These papers 
will, in general, report the results of pavement-performance surveys of roads 
built in accordance with the several methods of design selected and attempt to 
evaluate the results as a measure of the adequacy of methods themselves. 
Comparisons are also given with other roads built without the same design 
control. 
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Triaxial Tests Analysis . 
IJl of Flexible Pavements 

CHESTER McDOWELL, Senio_r_Sojls Engineer, 
Texas Highway Department 

A previously published method of comparing strengths of soils, as measured by 
triaxial tests, to estimated wheel-load stresses is discussed with respect to 
subsequent revisions in testing procedure and methods of interpretation. · In 
order to show how this method of pavement analysis correlates with service 
behavior of existing pavements, ten projects in south, central, and west Texas 
were investigated. The investigation included: service behavior, age, traffic 
loads, thickness of pavement layers, triaxial tests, soil constants and grada­
tion for all subgrades, subbases and bases. From this study it appears that a 
correl_ll,tion exists between "percent design" and life of pavements, 

' A report covering the development and use of triaxial tests for subgrade soils 
and flexible base materials was presented to the Highway Research Board by 
the author in 1946. In 1949, we submitted another report including a classifica­
tion chart and a depth of pavement table which were published in Highway Re­
search Board Bulletin 8-R. The classification chart has been revised once 
since then in 1952 so as to accommodate for the classification of cohesionless 
sands. The depth of pavement table was revised and presented in graphical form 
in 1951 to avoid having to distinguish between high and low modulus base 
materials. 

• ·THE testing procedure used today for 
disturbed soils is still essentially the same 
as reported in 1946, except that the use of 
some newer and better testing machines 
have been adopted. For the benefit of those 
who are not familiar with the particular 
method of testing used, the following is a 
brief summary of the method. A more de­
tailed procedure,· THD-80, is included in 
the appendix. 

1. A 200- to 300-lb. sample is air 
dried and separated into various ranges 
of particle sizes. Portions retained on 
the 2-inch screen are crushed or excluded. 

2. A moisture-density curve for a se­
lected compactive effort is obtained by 
molding 6-inch-diameter by 8-inch-height 
specimens in four equal layers of 2-inch 
thickness each. The batch for each speci­
men consists of grain size components 
which have been recombined on the basis of 
the original gradation obtained in Step 1. 

3. Six specimens, as nearly identical 
as possible, are compacted at optimum 
moisture content. All specimens are 
weighed, measured and extruded from the 
molds. Porous stones are placed on top 
and bottom. 

4. After storing overnight, specimens 
consisting of materials that do not develop 
shrinkage cracks are partially dried. by 

placing in an air-drying oven (forced 
draught at 140 F. ) for a period of 8 hours. 
Upon removal, the specimens are allowed 
to stand overnight in the open laboratory. 
The specimens again are weighed. Usually, 
about two thirds to one half of the molding 
moisture is removed. Materials that tend 
to develop shrinkage cracks are not dried. 

5. The axial cells, deflated by vacuum, 
are placed on the specimens. A suitable 
vertical surcharge (about 0. 33 to 1. 00 
psi. for most subgrades) is placed on the 
top stone. The specimens are then placed 
in pans of water so that the water level is 
% inch below the bottom of the specimen 
itself. This assembly is then placed on 
the storage rack in the moisture room and 
connected with the constant pressure air 
manifold. The usual lateral pressure is 1 
psi. The specimens are permitted to ab­
sorb water by capillarity until equilibrium 
is attained. 

6. Each specimen is tested in com­
pression at a constant lateral pressure. 
The six identical specimens are usually 
tested at lateral pressures of O, 3, 5, 
10, 15 and 20 psi., respectively. This 
pressure is applied by means of the cells, 
supplied by an auxiliary air tank. The 
rate of strain is 0, 15 inch per minute. 
Simultaneous readings of load and defor-
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High­
way 
No. 
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136 
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59 

202 

346 

County 

Refugio 

San 
Patri­
cio 

Bee 

Bexar 

Loop Bexar 
13 
Lack-
land 
Air bs. 

Loop Bexar 
13 
Kelly 
Overpass 

US-
70 

US-
62 

US-
290 

Floyd 

Crosby 

Travis 

Road 
Age 
Yrs. 

9 

3 

14 

20 

9 

14 

11 

13 

Wheel Load* 
(in Pounds) 

6,100 

12,500 

5,000 

4, 500 

8,200 

8, 100 

6, 700 

7,900 

8, 400 

TABLE I 

Pave­
ment 
Layer 
Thickness 
(Inches) 

'/," single 
asph. surf. 
51

/, " shell 
Clay Subg. 

1" A.C. 
surfacing 
10" callche 
Subgrade 

2" A.C. 
Surfacing 
7" caliche 
Subgrade 

l 'Y,. " A.C. 
surfacing 
13" gravel 
Subgrade 

2'/2" A. C. 
surfacing 
13" gravel 
Subgrade 

%" dbl. 
bit. surf. 
12" gravel 
Subgrade 

2" triple 
bit. surf. 
9" caliche 
Subgrade 

y. .. dbl. 
bit. surf. 
7" caliche 
Subgrade 

1 '/•" tri-
ple bit. surf. 

Tri­
axial 
Strength 
Class 

1 
4. 9 

3. 1 
3.4 

3. 3 
4. 8 

3. 1 
3. 1 

2. 8 
5. 2 

2. 7 
4. 7 

3. l 
4,6 

3.4 
4. 4 

No. 
Inches 
Coverage 
Required 
by Tests** 

1 
13'/, 

4 
7 

4 
12 

3'/2 
3'/, 

23/. 
18 

2'/, 
15 

3'/, 
13 

5 
12 

Percent 
Design*** 

**** 
50 

40 
200 

80 
86 

87 
737 

200 
94 

75 
94 

100 
96 

21 
74 

Service 
Behavior 
of 
Road 

New base 
placed over 
old base 
in 1952 

Fairly 
good. 

Fairly 
good. 

Poor; new 
base placed 
over old 
base in 1952 

Good. 

Fairly 
good. 

Exc~llent 

Reconstruc­
tion planned. 

3 

10" gravel 3. 0 (j 

16 
83 
77 

Reconstructed 
after 13 yrs. 
service. 

Subgrade 4.9 

US-
290 

Bastrop 6 16,000 '/•" single 
bit. surf. 
7'/." er. 

Excellent 

stone base 1 1 
8 

**** 
Subgrade 3.4 123 

•Esllmated avor~e of JO heavlesl '!"heel loads per av . day during yea rs road has been in service. Data furnished 
by THD Highway P lanning Survey Divis ion. 

HTr !ax1a1 tests for long-ille design. 
u•Percent Des~~ (Depth existing divided by depth r equired by tesls minus 11/a in.) 100 
•H*P ercent design ls very high but cannot be dcterm1 ned from the !orfnula. 

mation are taken at intervals of 0. 01 inch 
of deformation. Loading continues until 
the specimen fails. 

7. After the completion of the com­
pression test, the entire specimen is 
dried at 110 C. On the basis of the total 
dry weight, extra data as to density, 
moisture content, moisture absorption , 
etc. , may be calculated. 

8. From the principal stresses at the 
instant of failure, Mohr's djagram of 
stress is constructed. 

9. A portion of the Mohr envelope is 
transferred to a classification chart and 
the strength class of the material is de­
termined to the nearest tenth. 

10. The depth of coverage in inches for 
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a given wheel load is obtained by entering 
these data on a design chart. 

The entire procedure when reduced to 
its simplest terms consists of comparing 
strength to stress for all layers of flexible 
pavement. The strength of the material 
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is determined from carefully controlled 
triaxial tests and compared to a given 
wheel-load-stress condition by plotting 
the shear strength envelope on the above­
mentioned classification chart. This chart 
has been derived from experience and 
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certain theoretical concepts. The stress 
conditions for a variety of wheel loads , 
based upon constant tire pressures, may 
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be analyzed by use of the pavement-analysis 
chart mentioned above. The primary 
purpose of this report is to show how well 
this method of analysis correlates with 
actual service behavior of flexible pave­
ments. In order to do this, a thorough 



analysis of pavements , including service 
behavior, age, weight and volume of 
traffic, thicknesses of pavement layers , 
triaxial tests , soil constants and gradation 
on subgrades , subbases and bases , was 
made on ten· projects located in south , 
central , and west Texas. Samples weigh-
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each layer of subgrade, subbase or base 
after cutting large holes in existing pave­
ments. At this time thicknesses of all 
layers of pavements were measur ed. The 
age of the pavement and an evaluation of 
its service behavior were obtained from 
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state highway district and Bureau of Public 
Roads' personnel. Soil constants and 
gradation are shown on form sheets 476-A 
(see appendix). Results of triaxial tests 
for all soils tested are plotted in the form 
of Mohr diagrams as Figures 1-7, 10-15, 
and 18-24. Strengthclassifications for all 
soils tested are shown in Figures 8, 9, 16, 
and 17. Pertinent data pertaining to com­
paction, curing, absorption, and testing of 
all specimens are shown in Tables 1 to 20. 

To study these projects objectively, 
estimates of the average of the ten -heaviest 
wheel loads per average day during the life 
of these pavements were obtained. Since 
these are averages over aperiod of years, 
it may be noted that many of the old proj­
ects showed much - lower wheel - load aver­
ages than newer projects. 

Wheel-load data and test results are 
shown in Table I. Data shown in this tabu­
lation, for layers of pavements needing 
greatest increase in thiclmess as judged 
by triaxial design, are plotted in Figure 
I, so as to show the r elation of existing 
depths for design tliicknesses. Figure I 
indicates that good long-life pavements 
may be approximately 1~ inches thinner 
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Figure 19. Mohr's Diagram, Lab. No. 47-136-E 
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than required by our design procedure; 
therefore, in construction of new projects 
we often reserve an inch or two of sur­
facing for future application. It may also 
be noted that Points ·2 and 4 are close to­
gether on this chart, although one is from 
a fairly good road the other was from a 
poor road, the · difference being that the 
poor road is 20 years old and the fairly 
good road is only 3 years old. Figure II 
shows the relation of road age to "percent 
design" expressed as 100 (ratio of existing 
depth to depth required by triaxial tests 
minus 1~ in.). This chart separates 
Points 2 and 4 mor e near ly as should be. 
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Figure 20. Mohr's Diagram, Lab. No. 50~92-R 
Crosby County, US 62 . 

In fact , all points tend to be arranged so 
that the line represented by the expression , 
"No. years life = ..• , " divides points 
for road failures on the left from points 
for good and excellent roads on the right 
of the line . The results shown are limit­
ed; however, for the time being they will 
help explain why some underdesigned 
pavements are not failing rapidly. It is 
also believed that these relations will 
help designers select design thiclmesses 
in keeping with engineering and economical 
needs, whether for a short-life road re­
quiring relocation soon, for stage con­
struction , or for long -life urban sec-
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0 40 60 80 /00 /~O 
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Figure 21. Mohr's Diagram, Lab. No. 50-74-R 
Bee County St . Hwy. 202. 
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Figure 22. Mohr's Diagram, Lab. No. 50-73-R San Patricio County US 59. 

tions. It is doubtful that the term "percent pected to be as light as it has been in the 
design" is of much value in estimating the past. Planning Survey Divisions can be of 
life of bituminous surfacings which are much assistance in furnishing wheel load 
less than 1 % inches thick, because the data for design. It is suggested that each 
triaxial method does not measure the layer in the entire pavement system be 
properties of asphalts. Since the amount rechecked for percent design when pro-
of maintenance required for roads is some- posing the application of new layers for 
what dependent upon skill and timing of reconstruction. 
operations, it is by no means certain that When designing for construction of new 
projects having similar percentages of projects, the following steps are recom-
design will require the same amounts of mended: 
maintenance. General observation of some 1. Use USDA county soil maps and 
of these projects throughout their life geological survey data to form a soils 
bears out this statement. area concept or at least a soils recon-

For reconstruction of the above roads naissance before sampling for triaxial 
it is suggested that design loads should be tests. H this is done the number of sub-
increased considerably above those found grade soil samples required per mile 
to exist in the past because the weight of may be as low as two or three, and the 
traffic in the future cannot usually be ex- data may be applicable to other areas 

NO-€MAL ST/cE SS -P..S. I 

Figure 23. Mohr's Diagram, Lab.No.49-14-R, Bastrop County US 290. 
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Figure 24. Mohr's Diagram, Lab.No. 50-83-R, Bexar County St. Hwy. 346. 

shown by the map to be from a similar quality and density requirements of sub­
soil series and to have similar physical base and flexible base materials, the 
constants. latter being equally, if not more, im-

2. Selection of percent design depends portant than overall thickness because 
upon the life of the road desired, the ease good pavements are a prerequisite to 
with which new layers of base or surfacing proper thickness evaluations. The term 
can be added in the future, and certain "percent design" appears to be a basic 
economical considerations. expression and is necessary in order to 

3. It should be realized that designing have a good understanding of flexible­
for strength alone does not prevent the pavement design. 
occurrence of detrimental shrinkage 2. The simplicity and workability of 
cracks. To avoid these it is suggested the method are attested to by the fact that 
that granular layers or asphalt membranes approximately half of the district offices 
be extended as far outside the edges of either have been or are being equipped for 
pavement as is economically feasible. triaxial testing. This program has been 
This type of construction is essential only carried out voluntarily by the Districts, 
in high volume change areas or where the and is not mandatory. 
soil forms extensive shrinkage cracks. 

4. In order to be assured of securing 
strengths of subgrades and pavement layers 
comparable to those obtained in testing, a 
method of compaction control is recom­
mended. The method is fully· described in 
a separate paper at this meeting by the 
author, entitled: "Selection of Densities for 
Subgrades and Flexible Base Materials. " 

CONCLUSIONS 

1. Since the data obtained from tri­
axial tests made it possible to correlate 
percent design with life of pavements, it 
appears that triaxial methods can be used 
successfully to analyze most highway 
flexible pavement problems. In addition 
to estimating overall thicknesses on sub­
grades, the method also determines the 
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APPENDIX 

TRIAXIAL COMPRESSION TEST , TEXAS HIGHWAY DEPARTMENT, THD-80 

FOREWORD 

This tria.xial compr ssion test pr o­
cedure has been developed on the bas is 
of studies pertaining to the factors which 
infiuence the strength test results. The 
test method is applied, Part I, to re­
molded specimens of disturbed materials 
such as soils or aggregate bearing mate­
rials with a top size of 2 inches for the 
la r gest pa rticles , and Part II, t o un­
disturbed cores from roadway or founda­
tion material from the site of a proposed 
s t r ucture. 

Figure 1. 

APPARATUS 

1. Apparatus used in T. H. D. Testing 
Procedures No. 53 and 83. 

2. Axial Cells - light weight stainless 
steel cylinders; inside diameter 6% 11

; 

fitted with a standard air value; inside of 
each cylinder is a tubular rubber mem-

brane , 6 in. diameter. See Figure 1 (small 
cells for bridge cores). 

3. Aspirator or other vacuum pump. 
4. Cons tant pres s ure a ir s upply. See 

F igure 2. 
5. Air compressor or suitable pump. 
6. Auxilia r y compr es sed air s torage 

tank with p ressure gauges , valves, a nd 
air lines. See F igure 4. 

7. Light weights for surcharge loads. 
8. Micrometer dial, calibrated in 

0. 001 in. , with support. 
9. Dial housing to transmit load and 

cylindrical load.lug block. See , igure 4. 
10. Calibrated proving r ings. 

PART I 

TEST PROCEDURE FOR DISTURBED 
REMOLDED MATERIALS 

Preparation of Sample . 

P r epa r e t he material a ccording to the 
method given in THD-53, Part ll. 

Moisture- Density. 

Use the method outlined under THD-83 
and determine the optimum moisture and 
the maximum density. The compactive 
effort specified for the type of material 
being tested should be used. Store speci­
mens in damp r oom if it is desirable to 
use them in test. 

Specimens Molded at Optimum Moisture 
fo r Testing 

1. Mold six specimens 611 in diameter 
and 8" in height a t the optimum moisture 
and density. These specimens should be 
made as nearly the same as possible. Any 
test series of specimens, along with the 
ones made for the moisture-density curve, 
s hould be molded at the same compactive 
effort. If it is desirable to try different 
compactive effort, a complete new set of 
specimens must be molded. 

2. Immediately after extruding irom 
the mold, the specimens with top and 



bottom stones in place are stored in the 
moist room over night. The purpose of 
this. over-night storage is to permit the 
moisture to equalize in all parts of the 
specimens; therefore, the specimens 
should not come in direct contact with 
capillary or surface water. Record data 
on form shown in Figure 5. 

Figure 2. 

Drying of Specimens 

After the molding moisture has had 
time to equalize, the specimens are re­
turned to the laboratory and dried ac­
cording to the type of material. 

1. In the case of a flexible base mate­
rial that will not develop shrinkage cracks, 
the specimens are placed in a drying oven 
for 8 hours (about one-half of the molding 
moisture will be removed) at a tempera­
ture of 140 F. These specimens should 
be cooled for at least 8 hours before fol­
lowing the next step (capillarity). 

2. For a doubtful material , it might 
be placed in a drying oven (140 F.) and 
checked frequently for the appearance of 
shrinkage cracks. If cracks appear, 
some drying at room temperature may be 
allowed during the cooling period. 

3. In the case of very plastic clay 
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subgrade soil that will crack badly while 
shrinking, air dry at room temperature 
until cracks develop. 

Excessive cracking (in steps 2 and 3) 
will damage the test specimens. 

Subjecting Specimens to Capillarity 

1. The specimens are ready to be 
weighed, measured and prepared for 
capillarity. The porous stones are not to 
be removed from the specimens for any 
reason until after the specimens have been 
tested. 

lC.HE:MA.T\C 
t-JO 'S.CALE: 

M\•M IIMIUU..._. 
A\1'1 WP,L.Y......._ _____ _. 

THD-80 

Figure 3. Diagram of equipment used dur­
ing capillary wetting, 

2. Each specimen, with porous stones 
in place, is wrap~d with a piece of slitted 
filter paper and enclosed in a pressure 
cell. This is done by applying a partial 
vacuum to the pressure cell, slide it over 
the specimen and release vacuum. 

3. Place the assembly in a pan and 
adjust the water level on the lower porous 
stone to a distance of one-half inch below 
the bottom of the specimens. See Figure 
3 for schematic drawing of set up. 

4. The cell is then connected to the 
constant pressure air manifold and sub­
jected to the usual lateral pressure of 1 
psi. This constant pressure shall be 
maintained throughout the period of cap­
illarity. 

5. Next, place an appropriate vertical 
surcharge weight (which will depend upon 
the condition of the proposed use of the 
material) to the upper porous stone. For 
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flexible base materials use one-half pound 
per square inch and for subgrade soils use 
one pound per square inch. The upper 
porous stone is considered as part of the 
surcharge weight. 

6. After the specimens have been in 
capillarity for (10 days for materials hav­
ing a P. I. below 15) a period of time in 
days equal to the P. I. for all materials 
with P. I. above 15, they are prepared for 
testing. The specimens should be kept 
in a damp room during the time they are 
subjected to capillarity. See Figure 2. 
Record data as shown in Figure 6. 

P r epar ing Specimens for Testing. 

1. Disconnect air hose from cell and 
remove surcharge weight. Return speci­
mens to laboratory for testing. 

2. Remove cell from specimen and 
discard filter paper. 

3. Measure the circumference of the 
specimens by use of a tape or strip of 
paper. Measure the height of specimen 
including the stones, and recordas "height 
out of capillarity". Record the height of 
each stone. 

4. Weigh specimens in order to obtain 
the percentage of absorption. 

Figure 4. 

TRIAltlAL C"'"'PRl!'SSION Te:J T DAiA S HE~T 
~ COMPACTING- S PE'CIM rlN& IIID-8o 
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Dia l Reading 

,01. pet"Lin, UI. 

ll'et Oer13 lty Sp,,c. 
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Te re 'ft,, PM 

Ory wt . lbt' l. 

fie.an•• 

Figure 5. 

5. Replace the axial cells on the speci­
mens and they are ready to be tested. 

Testing the Specimens 

Record results as shown in Figure 7. 
In brief, the specimens are tested in com­
pression while being subjected to their 
assigned constant lateral pressure. The 
rate of deformation to use is 0.15 inch per 
minute. Simultaneous readings of load 
and deformation are to be taken at inter­
vals of 0. 01 inch deformation. The pro­
cedure described below applies to both a 
hand operated or motor driven gear press 
equipped with a deformation gauge and a 
proving ring. See Figure 4. 

1. Disengage the worm gear drive and 
crank the press down far enough to have 
room to place specimen and loading blocks 
in the press. 

2. Center specimen (with upper and 
lower loading blocks in place) in press. 
Adjust the deformation gauge in such a 
manner that it will be down against the 
center of top loading blocks and also 
compressed for almost the total length of 
travel of the stem. The gauge must be 
placed in this position because during the 
compression of the specimens it moves 
away from the gauge. Set dial on the de-
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Figure 6. 

formation gauge to read zero or on an 
even tenth. 

3, Set the special bell housing over the 
deformation gauge but do not allow it to 
touch the gauge or its mounting. Raise 
the press by means of the hand crank, 
center and set the ball on the housing into 
the socket of the proving ring. It should 
be noted that the compressive stress will 
necessarily be applied along a vertical 
line through the center of the ball mounted 
in the bell housing. Read the deformation 
gauge and record as deformation under 
dead load. 

4, Connect the air line to the axial 
cell and apply lateral pressure to the 
specimen. The usual lateral pressures 
used for a series of tests are O, 3, 5, 10, 
15 and 20 psi. The lateral pressure ap­
plied by the air will tend to change the 
initial reading of the deformation gauge. 
Load the specimen as the air pressure is 
applied until the deformation gauge reads 
the same as recorded in step 3, above. 
The proving ring gauge is now read and 
the reading entered in the load column 
opposite the initial deformation reading. 

5. The actual test is now ready to be 
run. The dial gauge on the proving ring 
is read for each 0. 01 of an inch deforma-

TR1AX1AL CoMPffESSloh/ TEST DATA SHe-E-r 
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tion. This procedure is continued to the 
point of failure which is reached when the 
needle on the proving ring gauge remains 
the same or drops off. 

6. All of the above procedure applies 
to the unconfined specimen except that no 
air or axial cell is used. 

7. The specimens are 
then placed in tared pans 
constant weight at 230 F. 

a 

I> 

broken up, 
and dried to 
The pans of 

Figure 8. Stress-strain diagram. 
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material are reweighed to obtain the dry 
weight. The stones are weighed, dried, 
and the dry weight obtained. 

I-H-++-1'-1-t--HS:I. 
H-

Figure 9. Mohr's diagram. 

Calculations 

1. Calculate molding moisture and dry 
density of each specimen. 

2. Compute the percentage of swell 
and absorption after capillarity. 

% V 1 t . Sw 11 _ (Volume Change} 100 0 ume ric e - (Molded Volume) 

3. Calculate data for stress- strain 
curve. 

For each individual specimen tested, 
terms and symbols are defined as follows: 

P = total vertical load on the specimen 
at any given deformation, expressed 
in pounds. It is the sum of the ap­
plied load measured by the weighing 
mechanism plus the dead weight of 
the upper stone, loading block and 
dial housing. 

A = the or iginal area of cross-section 
of the specimen expressed in 
square inches calculated from 
measured diameter or circum­
ference = rr (radius)2. 

h = the original height of the specimen 
in inches, measured before be ­
ginning the test. 

d = the total vertical deformation at the 
given instant, measured in inches 
by the deformation dial. 

%S = percent strain - the relation of the 
deformation at the given instant to 
the original height, expressed in 
percent, calculated from the 
formula % S = 100 x d/h. 

P / A = the nominal vertical unit stress at 
any given deformation expressed in 
pounds per square inch. 

p = the corrected vertical unit stress in 
pounds per square inch. A correc­
tion is necessary because the area 
of the cross-section increases as 
the specimen is pressed down. As­
suming that the specimen deforms 
at constant volume, p = P / A x 
(1 - % S/100). 

Plotting Curves and Diagrams 

1. Plot molding moisture against dry 
density as shown in THD- 83. 

2. Plot stress-strain curve as shown 
in Figure 8 for each increment of deforma­
tion. This is not mandatory but desirable. 

3. The Mohr's diagram of stress 
(Figure 9) is constructed upon coordinate 
axes in which ordinates represent shear­
stress and abscissae represent normal 
stress , both expressed as pounds per 
square inch and both drawn to the same 
scale. 
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Figure 10. 

a. = the minor principal stress which 
is the constant lateral pressure applied to 
the specimen during an individual test, 
and ~ = the major principal stress which 
is the ultimate com ressive stren th (the 
ultimate value of p of the specimen at the 
given lateral pressure. Each individual 
test will be represented by one stress 
circle constructed as follows: 

On the axis of normal stress plot am. 



On the same axis plot <i. 

Construct a semi-circle on the abscissa 
base line with its center at a distance equal 
to (~ + c,m.)/2 from the origin, with its 
radius equal to (Oj: - "izt)/2 and cutting the 
base line. at o-1 and um• 
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Classification of Material and Interpreta­
tion 

Transfer the rupture envelope on tothe 
chart for classification of subgrade and 
flexible base material (Fig.10) and classify. 

Figure 11. 

Repeat these steps for each specimen There appears to be no necessity for 
tested. The test procedure calls for a further differentiation of Class 1 mate­
minimum of 5 specimens, each tested ata rials. However, in Classes 2 through 6 
different lateral pressure, in order to the rupture envelope may fall between 
provide data for enough stress circles to class limits so that interpolation is nee­
define the rupture envelope on the Mohr essary to determine the depth of cover 
diagram. required. Between class boundaries the 

Draw a line tangent to all of the stress weakest or most critical point on the rup­
circles. This line, called the "Rupture ture envelope governs, i.e., the point 
Envelope", represents the shearing nearest the lower boundary of the class. 
strength of the material under various Using the classification of material and 
conditions. It is practically impossible to the design wheel load, determine the depth 
avoid compacting an occasional specimen of flexible base from flexible pavement 
that is not identical with the other speci- analysis chart (Fig. No. 11), Careful con­
mens in the same set with regard to mois- sideration of road service life should be 
ture, density and particle arrangement. made and only long life design should be 
Triaxial test results from such specimens used in urban sections. 
may be out of line. In di-awing the rupture 
envelope, disregard any stress circles Reporting of Test Results 
that obviously are out of line with others 
of the same set. As a minimum, a report should include 
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the identification, soil constants and grada­
tion on Form 476A, a summarization of 
data in the attached tabulation (Fig. 12) and 
a classification plotting on Figure 10. 

Note: For control of compaction se£ 
THD-110. 

-
Table Mo. 
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vater ~al ____ ___ ldentlfic a t.1on. ______ _ 

IIUC1'!nH .. , ____ _ ________ _ _ 

Opt., lloi9L , _ Opt. Dr-y llens ity _ _ a L COl!lp, !UforL __ ft,lb , /cu , lfl , 

1i1 ,,1,11 o t. Cur ina Oa t.& 

..!!ilil,~· 

Figure 12. 

PART II 

TEST PROCEDURE FOR UNDISTURBED 
CORES FROM ROADWAY OR BRIDGE 

FOUNDATION 
Preparation of Specimens for Testing 

1. Remove metal or cloth and paraffin 
protective cover and examine core. Clas­
sify core as to type of material, color, 
structure, and moisture content. 

2. Cut off a piece of the core, the 
length of which shall be at least twice the 
diameter of finished test specimen. Coat 
this specimen and remainder of core with 
paraffin to prevent loss of moisture. 

3. By means of a knife, saw or other 
cutting tools, make the ends parallel to 
each other and square with the center line 
of the specimen. 

4. Place a circular porous stone on 
the top and bottom of specimen. In cases 
where the specimen is larger than the 

stones or if the sides are irregular, trim 
s1des of specimen flush with the top and 
bottom stones. 

5. Immediately after trimming the 
cylindrical specimen, weigh, measure 
circumference and height, and place 
specimen in testing cell. If the lateral 
pressure to be applied during testing is 
above 25 pounds per square inch, fasten 
retainer rings on the pressure cell. 

6. Place the specimen in compression 
machine and apply lateral pressure (one 
pound p. s . i , ) for each foot of overburden 
depth and additional increments of 5 to 
10 p. s. i. over the range of the lateral 
pressures expected to develop due to load­
ing. 

7. Test the specimen by increasing the 
deformation load to failure. This load 
should be applied at a rate of O. 15 inch 
deformation of specimen and readings 
taken at each O. 01 of an inch deformation. 

8. Release the load and remove speci­
men from pressure cell. Examine the 
break in the specimen. 

9. Dry specimen at 230 F. and obtain 
dry weight. 

10. Calculate dry density of core in 
pounds per cubic foot. 

Interpretation 

Prior to testing, undisturbed cores 
should be bi equilibrium with respect to 
moisture and density under the conditions 
of proposed use. If cores ar~ taken at a 
relatively great depth to represent the 
subgr ade of flexible base in a proposed 
cut (not to be cut below gr ade and re­
compacted), the cores should be saturated 
under the proposed new surcharge before 
testing. 

Relatively :;,hallow cores, representing 
the subgrade under an existing, unbroken 
base, probably are in equilibrium and re­
quire no processing. If these shallow cores 
are from an uncovered subgrade, they 
should be subjected to capillary wetting 
under the proposed surcharge. A rather 
large number of cores may be required 
under the latter condition to arrive at 
average values. When cores representing 
subgrades of flexible pavements have been 
processed and tested, the rupture envelopes 
may be superimposed on the classification 
chart' shown and may be judged according 
to the wheel loads and ba e depths s own 
in Figure 11. 



Application of Strength Versus Stress for 
Foundations 

Figure 13 shows the plotting of Mohr's 
diagram of stress representing the strength 
tests on the undisturbed cores from the 
area of the footing. Superimposed on the 
diagram is a stress circle (Circle A) 
representing the total vertical and radial 
stresses at the critical point on the axis 
of the loaded area. These stresses were 
estimated as shown in the upper part of 
Figure 13 and in the "Example of Applica­
tion" in the latter part of this report. The 
stress line, shown in Figure 13 as a dashed 
line, is tangent to this circle and is con­
structed in accordance with step 2, below. 
All stress circles representing various 
loadings on this size footing and subject to 
this particular surcharge will be tangent 
to the stress line. The factor of safety 
against failure of the soil is assumed to be 
the ratio; ultimate load soil will support 
divided by the applied load. This factor 
can be calculated from soil mechanics 
formulae if definite values of cohesion 
and angle of internal friction are known. 
In order to determine definite values of 
cohesion and friction, it is necessary that 
Mohr's envelope of failure be a straight 
line. Since this is not the case for many 
soils foundation materials, the use of a 
graphical method is preferred. The pro­
cedure for determining this factor of safety 
is as follows: 

1. Draw the rupture envelope repre­
senting the strength of the soil foundation 
material. 

2. Beginning at a point on the normal 
stress axis, representing the hydrostatic 
surcharge (Uz from Fig. 13), draw a 
straight line making an angle of 33. 8 deg. 
with the normal stress axis. 

3, By trial and error, find the stress 
circle, if any, that is tangent to both the 
33. 8-deg. line and the rupture envelope. 

4. Read the major principal stress (or 
read minor principal stress). 

5. Subtract the hydrostatic surcharge 
Uz from the major principal stress and 
divide by 0. 808 (or subtract U z from minor 
principal stress and divide by 0. 230). 

6. The ratio of the load determined in 
Step 5 to the applied load is the factor of 
safety with respect to load. 

In desi~ns made with factors of safety 
of l 1/2 to 2 Y2 there have been no excessive 
settlements in the structures so designed. 
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The aoove . factor of safety becomes in­
finitely great when soil foundation mate­
rials have angles of internal friction in 
excess of approximately 34 deg. 
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Figure 13. 

Example of Application to F oundation 
Design 

The following example is based on data 
obtained for a grade separation structure 
where the highway passes underneath the 
railroad. It is desired to place footings 
approximately ten feet below the highway 
grade line in a sand-clay cut which has a 
wet unit weight of 125 lb. per cu. ft. This 
probably is the minimum depth of penetra­
tion because the roadway ditches will drain 
both surface and underground water. The 
problem is to determine the size of an 
adequate spread footing for this structure 
which has a pier load of 660 tons. Since 
only a few footings are needed, under­
reamed footings probably are not feasible. 
Assuming that each pier is to rest on two, 
7-foot square footings on 21-foot centers, 
and the test results showing Mohr's ~nve­
lope of failure for the soil involved are 
as shown in Figure 1:J, the problem may be 
solved as follows: 

1. The radius "r" of a circle equivalent 
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UOOI-TH-im 

SOILS AND :QASE MAT ERIALS TEST REPORT 
Laboratory No. ----'-- ----- ---
Date Rec'd ------ Reported ____ _ 
Engineer 
Address 
Contractor -......,-,........,.,,...,.-,--,-....,..--,.-,,r-.s--.....-.. 
Sampler _ _ _ H_._s_. _G_i_l_l_a_t_t_a_&_c_. _M_c_-Do_ w_e_ll 
Sampler's Title - --- --------­
Sampled From - =Ro_a_cls~ - ------ --
Producer --- ------ - - - --­
Quantity Represented by Sample - ---- -
Has been Used on ------------

Lab, No. LL PI ll'MlD CMID 

- - -
50-76-R 32 lB 23 -

77 40 23 25 -
72 38 15 JO -
73 JO 15 27 -
74 49 22 34 -
75 56 JS 28 -

r 

Control Number BeoUon Number .Job Number 

OountF J'eder&I ProJeot No. Hlsbwa,. No. 

16 
D 1atr1ot No. I.P.lll. No. Rea. No. Date Barnplod 

Specification Item No. - -----------­
Material from Property of - ----------

Proposed for Use as -------------

SL LB SR Cla.aa eon % M:oh,L Binder - - - - - -
19 6.B 1. 74 A-6-2 26 - --
16 11,5 1.86 A-6 100 14,8 
25 6.0 1.61 A-4-7 49 --
17 6.6 l,BO A-2 89 9.4 
28 B,9 1.52 A-7 45 --
14 17.6 1.90 A-7 96 1B.1 

PERCENT RETAINED ON 

Round Openlos Screen• Squa.re Meab Screenu Grain Dla.m. 

Lab. No. Opening 1D Inch• Sieve Numbeni in Mllllmetere Spoolfte 
a rav1ty 

II!, I II!, I 11!, 1 % I!, "' 10 20 •o 60 100 200 .06 .006 .001 
,_ --- -4 ~ 44 59°'" 74- 75 F 97 2.64 -50-,6-R 11 16 71 77 8S 93 

77 1 3 32 b,!, 1J B7 2,65 
72 2 4 8 12 22 33 43 51 56 61 67 10 90 98 2,64 
73 l 2 .3 11 25 40 65 73 90 96 2 60 
74 l 4 9 15 27 42 51 55 59 62 67 70 93 97 2~65 
75 0 2 9 25 51 56 66 83 2.66 

SAMPLE IDENTIFICATION 

Lab. No. Jdentlftoatlon Marke LooaUon-Properttea---Statlon Number• Type of Material• 

50-76-R No, 1, FM-136 Refugio Co. (between Bayside and Si" of shell base 
Woodsboro) Subgrade soil 

77 " II 

72 No. 3 us 59 Business route in Mathis, 3 blke.N. 10 11 of caliche base 
7.3 II " int, of business rt. and regular Subgrade soil 

us 59 
74 No. 4, St. 202 3 Mi,E. of Beeville 711 of caliche base 
75 II n Subgrade soil 

Exhibit A. 

St.r, 
Clase 

1.0 
4,9 
).1 
3,4 
3 • .3 
4,8 
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U005-7&1-5m 

SOILS AND BASE MATERIALS TEST REPORT 
Laboratory No.------------
Date Rec'd Reported ____ _ 
Engineer -------------­
Address 
Contractor ---::,--::--:-:-=-a---:-e--:--=--c-:-=---=-
Sampler H. S, Gillette & C, McDowell 

Control Number Section Number J'ob Nutnber 

Count:r Federal Project No. Blshway No. 

District No. I.P.E. No. Req. No. Date Sampled 

Sampler's Title Specification Item No. ------------
Sampled From Roac:18 Material from Property of -----------
Producer --------------
Quantity Represented by Sample -----­
Has been Used on----------- Proposed for Use as ----- --------

Lab. No. LL PI J'ME CMII SL LS SR ClaH son o/o Molat. Binder --- ---
50-82-E 34 20 22 - 16 9,3 1.91 A-6-2 27 -

BJ 24 8 18 - 17 4,0 1. 79 A-2 96 8,2 
78 31 14 22 - 18 6.8 1.82 A-2 36 -
84 82 56 49 - 12 25.8 2.05 A-7 86 23,6 
80 29 15 21 - 16 6.8 1.87 A.-.2 31 -· 81 66 41 39 - 15 20.2 1.90 A-7 96 24,6 

49-40-R 24 7 20 - 17 4,0 1. 78 A-2 32 --
39-ll-MR 74 45 45 - 12 24.0 2.00 A-7 97 31, 

PERCENT RETAINED ON 

Round ()penlDI' Screen.a Square Mesh Screen11 Grain Diam. 

IA.'b. No. ()penlq in Inohea Sieve Numben ln Mllltmeten Bpeclftc 
Gravity 

Ill, I 1.11, a 111, 1 :;:. 11, Ii. 10 20 40 60 100 200 .06 .006 .001 

- - - - - - - - - - - - ,_ 
50-82-R 3 7 19 27 40 56 67 72 73 76 79 83 85 92 97 2,70 

63 1 2 3 4 7 2f 63 69 BJ 92 2.60 
78 8 19 28 37 51 59 62 64 66 67 69 71 90 98 2.65 
64 0 5 8 12 13 14 14 16 22 27 61 83 2.66 
60 3 14 22 34 47 59 64 69 75 60 84 86 98 99 2.75 
81 1 3 4 5 7 16 20 63 83 2,71 

49-40-R 8 17 21 28 38 51 62 68 73 82 90 2.60 
39-ll-HR 3 3 4 5 12 54 77 2. 71 

SAMPLE IDENTIFICATION 

Lab, No. IdenUftoatlon Marlu Locatlon-Properttee--Statlon Numbers Type of Material• 

50-82-R No. 5 St. 346 Bexar Co. Sta. 688,12 Mi,S,Int.Loop 13" Gravel Base 
63 n " 13 and 346 Subgrade Soil 

50-78-R No. 6 Loop 13 2000' N .Main gate, Lakeland Air Base 13" Gravel Base 
64 II II Subgrade Soil 

50-80-R Np. 7, Loop 13 2000' E. of Kelly Field Overpass 12" Gravel Base 
81 n II Subgrade Soil 

49-40-R us 290 Travis C , East of Manor 10" Gravel Base 
39-ll-MR n " Subgrade Soil, 

Exhibit B. 

Str, 
Class 

3,1 
3,1 
2.8 
5,2 
2,7 
4,7 
3,0 
4,9 
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8'006•761·5m 

SOILS AND BASE MATERIALS TEST REPORT 
Laboratory No. - ------- -----
Date Rec'd Reported ____ _ 
Engineer 
Address 
Contractor --------------
Sampler H, &,. Gillette & C. McDowell 
Sampler's Title ------------­
Sampled From -----------
Producer ---------------
Quantity Represented by Sample ----­
H beeUd as n Be on 

Control Number Section ~umber Job Number 

Coun~ Federal Project No. Blabway No. 

Dlstrlct No. I.P.JD. No. Req. No. Date Sampled 

S:!)eciflcation Item No. - ~ ---
Material from Property of -----------

ropose r P d fo Use as 
"" tr. 
lass Lab. No. 

50-90-R 
91 
92 
93 

49-14-R 
47-137-E 

' 

Lab. No. 

$0-90-R 
91 
92 
93 

49-14~R 
47-136-E 

Lab. No, 

50- 90- R 
91 

50-92-R 
93 

49-14-R 
47-136-E 

' 

LL PI P>Dll CKE SL LS SR Clue Soll % Mol•LC Binder - --------------
35 18 23 - 18 8,5 1.76 - 48 -
34 19 22 - 16 8,7 1.86 A-7-4 100 9,2 
35 17 26 - 20 7,6 1,75 59 -
36 20 25 - 15 10.5 1.87 100 10.6 
22 6 19 - 15 4,1 1.89 28 -
30 7 23 - 25 2,7 1.59 A-2 98 -

PERCENT RETAINED ON 

Round Openlnc Screenl!!I Square Meeh Screens Grain Dlam. 

OJ>anln-a In lnobee Sleve Numben In M.l\llmelen Speclflc 
GravJty 

8\f, I !If, I 1\f, 1 % If, II. 10 20 40 60 100 200 ,05 ,006 .001 

-- - - - - ------ - ---
0 7 19 24 30 37 44 49 52 54 63 77 80 90 96 2,64 

3 10 22 39 78 92 2,68 
2 5 8 13 24 33 38 41 43 50 63 70 88 97 2,65 

2 11 27 48 76 92 2.65 
13 25 31 39 48 56 65 72 

0 2 5 53 74 81 84 B7 2,63 

SAMPLE IDENTIFICATION 

IdentlftcaUon Marke Locatlon-Propertles-Statlon Numbera Type bf Materlal11 

No. 14 us 70 F1.oyd Co,, 4 ML~. of Hale Co.Line 9" Caliche Base 
II " Sta. 330+15 Subgrade Soil 
No. 15, us 62 Crosby Co. 1 Mi. S. F1.oyd-Crosby 7" Caliche Base 
" " Co. Line Subgrade Soil 
us 290 811 Crushed Stone Base flexible Base 
II Sampled from R.O.W. Cut Subgrade Soil and 

Select Material 

Exhibit C. 

3,1 
4,6 
3,4 
4,4 
1 
3,4 



in area to a 7 -foot square is equal to 3. 9 5 
feet. 

2. From Figure 13: 
df = • ~07 X 3. 95 = 2. 81 

ds = 10' 

P = 330 tons plus weight of concrete 
pier minus weight of excavated 
soil , 

= 330 X 2000 + (7 X 7 X 10) (150-125) 
divided by 49 

= 13719 lb. per sq. ft. = 95. 3 psi. 
Iy = • 808 (See Fig. 13) 

IL =a • 230 (See Fig. 13) 
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-err= 95. 3 x . 808 + 12. 8 x 125 divided 
by 144 = 88.1 psi. 

<Tm= 95. 3 x . 230 + 12. 8 x 125 divided 
by 144 = 33. 0 psi. 

Factor of safety = 84-ll. 1 divided by 
. 230 

applied load P (95. 3 in this case) = 3. 3 
Approximate factor of safety for 6' x 61 

footing = (;) 3. 3 = 2. 4 

Approximate factor of safety for 5' x 5' 

footing = (~) 3. 3 = 1. 6 

Therefore, size of footing should be 61 x 61 
, 

or greater. 

DISCUSSION 

RAYMOND C. HERNER, Chief, Airport 
Division, T echnical Development and E­
valuation Center I Civil Aeronautic Ad­
ministration - Although we probably never 
shall eliminate the factors of experience 
and engineering judgment in consideration 
of any design problem, it is refreshing to 
note the increased use of strength tests and 
definite design criteria by the various high­
way departments. The Texas department 
has been one of the leaders in this move­
ment. For several years it has had a 
flexible pavement design method based 
partly on theoretical concepts and partly on 
experience, with the triaxial test used 
for evaluation of subgrade and base course 
materials. · 

McDowell's excellent report now gives 
us an opportunity to see how well this de­
sign method is working. The results thus 
far are encouraging. 

The writer has one suggestion in regard 
to evaluating traffic which might help in 
coordinating laboratory findings with 
service experience. There are many 
pavements which have stood up for years 
under comparatively light traffic, then 
have failed within a comparatively short 
period of time as loads increased. If the 
highest wheel loads are then averaged for 
the entire life of the pavement, we are 
likely to end up with a deceptively low 
average value for the load which caused 
the destruction. 

It is the oldproblem of adding apples to 
oranges. Despite continuing efforts to do 
so, it is impossible to add heavy loads to 
light loads with any result except con-

fusion. It would appear desirable then to 
average only loads within a comparatively 
narrow weight range in order to determine 
the critical load for design or evaluation 
purposes. Although frequency of loading 
must be considered also, it should not be 
allowed to obscure the effect of heavy loads. 

McDowell's paper was particularly 
valuable because of the detailed test data 
given in the appendix. The writer found it 
interesting to compare the strength ratings 
of the materials as determined by the Texas 
test method with theh:: ratings as deter­
mined by the CAA soil-classification meth­
od. The latter method is based entirely 
on mechanical analysis, liquid limit, and 
plasticity index. By plotting values from 
the two sys!ems against each other, it was 
possible to establish a rough correlation 
as shown in Table A. 

TABLE A 

CAA 
Classification 

E-1 
E-2 
E-3 
E-4 
E-5 
E-6 
E-7 
E-8 
E-9 
E-10 
E-11 
E-12 

Texas 
Classification 

1 
1. 6 
2. 1 
2. 7 
3. 25 
3. 75 
4.25 
4.6 
4.8 
5. 0 
5. 1 
5. 2 
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The correlation is fairly good for sub­
grade soils but is not so good for base 
course materials. This is not surprising, 
as the CAA classification is intended for 
evaluation of materials for subgrades 
rather than base courses. 

It also was interesting to C'Ompare the 
Texas materials with those tested tri­
axially in the CAA's Load-Transmission 
Project (now being operated through the 
cooperation of the Navy Bureau of Yards 
and Docks). The strength range and 
characteristics of materials used irr the 
Texas roads are comparable to those of 
materials used in the CAA tests if due 
allowance is made for the difference in 
height-diameter ratio of the triaxial 
specimens. The Texas Department of 
Highways uses a 6-by-8- inc h sp ecimen 
(H/0 == 1. 33) while the CAA uses a 10-by-
20-inch specimen (H/ D == 2. 0) as s t .l.ndard. 

A limited number of tests have been run 
by the CAA in order to determine the 
effect of specimen height. Average re-

sults for gravel and sand are given in 
Table B. 

TABLE B 

Height/ Diameter 
Ratio 

0. 8 
1. 33 (Texas) 
1. 6 
2. 0 (CAA Std) 
" " ,:>, V 

Indicated Strength 
Percentage of Standard 

Specimen 
210 
123 
111 
100 

86 

It seems quite likely that the effect 
would be less pronounced on tests of co­
hesive soils, but would be greater on very 
coarse granular materials. 

The writer is very pleased to have ac­
cess to the information given in McDowell's 
paper, and hopes that further papers will 
be forthcoming from the same source 
as additional service experience is ac­
cumulated 
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Flexible-Pavement Design as Revised for 
Heavy Traffic 

L. D. IIlCKS, Cliief Soils Engineer , 
North Carolina State Highway and Public Works Commission 

eAT the Twenty-Sixth Annual Meeting of 
the Highway Research Bo_ard December 
(1946), the writer presented a paper "Cur­
rent Base Design Practices in North 
Carolina" in which a procedure for the 
rational design of a flexible pavement was 
given. This paper presents a revision of 
the original method made necessary by the 
fact that the thicknesses derived by use of 
the original method were found to be in­
adequate for axle loads in excess of 13,000 
lb. The pavement thicknesses determined 
by the original design method have been 
adequate for axle loads below 13,000 lb., 
for reasons that will be given later, so the 
thicknesses determined by this method are 
still used for these lighter loads. The re­
vised method is used for the determination 
of the pavement thicknesses for the heavier 
loads. Both methods will be explained in 
detail in this paper and certain recommen­
dations made relative to base and surface 
types used for heavy loads. 

in volume as well as in weight at some 
time in the near future. Also, loads 
heavier than the design load will not be 
detrimental if the heavier loads use the 
pavement only during periods when the 
subgrade moisture is low (1). A factor of 
safety is not usually considered necessary 
in flexible-pavement design, but it is ad­
visable and may be considered good prac­
tice to overdesign slightly by selecting a 
design load that is well within, or slightly 
above, the axle loads of appreciable oc­
currence that are expected to use the road. 

It is the practice in North Carolina to 
use four design loads, 8,000 lb. for the 
lightest design, 13,000 lb. for the medium, 
18,000 lb. (legal limit with a 1, 000-lb. 
tolerance) for the heavy, and 20,000 lb. 
for the heaviest. A pavement is rarely 
designed for loads intermediate between 
these. rn E:11/·i'D -----

In the original ~icle the pres sur es 
exerted by the various wheel loads were 
determined from the inflation pressures 

ORIGINAL METHOD obtained when truck-weight surveys were 
· conducted. These pressures were in-
!~? The rational design ~f a flexible pave- 1 creased 10 percent for tire-wall stiffness. 
· ment involves three important factors that The areas of contact were obtained by 
must be given consideration: (1) the mag- 1 dividing the wheel loads by the inflation 

' nitude and nature of the applied load and pressures from which diameters of circles 
the mode of its application: (2)the strengtli of equal areas were calculated. The re­
or bearing capacity of the subgrade soil a j vised method of design, descrtbed latei in­
well as the bearing capacity of the com ,this paper,' uses a different procedure for 
ponentsofthepavementstructure (subbase , determining thepres s ures and diameter of 
base, and surface course); and (3) the dis- contact a ea. 60 7 , · ,, ,,: 

tribution of the pressure exerted at the sur -/ . The strength of materials 1s measurable 
face of the pavement cy: _the a pplied load.

1 
by test, but the values obtained are not al-

e select on of the design load O use' ways the proper ones to use in the design 
in the flexible-pavement-design problem of a pavement. Many of the test methods 
requires considerable judgment on the part used do not give values that maybe substi­
of the design engineer. A few loads heavier / tuted in formulas derived by sound mechan­
than the load for which a flexible pavement ics, and many of the methods designed to 
.was designed will not cause its failure. give such values produce values that are 
Failures in flexible pavements do not occur incorrect, because the test is performed 
instantly but gradually, and many fairly : on the material in a condition different 
constant load applications are necessary from that under which it must serve. 
to produce objectionable distortion or com- Soils consist primarily of mineral parti­
plete failure. Consideration must be given . cles which may vary in size from large 
to the possibility ~f the traffic increasing stone or gravel to particles of microscopic 

"(w I) r()P lF ··, f/JI t\.. I:. 

;· I 
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Figure 1. 

size. When separated, the constituents 
are called coarse aggregate, sand, silt, 
and clay, depending upon their size, and 
each constituent possesses certain inherent 
characteristics when in the presence of 
water. The characteristics of mixtures of 
these constituents vary also in the presence 
of water, depending upon the relative 
amount of each. Adsorbed ions on the 
clay fraction, as well as the type of the 
clay mineral itself, influences the charac­
ter of the clay in the presence of water and, 
consequently, the characteristics of the 
soil mixture of which it is a part. 

Figure 2, 

The water content of a given soil is the 
most-effective agent influencing its strength 
or bearing capacity, and in service the 
moisture content will fluctuate, although the 
soil be protected by an impervious surface 
1.:uurse (1). Thepropermoisturecontent at 
which totest the soil for bearing capacity 
is the highest average moisture content that 
the particular soil will have in service. 
This moisture content varies with the soil, 
climate , type of surface , and maybe other 
factors, and should be determined by care­
ful investigation. Such an investigation has 
been carried out in North Carolina and re­
ported at the annual meeting of the Highway 
Research Board in 1948 (1). In this report 
the moisture contents are expressed in 
terms of the optimum moisture for com­
paction of the soil at which various soils 
should be tested for bearing capacity. 
These moisture contents are for soils as 
they exist in service in North Carolina and 
are not necessarily correct for other lo­
calities. 

Since the bearing capacity of soils 
change with fluctuations in moisture con­
tent, load tests made on existing subgrades 
do not give values that should be used in 
design, unless the subgrades happen to be 
in the proper condition. This condition of 
moisture content and density is seldom 
found to exist at the time the load test must 
be performed, so it is necessary to prepa 1:"e 
a subgrade at the condition desired and 
then test it for bearing capacity. In North 
Carolina the soil to be tested for bearing 
capacity is brought to the laboratory and 



there prepared for the load test. The soil 
is weighed out in batches and mixed with 
the proper amount of water for the par­
ticular. soil in a special mixer. The mix­
ture is then placed in a bin 42 inches wide, 
30 inches deep, and 14 feet long and com­
pacted with pneumatic tampers to the re­
quired density, which is 98 to 100 percent of 
AASHO. The compacted soil is protected 
from moisture loss by covering the surface 
with heavy building paper, which remains 
on the soil until the test is completed, 

The dimensions of the bin permit load­
ing the soil in four 42-inch-square, identi­
cal sections, and the loading is done through 
four circular steel plates having diameters, 
6%, 8, 10, and 13% inches. Loads are 
applied in increments with a 50, 000-lb. 
Black and Decker loadometer equipped with 
calibrated gauges for measuring the loads. 
The loadometer is attached to a beam, 
which is bolted to two columns situated 
near the ends of the bin. Settlements are 
measured to 0. 001 of an inch with four 
micrometer dials, diametrically opposed .. 
Figures 1 and 2 show the testing rig in 
operation. 

The load testing procedure and analysis 
of data follows the technique developed by 
W. S. Housel and reported by him first, 
in 1936 (2), and later in 1941 (3). This 
method for determining the bearing ca­
pacity of soils to be used as subgrades or 
base courses is somewhat laborious and 
requires some time to perform, but the 
results are quite dependable, and it is felt 
that the end justifies the means. 

Load tests are not made on the subgrade 
soils of every project designed, as the 
method used and time required to perform 
the tests make it impractical. The values 
of bearing capacity obtained from the tests 
made in the laboratory are used to rate 
the soils that will be encountered as sub­
grades. Soil or soil-aggregate mixtures 
are also tested as subgrades in order to 
determine their bearing capacity, which is 
their ultimate strength as a base course. 

Table 2 appearing in the original paper 
presented in 1946 is presented here as 
Table 1. Values of subgrade bearing ca­
pacity obtained in our load testing to date 
do not warrant changing the values in this 
table. It might be mentioned that load tests 
made on soil type base course materials as 
subgrades give values slightly under 100 
psi. Tests made on soil-aggregate mix­
tures give bearing capacity values well in 
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TABLE 1 

TENTATlVE SUBGRADE BEARING VALUES 

Subgrade 
Bearing Description of Soil 

Value 

30 psi. Sandy soU.S , oontain lng not more than 35 percent 
matortnl passing a No. 200 sieve. Good drnlnnge. 
Subgrado should be be low the. frost line.• Thlck.­
ness of stratum must not be less than 12 in. 
Good Subgrade 

20 psi. Clay soils, but not heavy clay soils (50 percent or 
more cla y) . Good drainage . The eubg-rade must 
be below the frost line.* Fair Subgrade 

15 psi. Heavy clay soils or clay soils where drainage_is • 
uncertain. Subgrade should be below frost !me. 
Poor Subgrade 

10 psi. Heavy clay soils with poor drainage. Very Poor 
Subgrade 

*Frost line is the depth below which water in the under­
lying soi.l will not freeze. 

excess of 100 psi. This information is val­
uable when designing base courses for heavy 
axle loads whose pressures are 100 psi. 

When rating a subgrade for bearing ca­
pacity, consideration is given to all factors 
affecting this characteristic, such as soil 
type, classification, drainage, and climatic 
conditions that prevail in that locality. 

The distribution of pressure through 
flexible pavements is a moot subject. Most 
authorities agree as to the existence of such 
a phenomenon but do not agree on the form 
of distribution and, consequently, the a­
mount of pressure reaching the underlying 
subgrade. Some authorities hold that the 
amount of distribution varies with ma­
terials and with the rigidity of the subgrade 
support, and others assume that the dis­
tribution takes the form of a truncated cone, 
the sides of which make 45 deg. with the 
vertical. 

Roland Vokac has developed a concept 
based on the well-known pressure-bulb 
principle. This thesis appears in the 
Proceedings of the Asphalt Paving Tech­
nologists and the Proceedings of the High­
way Research Board (4, 5). He assumes 
that the bulps of pressures are spherical 
in shape, for mathematical simplicity, and 
reasons that the points on their circum­
ferences made by the intersections of their 
diameters are points of zero vertical vel­
ocity and, therefore, points on thepressure­
distribution curves. All forces within the 
bounds of the curve are downward and out­
ward and all outside their boundaries are 
upward and outward. The direction of the 
forces at their intersection with the curves 
are horizontal only. 

This concept and assumptions permit 
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Figure 3. The spherical pressure bulb. 

derivation of simple formulas for the cal­
culation of average pressures on any plane 
below a loaded flexible surface, their di­
ameters, and distance below the surface. 
This concept is shown graphically in Fig­
ures 3 to 5 and the derivation of the for­
mulas in Figure 6. 

Tables 2 to 8 give the thicknesses of 
flexible pavement required to carry axle 
loads of 8, 000 to 20, 000 lb. over subgrades 
,having bearing capacities of 10, 15, 20, 
and 30 psi. using the formulas referred to 
above. In each table such information as 
contact area, equivalent diameter, and 
contact pressure are given for each lo~d. 
The pressure given for each load is derived 
from data obtained from truck- weight 
surveys by increasing the average or' the 
inflation pressures measured in the tires 
carrying a particular · load by 10 percent 
for tire-wall stiffness. These tables are 
as they appear in the paper presented in 
1946, "Current Base Design Practices in 
North Carolina", except that 1 inch (thick­
ness of wearing surface) is added to the 
base thicknesses given in the original 
tables to give the total pavement thickness 
appearing in these tables. As mentioned 

TABLE 2 

RECOMMENDED FLEXIBLE PAVEMENT THICKNESSES 
FOR VARIOUS AXLE LOADS 

Type of Load: Light single-unit trucks, medium loaded­
Axle Loads not e,cceedlng 8, 000 lb. 

Wheel Load = 4 , 000 lb. 
Contact Area = 49 eq. in. 

Air Pressure + 10 % = 81 psi. 
Equivalent Diameter = 7. 9 in. 

Subgrade Bearing 30 psi. 20 psi. 15 psi. 10 psi. 
Total thickness of 
pavement in inches 5 7 

at the beginning of this paper, the thick­
nesses given in these tables have been in­
creased for axle loads above 13,000 lb. 
The method used to obtain these increased 
thicknesses will be explained in some de­
tail later in this paper . . 

Figure 7 shows the details of the calcu ­
lations used to determine the thickness of 
a flexible pavement necessary to carry 
20, 000-lb. axle loads over a subgrade 
having a bearing capacity of 20 psi. , using 
the method outlined above. The unit pres­
sure exerted on the pavement surface is 
100 psi. and is the inflation pressure car­
ried by the tires, increased 10 percent for 
wall stiffness. The contact area, 100 sq. 
in. , is the result of dividing the wheel load, 
10,000 lb., by the pressure, 100 psi. The 
diameter of a circle having an area of 100 

TABLE 3 

Type of Load: Light s ingle-unit trucks, heavily loaded­
Axle loads not exceeding 10,000 lb. 

Wheel Load = 5, 000 lb. Air Pressure + 10% = 81 psi. 
Contact Area = 62 sq . in . Equivalent Diameter = 8, 9 in . 

Subgrade Bea ring 30 ps i. 20 ps i. 15 ps i. 10 psi. 
Total thickness of 
pavement 'l.n inches 6 12 

sq. in. is 11. 3 inches. Substituting these 
values in the basic formula for pavement 
thickness we get 11. 3 inches. It will be 
noted that Table 8 gives a thi<;kness of 
llYa inches, which is this value written to 
the nearest half of an lnch. 

As stated before, the above method 
gives values that ha ve_proved inadequate for 
axle loads in excess of 13, 000 lb. , and has 
been revised for axle loads above this 
figure. The method has been given here 
because it is still used for axle loads of 

Figure 4. A finite bulb of pressure show• 
ing direction of forces. 



13,000 lb. and under, and although it was 
described in the original paper , "Current 
Base Design Practices in North Carolina", 
it is repeated here in more detail in order 
to better describe the revised method. 

REVISED METHOD 

Several years after the above method of 
flexible-pavement design had been in use, 
it was noticed that one road which had been 
designed for 18, 000-lb. axle loads was 
showing an excessive amount of fail­
ures. A study of the nature of these fail­
ures revealed that they were subgrade 
failures, as it was observed that settle­
ment of the pavement was accompanied by 
upheaval of the adjacent pavement and 
shoulder. Since a subgrade failure can 
lead to only one conclusion, inadequate 
pavement thickness, the writer began to 
study the method of design to determine 
why the thicknesses were inadequate and 
deyise a rational method for their increase , 
if possible. 

Figure 5. Points of zero vertical velocity 
within a pressure bulb , 

TABLE 4 

Type of Load: Medium single-unit trucks, medium loaded­
Axle loads not exceeding 12 , 000 lb. 

Wheel Load = 6, 000 lb. 
Contact Area = 72 sq. in. 

Air Pressure + 10 % = 83 psi. 
Equivalent Diameter = 9. 6 in. 

Subgrade Bearing 30 psi. 20 psi. 15 psi. 10 psi. 
Total Thickness of 
pavement in inches 6~ 10~ 13 

Unit P n~SSU l'<l : 7f = p 

i<---------- b --

~ =- r ~ = h
2 + (-¥;)2, 

Equ<1tln9 load o o b<-to r in9 P,lata: To 5 tr"Cl ~S o n 
n;: o etin9 plo nrz... at d <tptti h. 

p (~b') = P. (-if1<-') 

• (f) = r:<-" 

. :.ch'+Cth 
p a P,, [(~)'+ I J 

h : } ff - I 

p 

P., a (2h,-T / .,., 
W~c,m 6 (.t:orinq Yo lu<l dJ" Sub9 r odo.! <tquob P.: i"hc.! 
t hrc.kmtss of po v..:m cznr n <L c <t. 3 ::l <Hj for un1t' load 
p i~ h indi<.t.~ . 
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Figure 6,, Geometry of pres s ure bulb and 
derivation of stress formulas. 

In the original method of design, the 
contact area was obtained from the load­
pressure quotient from which the contact 
diameter was calculated. Since dual wheels 
have two areas of contact instead of one, 
it was decided to approach the problem 
from this angle. 

Since the size of tires is related to 
load-carrying- capacity; the larger tires 
carrying the heavier loads, it was necessary 
to obtain the width of tread and width be­
tween the tires on dua l wheels for tires 
carrying the loads to be· used in pavement 
design. This data was obtained at several 
of the permanent truck-Weighing stations 
now operating in North Carolina and, after 
study, the values given in Table 9 were 
adopted for use in pavement design. 

Figure 8 is a graphical illustration of 
the thickn~ss design of a flexible pavement 
for 20, 000-lb. axle loads when the subgrade 
bearing capacity is 20 psi. A 20 , 000-lb. 
load to be carried on one axle equipped 
with two dual wheels will require that the 

TABLE 5 

Type of Load: Medium single -unit trucks , heavily loaded­
Axle loads not exceeding 14, 000 lb. 

Wheel Load = 7, 000 lb. Air Pressure + 10 % = 89 psi. 
Contact Area = 79 sq . in . Equivalent Dia meter = 10 in. 

Subgrade Bearing 30 psi. 20 psi. 15 psi. 10 psi. 
Total thiclmess of 
pavem ent in inches 7 9~ 11 14 
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TABLE 6 

Type of Load: Trailer-truck combinations, medium loaded­
Axle loads not exceeding 16,000 lb. 

Wheel Load = 8, 000 lb. 
Contact Area = 87 sq. in. 

Air Pressure + 10 % = 93 psi. 
Equivalent Diameter • 10. 5 In. 

Subgrade Bearing 30 psi. 20 psi. 15 pal . 10 psi. 
Total thickness of 
pavement In Inches 7% 10 12 15 

load carrying capacity of each of the four 
tires be 5,000 lb. Tires of this capacity 
belong to the 11. 00 series which, accord­
ing to Table 9 h.11_ve treads 8 inches wide, 
When placed on dual wheel assemblies, the 
distance between treads was found to aver­
age 5 inches, according to the same table. 

In the problem illustrated in Figure 8, 
the 10, 000-lb. wheel load is applied to the 
pavement on two diameters of contact, 8 
inches each spaced 5 inches apart, it being 
assumed, for simplicity, that the shapes of 
the contact areas are circles. The pres­
sure exerted by the load carried by these 
two circular areas is 98. 9 psi. and, as 
shown in the illustration, the pressure 
distribution lines intersect at a point 5. 12 
inches below the surface of contact. The 
pressure at this point is calculated to be 
37. 5 psi. , but just below this point, due 
to the overlap of these stresses, the pres­
sure becomes twice 37. 5 psi. or 75 psi. 
The stressed plane at this point consists 
of two circular areas adjacent to one another 
and having diameters of 13 inches each. 

By taking one of these circular areas, 
13 inches in diameter and the pressure, 
7 p psi. , and calculating the distance h1 

necessary to dissipate this pressure to 
20 psi. , the value 10. 79 inches is obtained. 

DESIGN DATA 

W: whtt.c.t.l load::; 10,000 pounds 

p: inflation pn,,..,urfl. p\us 10_% = 100 o p:,i, 

Adding the value of h obtained above to 
this value of h1 , we obtain 5. 12 + 10. 79 = 
15. 91 inches of pavement required. It will 
be noted that only 11. 3 inches of pavement 
is required using the original method of 
design (see Fig. 7). 

Calculations of thicknesses required 
for axle loads of 8,000, 10,000, 12,000, 
13,000, 14,000, 16,000, 18,000, and 
20,000 lb. for subgrades of 10, 15, 20, 
25, and 30 psi. of bearing capacity were 
made using the method described above. 
Tire tread widths and spacing for tires in 
dual assemblies designed to carry each 
load were used in accordance with the di­
mensions given in Table 9. The pavement 
thicknesses calculated in this manner were 
plotted against their respective axle loads 
and the points connected with smooth 
curves. Figure 9 shows these curves as 
solid lines. The dotted lines are pave­
ment thicknesses calculated using the orig­
inal method and are shown for comparison. 

TABLE 7 

Type of Load: Trailer-truck combinations, loaded to capaclty­
Axla lo•rlA not airr.P.P.dine; 1 R, 000 lh. 

Wheel Load= 9,000 lb. Air Pressure + 10% • 96 psi . 
Contact Area , 94 sq. In. Equivalent Diameter , 10. 9 In. 

Subgrade Bearing 30 psi. 20 psi. 15 psi. 10 psi. 
Total thickness of 
pavement In Inches 8 10% 12% 16 

Figure 10 shows curves for pavement 
thicknesses designed for eight axle load­
ings on subgrade bearing capacities of 10 
to 30 psi. These design curves are used 
in North Carolina at this time with apparent 
success. It will be noted that a gap appears 
between the curves for the 13, 000- and 

:100. opsi. 
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Figure 7, Flexible-pavement design, old method; axle load, 20,000 lb. 
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Figure 8. Flexible-pavement design, revised method; axle 1 oad, 
20,000 lb. 

14, 000-lb. axle loads. This is due to the 
fact that the curves for axle loads of 13, 000 
lb. and under are plots of pavement thick­
nesses calculated by the original method, 
while the curves for axle loads of 14,000 
to 20, 000 lb. are for thicknesses calculated 
by the revised method. 

Since pavement thicknesses designed by 
the original method have proved adequate 
for axle loads of 13, 000 lb. and under, there 
is no reason to use the greater thicknesses 
given by the revised method, even though 
the revised method is considered more 
correct. This is an \inconsistency that 
requires an explanation, and the author 
will try to do so in the following paragraphs. 

In order to cause failure of a flexible 
pavement, by overloading it, an appreci­
able number of vehicles of this character 
are necessary. If traffic data is analyzed, 
it will be noticed that the general trend is 
for the weight of traffic to increase with 
the volume. Roads carrying heavy ve­
hicles generally show high traffic counts, 
while those carrying lighter vehicles show 
lower counts. As an illustration, US 29 
between Charlotte and Concord, North 
Carolina, has a traffic count of over 9, 000 
vehicles per day. Of this number approxi­
mately 2,300 are trucks of all sizes. A 
breakdown of the truck count shows over 
1,000 of them to be the heavy type, tractor­
trailers and combinations. The pavement 
on this road was designed for 20, 000-lb. 

axle loads, using the revised design method 
which requires 16 inches of pavement on 
the type of subgrade (20 psi.) encountered. 
If the original design method had been used, 
only 11~ inches would have been required, 
which thickness has proved inadequate for 
loads of this magnitude on this type of 
subgrade. 

TABLE 8 

Type of Load: Trailer-truck combinations, heavily loaded­
Axle loads not exceeding 20,000 lb. 

Wheel Load= 10,000 lb. Air Pressure + 10% = 100 psi. 
Contact Area= 100 sq. In. Equivalent Diameter= 11. 3 In. 

Subgrade Bearing 30 psi. 20 psi. 15 psi. 10 psi. 
Total thickness of 
pavement in inches 9 13;1, 17 

In contrast with this, a county road in 
northern Granville County has a traffic 
count of 460 vehicles, of which only 90 
vehicles are trucks. These trucks are 
all of the pickup type and school busses. 
The pavement on this road was designed 
for 8, 000-lb. axle loads, using the orig­
inal design method which requires 7 inches 
of pavement on the type of subgrade (20 psi.) 
encountered. This thickness has proved 
adequate for this road. If the . revised 
design method had been used, 10 inches 
of pavement would have been required. 

In the first instance, the Charlotte­
Concord road, if the truck count had been 
90 heavy trucks per day instead of 1,000, 
the thiekness given by the original design 
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method, llY:a inches, would have proved 
adequate; and in the second instance, the 
county road in Granville County, if 1, 000 
school busses per day should use the road, 
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the existing 7-inch paveme11t given by the 
original design method would in all prob­
ability fail. The 10-inch thickness re ­
quired by the revised design method prob­
ably would be adequate . 

The author feels that the above reasoning 
is logical and, in view of the fact that the 
two design methods give thicknesses that 
are proving adequate , believes that the use 
of two methods, although inconsistent, is 
justified. A rational method of design for 
the thickness of flexible pavements has been 
used in North Carolina since 1945, and the 
above methods are the result of much care­
ful research, investigation , and study. The 
use of Vokac's development of pressure 
distribution based on the pressure-bulb 
principle is believed to be the most - logical 
and applicable one offered a t this time, and 
until important research work now in prog­
res's by a large agency is complete and 
reported, its use will be continued. 

TABLE 9 

TIRE SIZES , THEIR DIMENSIONS , AND MANUFAC­
TURERS' RATED CAPACITY USED IN FLEXIBLE 

PAVEMENT DESIGN CALCULATIONS 

Tire Series Mfg. Rated Cap. Tread Dual Wheel 
Width T read Space 

lb. in. In. 
7. 50 2, 000-3 , 000 6 4. 5 
8. 25 2, 700 -3. 000 6 4.5 
9. 00 3, 500-4, 000 7 5 

10. 00 4, 000-4, 500 7. 5 5 
11. 00 4, 500-5 , 000 8 5 

SELECTION OF BASE AND 
SURFACE TYPE 

This paper, up to this point, has dealt 
with the thickness design of a flexible pave­
ment. Although it has been mentioned that 
the components of the pavement structure 
(subbase, base, and surface) must have 
bearing capacities at least equal to the 
pressures applied to them, no mention has 
been made of the type of materials suitable 
to use in their construction. The following 
is a discussion of the merits and demerits 
of the various materials used in N9rth 
Carolina and recommendations as to the 
types most suited to specific purposes. 

The pavement structure rests on a pre­
pared subgrade which, we will assume, 
has a bearing capacity sufficient to support 
the pavement and the loads that use it. The 
pavement st:cucture may consist of a sub­
base, base, and sur face course, or it may 
consis t of just a base and surface course . 

TABLE 10 

SOIL TYPE BASE COURSE 
(Fine Aggregate Type) 

Soil Type Base Course material of the lino aggr egate type 
shall not contain more than 35 % of aggrugnto passing the 2-
inch and r e tained on the No . 10 sieve, and its soil mortar 
fraction (ma teria l pa ssing the No. 10 sieve) shall conform 
to the following grading r equirements when tested in accord­
ance with AASHO Method T88 ; 

Sieve 
Designation 

P ercentage by 
Weight P assing 

No. 10 - - - • - - ••• - - - • - • - - - • • • 100 
No. 40 - - - - - - - - • • - • - • - - - - - - • 40-75 
No. 200 • • - - - - - - - • • - - - - - - • • - - 12-35 

The fraction passing the No. 200 sieve shall be less than 
two thirds of the fraction passing the No. 40 sieve. The 
material passing the No. 40 sieve s hall have a plasticity 
index not greater than 6 and a liquid limit not greater than 
25 , when t ested in accorda nce wi th AASHO Methods T89 , 
T90 , and T91. 

Surface Courses 

Since the surface course must receive 
the action of traffic directly, it must pos­
sess certain inherent characteristics that 
will permit it to function properly. In the 
case of flexible pavements, it must be 
flexible enough to deform and recover under 
traffic loads, yet stable enough not to be 
distorted. It must be watertight so as not 
to permit water to enter its mass and 
cause its deterioration or pass through it 
and soften the base beneath. It must also 
possess toughness to resist the abrasive 
action of traffic and durability to resist the 
action of the elements . 

Bituminous surface treatments are very­
thin wearing courses constructed by app ly -
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Figure 10. Flexible-pavement design curves. 

ing a liquid bi.tuininous material to a base 
course and covering it with aggregate. The 
bituminous material acts as a waterproof 
membrane to protect the base course from 
surface water and as a cohesive substance 
to hold the aggregate. The aggregate 
serves as an armor coat to resist the 
abrasive action of traffic. This is an ex­
cellent surface course for light- to med­
ium-weight traffic, but it must be placed 
on suitable base courses, as its lack of 
thickness does not permit any appreciable 
reduction in pressure reaching the base 
course due to load distribution. Pave­
ments designed for axle loads of 13,000 
lb. and under may consist of soil type 
bases and this type of surface course, but 
when the design loads are greater than this 

figure, an aggregate type base is recom­
mended. 

Bituminous surface treatments may be 
used as temporary surface courses, to be 
followed by plant-mix surfaces later, on 
aggregate-type base courses designed for 
heavy axle loads; however, they should be 
carefully maintained. Breaks that develop 
should be sealed or patched immediately to 
prevent the entrance of water into the base 
and eventually into the subgrade. Where 
the traffic is heavy in volume as well as 
weight, the author prefers the·use of the 
higher-type surface course, or part of it, 
in the beginning. If part of a plant-mix 
surface course is used, it should either be 
placed to a thickness sufficient to be im­
permeable or else consist of a very-closed 
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TABLE 11 

SOIL TYPE BASE COURSE 
(Coarse Aggregate Type) 

Soll Typo Base Course m;Herlal ol u,e coarso aggregate 
type shnll contain at least 35 po1·cent of aggr cg;ite retained 
on the No. 10 sieve, nnd sh11J l conform to 1h11 lollowlng 
grading requirements when tested in accordance with AASHO 
Method T88: 

Sieve Percentage by 
Designation Weight Passing 

2-lnch - - - - - - - - - - - - - - - - - - - - - - - 100 
1-inch - - - - - - - - - - - - - - - - - - - - - - - 70-100 
~-inch •• - ••• - - - - - - •• - - - - • - - - - 55-100 
No. 4 • - ••• • • - - - - • - - - - • - • - - • - 40-80 
No. 10 - - - - - - - - - - - - • - - - - - - - - - - 30-65 
No. 40 - - - - - - - - - - - - - - - - - - - - • - - 15-45 
No . 200 • - • - - - - - - - - - - • - • • • • - • • 5-25 

The fr-.tcllun pa81'1.11g the Nu. 200 Hlcv<: shall be less than 
two thirds of the fraction passing the No . 40 sieve. The 
matertal passing the No . 40 sieve shall have a plasticity 
l.ndex not greuter Umn O 11d a Uquld limit not greater tban 
25 , whon tested in accordance wi th Methods of the MSHO 
T89 , T90, and T91. 

mixture, such as sheet asphalt. 
Plant-mix bituminous surface courses 

are considered to be the highest type of 
flexible-pavement surfaces. When properly 
designed and constructed, they are flexible 
yet stable, are impermeable, and durable. 
Manufacture of the mixture can be con­
trolled to the degree that the designed mix 
will meet rigid specifications, and modern 
methods and machinery make it possible to 
place the material in such a manner that a 
smooth, well-compacted surfac~ is ob­
tained. Where local materials are available 
and stability requirements not so high, a 
comparatively cheap surface course may 
be constructed of plant-mix material. The 
thickness of these surface courses may be 
as low as 1 inch. The use of this quality 
of surface course is, of course, confined 
to pavements used by light traffic. 

Bituminous surface courses that are to 
be used in the construction of pavements 
designed to carry heavy loads should be 
of the plant mix type, and the mixture 
should be carefully designed for stability 
and its preparation and placement con­
trolled. The mixture should be rolled to 
a high deg1·ee of compaction and the sur face 
course thickness should not be less than 
3 inches. Placement in as many thin layers 
as practicable is good construction practice, 
as this procedure will produce a higher 
degree of compaction and a smoother riding 
surface than would otherwise be obtained. 

Base Courses 

A base course is that part of the pave­
ment structure on which the surface course 
rests. It suffers no abrasive action, but 

may be required to withstand high pressures 
if surfac.ed with a thin surface course. 
It must be well bonded and consolidated or 
it will be distorted, if not destroyed, by 
the action of traffic. 

Soils have the property of taking up a 
certain amount of moisture, although pro­
tected by an impervious cover and kept 
well above any wate r table , especially in 
the spring (1). Granular type soils take up 
less moisture than soils of the silt-clay 
type and are affected to a lesser degree by 
its presence. The presence of coarse 
material in soils increase their stability 
materially, and it is possible to design 
specifications for soils and soil-aggregate 
mixtures that will permit their selection 
or production for base course work. Tables 
10, 11, and 12 give the North Carolina 
specifications for three base-course ma­
terials. 

The specification given in Table 10 is 
for a soil-type base material containing 
little or no coarse aggregate. Bases con­
structed of this type of material will func­
tion satisfactorily with bituminous-surface­
treatment surfaces or 1-inch plant-mix 
surfaces when the axle loads are not over 
13, 000 lb. The bearing capacity of this 
type of material is generally less than 100 
psi. , and its use beneath surface courses 
less than 3 inches thick on roads designed 
for heavy axle loads is not recommended. 
This material may be used in the construc­
tion of a subbase beneath 6 inches of coarse­
aggregate-type base course to produce a 
combination that will have the strength or 
bearing capacity of a coarse-aggregate base 
of the same thickness as the combination. 

Tables 11 and 12 contain specifications 
for coarse-aggregate-base materials. The 
specification in Table 11 was designed to 
suit coarse aggregate type soil materials 
that occur in natural deposits or that may be 
produced by mixing two or more materials 
obtained from natural deposits. The bear­
ing capacity of materials meeting the re ­
quirements of this specification is above 
100 psi. 

The specification in Table 12 is for 
artificial mixtures of coarse aggregate and 
fine material. It is generally produced of 
quarry materials, crushed stone and stone 
screenings, but may be produced by com­
bining any suitable coarse aggregate with 
soil of the proper grading and quality. This 
material is required to be mixed in a pug­
mill - type mixer with sufficient water to 



prevent segregation and for proper compac­
tion and is spread on the subgrade or sub­
base with approved mechanical spreaders 
in 4-inch loose layers. The material is 
then immediately compacted to a density of 
not less than 100 percent of the density 
produced by the AASHO compaction test as 
modified by the U. S. Engineer Department. 
Calcium chloride is added to the mixture 
during mixing operations at the rate of 7 
lb. of calcium chloride to the ton of mixture 
for use in the top 3 inches of the base course. 
On certain projects the calcium chloride is 
required to be mixed with all of the material. 

TABLE 12 

STABILIZED AGGREGATE BASE COURSE 

The coarse aggregate fraction (material retained on the 
No. 4 sieve) shall consist of crushed stone, crushed or un­
crushed gravel, crushed air-cooled blast furnace slag, or 
other inert materials having similar characteristics, unless 
otherwise specified. The slag shall weigh, when dry and 
rodded, not less than 70 lb. per cu. ft., when tested In 
accordance with AASHO Method T 19. The mixture of the 
coarse aggregate and fines when analyzed prior to spread­
ing on the road, shall meet the grading requirements, using 
AASHO Method T88, as follows: 

Sieve 
Designation 

Percentage by 
Weight Passing 

2-inch - - - - - - - - - - - - - - - - - - - - - - - 100 
1-inch - - - - - - - - - - - - ••••••••• - • 75-95 
Y,-inch - • - • - - - - • - - - - - - - - - - - - - - 60-75 
No. 4 - - - • - • - • - • • - •• - • • •• - - - • 45-60 
No. 40 • - • - • • - • - - • - - - - - - - - - - - • 15-30 
No. 200 (Not less than 5 percent nor more than two thirds 
of the percentage passing No. 40 sieve.) 

The material retained on the No. 4 sieve shall consist 
of tough, durable pieces of aggregate which, when tested 
in accordance with AASHO Method T 96, Test Grading A, 
will show a loss not greater than 45 percent. When sub­
jected to 5 alternations of the soundness test, AASHO 
Method T 104, using sodium sulfate, the weighted average 
loss shall not be more than 15 percent. 

The material passing the No. 4 sieve shall be known as 
11fines 11

, and shall consist of screenings produced by the 
crushing of acceptable rock, or other material of satisfac­
tory bonding value which the Laboratory may approve. 

After the base course has been completed, that portion 
of the material which passes the No. 40 sieve shall have a 
plasticity index not greater than 6 and a liquid limit not 
greater than 25, when tested in accordance with AASHO 
Method T 89, T90 and T 91. 

The materials shall be mixed in an approved mechani­
cal mixer. Water shall be added during the mixing opera­
tion in an amount desif,nated by the Soils Laboratory, which 
w!ll not be less than 5% nor more than 9%. 

This is considered to be the highest type 
of base course used in North Carolina, and 
since greater control can be maintained of 
the materials and their placement thao. any 
other type, it is preferred in the construc­
tion of flexible pavements designed for 
heavy loads. Approximately 130 miles of 
this type of base course have been con­
structed in North Carolina during the past 
2 years, and the pavements, of which they 
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are a part, are serving some of the heaviest 
traffic in the state without distress. It is 
planned to use this type of base course in 
the future in the construction of all flexible 
pavements designed for heavy loads, where 
practicable. This type of base course is 
especially suited to the widening of old ex­
isting pavements, whichcomprises a large 
part of the highway construction program in 
North Carolina at this time. 

Subbase Courses 

A sub base, if used, is that part of a 
pavement structure on which the base 
course rests. It has the same function as 
the base course and should possess the same 
characteristics, except that it need not pos­
sess as high a bearing capacity, as its 
position in the pavement structure does not 
require that it withstand as much pressure. 
For this reason less coarse material may 
be permitted, but it should meet all of the 
other requirements for soil type base ma­
terial given in Table 10. The use of a sub­
base in the design of a flexible-pavement 
structure, especially if such materials are 
available locally, permits a substantial 
saving in the cost of the pavement. 
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Flexible-Pavement Design by the 
Group-Index Method 

W. C. DAVIS, Chief, and W. G. JONES, Senior Engineer, 
Geology and Soils Branch, Division of Materials, 
Missouri State Highway Department 

eA METHOD of design, based mainly on 
group index and heavy traffic, has been 
used by the Missouri State Highway De­
partment since 1947 to determine total 
thickness to recommend for flexible pave­
ments. 

Prior to that time the principal dis­
tinction between projects within the sec­
ondary system was established by the 
traffic count. The base of a lightly trav­
eled road usually consisted of 4 to 6 inches 
of stabilized clay-aggregate mixture, while 
6 inches of higher-type base material 
(such as waterbound macadam, soil ce'­
ment, or bituminous stabilized material) 
was generally used on roads carrying 
heavier traffic. Interpretation of the 
exact meaning of lightly and heavily trav­
eled roads was pretty much left up to the 
judgment of the designer. Little considera­
tion was given to base thicknesses greater 
than 6 inches, because of a belief that sub­
grade soil so deficient in stability that it 
required more than 6 inches was too weak 
to support a flexible pavement. There­
fore, in such cases, the routine course 
was to design for concrete. 

Total thickness varied due to the practice 
of varying the bituminous wearing course, 
which might be an armor coat, double 
seal, oil mat, or asphaltic concrete. 

Through the years following comple­
tion, these roads showed great differences 
in performance. Many functioned well 
until heavier type traffic and the unavoid­
able decrease in maintenance during the 
war years began to exact their toll. 

The end of Worid War II marked the 
beginning of a change in our policy re­
garding soils information which, prior 
to that time, had been given to the de ­
signer without definite recommendations 
concerning its most- advantageous use. 
Since few designers were equipped with 
the specialized knowledge necessary to 
make full use/of the information provided, 
there was some reluctance even to try 

to use it. Fundamentally, design was 
based on past experience in Missouri. 

The somewhat - gradual deterioration 
noted in many of our roads during the war 
years was speeded up by the marked post­
war increase in traffic volume and weight. 
As a result , the spotlight was directed 
toward our rather casual attitude con­
cerning the importance of base thickness, 
emphasizing the inadequacy of our design 
and indicating the need for the development 
and adoption of a definite design method. 
Additional stimulus was provided by the 
return of many engineers from war work, 
where they had assimilated ideas concern­
ing the latest practices in design and con­
struction of flexiblepavements, as well as 
in the practical application of soils data 
obtained from field and laboratory investi­
gations. 

However , "the homecoming of the wise 
men" could hardly be called an unmixed 
biessing, inasmuch as discordant opinions 
were frequently held and strongly defended 
by designers , construction men, and soils 
engineers. The all-important straw was 
added to the camel's load in 1947 when the 
Soils Division specifically recommended 
an 8-inch base in an area where 6 inches 
was considered by the designer to be 
ample thickness. 

This recommendation engendered much 
discussion but the base thickness was set 
up for 6 inches. Perhaps the most-im­
portant r esult of all the conversations ;was 
that one idea crystallized from many, 
when it was decided that some definite 
method of thickness design should be 
established, for use by the Missouri State 
Highway Department. 

· It was realized that the group index was 
developed as a soil-classification tool, 
easily determined from simple soil tests 
performed by all laboratories. We were 
aware that bearing values, obtained in one 
or another of several ways, were used by 
numerous organizations to determine base 



thickness, and that we might be among the 
minority if we chose to ignore the path 
followed by so many. 

For several reasons, however, we 
elected to do just that, not the least of 
which, perhaps, was the show-me attitude 
of the Missourian. Nobody had convinced 
us that any one bearing test was better 
than any other, and our routine tests did 
not include those for either bearing value 
or shear. We felt that , since the group 
index involved no tests complex in them­
selves or in the diagnosis of their results, 
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The proposed chart was preferably to be 
uncomplicated and to utilize only such 
soil tests as were commonly made in our 
laboratory. Although at the time of 
origination it was considered to be only 
the first step in the right direction, the 
second step has not been taken and the 
chart in use today remains essentially 
the same as the original. 

The chart was developed in the following 
manner: 

1. CBR and Proctor density tests were 
made on all horizons of 32 typical soils of 
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Figure 1. 

it met our demands for simplicity and 
should serve satisfactorily as the basis 
for our design method. 

Various ideas were advanced and dif­
ferent approaches tried before the final 
decision was reached that our thickness 
chart would be based primarily on the 
group index of the subgrade soil and the 
volume of heavy traffic (trucks and buss es), 
with minor adjustments being influenced 
by the maximum dry weight of the soil. 

Missouri, with the exception of most of 
the thin, organic A horizons. 

2. CBR tests were correlated with 
bearing value as shown in sketch, SCX-16 
assembled by the Portland Cement Associa­
tion (1). 

3. - Use was made of Highway Design 
Charts H-10, H-15, and H-20, presented 
in an Asphalt Institute Progress Report (2) 
to determine the correlation between vary­
ing bearing values and total thicknesses of 
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base and asphalt surface. Tbese values 
were slightly changed before plotting, with 
the extra-heavy-duty curve corresponding 
to the Asphalt Institute Curve H-20, heavy 
duty corresponding to H-15, and medium 
duty couesponding to H-10. The light­
duty curve was added by extrapolation. 

4. It was thought that repitition of 
critical loading was more important than 
wheel loads alone. With some changes, 
D. J. Steele's (3) designation of Light, 
medium, and heavy traffic was applied. 
Our classification agreed with his in the 
light duty class (less than bO commercial 
vehicles daily), but because a different 
set of conditions prevailed, we called his 
"heavy duty" extrn- heavy duty, (300+) and 
broke down his "medium duty" into medium 
duty and heavy duty (50-150 and 150-300 ). 

5. From.the Portland Cement Associa­
tion sketch the relationship between CBR, 
bearing value, and PRA (now BPR) classifi­
cation was established. The BPR classifi­
cation as shown in the sketch was, how­
ever, changed to be in line with the 1947 
proposed revision (4). 

6. Chartingthe revisedBPRclassifica­
tion, which included maximum group index 
limits for each A group, automatically 
established the maximums on our thickness 
chart, while the minimums were fixed to 
conform_to experience with Missouri soils. 

The thickness chart is used by the Plans 
and surveys ureau, since it is that bu­
reau's respons ibility to set up all phases of 
the design, including thickness and width, 
type of base, and surfacing. However, 
furnishing reliable information concerning 
soils, excavation classification and drain­
age is one of the functions of the Division of 
Geology and Soils. The field representative 
of this branch of the department assumes 
the responsibility for obtaining the neces­
sary information, interpreting soil test 
results and field conditions, and offering 
:;uggestions that will help the designer to 
derive greatest benefit from the avaHable 
data. He finds use of the chart essential 
to complete fullillment of these obliga­
tions. 

On projects through new locations where 
grading work must be done, the district 
geologist or soils engineer makes borings 
to determine the presence of any ledge stone 
and to classify the different soil types ac­
cording to tbe U.S. Department of Agri­
culture, Bureau of Soils, Method. Natural­
density tests are made for estimating soil 

shrinkage, and samples from each horizon 
of each soil type are submitted to our 
Jefferson City Laboratory for routine 
tests. 

The geologist writes a soil-survey re­
port, which includes a description and test 
data for each soil involved in grading op­
erations or which will form subgrade for 
the base, notations about any unusual 
drainage conditions, shrinkage factors for 
use in computing earth balances, loca­
tion of ledge stone if it occurs, and other 
geological features. This report, with 
the geologist's interpretation of all the 
pertinent information obtained from both 
laboratory and field work, is submitted to 
the designer. 

On reconstructed routes where no grad­
ing is required, frequent and accurately 
measured soundings determine the salvable 
thickness of the old wearing course and 
base, and borings are made to determine 
the major soil changes in the subgrade. 
Typical samples of subgrade material are 
tested. Where base sufficient to be of 
value in stage construction is found, it is 
sampled and tested for P. I. and gradation. 
A report is then submitted to the designer 
describing the amount of salvable material 
and its probable value, the subgrade soils, 
and drainage conditions. 

After evaluating the effects of the group 
index and the latest traffic count of heavy 
vehicles, the designer uses the thickness 
chart as a guide to determine the total 
thickness of base and surfacing. Con­
sideration of a material survey report on 
available materials enables him to specify 
the type of base and surfacing to be used. 
Information contained in the soil-survey 
report helps him to specify the type and 
location of special drains, and such se­
lective soil handling as may be necessary 
or desirable. 

Application of the thickness chart usually 
involves only group index and heavy traf ­
fic; but in certain cases, as in the follow­
ing example, consideration is given to the 
maximum dry weight. Assuming a group 
index of 10 and extra-heavy traffic {300+) 
the chart indicates the necessity of a total 
thickness of 9. 5 inches. Whether to specify 
9 inches or 10 inches is then influenced by 
the dry weight. Since the group index of 10 
almost exactly coincides with 110 lb. per 
cu. ft,, a weight greater than 110 would be 
considered to be a better soil and need less 
total thickness. Theoretically, then, 9 



inches would be specified. Thus, a lower 
weight, poorer-type soil would demand a 
greater thickness, and 10 inches would 
ordinarily be specified. 

Since its adoption, the chart has been 
used to design thicknesses for projects in 
various parts of the state which, because 
of the scattered locations, offer contrasting 
soil, climate, drainage, and traffic con­
ditions. Detailed descriptions of the 
design, construction, and performance of 
some of the projects follow: 

ROUTE SK, ANDREW COUNTY 

This 5. 25-mile project extends from 
Amazonia to the Buchanan County line at 
the edge of St. Joseph, in northwest Mis­
souri. About a third of this project lies 
in the Missouri River flood-plain area 
adjacent to a prominent escarpment, while 
the remainder of the project is located in 
heavily rolling upland topography. This 
contract consisted of a few short sections 
of re-alignment, raising the grade in some 
of the bottomland area, and constructing a 
rolled-stone base with bituminous surface. 
Construction was started in April and 
completed in November, 1949. 

During a soil survey in the spring of 
1947, the limits of the soils were de­
termined, and those that would comprise 
the subgrade for the new base were sampled 
and tested. The soils were identified as 
Knox and Marshall silt loams in the upland 
area, and Sarpy clay loam, Pennsylvanian 
shale, and glacial till in the low area ad­
joining- the escarpment, Fifteen repre­
sentative soil samples showed group in­
dexes ranging from 2 to 11. Based on a 
medium-duty traffic count and these group 
indexes, the total thickness recommenda­
tions by the division geologist for the de­
signer's guidance were 9 in. in the first 
2, 550 ft. , 5 in. , 7 in. or 9 in, in the next 
8, 700 ft. (depending on the source of bor­
row material for raising the grade), and 7 
in, in the remaining 16,615 ft. The sugges­
tion was made that French-type shoulder 
drains be installed through areas 9f the 
more-impervious subgrade. 

A material survey, made in this lo­
cality in 1944, indicated no gravel avail­
able in the immediate area. Two lime­
stone sources near the project were lo­
cated and sampled, both deposits being 
identified as the Oread formation of Penn­
sylvanian age. Portions of the ledge were 
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accepted for use in the production of ag­
gregate for bituminous surfacing and the 
entire sampled thickness was accepted for 
use as rolled stone base. 

Changes in plans subsequent to the 
original soil survey necessitated varia­
tions in thickness from those recom­
mended. The thickness of the 24-ft. -
width base as constructed was 9 inches 
for the first 1,510 feet; 7 inches for 5, 140 
feet; 9 inches for 440 feet; 7 inches for 
1, 060 feet; 9 inches for 2,030 feet; and 
7 inches for the remaining 17,685 feet, 
or a total of nearly 24,000 feet of 7-inch 
base and approximately 4,000 feet of 9-inch 
base. The 7-inch base was constructed in 
two lifts, and the 9-inch base in three equal 
lifts. The density specified was at least 
95 percent of the standard Proctor maxi­
mum. The bituminous surface course was 
constructed to a width of 22 feet, and con­
sisted of two applications of MC-5 with a 
total of about 45 lb. of aggregate per square 
yard. 

The daily traffic count on this route in 
1948 just before it was closed for new 
construction was 901 vehicles, of which 
approximately 150 were trucks and busses, 
thus making it a borderline case between 
medium and heavy duty. The medium-duty 
classification was used as a basis of de­
sign, even though past experience indicated 
that some increase in traffic is a logical 
expectation after improvement of a project. 
The 1952 traffic count on this project fol­
lowed the usual pattern, increasing to 
1, 360 vehicles, of which about 240 were 
trucks and busses. This indicates that 
anticipated traffic should have been the 
basis of design, in which case the heavy­
duty curve would apply and a greater base 
thickness would have been specified. 

Maintenance costs for a 13-year period 
before reconstruction averaged $355 per 
mile per year. Since reconstruction the 
maintenance costs have averaged $249 per 
mile per year for the 3-year period, of 
which more than 92 percent was spent for 
cover material when the bituminous sur­
face showed excessive bleeding shortly 
after construction was completed. Repair­
ing small failures accounted for the re­
mainder. 

The condition of this route in October of 
1953 was unsatisfactory. The first 1. 7 
miles of the project, which is on the flat 
grade through the bottom, and hence, in an 
area of poor drainage, showed somewhat 
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more severe distress than the remaining 
3. 55 miles located in the hills. Through 
the 1. 7-mile section there were eight small 
failed are,as totaling about 700 sq. ft. 
Several other areas showed severe crack­
ing and distortion. Much longitudinal 
cracking and some corrugating was par­
ticularly noticeable in the outer wheel 
tracks. In the 3. 55-mile section, there 
was one failure of approximately 300 sq. 
ft. , a few other areas were severely 
cracked and distorted, and longitudinal 
cracks with slight accompanying depres­
sion appcnrcd in most of the cuts and on 
the low sides of curves. 

An attempt will be made to remedy the 
existing condition by r esurfacing next 
spring with a plant mix of penetration 
asphalt and mineral aggregate sufficient 
to give an additional thid:ness of about 
3. 5 inches. 

ROUTE 59 , ATCHISON COUNTY 

This north Missouri project extends 
from the Iowa line to Tar kio, a distance 
of 7. 8 miles over lightly rolling topography 
through soils oi ioessial and glacial origin. 
The old road was oiled earth. New con­
struction, between August 1949 and July 
1950, included a few sections of light 
grading but primarily consisted of plac­
ing a rolled-stone base and bituminous 
surface on the oiled earth. 

A soil survey made in December of 
1948 showed that the subgrade generally 
consisted of one of the three horizons of 
the Marshall silt loam, a loessial soil, 
although in some areas a glacial soil (She !by 
s ilt loam) was found. F ive representative 
soil samples were tested, three showing 
a group index of 8 and two of 11. Based 
on a medium- duty traffic count and the 
group indexes, the chart indicated that 
thicknesses should be 6 and 7. 3 inches, 
so a tot.al thicknP.88 of 7 inr.hes was rer.om­
mended throughout the project. No special 
dr ainage was recommended, 

Material surveys several years previous 
to 1949 had indicated no stone deposits of 
any consequence in the county and only 
small scattered deposits of poor quality . 
glacial sand and gravel. Therefore , 
crushed stone was shipped from the most­
economic source, a distance of approxi­
mately 65 miles. 

A rolled-stone base 6 inches thick and 
22 feet wide was constructed throughout 

the project , The lower of two lifts was 4 
inches thick, the upper was 2 inches and 
the specified compaction for each was at 
least 95 percent of Proctor maximum 
density. The base was topped with a 
double bituminous surface treatment 20 
feet wide, in which the total aggregate 
used amounted to about 60 lb. per sq. 
yd. 

The average daily traffic count in 1949 
before construction started was 493 ve­
hicles, of which approximately 69 were 
trucks and busses, placing it near the 
lower limit of our medium-duty classifi­
cation (50-150). In 1952, 2 years after 
completion of the project , the traffic 
showed a very slight increase to 526 
vehicles, of which about 73 were trucks 
and busses. 

The maintenance costs for 13 years 
previous to reconstruction averaged $470 
per mile per year. Since reconstruction 
the annual per mile surface maintenance 
costs have averaged $152. Maintenance 
has consisted of repairing a few failures 
and spot sealing surface blemishes. 

A condition survey of the project in 
Octuuer 1953 :shuweu uue large failure of 
about 500 sq, ft. and three other failures 
totaling 50 sq. ft, Another 2, 000 sq. ft, 
has shoved and corrugated, and longi­
tudinal cracks are almost continuous 
throughout the project in the outer wheel 
lanes. 

Improvement similar to that for the 
pr ev iously described r oute is s cheduled 
for this project in 1954, when approxi­
mately a 3, 5-inch-plant-mixwill be placed. 

ROUTE STT, ST. LOUIS COUNTY 

This project is a 4, 600-foot relocation 
in the northern part of St. Louis County, 
in east central missouri, through rather 
level terrain along a terrace or second 
bottom of Coldwater Creek. Grading of 
the new location started in August of 1951, 
and the construction of a r olled-stone base 
surfaced with asphaltic concrete was com­
pleted in October, 1952, 

From the soil survey made in Decem­
ber of 1949, it was determined that the 
project was located in an area of reworked 
loessial soils. These soils were identified 
as Bremer silt loam, a soil containing a 
large amount of silt and organic matter, 
and Robertsville silt loam of similar tex­
ture but containing much-less organic 



material. Samples representative of the 
horizons of each soil type were tested. 
Results showed almost identical group in­
dexes of 8, 10, and 13 for the A, B, C 
horizons of the Bremer and 8, 10, and 14 
for the Robertsville. 

An effort to anticipate the worst con­
dition influenced the division geologist to 
suggest in his soil-survey report that the 
group index of 14 be used as the criterion 
for determining the pavement thickness. 
Based on this group index and an anticipat­
ed extra-heavy traffic count, the recom­
mendation was made that 12 inches of total 
thickness be used throughout the project. 
Special drainage installations were not 
necessary, and the materials problem was 
simplified because several established 
quarries operated nearby. 

The recommendations for this project 
were followed without variation. A total 
pavement thickness of 12 inches was con­
structed, consisting of a 9-inch rolled­
stone base, 26 feet wide, and a 3- inch 
asphaltic-concrete surface, 24 feet wide. 
The base was compacted in three equal 
courses, each to at least 95 percent of 
Proctor maximum density. 

The daily traffic count on this project 
in 1950 was 761, of which about 33 were 
trucks and busses. Relatively little traf­
fic used the route before improvement, 
because of the narrow, hazardous road­
way. Recent data is not available, but ob­
servation indicates that the increase has 
been considerable. 

The condition of this road at present is 
excellent and there have been no mainte­
nance costs. 

ROUTE 21 TR, JEFFERSON COUNTY 

This project is a relocation of a portion 
of Route 21 bypassing the City of DeSoto. 
The 6. 84-mile project traverses hilly 
topography of the Ozark region, where 
deep cuts and highfills involvedexcavating 
and handling large quantities of both ledge 
stone and dirt. Grading started in June of 
1947, and the pavement, consisting of 
rolled-stone base with a bituminous seal, 
was completed in July of 1948. 

The original soil survey for this route 
was made in 1940, when the soil type 
throughout the project was identified as 
Union silt loam, a soil which is usually 
composed of fine-grained material of loes­
sial origin overlying cherty, granular, 
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residual material. Group indexes of 
samples taken at this time varied from 
10 to 14. 

The projectwas designedin 1946, which 
was previous to the development of our 
thickness chart. The designer, with little 
information to guide him, set up the proj­
ect for a 6-inch base with a bituminous 
seal. Excavation by the grading contractor 
exposed such extensive, heavy clay sub­
grade that construction personnel ques­
tioned the adequacy of the design and re­
quested that a new soil survey be made. 

The resurvey in 1947 showed nearly all 
fills to be capped with clay and the sub­
grade through most cuts to consist of 
shattered dolomite. Eight soil samples, 
considered to be representative of clayey 
sections throughout the project, showed 
group indexes ranging from 11 to 16. 
These figures, considered in conjunction 
with anticipated traffic in the medium­
duty classification, indicated the neces­
sary total thickness to be from about 7. 5 
inches to 10 inches. A supplemental re­
port was submitted recommending a 9-
inch base, which would be slightly in­
creased by addition of the bituminous seal 
and probably fall just a trifle shy of the 
maximum thickness indicated by the chart 
to be necessary through the worst sections. 
A minimum of 4 inches of base material 
was recommended in the rock cut sections. 

Adoption of these recommendations 
meant that the project had to be divided into 
clayey and stony subgrade sections vary­
ing in length from 550 feet to 3,040 feet 
and involving 19 changes of base thick­
ness. The only special drainage installa­
tion was made to intercept intermittent 
seepage from a wet weather spring in the 
subgrade. 

A material survey in the locality showed 
an abundance of Jefferson City dolomite of 
Ordovician age which was suitable for 
use as base material. Stone suitable for 
bituminous surface could be produced by 
selective quarrying of certain ledges. 
Local gravel deposits were insufficient in 
size to supply the necessary quantity of 
base material. Sufficient grav.el of suit­
able quality for use as bituminous surface 
material was available in nearby stream 
deposits. 

With but few exceptions, a 9-inch 
rolled-stone base was constructed in the 
locations recommended. A 6-inch base 
was built in all stony subgrade sections 
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instead of 4 inches as suggested. The 
base throughout the job was constructed in 
3-inchlayers, each of whichwascompacted 
to at least 95 percent of Proctor maximum 
density 'prior to placement of the next 
course. The base was full uniform thick­
ness for 20 feet and feathered out on 8-
ft. shoulders. Prime was applied to the 
full 36 feet, and a bituminous surface con­
sisting of 75 pounds of stone chips per sq. 
yd. was placed on the 20-foot width. 

Since this project is on new location, 
traffic compar.iRonR hefore and after are 
not possible. The first available traffic 
count was in 1952, which showed a daily 
aver age of 1, 133 vehicles (about 240 
trucks and busses). In 1953 this traffic 
had increased to 1,246 vehicles, of which 
262 were of heavy classification. Both 
of these counts are well up into the heavy­
duty class instead of the medium-duty for 
which the project was designed. 

The exact maintenance costs on this 
6. 84-mile section are unavailable. Pro­
rating the 4-year costs of a maintena nce 
section which includes this project and 
an adjoining 5. 5- milc section cf similar 
construction gives an average of $129 per 
mile per year. 

Within a year after completion of this 
project two areas failed. Both were on 
fills and grades, and both occurred where 
the base thickness was 6 inches. The 
smaller (160 sq. ft.) showed a marked 
stratification in the subgrade m ateria l 
with several inches of silty topsoil over­
lying tight clay. The capping layer picked 
up moisture which could not escape and 
developed a condition which resulted in 
failure. The larger failure (2, 250 sq. ft.) 
occurred on clay subgrade and was prob­
ably caused by one of the few unaccount­
able variations from the recommended 
procedure. A 9-inch base on this section 
would undoubtedly have reduced the prob­
ability of failure. The same statement 
might be made conce rning the smaller 
failed area; but better construction pro­
cedure would have spread the t opsoil on 
ditch inslopes or mixed it with the clay, 
rather than concentrate it in a layer. cup -­
ping an impervious clayey soil. 

Accurate observations of this pave ment 
have been infrequent since 1949, but con­
versations with maintenance patrolmen 
indicate that no further failures have oc ­
curred. Minor surface blemishes have de­
veloped in the traveled way and raveling 

is conspicuous on the primed shoulders . 
In 1952, this project was resurfaced with 

3 inches of asphaltic concrete for a width 
of 22 feet as a protective surface coating, 
rather than as insurance against the de­
velopment of base failures. No surface 
maintenance has been charged against the 
job since that time and the road is in ex­
cellent condition. 

ROUTE 62, NEW MADRID COUNTY 

This project extends from Risco to 
Malden, an almost perfectly flat distance 
of 8. 2 miles across part of an old Missis­
sippi River flood plain near the Bootheel 
section of southeast Missouri. 

The 20-foot pavement, previous to im­
provement, consisted of concrete slabs, 
some of which were 9 feet and some 10 feet 
wide. The remaining 10 or 11 feet con­
sisted of either bituminous surfaced thin 
gravel or oiled-sand base. 

Although the concrete slabs were per­
forming satisfactorily, the bituminous 
widening presented a constant and expensive 
maintena!!ce probl':'m, Through thP. yP.ars 
various methods of treatment were used 
in an attempt to improve this road. It was 
felt that some salvage value was re­
coverable from the existing roadway so 
the design was set up to inake full use of 
such material as was available. 

A condition survey made in February 
of 1948 to determine the quantity and qual­
ity of salvable material showed wide varia­
tions in base material. Fairly clean and 
rather dirty sand was found, as were oil­
sand mixtur es, clayey gr avel, and clean 
gravel in amounts that were not at all con­
sistent but were revealing as to the attempts 
to build stability into the job in past years. 
Estimates were made of the amount of re­
coverable material in the various sections. 

The alluvial subgrade soils were i­
dentified as Sharkey and Waverly types, 
varying from organic clay loams to sandy 
loams. The group indexes of the eight 
samples tested varied from O to 12. 

With the expectation that the road would 
be subjected to traffic corresponding to our 
extra-heavy cla:'sification, recommenda­
tions n9 ero made for total thicknesses vary­
ing from 6 to 11 inches as the quality of the 
subgrade soil varied. Twelve changes in 
thickness were involved in sections of 
lengths va r ying from 530 feet to 10, 725 
feet. The report also contained a recom-



mendation that water be removed from the 
base by drains through the shoulders, 
even though dissipation of water collected 
by ditches in this area is usually ac -
complished by the slow process of evap­
oration. Normal conditions in this level 
section of Missouri usually mean high 
humidity and high water table, neither of 
which are conducive to rapid elimination of 
surface water. 

Material deposits are scarce in this 
section of Missouri, being confined pri­
marily to rounded chert and quartz gravel 
and sand deposits containing varying 
amounts of binder and occurring in a long 
hill known as Crowley's Ridge. Suitable 
deposits within this ridge had been pre -
viously located at a distance of 7 or 8 
miles from the project. 

Construction of this job was completed 
between August 24 and November 25, 1948. 
With the exception of 9,000 feet of 6-inch 
base near the middle of the section, the 
base thickness throughout was 8 inches. 
Base material was produced by two meth­
ods: The lower portion consists of a mix­
ture of broken, salvaged, bituminous 
material and any underlying base of what­
ever nature, while the top course was 
stabilized gravel in sufficient quantity to 
produce the specified thickness. 

Because the gravel in its natural state 
contained too little fine material and show­
ed too high plasticity to meet our specifica­
tion, fine sand (also a Crowley Ridge de­
posit) was hauled to the project and win­
drowed in quantity such as to bring the 
total material within specification limits 
on both counts. The sand, gravel, and 
moisture for compaction were mixed in 
one operation by means of a traveling 
mixer. Minimum compaction was speci­
fied as 95 percent of Proctor maximum 
density. The base was placed in a trench 
11 or 12 feet wide, as determined by the 
slab width, and was surfaced with an 
open-type, coarse-graded, asphaltic con­
crete, 2 inches thick and 1 foot narrower 
than the underlying base. Recommenda­
tions were ignored and no drainage of any 
type was provided. 

The contractor was working against 
time and time was fast running out on 
him, as it often does for anyone propos­
ing to place asphaltic concrete during 
November in Missouri. Unfortunately, 
several rains fell while long sections of 
trench were lying open. Removing ex-
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cess moisture from wet subgrade by aer­
ating and discing is a fine idea in certain 
circumstances; but in damp, cool, cloudy 
weather over a southeast Missouri flat, 
undrained, trench section it was ~ lot of 

· waste motion. A few soft and unstable 
spots were removed, but many were not, 
and the base was apparently mudded-in in 
quite a few areas. 

The failure of this road might be, for 
the most part, ascribed to the fact that 
construction was ·hurried because the 
season was so late. In order to reduce 
the probability of a winter shutdown on an 
unfinished job, good construction practice 
was disregarded and the effects soon be­
came evident. 

The daily traffic count in 1947, a year 
before reconstruction of this route, was 
1,146, of which about 225 were trucks and 
busses. By 1953 these figures had in­
creased to 1,369 vehicles, of which 280 
are of the heavy type. Into this category 
fall many trucks often thought and some­
times proved to be loaded considerably in 
excess of the legal maximum of 18,000 
lb. per axle. Watermelons, soybeans, 
and cottonseed are produced in large 
quantities, and in the fall huge loads are 
often hauled over roads inadequately de­
signed to withstand such weight. 

The average annual surface mainte­
nance cost of this section for an 11-year 
period prior to reconstruction was $360 
per mile. Since reconstruction (1949 
through 1952) the cost has averaged $392 
per mile per year. These figures include 
the costs for resealing the entire section 
and repairing broken and failed areas. 

As indicated by these figures and con­
firmed by visual observation, the recon­
struction of this road was not successful. 
About 75 small, scattered failures totaling 
approximately 100 sq. yd. developed and 
were repaired by the contractor before he 
left the job. Failures subsequently grew 
in number and size and other defects ap­
peared, until by the following summer 
(1949) 7 percent of the total area of new 
construction showed complete failure, 8 
percent was severely depressed or near 
failure, 6 percent was slightly depressed, 
and 33 percent had been resealed to cover 
the cracks. Most of the distressed areas 
occurred in the westetn 2 miles, which 
were the latest constructed, and nearly all 
failures were observed in areas over the 
poorer subgrade soils. 
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Serious deterior ation shortly there­
after came to almost a complete standstill, 
with new 'failures developing nowhere ex­
cept within the 2-mile section, where the 
occurrence of new defects proceeded at a 
much slower pace. At present this pave­
ment is performing satisfactorily, ex­
cept for the western 2 miles which, al­
though rough, is still serviceable. No 
additional construction is planned for this 
project at the present time. 

IMPROVEMENT OF SECONDARY ROADS 

Many secondary roads in Missouri 
have been built up over a period of years, 
primarily as a result of routine mainte­
nance. Periodic addition of replacement 
material, ditch pulling, maintenance, 
stabilization and maintenance oil mats, 
decks, seal coats, etc. , are all instru­
mental in building thickness, stability, 
and some value into such roads. In con­
junction with a thickness survey, our 
chart has been used as a guide when some 
of these roads have been scheduled for 
further improvement, as well as on projects 
tuu short to be included in this report. 
Missouri has recently done a great deal of 
widening and resurfacing of old, narrow 
and defective concrete pavement, where 
the chart has been used in determining the 
thickness of the widened portion on many 
of these projects. 

Other instances of its use, none of which 
have any place in this r eport, may be cited 
as on projects originally set up for flex­
ible pavements but on which the final de­
sign was for concrete. There are also a 
few p r ojects in various stages prior to 
letting of the contract, on which chart 
recommendations have been reported and 
which may or may not reach the construc­
tion stage as flexible pavements. 

Since its introduction as a tool for de­
sign, unforeseen obstacles have some­
times barred the way to as complete use 
of the chart as was expected, and it has, 
in some cases, been used improperly or 
not at all, experiences which are probably 
not peculiar solely to Missouri. 

We feel that we have accumulated in­
sufficient data to permit an accurate eval­
uation of our method of design at the 
present time. However we cannot fail to 
recognize the fact that it falls short of 
perfection, if there is such a thing in 
flexible-pavement design. We in Missouri 

have just about abandoned hope of pro­
viding a design method that will solve all 
problems in all conditions and revolutionize 
the controversial subject .of flexible-pave­
ment-thickness design. If we can develop 
one that works satisfactorily in Missouri 
for Missouri conditions, we will consider 
that we have reached one of our important 
objectives. 

Factors in Method Improvement 

We believe that the accumulation of 
more data, both on completed projects and 
those yet tu be constructed, will bring into 
sharper focus the shortcomings of our de­
sign method which we hope to improve by 
incorporating the knowledge derived from 
the study of several phases of the general 
road building program, in which we ex­
pect to emphasize the importance of the 
following factors: 

Anticipated Traffic 

More-accurate forecasts of the traffic 
to be expected in the future would permit 
greate1° accuracy in our thickness 1·ecom­
mendations. The possibility of under­
designing and thereby repeating the ex­
perience illustrated by Route K, Andrew 
County, and Route 21, Jefferson County, 
would be greatly reduced. As described 
previously , these roads were designed 
for medium-duty traffic, but improve­
ment attracted traffic in such amount that 
they are well within our heavy-duty clas­
sification. 

Overdesign of thickness in anticipation 
of traffic volume that never mater ializes 
is not good design practice, but might 
be justified by a saving in maintenance 
costs greater than the cost of the additional 
material. 

Type of Base and Surface Course 

Our method does not take into con­
sideration the difference in bearing value 
between the various types of bases and 
bituminous surfaces. Crushed stone, 
keyed together by its angularity and lightly 
bound by the slight cementing action of its 
dust, probably has greater stability than a 
well-graded, rounded gravel containing 
soil binder. We know there is a difference 
in bearing strength between lime, soil­
cement, stone, and mechanically stabilized 



bases, but our design does not take this 
into consideration. 

Frost and Drainage 

It is about 300 miles from the Iowa line 
at the north to the southeastern tip of the 
Bootheel in Missouri, which is only 70 
miles from the Mississippi state line. 
Average frost penetration varies from 
about 20 inches in north Missouri to about 
5 inches in the Bootheel. The detrimental 
effect of frost on pavements in Missouri 
is not great but may be sufficient to war­
rant consideration in any revision of our 
method of design. 

Good designprocedure must necessarily 
provide for removal of water which collects 
in a base. If drains are not installed, 
additional thickness might help to com­
pensate for the lack. In our design we 
make no allowance for additional thick­
ness if the drainage is poor. 

Construction 

Latent though fundamental assump­
tions underlying our method of design are: 
(1) construction materials meet our spec­
ifications; (2) field testing and inspection 
for gradation, plasticity, moisture, den­
sity, etc. , is accurate and test results 
are reliable; and (3) construction methods 
comply with those accepted as standard 
practice. 

When one or more of those assump­
tions proves to be not well founded and 
failures appear in the road, we hope that 
further experience will provide the knowl­
edge that will enable us to pinpoint the 
causes of trouble. 

Proposed Group-Index Revision 

We have done some work and intend to 
do more toward revising the method of de­
termining the group index. We propose 
an approach to the problem which will en­
able us to reduce the amount of testing 
necessary, basing the determination on 
P. I. and plastic limit. Perhaps adapta­

.tion of the agronomists' field capacity and 
wilting point, in terms of P. I. and plastic 
limit, will enable us to determine the 
group-index limits from a different view­
point than at present. We believe there 
should be some method of taking into ac­
count the decreasing stability inherent in a 
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soil while its moisture content ascends 
the plastic range. 

The members of the Soils Division of 
the Missouri Highway Department recog­
nize at least some of the inadequacies of our 
present method. Since the failures oc­
curring on some of the projects designed 
by our method can easily be accounted for 
by factors other than erroneous soils in­
formation, we have had no particular 
reason to consider re-examination, e­
valuation, and revision of out' design 
method. When that point is reached, we 
believe that complex tests will not nee -
essarily provide the complete answer to 
our problems. 

A systematic study of conditions be­
fore, during, and after construction and 
accurate, periodic observations of the 
performance of various type flexible pave­
ments, in soil and climatic conditions as 
found in Missouri would, we believe, 
more nearly provide the information we 
now lack for making an intelligent re­
vision of our design method. Such a 
program has not been inaugurated in Mis­
souri, but we have hopes of starting such 
a study in the near future. 

Additional impetus has been given to a 
review of our method of design by a recent 
directive to the effect that, on secondary 
roads in the Missouri system, a minimum 
8-inch base and minimum l 1/2 inches of bi­
tuminous surface will be constructed, un­
less a lesser thickness is justified by the 
soil survey. Since this provision, if al­
ways adhered to, would eliminate from 
consideration approximately 70 percent of 
our chart, a critical analysis of the many 
and various methods of design becomes 
the first order of business in Missouri. An 
effort is being made to determine whether 
something better than our present method 
can be· developed, retaining if possible the 
simplicity which we feel is one of the de­
sirable characteristics in the group­
index method of design. 
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Modified C.B.R. Flexible-Pavement Design 

D. J. OLINGER, Principal Materials Engineer, 
Wyoming Highway DepartmenL 

Approximately 1,450 miles of road have been constructed during the past 7 years 
following the modified California Bearing Ratio flexible-pavement design initiated 
in 1946. This method is reported in the 1947 PROCEEDINGS of the Highway 

es.eych Board as "Wyoming Method of Flexible-Pavement Design." 
(;C The modified C. B. R. controls (1) overall thickness of pavement, base, sub­
base, and that portion of the basement soil classed as selected embankment and 
(2) the $_~~1:!_f:l ~n~ 9-u_aJity of the selected embankment and subbase. 

'The base and pavement have had no test r equirements for stability, other 
than the Wyoming stability test, so they have been designed both for thicknesses 
and quality by past experience plus gradation, liquid limit, plasticity index, and 
wear tests. A test procedure is now being put into practice to allow a better 
selection of base and pavement aggregates) 

, Included are tabulations of: (1) roadway and pavement widths, also surfacing 
widths, based on traffic and state highway system; (2) traffic variations within 
each state highway system; (3) several near typical highway projects showing 
number of soil samples taken, number of different designed thicknesses, etc., 
for both the preliminary and construction stages; and (4) the opinions of the 
various engineers of the Wyoming Highway Department as to the merits and 
weaknesses of the present design./ f) i'./ 1 , Ii' 

e DURING the past 7 years the modified 
C. B. R. flexible pavement design has been 
used in bringing to completion, including a 
bituminous. pavement, approximately 350 
miles of reconstruction and 1,100 miles of 
new construction on Wyoming's 4, 800-mile 
state highway system. Many more miles 
are in various stages of construction, but 
not entirely completed. 

The present design procedui'e was in­
itiated in 1946, and reported in the 1947 
PROCEEDINGS of the Highway Research 
Board as "Wyoming Method of Flexible 
Pavement Design. " Briefly, this method 
includes: (1) compacting the C. B. R. speci­
men under static load at optimum moisture 
to the standard AASHO density; (2) soaking 
the specimen four days with a ten pound 
surcharge; and (3) using the bearing value 
determined on a design curve selected by 
an empirical evaluation of (a) annual pre­
cipitation, (b} depth of water table below 
profile grade, (c} frost action, (d} general 
existing conditions, and (e) traffic inorder 
to determine the total overall thickness of 
pavement, base, subbase, and selected 
embankment. 

The modified C. B. R. is used in deter­
mining the quality, also the thickness that 
may be used, of selected embankment and 
subbase materials. However, the base and 

pavement have had only the Wyoming sta­
bility test, gradation, liquid limit, plas­
ticity index, wear test, and past experience 
used as the criteria for design thickness 
and quality of materi.als. 

MODIFICATIONS OF METHOD 

Modifications have been made from the 
original method when revision was justi­
fied, as follows: 

1. The material originally called "im­
ported fill" has been reclassified as "se­
lected embankment. " 

2. Thicknesses of pavement and base 
are held uniform on any one job, and the 
thicknesses of subbase or selected embank­
ment are used as the adjustable components. 
These have been modified to vary in uni­
form increments of 2 or 3 inches, instead 
of the }{i-inch increments originally indi­
cated. This reduces the number of sections 
necessary on a project, and simplifies the 
staking. 

3. Selected material surfacing is now 
crushed to a 2-inch maximum in place of 
allowing up to 4-inch-maximum size in a 
6-inch lift. This allows traffic a better 
riding surface on stage construction. 

4. The original minimum center sec­
tions, (shown in Figure 1 of the original 
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TABLE l 

ROADWAY WlDTHS, PAVEMENT WJDTHS, AND SURFACING TlllCKNESSES, BASED ON TRAFFIC 

TRAFFIC - FSTIJ.IATIID EQUIVALENT 5000 POUND WHEEL 

LOADS FOR 20 YEARS IN ONE DIRECTION - IN MILLIONS 

0-0.25 0.25-1 1-3 3-5 

Width et bottom of bese 26' 20 ' 30' 4-0' 

Width of bitum1nous p8Vement 20' 22' 24' 28° 

Minitiwn total thickness 4/r" 5" 5/t• £ 6• 

Minim.um pavement thioknese 1}• l t;" 1}" 2" 

Minimum base thickness 3" 3" 3" 4" 

FElJl!RAL AID 
lm'.:ONDARY 

paper) have been increased as indicated in 
Table l. The 1~-inch pavement is road 
mix, the 2-inch pavement either road or 
plant mix, and U\e 2%-tnch pavement is 
plant mix laid in two courses . This change 
was based upon (1) a large increase in 
equivalent 5, 000-lb. wheel loads revising 
the 1951 to 1971 traffic on some roads up 
to over 40 million in one direction, whereas 
the 1946 'to 1966 traffic had indicated a high 
of approximately 15 million, and (2) the 
conclusion that the originai minimum thick­
nesses were inadequate. These data are 
shown in Table 2. 

5. Occasionally, where conditions are 
unfavorable, it is the practice to increase 
total thiclmesses above the minimum indi­
cated by the design procedure . This prac­
tice is most often used in low areas with 
high water table, and may double the total 
minimum required thickness. 

SERVICE 

Generally the pavement and its sub­
structure components are giving satisfac­
tory service, but in a small percentage 
(less than 5 percent) of total constructed 
mileage the performance has not been 
satisfactory. Briefly , where investigations 
of failures have been made, poor service 
has been attributed to one or more of the 
following: 

1. Preliminary soil survey; (a) sam­
ples not representative; (b) not recognizing, 
or properly evaluating, special problems; 
(c) omission of pertinent data from the 
preliminary soil profile; (d) soil survey 
delayed so that testing and design is not 
allowed adequate time for proper handling. 

2. Testing and design; (a) improper 
processing of samples; (b) not recognizing, 

5-7 7-9 9-11 li-14 lf-17 17-21 21-26 26-32 32-4-0 40-50 

4-0' 4-0' 40° 42' 42' 42 ' 42 ' 48' 48' 48' 

28' 28' 28• 88' 28' 28• 28' 28' 28' 28' 

6fr• 7" 7t• a•• al;• 9" *" 11" nt• 12" 

2• 2• 2• 2i" 2l;• 2t• 2t• 2t• 21• *" 
4" 4" 4" 4" 4" 4" 4" 5" 5" 5" 

FEDERAL AID FEUERAL A ID 
PIID.fAJ!l' INTJIJ!STATE 

STATE HIGHWAY SYSTFll 

or properly evaluating, special problems; 
(c) not reviewing the tentative preliminary 
design in the field with the project engineer. 

3. Construction practices: (a) pockets, 
or sections, of unstable basement soil 
"bridged over" in lieu of subexcavation arid 
backfill; (b) drainage problems not recog­
nized and corrected; (c) no field adjustments 
in thicknesses made as based on experience 
and field construction control t ests; (d) 
construction samples not submitted in time 
to a.How revised design of co:ust:ructiou 
thiclmesses by the central laboratory; (e) 
insufficient control of materials. 

IMPROVED DESIGN FOR BASE 
AND PAVEMENT 

Experience has proved that (1) some 
gr anular mater ials satisfactory for pave ­
ment and base materials would just pass 
modified C. B. R. requirement for subbase, 
yet these same materials may have given 
satisfactory servic e as ba se and pavement 
for a number of years, and (2) some granu­
lar materials having a relatively high 
C. B. R. had inherent characteristics that 
did not contribute to satisfactory bases 
and pavements. 

The materials section of the Colorado 
Highway Department had tested a number 
of the questionable granular materials for 
the Wyoming Highway Department with 
Hveem Stabilometer testing equipment, 
and the resulting design thicknesses were 
inuch closer to those indicated by experi­
ence than the modified C. B. R. design had 
indicated. Furthermore, the equipment 
appeared to be sensitive to small changes 
in gradation or plasticity, thus it would 
enable one to evaluate increased stability, 
if desired, by improving gradation, and 



addition of binder or fiHer. 
Similar stabilometer equipment has 

been installed in the Wyoming laboratory 
for future use on granular materials, in­
cluding the pavement. It is not expected 
that this will solve all problems associated 
with granular materials, only that it will 
give a more practical evaluation of many 
materials than has been obtained previously. 

DESIGN OF NEAR TYPICAL PROJECTS 

Near average projects for secondary, 
primary and interstate highway systems 
are shown in Table 3, with a breakdown of 
soil samples, granular materials samples, 
tests, and design, on both preliminary and 
construction. These projects are referred 
to as "near average" for they include only 
the middle ranges of soils, and exclude any 
projects that (1) fallmostlyin the A-1-b(O) 
and A-2-4(0) classifications with modified 
C. B. R. high enough that thicknesses are 
governed mostly by the minimum total 
thickness requirements indicated in Table 
1 or (2) fall mostly in theA-6(10 to 16) and 
A-7-6 (12 to 20) classifications with modi­
fied C. B. R. mostly low enough, (3. 0 per­
cent or less) that maximum total thick­
nesses are required for the particular de­
sign curve being used, plus any other addi­
tionll,l thicknesses allowed for thru cut 
sections, or low areas with a water table 
relatively close to profile grade. 

The project engineer makes the pre­
liminary soil and materials survey. The 
samples are tested, and preliminary design 
set up, by the central laboratory. This 
design is usually reviewed in the field with 
the project engineer and adjustments made. 
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Later, during construction, it may be 
necessary to again make revisions based 
on construction samples plus other revised 
data. The projects shown in Table 3 are 
typical examples of the near :-average proj­
ects in Wyoming, and study of the tabulation 
will give anunderstandingofvariations oc­
curring within different projects. 

QUESTIONNAIRE ON DESIGN 

Recently a questionnaire regarding de­
sign methods and practices was submitted 
to all assistant project engineers, project 
engineers, maintenance engineers, and 
district engineers; 32 of 39 engineers con­
sidered that they had sufficient experience 
to answer one or more sections of the ques -
tionnaire, and their answers to the main 
points are given in Table 4. 

Thicknesses of Materials 

The engineers listing overall thicknesses 
as being inadequate qualified their state­
ments by pointing out a specific section of 
a project, or a particular project, and these 
references were to a very small percent of 
the total mileage constructed by each engi­
neer. Approximately 25 percent of the 
engineers answering felt that the l~-inch 
road-mix pavements were inadequate, with 
few unfavorable comments on the 2-inch 
pavements, and none on the 2~-inch pave­
ments. The engineers reporting base 
thicknesses as inadequate were referring to 
the 1~-inch and 2-inch center-base thick­
nesses used in the past, or the 3-inch­
minimum center thicknesses now being used 
on f?econdary roads. 

TABLE 2 

TRAFFIC VARIATION WITHIN EACH WYOMING HIGHWAY SYSTEM 
':'R/11'1'IC 

20 Yee r Est imet e or-
! u. s. l.941 1951 20 Year 1971 !mt.. l!quiv,,lent 5000 lb, 

!:'. ROUTES SECTIOII J)o.1.Jy Douy Dolly Jllltl:y Factor Dcll y 1"'1ly Wheel loads in One 

"' Total ea,;wnoJ"- Total Coruner- 1951 to To~ol Comm.or Direction 
ciel ciel 1971 ia ial 1951 to 1971 

::c1 
30 Henne-Sincleir 10% 14? 2014 319 3,0 6042 95? 40 , 525,435 . 85 & 87 Cheyenne-South .. +' 1044 208 2750 451 3.0 8250 1353 27 ; 780,428 

.... . 30 Rock Springs-Gr.River 1561 278 2517 412 2, 7 6796 1112 28,266,299 . ~ 20 EvElnsvi 11 e-('.lenroc k 1287 233 H H 2698 350 3.0 8094 1050 25 ; 620, 263 . . 87 :Keycee-Buffe lo "' 1, 299 97 514 97 2.5 1285 243 3,109,976 . 14 ?!oorcroft-r:erlile ... H 247 55 340 32 2.2 748 70 933,692 

ol ~ 85 !Tewcestle-Mule Cr. Jct. 269 89 683 205 ?.; 7 1844 554 13 ; 908,143 
H"' • 20 Monete-Hilend ([l •M ~ 469 80 862 141 2 .5 2155 353 6,713,212 
'Cf~ •M 189 Big Piney-Daniel ID H 295 92 190 32 2 .2 418 70 788 , 499 
"'' 0. 

~~~ Medicine Bow-Casper -- - 56 10 *15.0 ---- *150 *4, 532,698 
• () l, Gillette-Broadus, Hant. ---- --- 56 13 2.7 151 35 439,524 

,g ~~ Manderson-Hyatt ville 80 13 198 29 2.2 436 64 125;329 
' 

•EotiMt.od. upon aor.rplotion of thru route. 
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TABLE 3 

TABULATION OF SAMPLES, TESTS AND DESIGN THICKNESSES ON A NEAR AVERAGE 
PROJECT ON SECONDARY, PRIMARY AND INTERSTA'fE HIGHWAYS 

PROJ'J!CT 

Number 
also L1INGTH 

EBtimated 
IDI.Ulv,5000 lb. 
'lheel Loe do 1n 
One Direct ion 
in 20 Years 
in 1l1llions 

I 221(6) 
~ 40.5 

I 
1' 76(21 

13.6 

I 
8 84(1) 
0.4 

4 .69 11.iloo or the ,. oubbene ne 1norooued a• to 

TABLE 4 

ANSWERS TO QUESTIONNAIRE ON MODIFIED C.B.R. FLEXIBLE-PAVEMENT DESIGN 

I 
0 

~ 

E 
~ 
~ 

I 
~ 

QUESTION 

Total thickneeees at pevement, base, subbese & sel.net'l.surf.heve been 

Pevenent th1cknesee8 (nn obown in Fip;. 1 ) hove been 
Beee thicknesses (es shown in Fir. 1) nsuelly h!we been 
SUbbeee thicknesses usually heve been 
6" E1dditional (used occesionelly) thru c11ts on r:.n.R. of 3.0- % is 

Hee lack of' proper quality in peverient sometiMes contributed to failure 
Hee leek of pl'Oper quality 1.o btrn ee so.r.ietinea contribnted to failure 
Hee leek of proper quelity in eubbeeee eometiJ11ee contributed to feilure 
Should the quality of the bituminous pe.vements be improved 
Should the quelity of the b8ees be inproved 
:;hould the qu611ty ur LhH oulil"'oeb bo U'J]>l'OYod 

l'or e balance between s&fety end drt1inege, which of the (l/8" 
fbllowing ie your choice for finish pavenent crown per (3/16" 
lineal :!bot of wJ.dth of pavement (l/4" 

{.An untreated shoulder 
(A bitWllinous tr8'lted shoulder 

l'/hiah do you urefer (Extension of lJBVe~nt to the ehoUlder line 
(Pavement to the shoulder line & slope treatment 
(Other 

Do you prefer the ditch section to extend well below any granular 
pevement substructure components 

Note: Seven of the thirty-nine engineers did not feel that they had 
sufficient e:xperience to anawer any portion of the questionnaire . 

Iruide- Ade- Jtx:ces-
quete que.te sive Yeo 

~ 26 
7 21 
5 22 
6 6 
2 18 

14 
15 
15 
27 
25 
23 

B 
16 

6 

l 
16 

4 
11 

0 

23 

0.96 3.18 
3''.& 

6" 

0.00 0.20 

f,lot An-
No swering 

3 
4 
5 

20 
12 

11 7 
10 7 

6 11 
0 5 
l 6 
l B 

8 

l B 



Quality of Materials 

Nearly all of the engineers indicated 
their opinion that the quality of the pave­
ments, bases and subbases should be im -
proved, mostly by better gradation or ad­
dition of binders and fillers , yet only about 
50 percent indicated that lack of quality in 
these materials had contributed to failures 

Miscellaneous Design Considerations 

The present pavement crown of Ye inch 
per lineal foot of width was considered in­
adequate for proper drainage by approxi­
mately 75 percent of the engineers, with 
50 percent preferring a Xe-inch pavement 
crown, and 20 percent favoring a Yt-inch 
crown. 

In regard to pavement width and shoulder 
construction , approximately 45 percent 
favored extension of the pavement to the 
shoulder line, and approximately 35 percent 
favored a slope treatment beyond this 
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point. Those not favoring extension of the 
pavement to the shoulder line wanted a bi­
tuminous treated shoulder similar to the 
double shot bituminous treatment being 
used. 

The standard ditch section drops 1~ 
feet below profile grade (carried at the 
bottom of the base at shoulder), and the 
practice of deepening this ditch, where 
necessary to keep it well below any granu­
lar materials placed, was approved by 
most of the engineers familiar with this 
practice. 

SUMMARY 

It is estimated that over 95 percent of 
the mileage constructed by the modified 
C. B. R. design during the last 7 years is 
at present giving satisfactory service. The 
fact that trouble often becomes evident in 
very short periods makes one he.sitant on 
future predictions of service without accu­
rate projected traffic data and test track 
studies. 
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Designing Flexible Pave)llents (Virginia) 
D. D. WOODSON, Assistant Testing Engineer, 
Virginia Department of Highways 

e THE design of flexible pavements in 
Virginia is based on the California bear­
ing-ratio method (C. B. R. ) with certain 
modifications. Since· everyone interested 
in the subject is mon,-or less familiar 
with this method, only the modifications 
will be elaborated on in this paper. 

First it was decided that.:gince the state 
specifications required that all fills and 
subgrades be compacted to 95 percent of 
theoretical density as determined by 
AASHO Method T-99, that it would ·tre·­
better to test the specimens at this density 
rather than at the density specified in the 
procedure· as originally - developed, as 
this would more nearly meet -field con­
ditions. Realizing that it would be im­
possible to obtain these densities with 
the procedure as set forth in the recog­
nized method, it was decided that the test 
specimens "iJe- · compacted using the 51/2-
lb. compaction rammer. The-next thing 
thafhad to be determined was the num­
ber of blows necessary with this rammer 
to obtain the right density using the larger 
C. B. R. mold. After many tests with dif­
ferent soils, it was found that proper re­
sults could be obtained by using 45 blows 
and compacting the soil in five layers. 
The original test as developed required 
that clay soils be soaked until there was no 
further swell or expansion. Since several 
agencies had decided on a 4-day soaking 
period for all samples, it was decided that 
we would standardize on this time. All 
samples are now soaked for this period of 
time. Of these modifications the density 
at which the specimens are compacted 
s eems lo have the greatest bearing on the 
resultant design. This density naturally 
gives a lower C. B. R. value, which neces­
sitates a greater thickness of treatment. 
It is felt, however, that since the specified 
density of the subgrade is the same as that 
at which the specimens are tested, the 
design depth is nearer to what it should 
be to carry the load than if the higher 
density was used. 

11 "Along with the values obtafned from the 
modified test procedure, the anticipated 
traffic and loads are also used in the de-

I sign depth of the pavement. r A set of 
curves, as shown in Figure 1, based on 
those that were developed by the Corps of 
Engineers is used to determine the depth 
of pavement necessary for the various load­
ings. You will note also on Figure 1 that 
a minimum deplh o.f pavement is required 
for given loads, 

To explain the m.echanics of the meth­
od, I believe a description of a project 
where this method was utilized would 
more clearly define the procedure·. 

As soon as the location survey was 
finished, the proposed alignment and grades 
were furnished to the soils laboratory, so 
the soil survey could begin. At this time 
a request was also made for a traffic 
study, so the anticipated traffic and loads 
could be determined. This information 
was also to be used in the final design. 
The soil survey was made with a mechanical 
soil auger capable of making borings up 
to 100 feet in depth. This enabled the 
survey crew which usually consists of 
an operator, two soil technicians, and 
two to three laborers to thoroughly ex­
plore the deepest cuts thrnughout the 
project. Usually the borings are made to 
3 feet below the proposed grade. Samples 
were obtained for all types of soils en­
countered in both fill and cut sections. A 
complete log was kept of the changes in 
soil encountered throughout the project and 
recorded on profile plan sheets. Samples 
were also taken of the various layers of 
soils. After all of the test information had 
been obtained, this information was use­
ful in selecting the better soils to be used 
for capping purposes during the construc­
tion of the project. 

On this particular project which was on 
an old location and where little change in 
grades and alignment were contemplated 
seven samples were actually tested. The 
C. B. R. soaked values ranged from 3. 2 to 
30. O. Two of these samples were of the 
existing soil base and naturally had the 
higher bearing value. Careful considera­
fion was given to all of the characteristics 
of the soil samples along with the C. B. R. 
values in order to determine which were the 



better soils to use in the upper layers. 
There was one long section on the 

project where the soil was found that had 
the C. B. R. value of 3. 2. It lay directly 
beneath 'the existing base. The existing 
depth of base was not nearly enough to 
carry the anticipated traffic even if the 
new pavement was placed on top. After 
a thorough study it was found that by plac­
ing a 10-inch layer of subbase material, 

VALUE OF CALIFORNIA BEAAING RATIO (CBR) IN PERCENT@ 
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Figure 1. Design curves used for pavement 
depths required for various wheel loadings. 

which was available on the project, on top 
of the existing base and then placing the new 
pavement on top of this layer, sufficient 
depth would be obtained. This subbase 
material was required to have specified 
C. B. R. value when tested in accordance 
with Virginia's method. In doing this 
the proposed grade was raised an extra 
10 inches, which was highly beneficial 
through the section. Further studies in­
dicated that, by utilizing the existing base 
material (which was a local sand-gravel 
mixture) as subbase for the new pavement, 
the design depth could be satisfied for the 
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other sections where the soils were found 
with the better C. B. R. values. 

The original idea for the design of the 
pavement was to use a standard depth 
throughout the entire project. After the 
C. B. R. studies were made this was all 
changed. The section of the project with 
low C. B. R. values was designed to use 
20 inches of subbase with an 8-inch as­
phaltic concrete pavement. In the sections 
with the better C. B. R. values) the as­
phaltic pavement was the samei however, 
the subbase depth was cut to 8 inches • 
During the construction of the project, 
close control was maintained to check 
every change in the material to see that 
the select subbase material met all re­
quirements and that proper drainage was 
obtained. Close checks were also made to 
see that all the materials were well com­
pacted to specified densities prior to the 
construction of the pavemeI1t. The pave­
ment consisted of three types of mixes 
as follows: 51/z inches of base using the 
natural pit material witli 4 percent as­
phalt, l 1/2 inches of binder course with 
controlled gradation requirements and 
with 5. 5 percent asphalt and a 1-inch top 
course of sand asphalt with 7 percent as­
phalt. The overall depth of pavement was 
8 inches. These mixes were also closely 
checked to insure that the proper stability 
was being obtained. 

It has been agreed that if the original 
design had been followed the section with 
the lower subgrade values would not have 
been strong enough and wholesale failures 
would have resulted. This project is ap­
proximately 3 years old and to date not 
one failure has occurred. The road is 
carrying an exceptional amount of heavy 
truck traffic along ·with a high count of 
basic vehicles. Even though the subbase 

·was increased in the poorer sections the 
overall cost was materially reduced over 
that which was originally estimated. 
Certainly the maintenance has been re­
duced. 

After the design of several projects, 
the question arose as to how much the cost 
of construction would be increased if this 
method of design was used. In many 
instances the initial c9st seemed to be 
greater, but on further investigation it 
was found that by utilizing the better mate­
rials to cap the inferior ones a consider­
able saving could be made. In following 
this procedure, the depth of high-type 
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pavement required was materially re­
duced. This reduction usually more than 
offset the cost of selective grading. Nat­
urally this is not always the case, es­
pecially in areas where the poor soils 
abound, but it must be granted that if the 
road is improperly designed excessive 
maintenance costs would be the result. 
To date on all the projects that have been 
designed according to Virginia's method 
the maintenance has been very low. 

Since the method has been employed 
in Virginia over 75 projects have been de­
signed over all types of soils. The total 
depth of treatment has ranged up to 48 
inches. There have been many cases 
where the inferior soils have been capp~d 
with as much as 36 inches of better mate­
rial. These better soils were found on the 
project, or were available close to the 
work from select borrow sources. The 
pavement depths have ranged from a min­
imum of 7 inches to a maximum of 16 
inches and have been constructed with all 
types of base materials and surface course 
mixtures . In studying the costs involved 
it ic;, hPHP,rPrl th~t thPt"P h~<> hPPn nn m~-

terial increase in overall cost. The plans 
provided are so detailed that the con­
tractors know exactly what is expected and 
the works progres~ very smoothly. , 
I · This methog.,/of design has been used 
tor all types of construction including re­
conditio~ing of all pavements, new loca­
tions , and ones where both minor and 
major changes are made in grades and 

alignment. On many of the recondition- •· 
ing projects it has been found that many 
sections of the old road haveto be com­
pletely reconstructed, while in other 
sections only a new surface will have to be 
applied. On new locations, in many cases, 
it is necessary to place better materials to 
depths as great as 24 inches before plac­
ing the subbase and pavement. In other 
instances, where certain grades have to 
be maintained, it has been necessary to 
excavate to depths as great as 48 inches 
and backfill with select material of a 
known C. B. R. value before constructing 
the pavement. The idea behind the design 
method is to provide a uniform subgrade 
on which to place a uniform depth of pave­
ment that will support anticipated loads 
with a minimum amount of deflection in 
the pavement. ff;: 

Projects that have been designed and 
constructed to date are very young; how­
ever, the results indicate that they are 
doing the job in a most satisfactory man­
ner. So much so that recent instructions 
h;i.ve hP.P.n tn dP.i::ign all projer.ts on Class 
I and II roads by this . method with the 
hopes that just as soon as personnel and 
equipment are available that all projects 
can be designed accordingly. It is real­
ized that this method is not the ultimate 
but until a more ratfonal one is developed 
it will be continued in Virginia, since it 
has proven that it is much better than 
using the old method based on experience. 
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Flexible-Pavement Design Correla~ed with 
Road Performance 
DELBERT L. LACEY, Field Soils Engineer, 
Kansas Highway Commission 

e THE Kansas method of flexible-pave­
ment design is based upon the results of 
triaxial tests conducted on each of the J 
components of the road structure .ghown 
in-Figure L By this method tests ·are 
conducted on undisturbed soil . s~mples 
cut from the subgrade and on compacted 
specimens prepared from materials that 
will be used for surface, base , and JiUb­
base construction. The resulting test 
values , which are expressed as moduli of 
deformation in pounds, per square inch, 
are then inserted in a rational formula and 
the thickness of pavement required to sup­
pprt exp_ected traffic loads is computed. 

This procedure parallels the method 
used to design other engineering struc­
tures. The strength value of each of the 
individual components of the road struc­
ture is expressed in pounds per square 
inch which is comparable to the tensile 
and compressive strength of concrete, 
steel, and wood. The major forces that 
act on the pavement are the traffic wheel 
loads, which may be predicted with rea­
sonable accuracy and are synonymous with 
the axle loads acting on a bridge or the 
floor load within a building. 

The formula to which the triaxial- test 
data is applied is a modification 6f one de­
veloped by Palmer and Barbe:r: {~): 

T E~c~ J' -a'] [Ha] 
Where: 
T = thickness required-. 
Cp = modulus of deformation of pavement or 

surface course 
C = modulus of deformation of subgrade 

or subbase 
P = base wheel load 
m = traffic coefficient based on volume of 

traffic 
n = saturation coefficient based on rain­

fall 
a = radius of area of tire contact corre­

sponding to Pm 
S = permitted deflection of surface 

The-mfldificationsnf the original"""Palmer 
and-flarber formula are the addition of the 
traffic coefficient m, based on the ex­
pected volume of traffic, and the satura­
tion coefficient n, based on the amount of 
annual rainfall in the vic;inity of the proj­
ect under consideratio(\ While these co­
efficients are empirical , they are based on 
experience with flexible pavements con­
structed in Kansas between 1938 and 1942. 
The traffic coefficient m is based on a 
state law which limits axle loads to 18, 000 
lb. and on traffic studies which show that 
the proportion of commercial vehicles 
that carry heavy axle loads is fairly 
constant over most of the state. The 
range of traffic coefficients used to design 
the pavements included in this stud,¥ is 
shown in Table 1. 

TABLE 1 

• Traffk 
Coefficient Wheel Load 

m Pm 

Total 
Traffic 

lb. Vehicles per day 

1 9,000 1,500 - Up 
% 7,500 900 - 1, 500 
% 6,000 300 - 900 
% 4,500 50 - 300 

The average annual rainfall in Kansas 
varies from 16 inches in western areas to 
42 inches in eastern sections. Since there 
is less probability of complete subgrade 
saturation in the more-arid sections and 
since service records of flexible pavements 
indicate better performance in drier 
areas, the saturation coefficients shown in 
Table 2 were adopted for the preceding 
formula. 

Since the Kansas method of flexible 
pavement design has been described in 
other publications (~, 1, i) and since 
this report correlates the method with 
road performance, details covering the 
methods of sampling, sample prepara­
tion, and testing and design procedures 
-will not be repeated here. 
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TABLE 2 

Saturation 
Coefficient 

Average Annual 
Rainfall 

n in. 

1.0 35,0--45.0 
o. 9 30. 0 -- 34. 9 
0. 8 25. 0 -- 29. 9 
o. 7 20, 0 -- 24. 9 
o. 6 15. 0 -- 19. 9 
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Figure 1. Relative position of pave­
ment components. 

This correlation study was conducted 
on 200 construction projects that totaled 
1, 243 miles of flexible pavements located 
in all parts of the state. Of this total, 
720 miles of the pavement were designed, 
by t he t r iaxial methods described above , 
while. most of the remaining 523 miles was 
constructed between 1938 and 1943, prior 
to development of the present design meth­
od. As might be expected, the subgrade 
soils beneath these pavements var ied from 
nonplastic dune sands to highly plastic 
clays in areas where the annual rainfall 
varied from 16 to 42 inches per year. 
These pavements have carried traffic 
volumes that ranged from 180 to 2,800 
vehicles per day, of which from 18 to 30 
percent were of the commercial variety. 
A total of nine major base types were 
represented. These ranged from a layer 
of s elected subgrade soil placed on ex­
isting roadbed soils to well-graded sand­
gravels stabilized by the addition of as­
phalt or porlland cement, 

Fi1·st, a condition survey n"as conducted 
in the early spring, when . pavement fail­
ures were most pronounced and before 
major maintenance operations were be­
gun. Thus, a comparison could be made 
between the surface conditions of the pave-

Figure 2. Oass "A" failure. 

ments that were designed by the triaxial 
compression method and those that were 
not so designed. Furthermore, the em­
pirical terms of the present design formula, 
the traffic coefficient m and the satura­
tion coefficient n, could be checked a­
gainst actual road performance. 

The condition survey was conducted by 
two parties of two men each, a driver and 
a recorder. During the survey each con­
structionproject was covered as a separate 
unit; in order tohave anumerical measure 
of its condition, the total area of base fail­
ure as indicated by breaks in the wearing 
surface was determined and recorded. 
The dimensions of small failures could 
be estimated quite closely after some 
practice. The length of the longer failed 
areas was measured by car speedometer, 

Figure 3. Class ''B" failure. 



and their widths were either estimated or 
measured. 

Figure 4. Class "C" failure. 

Each failed area was classified ac­
cording to its severity. Where the sur­
face was merely cracked, with no appre­
ciable permanent deformation, as in 
Figure 2, it was listed as Class A fail­
ure. If the cracking was accompanied by 
a depression of approximately % inch, 
which normally might produce a slight 
vehicle driver reaction, it was classified 
as a Type B failure (Fig. 3). When a 
failure had progressed to the condition 
shown in Figure 4, where actual rutting 
had developed with resultant upheaval of 
the surface beside the normal wheel lane, 
it was placed in the Type C group. This 
type of failure was severe enough to 
cause considerable driver reaction in con­
trolling the vehicle or in trying to dodge 
the depression. 

The total area of each class of failure 
on each project was computed after the 
survey was completed. Then the total 
area of Class A failures was multiplied 
by 1, the area of Class Bfailures by 3 and 
the area of Class C failures by 10, as it 
was believed that a surface containing 
numerous Type A failures was less ob­
jectionable to the traveling public than one 
that contained a smaller number of Class 
C failures. The summation of the equiva­
lent failed areas as determined by the 
above method was applied in the following 
formula to compute a survey condition 
rating for each individual construction 
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project: 

Re = Ap - Af 
Ap 

Where: 

Re = survey condition rating 
Ap = total surface area of project 
Af = equivalent surface area of failures 

on project 

Since under average conditions a mainte­
nance seal is applied to each flexible pave­
ment in Kansas about once each 3 years and 
since all surface depressions are filled 
with premixed bituminous patching mate­
rial before sealing starts, a newly sealed 
project would have few, if any, surface 
failures, and there would be little evidence 
of previous failures. 

Therefore, the survey condition rating 
Re, as determined by the preceding 
formula, was introduced into the following 
formula to compensate for the time that 
had elapsed since the surface was last 
sealed: 

3 Rs = 1. 000-(1. 000 - Re) -
X 

Where: 

Rs = Maintenance seal rating 
Re = Survey condition rating 
x = Number of years since last seal 

Thus, if 3 years had elapsed since the 
last seal, the seal rating (Rs') and the con­
dition rating (Re) would be equal. Less 
than 3 years' elapsed time would decrease 
the seal rating, while more than three 
years' time would increase the seal rat­
ing for the project. 

Since failures seldom develop during 
the first year or two of a pavement's life, 
it seemed reasonable that credit should 
be given to older pavements for the service 
that they have rendered, and since most 
flexible pavements were planned to have a 
life expectancy of approximately 10 years, 
this factor was used to compute a final 
overall rating for each project by the fol­
lowing formula: 

10 Ra= 1. 000 - (1. 000 = Rs) Y 
Where: 
Ra = age rating 
Rs = seal rating 

Y = number of years since the project 
was constructed 
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Figure 5. Comparative ratings of base 
courses. 

For pavements that were more than 10 
years old, the final rating was increased, 
while the rating of those that were less 
than 10 years of age was decreased. 

Among the projects covered by this 
correlation study, a total of 80 projects 
were not designed by the tria.xial method 
described earlier in this paper. The 
highest rating found on these was 0. 996 
whereas a total of seven projects had rat­
ings of O or less. 

Of the 120 designed by the t r ia.xial meth­
od, a total of 29 had ratings of 1, where­
as only three had a rating of O or less. 

In order to summarize the accumulated 
data, the weighted average rating of each 
project was computed in accordance with 
its length. That is, the final rating was 
multiplied by the project length in miles, 
then for any combinatior. of projects 
whose average rating was desired, the in­
dividual weighted mile ratings ,were 
added and the total sum was divided by 
the total mileage of the combined projects. 
This operation was performed to pre-
...... on+ ,... eo,hn..,.,f- n .... n;,a,..,t- h'3,.,;.,.\IT i:> ·u.o'l'9n nnn .... n ... 
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a very good rating froµi having as much 
influence on the final overall rating of the 
group as a very long project of like con­
dition. 

The weighted avetage ratings of all 

base courses designed by the tria.xial meth­
od and those not designed by the triaxial 
method are shown in Figure 5. The tri­
a.xially designed projects had an average 
rating value of over O. 800 while those that 
were not designed by the triaxial method 
rated less than O. 600, on the average • 

Also shown in Figure 5 are the .com­
parative ratings of two general types of 
base courses. The two center bars of 
the graph show the comparative ratings 
of tria.xially and nontriaxially designed 
bases composed of aggregate bound with 
soil, while the bars on the right show the 
average ratings of asphalt and portland­
cement base courses. 

This figure shows that in each case the 
pavements that were designed by the tri­
axial method were in better condition with 
a resultant higher rating than those not 
designed by that method The low rating 
of the nontria.xial admixture group may be 
explained by the fact that only a few proj­
ects were available for study, and they 
were the first of each type to be con­
structed within the state. The type of 
work w::is new for both the. engineers and 
the contractors; so with inexperienced in­
spectors and operators , the quality of 
construction was somewhat below that 
which was achieved on later admixture­
type bases. 
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Figure 6. Comparison of shouldered and 
full width base sections. 



Two general pavement sections have 
been constructedduring the past 15 years. 
Some of the pavements extend entirely 
across the' roadway to permit drainage at 
their edges, while earth shoulders have 
been constructed against the outer edges 
of other pavements to provide parking 
space for vehicles that are forced to make 
emergency stops. The comparative av­
erage ratings of these two sections are 
shown in Figure 6. 

Considering the soil binder base type 
first, Figure 6 shows that both the full­
width and shouldered pavements designed 
by the triaxial method rate higher than 
those not so designed. It also shows that 
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Figure 7. Typical gradations of soil binder 
bases. 

the ratings of both the triaxial and non­
triaxial full-width pavements are only 
slightly higher than the ratings of the 
shouldered pavements. 'l'his was rather 
surprising, as it had been believed that in 
general the performance of the full-width 
pavements had been considerably better 
than those constructed with earth shoul­
ders. This comparatively small dif­
ference is, perhaps, due to the fact that a 
preponderance of the soil binder pave­
ments were constructed in areas of lower 
rainfall and less-plastic soils where edge 
drainage is less critical. 

It is interesting to observe that the 
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rating difference that exists between the 
nontriaxially designed full-width and the 
nontriaxially designed shouldered pave­
ments is almost equal to the difference that 
exists between the full-width and shouldered 
pavements that were designed by the 
triaxial method. In other words, the 

e> 80 
z .,, .,, 
: 60 

1-
z 
t: 40 

It: .... 
~ 

20 

0 

U. S. STANDARD SIEVE SIZES 
0 
0 0 

N 0 -
V 

/ 
::/ .... 
~ "'" / : ~ 

" 
'I"., 

(} ""'/ -,,, ... 
~7 ,--->-a,, -""' /J ~ 

_..,,. V _,,,/ 

V 

JV 
/ 

-
/ 

BASE LIQUID PLASTIC UNIT WT. RATING 
TYPE LIMIT INDEX P. C. F. NON-TX. TX . 

SAND 
SOIL 
ASPHALT 18 4 125 0 . 312 0 .981 

AGGR~GATE 
ASPHALT NON PLASTIC 129 .965 

Figure 9. Typical gradations of asphalt 
binder bases. 



64 

overall effect of earth shoulders on the 
performance of soil binder type pave­
ments is about the same for both the tri­
axially and the nontriaxially designed base 
courses. This indicates that the pro­
cedures originally used in developing the 
Kansas method of flexible-pavement de­
sign were quite effective in correlating 
the triaxial method with pavement per­
formance. 

Figure 6 also shows that the average 
ratings of the triaxially designed admixture 
bases were considerably higher for both 
full-width and shouldered sections than 
for the soil binder types, with the shoul­
dered sections rating slightly higher than 
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those constructed full width. This would 
indicate to a small degree at least, that 
shouldering has a less-harmful effect on 
the performance of admixture base courses 
than on the soil-binder types. The low 
nontriaxial full - width- base rating is 
based on only one project, which had an 
initial survey condition rating of 0. 863. 
Since the project had been sealed within 
the past y!;!ar and since it was only 2 years 
old, its final rating was low. 

'T'he absence of deposits of coarsely 
graded aggregates in many parts of Kan­
sas has required the use of finely graded 
sand-gravels, dune sands, and disinte­
grated sandstones as the primary mate­
rials for base construction in some areas 

in order to hold pavement costs to a min­
imum. This has resulted in a total of 
nine general base types within the soil 
binder and admixture groups, so an op­
portunity was available to correlate the 
triaxial design of each type with its per­
formance under traffic. 

The textural grading, plasticity, and 
density characte ristics of these various 
types are shown in Figures 7, 8, 9, and 
10. The aggregate-modified base courses 
were constructed by adding aggregate to the 
soils that existed in the upper part of the 
subgrade. Material from local deposits 
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Figure 11. Individual base types, traffic 
and rainfall, 

was hauled on to the project for construc­
tion of the other types of base courses. 

The comparative average ratings of each 
of these individual base types and the traf ­
fic and rainfall to which each is subjected 
are shown in Figure 11. This panel shows 
that, with the exception of the selected 
subgrade and mortar bed types, tr.e rat­
ings of an the triaxially designed bases 
were higher than those not designed by the 
triaxial method. 

The lowest-quality base type, that is, 
the selected subgrade soil, was placed at 
the left side of Figure 11, and the pro­
gressively higher quality base course types 



were placed to the right. It is evident, 
then, that the triaxially designed bases 
constructed of higher quality materials, 
especially those that were waterproofed 
with an admixture, have performed better 
and have developed fewer failures than the 
base types of lower quality. 

More variation occurred in the average 
surface condition of the various non-tri­
axially designed base types. The crushed 
limestone and the sand-soil asphalt bases, 
whicn,.are of higher quality, were lower in 
rating than the lower-quality base types, 
such as the selected subgrade, sand-gravel 
and mortar bed. This indicated that when 
thickness values were selected for the non­
triaxial base courses, a proper balance 
was not achieved between subgrade sta­
bility, base course stability, and traffic 
loads. The stability of the higher-quality 
base materials was apparently overesti­
mated. 

The formula used in the Kansas method 
of flexible pavement design has four vari­
ables that affect the final thickness of the 
pavement. These are the traffic coefficient 
m, the saturation coefficient n, the modu­
lus of deformation of the subgrade C, an? 
the modulus of deformation of the base 
course Cp. 

The correlation of road performance 
with the modulus of deformation of the 
subgrade C was not included in this study 
for the following reasons: 

First, to make an accurate evaluation 
of this variable it would have been necessary 
to determine the existing subgrade modulus 
beneath the failed and unfailed areas on 
each construction project and relate them 
to the surface condition. Time, personnel, 
and laboratory facilities were too limited 
to attempt the collection and testing of the 
large number of samples that this pro­
cedure would have made necessary. 

Second, an investigation of this nature 
was made during the early spring of 1949. 
During that investigation disturbed base 
course samples and undisturbed subgrade 
samples were obtained from seventeen con­
struction projects totaling 248 miles in 
length. Samples were secured from 17 
locations where the surface and base were 
in excellent condition and from 71 locations 
where failures were beginning to develop. 
The results of this study, which have been 
published elsewhere ( 4), showed excellent 
correlation between the subgrade modulus, 
as determined by triaxial tests conducted 
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on the subgrade samples, and the condition 
of the base and surface. The subgrade 
modulus of the majority of the samples ob­
tained from failed areas was, according to 
the Kansas method, too low to support the 
overlying base course, while the modulus 
of the subgrade beneath most of the un­
failed sections was equal to or higher than 
the design method indicated to be necessary 
to support theoverlyingbasecourse. Con­
sequently, additional data pertaining to the 
subgrade modulus was not considered es­
sential to this correlation study. 

Third, during design and construction, 
compensation was made for variation in the 
modulus of deformation of the subgrade by 
making corresponding changes in pavement 
thicknesses. Where the subgrade modulus 
of deformation was low through a particular 
section, the base thickness was increased; 
where it was higher due to an increase in 
soil stability, the base thickness was cor­
respondingly lowered. 

It should be emphasized, however, that 
it is not practical to specify base thickness 
changes to compensate for all extremely 
small localized areas of weak or improperly 
compacted subgrade soils during flexible­
pavement-design procedure. Neither is it 
practical to construct the entire pavement 
to sufficient thickness to carry traffic loads 
over these small localized areas of weak 
soils. In Kansas it has been the practice 
to ignore these small areas and to specify 
a uniform base thickness over sections hav­
ing considerable length to avoid frequent 
material quantity changes during construe -
tion. Then the Construction Department 
provides additional base thickness over 
small areas of weak soil that become ap­
parent as soft spots during material haul­
ing operations or arranges for the removal 
of the soil before the base is laid down. 
Occasionally sections are overlooked dur­
ing the subgrade survey and do not become 
apparent during construction but appear 
after the pavement has been in service. 
It is probable that some of the surface 
failures logged during this survey were 
small areas underlain by weak soils that 
were not found during the subgrade survey 
or during construction. They are, however, 
usually so small in proportion to the total 
area of the project that their effect on the 
project rating is insignificant. 

The average pavement rating for each 
saturation coefficient for both triaxially 
and nontriaxially designed pavements are 
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shown in the lower panel of Figure 12. 
Here again the ratings of pavements de ­
signed by the triaxial method.are the higher. 
Since there is no other trend as the satur­
ation coefficients increase from O. 6 to 1. 0, 
it is apparent that the saturation coefficients 
applied to the climatic conditions that exist 
in Kansas are valid. 
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Figure 12. Average rating for each traffic 
and saturation co e fficient. 

The upper panel of Figure 12 shows the 
relationship that exists between pavement 
rating and the coefficients assigned to the 
various traffic volumes. The nontriaxial 
bases show a distinct drop in rating between 
the one-half and two-thirds coefficients and 
_remain at about 0. 600 through the other 
values. The rating of the triaxially de ­
signed base courses increase from slightly 
over 0. 700 to almost 1. 000 as the coef­
ficients increase from ~ to 1 for a traffic 
volume of from 180 to over 2,000 vehicles 
per day. If this rating line had extended 
across the chart in a more-nearly hori­
zontal direction it would have indicated 
closer correlation between traffic volume 
and pavement performance. The trend 
shown here does have a definite advantage 
in that pavements carrying a lower volume 
of traffic may be constructed at lower cost 
hutwitha grP.aterriskof fail11re, andshould 
failures develop , fe wer people will be in-
""""PniPnr,:u-1 !:lnn 'rOno::a 1,.-.C! urill ho loC!a ov _ ......... .... . ___ .,_. .. .. ..... .... __ ... ...... ... -y- ..................... ..,..., ......................... .. 
pensive. By contrast, the higher-quality, 
more-expensive admixture types of pave­
ments are specified for more heavily 
traveled roads; if they were under designed 
to the point of possible failure , more people 

would be effected and replacement or re­
pairs would be more difficult and more 
costly. 

The relationship that exists between the 
average modulus of deformation of the base 
courses included in this study and the base 
course rating is shown in Figure 13. A 
sufficient number of stability tests have 
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Figure 13. C.Omparative ratings of modulus 
of deformation for each base type. 

been conducted to establish an average 
modulus of deformation for each type of 
base , and these values were used in pre­
paring this chart. This figure shows that 
the rating of the lower quality pavements 
(those with lower moduli) is lower than the 
ones with higher moduli. It is also interest­
ing to' note that, where the two types have 
the same moduli of deformation, the ad­
mixture type has the higher rating, indi­
cating the value of the admixture as a 
waterproofing agent. This would also 
indicate that if these two general types of 
pavement are to render the same degree of 
service under t r affic, some r evision in 
coefficients may be in order. Detailed 
s tudies of a large number of individual 
projects must be conducted to determine 
the nature of these changes. This study 
will need to include the degree of saturation 
of the several different base types , as well 
as the degree of saturation of the subgrade 
hono"'.:lf-h o~nh f. ... m o +r. ~.nf-o..,...- ; ...,. n f-1,.,.,.,. -,..1,..+ .; ..... ,.,. 
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amount of protection that each base provides 
for the underlying subgrade. Such a study 
is tentatively planned to establish closer 
correlation between per formance of base 
courses and their moduli of deformation. 



It should be emphasized that many vari­
ables were entirely ignored during this 
survey. A few of these variables were: 
(1) weather conditions during construction, 
(2) quality of material used during construc­
tion, (3) relative degree of maintenance that 
each project has received, (4) effective­
ness of the surface and subsurface drainage 
systems, and (5) weather conditions under 
which the bases have performed. For ex­
ample, many weather stations in Kansas 
recorded considerably more rainfall during 
the years between 1941 and 1951 than during 
any other similar period of weather-bureau 
history. The rainfall in 1951, when many 
of these bases were in service, ranged 
from 130 to more than 175 percent of nor­
mal; during periods of flood many arterial 
highways were closed, and traffic was di­
verted on to routes whose bases had not 
been designed to carry such large volumes 
of traffic. None of these variables and 
their effect on the pavement condition were 
taken into consideration during this corre­
lation study. 

In conclusion, it may be stated that the 
data collected during this correlation study 
indicates that: (1) Pavements designed by 
the Kansas method of flexible-pavement 
design generally have performed better 
than those not so designed. (2) The Kansas 
method of flexible-pavement design has 
been successful over a wide range of soil, 
climatic, and traffic conditions. (3) The 
method properly evaluates the stability of 
a wide variety of base course materials, 
a factor that is especially advantageous in 
areas where local deposits of coarsely 
graded aggregates commonly used for 
pavement construction do not exist. (4) 
Some revision of coefficients or test pro­
cedure may be indicated to equalize the 
design of soil binder and admixture type 
bases so their performance will be more 
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comparable. (5) By the use of proper coef­
ficients based on correlation with pave­
ments in service, the method may be adapt­
ed to fit climatic and traffic conditions that 
exist in other areas (~. 
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General Discussion 
w. s. HOUSEL, Professor of Civil Engi­
neering, Univers ity of Michigan - In open­
ing the discussion, the writer as chairman 
has a few general comments. In reviewing 
these papers, one is impressed that there 
are several significant trends which are 
becoming apparent in the development of 
flexible-pavement design. 

In. the first place, most of the states 
now reporting have found that the designs 
which have been used over the past 5 or 6 
years have been proven inadequate. These 
states are now engaged in revising their 
designs to provide greater pavement thick­
ness in order to decrease the percentage 
of failure or increase the useful life of the 
paving. These early failures appear to 
have :resulted from inadequate thickness 
which is generally felt to be largely due 
to an unanticipated increase in the volume 
of traffic accompanied by increasing wheel 
loads and the percentage of heavy loads. 

This calls attention to the fact that all 
states reporting have recognized the im­
portance of the volume and character of 
the traffic but have, in most cases, under­
estimated its rapid development. It also 
raises a question as to whether or not the 
intangible aspects of traffic on the road­
way structure have been prope rly eval~ 
uated in principle as well as magnitude. 
This same question comes up again when 
studying the various revisions which are 
now suggested to modify design procedures 
which have been in use. In some cases, 
revisions are being suggested in design 
procedures which involve the fundamental 
principles on which the method has been 
predicated in such a way as to seriously 
compromise those principles. In several 
cases, the compromise comes about 
through modification of the basic formula 
by statistical or numerical coefficients 
which are not directly related to these 
principles so both the principles and the 
modifying conditions lose their identity. 

Basically all methods must be built 
around certain fundamental principles in­
volving the structural mechanics of a flex­
ible surface. These principles find ex­
pression in certain physical factors or 
properties of the surfaces or the mate­
rials of which they are built. These prop­
erties are subject to quantitative measure-

ment by one or perhaps several test pro­
cedures which are relatjvely precise and 
capable of duplication in any well-equipped 
laboratory. Such design factors should be 
relatively stable and not subject to frequent 
and broad revision. Otherwise, they lose 
their value as a basis of reference to which 
widely varying experience can be compared. 

On the other hand, there are several 
factors or conditions affecting pavement 
performance which possess certain in­
tangible aspects not subject to precise 
measurement. These conditions may be 
equally important insofar as pavement 
performance is concerned, but they are 
distinctly differ ent in char acte r and can­
not be incorporated in the structural 
mechanics of the flexible surface. The 
volume and character of traffic loads and 
certain environmental factors fall into 
this classification. 

It seems to the writer that the papers 
of this symposium and the experience of 
the 6 or 7 years which they represent make 
this quite clear. In this connection, the 
design methods used by Wyoming and Kan­
sas represent the most-comprehensive 
atte mpt to express in a combined form 
both the structural mechanics of a flexible 
pavement and the modifying conditions 
which affect pavement performance. 

In the Wyoming method which is similar 
to that used in Colorado, the basis of de­
sign is the CBR value or rather a modifica­
tion of the conventional CBR procedure. 
Eight different design or wheel load curves 
have been prepared giving total combined 
thickness of surface for CBR values from 
3 to 100. "Selection of the wheel load 
curve to be used is indicated by the total 
empirical (numerical) value obtained from 
evaluating job conditions and traffic within 
the section. " Annual precipitation is 
represented by numbers from O to 10, 
depth of water table, 0 to 5, frost action, 
0 to 8 and other existing conditions, 0 to 
6. Traffic is converted to equivalent 
5, UOO-lb. wheel loads by certain numerical 
factors which, in turn, are translated into 
a design value number varying from O to 
24. A composite number obtained by ad­
ding together the above numerical com­
ponents indicates the design curve to be 
used. 



The Kansas method makes use of the 
triaxial-compression test as the primary 
basis of design. The pavement-thickness 
formula used has a rational background but 
is modified by numerical coefficients for 
traffic volume and saturation as related to 
rainfall which converts the formula to an 
empirical basis. The traffic volume 
coefficient, m, varies from % to 1 and 
the saturation coefficient, n, varies 
from 0. 6 to 1. O. A somewhat similar 
technique is employed in rating pavement 
performance. Class A, B and C failures 
are recognized grading from those of least 
severity to the most-severe rutting and 
displacement. Then the total area of 
Class A failures are multiplied by one, 
Class B by three and Class C by ten to 
obtain an equivalent area of failure. The 
condition rating is then the difference be­
tween the total area and the equivalent 
area of pavement failure divided by the 
total area in the project. 

While the attempt to establish a nu­
merical rating for a project which in­
cludes a systematic evaluation of each and 
every factor which affects pavement per­
formance is to be commended, the result 
obtained raises a number of questions. As 
far as the writer is concerned, the me­
chanics of the pavement structure appears 
to have been so submerged by numerical 
ratings and coefficients that the result is 
no longer definitive of structural behavior. 
Insofar as pavement performance is con­
cerned, the complex numbers convey no 
merital picture of the actual condition of the 
pavement. In otherwords, the perspective 
of the entire problem and the relation be­
tween its component parts seems to have 
been lost. 

Turning to the other methods reported, 
Virginia and Missouri have left the in­
tangible factors of traffic volume and 
environment in the broad category of 
engineering judgment. While this is con­
veniently indefinite, it at least is not 
confusing. Woodson in Virginia has 
stayed on the conservative side and utiliz­
ed selective grading and highly com­
mendable use of the better materials 
where they would do the most good. This 
places the level of his design very high 
andfailures are held to a minimum. Thus, 
the Virginia practice as reported is the 
one exception where the pavement de­
sign reported does not require revision to 
provide increased load-carrying capacity. 
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Hicks in North Carolina in employing 
full scale loading tests presents a method 
of design which approaches the so-called 
rational method which seems to be the 
ultimate objective of flexible-pavement 
design. Environmental factors and par­
ticularly drainage are controlled by reg­
ulating the moisture content and place­
ment of subgrade soils in the test section. 
The fact that traffic loading has been under­
estimated is the reason that Hicks is now 
working out a revision of his method to 
produce a thicker pavement on a certain 
class of roads. It seems unfortunate that 
this revision has become involved with 
pressure-distribution laws which are 
relatively inflexible relationships and not 
logically subject to substantial change. 
Perhaps some other means of adjusting 
the design may be found. 

McDowell in reporting the method of 
design developed in Texas used a device 
which suggests one logical solution to the 
difficulties under discussion. The Texas 
design, insofar as structural mechanics is 
concerned, utilizes the triaxial-compres­
sion testtoevaluatethe resistance charac­
teristics of subgrade soils and flexible-base 
materials. The Texas design is based on 
the theory that if none of the components is 
stressed beyond its elastic limit, the road 
will withstand a practically unlimited num­
ber of stress repetitions without failure. 
From the traffic survey, the average ten 
heaviest loads per day is determined and 
this loading used to establish what may be 
referred to as the basic or 100-percent­
design thickness. In the case of Texas, 
the estimated life of such a pavement is 28 
years, but this appears to be a rather hypo­
thetical figure and may involve deterior­
ation other than structural failure due to 
loading. 

For the purposes of this discussion, this 
design would be considered too heavy for 
many classes of roads and would probably 
be limited to the most-important trunk 
lines, if used at all. McDowell introduces 
a term called "percentage of design" which 
simply designates a recommended pave­
ment section selected as a percentage of 
the basic design. This percentage of de­
sign provides complete flexibility in ad­
justing the pavement section actually con­
structed in any given case to fit the traffic 
volume and percentage of heavy loads or 
other of the intangible factors, without dis­
turbing the basic design. If such a per-
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centage-design method had been in general 
use in the various states that now find from 
condition surveys that they have been de­
signing too light, it would now merely be 
necessary to increase the percentage of the 
basic design used in any selected project. 

The adopticm of such a procedure is 
strongly recommended as a possible solu­
tion to some of the most-perplexing prob ­
lems which the designer of flexible pave­
ments must face. If the volume and char­
acter of traffic and the intangible environ­
mP.ntal factors can be set apart for such 
separate treatment, the problem of cor­
relating soil resistance and the structural 
mechanics of flexible pavements will be 
greatly simplified. In the work of this 
committee, it might then be possible to 
establish test procedures of ·one of sev­
eral of the recognized tests so that there 
would be reasonable duplication of results 
and reasonable agreement on a basic design 
for any given soil by any laboratory or de­
signer regardless of where located. Traf­

.fic characteristics as affected by locality 
and other local environment could then be 
..J ... 1,.. ......... 4-,.,A +. ..... n ... " ~oo;ITna""' hoct !lrn11'!lint1Jirl 
U C Lc;5a,1,.c;u \..V 1...L.L'-' ""'-'...., ... b" .. '-'4 ..., ....,._.~ -- "'1 - - -·--- -
with those special conditions. This de­
signer's adjustment of the basic design on 
a percentage basis would then be much 
simplified and readily understood by all 
who might attempt to review and compare 
flexible pavement design on a country-wide 
basis. 

JOHN M. GRIFFITH, Engineer of Research, 
The Asphalt Institute-It seems as though 
there are about as many procedures for de­
te r m ining thicknesses of flexible pavements 
as there are of skinning a cat. Several of 
these procedures have been described here 
and others are conspicuous by their ab­
sence. Perhaps it just depends on the type 
of car you wish to drive or the road you 
wish to travel. 

All methods are intended to arrive at the 
same destination: adequate thicknesses of 
available materials to support anticipated 
wheel loads and volume of traffic satis -
factorily under applicable climatic condi­
tions and under economic conditioas of first 
cost and maintenance. Although "ration­
ality" is clain1ed by son1e, all of the exist­
ing methods should be considered as em­
pirical in their present state of develop­
ment. There are a multitude of variable 
factors entering into this problem which 
cannot be fully evaluated by existing pro-

cedures and so we must take the empirical 
approach by devising a testing procedure 
and then correlating it with experience. 
Woodson has recognized this to be the case 
insofar as Virginia is concerned. For 
example, how would we rationally evaluate 
the loss in bearing capacity resulting from 
so-called frost action which few even men­
tion in their discussion? Also, most test 
procedures involve only a single load ap­
plication or a series of increasing loads, 
whereas we know that a flexible pavement 
is subjected to an indeterminate number of 
repetitive loads. Does a direct relation­
ship exist between test results from single 
load applications a nd the repetitive appli­
cations of traffic? Per haps a truly rational­
approach may prove to be too cumbersome 
to even find utility in practical application. 

This reasoning, however, should not be 
taken as a defeatist attitude or as an im -
plication that the empirical test cannot be 
adjusted to provide entirely satisfactory and 
economical answers. To the contrary, the 
papers indicate that the several empirical 
approaches are providing satisfactory an ­
swerFi when FiatiF:factorily adjusted for local 
conditions of climate and traffic. Perhaps 
some are too near the borderline and re­
sult in areas of unsatisfactory perform­
ance, but in time they may be adjusted to 
provide satisfactory and economical an­
swers. And it would seem to make little 
difference as to the mode of transportation 
or the route, if the proper destination is 
reached. 

Davis points out that they use the group ­
index - classification method, although 
Missouri' s experience with this method 
has been rather limited to date. It is in­
teresting to note that he did not mention 
consideration of frost effects although he 
does mention that frost penetration varies 
from 5 inches to 20 inches in his state and 
these depths encompass the range of thick­
nesses often employed over the native 
subgrades. He a lso notes that most of the 
pavem ents designed by their methods to date 
have been over s ilty soils , usually con ­
sidered as bad actors, insofar as frost is 
concerned. Another influencing factor, 
apparently, not adequately considered is 
drainage. Good drainage is an important 
factor in the behavior of any type of pave­
ment. 

Both McDowell and Lacey report the 
successful use of the triaxial test - but by 
rather widely varying methods. Extensive 



surveys in both states have indicated a good 
batting average for this often called "ration­
al" test procedure, despite the fact that 
different 1pproaches were used both in 
testing procedure and in application of the 
data. Apparently both Texas and K.ansas 
have adjusted their respective methods to 
be applicable to local environmental and 
traffic conditions. No mention was made 
by either author on the evaluation of frost 
effects in their procedures, although per­
haps it is taken into account. This factor 
would seem to be of some importance in 
Kansas and, also, in certain areas of 
Texas. 

Both Woodson and Olinger seem to have 
confidence in so-called modified CBR ap­
proaches, although their respective modifi­
cations are somewhat different. Woodson 
points out that Virginia's modified CBR 
approach has been used on over 7 5 proj­
ects, apparently with considerable success 
as he mentions that maintenance costs have 
been quite low. He recognizes that the 
procedure is not the ultimate but is con­
sidered to be adequate until a "more ration­
al" method is developed. Olinger points 
out that Wyoming's modified CBR ap­
proach has been used on about 1,450 miles 
of roads in the past 7 years with greater 
than 95 percent of satisfactoriness. Also, 
he appears to adequately recognize the 
contingent factors wherein unsatisfactory 
performance was experienced, and it is to 
be expected that these factors will be given 
due recognition in the future. 

Hicks has taken the commendable ap­
proach of recognizing the limitations of the 
usual, small, cylindrical test specimens 
and he makes tests in North Carolina on 42-
inch-square specimens, 30 inches deep, and 
compacted to simulate expected conditions 
in the roadbed. This should do much to­
ward eliminating the confining effects of 
molds on test results and provide answers 
more nearly approaching those which would 
be achieved in field testing. In his analy­
ses, Hicks has used a pressure-distribution 
theory which is an oversimplification and is 
incorrect. In discussing this matter with 
Hicks, however , he has indicated that he 
recognizes this deficiency and plans to make 
appropriate adjustments. 

But perhaps there is a single best method 
which will become recognized by the high­
way engineer. The scientific approach to 
road design and even the science of soil 
mechanics itself on which scientific road 
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design is based are relative infants in the 
scientific field. Both are growing fast, 
however, and are rapidly developing into 
respectable members of the scientific 
fa·mily. Papers such as have been pre­
sented here are essential to this growth 
and are of immeasurable assistance in 
leading us toward the most-appropriate 
solution to this important problem. 

CHESTER McDOWELL, Closure - Ap­
parently Griffith has studied the various 
flexible-pavement reports rather thorough­
ly; however, there are two points which 
should be pursued further. One of these 
is that the methods failed to discuss the 
effects of "frost" upon pavement design. 
The author agrees that he should have in­
cluded at least a limited statement on this 
subject. Occasionally, we have "freeze 
damage" which disturbs extensively the 
upper portion of borderline-quality bases 
under thin surfacings. After thawing, 
the pavement is cracked badly and most 
support from the upper portion of base is 
lost. It has been interesting to note that 
to date we have not found a single case 
where this trouble has occurred if such 
thin surfacings are placed on Class 1 base 
materials. When so-called frost damage 
penetrates deeply into subgrade, the ex­
pansive pressures generated are too great 
for any reasonable thickness of pavement 
to have weight or strength enough to re­
sist them. Therefore, the problem is one 
of excavating and wasting of all soils sus­
ceptible to such damage down to the frost 
penetration line or wrapping them up with 
impervious membranes. The only alter­
native, but not a soiution to th.e problem, is 
to use a type of pavement which can be re­
worked easily and economically after 
damage occurs. 

Another important point mentioned by 
Griffith pertains to the effects of repetitive 
wheel or axle load applications. The 
Texas design method is based upon the 
theory that elastic bodies recover from 
an enormous number of deflections caused 
by loads, provided each layer in the pave­
ment system is not overstressed. The 
pattern of normal highway traffic is such 
that it would be difficult to select the 
heaviest wheel load to be applied repeti­
tively to design unless some average of 
the heaviest loads is made. For this 
purpose we use the average of the ten 
heaviest wheel loads per average day. 
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This average is a stable figure which 
planning survey divisions can obtain and 
is one which enables us to design for the 
heaviest loads being applied repetitively. 
Even though we design for an elastic body 
supporting repetitive loads, Figure II of 
the report would indicate that there is a 
limit to the life of such pavements which 
is about 28 years. It does not seem il­
logical to expect a pavement to eventually 
suffer from fatigue even though it is sup­
ported by an elastic medium. It is also 
interesting to note that pavements having 
lower percentages of design also have 
much worthwhile service life in them, even 
though they are not designed for elastic 
conditions. These types of thinner pave­
ments suffer slight amounts of permanent 
deflections from repetitive loadings be­
fore failures are noticeable. It is be­
coming more evident that designers should 
anticipate the life expectancy required of 
a road before thicknesses of pavements 
are determined. The author does not be­
lieve that the use of a wheel-load-design 
criterion equal to the average of the ten 
heaviest per average day is applicable to 
all patterns of traffic; therefore, the fol­
lowing expression taken from Figure II 
becomes useful: 

Number. of = O. 96(10) . 01465 (% design) 
years life 

(Substituting iO heaviest wheel loads per 
day) 

The number of load applications = 

10 x 365 x 0. 96(10). 01465 (% design) 

Using our 100-percent design criteria 
for 28 years' service, which is based on 
normal traffic containing approximately 
25 percent of commercial traffic, the 
number of applications = 

3504 X 101. 465 = 3504 X 29. 18 = 102, 247. 

If the amount of commercial traffic 
doubles, it is possible to design for 20 or 
any other number of load applications per 
day desired. The foilowing tabulation 
shows some estimates which can be cal­
~ulated from the above formula: 

Comma,.rclnl Trl\lflc 

Number 01 No. :r ea r s Ll1B 
PropurUun Pori::ont. txui~d 0t1 Applications Percent Expec ted lf 

OJ T OIII lnc lud(11g of Ten Heavies t Dcsfg11 100% Oeslgn 
!Com111orcla1 f'lxo~I No. or Card Wheel Loads in Indicated Is Used 

Tni.H lci 28 Years 

INormal ., lU2, 2'M ;vu zrr--
2X Normal 40 2J4,494 120 14 
l'x Normal 4Y 4UH, YMM 141 7 . 

We are indebted to Griffith for calling 
these points to our attention. 

Herner' s discussion is pertinent and 
many of our findings agree with his. It 
is agreed that some pavements stand up 
for years under comparatively light traf­
fic, then fail within a short period of time 
when loads are increased. In analyzing 
problems of this type it is desirable to 
calculate a new percentage of design based 
on the increased loads and consider only 
the time the heavier loads have used the 
pavement a:; the life of the pavement. It 
is also suggested by Herner that only a 
narrow weight range of loads be aver­
aged. It is for this reason that we aver­
age only the ten heaviest per average day. 
Herner is correct, and as suggested in 
the above method, it is possible to break 
the study of pavement life into separate 
intervals. This has been done a few times 
and the results produced the same trend as 
shown in Figure II. Our difficulty with 
using this approach lies in obtaining ac­
curate traffic data. 

Among other things, Herner mentions 
the effects of height-diameter ratio upon 
results of triaxial tests and he also men­
tions that they use 10-inch diameter by 20-
inch and other heights of specimens. The 
data shown by him on this subject seem 
in reasonable agreement with the limited 
data we have accumulated in testing 6-
inch-diameter specimens having various 
heights. Although the data available to 
the author are not conclusive, the follow­
ing is believed to be true of granular mate­
rials: (1) Due to frictional interlocking, 
specimens consisting of such materials 
when molded in 6-inch-diameter molds 
cannot be compacted as thoroughly as they 
can when formed in ten-inch diameter 
molds. (2) For strengths to be compar­
able it is likely that 10-inch-diameter 
specimens will require greater height- to­
diameter ratio than 6-inch- diameter 
specimens. 

The use of such large specimens as 
have been suggested would require nearly 
seven times as much material as we 
presently use, and each specimen, plus 
accessories, would be too heavy to handle 
manually. Although large specimens are 
desirable in many respects, it would be 
difficult to provide our 25 district lab­
oratories with the equipment necessary 
for running such triaxial tests. Her ne r 



and our laboratory have agreed to pursue 
this problem further by exchange of samples 
and information in the future. The engi­
neering profession is fortunate to obtain 
valuable comments and splendid data from 
one as 'well versed in this subject. 

L. D. HICKS, . Closure-In his discussion 
of the papers presented in this symposium , 
Griffith states that the author in his analy­
sis "has used a pressure-distribution theory 
which is an oversimplification and is in­
correct. " In a private discussion of this 
matter, before Griffith presented his writ­
ten discussion, the author admitted that the 
simplified pressure distribution used did 
not follow the rigorous laws of pressure­
distribution theory and stated that he 
planned to use another method of pressure 
distribution that would be more acceptable 
because it followed the recognized laws of 
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pressure distribution that are known today. 
Housel also mentioned in his discussion 

that the author had become involved with 
laws of pressure distribution. Housel made 
several suggestions that have been of con­
siderable value to the author in presenting 
the pressure distribution method that is to 
tollow. 

Experiments in pressure distribution 
have shown that areas with uniform pres­
sure produce helmet-shaped pressure pro­
files on horizontal planes beneath the 
loaded area, the greatest pressure occur­
ring beneath the center. Computations us­
ing formulas derived from the theory of 
elasticity verify this. Among the methods 
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for computing pressures beneath unifor mly 
loaded circular a r eas is one developed by 
N. M. Newmark of the University of Illi ­
nois. He developed a chart which can be 
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used to compute the magnitude of pressure 
on any point of any plane beneath the area. 
The Corps of Engineers of the U. S. Army 
in Technical Memorandum No. 3-323 de-
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veloped curvesfrom Newmark's chart that 
are more convenient to use in certain cases. 
The author has made use of these curves in 
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his computations of maximum vertical pres­
sure beneath dual wheel assemblies com­
monly used on trucks carrying highway 
loads. 

Figure A shows the pressure distribu­
tion beneath a dual -wheel assembly consist­
ing of two 11. 00 series tires carrying 5, 000 
lb. each (pressure = 100 psi.). Two pres­
sure profiles are shown at depths of 1 and 8 
inches. The dotted lines denote the pres­
sures caused by each tire and the solid 
lines the total pressures caused by the en­
tire assembly. 

Figures B through I are curves showing 
maximum vertical pressures beneath dual-
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Figure F. 
, wheel assemblies that carry wheel loads of 
4,000, 5, 000, 6,000, 6,500, 7,000, 8,000, 
9,000, and 10,000 lb. The tire size and 
wheel assembly selected for computing the 
maximum vertical pressure for each of the 
wheel loads are those commonly used for 
these loads. The contact areas are assumed 
to be circular and having diameters equal 
to the width of tread. The contact pressure 
is calculated by dividii91g the tira load by the 
area of contact. Computations of pressure 
as mentioned above, were made using the 
curves developed from Newmark's charts 
by the Corps of Engineers, U.S. Army and 
appearing in Technical Memoranctum No. 
3- 323. 
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The use of the curves shown in Figures 
B through I for determining the thickness 
of a flexible pavement is quite simple. The 
total thickness of pavement required to 
carry a certain wheel load is equal to the 
depth below the surface of contact where 
the pressure is just less than the bearing 
capacity of the subgrade soil. For ex- · 
ample, let it be required to determine the 
thickness of pavement necessary to carry 
10, 000-lb. wheel loads when the bearing 
capacity of the subgrade is 20 psi. Re­
ferring to Figure I the curve showing the 
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Figure I . 

maximum vertical pressure beneath a dual 
wheel assembly loaded to 10, 000 lb. , we 
find that at a depth of 11 inches the pressure 
is 20 psi., so the minimum total thickness 
of pavement required is 1 l inches. 

The curves may also be used for deter­
mining the pressure anywhere within the 
pavement structure, which is essential in 
selecting the type of base course or sub­
base course. For instance, if in the above 
problem a 3-inch asphalt surface course is 
to be used, the base course should consist 
of 8 inches of material capable of develop-
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ing a bearing capacity of at least 78 psi., 
as the pressure 3 inches below the surface 
is 78 psi. Similarly, if a cheap material 
is available locally that is capable of de­
veloping a bearing capacity of at least 30 
psi. , it may be used to construct a 3-inch 
subbase. The pavement design in this in­
stance can consist of a 3-inch subbase of 
local material, a 5-inch stone or gravel 
base, and a 3-inchasphaltwearing surface. 

It will be recalled that this same prob­
lem was used as an e,s:ample in the main 
paper, and by a coinr.irlP.nce the same total 
thickness of pavement was obtained using 
the original design method. It will also 
be recalled that the writer stated that this 

TABLE A 
(Revision of Table 1) 

TENTATIVE SUBGRADE BEARING VALUES 

~ rade 
Bearing 

Values 

20 - 30 psi. 

15 - 20 psi. 

10 - 15 psi. 

5 - 10 psi. 

Description of Soll 

Generally sandy solJsoftho A- 2 ru,dA- 3 groups. 
Containing less than 35\t, material pass lng o 
No. 200 slevc. CB R values between 10 and 20. 
Good drainage. Subgm e should be below the 
fr ost line.* Thickness of stratum must not 
h a. l a. qa H1Qn 1 ?. inrhP.R. 

Slll-clAy soils with some plaallclly , of the 
A-4, A-5 , A- 6, and A-7 group11. Clay con­
tent gonornlly le11s lhan 50%. CBR values be­
tween 7 nnd 10. Good drainage. Subgrnde 
should be below the frosl line . • Thlckness of 
stratum must not be less than 12 Inches. 

Heavy clay s oils , c lay content gnneraUy above 
50%. Qulle plas tic. CBR valuoe between 4 and 
7. Good drainage. Subgra<le snou1<1 oe beiow 
frost line. * Thickness of stratum mus t not 
be leas than 12 Inches. 

Non plas Uc, silly and micacoous solls of the 
A-4 and A-5 groups. Also other s oUe having 
queattonnble dralnagn. Cl3R values betw~cn 2 
and 4. Good drlllnage. Subgnde should be 
below frost lino.• Thleknesa of stratum must 
not be less than 12 inches. 

*Frost line Is the depth below which water in the soil will not 
freeze. 

thickness was found to be inadequate for a 
particular road whose subgrade had been 
rated as having a bearing capacity of 20 
ps i. , and used the methqd of pressure 
distribution d ribed in the main paper 
whi.ch produced a thickn ess of 16 inches , 
that has proved adequate . Thes e facts lead 
to one conclusion, that the s ubgr ade rating 
has been too general, resulting 'In hight:H" 
ratings than the actual bearing capacity of 
some of the soils. After considerabie 
checking and investigation, the writer has 
found this to be true and as a result has 
revised the tentative subgrade - bearing 
values appeartng in Table 1. These revised 
values appea r in Table A of this dis cussion. 

In order to more accurately select a 
bearing capacity rating value for a sub­
grade for use in designing the thickness of 
pavement required, CBR tests are now 
made on subgrade samples at the proper 
moisture content for the particular soil 
(see PROCEEDINGS, Highway Research 
Board, Vol. 28, p. 430, (1948), Table 8). 
These values are converted into bearing 
capacity values by the use of the curve 
shown in Figure J. It is felt that this 
pr ocedure will enable the writer to be 
more specific and less general in select­
ing the bearing capacity values of sub­
gr ades on pr ojects he ls called upon to 
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Figure J. 

design. Work is now in progress for 
checking the CBR-Bearing Capacity re­
lationship curve shown in Figure J. 

In connection with the above problem 
an investigation revealed that many of t he 
soils which had been rated as having 
bearing capacities of 20 psi. were found 
to have CBR values of about 5 when tested 
at the ir prupe r· rnoisture contents. Re ­
ferring to the curve in Figure J , it is 
found that this CBR value indicates a bear­
ing capacity value of 12. Using this value 
of bearing capacity with the curve s hown in 
Figure I, a thickness of 16 inches is ob-



tained, which thickness has been found 
adequate. 

It might be mentioned that using a 
bearing c.apacity of 12 instead of 20 in 
Vokac's formula for pavement thickness 
a thickness of 15. 3 inches is obtained. 

h = ~~ 

h _ 11. 3 ~ = 15. 3 inches --r.; T2 

In conclusion, the writer is of the 
opinion that the proper selection of sub­
grade bearing capacity is probably the 
most-important factor in determining 
adequate pavement thicknesses. Of course, 
the design load and method of pressure 
distribution have their importance, but 
overestimating the strength of a subgrade 
can cause more failures than using simpli-
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fied pressure distribution concepts that 
do not follow exactly the rigorous laws of 
that science. Although the writer is 
abandoning the Vokac pressure-distribution 
concept in favor of the one used in this 
closure, he is nevertheless planning to do 
considerable work on the bearing capacity 
of subgrade soils in order that safe values 
will be used in his pavement thickness 
design in the future. The curves shown in 
Figures B through I required a considerable 
amount of work in computing the maximum 
vertical pressures, but this work is com­
pensated for in the simplicity of their 
use and the satisfaction that they do obey 
the rigorous and inflexible laws of pres­
sure distribution. The writer wishes to 
thank Housel for his suggestions and ad­
vice in preparing this closure and plans 
to follow along these lines of flexible pave­
ment design in his future work. More may 
be said in a future article. 
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