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Flexible Pavement Performance 
Studies in Arkansas 
MILLER C. FORD, Jr. and J . R. BISSETT, Respectively, Assistant Professor of 
Civil Engineering and Professor of Civil Engineering, University of Arkansas 

This paper reports the test methods used and results obtained in evalu­
ating the performance of 115 mi of flexible pavement. The pavement 
varies in age from three to eight years, from high-type asphaltic con­
crete in excellent condition to double surface treatments that have re­
quired extensive maintenance. Al l of the roads are on the same soil 
area and have similar climatic conditions. The deflections were meas­
ured by the Benkelman beam with Helmer recorder. Seven series of 
deflections were made over a period of two years at some 500 different 
stations. In-place densities and moisture contents were determined at 
about one-third of these stations. Also moisture-density samples of 
the subgrade were taken at the edge of the pavement at different sea­
sons to study the variations of moisture and density with time. Physical 
properties of subgrade and base materials are also reported. Visual 
condition surveys were made at frequent intervals during the Life of 
the project to detect changes in the pavement condition. 

• THIS REPORT is part of a study of the performance of flexible pavement being con­
ducted by the University of Arkansas in cooperation with the Arkansas Highway Depart­
ment and the Department of Commerce, Bureau of Public Roads. The study was 
started in July 1958 on roads in the loess-terrace soil area located in eastern Arkansas. 
The purpose of the study is to evaluate 115 mi of pavement, relating performance with 
pavement deflection; physical properties of subgrade, base and pavement; engineering 
and agricultural soil classifications; maintenance required; and amount of traffic. The 
final goal is the development of a better method of design of flexible pavements. This 
paper reports the tests performed in evaluating pavement structure and the results of 
these tests. The information obtained on the asphalt pavement is reported in J. R. 
Bissett's p^er , "Changes in Physical Properties of Asphalt Pavement with Time," 
HRB Proceedings, Vol. 41. 

Physical properties of the pavement structure were determined by taking samples 
of the pavement, base, and subgrade at about every 3/4 ml along the study roads. 

The pavement sample was secured from the centerline of the traffic lane. The base 
density was measured below this pavement sample and a sample of the subgrade was 
taken at this point and at the edge of the pavement. The subgrade samples were taken 
with a thin-wall sampling tube 3 in. in diameter by 10 in. long. The thickness of each 
layer encountered during sampling plus depths to subgrade samples were recorded. 

The pavement deflections were measured with a Benkelman beam (Fig. 1); a Helmer 
recorder (Fig. 2) provided a graph of each deflection. In addition the maximum and 
final deflections were taken from the dial gage. 

Deflections were obtained from seven series of tests along the study roads. There 
are about 500 locations where the tests were run, and both the inner and outer wheel 
deflections were measured each time, making a total of about 7, 000 deflections which 
were used in preparing data for this p^er . 

ROADS UNDER STUDY 
The roads under study range from high-type asphaltic concrete pavements in excellent 
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condition to double surface treatments that have required almost complete rebuilding. 
Their age is from three to eight years, and they were built to Arkansas Highway De­
partment specifications. They were chosen to represent the various types of pavement 
that have been constructed in Arkansas during the past few years. Each individual road 
wil l be referred to hereafter as a "job. " 

Seven of the jobs are hot-mix asphaltic concrete pavement on gravel bases. Jobs I , 
J, and M are pavements made with crushed aggregate, and Jobs A, B, C, and F are 
pavements made with local gravel that was crushed to f i t gradation requirements. The 
total length of these seven jobs is 60 mi. The hot-mix asphaltic concrete pavements 
are grouped as high-type pavements. 

The remaining seven jobs totaling 55 mi in length wil l be grouped as low-type pave­
ments in these discussions. Jobs D, G, H, K, L, and N are double surface treatments 
and all are laid on gravel bases except Job K which is laid on a crushed rock base. 
Job E is a road mix, laid on a gravel base. 

No further mention wil l be made of Jobs C, D, and G for which data are not com­
plete at this time. 

SAMPUNG 
Station numbers were painted along each road at about every 0. 2 mi to be used as 

reference points in carrying out the study. The pavement sample consisted of a 15-
by 15-in. square cut from the centerline of the traffic lane, using an air hammer. The 
pavement was removed without disturbing the base. The density of base was measured 
with a balloon density apparatus. The base sample was placed in a syrup bucket and 
returned to the laboratory for drymg and weighing. About 1/2 gal of the base material 
was secured for determination of the index properties. A thin-wall sampling tube was 
driven into the subgrade to obtam a sample. The ends of the tube were sealed with 
paraffin. The depths to the tube sample and thickness of subbase, base, and pavement 
were recorded at the time the sample was taken. A hole was dug at the edge of the 
pavement through the base and into the subgrade. A gallon bucket of this subgrade soil 
was taken for running the maximum density test. Finally a tube sample of the subgrade 
was taken at the edge of pavement for determination of in-place density and moisture. 

PHYSICAL TESTS OF BASE AND SUBGRADE 
The material removed from the holes in the base was placed in a 1-gal syrup bucket 

and transferred to the laboratory where the unit dry weight and moisture were deter­
mined. To avoid loss of moisture or parts of the sample, the weight of the bucket and 
material was obtained before the bucket was opened. The bucket was then opened and 
the material dried in an oven. A new type of ballon density apparatus having a vacuum-
pressure pump with a pressure gage was used in determining the volume of the hole. 

The volume of the soil in the thin-wall sampling tube was obtained by measuring the 
length of the sample before it was removed from the tube. The weight of the wet soil 
was determined, then the sample was removed from the tube and a representative sam­
ple taken to determine the moisture content. The unit dry weight was then determined. 

The dry method of preparation of samples was used to prepare base and subgrade 
samples for testing. 

The averages of the test results are given in Table 1 for both high- and low-type 
pavements. All the index properties of both the base and the subgrade were determined 
using the appropriate AASHO standard method. The maximum density and optimum 
moisture contents were determined by Method AASHO T 180-57 (Method A), 

Present base and subgrade densities show considerable uniformity. There is no 
reason to believe that these densities were not higher at the time they were constructed. 
The only conclusion is that an increase in moisture of the subgrade has caused the den­
sities to decrease. The majority of these jobs are on a flat plain where surface drain­
age I S very poor; in fact m most cases, the roadside ditches are ful l of water throughout 
the year. Most of the loess-terrace soil area is underlain with a clay pan that is about 
50 in. below the surface, and only Jobs A and F have good surface drainage. 

The plasticity index of the high-type pavement subgrade varies from 5 to 8 except 



T A B L E 1 

AVERAGE PHYSICAL PROPERTIES 

Thickness (In ) Density Moisture (%) 
Liquid 
Limit, 

Subgrade 

Plasticity 
Index, 

Subgrade 

sut 
Size, 

Sutigrad 
(%) 

Clay 
Size, 

i Subgrade 
(%) 

Pavement Pave­
ment Base 

B 

Max. 
(pcf) 

In-Place 
(%) 

Subgrade 

Max. In-Place 
(pcf) (%) 

Sutigrade Subgrade 
Opt. 

Liquid 
Limit, 

Subgrade 

Plasticity 
Index, 

Subgrade 

sut 
Size, 

Sutigrad 
(%) 

Clay 
Size, 

i Subgrade 
(%) 

High-type 
A 2.2 6.5 131 96 120 88 17 14 29 8 68 23 
B 1 0 7.4 130 94 119 84 20 14 37 15 44 39 
F 1.8 6.9 133 93 120 88 15 IS 30 8 61 28 
I 2.0 7 0 138 89 117 87 17 13 32 7 67 26 
J 1 9 9 5 132 92 120 83 16 13 28 6 56 22 
M 2.2 9.9 138 91 126 81 17 U 30 5 56 20 

Low-type 
E 2 2 S 2 136 93 118 86 18 14 26 3 64 25 
H - 3.8 137 89 110 87 21 13 32 12 66 26 
K 0.7 8.9 137 91 121 84 17 13 31 6 62 27 
L 0.9 6.0 133 94 120 8S 17 11 33 12 62 29 
N 0.6 6.1 136 93 120 87 20 14 34 12 62 27 

for Job B which has a plasticity index of 15. The subgrade plasticity index for the 
low-type pavements vary from 3 to 12, with Jobs H, L, and N having a plasticity index 
of 12. 

The base index properties are not tabulated because they were very nearly the same 
for all jobs. This material is a clay gravel, well graded, having a plasticity index 
from 0 to 3. This material can be compacted into a rather dense material as indicated 
from the maximum base densities given in Table 1. 

The base thickness (Table 1) was taken from the measurement made at the center 
of the traffic lane. The average tor high-type pavements was 7.9 in . , with Job M 
being thickest with 9.9 in. The base under the low-type pavement averaged 5.9 i n . , 
with Job K being thickest with 8. 5 m. and Job H being thinnest with 3.8 in. However, 
Job H had a sandy subbase material that varied in thickness from 3 to 7 in. 

DEFLECTION TESTS 
Two Benkelman beams were used simultaneously for making the pavement deflection 

tests. These two beams were equipped with the Helmer recorder, so that curves of 
the deflections as well as the gage readings were determined at point of maximum de­
flection. In all cases, the loading truck wheel was 4 f t to the rear of the probe point 
at the beginning of the test. The truck was then moved forward at the slowest possible 
rate imtil the wheel of the truck was at least 6 f t beyond the probe. 

The loading truck was equipped with two water tanks so constructed that the water 
could be shifted from one tank to the other by means of a pump. The actual wheel 
loads were maintained at 9, 000 lbs each and the tire pressure was maintained at 90 psi. 
Loadometers were used to determine the weight of the truck wheels. 

Figure 3 shows curves typical of the average and maximum deflection obtained on 
Job I . In these curves, the Helmer graph shows a horizontal line for some distance 
before the deflection started. This is in agreement with field tests in which the truck 
was placed some 30 or 40 f t forward of the beam probes and then backed to the probes. 
In all cases the dial gages on the beams did not indicate any deflection until the wheel 
was within from 2 to 3 f t of the probe. 

There is some question whether the recovery part of the Benkelman beam curve 
shown by the Helmer recorder is accurate because of f rictional resistance between 
the recording pen and the paper. There is also some flexibility in the recording beam. 
The recording beam was constructed so that the pressure of the pen on the paper was 
adjustable. This pressure was reduced to the minimum that would mark the paper, 
yet in test i t was found that the gage on the beam did not return to zero after the truck 
had been moved beyond the zone of influence. When the recording pen was removed 
from the device and the recording beam permitted to swing freely, the dial gage 
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JOB I - I W P - S T A T I O N 33 
0 0 5 0 INCH 
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T R A C E OF JULY I960 

JOB I -OWP-STATION 20 

AVERAGE a069 WCH 

BSSL FINAL P E F U -
6/99 INCH 

1009 a002 , 4/60 a006 ' 
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4/61 a032 • 
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aOlO INCH 

Figure 3. Typical deflection curves, Benkelman beam with Helmer recorder, 9,000-lb wheel 
load. Scale: Horiz. 1 i n . = 1 f t - vert. 1 i n . = 0.10 i n . 

invariably returned to zero or within 0.001 of the initial starting place. 
Table 2 gives average deflections for all of the Jobs and for the seven series of de­

flections. In most cases the deflection of the high-type pavement was low and rarely 
did the average of the deflection of the inner wheel exceed 0.03 in. or the outer wheel 
exceed 0.04 in. in every series of deflection tests. There were a few erratics due to 
pavement conditions where the test was made. The deflection was always made at the 
same location at each station by using a line painted on the pavement and the truck 
wheel was stopped on this line for the beginning of the deflection measurement. The 
lateral location of the truck wheel did not vary more than about 6 in. for any station, 
and ranged from 18 to 24 in. from the edge of the pavement. 

A wide variation in the deflection at the same station was noted at different times. 
Figure 3 shows these variations. For example, for Job I on the outer wheelpath at 
station 20, the average of the maximum deflections is 0.065 i n . , but the range is from 
0.050 to 0.072 in. No reason has been discovered for these erratics. Usually the 
deflections followed a fairly uniform pattern. 

In most cases there was a residual deflection as explained previously. To illustrate, 
on Job I , for the outer wheelpath, at station 20 the average of the residual deflection 
was 0.010 i n . , the minimum residual was 0. 002 in. and maximum residual 0. 032 in. 
Checks and investigations have convinced that most of this residual deflection is due to 
the friction of the pen on the paper and, possibly, some to the flexibility of the record­
ing arm of the beam. Frequentiy the truck was moved some distance beyond the end 



6 

of the probe at the end of the test and allowed to stand for several minutes. The dial 
gage on the beam did not indicate any change in the deflection, even after several min­
utes. It is felt that if residual deflection existed in the pavement under each truck load, 
a severe rutting would be evident but this is not the case. 

HIGH-TYPE PAVEMENT DEFLECTION 
The average deflection obtained for each job from the seven series of tests is shown 

in Figure 4. The jobs are placed left to right in order of their pavement age. Com­
puted to July 1960 (Table 3). Other data given in Table 3 are daily traffic, equivalent 
wheel loads per day, total equivalent Wheel loads, average condition surveys, selected 
deflection data, radius of influence, and ratio of radius of influence to deflection. 

The outer wheel deflection on the average exceeded the inner wheel deflection by 
about 40 percent. This differential deflection is believed to be caused primarily by the 
lack of confining support from the shoulder. Job M has the widest shoulders and has a 
differential deflection of only 0. 004 i n . , and Job B has the narrowest shoulders and 
has a differential deflection of 0. 015 in. 

Figure 4 indicates that the youngest !job (Job M) had the lowest deflection, the mid­
dle-aged pavements had a higher deflection (Jobs F, J, and I) and then the oldest pave­
ments (Jobs A and B) decreased in deflection below that of the micidle pavements and 
were slightly higher than the younger pavement. 

TABLE 2 
AVERAGE DEFLECTIONS 

Deflection (I0"'in.) 

Date 
Job A Job B Job F Job I Job J Job M Average 

IWP OWP IWP OWP IWP OWP IWP OWP IWP OWP IWP OWP IWP OWP 

(a) High-; Type Pavement 

June ' 59 11 21 17 33 17 23 28 44 24 35 21 28 20 31 
Oct. '59 19 31 26 37 24 30 30 42 23 29 19 25 23 33 
AprU '60 13 33 18 46 18 35 34 48 24 34 22 28 21 37 
July '60 19 32 20 36 18 23 30 43 18 28 18 21 20 30 
Nov. '60 18 18 26 27 27 23 32 34 26 21 18 17 24 23 
April '61 15 30 20 41 19 36 29 37 19 24 i4 21 19 31 
July '61 15 24 22 34 17 20 33 40 28 27 17 15 22 27 
Average 16 27 21 36 20 27 31 41 23 28 18 22 21 . 30 

(b) Low-Type Pavement 

Job E Job H Job K Job L Job N Average 

IWP OWP IWP OWP IWP OWP IWP OWP IWP OWP IWP OWP 

June '59 36 27 31 41 20 38 17 28 20 32 25 33 
Oct. '59 43 43 38 45 20 32 26 36 29 40 31 39 
April '60 49 41 33 37 19 34 19 42 25 49 29 41 
July '60 39 32 29 40 18 23 18 23 11 26 23 29 
Nov. '60 41 33 32 35 21 19 23 24 24 26 28 27 
April '61 44 39 37 47 21 28 16 30 18 41 27 37 
July '61 35 23 37 42 21 20 17 27 21 27 26 28 
Average 41 34 34 41 20 28 19 30 21 34 27 33 



Figure 5 shows the variation of deflection of both inner and outer wheel for each 
series of test run on Job A. Comparison with Figure 6 plotted for Job I shows quite a 
large difference between these two jobs in over-all deflection, but attention is called 
to the uniform deflection of the inner wheel with season, while the outer wheel fluctu­
ates seasonally. It has been observed that the highest deflections occur during the 
spring tests for the outer wheel and during the fal l tests for the inner wheel. However, 
there is not a great amount of difference in the average deflections; with the inner 
wheel ranging from 0. 019 to 0. 024 m. and the outer wheel ranging from 0.027 to 
0.037 in. 

Figures 7 and 8 show the variation of deflections within a single job for the outer 
wheel. Figure 7 is for Job I , the maximum deflection occurs at station 27, where the 
pavement has a large longitudinal crack, and the deflection is 0.094 in. The second 
highest deflection occurs at station 36 and amounts to 0.084 in. There is no apparent 
reason for such a high deflection at this location. The minimum deflection for this job 
occurs both at station 14 and 45 in the amount of 0.015 in. Deflections along Job A 
are shown on Figure 8. The range in deflection is less than for Job I ; the maximum 

TABLE 3 
MISCELLANEOUS DATA 

Pavement 
ADT 
1060 

No of Equlv 
Wheel Loads' CondlUon Survey (%) 

( tho^°^s) 

Pavement 
Age 

'Ju l ; 1960 
(yr) 

Average 
DeQecUon (In.) 

OWP 

Avg Radius of 
Influence (ft) 

OWP 

Radius/ 
Deflection (in /in ) 

IWP OWP 

A 1,000 401 650 88 95 86 8 1 0 017 0 025 2 3 2 4 1, 623 1, 152 
769 B 1,700 796 1,743 66 70 62 8.1 0 020 0 030 2 4 2 5 1,440 

1, 152 
769 

F 1,300 401 604 70 81 60 5 7 0 020 0.030 1 9 1 9 1,140 
968 

633 
I 2,100 1 531 3, 129 88 95 81 6 7 0 031 0.043 2 5 2 5 

1,140 
968 465 

900 
1,056 

J 2, ISO 1 856 3,04S 97 98 95 5.2 0 027 0.032 2 6 2 4 1,156 
1,371 

465 
900 

1,056 M 2,100 1 856 1,328 98 98 97 2 1 0 021 0 025 2 4 2 2 
1,156 
1,371 

465 
900 

1,056 
E 900 209 459 60 83 60 7 0 _ _ 

1,156 
1,371 

465 
900 

1,056 
H 450 126 103 80 89 68 2 9 _ 

K 575 195 289 77 80 75 4 9 _ 

L 550 126 188 82 95 68 5.6 
N 325 126 106 82 85 68 2 7 - - - - -

'5,0001b. 

X 
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S 

Figure It. Average pavement deflection vs job, Benkelman beam, 9,000-lb wheel load, high-
type pavement. 
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Figure 5. Average deflection va test date. Job A, Benkelman beam, 9,000-lb wheel load. 
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Figure 6, Average deflection vs test date. Job I , Benkelman beam, 9,000-lb wheel load. 
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deflection occurs at station 2 and totals 0.059 i n . , with the minimum deflection occur-
ing at station 3 in the amount of 0.015 in. 

Figure 9 shows the pavement deflections plotted against the total thickness of pave­
ment and base for both the inner and outer wheels of Job M. There is a definite de­
crease in pavement deflection with thickness of structure for most jobs. This trend is 
not very well indicated where the average deflections were comparatively low, however. 
For Job M the inner wheel has the more positive trend, indicating a deflection of 0.045 
in. with a structure thickness of 8 i n . , varying to a deflection of 0.008 in. with a struc­
ture thickness of 16 in. 

Results of the analysis of the deflection curves obtained from the Helmer recorder 
are shown in Table 3. The radius of influence of the wheel is assumed to be from the 
point of maximum deflection back to where the curve becomes tangent to the horizontal. 
This radius of influence as defined is shown as d̂  in Figure 3. Measurement of this 
radius of influence shown on the graph given by the Helmer recorder has been com­
pleted on selected stations of the high-type pavement only. The radius of influence 
varies from 1.9 f t on Job F to 2.6 f t on Job J. It is noted that the deflections given in 
Table 3 are average deflections for selected stations and are not to be confused with 
the average deflections given in Table 2. 

The ratio of radius of influence to pavement deflection is calculated in units of 
mches of radius of deflection to inches of pavement deflection (in. / i n . ) . The average 
of both inner and outer wheel ratios range from 1,387 on Job A to 716 on Job I . It is 
noted that the higher the ratio of influence to deflection for a single job was the larger 
the zone of influence indicated or the smaller the deflection occured. It is felt that 
the ratio for outer wheelpath is more indicative of the pavement structure condition, 
and with a ratio less than 800 the pavement is in poor condition. 

Again grouping the pavements into three groups based on their age and averaging 
their outer wheel ratio of influence to deflection gives an interesting comparison. The 
youngest Job M's ratio is 1,152, the middle-aged pavements Jobs F, I , and J's ratio 
is 666, and the older pavement for Job B's ratio is 960. 

Table 4 gives the criteria followed in evaluating the condition of the pavement. The 
average condition shown is a percent based on a new pavement having 100 percent 
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TABLE 4 
CRITERIA FOR CONDITION SURVEYS 

EXCELLENT 95-100 
No defects apparent 
Good riding surface 

GOOD 90-95 
Few small isolated cracks 
Slight surface roughness 
No patching required 

FAIR 80-90 
Some isolated cracks 
Slight surface irregularities 
Some raveling at edge of pavement 

AVERAGE 70-80 
Slight rutting 
Small areas showing map cracking 
Small raveled areas 
Minor base failures 
Surface roughness evident 

POOR 55-70 
Distorted surface 
Base failures extend entire width of lane 
Considerable surface cracking 
Rutting 

FAILURE below 55 
Extensive patching 
Surface distortion 
Extensive base failures 

condition. Seven condition surveys have been completed. Each segment of road be­
tween stations is evaluated from visual observations and the average per job determined. 
The maximum, average, and minimum percent condition surveys are given in Table 3. 

The percent condition varied from survey to survey, with the maintenance work 
performed increasing the pavement rating. The lowest condition rating may be the 
best comparison between jobs in over-all performance. The lowest ratings vary from 
60 percent on Job F to 97 percent on Job M. 

The traffic data given in Table 3 was prepared by the planning and research staff of 
the Arkansas Highway Department. Al l wheel loads are converted into equivalent 
5, 000- lb wheel loads. No definite relationship has been established between loading 
and percent condition or pavement deflection. The average daily traffic varies from 
1, 000 to 2,100 vehicles per day. 

LOW-TYPE PAVEMENT DEFLECTION 
The bar graph in Figure 10 compares the inner and outer wheel deflections obtained. 
Only Job E showed a higher deflection in the inner wheel path than in the outer wheel 

path. This particular job is in very bad condition. No explanation has been found for 
this unusual behavior. In fact most of this job has required resurfacing or rebuilding 
during the period of these tests. Table 2 gives the total number of equivalent 5,000- lb 
loads for this job as 459, 000, considerably more than for any other low-type pavement. 
The average deflections on this pavement were one of the two highest studied. 

Job H also shows very high deflections. This job has failed almost completely and 
been rebuilt. The thickness of the base varied widely from station to station. However, 
there was about 5 in. of sandy subbase under the base material. 
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Job K is a double surface treatment with moisture conditions very similar to the 
other jobs. The base material on Job K is of a better quality and is about 2 in. thicker 
This project is in excellent condition and has required very little maintenance. The I 
average deflections for the project are below the over-all average of the high-type pave­
ments. Figure 11 shows that there is little variation in the deflection under the inside 
wheel from season to season. 

Figures 12 and 13 show the variation of deflection with pavement structure. Job K 
(Fig. 12) is an example of an excellent double surface treatment in good condition. ,, 
There is not enough variation in structure thickness to establish trends for this job. jj 
Job L (Fig. 13) is typical of the double surface treatment roads and the road mix Job E, i 
also, in that the plotted points vary as if placed from a shot gun. No trend can be es- f 
tablished. This job has narrow shoulders and is beginnii^ to require extensive main- ' 
tenance, especially in the outer wheelpath. 

Job E is as an example of a road in very poor condition. The deflections listed are 
those occuring when a pavement requires extensive maintenance and could be considered , 
a total failure. 

Determination of the radius of influence shown by the graph from the Helmer recorder: 
is not complete. 

Condition survey data are shown m Table 4. The minimum condition ranges from 
60 percent on Job E to 75 percent on Job K. i 

The poor condition of Job E is reflected in the condition survey. Job K is the sur- I 
face treatment constructed on crushed rock base. The pavement does not show any ; 
signs of distress. The observations of this job indicate that a double surface treat- 1 
ment can show higher deflections than a high-type pavement and stil l be in good condi­
tion. 

DEFLECTION RELATED TO PAVEMENT THICKNESS 
A plot of pavement deflection along Job I for the outer wheel is shown in Figure 9. ; 

The average deflection from station 0 to station 36 is 0.044 in . , and the average pave­
ment thickness here is 1. 8 in. The average deflection from station 37 to station 46 is 
0. 026 in. and the pavement thickness is 3.1 in. The average deflection decreased by 
0.018 i n . , or about 41 percent, where the pavement thickness increased. Data for 
the inner wheel are deflection averaged 0. 031 in. from station 0 to station 36, and 
0.026 in. from station 37 to station 46. The average deflection decreased 0.05 in. or 
16 percent with the increased pavement thickness. This decrease in deflection for 
both wheels is credited primarily to a double layer of hot-mix asphaltic concrete pave­
ment encountered from station 37 to station 46. 

SUMMARY 
The pavement deflection in the inner wheelpath is more uniform than in the outer 

wheelpath and changes only slightly with the season. 
The deflection in the outer wheelpath is normally greater than the inner wheelpath, 

averaging about 40 percent larger on the high-type pavements and about 45 percent 
larger on the low-type pavements. 

On high-type pavements there is a definite trend that deflection is proportional to 
thickness of pavement structure. 

CONCLUSION 
The zone of influence for a wheel loan can be measured using a Benkelman beam 

with Helmer recorder. This is true only so long as this zone of influence does not 
reach the beam supports. The graph drawn by the Helmer recorder shows where the 
zone of influence reaches from the point of maximum deflection. When the initial de­
flection extends beyond the beam support, this condition is immediately shown by the 
trace of the deflected point deviating from a horizontal line. 

The deflection of pavement alone is not sufficient information to indicate pavement 
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performance. For example, Job F has an average deflection of 0. 024 in. and is rated 
70 percent condition, Job M has an average deflection of 0,020 in. and rates 98 percent 
condition, and Job I has an average deflection of 0.036 in. and rates 88 percent condi­
tion. Job M is the best pavement and has the lowest deflection, and Job I is a good 
pavement but has a higher deflection than Job F, which is a poor pavement. 

The ratio of radius of influence to deflection can be used as a criteria for over-all 
pavement performance. For the high-type pavements studied a ratio radius to deflec­
tion for the outer wheel of 800 appears to divide the good from the poor pavements. Of 
the pavements reported, only Job I does not follow these criteria. The average ratio of 
Job I is 465, considerably lower than that indicating a good pavement; however, this 
pavement is classed as a good pavement with an average condition rating of 88 percent. 
Only future observations of this particular job wil l tell what the low ratio of radius to 
deflection actually means. 



Flexible Pavement Design: A Complex 
Combination of Theory, Testing 
And Evaluation of Materials 
CHESTER MCDOWELL, Supervising Soils Engineer, Texas Highway Department. 

The purpose of this report is to point out certain complexities us­
ually encountered in attempting to develop pavement thickness design 
methods. No attempt is made to offer specific answers, but rather to 
submit concepts that might assist in understanding the many problems 
involved in the use of methods for design of flexible pavements. The 
following recommendations are made: 

1. Of the strictly empirical methods only those founded on an ex­
tensive background should be acceptable. 

2. Al l empirical methods based partially on theory require some 
background before being acceptable. 

3. Empiricism in methods should not predominate, but its presence 
does not indicate the method to be unworkable. 

4. Each agency, if i t has not already done so, should start to inves­
tigate at least one or more methods in lieu of waiting for someone else 
to work out the often referred to "rational approach." This report 
shows why the author believes that the establishment of a workable 
"rational method" is stil l a long way off, if at all possible. 

A series of test questions is presented to assist the reader in evalu­
ating any proposed method. 

•FOR MANY YEARS to come acceptable improvements in flexible pavement design 
techniques for pavement thickness wi l l be developed by a few organizations and sought 
after by many engineers. Many methods wil l be cast aside for various reasons. In 
some cases the reasons may be due to failure to follow the intent of the originator either 
through lack of understanding or through belief that the method is too cumbersome. 
Only a few organizations have the time, personnel, and facilities to develop methods 
covering such a complicated subject. The subject is so highly involved that all of the 
better methods to date have been developed over a period of many years of continuing 
research. In spite of various perferences and beliefs, there are and always wil l be 
those seeking the preferred methods, and it is hoped that this report wi l l be of some 
benefit to such personnel. 

Al l of the better techniques of design must be accompanied by adequate physical 
testing techniques that measure various relationships of compressive, shearing, and 
tensile strengths. Such tests must be supplemented with good judgment in design and 
application. Figure 1 shows some of the most commonly used test procedures. It can 
be noted that these tests measure one or more of compressive, shearing, or tensile 
strength characteristics. The idealized Mohr diagram shown in Figure 2 is one of the 
most helpful tools available for presenting the three mentioned stresses. Shearing 
stresses can be obtained when tensile and compressive stresses are known. 

Figure 3 shows the existence of tensile and compressive stresses both under a tire 
load and in a reversed manner some distance away from the loaded area. This example 
merely illustrates how pavements are subjected to many repetitions of all forms of 
compressive and tensile stresses. 

Figure 4 shows the basic concept of the Texas method where results of triaxial tests 
and wheel load stresses can both be presented on the Mohr diagram. However, to 
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Figure 2. Idealized Mohr diagram. 
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Figure 5. Stresses at different levels for a given loaded circular area. 

Figure 6. Stresses at a given depth level when loaded area and unit pressure varies. 

present realistic values is not as easy as i t f irst appears. The procedure usually fo l ­
lowed is to utilize tables of influence values determined from Love's solution of Bous-
sinesq's equations of elasticity for circular loaded areas. Because these values are 
for homogeneous isotropic layers, it soon becomes obvious that similar patterns of 
stresses can not be expected under a pavement system consisting of several layers of 
materials having different degrees of stiffness (p. 

Figure 5 shows how stresses under a given circular loaded area wil l decrease with 
depth and wi l l also be reduced when a stiff layer overlies a soft layer. To point out 
further complications, Figure 6 shows that for a given load the size of loaded area wil l 
affect stress concentrations at a given depth level. This matter is further complicated 
if consideration is given to adding braking and Impact stresses not to mention stresses 
under moving wheel loads. Many complications also arise when a laboratory attempts 
to evaluate strength characteristics of materials. 
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Figure 7. Triaxial test results for various typical materials. 
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Figure 7 shows characteristics of various types of some materials when presented 
on the Mohr diagram. In order to present proper data, consideration should be given 
to a number of variables. 

Figure 8 shows how height-to-diameter ratio affects strength results which are 
generally accepted. The lower dashed line in the figure suggests a condition not gen­
erally known, where specimens have a satisfactory height-to-diameter ratio that may 
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Figure 9. E f f e c t of moisture on t r i a x i a l t e s t s . 
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Figure 10. E f f e c t of d e n s i t y on t r i a x i a l t e s t s . 
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be too slender. In other words, for granular materials some 10- by 20-in. height 
specimens test stronger than some identical 6- by 12-in. height specimens. This sug­
gests that specimens exceeding approximately 8 to 10 in. in height should have diame­
ters in excess of 6 in. 

If enough confusion does not already exist, the selection of moisture content of soil 
materials at time of testing should complicate things even more. As would be expected, 
strength varies with moisture content similar to the results in Figure 9. Selection of 
proper moisture content at time of testing is not a simple matter, and laboratory tech­
nicians have to select some degree of wetting at time of testing before they obtain ac­
ceptable data. To attain the desired moisture content for testing, some use capillary 
wetting (2, 3), some use inudation or soaking, and some use exudation plus soaking. 
All hope that the condition of moisture reached is comparable to severe conditions of 
the prototype, which may or may not be true. 

Figure 11. E f f e c t of r a t e of loading on t r i a x i a l t e s t s f o r n a t u r a l or a s p h a l t i c bound 
mixtures. 
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Figure 12. E f f e c t of r e p e t i t i o n of loads on t r i a x i a l t e s t s . 
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Figure 13. Curing of chemically cemented mixtures. 

If prototype testing is followed, as desired by many, i t is necessary to test speci­
mens at densities comparable to road conditions (4, 5) because data wil l tend to vary, 
as shown in Figure 10. In the cases shown, a granular material gains in strength 
when accompanied by increased density; however, a clay may be stronger when com­
pacted to a medium high density than when compacted to a higher density. Strengths 
referred to are after curing and capillary wetting. 

Additional confusion arises when the rate of load applied during testing is considered. 
Figure 11 shows fast loadings on a given soil produce higher strengths than do slow 
rates of loading on the same soil. This may be obvious but the laboratory engineer 
must establish some standard rate for use in routine testing. 

The next step to worry about is the effects of repetitional loading. Figure 12 shows 
some dense strong soils containing soft aggregates may weaken when subjected to repe­
titional loadings and some other weaker soils wil l gain In strength from repetitional loadings. 

As if the pavement testing and design problems are not already complicated enough, 
there is the soil stabilization problem. Contrary to the expected, some stabilized 
mixtures containing high percentages of admixture may be weaker at early stages of 
curing but become much stronger after long periods of curing than do the mixtures con­
taining low percentages of the same stabilizer, as shown in Figure 13. 

Although contrary to most thinking, some cemented mixtures with fairly low com­
pressive strengths may have greater tensile strengths than do some fairly high com­
pressive strength mixtures (see Fig. 14). Soil and asphalt mixtures need to be tested 
to determine properties pertaining to absorption and shearing strengths of mixture 
selected for use. 

Next to be considered is compatibility of materials; for instance, when two or more 
adjacent cemented layers having different linear coefficients of expansion and contrac­
tion tend to destroy each other, or when stable base materials feed excessive water to 
soUs having little permeability. Then there is the wearing course or surfacing prob­
lem. It is suggested that the same type of surfacing should not be used on all types of 
designs. Most low-cost roads are designed for a limited life or number of load appli­
cations; therefore, deflections wi l l be greater because base depths are thinner than if 
thicknesses were designed for long l i fe . In these cases, penetration surface treat­
ments wi l l seal out water more effectively and last longer than premixes. This leads 
us to the complicated problem of selection of materials and application of surface 
treatments that have been the subject matter for numerous reports. If thick asphaltic 
concrete surfacings are to be used, an increase in aggregate size should accompany 
increasing thicknesses of surfacing. The need for stability tests and compaction by 
increased amounts of rolling to improve durability of such mixtures is becoming more 
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Figure lit. Curing of chemically cemented mixtures. 

evident every day. This phase has also been subject matter for a voluminous number '/ 
of reports. I| 

Another factor often overlooked is the volume change of soils. Many pavements are j: 
badly cracked and their riding surfaces distorted regardless of thicknesses and types i 
of pavements used without the builders or owners ever knowing the causes. This sub- !̂  
ject has been reported upon (3, 6) far less frequently than have other subjects dis­
cussed herein. This is unfortunate because many pavements in high volume change 
soil areas frequently develop cracks before traffic is ever allowed to use them. 

This report may be thoroughly confusing with respect to the use of flexible pavement 
design methods, but that neither theory alone nor testing alone is sufficient within i t - | 
self to furnish a means of coping with the design and construction of pavements. Good 
construction, drainage, evaluation of materials and their compatibility with other neigh- ji 
boring layers are also important, and these matters are not usually expressed in avail­
able theories and test methods. It seems rather remote to expect to find a truly ra­
tional approach to all of these problems. Through continued research, some methods 
can be correlated with field performance sufficiently for the user to expect good results 
in many cases, but he should study their application to his own particular problems. 

In evaluating any method of design for flexible pavements, i t is suggested that answers 
to the following questions be sought: 

1. Does the method involve the use of theoretical wheel load shearing stresses from 
static plus impact loads? 

2. Does the method account for wheel load repetitions or l ife of pavement? 
3. Does the method evaluate the effects of tensile or flexural strength in certain 

portions of the pavements' structure? 
4. Is there a sufficient background of actual experience? 
No design method is any better than the test method that accompanies i t and the fo l ­

lowing questions should be asked about the test method: 
1. Are effects of both moisture and density registered in the test, and for routine 

testing are samples tested at conditions comparable to those of an adverse nature ex­
pected in the roadway? 

2. Can aggregate-bearing samples up to 1 1/2- or 2-in. top size be tested so as to 
evaluate base and subbase materials ? 

3. Will the test indicate density desired during roUing? 
4. Can test results be obtained within a reasonable time? 
5. Can the test data be interpreted easily? 
6. Can the amounts and affects of volumetric swell be measured? 
7. Will the tests tell you how thick the surfacing should be and what characteristics 

it should have? 
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8. In the case of soil stabilization, wi l l the test tell you the type of stabilizer and 
amount and thickness to use ? 

9. Are the test method results applicable to pedology and geology? 
If all answers to these questions are yes, a mistake has been made, because no 

method is that good. If very few answers in the affirmative can be made about a pro­
posed method, consideration should be given to use of other methods or to the fact 
that development of a considerable number of improvements through experience and 
research with one's own materials wi l l be required to make the method work for you. 
One of the worst things that can be done is to adopt some method then change i t so 
completely that its originator can no longer recognize i t , because then it wi l l have to 
be experimented with for 20 years before one can be sure whether i t is any good or 
not. Perhaps it is even worse to do nothing while wishfully waiting for someone to 
come forth with rational approaches to all pavement problems. 

Much has been done to improve the Texas triaxial method with respect to speed of 
testing, affect of load repetitions, and tensile-flexural strength on depths of pavement. 
Details relative to these matters are being given in another report (7). 

CONCLUSIONS 
From the voluminous data published on this subject, one cannot but help come to 

the conclusion that flexible pavement design Is a complex combination of theory, test­
ing, and evaluation of materials that has not and probably wi l l never be resolved into 
a purely rational method. The enormous costs of pavements in current programs have 
created so great a need for good methods of design that use of the best methods obtain­
able must be started without waiting for the idealistic rational methods to be developed. 
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Flexure of a Road Surfacing, Its Relation to 
Fatigue Cracking, and Factors Determining 
Its Severity 
G. L. DEHLEN, Research Officer, National Institute for Road Research, South African 
Council for Scientific and Industrial Research, Pretoria 

This paper describes some aspects of theoretical and experimental 
work carried out in South Africa, over the past four years, in a study 
of "chicken net" cracking of a road surfacing, and of the flexure in­
duced in i t by wheel loads. 

The accuracies of common measures of the severity of flexure are 
discussed. Of these, radius of curvature has been adopted for general i 
testing. Results of field observations which reveal a distinct relation ,; 
between curvature and degree of cracking of a surfacing are presented, ; 
a radius of about 125 f t being critical in the case of one road studied. t 

A field study is described which revealed that Elastic Theory is 
applicable to a limited extent in regard to the deflection and curvature 
of a road under its normal traffic. 

A number of factors which affect the severity of the flexure de­
veloped beneath a wheel load are discussed. Curvatures are practically 
independent of the nature of the materials below a depth of about 15 i n . , 
and depend] mainly on the materials of the base and subbase. Curva­
tures are affected considerably by the tire pressures of the vehicle 
inducing them, but little by the wheel load. 

Existing design methods do not appear to take adequate account of 
flexure cracking, and the likely form of possible additional design 
considerations is discussed. 

•AMONG THE possible causes of failure of a flexible road is "chicken net" cracking of 
the bituminous surfacing. Although in many cases it is not at f i rs t accompanied by loss 
of shape of the surface, such cracking can lead to failure, either by raveling and pot-
holing of the surfacing, or by permitting rainwater to enter the foundations, with the 
possible consequence of loss of shape due to shear deformation. Cracking in this pat­
tern may sometimes be attributed to internal changes in the bituminous surfacing. 
Work published by Hveem in 1955 U), substantiatii^ previous hypotheses, led to the 
now generally-accepted view that "chicken net" cracking may also represent fatigue 
failure under the repeated stresses in the surfacing which accompany the compression 
of the foimdations and flexure of the surfacing under traffic wheel loads. It has not yet 
been established which of the stresses in the surfacing is the actual cause of the crack­
ing, but it is likely that the tensile stresses at the points of greatest flexure play an 
important role (2, 3). 

It appears that this type of failure is not adequately considered by normal methods 
of design, which are concerned mainly with the prevention of shear and consolidation 
failure in the foundations. 

In about 1957, a problem arose in South Africa on the major road between 
Pietermaritzburg and Durban which, although designed generally in accordance with 
accepted CBR methods, and exhibiting no loss of shape of the surface, developed 
chicken net cracking in the thin premix surfacing over the major portion of its length. 
The heavy maintenance work undertaken proved to be of only temporary benefit, cracks 
often reappearing withm a year. The National Institute for Road Research was invited 
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to look into the reason fo r the cracking, and the investigation carried out gave the 
major impetus to the study of the f lexure of road surfacings described in this paper. 

A considerable amount of research is being carried out on flexure cracking in va r i ­
ous parts of the world today. The work is concentrated 'nainly on studies of the f l e x i ­
b i l i ty of bituminous surfacings (2, 5), and on measuremijnts of flexure in the f ie ld 
(5, 21)• The emphasis in this Institute has been on the flexure developed beneath a 
wheel load in the f ie ld , and the various factors which affect i ts severity. The only 
s imilar study known to the author is that of Franck (^2), which unfortunately only came 
to his attention during the preparation of this paper. 

The f i r s t portion of the paper is devoted to a discussion of the various properties 
which may be used as a measure of the severity of flexure, and to f ie ld observations 
of the relations between two of these properties and the occurrence of cracking. Next, 
a study of the validity of applying Elastic Theory to a road structure is described, and 
the effects on the severity of flexure of various factors relating to the t r a f f i c and foun­
dations are discussed. Finally, some aspects of a possible method of design to guard 
against f lexure cracking are discussed br ie f ly . 

MEASUREMENT OF FLEXURE OF A ROAD SURFACING, 
AND SOME OBSERVATIONS OF CRACKING 

If chicken net cracking represents fatigue fa i lure of the surfacing under excessive 
stresses, then any study of the cracking should ideally include measurement of these 
stresses. The stress in a road surfacing would, however, be extremely d i f f icu l t to 
measure. An indirect indication of i ts magnitude may be obtained by measuring the 
strains, provided the elastic moduli of the surfacing are known. In this regard, labora­
tory tests on bituminous mixtures by Saal and Pell (2), have suggested that strain may 
be more conveniently related to fatigue fa i lure than stress, but more evidence is re­
quired before a conclusion such as this can be accepted, and stress must, f o r the pres­
ent at least, continue to be regarded as the cr i ter ion fo r fa i lu re . Even strains, how­
ever, are d i f f icu l t to measure in a road surfacing, and, except in special research 
investigations where such measurements have been carried out with success, some 
more simple measure is often desirable. 

If an approximate measure is acceptable, then radius of curvature of the surfacing 
(or i ts reciprocal, curvature) may be used as an indication of the stresses. Curvature 
on its own cannot be an accurate measure, as other variables on which the stresses 
depend, such as the thickness of the surfacing, i ts Young's modulus (dependent on both 
i ts type and temperature), the Young's moduli of the foundations, and details of the 
t r a f f i c loading, a l l remain unspecified. The position can be improved slightly if refer ­
ence IS always made to the type, thickness, and temperature of the surfacing on which 
any curvature measurement is made. 

The degree of approximation is fur ther increased if only the maximum deflection 
beneath the wheels is measured. In addition to the other variables mentioned, that of 
horizontal dimension, or sharpness of the deflection pattern, now remains unspecified. 

Although deflection would thus appear to be the least accurate of the four measures, 
and in fact to give no more than an approximate indication of the stresses, i t is also 
the simplest to determine, and has come into widespread use. The theoretical indica­
tions that curvature would be a better measure appear to be recognized by many workers, 
but very few actually measure curvatures in practice. 

Returning br ief ly to the neglect of the effects of stiffness and thickness of the sur­
facing when curvatures or deflections are measured, theory reveals a complex inter­
relation between these properties and the stresses, f r o m which simple, generally 
applicable trends cannot be drawn. It is apparent, however, that for a given curvature 
or deflection, the f lexural stresses are by no means constant but increase markedly 
with an increase in either the Young's modulus or the thickness of the surfacing. The 
trends between permissible deflection and thickness of surfacing given by Hveem (J.), 
serve as an i l lustrat ion of these effects. This dependence of stresses on the thickness 
and stiffness of the surfacing is discussed in more detail later in this paper. 

When deflections or curvatures are used as an indication of flexure, i t is the general 
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TABLE 1 

COMPARISON OF DEFLECTIONS AND CURVATURES 
UNDER AND BETWEEN DUAL WHEELS 

SITE 
A b 

Rlu 

Rib 

Rtu 

Rib 

Rtb 

Rib 
A 1.19 0. 85 0. 73 -0.47 
B 1.18 0. 83 0.60 -0.47 
C 1.07 0.81 0. 72 -0 . 56 
1 1.22 0. 83 0. 50 -0.38 
2 1.13 0.83 0.49 -0 . 50 
3 1.10 0.76 0. 50 -0 . 52 
4 1. 08 0.93 0. 75 -0 .71 

Symbols f o r deflections (A) and rad i i of 
curvature (R) induced by dual wheels 

Test sites on Route 3/1 9, 000- lb dual 
wheel load 75- ps l inflation pressure 
11 in . between centers of wheels. 

practice to measure them between the dual wheels of a vehicle. The values so obtained 
are seldom, however, the highest occurring. This i s apparent f r o m the results of 
some tests carried out on a road in Natal (Fig. 1 and Table 1). The structure of this 
road was generally made up of a l - t o 2-ln. premix surfacing, an 8-in. crushed rock 
base course, and a 6- in. silty-sand subbase, overlying a variety of natural materials. 
It i s evident f r o m the results that, f o r the conditions on this road, the deflections d i ­
rectly under the wheels, Au> are higher than those between them, A b, and also that 
the transverse rad i i of curvature, both between the wheels, R^, and under them, R^^, 
are somewhat less (that is , more severe) than the longitudinal radius, Rjb, between 
the wheels normally measured. (These results seem to suggest that the transverse 
curvatures between the wheels are the ones most l ikely to cause cracking, because, in 
addition to the fact that these curvatures are the sharpest, the tensile stress occurs 
on the upper surface where weathering is l ikely to cause a deterioration in the bituminous 
material . The longitudinal elongation observed in many chicken net crack patterns is , 
as has been pointed out by others (3, l^, another indication that the factors giving rise 
to cracking are most severe in the transverse direction.) In addition, theory indicates 
that the relation between Ab and A y , or between Rib and either R^j, or R ^ is not a 
constant, but varies with the dimensions and spacing of the t i r e imprints and the rela­
t ive elastic moduli and thicknesses of the layers of the structure. For example, in 
the case of a road where the Young's moduli of the surfacing and base are high, rela­
tive to those of the lower layers, a vehicle with closely-spaced t i res may induce a 
completely different pattern of deflection, with A b greater than A u , and with Rtb, re­
versed in sign, less severe than Rjb- I t becomes plain, therefore, that the deflection 
or curvature normally measured is neither equal to, nor constantly related to, the 
most severe occurring, and that yet another approximation is contained in the common 
procedure of using deflection or curvature as a measure of the stresses in the surfacing. 

In the general testing work conducted in this Institute, a compromise between accu­
racy of representation of the stresses and simplicity of measurement has been adopted, 
and the longitudinal radius of curvature between dusd wheels employed as the basic 
measure of f lexure. A standard Benkelman beam is used f o r the measurement, deflec­
tions being recorded when a truck with dual rear wheels straddling the instrument stops 
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Figure 1. Typical example of transverse deflection pattern beneath dual wheels. 

br ie f ly every 6 i n . of i ts t ravel over a distance of 4 f t on either side of the point of 
measurement. The longitudinal deflection pattern (actually an "influence" curve) is 
plotted f r o m the results and the radius of curvature obtained by determining the radius 
of the c i rc le of best f i t to the plot at the point of maximum deflection ( ^ ) . More re ­
cently this plot has been obtained direct ly on an X - Y recorder, using a Linear Variable 
Different ia l Transformer (LVDT) mounted on the Benkelman beam and a "Helipot" re ­
sistance attached to the wheel of the truck. I t has been found that the repeatability of 
curvature measurements is not as high as that of the corresponding maximum deflec­
t ion measurements, possibly because of the d i f f icu l ty i n stopping the truck at exactly 
6-ln. Intervals. The accuracy has been improved with the introduction of the inst ru­
mented procedure, but as w i l l be seen in curvature values quoted elsewhere in this 
paper, some scatter remains. 

Deflections and rad i i of curvature have been measured on a number of roads in 
South A f r i c a in varying conditions (Jl). An example of the results obtained on one of 
these is shown in Figure 2. 

A distinct relation is evident between both the deflection and the radius of curvature 
developed under the test vehicle, and the condition of the surfacing. The fact that such 
relationships exist i s taken as an indication (although not as a proof) that the chicken 
net cracking under consideration is i n fact due to excessive flexures and, therefore, 
probably to excessive stresses in the surfacing — a confirmation of Hveem's findings. 
There is , however, a considerable amount of scatter i n the plotted points. Probable 
reasons f o r this include the neglect, in these plots, of the effects of Young's modulus, 
thickness, fatigue strength, and age or t r a f f i c history of the surfacing, and the meas­
urement of deflections and curvatures which were not the most severe occurring. I t 
has not as yet been possible to isolate in the f ie ld the effects of any of these factors. 

Further, i t is seen f r o m Figure 2 that f o r the 1- to 2- i n . dense premix surfacings 
encountered on this road, and f o r the particular wheel loads and t i r e pressures used 
in the measurements, a deflection of about 0. 055 in . and a radius of curvature of about 
125 f t are c r i t i ca l , more severe values being associated with cracking. By comparison, 
c r i t i ca l deflections quoted by other workers f o r apparently s imi lar surfacings vary be­
tween 0. 025 and 0.050 i n . (1,6,9,12). 

The existence of the relationships between deflection or curvature and the condition 
of the surfacing cannot be taken as evidence that both deflection and curvature are ac­
curate measures of the stresses in the surfacing. In fact, these relationships merely 



30 

indicate that in practice high stresses in the surfacing are, on the average, accom­
panied by high values of both deflection and curvature. Similarly, the fact that the 
deflection-condition relationship is almost as good as that f o r curvature cannot be 
taken as an indication that, contrary to the previous theoretical predictions, deflection 
is as good a measure of the stresses as curvature. Other effects could also give r ise 
to a s imi lar i ty between these two relationships. For example, although in individual 
cases deflection and curvature are by no means constantly related to one another, when 
results obtained on a variety of types of foundations under mixed t r a f f i c are considered 
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together, on the average high deflections would be expected to accompany high curva­
tures and, therefore, apart f r o m scatter, to be related to condition in a s imi lar man­
ner to curvature. Theoretical considerations thus remain the only indications at pres­
ent as to the relative accuracies of deflection and curvature as measures of the stresses, 
and these favor curvature, as discussed previously. 

Although deflection and curvature might be acceptable measures fo r general or rou­
tine testing, they are at best only approximately related to the stresses causing the 
cracking. For this reason, research using a more accurate measure, such as the 
strain in the surfacing, would be very desirable. 

STUDY OF V A L r o i T Y OF APPLYING ELASTIC THEORY 

In much of the work conducted in studying the severity of f lexure developed under a 
wheel load. Elastic Theory was employed at one stage or another. Use of this theory, 
however, was preceded by an investigation into the validity of applying i t to a road 
structure, carried out on the major road referred to previously (14). This investiga­
tion i s described i n the following sections. 

F i r s t , plate bea r i i ^ tests of a specialized nature were conducted at twelve sites, to 
determine the Young's moduli of the layers of construction. Tests were carried out on 
the top of each layer, successive layers being removed by hand labor over an area of 
12 f t by 12 f t . Inasmuch as the only concern was with those properties of the materials 
brought into play by normal wheel loads, and riot with any consolidation or plastic shear, 
an attempt was made to l i m i t the stresses applied to the same order as those to which 
the road had been subjected by t r a f f i c during i ts l i f e . To this end, the mean pressures 
to be applied by the plates at various depths were selected in accordance with approxi­
mate calculations, based on Elastic Theory, of the stresses under a 9, 000-lb wheel 
load at 75- psi t i r e pressure. Because the assumption of homogeneity within the layers 
would probably not be fu l ly met, an attempt was made to simulate the t r a f f i c fur ther by 
increasing the plate size with depth, f r o m 12 in . on the surface to 24 in . on the sub-
grade. The loads were applied as rapidly as possible, and three or four repetitions 
employed to reduce er rors due to in i t i a l bedding of the plate. When the resulting curves 
were plotted, i t was observed that the load-deflection relationship in the last cycle was 
practically linear, indicating that the assumption of l inearity on which Elastic Theory 
is based is f a i r l y wel l justif ied in a road subjected to stresses of the same order as 
those applied by i ts normal t r a f f i c . This was not the case, however, when higher 
stresses were applied. A pronounced hysteresis in the unloading cycle indicated that 
Elastic Theory would be less valid f o r decreasing loads. Very l i t t l e permanent defor­
mation occurred after the th i rd cycle, indicating that the assumption of elasticity was 
also just if ied. Young's moduli of the subgrades were computed f r o m the slope of the 
loading curve on the last cycle using Boussinesq theory, assuming a Poisson's ra t io of 
0. 5, and those of the subbases computed using Burmister ' s two-layer theory (15). 
(This theory unfortunately applies to a flexible loaded area, and in using i t f o r the case 
of a r ig id plate, as other workers had done, an e r ro r of unknown, but possibly consider­
able magnitude was introduced.) Because the surfacings were thin, the base and sur­
facing were taken together, and a combined modulus obtained using Odemark's approxi­
mate solution fo r a multi-layered system (16). 

Second, before the excavations at these sites were begun, deflections and curvatures 
of the surface were measured between dual wheels in the normal way. At f ive of the 
sites, deflections and curvatures were also measured at various depths beneath the 
surface using a specially developed instrument f i t t ing into a 1 1/8- i n . diameter bore­
hole. Deflections picked up at the desired depth were measured by means of an LVDT, 
which was referenced to a point 6 f t below the surface (10 f t in later tests). In order 
to have more simple loading conditions, single wheels were f i t ted to the truck, which 
then passed directly over the point of measurement. 

With these two independent sets of observations i t was possible to obtain a check on 
the validity of applying Elastic Theory. Deflections and curvatures of the surface and , 
deflections at depth were computed f r o m the Young's moduli measured, using Odemark's 
theory, and compared with those observed under the truck. (The fact that the Young's 
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moduli used in these computations were themselves based on Elastic Theory was un­
fortunate, as i t was later found that the isolation of reasons f o r discrepancies between 
observed and computed values was made more d i f f i cu l t . ) Because of the doubtful va l i ­
dity of Odemark's theory away f r o m the axis of load, no attempt was made to compute 
deflections or curvatures between dual wheels and, i n the case of such tests, computa­
tions were made simply f o r a single circular load of the same area as the dual wheel 
imprint . The results are shown in Figures 3 and 4. 

F i rs t , i t is seen that there is a f a i r relation between the observed and computed de­
flections in Figure 3a. The scatter i s probably due, i n part, to experimental e r rors . 
In the tests with dual wheels, i t i s also probably due to the fact that the deflections 
beneath a single loaded area and those at a point between dual loads are not constantly 
related to one another, as discussed previously. A comparison between the absolute 
values can be made in the case of the tests with single wheels, and a major discrepancy 
is evident here in that computed deflections are some 30 percent less than those ob­
served. No experimental e r ro r l ikely to cause a difference of this magnitude is appar­
ent, and the discrepancy must therefore represent some l imitat ion in the applicability 
of the theory. 

The second test, the comparison of measured and computed curvatures, is more 
exacting, i n that curvature is a more complex property than deflection, and i t would be 
expected that any difference between theory and practice would be magnified. The re­
lationship In Figure 3b is seen to be more scattered than that f o r deflections. Further, 
there is again a large difference between the absolute values, the rad i i of curvature 
computed beneath a single wheel being some 60 percent higher than those observed, f o r 
which no reason other than a l imitat ion in the applicability of the theory is apparent. 
Viewed in another way, the deflections observed were more concentrated about the load 
than i s indicated by theory. This was also the case at depth, the deflection pattern at 
subgrade level being more concentrated than even the Boussinesq theory f o r homogeneous 
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materials indicates. A s imi lar effect was 
noted in the Waterways Experiment Station 
test on homogeneous soils (J/7). It is pos­
sible in the case of a layered structure that 
this is due to the lack of tensile strength 
in a crushed rock base course. Tensile 
resistance is impl ic i t i n Elastic Theory, 
and if the high tensile stresses in the upper 
layers cannot be carried, there w i l l be less 
"slab effect" and more concentration of 
the deflections than indicated by theory. 
An e r ro r such as this would also have af­
fected the moduli determined f r o m the plate 
tests. The fact that the two er rors would 
tend to cancel one another suggests that 
the true e r ro r is even greater than the d i f ­
ference indicates. It i s possible that the 
observed discrepancies might be reduced 
by the introduction of some f o r m of con­
centration factor into the theory, as has 
been suggested previously f o r stresses. 

The th i rd check of the theory relates to the variation of the deflection with depth. A 
typical result i s shown in Figure 4. The most str iking fact, which recurs to a greater 
or lesser extent in a l l the tests, i s that the reduction in observed deflection with depth 
was more rapid than that computed. This was most pronounced in the lower layers 
where in many cases, such as the one pictured here, deflections were less even than 
those computed f r o m Bousslnesq theory. Independent checks revealed that this was not 
an experimental e r ro r due to excessive movement at the depth of founding of the re fer ­
ence rod (6 or 10 f t ) ; in fact, movements at this depth were also smaller than those 
predicted by theory. No other l ikely experimental e r ro r i s apparent. The Waterways 
Experiment Station tests gave s imilar results. 

The results of the study indicate that differences exist between Elastic Theory and 
practice, mainly in that deflections are more concentrated about the load than indicated 
by theory, and that they decrease more rapidly with depth. Although i t would be of 
considerable value if the actual reasons f o r these differences could be established, this 
is not essential f o r the problem under consideration. I t may be concluded f r o m the 
results that Elastic Theory, f o r a given type of construction and under the normal t ra f ­
f i c , may be used with f a i r confidence as f a r as relative values of deflections at the sur­
face are concerned and also, although with a lesser degree of confidence, f o r relative 
values of curvature at the surface. Elastic Theory could therefore be used, f o r ex­
ample, to indicate qualitatively a deficiency in any of the layers of construction, or to 
indicate general trends in the effects of certain variables on deflection or curvature. 

FACTORS DETERMINING SEVERITY OF FLEXURE 

In the course of the investigations into the road fai lures referred to previously, a 
considerable amount of attention was paid to possible reasons f o r the severe flexures 
which developed under t r a f f i c loads. Some of the findings of this study are as follows. 

Factors Relating to Road Structure 

As became evident in the previous section, deflection of a road structure imder a 
wheel load is an elastic phenomenon, and the magnitudes of the deflection and curva­
ture developed are dependent on the elastic moduli of the layers of construction, to­
gether with their thicknesses. Elastic Theory, however, reveals an important d i f f e r ­
ence between deflection and curvature i n this regard. This i s given in Table 2, where 
the effect of a change in the Young's modulus of any one of the layers of construction 
on the d^lect ion and curvature at the surface has been computed f o r a range of flexible 
road structures using Odemark's theory. I t is seen that, while the value of the maximum 
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TABLE 2 

DEPENDENCE OF DEFLECTIONS AND CURVATURES ON STIFFNESSES OF 
MATERIALS IN UPPER AND LOWER LAYERS OF FOUNDATIONS 

Percentage Change in Deflection or Radius of 
Curvature at Surface Resulting f r o m a 50 percent 
Change i n the Young's Modulus of the Layer 

Layer Thickness* Indicated 

Case lb Case 2*' Case 3̂ ^ 

R A R A R 

Surf and base 8 in . 16 38 14 32 21 32 
Subbase 8 i n . 11 9 9 13 11 14 
Subgrade Semi- 25 3 28 5 19 4 

infinite 

?^Assumed a 12-in. diameter circular load-equivalent to 9, 000 lb at 75 psi . 
"Computed fo r the following relative Young's moduli of the layers (base, subbase and 
subgrade): Case 1—10:2:1; Case 2—10:5:1; Case 3—4:2:1. 

deflection is dependent to a large degree on the Young's moduli of the materials at 
depth (subgrade and below) in addition to those of the upper layers, the radius of cur­
vature is dependent mainly on the moduli of the upper layers of construction, and very 
l i t t l e on those of the materials at depth. The shortcomings found in Elastic Theory in 
the previous section would mean, if anything, that the effects of the materials at depth 
were even less. (K desired, the dependence of curvature mainly on the materials in 
the upper layers of construction may be visualized simply by considering the small 
area of the base which is stressed by the wheel, contributing a sharp depression and 
curvature, and the larger area of subgrade stressed by the spreading load, which con­
tributes a more gentle deflection pattern.) Comparisons between deflection and curva­
ture were also obtained experimentally in the subsurface tests referred to previously. 
A typical example of the results i s shown in Figure 4. It is evident that the curvature 
developed in regions closer to the surface than did the deflections, substantiating the 
foregoing theoretical indications, qualitatively at least. 

As might be expected f r o m Table 2, Elastic Theory indicates that, although a very 
poor subgrade could give rise to curvatures at the surface of a severity normally asso­
ciated with cracking, this would be an extreme case. If curvature is an adequate meas­
ure of the stresses givmg rise to cracking, and a better measure than deflection, then 
f o r a l l practical purposes the nature of the materials below a depth of 15 or 18 in . 
would not appear to be of any importance as regards flexure cracking—a conclusion of 
considerable importance in regard to design, and one contrary to the present general 
belief that the "resilience" of the subgrade is the important factor. 

The factor requiring the main consideration in design against f lexure cracking, 
therefore, is that of the Young's moduli of the materials in the upper layers and par­
t icular ly i n the base. Common design specifications usually preclude the use of any­
thing but a high-quality material in the base, and to a lesser extent in the subbase. It 
i s , however, not as yet known whether these materials, although being of "high quality" 
in the general sense of the term, wUl always also possess a correspondingly high 
Young's modulus. There are, in fact, indications to the contrary, among which is the 
experience in Natal with certain subbase materials which were generally satisfactory 
as regards CBR, but unsatisfactory as regards Young's modulus (14). 

Turning now to a second structural aspect, i t appears that the laying of a thin (up 
to 1 1/2-in.) chip and spray or premix surfacing has very l i t t l e effect on the deflections 
or curvatures developed under a wheel load. This is not the case with a thick (4-in.) 
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dense asphaltic concrete which, with i ts high Young's modulus and "slab" action, may 
have a considerable effect i n reducing the flexures developed. For example, at a site 
near Pinetown in Natal, a 4- in . overlay of rolled asphalt to B.S. 594 reduced deflec­
tions f r o m 0. 057 to 0. 028 i n . , and increased rad i i of curvature f r o m 90 to 350 f t ( H ) . 
Similar effects of asphaltic premixes in decreasing the pressures transmitted to the 
subgrade have been described by Whiff i n (18). 

In discussing surfacings, however, curvature does not give a sufficiently true ind i ­
cation of the f lexura l stresses and, the aforementioned advantages are offset to some 
extent by the general increase in stresses fo r a given curvature as the thickness or 
modulus of the surfacing increases. Turning to theory, i t appears that f o r the case of 
a single wheel, stresses are a maximum in a surfacing of some intermediate thickness 
—for greater thicknesses the reduction in curvature due to the structural effect pre­
dominating over the tendency f o r the stresses to increase, and inversely f o r thinner 
surfacings (16, 20). For common foundations, types of surfacings, and t r a f f i c , 
theory gives this c r i t i ca l thickness as being in the range 2 to 4 in . There is , howev,er, 
not sufficient evidence at this stage f o r i t to be suggested, f o r example, that intermedi­
ate thicknesses be avoided i n design. Similar ly, theory indicates that an increase in 
Young's modulus of a surfacing w i l l generally result in an increase in the f lexura l 
stresses. An increase in Yoimg's modulus, therefore, appears to be a disadvantage 
as regards f lexure cracking although, i n practice, depending on the design of the sur­
facing, this i s often offset by an accompanying increase in the fatigue strength (3). 

Factors Relating to Tra f f i c 

In addition to being dependent on the properties of the foundations, the f lexure de­
veloped under a wheel load is affected by various factors relating to the t r a f f i c . 

The effects of wheel load and t i r e inflat ion pressure on the f lexure developed were 
studied at six of the sites referred to previously, by varying each independently in a 
series of tests. The surface deflection pattern was measured with the subsurface i n ­
strument, one of the dual wheels passing directly over the point of measurement. In ­
f la t ion pressure was selected as one of the variables i n preference to the contact pres­
sure between the t i r e and the road surface ( f rom which i t d i f fe r s considerably), because 
although contact pressure was the more fundamental property and of interest to the re­
search worker, i t was inflat ion pressure which was of greater interest to the practic­
ing engineer. T j ^ i c a l results obtained are shown in Figure 5. 
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Fi r s t , a marked trend is apparent in the plot of curvature against t i r e pressure. 
The scatter i s probably due, in part, to experimental e r rors i n the measurement of 
curvatures, as discussed previously. A simple relation between radius of curvature 
and inflation pressure f i t t ing the mean results of a l l the tests over the range studied 

is R a T ) " ^ ' ^, whereas the corresponding relation in terms of the mean contact pres-
-1 25 

sure is R a ' . The pronounced decrease in radius of curvature may be visual­
ized as being the product of two opposing effects. F i r s t , the decrease in size of the 
loaded area as pressure increased, giving r ise to a more concentrated pattern of de­
flection and lower radius of curvature (the major effect); and second, the decrease in 
the effective depth of influence of the load with increasing pressure which, i n the com­
mon case where the Young's moduli of the layers decreased with depth, would mean an 
increase in the effective stiffness of the construction, and hence an increase in the 
radius of curvature. The theoretical relation between radius of curvature and contact 
pressure f o r the case of a c i rcular load on a homogeneous material is R ot p^" ^' ^. In 

view of the great number of variables involved, i t is not possible to express a simple, 
generally-applicable theoretical relation f o r the case of a multi- layered system. A few 
simple deductions may, however, be made. According to theory, i n the case where 

the moduli of the layers decrease with depth, the index n in R a p ^ " " would always be 

less than 1. 5, and f o r common flexible road structures, excluding any with a thick b i ­
tuminous surfacing or a cement-stabilized base, n would generally l ie between about 
0.75 and 1. 5—a range within which the observed value of 1.25 f a l l s . This pronounced 
effect of t i r e pressure on radius of curvature is a point of considerable importance in 
view of present-day tendencies to increase the t i r e pressures of vehicles, and one 
which would mer i t fur ther study, both as described here, and with direct measurements 
of the strain in the surfacing. 

Turning to the plot of curvature against wheel load, a considerable amount of scat­
ter i s evident, probably due again to experimental e r rors , which prevents the immedi­
ate recognition of any general trends. Analysis of a l l the results obtained, however, 
reveals a slight tendency f o r radius of curvature to increase (that is become less se-

0 25 
vere) with increasing wheel load at constant t i r e pressure, a relation of R a W ' 
f i t t ing the results roughly. Although this may appear anomalous at f i r s t sight, i t can 
be visualized, as before, as being due to the increase in the size of the contact area 
with increasing wheel load, giving rise to a less concentrated pattern of deflection and 
hence to a higher radius of curvature. The effect is , however, slight and the important 
indication given by the tests i s that wheel load, as such, i s not a contributor to severe 
curvature. 

The tests conducted also enabled the variation of maximum deflection with pressure 
and wheel load to be studied. However, in view of the opinion that curvature is l ikely 
to be the better measure of the stresses in the surfacing, the deflection results are not 
of such great significance in the f lexure cracking problem, and have not been presented 
in detail here. It may be of interest to note, however, that the mean relation between 

0 8 
deflection and wheel load observed was A a W " , while no effect of t i r e pressure on 
deflections was apparent. 

Another factor which probably has an important effect on f lexura l stresses is the 
speed of the vehicle, but this has not, as yet, received serious attention In this Institute. 

PREVENTION OF THE OCCURRENCE OF CRACKING 

There are two main ways of preventing the development of flexure cracking. The 
f i r s t entails the provision of a surfacing with f lex ib i l i ty sufficiently high to accommo­
date the f lexure encountered on the road. Studies of the performance of surfacings in 
the f i e ld , and research on methods of improving their f lexibi l i t ies , are being made in 
a number of centers ( 2 - n ) . The second method is to l i m i t the deflections or curvatures 
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which actually develop in the road, and i t i s on this aspect that work in this Institute 
has been concentrated. 

As mentioned previously, there are indications that a road designed in accordance 
with normal methods, considering shear and consolidation, may not necessarily be sat­
isfactory as regards the flexure induced by t r a f f i c . It therefore appears desirable that 
some additional design consideration be adopted which w i l l insure low flexures. As 
discussed previously, the major factors relating to the foundations which affect the 
flexures developed are the Young's moduli of the base and subbase. The design con­
sideration f o r f lexure would thus ideally be based on the Young's moduli of these mater­
ials, fo r which there is at present, unfortunately, no accepted method of test either i n 
the laboratory or in the f i e ld . Further, i t appears that practically no knowledge exists 
at present on the Young's moduli of road materials and how they vary with the simpler 
indicator properties, such as grading, plasticity, and density. For this reason an i n ­
vestigation has been started to f ind a satisfactory procedure f o r measuring Young's 
modulus in the laboratory, and i t i s planned that a study then be made of how the moduli 
vary between different materials. Whether a knowledge of materials which possess low 
Young's moduli and should be avoided w i l l be sufficient to prevent flexure fai lures in 
practice, or whether a complete method of design w i l l be required, cannot yet be fore ­
told. 

CONCLUSIONS 

The major findings in a study of the cracking of a road surface and the f lexure i n ­
duced i n i t by wheel loads, which has been i n progress f o r some years now in South 
Af r i ca , are as fol lows: 

1. Either maximum deflection or radius of curvature of the surface may be used to 
give a rough indication of the stresses induced in a surfacing by a wheel load. Which 
of these is the better measure is not yet certain, although theoretical considerations 
favor radius of curvature. In the case of dual-wheeled vehicles, the deflections d i ­
rectly beneath the wheels may often be higher than that between them. Similarly, the 
transverse curvature, both between and under the wheels, may often be more severe 
than the longitudinal curvature normally measured. 

2. A correlation exists between the condition of a surfacing and both the maximum 
deflection and the radius of curvature induced by a standard vehicle. The existence of 
these relations is taken as an indication that "chicken net" cracking is , i n some cases 
at least, due to excessive f lexure. For the thin premix surfacings studied, and f o r the 
particular test procedure employed, deflections of more than 0. 055 i n . and rad i i of 
curvature of less than about 125 f t are associated with cracking. 

3. Young's moduli of the layers of construction of a road can be determined in the 
f ie ld using specialized plate bearing tests. On the basis of a f ie ld study on one road. 
Elastic Theory is applicable to a l imited extent i n a road structure under i ts normal 
t r a f f i c . It gives a f a i r indication of relative values of deflections Induced by t r a f f i c at 
the surface, and a rough indication of relative values of the curvatures. Probably a 
large part of the reason f o r observed discrepancies is the assumption that the materials 
in the upper layers are able to resist tension, which, i n practice, is often not true. 

4. The radius of curvature of a road surface under a given vehicle is dependent 
mainly on the Young's moduli of the materials in the base and subbase, and i f , as seems 
l ikely, curvature is an acceptable measure of f lexura l stresses, these become the i m ­
portant consideration in designing a road against f lexure cracking, the subgrade being 
of relatively minor importance. The bituminous surfacing only has a significant effect 
in reducing deflections and curvatures i f i t i s thick (more than 2 or 3 i n . ) and of a type 
having a high Young's modulus. Theory indicates that there may be a c r i t i ca l thickness 
of suiiacing, in the range 2 to 4 i n . , f o r which f lexura l stresses are a maximum. 

5. Radii of curvature are dependent to a considerable degree on the t i r e pressure 
of the vehicle inducing them (a series of tests on one road having yielded a relation 

R a p^~^' ̂ , and only to a slight degree on the wheel load—conclusions of importance 
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a s regards the relat ive detrimental effects of different vehicles in tending to cause 

f lexure cracking . Deflections a r e dependent mainly on the wheel load (A a W^* ^ and 
little on t ire p r e s s u r e . 

6. T h e r e i s considerable scope for further r e s e a r c h on various aspects of the 
f lexure cracking problem. At present, work in progress in a number of centers i s 
aimed at improving the flexibil ity of surfacings; local ly attention i s being concentrated 
on reducing the f lexure itself . L i t t l e knowledge exists on the Young's moduli of com­
mon base and subbase mater ia l s , and work i s being done to find a satisfactory method 
of testing for these properties , to obtain an insight into the var iables which affect them, 
and, should it prove necessary , to develop a method of design for l imiting f lexure, to 
accompany existing shear and consolidation fa i lure design methods. 
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Flexible Pavement Research in South Dakota 
R O B E R T A. C R A W F O R D , Ass is tant R e s e a r c h Engineer, South Dakota Department of 
Highways 

In 1961 the South Dakota Department of Highways con^leted the s e c ­
ond year of a three-year flexible pavement study. T h i s study i s i n ­
tended to evaluate design procedures presently in use in South Dakota. 

Thirty- four projects , totaling approximately 425 mi les of highway, 
were selected as being representative of the various designs of high­
ways currently being constructed. These test projects are being e v a l ­
uated in t erms of performance and cost. Performance i s being deter­
mined through condition surveys , road roughness determinations, 
plate bearing tests, and beam deflection tests. Init ial construction 
costs and annual maintenance costs during the l i fe of the project are 
being recorded to compare with performance data. 

Other factors which influence performance and cost a r e also being 
studied. These include the amount and type of traf f ic , type of soU, 
geology, and cl imate, and the quality of the various mater ia l s used 
in constructing the highway. 

The resul ts of this study w i l l not be available until after the third 
year of testing. However, the procedures being used, the alterations 
made in procedures , the equipment being used, modifications made 
in the equipment, and some of the pre l iminary resu l t s of the study 
a r e d iscussed in this paper. 

• IN 1961 the South Dakota Department of Highways, in cooperation with the Bureau of 
Publ i c Roads, completed the second year of a comprehensive flexible pavement study. 
The main objective of the study i s to evaluate the thickness design procedure presently 
in use. 

Thir ty - four projects , totaling approximately 425 mi les of highway, were selected as 
being representative of the var ious designs of highways current ly being constructed. 
The locations of these projects are shown in F igure 1. They are being evaluated p r i n ­
cipally in t erms of performance and cost. Performance i s being determined through 
condition surveys , road roughness determinations, plate bearing tests, and Benkelman 
beam deflection tests. Ini t ia l construction costs and annual maintenance cost data for 
each project are being compiled so that comparisons can be made with performance 
data. 

Other factors that influence performance and cost are also being studied. These i n ­
clude the amount and type of traf f ic , type of so i l , geology, cl imate and the quality of 
the various mater ia l s that are used in construction. 

The resul ts of this study wUl not be available until after the third year of testing; 
however, the procedures in use, the alterations that have been made in procedures , the 
equ^ment being used, modifications made in the equipment, and some of the p r e l i m i ­
nary resul ts of the study are discussed in this paper. 

C U R R E N T D E S I Q ^ M E T H O D 

£1 1946 the South Dakota £>epartment of Highways started organizing a so i l labora­
tory. One purpose of the laboratory was to study and evaluate the so i l s of the state 
and a r r i v e at a thickness design procedure for flexible pavement most suitable to the 
cl imate, traf f ic , and other pertinent conditions found within the state. B y 1952 the so i l 
laboratory, after experimenting with severa l design procedures , had selected one that 
seemed to produce reasonable resu l t s . The design procedure adopted in 1952 i s based 
on the C B R curves used by the Wyoming Department of Highways (1). 

ho 
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Figure 1. Project location. 

Jn adapting this procedure for use in South Dakota certa in modifications have been 
made. The most important change i s the use of so i l C B R values that have been deter­
mined f r o m the liquid l imi t value of the soi l . The so i l laboratory personnel in South 
Dakota fee l that there i s a definite correlat ion between the liquid l imit and the labora­
tory C B R of South Dakota so i l s . F o r this reason the bearing value i s determined from 
a curve obtained by relating liquid l imi t and laboratory C B R values of many different 
so i l samples . 

S E L E C T I O N O F T E S T S E C T I O N S 

Tn selecting sections of highway for this flexible pavement r e s e a r c h study it was , of 
course , desirable that they be a s nearly representative a s possible of the major high­
ways within the state. The f i r s t requisite for a test section was that i t be designed by 
the current design procedure. T h i s meant that only roads designed and constructed be­
tween 1952 and 1959 could be selected. 

Another cr i ter ion for selection of the test sections was that they be located within 
one of the six major so i l association a r e a s . South Dakota has been divided into 12 soi l 
association a r e a s , but the six major a r e a s cover about 87 percent of the a r e a of the 
state. T h i s cr i ter ion was considered necessary in order that an attempt could be made 
to correlate highway design and performance with pedologlcal so i l mapping. 

Three main types of bituminous surfaces are constructed in South Dakota. These 
are the c l a s s F or central plant mix using asphalt cement, c l a s s B or central plant mix 
using cutback asphalt and c l a s s A or surface treatment. These three types of pave­
ment surfacing have been used on 80 percent of a l l the flexible pavement placed in the 
state and were being used exclusively at the time this project was originated. C l a s s F 
and B pavements have been used on most of the pr imary system. Consequently these 
are the two pavement t3^es with which this study i s p r i m a r i l y concerned. However, 
two c l a s s A projects In one so i l association a r e a are also included. In general, three 
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projects of each of the two types of surfacing, F and B , in each of the six soi l a s s o c i a ­
tion a r e a s were selected. 

S O I L AND G E O L O G Y , T R A F F I C , AND C L I M A T E 

After the test sections were selected, soi l and geological s trjp maps were prepared 
for each project . Where published maps were available the m o p i n g was f ield checked 
and transferred to str ip maps. However, most projects are located in unmapped a r e a s . 
The South Dakota Geological Survey aided in preparing geological s tr ip maps. A g r i c u l ­
tura l so i l maps in sufficient detail are not available for most of the counties in the 
state, so a so i l scientist was hired to prepare the soi l maps. The correlat ion between 
projects by sou s e r i e s names i s not possible because so few a r e a s have been p r e ­
viously mapped. However, the various projects were mapped and each soi l assigned 
an identification number for use until such time as so i l s e r i e s names a r e established. 

T r a f f i c data have been recorded by the planning survey for each project during its 
entire l i fe . T r a f f i c in South Dakota i s not so great a factor a s in the more populous 
states. The most heavily travel led section had 1764 vehicles per day, 242 of which 
were commerc ia l . The test section with the lightest traf f ic had 131 vehic les per day 
with only 18 commerc ia l vehic les . 

Other traf f ic studies made by the plaiming survey show that approximately 3.4 per ­
cent of a l l truck axles are loaded in excess of the 18, 000-lb legai l imit . T i r e pres sure 
studies indicate that 5 .1 percent of a l l truck t i r e s have a i r p r e s s u r e s over 90 p s i . 

C l imat i c data was obtained f rom the records of the U . S. Weather Bureau . The r e ­
cords from the weather station nearest each test section were used to obtain the tem­
perature and precipitation data for that test section. The coldest wet winter between 
the y e a r s of 1948 and 1957 was determined and the cumulative degree days were c a l ­
culated f rom the temperature records of that year . F r o m the cumulative degree days 
the maximum depth of frost penetration was computed. In South Dakota it was found 
that the frost penetration ranged from 38 in. in the southern part of the state to 74 in . 
in the northern part during the period studied. The average annual precipitation ranges 
f r o m 11 in . i n the northwest to 25 in . i n the southeast. The detailed weather records 
w i l l be compared with pavement condition and maintenance costs to determine the effects 
that cl imate has on the flexible pavement in South Dakota. 

M A T E R I A L C H A R A C T E R I S T I C S 

The mater ia l s used in constructing a highway have a definite influence on the s e r ­
viceability of the road. To a s s i s t in the evaluation of the phys ical propert ies of the 
asphaltic mater ia l s and the aggregates used in the construction of each test section, the 
test resu l t s obtained during the design and construction phases were tabulated. In ad­
dition, samples of the surfacing, base course , subbase, and subgrade are obtained 
from each test section each year . The surfacing samples a r e approximately 1-ft square 
sections obtained when the mat i s removed pr ior to conducting the plate loading test on 
the base course . The base course, subbase, and subgrade samples consist of approxi­
mately 100 lb of disturbed mater ia l obtained f r o m the hole in which the plate loading 
test i s conducted on the specif ic mater ia l . Sampling in this manner makes it possible 
to test in the laboratory the same mater ia l that was tested in place in the f ie ld. 

The laboratory tests conducted on samples of the surfacing include asphalt content, 
asphalt penetration, and aggregate gradation. The base course , subbase, and subgrade 
samples are used to determine the gradation, liquid l imit , plast ic l imit , wear loss , 
standard density, optimum moisture, and laboratory C B R . 

In addition to these samples severa l 4- in . diameter cores of the surfacing are ob­
tained for density determinations. T w o - i n . diameter undisturbed samples of the sub-
grade mater ia l s are obtained and the unconfined compress ive strength i s determined in 
the laboratory. 

C O N D I T I O N S U R V E Y S 

The condition survey method used was patterned after a method developed by R . A . 
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Helmer (2). The purpose of this type of condition survey is to determine the present 
structural condition of the road. 

For clarity, the condition survey must be distinguished from a sufficiency rating, a 
roughness survey, or other types of road surveys or ratings. Condition surveys are 
limited to consideration of the structural condition of the road only. Roughness meas­
urements obtained with one of the various types of roughometers provide a measure of 
the relative smoothness of a road. Although the roughness test gives an indication of 
a structural condition, it does not give the causes of such conditions. Sufficiency rat­
ings take into account the condition of the road, and also consider geometric design and 
other factors. They are primarily concerned with the ability of the road to permit the 
existing traffic to move from place to place safely and comfortably. 

In making a condition survey, it is desirable to express the results numerically. 
One way of doing this is to drive over the road and visually evaluate its condition. In­
asmuch as this requires an estimation founded on the judgment of the individual, the 
personal factor is a major consideration. 

The condition survey procedure used for this study was prepared in an attempt to 
reduce the human element and thus minimize the difference in rating assigned any 
specific road section by different observers. The road is rated in sections of not more 
than 0.2 mi in length at a time. The factors evaluated include ravelling, cracking, 
instability, crumbling, bleeding, and inconvenience to traffic. Two men in an automo­
bile drive slowly along the road stopping every 0. 2 mi, or more frequently if necessary, 
to examine the surface in detail. The various defects are noted and an adjective rating 
is assigned that particular section of road depending on the extent of distress. Within 
each adjective rating group there is a range of numerical values. The numerical value 
assigned to a particular short section of road depends largely on the previous experience 
of the observer. The adjective ratings and their numerical ranges are excellent, 98-
100; superior, 90-98; good, 80-90; average, 65-80; poor, 50-65 and failure, less than 
50. 

The results of condition surveys conducted on the test projects at six different times 
over a two-year period are given in Table 1. Some difficulty was experienced during 
the first condition survey in the spring of 1960. The ratings for projects 2, 27, 29, 
and 34 are probably too high, and the rating for project 19 too low. Other than these 
discrepancies very little trouble was experienced in obtaining reproducible results. 
Improvement in the condition of projects 6, 12, 14, 32, and 40 are attributable to chip 
seal coats placed over the original surface. 

ROAD ROUGHNESS 
The South Dakota road roughness indicator is of the single wheel Bureau of Public 

Roads type. When testing, it is towed behind a panel truck at 20 mph. A 5-mi warm-
up run is made before testing starts. After this run the tire pressure and other factors 
that may influence the readings are checked and adjusted to standard. All road rough­
ness determinations for this study are made in the inner wheelpath in order to minimize 
the effect of paved shoulder width. 

Some difficulties with the equipment have been experienced. Control of voltage has 
been a serious problem. The convertor supplied with the equipment did not provide 
sufficient voltage under sustained use. A larger convertor with a voltage control will 
probably be added this year. Some of the wiring was too light and has been replaced. 
Suspension bearings were improperly installed and had to be replaced. The two single-
leaf springs, though meeting the dimensional specifications, did not meet the perfor­
mance specifications. Under a 300-lb load the springs deflect only 2 5/8 in. instead 
of the 3 in. specified. Four new springs ordered for the equipment exhibit about the 
same characteristics but will be altered this year. 

Soon after the road roughness indicator was acquired it was taken to North Dakota 
where several checks were made with the North Dakota and the Bureau of Public Roads 
roughness indicators. It was found that the results produced by the South Dakota device 
paralleled the others but consistentiy gave results that were 25 to 30 in. per mi lower. 
The equipment stiU tends to produce excessively low readings but it is hoped the modi­
fied springs will produce results that will agree with the equipment of others. 
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TABLE 1 
CONDITION SURVEY DATA 

Condition Survey Data (%) 
Research Project 1960 1961 Research Project 

Spring Summer Fall Spring Summer Fall 

2 93 75 77 73 73 73 
4 89 84 77 75 75 79 
5 96 89 86 85 83 87 
6 68 96 95 92 92 90 
7 93 91 89 87 86 86 
8 93 91 89 87 89 88 
9 100 98 98 98 97 98 

10 98 96 95 94 95 93 
12 94 92 92 93 93 96 
14 63 71 94 87 80 72 
16 96 95 94 94 93 92 
17 96 94 93 91 91 90 
18 95 97 96 90 91 90 
19 72 90 87 82 80 83 
20 98 98 98 97 96 96 
21 95 . 93 92 91 91 91 
23 100 99 99 98 98 98 
24 86 89 85 83 81 80 
27 88 73 72 72 72 72 
28 94 93 91 90 92 90 
29 85 71 70 72 71 71 
30 96 98 98 97 96 97 
32 74 75 72 70 68 84 
34 91 77 81 81 85 77 
37 98 95 95 95 96 93 
38 97 94 94 94 95 90 
40 91 78 77 84 95 95 
41 94 97 94 92 90 88 
44 99 97 95 95 95 94 
45 96 88 87 91 92 84 
48 96 95 95 94 93 89 
51 99 99 99 99 97 95 
52 96 95 94 94 94 90 
53 98 96 96 95 96 93 

Some of the results obtained to date with this equipment are given in Table 2. Eleven 
of the 34 projects under study have been chip sealed since roughness determinations were 
first made. The chip seal increased the roughness index on all 11 jobs an average of 
24 in. per mi. These increases ranged from 14 in. per mi on project 9. 

Another interesting trend noted in the data is that the majority of the roads are 
rougher in the fall than in the spring and summer. During the two years of testing, 
the measurements of the spring run have been largest on only 6 percent of the projects, 
and of the summer run on only 6 percent of the projects. The measurements of the fall 
runs were largest on 88 percent of the projects. 
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TABLE 2 
ROAD ROUGHNESS 

Road Roughness (in./mi.) 

Research Project 1960 1961 

Spring Summer FaU Spring Summer FaU 

2 78 80 54 86 92 110 
4 74 62 76 73 69 87 
5 69 63 74 75 74 97 
6 82 104 119 107 105 120 
7 77 75 93 89 88 103 
8 67 78 87 87 87 100 
9 64 47 54 54 51 88 

10 61 62 78 76 74 90 
12 60 66 79 72 74 103 
14 80 84 109 109 118 132 
16 43 48 66 61 69 78 
17 65 69 84 77 73 91 
18 46 75 78 84 81 92 
19 96 107 110 96 104 121 
20 50 50 86 48 63 75 
21 75 75 86 80 85 95 
23 60 67 74 64 66 80 
24 81 83 95 82 88 104 
27 129 119 123 110 119 133 
28 93 106 117 96 108 119 
29 146 146 151 149 147 166 
30 47 62 66 58 61 90 
32 134 121 129 125 131 145 
34 88 89 96 86 93 106 
37 64 67 65 67 72 78 
38 81 81 87 85 85 94 
40 71 64 74 66 89 88 
41 65 86 92 82 83 97 
44 56 74 78 72 59 72 
45 90 91 104 95 112 113 
48 64 79 86 80 87 98 
51 - 73 70 68 70 71 
52 63 68 77 73 74 83 
53 53 50 66 55 60 77 

PLATE LOADING TESTS 
On each of the test projects a typical section of road approximately 250 ft in length 

was selected as a plate loading test area. This section is located on a major soil series 
represented in the soil association area and is typical of the design of pavement over 
the entire project. The arrangement of the test locations within the test area is shown 
in Figure 2. These locations are 14 ft apart so that a test conducted at one location 
will not influence the test conducted at the adjacent location. 

Circular steel plates 1 in. thick and 9, 12, and 18 in. in diameter are used. Loads 
are applied to the plates by means of a hydraulic jack and spacers. The reaction load 
is provided by two trucks loaded with water and placed back to back with a 14-in. wide 
flange steel beam rigidly fixed between them. The plates, spacers, and jack are shown 
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in position for testing the base course in Figure 3. The trucks are shown in Figure 4. 
Each truck is loaded by means of a self-contained pump operating through a power take­
off arrangement. The rear axle of each truck can be loaded slightly in excess of 26, 000 
lb, which provides a total reaction load of over 52, 000 lb. 

Before loads are applied to the plates, the truck axles are tied to the truck frames 
in order to lock the springs. This is necessary to keep the vertical movement of the 
trucks within the lift range of the jack ram during testing. Figure 5 shows the devices 
used to tie the axles to the frame. 

The bearing plate is seated on a thin layer of dry sand passing a No. 40 sieve and 
retained on a No. 200. All three plate sizes are used for tests on the surface whereas 
only the 18-in, diameter plate is used on the base course, subbase, and subgrade. 
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Figure 2. Typ ica l p ro j ec t t e s t s i t e . 

4 
Figiire 3. Plate load t e s t equipment. 
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Figure i i . Plate load t e s t t r ucks . 

i 

Figure 5. Truck axle t ie-down. 

Figures 6 and 7 show personnel digging the test holes in the pavement in order to test 
the underlying layers. A gasoline-type jackhammer is used to remove the mat and 
loosen the other layers for removal. This type of hammer is used because of its com­
pact size and its eliminating the need for an air compressor. 

The wide flange reaction beam and the aluminum datum beam are designed so that 
the center of the plate is 7 ft from the nearest truck tire and the datum beam supports 
are 7 ft from both the tires and the plate. This spacing is necessary to minimize the 
influence of pavement deflection beneath the tires on the area being tested and to pro­
vide a fixed datum to which the dial micrometer for measurement of the plate movement 
can be referenced. 

The following definitions are included to facilitate understanding of the test proced­
ures used: 
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1. Gross deflection. — The total vertical movement (elastic and inelastic) of the 
total pavement thickness, or combinations of the base course, subbase, and subgrade 
or of the subgrade only caused by the application of a single load or any number of 
loads. 

2. Settlement. — The permanent or inelastic vertical displacement resulting from 
the application of a single load or the cumulative permanent displacement resulting 
from the application of a number of loads. 

3. Elastic deflection. — The portion of the gross or single load deflection that is re­
covered upon release of the load. 

Figure 6. Removing mat. 

i 

Figure 7. Loosening base course. 
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During the first year of plate load testing the incremental test procedure was used. 
A maximum gross deflection at the end of the test of 0.20 in. was desired. After the 
surface to be tested was prepared and the plate seated imder a load of 10 psi, a load 
was applied sufficient to produce 0.05-in. gross deflection. This load was maintained 
until the rate of setUement reduced to 0.001 in. per min or less. At this time an ad­
ditional load was applied that was estimated to produce a gross deflection of 0.10 in. 
This load was also maintained until the rate of movement was 0.001 in. per min or 
less. Additional loads were than applied to produce gross deflections of 0.15 and 0.20 
in., each load being held until the movement became 0.001 in. per min or less. After 
the fourth, final load had been applied, all load was released and the rebound of the 
plate was measured when the rate of rebound reached 0.001 in. per min or less. Test­
ing was then discontinued at that particular location. 

After the first year of testing it was decided to use a different procedure, the incre­
mental-repetiUonal test procedure. It was felt that the elastic deflection of the medium 
tested mi^t correlate better with the deflection data obtained with the Benkelman beams. 
The incremental-repetitional procedure makes it possible to differentiate between the 
elastic deflection and the permanent deflection (or setUement). As in the previously 
described method, a load was applied sufficient to produce 0. 05-In. settlement. This 
load was held constant until the rate of movement became 0.001 in. or less in 15 sec. 
The load was then completely released until the rate of rebound became less than'0.001 
in. in 15 sec. The same load was then reapplied, held for 1 min, released for 1 min, 
reapplied for 1 min and finally released for 1 min. A gross deflection or a rebound 
readily was taken each time the load was applied or released for Imin. This procedure 
provides three settiement readings and three rebound readings for each increment of 
load. The same procedure is followed for each of four load increments. As in the 
earlier procedure, loads estimated to cause 0.05-, 0.10-, 0.15-, and 0. 20-in. gross 
deflection are used. After the last load increment has been applied for the third time 
the load is released and a final reading is taken when the rate of rebound becomes less 
than 0. 001 in. in 15 sec. 

After the plate loading tests are completed, in-place California bearing ratio tests 
and in-place density and moisture tests are conducted on the base course, subbase, and 
subgrade. These tests are conducted on the same material and In the same hole in 
which the plate loading test was conducted on that particular pavement layer. The lo­
cation of test areas in a test pit are shown in Figure 8. In addition, undisturbed sam-

18" PLATE 
BEARING TEST 

UNDISTURBED-
SAMPLING 

Figure 8. Arrangement of subbase tes t s . 
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pies cjf the subgrade material are obtained in the hole where the plate loading test is 
conducted on the subgrade. These samples are used for the determination of the uncon-
fined compressive strength. 

In addition to the field tests and laboratory tests described previously, the thickness 
of the various pavement components are also determined in the exposed test pits where 
plate loading tests are conducted on the subgrade. 

BENKELMAN BEAM TESTING 
For the purposes of this study the Benkelman beam with Helmar graphic recording 

attachment was desirable. In the early stages of testing, considerable difficulty was 
encountered with the beams and the linkage between the beams and the attachments. 
Figure 9 shows the original beam on the right and two modified beams on the left. 

The six original Benkelman Beams were purchased in September 1959, The beams 
are erf all aluminum construction, 14 ft in length, with a 12-ft long probe or lever arm. 
The probe is supported at the point of rotation by two ball bearings that are placed 
within the probe arm and turn on a shaft fixed to the frame of the datum beam. The 
fulcrum point of the probe arm is at the third point. This arrangement gives a 1 to 2 
reading at the dial micrometer. 

A standard 6-volt doorbell buzzer is attached to the side of the beam and operates 
from a lantern battery suspended under the beam. The buzzer is turned on during each 

Figure 9. O r i g i n a l and modif ied Benkelman beams. 
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test in order to vibrate the instrument and minimize the possible adverse effect of 
friction in the bearings and elsewhere in the system. 

A graphic recording attachment designed by R. A. Helmer of the Oklahoma Depart­
ment of Highways was purchased from the Industrial Machine Company of Oklahoma 
City, Oklahoma. This device graphically records the pavement deflection curve, thus 
showing both the amount and rate of pavement deflection and recovery. The unit con­
sists of a 42-in. long recording lever arm mounted at the fulcrum on ball bearings to 
give a 20 to 1 multiplication at the end of the arm holding the pen. The other end of 
the arm is connected by a linkage to the probe arm of the Benkelman beam at a point 
directly opposite the dial micrometer. The resulting ratio between the front end of the 
probe and the pen is 1 to 10. A string wound on a drum, one end of which is attached 
to the test truck, pulls the paper through the recorder as the truck moves ahead. The 
pen traces a line showing the deflection data on a 3 7/8-in. wide roll of calculator paper 
moving past the pen at the rate of 1.15 in. of paper movement for each foot of move­
ment of the test truck. The recorded trace thus shows as a horizontal line having a 
dip in the middle. 

The Nice bearings, No. 5368, originally supplied with the Benkelman beam were 
open and loose. New Departure bearings, No. 99500, a close-tolerance sealed bearing, 
were substituted, and new shafts were made to fit the bearings. 

The linkage between the recorder arm and the probe arm, as supplied with the Helmer 
recorder, consisted of a bolt on the recorder arm which rests on a plate attached to 
the probe as shown on the left beam in Figure 9. An adjustable weight on the recorder 
arm keeps the rear of the arm heavy and the bolt in contact with the plate. It was found 
that this arrangement was not entirely satisfactory. The linkage was not sufficiently 
direct and adjustment of the pen on the paper was too slow. 

A new linkage was designed and is shown on the middle beam in Figure 9 and in 
Figures 10, 11, and 12. This linkage consisted of a slotted aluminum arm mounted on 
the recorder arm with a New Departure No. 77036 ball bearing. A second aluminum 
arm with the same type of bearing was mounted solidly to the probe arm. The two 
aluminum linkage arms were connected by means of a bolt, special nut, washer, and 
wing nut in such a manner that a direct, easily and rapidly adjustable linkage was 
provided. 

This linkage appeared promising during lab calibration. The beam was then taken 
to the field and a number of projects tested. Discrepencies were noted between maxi­
mum deflection values for a given load at the same point but with different beams, and 
it was obvious that more developmental work would be necessary. Comparisons were 
made with a Bureau of Public Roads beam and inconsistencies were found between the 
two. Some of the difference was felt to be caused by the drag of the recorder pen on 
the paper, inasmuch as the Bureau beam had no recorder. Tests were then run with 

Figure 10. Unsat i s fac tory recorder arm l inkage . 
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Figure 11. Unsatisfactory recorder arm linkage. 

Figure 12. Unsatisfactory recorder arm linkage. 

the recorder completely disconnected, with the recorder connected without using a pen, 
and with all components in operation. The linkage bearings proved to be the main 
problem, together with some drag from the recorder pen. Slight lateral displacement 
of the probe tip on the pavement caused binding of the bearings because no allowance 
was made in the linkage for lateral movement. 

It was then decided to try a wire hookup, with the wire always in tension. Figures 
13 and 14 show details of this linkage which is being used with satisfactory results at 
the present time. The wire is connected solidly to the recorder arm and extends down 
to the probe with an arrangement for rapid adjustment of the length of the wire to set 
the desired height of the pen. Experimentation in the size of the wire showed that, 
though not being critical, best results were obtained with piano wire approximately 
0. 032 in. in diameter and about 1. 5 in. long. A somewhat surprising discovery was 
that the most accurate readings were obtained with the recorder arm almost in balance 
about the fulcrum. Apparently the wire is stiff enough to resist bending under small 
compressive loads, but will flex sufficiently to allow necessary lateral movement of 
the probe arm. 

The South Dakota beams with the newly designed linkage showed excellent precision 
in the office. On returning to the field, comparison tests showed 84 percent of the 
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Figure 13. Satisfactory recorder arm linkage. 

i 
Figure l l i . Satisfactory recorder arm linkage. 
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South Dakota beam results to be within 0. 006 in. of the Bureau beam, 61 percent within 
0. 004 in. and 48 percent within 0. 002 in, out of a total of 56 tests. All of the tests were 
run on a test section having deflections in the range of 0, 040 to 0, 080 in. for an axle 
loading of 24, 000 lb. Accuracy of this order was considered quite satisfactory. 

The pens supplied with the recorders were Esterbrook fountain pens. Considerable ' 
difficulty was encountered with the operation of the pens in the field. Experimentation 
with different points was of little help, so ballpoint pens were finally tried. A Venus 
ballpoint No. 101 pen was found satisfactory although there are undoubtedly others that 
will do as well. 

A modification was found to be necessary in the locking mechanism of the Benkelman 
beam. The original mechanism required that the rear of the probe arm be raised for 
locking, and this is inconvenient. Also, the locking rod was located where it interferred 
with the mounting for the recording arm. Consequently it was moved about 2 in. ahead 
and a stirrup was added so the rear of the probe arm could be locked in the down posi­
tion. Figure 15 shows the original position of the locking rod in the left beam and the 
new location in the right beam. Figures 10 and 11 show the stirrup. 

To calibrate the beam in the office, it was necessary to devise a method of raising 
or lowering the end of the probe by small, precisely measureable increments (see Fig. 
16). The probe point was placed on the upper of two hinged steel plates, the bottom 
plate resting on the floor. The upper plate is moved by a screw acting against the fixed 
bottom plate. Movement is measured with a dial micrometer. A geared electric motor 
was first used to pull the string on the recorder drum, but later this was done manu­
ally. The probe point was moved in regular increments of 0. 005 or 0. 0001 in. Read­
ings were taken on the dial and from the recorder paper. In this way calibration be­
tween the two was possible (3). 

The field crew consists of four men, a party chief, two beam operators, and a truck 
driver. The beams are carried in external racks on the sides of the truck during test­
ing, as shown in Figures 17 and 18. Between test projects they are carried in com­
partments on top of the body as shown in Figure 17. 

The truck used for testing is a two-axle Ford F-950 with a specially built compart-
mented tank body which can be loaded with water by a self-contained pump. The truck 
can be loaded to either side or end, with a maximum rear axle load of about 26, 000 lb. 
The trucks are interchangeable between the plate load testing and Benkelman beam 
testing. 

i 

Figure l 5 . Locking rod l o c a t i o n . 
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Figure l 6 . Beam c a l i b r a t i o n device. 

The test sites are chosen to give a representative sampling of all conditions pres­
ent in the road to be tested. There are 1033 test sites included, or 2 or 3 test sites 
per mile. There are from 12 to 50 test locations on a project, depending on its length. 
Grades of over 3 percent and superelevated curves are excluded because of the pos­
sible effect of weight transfer in the test trunk. In the interests of safety, sight dis­
tance is also considered. Each test site is marked on the outside wheel lane by a large 
T (see Fig, 19) so that tests can be repeated at nearly identical points. The outside 
dual of the truck is placed along the top of the T. For the initial test position, the 
truck is stopped with its rear axle opposite the stem of the T, as shown in Figure 20. 

The "T's" are painted on the pavement in such a manner that the beam probe is 
located in the wheel paths most commonly used by traffic. These wheel paths are 
usually clearly visible due to darkening of the surface caused by traffic. The outer 
wheel path is usually 2 to 3 feet from the pavement edge on a 24 foot wide mat. The 
wheel paths on South Dakota Highways are closer to the center line than in some other 
states. This is probably due to the light traffic volume carried by South Dakota High­
ways. As a result the beam probe in the outer wheel path is usually located approxi­
mately 2 to 3 feet in from the pavement edge. 

On stopping the truck at a test site, the beams are lifted off the racks and the probe 
inserted between the dual tires of each rear wheel. The tires are 12 x 24. 5, tubeless, 
14 ply. The testing is done with 85-psi tire pressure and a 24, 000-lb axle load. The 
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Figure 17. Beam car ry ing rack. 
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Figure 18. Beam carrying rack. 
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Figure 19. Beam t e s t s i t e . 

probe point is positioned approximately 4. 5 ft ahead of the center of the axle at the be­
ginning of the test. The string is attached to the truck by a spring clip and pulls loose 
when the string is entirely unwound. After releasing the locking mechanism of the 
probe, the recorder arm is adjusted until the pen is within about 3/4 in. of the top of 
the paper. The pen is moved vertically to make a mark on the paper for the beginning 
of the test, the Ames micrometer dial is read, and the readings recorded by the party 
chief. The truck is then driven ahead at creep speed (about 2 or 3 mph) until the clips 
pull loose. Meanwhile, the beam operators note the dial readings at maximum deflec­
tion and again at the end of the test. 

The pen is moved vertically by hand to show the end of the test. The record is then 
removed and given to the party chief in order that the project number, test site, date 
and wheel path may be noted upon it. The recorder sheets are processed in the office 
with a template which gives directly the value of the maximum deflection. 

In 1961 two trucks were used in conducting the summer series of Benkelman beam 
tests. One truck had a wheel load of 7, 500 lb and the other a wheel load of 12, 000 lb. 
During this test series, 604 locations were tested. The 7, 500-lb wheel load was used 
first and immediately behind it the 12, 000-lb wheel load was used. The same beams 
were used for both loads. Table 3 contains some of the data obtained from this series 
of tests. If the deflection-wheel load relationship were linear it would be necessary to 
multiply the deflection readings obtained at a 7, 500-lb wheel load by 1. 600 to obtain the 
deflection caused by the 12, 000-lb wheel load. Similarily it would be necessary to 
multiply the deflection readings taken at a 12, 000-lb wheel load by 0. 625 to obtain the 
7, 500-lb wheel load deflections. Actually, the relationship is not quite linear and cor­
rection factors for the 12, 000- and 7, 500-lb wheel loads for the average of these 604 
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Figure 20. Beam test s i t e . 
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Figure 21 . Tire pressure vs deflection. 
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T A B L E 3 

C O M P A R I S O N S O F W H E E L L O A D V S D E F L E C T I O N 

D e n e c U o n (in x 10'') 

T e s t 1 2 , 0 0 0 - L b Whee l L o a d 7, 5 0 0 - L b Whee l L o a d 
P r o j e c t L o c a t i o n —• 

( n o ) A c t u a l E s t i m a t e d Actua l E s t i m a t e d 

I W O W I W O W IW O W IW O W 

2 35 49 81 49 76 29 45 29 48 
4 35 23 32 24 34 14 20 13 19 
S 19 67 92 61 90 36 53 40 54 
6 20 52 68 52 67 31 40 31 40 
7 38 46 58 47 56 28 33 27 34 
8 25 50 58 47 59 28 35 30 34 
9 13 31 42 32 42 19 25 18 25 

10 37 33 43 33 46 20 27 19 26 
12 19 44 51 44 51 26 30 26 30 
14 32 52 65 53 72 31 43 31 39 
16 30 37 51 36 54 21 32 22 30 
17 31 42 50 41 48 24 29 24 29 
18 32 37 42 35 38 21 22 22 25 
19 26 70 79 65 88 38 52 41 47 
20 27 34 47 33 48 19 29 20 28 
21 30 56 70 53 75 31 44 33 41 
23 12 18 28 25 34 15 20 11 18 
24 28 58 67 54 66 32 39 34 39 
27 29 99 113 104 124 61 73 58 67 
28 23 43 49 42 48 25 29 26 29 
29 22 62 89 59 91 35 54 37 53 
30 41 30 37 29 40 17 24 18 22 

T A B L E 4 

P A V E M E N T D E F L E C T I O N S A T V A R I O U S T I R E P R E S S U R E S A N D T E M P E R A T U R E S , 
1961 T E S T S E R I E S , I N N E R W H E E L , 1 2 , 0 0 0 - L B W H E E L L O A D 

P a v e m e n t D e H e c t i o n (0 001 i n . ) 

P r e s s u r e T e m p . B e a m T e s t T e s t T e s t T e s t T e s t T e s t T e s t T e s t T e s t T e s t 
A v g 

No D a t e ( p s i ) { ° F ) No 1 2 3 4 5 6 7 8 9 10 

4 4 - 7 85 70 776 . 34 49 37 46 55 43 59 46 54 47 47 
5 4 - 7 85 70 777 34 53 37 50 63 41 63 44 50 51 49 

10 4 - 1 8 100 66 776 36 51 36 49 63 42 55 44 42 43 47 
11 4 - 1 8 90 82 776 34 56 37 38 72 44 60 49 48 45 48 
12 4 - 1 8 80 84 776 39 54 37 50 65 44 58 42 48 48 49 
13 4 - 1 8 70 86 776 37 60 36 42 72 43 59 47 48 48 49 
14 4-21 85 54 776 35 45 33 41 58 37 51 36 43 44 42 
24 6 - 5 85 no 776 36 62 41 50 63 39 61 47 55 48 50 
25 6 - 6 a s 96 776 39 60 40 49 66 48 60 48 53 49 51 
26 6 - 6 85 102 776 43 63 43 50 70 47 68 52 53 50 54 
27 6 - 1 6 85 78 776 38 52 40 46 60 43 56 43 44 51 47 

T A B L E 5 

P A V E M E N T D E F L E C T I O N S A T V A R I O U S T I R E P R E S S U R E S A N D T E M P E R A T U R E S , 
1961 T E S T S E R I E S , O U T E R W H E E L , 1 2 , 0 0 0 - L B W H E E L L O A D 

P a v e m e n t D e f l e c U o n ( 0 001 i n . ) 
R u n 

P r e s s u r e T e m p . B e a m T e s t T e s t T e s t T e s t T e s t T e s t T e s t T e s t T e s t T e s t 
A v g . 

No D a t e ( p s l ) ( ° F ) No 1 2 3 4 5 6 7 8 9 10 

4 4 - 7 8 5 70 779 52 81 79 60 74 60 72 56 50 50 63 
5 4 - 7 8 5 70 775 50 79 81 67 76 64 66 54 50 50 64 

10 4 - 1 8 100 66 779 52 78 7 5 62 75 63 66 45 55 54 63 
11 4 -18 90 82 779 58 70 8 5 58 83 62 68 60 64 55 66 
12 4 -18 80 84 779 60 81 9 5 6 5 76 67 76 56 53 50 68 
13 4 -18 70 86 779 56 84 92 67 78 67 74 52 58 59 69 
14 4-21 85 54 779 50 67 72 61 77 58 65 50 51 52 60 
24 6 - 5 8 5 no 779 71 87 90 64 77 66 70 61 58 55 70 
25 6 - 6 8 5 96 779 58 84 92 67 84 68 72 58 58 50 70 
26 6 - 6 85 102 779 62 89 99 69 86 70 78 60 60 52 73 
27 6 - 1 6 8 5 78 / 7 7 9 55 73 80 61 70 57 66 53 50 50 61 
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tests are 0. 591 and 1.690 respectively. Table 3 shows the actual deflections for loads 
at 7, 500 and 12, 000 lb and also the estimated deflections for each wheel load obtained 
by using the previously mentioned correction factors. The actual deflections are an 
average of the deflection readings taken at the number of test locations shown in the 
table. These data show that the deflection values obtained at a given wheel load can be 
corrected with reasonable accuracy to find the deflection caused by other wheel loads. 

Besides determining the influence of wheel load on deflection, an attempt was made 
to find the effect of tire pressure and pavement temperature on deflection. Tire pres­
sures were varied from 70 to 100 psi, the wheel load was maintained at 12,000 lb, 
and 10 locations were tested. The particular'highway used for this series of tests has 
a class F surface 2 in. thick, 5 in. of base course, and 9 in. of subbase. The data 
obtained are given in Tables 4 and 5. The 85-psi tire pressure was run 7 times at 
different temperatures. The average deflection of these 7 runs is 0.066 in. This value 
was used together with the data for the other 4 nms given in Tables 4 and 5 to make the 
plot shown in Figure 21. This figure shows that the tire pressure does not greatly in­
fluence the deflection. However, for the conditions of the tests, there is a tendency for 
the deflection to decrease with an increase in inflation pressure. The reduction in de­
flection with increased tire pressure may be due to a greater tendency for the asphaltic 
concrete to squeeze up between the dual tires at the higher tire pressures. 

The 7 runs conducted at 85-psi tire pressure and 12, 000-lb wheel load were made at 
temperatures var3^ng from 54 to 110 F . These data are plotted in Figure 22 and show 
that there is an increase in deflection with an increase in temperature for this particu­
lar surface. E this relationship holds true on other pavements and for other tempera­
tures the deflection values could be corrected to a standard temperature of perhaps 70 F . 

MISCELLANEOUS T E S T S 

Before any field testing was started, an attempt was made to determine how wheel 
load and tire pressure affect the contact area between the tire and the pavement. One 
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Figure 22. Temperature vs deflection. 
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wheel was jacked off the ground, the.tire's tread was painted, and the painted tires 
lowered on cross-section paper. This procedure was repeated for tire pressures of 
70, 80, 90, and 100 psi and for wheel loads of 6, 000, 7, 500, 9, 000, 11, 200, 12, 000, 
and 13, 000 lb. The total area of the prints of both tires was then measured. The 
data are given in Table 6 and are shown graphically in Figure 23. The data show that, 
as the wheel load increases, the contact area also increases, but apparently not in a 
linear manner. At a tire pressure of 80 psi the contact area is increased from 1,08 to 
169 sq in. with an increase in wheel load from 6, 000 to 13, 000 lb. The data also show 
that as tire pressure is increased the contact area is decreased for any specific wheel 
load. At a 12, 000-lb wheel load the contact area is decreased from 167 to 149 sq in. 
with an increase in tire pressure from 70 to 100 psi. 

SUMMARY 

This report was written to describe the flexible pavement research program being 
conducted in South Dakota. The study is intended to produce information for use in 
evaluating the current design method. Thirty-four representative sections of highway 

T A B L E 6 

C O N T A C T A R E A 

C o n t a c t A r e a ( s q i n ) f o r T i r e w i t h 

W h e e l L o a d 7 0 - P s i 
P r e s s u r e 

8 0 - P s i 
P r e s s u r e 

9 0 - P s l 
P r e s s u r e 

1 0 0 - P s i 
P r e s s u r e 

I W ow B o t h I W ow B o t h I W ow B o t h I W ow B o t h 

6 , 0 0 0 58 56 114 56 52 108 54 51 105 52 46 98 
7 , 5 0 0 67 64 131 63 61 124 62 59 121 60 57 117 
9 , 0 0 0 76 73 149 71 69 140 71 66 137 67 62 129 

1 1 , 2 0 0 81 79 160 78 78 156 77 7 5 152 74 72 146 
1 2 , 0 0 0 84 83 167 81 78 159 77 74 151 77 72 149 
1 3 , 0 0 0 88 8 5 173 86 83 169 82 79 161 80 75 1 5 5 

' T i r e s i z e 12 00 x 2 4 . 5 t u b e l e s s 

OlOO 

6000 8000 10000 
WHEEL LOAD- L B S 

12000 

Figure 23. Tiro contact area vs vrtieel load. 



62 

were selected for comprehensive investigation. The relationship of highway cost and 
performance to soil type, geology, type and frequency of traffic, climate, and construc­
tion material quality is being studied. Highway performance is being determined by 
condition surveys, road roughness determinations, plate load testing, and Benkelman 
beam tests. The general plan of the study and various test procedures being used are 
discussed. A few of the preliminary findings have been presented; however, due to the 
volume of the data being obtained no attempt has been made to present detailed informa­
tion nor to enter into a comprehensive analysis of the data presented. 
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Significance of Layer Deflection Measurements 
RICHARD D. WALKER, Assistant Professor of Civil Engineermg, V . P . I . ; 
ELDON J . YODER, Research Engineer, Purdue University; and 
W A L T E R T . SPENCER, and R O B E R T LOWRY, Research Engineer and Soils Engineer, 
Indiana Highway Commission 

An understanding of pavement behavior is essential to the development 
of an effective method of pavement design. To this end, a system for 
evaluating the structural performance of existing pavements is required. 
One system of evaluation and its effectiveness is described in this 
paper. 

Data obtained from a test road located on US 31 near Columbus, 
Indiana, were used to develop the evaluation methods. Procedures 
such as the analysis of existing crack patterns and wheel track rutting 
and their relationships to subgrade soil type were examined. Total 
surface deflections under load, measured with a Benkelman beam, were 
analyzed in an attempt to establish a relationship between deflection 
and cracking of the pavement surface. 

Failure to establish total deflection as an indicator of the pavement 
behavior led to the development of a method using the Benkelman beam 
to measure deflections of the individual layers of the pavement struc­
ture. Four-inch holes were drilled to the mterface of the different 
layers of the pavement, and the holes were cased with pipe. Steel rods 
were referenced at the bottom of each hole, extending i9>ward to near 
the top of the pavement. Measurements were made under rear axle 
loads of 12,000, 18,000, 22,000 and 27,000 lb. 

Relative modulus values using layer deflections were calculated to 
conqiare the relative deflection of one pavement layer with another. 
Theoretical stress distribution was used as a basis of the calculations. 

The important conclusions reached by this study were that total 
deflections were ineffective in establishing the cause of the flexible 
pavement cracking and that knowledge of the individual layer deflections 
was required in order to evaluate the pavement fully. 

• THE AMOUNT a flexible pavement deflects under load indicates, inpart, its adequacy 
insofar as structural capacity is concerned. Repeated deflection may cause the pave­
ment to crack and distort as a result of (a) fatigue, (b) excessive bending stresses, and 
(c) accumulated plastic deformation and other factors. 

The deflection of a flexible pavement is partly elastic in character, but it is also 
made up of plastic strains. Elastic strains are regained on removal of an ^plied load 
whereas plastic strains are not. Thus, the accumulation of these nonrecoverable plas­
tic strains with repeated applications of load can result in distortion of the paving sur­
face. 

It must be recognized at the outset that performance of a flexible pavement is in­
fluenced by many factors. These include gross load, tire pressure, repetition of load, 
thickness and quality of the various pavement components, and the elastic plastic prop­
erties of the pavement components particularly the subgrade soil). Pavement failure 
may result from excessive shear stresses, vertical deflection, or a combination of 
these. 

Several methods of flexible pavement design are based on limiting deflection criteria. 

63 
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These include procedures adopted by the Kansas State Highway Department and the 
Navy Department. Both of these methods of design are predicted m part on theoretical 
considerations that relate pavement stresses and deflections to the ^^plied load. Cer­
tain simplifying assumptions are made regarding the shape of the tire imprmt upon the 
pavement surface, the relationship between tire pressure and contact pressure and 
homogeneity and isotropy of the structural system. 

Many engineers use deflection measurements to evaluate the adequacy of existing 
pavements. The literature contains numerous references to deflection measurements, 
including the work done on the WASHO and AASHO Road Tests. Deflection measure­
ments are but one tool that can be used by the researcher to formulate concepts regard­
ing the behavior of flexible and rigid pavements. Deflection measurements are subject 
to many limitations and therefore must be considered to be a means towards an end 
rather than an end within themselves. 

The primary purpose of determining the deflection of an existing pavement, insofar 
as structural adequacy is concerned, is to obtain basic data, either by inference or 
direct measurement, relative to the stress-strain properties of the pavement materials. 
Mere measurement of gross deflection at the pavement surface may not yield the de­
sired results. Such factors as pavement layer deflection, radius of bending and the 
viscoelastic properties of the pavement components must also be considered. 

To be of maximum benefit to the engineer, deflection measurements must be planned 
so that a large amount of information is obtained without resorting to elaborate field in­
stallations. This is true inasmuch as the time required to install deflection gages inpave-
ments is great, which in turn limits the number of measurements that can be obtained. 

Surface deflection is made up of cumulative deflections of all the pavement compon­
ents including the subgrade. Also, for the usual case a large portion of the deflection 
occurs in the subgrade. It is to be noted that the pavement may tend to "heave" both 
between and outside the dual wheels. 

As depth increases, the profile of bending changes from that found immediately under 
the wheels and is saucer sh^ed. Surface deflection results from an accumulation of 
strains from the surface downward; the distance a particle moves when a load is applied 
at the surface decreases with depth. 

It appears that measurement of surface deflection alone may be misleading in some 
cases unless depth of the layer contributing the largest portion of the deflection is 
known. As a rule, if the major portion of the deflection is in the subgrade, large radii 
of curvature occur, whereas small radii result if the deflection occurs in the upper 
layers of the pavement. Because tensile stress varies inversely with radii of curva­
ture of the deflected surface it is apparent that knowledge of depth of the deflected layer 
is important. 

A series of deflection measurements were made on the US 31 Test Road near 
Columbus, Indiana. The purpose of making these measurements was to determine 
the significance of layer deflection and in particular to ascertain whether corre­
lations could be established between total deflection and pavement condition and 
between layer deflection and pavement condition. A large number of surface de­
flections were determmed with the Benkelman beam. Layer deflections (that is, 
top of base, subbase and subgrade) were made at selected locations. Comparisons 
were made among surface rutting, cracking, surface deflection and layer deflec­
tions. 

The test pavements offered an excellent opportunity to study these comparisons be­
cause the pavement was constructed under closely controlled construction conditions. 
An intensive testing program was carried out durmg the planning and construction 
phases. Detailed information was available regarding soil conditions, construction 
problems, strength properties of all pavement components and perhaps most important, 
detailed information on the pavements' performance was available. 

DESIGN AND CONSTRUCTION O F T E S T PAVEMENT, US 31 

The flexible pavement design was based on a combination of the Corps of Engineers 
CBR and the Group Index methods. Subgrade types ranged from A - l - a sands andgravels 
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to plastic A-6 clays (AASHO soil classification). The basic design of the pavement 
structure was as follows: 

1 in. — asphaltic concrete surface course, 
in. — asphaltic concrete binder course, 

"^U in. — asphaltic concrete base course, 
8 in. — waterbound macadam base course, and 
5 in. — (inside edge) to 8 in. (outside edge) — open-graded drained granular 

subbase course. 

The subgrade, after compaction to 100 percent of the maximum standard AASHO 
value, received at least two coverages of a heavy pneumatic roller (20- to 35- tons 
gross load and 50- to 70- psi tire pressure). 

The subbase, which was open-graded and had an average of 2.8 percent fines pass­
ing the No. 200 mesh sieve, was conq>acted with a multiple shoe vibrator to 100 percent 
of maximum standard AASHO density. Because the subbase lacked cohesion, the heavy 
pneumatic compactor could not be used. The multiple shoe vibrator was not employed 
until the top 2 1/2 in. were mixed with 70 lb per sq yd of limestone screenings. 

Crushed stone was used in the construction of the waterbound macadam base course. 
Each layer was compacted with a multiple shoe vibrator and a heavy pneumatic roller. 
Two complete coverages were made with the heavy pneumatic roller loaded to a gross 
weight of 35 to 50 tons, producing contact pressures of approximately 70 to 85 psi. 

A 60- to 70- penetration asphalt was used in aU three bituminous concrete layers, 
4. 5, 5, and 6 percent for the base, binder, and surface courses, respectively. All 
pavement was placed during the 1953 construction season. The final section was opened 
to traffic December 11, 1953. 

OBSERVANCE OF CRACKING AND RUTTING 

Early in 1957, longitudinal cracking began to appear at several locations of the 
flexible pavement. The cracking generally occurred in both the outer and inner wheel 
tracks. Where the cracking was severe, some transverse cracking was {^parent. 
Wheel track rutting was observed at the same time as the cracking. In general the 
rutting did not exceed 0. 5 in. 

CRACKING, RUTTING, AND SURFACE D E F L E C T I O N STUDY 

Initial studies of the test pavement included an analysis of the extent of cracking, 
rutting, and measurement of surface deflection. 

Cracking and Soil Type 

Table 1 gives the linear feet of cracks per station (100 ft) for the four basic soil 
types found under the flexible pavement. All types of cracks are included except those 
which seemed to delineate the pavement centerline giving the appearance of a plane of 
weakness or a "cold joint. " 

T A B L E 1 

RELATIONSHIP B E T W E E N CRACKING AND SOIL T Y P E , 
JANUARY-FEBRUARY 1960 

<?nil Tvnp °* Linear Ft Avg. Lmear Ft of 
lype Stations of Cracks Cracks per Station 

A-1 39 4,814 
5,863 

123 
A-2 53 

4,814 
5,863 111 

A-4 177 23,901 135 
A-6 109 11,138 102 
All 378 45,716 121 
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Table 1 shows that more cracks occurred m the pavement built over the A-4 sub-
grade than pavement built on the other subgrade types. Also shown is that fewer cracks 
have resulted in pavement built on A-6 subgrades. 

Other crack data not presented here have shown that more cracks have occurred m 
the traffic lane than in the passing lane, and that cracking is not directly related to 
pavement surface thickness. Also, observation has shown that the crackmg has pro­
gressed since first appearing. 

Surface Deflection Study 

During the first week of June 1959, and the second week of May 1960, Benkelman 
beam deflection measurements were made at the test road site. 

Deflection measurements were made at 48 carefully selected locations. Thirty-two 
of these locations fit into a pattern of variables given in Table 2. The variables se­
lected were bituminous pavement surface thickness, crack frequency, lane, and soil 
type. In general, a pavement showing high crack frequency had 80 or more lineal feet 
of cracks per station. A section of pavement showing 25 or less lineal feet of cracking 
was classified as having low crack frequency. The nominal bituminous pavement thick­
ness was 5 in. and this was used as the demarcation line for the surface thickness 
variable. The sites were also selected on the basis of soil type. 

T A B L E 2 

DESIGN OF EXPERIMENT FOR BENKELMAN BEAM 
D E F L E C T I O N MEASUREMENTS 

Soil 
Type Lane Crack Frequency Bituminous Pavement 

Thickness (in.) 

A-1 Traffic Low 5+ 
5-

High 5+ 
5-

Passing Low 5+ 
5-

High 5+ 
5-

A-2 
A-4 
A-6 

Etc. 
Etc. 
Etc. 

Deflections were measured under an 18,000-lb rear axle load. Deflections reported 
in this paper are those taken between the tires of both the rear dual wheels of the truck. 
In takmg the measurements, the truck, initially 10 ft away, was backed to the point of 
measurement so that its rear axle passed approximately 3 in. beyond the point, and 
then it was moved forward. In this manner, the rear wheels came no closer than 7. 5ft 
to the reference feet of the Benkelman beam. In only four out of several hundred tests 
did a dial reading of other than zero result when the truck was 7.0 or more feet away 
from the probe of the beam. It is therefore believed that significant movement of the 
reference feet did not occur. 

Table 3 presents the combined 1959 and 1960 inner and outer wheel path data. A 
four-way classification analysis of variance was made to study the effects of soil type, 
surface thickness, crack frequency and lane type on the deflection data. Significance 
of a factor was determined by variance ratios or " F " tests at 0.05 and 0.01 levels. For 
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T A B L E 3 

S U M M A R Y O F T O T A L D E F L E C T I O N F O R 1959 A N D 1960 D A T A , I N N E R A N D O U T E R W H E E L P A T H 

T o t a l D e f l e c t i o n ( l O - ' i n ) 
B i t u m i n o u s 

C r a c k P a v e m e n t A - 1 SoU A - 2 S o i l A - 4 S o i l A - 6 SoU 
F r e q u e n c y T h i c k n e s s 

( in ) T r a f f i c P a s s i n g T r a f f i c P a s s i n g T r a f f i c P a s s i n g T r a f f i c P a s s i n g 
T o t a l 

L a n e L a n e L a n e L a n e L a n e L a n e L a n e L a n e 

5+ 15 15 17 9 20 13 24 14 127 
18 18 17 18 32 17 32 22 174 
14 14 12 11 18 14 20 12 115 559 
16 16 15 15 20 18 25 18 143 

5 - 21 13 20 16 30 24 22 17 163 
20 13 19 19 30 36 21 21 179 
20 11 16 10 25 19 18 16 135 641 
20 14 19 20 24 26 19 22 164 

5+ 11 12 17 11 26 10 18 13 118 
10 14 26 12 26 16 19 30 153 
13 15 15 13 20 10 14 17 117 533 
12 12 22 18 23 22 19 17 145 

5 - 14 16 18 12 24 20 34 15 153 
15 11 18 13 24 22 34 17 154 
I S 13 17 10 25 18 34 14 146 611 
15 13 17 8 24 24 34 23 158 

235 22i5 555 215 55T 35? 

L o w 

High 

T o t a l 

1 , 2 0 0 

1 , 1 4 4 

469 500 700 675 

T A B L E 4 

F O U R - W A Y A N A L Y S I S O F V A R I A N C E R E S U L T S F O R 1959 A N D 1960 D E F L E C T I O N 
D A T A , I N N E R A N D O U T E R W H E E L P A T H 

S o u r c e of V a r i a n c e F ^ 0 . 0 5 ^ 0 . 0 1 
S i g n i f i c a n c e 

S o i l t y p e , A 3 6 . 4 0 2 . 7 1 4 . 0 3 0. 01 l e v e l 
L a n e , B 5 0 . 9 8 3 . 9 5 6. 9 6 0. 01 l e v e l 
C r a c k f r e q u e n c y , C 2 . 0 0 3 . 9 5 6. 96 N S 
S u r f a c e t h i c k n e s s , D 16. 66 3 . 9 5 6. 96 0 . 0 1 l e v e l 
I n t e r a c t i o n s A x B 2 . 3 3 2 . 7 1 4 03 N S 

A x C 2 . 9 2 2 . 7 1 4 . 0 3 0. 05 l e v e l 
E x C L 3 3 3 . 9 5 6. 9 6 N S 

A x B x C 2. 17 2 . 7 1 4 . 0 3 N S 
A x D 3 . 7 5 2 . 7 1 4 . 0 3 0. 05 l e v e l 
B x D 1. 08 3 . 9 5 6 . 9 6 N S 
C X D 0 3 . 9 5 6. 9 6 N S 

B X C X D 5 . 0 0 3 . 9 5 6 . 9 6 0. 05 l e v e l 
A X B X D 4 . 83 2 . 7 1 4 . 0 3 0. 01 l e v e l 
A X C X D 7. 0 0 2 . 7 1 4 . 0 3 0 . 0 1 l e v e l 

A X B X C X D 7 . 9 1 2 . 7 1 4 . 0 3 0. 01 l e v e l 
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the effect of soil type on deflection, the Tukey method for determining a studentized 
range allowance for a set of means was implied (1). 

Table 4 summarizes the results of the analysis of variance of the data presented in 
Table 3. 

The statistical analysis shows that soil type, lane, and bituminous pavement thick­
ness have an effect on the deflection data. Deflections on the traffic lane were higher 
than those on the passing lane and those on thick pavement surfaces were lower than 
those on thin pavement surfaces. Deflections were shown not to be related to crafck 
frequency. 

The Tukey analysis showed that real differences exist in deflection measurements 
made on course- and fine-grained soils, but that differences between the A-1 and A-2 
were not significant or the differences between the A-4 and A-6 soils were not signifi­
cant. Deflections on A-1 and A-2 subgrades were lower than those on A-4 and A-6 
subgrades. 

The interactions shown to be significant in the analysis of variance were mostly due 
to a fairly small error mean square. This is not unusual when a large number of v^dues, 
such as in this case, are used in the analysis. 

Wheel Track Rutting Study 

During the first week of August 1959, a transverse profilometer constructed by the 
Bureau of Materials and Tests of the Indiana State Highway Department was used to 
obtain the wheel track rutting measurements at the same 48 locations used in the sur­
face deflection study. A rutting value was determined for each location by determining 
the maximum difference in elevation for that location in inches. 

Table 5 presents a summary of the wheel track rutting data. Table 6 summarizes 
the results of the analysis of variance on these data. As with the deflection data, the 
rutting data are affected by lane position and soil type but not by crack frequency. 
Higher rutting values were recorded in the traffic lane than in the passing lane. Unlike 
the deflection data, the rutting data were imaffected by pavement surface thickness. 

Tukey's method was applied in the same manner as in the deflection data in order to 
determine which soil types mig^t be significantly affecting the rutting data. Real dif­
ferences exist in rutting measurements made on A-1 subgrades and the fine-grained 
subgrades. The A-2 soU group was so variable that it could not be established as per­
forming differently from any of the three other soil groups. Thus, rutting measure­
ments of pavement built on A-1 subgrades are significantly lower than those of pavements 
on A-4 and A-6 subgrades. 

T A B L E 5 

S U M M A R Y O F I N N E R A N D O U T E R W H E E L T R A C K R U T T I N G D A T A 

R u t t i n g do'' i n . ) 
B i t u m i n o u s 

C r a c k P a v e m e n t A - 1 S o U A - 2 S o U A - 4 S o U A - 6 S o U 
F r e q u e n c y T h i c k n e s s 

( i n . ) T r a f f i c P a s s i n g T r a f f i c P a s s i n g T r a f f i c P a s s i n g T r a f f i c P a s s i n g 
L a n e L a n e L a n e L a n e L a n e L a n e L a n e L a n e 

L o w 5+ 13 11 27 22 36 33 6 2 25 229 

3 3 16 28 22 21 31 33 26 210 

5 - 40 11 44 12 44 24 53 18 246 

27 10 28 17 30 16 24 16 166 

H i g h 5+ 16 11 34 21 6 2 23 60 25 252 

12 12 33 23 38 24 31 24 197 

5 - 28 19 41 31 61 22 79 21 3 0 2 

15 14 22 26 3 5 24 40 18 194 
T o t a l IB? TBI 5̂5 m 357 157 175 T7755 

439 

851 

412 

449 

9 4 5 

496 

288 429 524 555 
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T A B L E 6 

FOUR-WAY ANALYSIS O F VARIANCE RESULTS FOR INNER AND OUTER W H E E L 
TRACK RUTTING DATA 

Source of Variance F ^0. 05 ^0.01 Significance 

Soil type, A 7. 83 2.92 4.51 0.01 level 
Lane, B 
Crack frequency, C 

34. 00 4.17 7. 56 0.01 level Lane, B 
Crack frequency, C 1. 20 4.17 7. 56 NS 
Surface thickness, D 0. 06 4.17 7. 56 NS 
Interactions: A x B 2. 00 2.92 4.51 NS 

A x C 0.84 2.92 4.51 NS 
B x C 0.19 4.17 7.56 NS 

A x B X C 1. 75 2.92 4.51 NS 
A x D 0.38 2.92 4.51 NS 
B x D 1.95 4.17 7. 56 NS 
C X D 0. 74 4.17 7. 56 NS 

B X C X D 0. 76 4.17 7. 56 NS 
A x B X D 0. 08 2.92 4.51 NS 
A X C X D 0.30 2.92 4.51 NS 

A x B x C X D 0. 86 2.92 4.51 NS 

Relationship Between Deflection and Rutting 

As can be seen by Figure 1, there is a good relationship between maximum deflec­
tion and wheel track rutting. The fitted line of Figure 1 was obtained by the method of 
least squares. It should be noted, however, 
that the points in this figure represent aver­
age values, and that the data for the A-4 
soil are erratic. 

Summary 

Concerning the cracking study, the follow­
ing summary statements are applicable: 

1. Cracking was not shown to be r e ­
lated to subgrade type. 

2. More crackingoccurredinthe traf­
fic lane than in the passing lane, no doubt 
due to heavier, and greater traffic volumes 
on the traffic lane. 

3. Bituminous pavement thickness was 
not shown to be related to cracking. 

The following statements summarize the 
surface deflection and rutting results: 

1. Subgrade type, lane, and pavement 
thickness affected the deflection data. 

2. Subgrade type and lane affected the 
rutting data. 

3. Crack frequency was not shown to be 
related to total deflection or to rutting. 

4. A direct relationship existed between 
rutting and total deflection. 

CORRELATION COEFFICICNT, ir> a60 

0 2<^ 

LEGEND 
SOIL TYPE 

0 I .2 S <» » * T 

RUTTING - TRAFFIC LANE ( I N ) 

Figure 1. Maximum deflection vs rutting. 
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L A Y E R E D SYSTEM D E F L E C T I O N STUDY 

It is significant to note the previous study indicated that no correlation existed be- i' 
tween cracking and surface deflection. Further, a correlation did exist between rutting 
and deflection and between rutting and soil type. The data suggest that surface deflec­
tion was directly related to soil type, fine-grained subgrades resulting in the highest 
deflection. Also rutting was influenced by soil type in the same manner. Thus it is 
indicated that the major portion of the rutting occurred in the subgrade itself. However, 
the probable cause of the longitudinal cracking was not apparent from the study. 

The next step in the investigation concerned the study of deflection patterns within 
the component layers of the pavement. It was hypothesized that if the deflection of each 
pavement layer was determined at all of the sites previously tested, a relationship be­
tween these deflection data and pavement cracking could be established. Through the 
use of the stress distribution theory, relative moduli values, E , could be derived from 
the deflection data. The term relative modulus is used instead of elastic modulus, in­
asmuch as the pavement structure is imperfectly elastic. It should be noted that it was 
necessary to assume that materials under the cracked pavement underwent the same 
relative changes, with time, as the materials under the pavement that did not crack. 

A scheme was devised in which the Benkelman beam was adapted to measure the 
vertical movement of steel rods referenced at the top of the different layers of the 
pavement system. This scheme (Fig. 2), used 4-in. diameter holes, with pipe casing 
and steel reference rods of varying lengths. 

It was considered impractical to install a complete set of reference rods at all 32 
sites of the previously discussed e:qperiment; therefore, only eight sites were selected. 
The tests were made at eight locations in the passing lane where the surface was ap-

°1 ̂ 1 ^ ^ 
BENKELMAN BEAM 

DEFLECTION HOLE CAP 

® ^ 1 A — ASPHALTIC yS I 
CONCRETE I n . 

B — WATER BOUND MACADAM ® 

CI 
. 5 / 8 STEEL 

ROD 

C — GRANULAR SUBBASE 
4 EXTERNAL 

DIAMETER PIPE 0 

1 7 

O— SUBGRADE EXTENSION ROD 
USED WHEN DEFLECTIONS 

ARE MEASURED 

5-0 

Figure 2, Use of Benkelman beam for layered system deflection study. 
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T A B L E 7 

DESIGN OF EXPERIMENT FOR 
L A Y E R E D SYSTEM D E F L E C T I O N STUDY* 

Station No. 

Soil 
Type Low 

Crack 
Frequency 

High 
Crack 

Frequency 

proximately 5 in. thick. Because of the 
importance of soil type, and because 
crack frequency was the factor for which 
an existing relationship was sought, these 
two factors were retained in the e3q)eri-
ment. The eight sites selected for this 
study conform to the pattern of variables 
given in Table 7. All of the field work 
was completed during the months of Sep­
tember 1960 and AprU 1961. 

Test Procedures 

Four different truck loadings were 
used: (1) 6,0001b, right rear dual wheels, 
September 1960; (2) 11, 250 lb, right rear 
dual wheels, September 1960; (3) 13, 390 
lb, right rear dual wheels, September 
1960; and (4) 12,000 lb, right rear dual 
wheels, April 1961. The testing proce­
dures were essentially the same as used 
for the surface deflection study; that is, 
the truck was backed from a distance 10 ft from the deflection pomt to a position over 
the pomt and then forward again. 

A-1 438, F-1 426, F-1 
A-2 453, F-1 460, F-1 
A-4 275, F-1 304, F-1 
A-6 349, F-1 347, F-3 

A l l measurements were made m the inner 
wheelpath of the passing lane where the b i ­
tuminous pavement was approximately 5 i n . 
thick. 

PERCENT OF APPLIED STRESS 
20 40 60 80 

Relative Moduli Values 

Relative moduli values were obtained for the subgrade, subbase, and base courses 
for six of the eight locations. These are relative values only, because they are based 
on Boussmesq stress distribution and on the deflection measurements made through 
holes cased with pipe. Relative moduli offer a means of comparing the stress-strain 
properties of one layer to another. 

It is recognized that m calculating these 
relative moduli values, application of elas­
tic theory is made to a problem involving 
the stress-displacement properties of an 
imperfectly elastic material. However, 
masmuch as the deflections dealt with in 
this study are not of the permanent type, 
but are primarily recoverable, the appli­
cation of elastic theory to this problem 
appears justified. 

Additional justification for use of the 
theoretical stress distribution computation 
to this problem is based on the fact that 
although numerical values of stress vary 
from the calculated values, the measured 
stress-depth curves are sh^ed similar to 
calculated curves (2, 3). Also changes in 
stress with depth are used m the moduli 
computations. Thus, because the meas­
ured and calculated curves have the same 
sha^e, the amount of error which is intro­
duced into the computation is minimized. 
Figure 3 illustrates the comparison of 
curves obtained by test to calculated curves. 

Considermg the magnitude of loads re ­
ceived by the average highway, the use of 

Figure 3. elastic theory in the analysis of pavement 
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T A B L E 8 

SUBGRADE MODULUS, Es, IN 1, 000 PSI 

Dual Wheel Load, (lb) 
Station 

6, 000 11, 250 13,390 

Crack 
Frequency 

Soil 
Type 

347 32.8 20.5 19. 1 High A-6 
249 26.4 27.5 19.0 Low A-6 
304 26.4 27.4 23.8 High A-4 
275 43.4 30.7 31.9 Low A-4 
460 32.8 32.5 31.9 High A-2 
453 21.7 27.4 31.9 Low A-2 
426 21.7 40.6 35.8 High A-1 
438 26.4 40.6 35.8 Low A-1 

T A B L E 9 

RESULTS OF TWO-WAY ANALYSIS OF VARIANCE OF SUBGRADE MODULI VALUES 

Source of Variance F ^0. 1 Fo.25 Significance 

Soil type, A 2.37 2. 49 1. 50 0. 25 level 
Crack frequency, B 0.33 3.07 1. 42 NS 
Interaction: A x B 1.48 2. 49 1. 50 0. 25 level 

T A B L E 10 

SUBBASE MODULUS, E2, IN 1, 000 PSI 

Station* 
Dual Wheel Load (lb) Crack Soil 

Station* 
6, 000 11, 250 13, 390 Frequency Type 

249 13.4 12.8 26.8 Low A-6 
304 13.4 12.8 13.2 High A-4 
275 10.8 14.9 13.4 Low A-4 
460 17.7 13.9 17.7 High A-2 
426 10.8 12.8 13.4 High A-1 
438 26.1 30.8 35.4 Low A-1 

^Station 3U7 and h$3 had to be eliminated from t h i s analysis because of defective hole 
ins ta l la t ion referenced on top of subbase. 

T A B L E 11 

RESULTS OF TWO-WAY ANALYSIS OF VARIANCE OF SUBBASE MODUU VALUES 

Source of Variance F ^0.1 ^0. 25 Significance 

Wheel load, C 0. 70 2.81 1. 53 NS 
Crack frequency, B 3.76 3. 18 1.46 0.1 level 
Interaction, B x C 0. 43 2.81 1. 53 NS 



73 

structures can be quite valuable, especially after the highway has been subjected to 
several years of traffic. During the past few years, several research efforts have 
produced results which point toward the concept that under any single application of a 
moving wheel load on a pavement surface, nearly elastic behavior exists (^. Deforma­
tion of the subgrades on the WASHO Road Test was elastic-like in that practically equal 
and recoverable deflections were produced by several thousand loads following the con­
ditioning period by initial loads (5). 

The equation used to compute moduli values was as follows: 

S = f F (1) 

in which 

S = vertical elastic deflection, in.; 

E = modulus of elasticity of the material (herein called relative modulus), 
psi; 

p = unit load over circular area, psi; 

a = radius of circular area, in.; and 

F = deflection factor dependent on depth and radius of contact. 

Values of deflection factor, F , can be determined for any depth or offset value using 
influence charts devel<q)ed by Foster and Ahlvin (6) from work by Newmark (7). 

Contact Pressures. — For the purpose of calculating the elastic moduli vjjues, the 
contact pressure, p, was assumed to be equal to the tire pressure. The contact area 
between the wheel and pavement was assumed to be circular. 

Test Results 

The moduli for each layer that were calculated from the September 1960 data were 
analyzed by a two-day analysis of variance. Significance of a factor was determined 
by variance ratios or " F " tests (1). Tables 8 through 13 summarize the moduli results 
and the statistical analysis. Inasmuch as the ; ^ r i l 1961 data were limited to one wheel 
load, the resulting moduli data are given in Table 14 for comparison purposes only. 

The moduli of the bituminous courses were not determined from the deflection meas-
surements because of the insensitivlty of the Benkelman beam. In many cases no de­
flection was measured within the bituminous pavement; this resulted in calculated 
moduli equal to infinity. 

T A B L E 12 

BASE COURSE MODULUS, E i , IN 1,000 PSI 

Station* 
Dual Wheel Load, 

6, 000 11, 250 

(lb) 

13,390 

Crack 
Frequency 

Sou 
Type 

249 49.7 101.2 132.0 Low A-6 
304 49.7 101.0 73.2 High A-4 
275 55.2 50.6 28.1 Low A-4 
460 27.6 65.0 47.2 High A-2 
426 55.2 50.6 69.4 High A-1 
438 17.8 24.0 47.2 Low A-1 

^Station 3U7 and U53 had to be eliminated from this analysis because of defective hole 
installation referenced on top of subbase. 
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T A B L E 13 

RESULTS OF TWO-WAY ANALYSIS O F VARIANCE OF BASE 
COURSE MODULI VALUES 

Source of Variance F Fo.25 Significance 

Wheel load, C 
Crack frequency, B 

1.07 1.56 NS Wheel load, C 
Crack frequency, B 0,06 1.46 NS 
Interaction: B x C 0.14 1.56 NS 

T A B L E 14 

COMPARISON O F F A L L AND SPRING L A Y E R DEFLECTIONS, 0.001 IN. 
12,000-LB DUAL W H E E L LOAD OR 24,000-LB A X L E LOAD 

Station 
Subgrade Subbase Base Soil 

Type 
Crack 

Frequency Station 
Fal l ^ r i n g Fal l ^ r i n g FaU Spring 

Soil 
Type 

Crack 
Frequency 

347 3.7 17.8 2.8 0.9 2.8 14.5 A-6 High 
249 4.6 11.1 3.7 9.2 1.0 2.1 A-6 Low 
304 4.6 6.3 3.7 12.8 1.0 3.2 A-4 High 
275 2.8 7.6 4.6 8.8 0.9 7.4 A-4 Low 
460 3.7 8.4 2.8 6.4 1.8 2.9 A-2 High 
453 5.6 8.5 0.0 3.7 4.6 4.5 A-2 Low 
426 5.6 9.3 4.6 5.0 0.0 4.2 A-1 High 
438 4.6 9.3 1.9 3.6 2.8 3.8 A-1 Low 

Summary 

Figures 4 through 9 summarize the relative modulus values obtained from the fall 
deflection measurements. 

No significant relationship was shown to exist between subgrade modulus values and 
crack frequency. A significant relationship between crack frequency and subbase mod­
uli was established (at the 0.1 level). It was shown that with 10 percent chance of error, 
low crack frequency areas have higher subbase modulus values than high crack fre­
quency areas. There appeared to be no relationship between crack frequency and base 
course moduli. In general, the results indicated that the base course had a higher re l ­
ative modulus than the subgrade, and the subgrade somewhat higher than the subbase. 

The springtime data were obtained only under a 12,000-lb dual wheel. It is to be 
seen in Table 14 that the macadam base course showed greater relative deflections in 
the spring than in the fall. The increase in deflection of the base at locations of high 
frequency was approximately 230 percent as contrasted to the base at low crack fre­
quency locations, 59 percent. The springtime deflections for all the pavement layers 
were greater than the fall values, the subgrade and base course showing the largest 
increases. The fall measurements indicated that the subbase contributed significantly 
to the total deflection, whereas the spring measurements indicated that the base course 
and subgrade were more significant. 
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DISCUSSION 

Deflection, Rutting and Cracking 

As shown in Table 1, pavements built over each of the four subgrade types showed 
on the average more than 100 lin ft of cracks per station. Because the subgrades 
ranged from granular materials ) A - l - a classification) to sUty clay (A-6 classification), 
it is concluded that low subgrade support was not primarily responsible for the pave­
ment cracking. 

More cracks have occurred in the traffic lane than in the passing lane suggesting a 
relationship between cracking and traffic intensity. The cracking however has pro­
gressed since first noticed in 1957 to the point where some sections of passing lane 
over all the subgrade types are beginning to show as many cracks as sections of the 
traffic lane; observation seems to indicate that the c r a c k ^ is continuing at an in­
creasing rate. 

The absence of a significant relationship between surface deflection and crack fre­
quency is perhaps the most important finding of the study. In the statistical analysis, 
the hypothesis was made that no relationship existed between crack frequency and de­
flection. This hypothesis could not be rejected even at the 0.01 or 0.05 level (Table 3). 

Surface deflection, which is the sum of the deformations that occur in all the layers 
of the pavement structure and the subgrade, is dependent on many factors. Gross 
load, tire pressures, moisture content of the subgrade, and base, density of all the 
pavement components, volume change characteristics, and the season of the year, are 
some of the important factors that affect surface deflection. For exanq>le, natural 
variation in moisture contents from one location to another could cause different de­
flections, regardless of the cracking that had occurred in the pavement surface. 

Another important result of this study is the relationship found between rutting and 
total deflection. Wheel track rutting reflects the permanent changes in elevation of 
the pavement layers and subgrade. In this case subgrade type was shown to be a sta­
tistically significant factor affecting the amount of rutting. The largest rutting values 
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were associated with the fine-grained subgrades. A good correlation was established 
between surface deflection and rutting. 

Layered System Deflections 

The deflection of a coiiq>onent layer of the pavement structure depends on the physi­
cal properties of the layer in question and on the stresses imposed upon the layer. 
Hence, it becomes necessary in the analysis of layer deflections to take into account 
the stress distribution through the pavement. Use was made of the Boussinesq solu­
tion in this analysis to calculate a relative modulus for the pavement layers. The l imi­
tations of this analysis should be recognized (that is, homogeneity, elasticity, tire 
inq)rint shape, etc.). 

Stress co^^)utations for the two- and three-layer problem have been proposed by 
Burmister (12,13) and others. However, use was made of the homogeneous problem 
in this studyTecause relative stresses at offset distance from the centerline of each 
tire of the dual wheel could readily be computed. 

Observation of the deflection data in Table 14 and the modulus conq)utations inmiedl-
ately indicate the interesting point that the deflection in the subbase was disproportion­
ately larger in many cases than the deflection in the subgrade. 

The subbase as used in this test pavement has two primary functions. First , it is 
a drainage layer which permits esc^e of water through the shoulders. Second, it is 
a transitional layer between the subgrade and base course. To fulfill this second pur­
pose, the subbase ideally must not deform as much, for the same imposed stresses as 
the subgrade. 

The subbase in this road consisted of a relatively clean, cohesionless sand. This 
satisfied the aforementioned drainage criterion; however, there was difficulty encoun­
tered in siq>porting construction traffic during construction due to the noncohesive na­
ture of the material. 

The fact that the subbase moduli were found to be related statistically to crack fre­
quency is considered to be important. Even though the relationship was statistically 
significant only at the 0.1 level, this information, coiq>led with the lack of correlation 
between cracking and the other factors (as evidenced by very low F ratios in the analy­
sis of variance concerning total deflection, subgrade modulus, and base course modu­
lus), indicates that high deformation in the subbase regardless of seasons contributed 
to the occurrence of surface cracks. However, the spring measurements showed a 
large increase in deflections on the waterbound macadam base and sizeable increases 
in the A-6 subgrades and significant increases in the other subgrade types. 

Ductility and Penetration Tests 

When the deflection holes were drilled in the test pavement, cores of the bituminous 
layers were removed. Penetration and ductility tests were made on asphalt extracted 
from these cores. The results of these tests are given in Table 15. 

It should be noted that the penetration and ductility values are the lowest for the sur­
face course and the highest for the base course due undoubtedly to oxidation of the upper 
layer. Both the penetration and ductility values are rather low, particularly for the 
surface. This reflects conditions of the surface conducive to pavement cracking. 

Evaluation of Test Pavement 

On the basis of the findings from the crack survey, surface deflection, rutting 
studies, and the layered system deflection analysis, it is believed that, regardless of 
the cause of initial cracking, greater than normal deflection in the subbase is an im­
portant factor in the progression of cracking that is occurring in the test pavement. 
This is based on the observation that areas of high crack frequency were associated 
statistically with the low values of subbase modulus and vice-versa (see Table 10) and 
crack frequency was not found to be associated with type of subgrade nor with the re la­
tive modulus values of either the subgrade or base. 

Cracking in a pavement surface can be caused by many factors including (a) shear 
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T A B L E 15 

AVERAGE D U C T I L I T Y (cms) AND PENETRATION (0.1 mm) CORE L A Y E R 

Core Component 

Crack 
Station Frequency Surface Binder Base 

Pen. Duct. Pen. Duct. Pen. Duct. 

347 High 29 8 39 22 42 34 
249 Low 27 7 30 12 35 22 
304 High 28 7 35 29 41 39 
275 Low 28 6 34 14 41 30 
460 High 33 12 40 24 41 36 
453 Low 29 7 29 9 32 14 
426 High 22 5 28 10 31 19 
438 Low 22 6 28 13 33 17 

stresses, (b) tensile stresses induced by volume changes in any of the pavement com­
ponents, (c) tensile stresses caused by deflection of the pavement structure, and (d) 
bending stresses due to repeated loads which, when few in number are not destructive, 
but when repeated in numbers commensurate with high traffic volumes can be detri­
mental. 

Shear stresses in the pavement surface can be assumed to be a major factor contri­
buting to cracking where rutting, upheaval outside the loaded area, and other perma­
nent differential settlements are evident. In the case of this road, rutting and cracking 
were found to be unrelated (Table 6). The cracks that did occur were quite smooth and 
lacked the evidence of a shear type of failure. 

Effectiveness of Evaluation Methods 

The procedures used in this study provided a basis on which to develop answers to 
the question of what was causing the cracking and rutting of the test pavement. However, 
the problem is of such complexity as to make impossible complete explanations of all 
behavior of the pavement structure. For example, if the subbase course is partly re­
sponsible for the cracking, why do not the cracks resemble map-type cracking more 
than they do? Also, if the primary cause is shrinkage, why are there so few trans­
verse cracks? Most of the initial cracks were essentially longitudinal with some of the 
latter cracks tending to be diagonal in direction. A reason for the direction of crack 
formation could not be obtained from any of the data obtained in this study and at this 
point can only be presented as conjecture. Inasmuch as one would normally expect 
shrinkage cracks to be transverse in direction as well as longitudinal and fatigue cracks 
to be "map cracking," it appears reasonable to assume a combination of causes. It is 
pertinent to note that because the heaviest loads are on tandem axles, shorter radii of 
curvature are produced in the transverse direction (across the dual wheels) than in the 
longitudinal direction. These shorter radii would cause transverse bending stresses 
greater than longitudinal stresses, thus encouraging longitudinal cracks. 

By showing that there was no relationship between total deflection and crack fre­
quency, greater emphasis is placed on the need of measuring deflections in each pave­
ment layer. 

Deflection Measurement Procedure 

The method of making the surface deflection measurements with the Benkelman 
beam differs from that used by many engineers. It is common practice to place the 
probe of the Benkelman beam between the dual wheels at a distance of 4. 5 ft under the 
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truck. The truck then pulls forward and initial and maximum dial readings are re­
corded. This puts the dual wheels initially about 3 ft from the reference feet of the 
beam. Data obtained during the surface deflection study of this report indicate that in 
most instances movement of the reference feet would have occurred if this procedure 
had been used. The procedure used in this study, wherein the dual wheel comes no 
closer to the feet than 7. 5 ft, is recommended. 

SUMMARY OF CONCLUSIONS AND R E S U L T S 

Concerning the study of the pavement reported in this paper the following conclusions 
are drawn: 

1. Total deflections, by themselves, were not effective in determining the entire 
cause of the distress. Surface deflections were correlated with rutting but no corre­
lation was found between cracking and surface deflection. 

2. Deflection measurements of the individual layers of a flexible pavement struc­
ture were useful in showing the relationship between the pavement cracking and prop­
erties of each pavement layer. 

3. Determination of relative modulus values were used satisfactorily in an evalu­
ation of the relationship of deflection of one layer to another. 

4. The procedure of backing the truck so that the dual wheel just passes over the 
probe end of the Benkelman beam was found to be preferable to the procedure where 
the truck begins only 3 ft from the reference feet of the beam. 
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Discussion 
W. H. CAMP EN, Omaha Testing Laboratories — The authors are to be commended for 
conducting an extensive investigation in a systematic manner. 

The writer has had considerable experience in conducting deflection or deformation 
tests in connection with test sections on airport runways. 

It will be noted in Figure 1 that for each load the total deformation or settlement 
can be divided into permanent deformation and elastic deformation. The permanent 
deformation represents consolidation or plastic flow in any or all of the components of 
the layered system including the subgrade. The elastic deformation or rebound is 
caused by the compressibility of entrapped air or other gases. 

The data in Table 1 show that with any one load, elastic deformation, deflection or 
rebound, whichever it is called remains practically constant when the application of 
the load is repeated. 

In discussing the p ^ r , first, the significance of the deflection test results depends 
on the age of the pavement. K the tests are made at the time of construction or soon 
thereafter, they might reveal both permanent deformation and elastic rebound. On the 
other hand, if they are made after the pavement has been in use for some time, the 
tests will indicate only elastic deformation. The reason lies in the fact that pavements 
which handle satisfactorily the loads for which they were originally designed, will be­
come truly elastic in a comparatively short time. 

The writer's second point pertains to the effects of the types of deformation. Con­
solidation or plastic flow wiU cause rutting in the traffic lanes regardless of the m^;ni-
tude of the elastic deflection but does not usually cause cracks of any kind. Cracks of 
the type that cause break-up are produced by excessive elastic deformation. The ex­
cessive deformation bends the surface beyond its flexing limits and, thus, literally 
shatters the surface. 
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TABLE 1 
EFFECT OF REPETITIVE LOADING ON ELASTICITY 

Project Layer Tested 
Plate 
Area 

(sq In.) 

Load 
Used 
(psl) 

Elastic Deformation (In ) 

Load Applications 

Omaha 12-in. sand gravel bABe 432 88 0.1475 0 1425 0 1525 0 1400 0.1475 
432 85 0.100 0 095 0 100 0 095 0 100 

12-ln. rock base 800 19 0 045 0 045 0 0475 0 0425 0 045 

3Va-lo. asphaltlc con­
800 S8 0 1225 0 1225 0 1225 0 1275 0 1275 

3Va-lo. asphaltlc con­
crete wearing surface 800 49 0.220 0 2275 0 220 0 225 0 2275 

Dubuque 12-ln subbase 432 92 0 1625 0 1675 0 170 0 170 0 1725 
800 62 0 140 0 145 0.1475 0 145 0 145 

Waterloo 8-ln. base 216 46 0.065 0 0825 0.0675 0 065 0 0675 
216 93 0 1325 0 1275 0 130 0 1375 0 1325 

v i z 

Applying the basic reactions revealed 
by deflection tests to the results obtained 
by the authors the writer comes to the fol­
lowing conclusions: 

First , that the deflections measured 
were all elastic because the highway had 
been in use for two or three years. The 
fact that the pavement continued to be of 
service even though it contained large foot­
age of longitudinal cracks shows that the 
magnitude of the elastic deformation is low. 

Second, that the rutting was caused by 
consolidation in some portion or all of the 
layered system. It is possible that the bi­
tuminous layers alone might have caused 
all of the rutting. 

Third, that the longitudinal cracks are 
not related to either consolidation or elas­
tic deformation. However, the writer has 
no e^lanation for their occurrence. 

Fourth, that the apparent correlation of rutting with the magnitude of elastic deforma­
tion is no proof that such correlation is sound for the reason that rutting is not related 
to elastic deformation. 

It is evident from the foregoing that deflection tests made after a pavement has been 
in use for a considerable time do not reveal the cause of rutting. The cause, no doubt, 
lies in consolidation. This could be proved by making density tests on the components 
of the layered system and on the subgrade, and then comparing them with densities ob­
tained at the time of construction. 

02 OJ Q4 
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Figure 1. Waterloo Airport test section, 
800 sq in. plate on top of subbase. 



THE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN­
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

ACADEMY itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap­
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
ACADEMY and the government, although the ACADEMY is not a govern­
mental agency. 

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
ACADEMY in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa­
tives nominated by the major scientific and technical societies, repre­
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY RESEARCH BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the ACADEMY-COUNCIL and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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