
Observations on Flexible Pavement 
Deflections in Mary land 
W. G. MULLEN, North Carolina State University, and 
W. R. CLINGAN and E. T. PAULIS, Maryland State Roads Commission 

Reported are observations on two phases of a long-term study 
of high-type flexible pavements in Maryland. Included are 
observations of deflection measurements using the Benkelman 
beam technique on (a) selected pavements over periods up to ten 
years and (b) one-shot fall deflection for all new pavements con
structed since 1960. Analysis of deflection distribution by mag
nitude with respect to subgrade soil type, spring and fall meas
urements, inner and outer wheelpaths and pavement thickness 
is included. Correlation is developed between deflection distri
bution by magnitude and general subgrade soil type. Significant 
differences were found between deflections of inner and outer 
wheelpaths and between spring and fall measurements by wheel
path. Relations between deflections and performance, subgrade 
moisture content and change in ADT were examined for signifi
cance. 

•BEGINNING in 1955 a cooperative research program was undertaken by the Maryland 
State Roads Commission Bureau of Research with the Bureau of Public Roads to study 
deflection behavior of selected existing flexible type pavements by utilizing the Benkelman 
beam technique that was developed during the WASHO Road Test. This work continues, 
and a progress report (1) was issued in July 1965. Previously, papers by Lee (2) in 
1956 and by Williams and Lee (3) in 1958 were published relating progress and tentative 
interpretation of results. -

In 1960 the study was expanded to include observations on newly completed flexible 
pavements in addition to the existing pavements selected in 1955. At this time the en
tire study was included as a project under the HPS-HPR program. Each year all newly 
completed flexible pavements have been added to the program so that initial deflection 
observations are available. 

In the fall of 1963, a physical sampling investigation of the pavement layers, base 
and subgrade of one of the pavements in the original study, US 40 between Frederick 
and Hagerstown, was undertaken. Results of this analysis are omitted from this paper 
in the interest of brevity. Analysis of another of these pavements, I-70S between 
Frederick and Washington, has been reported under a separate study ( 4) . 

A number of interesting findings have resulted from this study. Included are ob
servations that spring deflections are higher than fall deflections, outer wheelpath read
ings are higher than inner wheelpath readings, and most significant, for the range of 
pavement thickness encountered in Maryland, magnitude and dispersion of deflections 
fall into different categories according to subgrade soil types. Deterioration and dis
tress in a pavement are not signaled by a change in deflection magnitude, nor does 
volume of traffic have any noticeable effect upon deflection. 

Physiography 

The six physiographic provinces found in Maryland are shown on the map (Fig. 1). 
Information for the pfotting of boundaries has been obtained from Woods and Lovell (5), 
Maryland Geological Survey (§, J) and Mathews and Shirley (~). -
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Figure 1. Physiographic map of Maryiand. 

Of the six provinces, the Coastal Plain is composed of sediments deposited in deep 
layers that tilt slightly downward to the southeast. The soils of the other five provinces 
are iargely residual, having been formed from the underlying rocks. The rocks range 
in age from the Precambrian rocks of the Piedmont to the later and younger Pennsyl
vanian and Permian rocks of the coal measures in the Allegheny Mountain section of the 
Appalachian Plateau Province. 

Climate 

The mean annual temperature in Maryland varies from the upper 40' s in the western
most part of the state to the middle 50' s in the lower eastern shore. Precipitation 
averages between 40 and 45 inches. Distribution is affected somewhat by the topography 
with slight rain shadows developing east of the Allegheny Mountains of the Appalachian 
Plateau through the Ridge and Valley Sections of Allegheny and Washington Counties. 

Freezing and frost action are problems from western portions eastward through the 
Piedmont. In Frederick and Montgomery Counties, near the center of the state both 
geographically and climatically, frost penetration below pavement layers into the sub
grade has been computed to vary from 0 to 25 inches depending upon the severity of the 
weather (_i) • 

LONG TERM STUDY PAVEMENTS 

There are six highway locations included in the original extensive measurement 
category of the investigation begun in 1955. Descriptions of these pavements are given 
in Table 1, and typical pavement sections are shown in Figure 2. General layout of the 
test sites has been reported previously (2). 

The technique of the Benkelman beam-or load-deflection test is well known and in 
the tests reported here measurements were made using an 11. 2-kipwheel load with 
tires inflated to 80 psi. Maximum deflection and recovery were recorded for both inner 
and outer wheelpaths. 

A great mass of deflection data has been accumulated during the progress of the 
study which has been compiled in a separate report ~) . Reproduction of deflection 



TABLE 1 

TEST PAVEMENTS 

Length Pavement Year 
Predominant Condition and 

Highway No . Location Thickness Soils, AASHO (miles) 
(inches) 

Completed 
Class. 

Remarks, 1965 

US 40W Frederick to 16. 5 17 1947 A5, A4-7 Good 
Hagerstown 

201/.-US 40E Frederick to 12.0 1956a A5 Fair-Surface Cracking 
Ridgeville 22'/2 

l-70S (US 240) Frederick to 16 .o 15-17 1952-54 A5, A4-7 Poor-Reconstruction 
Germantown 1964-65 

US 301 (Md. 71) Md, 305 to 10. 5 15'/2 1955 A2-4 Poor-Resurfaced 1 Jn. 
Md. 300 1958-61b 

US 301 (Md. 71) Md. 300 to 4,5 151/2 1957 A2-4 Poor-Cracking, Rutting 
Black Base Unicorn Bridge 

us 15 Thurmont 4,5 22 1957 A5 Fair-Surface Treated 
Bypass 1960 

Md. 404 Queen Anne 1 s 0.5 131/2 1957 A2-4 Poor-Surface CrackingC 
Bypass 

a0pened as stage construction on surface-treated base in 1955; 71/2 in. bituminous concrete added in 1956. 
bPart of this section resurfaced in 1958, the remainder in 1961. 
cResurfaced 1 In. bituminous concrete in May 1965 during preparation of this report. 

U, S- ROUTE 40, WEST OF FREDERICK 

U. S ROUTE 40, EAST OF FREDERICK 

MD ROUTE 40'1 

iNTERSTATE ROUTE 70$, SOUTH Of FREDERICK 

U S ROUTE 15 

U. S. 301 

Figure 2. Pavement sections. 
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Def!. 
Site 
No. 

71 

48 

53 

38 

14 

14 

data here has been held to the minimum necessary for analysis, and is presented in 
Table 2. Subgrade soils have been grouped into general categories and distribution of 
deflections according to category is tabulated in Table 3 . Average daily traffic for the 
period of service for each highway is given in Table 4. 
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TABLE 2 

AVERAGE DEFLECTIONS BY HIGHWAY 

Highway 1955 1956 1957 1958 1959 1960 1961 1965 High Low Avg . No . 

Spring Deflections ( 1/1000 In.) 

US 40W 28 27 23 23 27 29 29 29 23 27 
US 40Ea (71)b 31 25 27 28 28 22 31 22 27 
I-70Sa 41 40 37 35 41 42 (24)c 42 35 39 
us 301 36 28 26 26 26 24 36 24 28 
US 301 BB 23 19 21 25 22 23 19 22 
us 15 61 64 (46)d 64 61 63 
Md . 404 24 25 24 25 24 25 

Fall Defl ections (1/1000 in . ) 

US 40W 22 22 20 23 22 24 24 20 22 
US 40Ea 26 23 21 22 26 21 23 
I-70Sa 32 29 26 32 30 30 32 26 30 
us 301 36 27 22 27 22 26 36 22 26 
US 301 BB 18 16 17 18 16 17 
us 15 59 45 (29)d 59 45 52 
Md. 404 19 19 19 19 19 

"-Data for shoulder lane only ; median. lane d:>.IA similar. 
bDeflections on surface treated base-not Included in averages. 
CDeflectlons on 'leve ling course and base or resurracrug-nol included in averages . 
dDeflectlons on surfu.ce treatment-not included In averages. 

Spring and Fall Deflections 

The d:lm. from T::.blc 2 a.re plotted in Fig-u.re 3, where the average of all spring :read
ings is compared with the average of all fall readings on a highway-by-highway basis 
for the entire period of testing. It is evident that the average of spring deflections is 
higher than the average of fall deflections for the period of testing, and, further, that 
on a year-by-year basis spring deflections are consistently higher than fall deflections. 
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Figure 3. Average spring and fall deflections, 
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Figure 4. Drainage of subgrade on US 301, fall 1955. 
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Figure 5. Spring deflection vs pavement thickness over AS subgrade. 
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This effect is fairly well documented (10) and is generally attributed to loss of support
ing value of the subgrade soil over thewinter due to moisture gain and frost action. 
Decrease of fall deflections over spring deflections, conversely, is generally attributed 
to loss of moisture during summer and recompaction or reconsolidation of the subgrade 
from traffic action. 

It is also fairly apparent that there is some difference in the magnitude of difference 
between spring and fall readings for different highways. Examination of the data does 
not reveal a correlation with climate but there seems to be a relation between the pre
dominant subgrade soil and the variation between spring and fall readings. This effect 
will be treated more extensively later. 

Distress vs Deflection 

Of the seven pavements considered in this part of the study, it may be seen in Table 1 
that there has been distress or deterioration at some stage of the history of all except 
US 40W. By and large, despite this distress, it is seen from the data in Table 2 that 
there has been no appreciable change in average annual deflection that may be attributed 
to the development of distress. 

In two cases, however, it seems apparent that the average deflections have been ap
preciably reduced by drainage and/or waterproofing of the pavement structure. In one 
of these cases, US 301, a substantial reduction of deflection followed installation of sub
grade drains at several locations in late 1955. Figure 4 shows trenching and release 
of trapped subgrade water preparatory to installation of a drain. The effect on deflec
tion of opening similar drains was also observed for US 15. 

P~wement Thkk.11ess 

Pavement thickness for the vai·ious highways included in Table 1 ranges from 131/2 
to 22% in. Comparison of total pavement thickness to average spring and fall deflection 
is inconclusive in establishing a relationship. 

However, within one soil group, A-5, it has been possible to compare changes in 
thickness to changes in spring deflection. US 40E subgrade is predominantly A- 5 silt, 
as is the major portion of the subgrade for that portion of I-70S studied. US 40E was 
originally opened to traffic over a surface treated base course and subbase. Subse
quently 71/2 in. of bituminous concrete was added in binding and wearing courses. Spring 
deflections are included in Table 2. I-70S has been resurfaced and 1965 spring readings 
were obtained after addition of a 21/2-in. leveling and binder course of bituminous con-

1· crete. 
The data for these thickness changes, plotted in Figure 5, reveal a fairly good 

straight-line relationship. An attempt to develop a similar relationship for the addition 
of an inch of resurfacing for US 301 over a sandy soil was not successful. The implica
tion here is that subgrade soil type is an important parameter influencing pavement 
deflection. It may be that deflection magnitude changes occur on sandy soils until a 
certain minimum confinement is attained and thereafter additional confinement in the 
form of added pavement thickness does not further reduce deflection. On the other hand, 
the bearing value of a silty soil is not improved by confinement in the same manner as 
a granular soil, and reduction in deflection here probably results from the increase in 
pavement stiffness with increases of thickness. 

Soil Groups 

It was possible to group the subgrade soils into three categories, sandy soils, silty 
soils, and silty clay soils. Deflection data by soil group are given in Table 3. It has 
been observed from these data that fall deflections are lower than spring deflections 
due probably to more favorable climatic and soil conditions. It may be assumed, then, 
that fall deflections are more indicative of soil and pavement properties to the exclusion 
of climatic effects than are spring deflections. For this reason fall deflections were 
analyzed according to soil groups for both inner and outer wheel paths. Results are 
plotted in Figures 6-8. 



Deflection 
Range 

(1/1000 In.) 

0-9 
10-19 
20-29 
30-39 
40-40 
50-50 
60-69 
70+ 

0-9 
10-19 
20-29 
30-39 
40-49 
50-59 
60-69 
70+ 
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TABLE 3 

DISTRIBUTION OF 1955-61 FALL DEFLECTIONS BY SOIL TYPE 

AASHO Soil Type 

A2, A3, A2-4, A4-2 Sandy Soils A4, A5 Silty Soils A7-4, A4-7 Silty-Clay Soila 

us 301 

21 
108 

26 
5 

1 
103 
74 
25 

2 

Md. 404 Total Percent US 40W 

0 1 
1 22 11 ,B 16 

24 132 70.5 69 
2 28 15 ,0 57 

5 2 ,7 24 
0 5 
0 
0 

0 
1 2 o.o 1 

22 125 53 .P 34 
4 76 33.G 39 

25 10.e 43 
2 o.o 33 

0 6 
0 9 

70 

60 

50 

+' 
'1 
Q) 
0 

40 " Q) 

"" 
" 0 .,.., 
:g 
.,.., 30 --" t; .,.., 

"' 

20 

0 10 20 

US 40E I-70S 

(a) Inner Wheelpath 

2 
58 22 

140 90 
67 96 
14 39 
3 19 

12 
5 

(b) Outer Wheelpath 

2 
62 12 

135 67 
71 102 
16 62 

6 1 
1 3 

10 

us 15 Total Percent 

3 0 , 1 
96 12 ,3 

304 39, l 
226 29.1 

84 10 . 8 
33 4 .2 
19 2.4 
13 1. 7 

2 0,3 
75 9 .0 

3 239 31 . 5 
3 215 28.3 
4 127 16 .7 
6 46 6 , I 
4 16 2 . 1 

20 39 5.1 

Sandy Soils 
A2 , A3 , A2-4 , A4- 2 
pavement t hickness 

US 40W 

13 
72 
14 
10 
1 
1 

4 
57 
29 
12 
a 
2 

13 1/ 2 - 15 1/2 inches 
Whee l load 11. 2 K 

Inner wheel path 

Modal 25 
Med. 26 
Mean 25. 4 

s 6 . 1 
v 24 

wheel path 

Modal 28 
Med. 28 
Mean 30. 2 

s 7 . 3 
v 24 

30 40 50 60 

Deflection (1/1000 in.) 

Figure 6, Fal I deflection distribution for sandy soi Is. 

I-70S Total Percent 

13 B.B 
7 79 53 . 7 

25 39 26. 5 
4 14 9.5 

1 0. 7 
0. 7 
0 
0 

4 2 . 7 
1 56 39 , 2 

23 52 35 . 1 
11 23 15 , 1 

1 9 6 . 1 
2 L•I 

0 
0 
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Figure 7. Fall deflection distribution for silty soils. 
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Year 

1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
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1961 
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7. 5 K wheel load 

12" pavement; A2, A3 Sandy Soils 
17" pa.vement; A6, A7 Silty Clay Soils 

30 

15"-17" pavement; A4 , A5, 
Silty Soils 

4o 50 60 

Deflection (1/1000 in.) 

Figure 9. North Carolina deflection data, after Hicks (!!_). 

TABLE 4 

AVERAGE DAILY TRAFFIC 

US 40W US 40E I-70S us 301 US 301 BB us 15 Md. 404 

3000 
3400 
3800 
4300 
5200 
6000 400 
6400 4100 
6800 4900 
7200 6600 5200 
7700 7600 5400 3300 
7800 7300 6200 3900 3400 1800 1800 
8100 7900 6600 2800 2700 2600 1800 
8400 8700 7000 3000 2800 3300 2000 
8900 9400 8000 3600 3400 4700 3600 
9600 9600 8300 3900 3800 4700 3800 

10700 10300 9500 4700 3900 4700 3400 
11100 10400 11100 5300 4000 4600 3600 
11800 9800 11400 3700 2700 4900 3100 
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TABLE 

FALL DEFLECTIONS BY son. 

AAS HO 

A2, A3, A2-4, A4-2 Sandy Soils A4, A5 Silty Soils 

Category Inner Wheelpath Outer Wheelpath Inner Wheelpath Outer Wheelpath 
Avg . Cum . Avg . 

Fre- Percent Fre- P ercent Percent Percent Fre- Percent Fre- Percent Percent 
quency quency quency quency 

Deflection Range 
(1/1000 In . ): 

0-9 6 0 . 9 2 0 . 3 0.6 0 . 6 4 1.8 2 0 . 9 1 . 4 
10-19 271 39 . 0 170 25 .9 32.4 33 .0 65 29 . G 36 16 . 6 23.1 
20-29 332 47 .6 310 47 .2 47 .5 60 .5 62 37.4 60 36 . 9 37 . 2 
30-39 66 9 . 4 128 19.4 14 . 4 94 .9 44 20 ,0 55 25,3 22 . 7 
40-49 20 2,8 39 6,0 4 . 4 99. S 15 6,8 26 12.0 9 . 4 
50-59 1 0 . 1 8 1.2 0.6 100 10 4, 5 18 8.3 6.4 
80-69 0 0 0 0 0 0 0 0 0 0 

Statistics: 

No., n 696 657 220 217 
Mean, X 22. 5 25.D 26.4 30,6 
Median, 'X. med. 21.4 24.8 25 ,0 28.9 
Modal, 'X mod, 21. 8 22 , 4 24 , 4 26. 5 
Est. S 7 .o 8.1 11 , 1 12,4 
Coef. Var. V % 33 , 7 31 . ~ 42.0 40. 5 

It is observed from these figures that outer wheelpath readings are different from 
the inner wheel path deflections for each soil. The outer wheel path determinations ex
hibit more dispersion, and higher mean, median and modal values than for the inner 
wheelpath. The outer wheelpath is at the lower edge of the pavement for subgrade 
drainage purposes and the subgrade has a lesser degree of confinement than does that 
under the inner wheel path. It may be that a higher moisture content exists in the sub
grade under the outer wheelpath to account for some of the deflection dispersion and the 
difference in confinement may be another contributing factor. 

Of particular interest is the characteristic shape assumed by the two frequency dis
tribution curves for each soil group. The sandy soils are basically from the Coastal 
Plain, the silty soils from the Piedmont, and the silty-clay soils are residual soils 
formed from limestones of Frederick Valley of the Triassic Lowland and the limestones 
of Hagerstown Valley. It is also interesting to note that the silty-clays exhibit the low
est mean value, the sandy soils next lowest and the silty soils have the highest mean 
and the greatest dispersion. The outer and inner wheel path distributions are more 
nearly alike for the silty soil than for the other two soil groups. 

The three plots, Figures 6-8,. would tend to demonstrate that, for the range of pave
ment thicknesses tested, soil type has the greatest influence on pavement deflection of 
all the variables considered. 

The silty- clays when undisturbed are blocky in structure and well drained. When 
this soil is compacted at optimum moisture content over a fairly well drained subsoil, 
it is relatively impermeable, and, therefore, it is not highly susceptible to moisture 
changes and to frost action. 

Silty soils are compressible and are highly susceptible to moisture changes and to 
frost action. These properties probably account for the wide dispersion of deflection 
values for these soils. 

Sandy soils when confined exhibit good bearing qualities, are fairly well drained, are 
relatively insensitive to changes in moisture content and are almost entirely free of 
fro8L 8Usceptibility. These observations seem to be confirmed by the narrow dispersion 
exhibited in the plot of deflection data for these soils. 

Corroboration for the observance of differences in deflection distribution for differ
ent soil groups is found in work reported by Hicks (11). Figure 9 is a plot from his 
data illustrating the difference between Piedmont soils and Coastal Plain soils for North 
Carolina. 
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TYPES-NEW PAVEMENTS 

Soil Type 

A4-7, A7-4 Silty-Clay Soils A6 1 A7 Clayey Soils 

Inner Wheelpath Outer Wheelp3.th Inner Wheelpath Outer Wheelpath 
Cum , Avg. Cum. Avg. Cum . 

Percent Fre- Percent Fa·e· Percent Percent Percent f ro- Percent Fre- Percent Percent Per cent 
quency quonc.y QUDDCY quency 

1.4 41 8.8 14 3. l 6 .0 6,0 17 11.4 4 2 .8 7 .1 7 . I 
24 . 5 228 48 , 7 201 45.3 47 .0 ·53 .0 42 28 , 2 42 29.9 29.1 36 . 2 
61. 7 133 28 . 4 160 36. l 32 .3 85.3 62 41. 7 58 41.3 41.5 77 . 7 
84.4 39 8.4 54 12 . 1 10.3 95. 6 22 14.8 26 18.3 16.6 94. 3 
93.8 20 4.2 12 2.6 3.4 99.0 4 2. 6 10 7.0 4.8 99.1 

100 7 1.5 4 0.8 1.1 100 2 1. 3 1 0. 7 1.0 100 
0 0 0 0 0 0 0 0 0 0 

468 445 149 141 
20.5 21.9 22.3 24.9 
18 . 5 20 . 4 22.6 24.1 
15 . 5 20 .6 22. 5 22.3 
10 . 1 8. 9 10 . 2 9. 7 
49.3 40 .G 45 . 7 39.0 

Traffic 

Average daily traffic history for each of the test pavements is found in Table 4. It 
is evident that traffic has increased yearly for all of the highways except US 301 and 
US 301 BB where the opening of an alternate north-south route through the state has 
caused at least a temporary decrease in ADT. 

Despite the changes in ADT, deflection averages have not changed significantly for 
the duration of these observations, and it seems at this time that traffic volume cannot 
be counted as a major variable affecting pavement deflection. 

NEW PAVEMENTS 

Beginning in 1960, as new pavements have been constructed, initial fall deflection 
readings have been obtained. An analysis of the deflection data obtained on these newer 
pavements tends to supplement and to confirm the findings from the analysis of the long
term study pavements. 

An attempt has been made to include in the analysis all pavements for which data 
exist. However, a few have been excluded because the subgrade soil type varied widely 
within the project. When the highways were subdivided by soil groupings, a grouping 
of clayey soils (A-6, A-7) appeared that was not present for the analysis of the long
term study pavements. 

Statistical methods used in this report are discussed in the Appendix. Data are given 
in Table 5. 

Results and Discussion 

The results obtained from an analysis of the deflection data from these newer pave
ments tend to corroborate the results from the deflection studies of the long-term study 
pavements. Figures 10 through 13 and a rejection of the null hypothesis (see Appendix) 
show that outer wheel path deflections are greater than those for the inner wheelpath. 
The test of the null hypothesis is a means of measuring the difference, if any, of two 
sets of data. Two factors that may influence this difference are the confinement of the 
subgrade under the inner wheelpath as opposed to the relative "unconfinement" of the 
subgrade under the outer wheelpath and the lower elevation of the outer wheelpath that 
places it in a position to collect more subgrade moisture. From Table 5 it may be seen 
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Figure 10. Fall deflection distriblltion for sandy sails, new pavements. 
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Figure 12. Fall deflection distribution for silty-clay soils, new pavements. 
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that the greatest difference in the mean deflection between the inner and outer wheel
paths occurs in silty soils. The fact that silt is the soil 'included here that tends to be 
the most sensitive to moisture change and also most susceptible to frost heaving prob
ably contributes to the relatively higher outer wheel path deflections. 

From Figures 14 and 15 and Table 5, it may be seen that pavement deflections range 
from low to high as the subgrade material ranges from silty-clays through sandy and 
clayey soils to silt, essentially the same effect observed in the analysis of the long-term 
study pavements. • 

Also noted is the peakedness of the distribution curve for sandy soils in Figure 10 
together with the standard deviation and coefficient of va.riation in Table 5. These data 
tend to support the contention that sand should be less susceptible to changes in climatic 
conditions or pavement thickness than silt. The same contention may be made for clay 
and for silty-clay but to a lesser degree. The peakedness of the curve also indicates 
that the deflection of a flexible pavement over a sandy subgrade may be anticipated with 
a greater degree of confidence than the deflection of a pavement over a silty subgrade. 
Again, this observation may be made for pavements over silty-clay or clay subgrades 
but with a lesser degree of confidence than for pavements over subgrades. 

SUMMARY 

For the range of pavement thicknesses encountered in Maryland among both long
term study pavements and newly constructed pavements, it may be assumed with rea
sonable confidence that subgrade soil type is a major factor influencing the magnitude 
and range of deflections. Further, the deflection magnitude and dispersion is greater 
for the outer wheelpath than for the inner wheelpath for a given pavement thickness and 
subgrade soil type. 

For the long-term study pavements, it was found that spring deflections are higher 
and more dispersed than fall deflections for the same wheelpath. Also, deflections 
have not been measurably affected by increase in ADT, nor has onset of distress been 
signaled by a change in deflections. An apparent inverse proportion has been observed 
between total pavement thickness and deflection magnitude for pavements over an A-5 
sub grade, but this has not been observed for any other subgrade soil type. Finally, 
deflections have been significantly decreased in magnitude where a known wet subgrade 
has been drained. 
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Appendix 

STATISTICAL METHODS 

We usually perform statistical analvsis uoon data in order to learn somethinll about 
the broader field which the data represent. -The techniques of statistical analysis are 
such that we may, with a stated degree of confidence, generalize from what is found in 
the figures at hand to the wider phenomenon which they represent. In technical lan
guage, we regard a set of data as a sample drawn for a larger universe. After the 
sample has been studied, the question arises as to what conclusions may be drawn con
cerning this univer se. 

The process by which, on the basis of samples, we draw a conclusion about the uni
verse from which the sample is taken is called inference. Thus, statistical inference 
is always a conclusion concerning the value of the statistical measures describing the 
data of the universe-the mean, the standard deviation, and the like. Whatever the 
specific problem, a statistical inference is a judgment of one sort or another about the 
values of certain measures which describe the universe in the same way that similar 
measures describe the sample. 

A measure of the central tenden~y or the tenden~y of a set of data to e;roup about a 
particular value in the form of a bell-shaped curve is often useful. There are three 
commonly used methods of measurement, and all three are given in the statistical data 
presented in this report. The most frequently used measurement of central tendency is 
the mean (X). This is the arithmetic mean or average. There is one disadvantage in 
that if there exist in the data some extreme values the calculated mean may not be in
dicative of the data. Two other measurements of central tendency are the median and 
the mode . The median (X med.) is the middle value of the data and the mode (X mod.) 
is that value which occurs most frequently . As the frequency distribution curve ap
poaches a normal curve, the mean, median, and mode approach the same value. 

Other statistical measurements used in this report were the standard deviation (S) 
and the coefficient of variation (V) . These are both measures of the dispersion of a 
group of data. The coefficient of variation is the standard deviation divided by the mean 
and multiplied by 100 or, in other words, it is the standard deviation expressed as a 
percentage of the mean. As an example of the usefulness of the standard deviation, 
certain statements may be made concerning those frequency distributions which are 
approximately normal: 50 percent of the data will fall within the range of X ± 0. 6745 S, 
68. 3 percent will be included by X ± 1. 0 S, and 95. 5 percent of the values will be in the 
range of X ± 2 . 0 S. 
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In the study of engineering problems we are often concerned with the comparison of 
two or more groups of figures. The more complex forms of investigation will be ignored 
and the relatively simple technique of comparing the means of two sets of data will be 
utilized. In comparing two means, the basic question is whether the differences which 
appear in the actual data may be considered significant or not. The general method for 
dealing with such a problem is the test of the null hypothesis. 

The question of whether the observed difference between the means of two groups of 
data is significant or not refers to the character of the two universes from which the 
respective sections of the data have been drawn. If the difference in the sample means 
is so great as to lead us to conclude that the means of the two universes are not equal, 
we say that the observed difference is significant. If, in contrast, the sample means 
are so close together that such a conclusion cannot be drawn (that is, that the means of 
the two universes are equal), we say that the observed difference is not significant. The 
whole problem of making such a test is referred to as one of "significant differences." 

The null hypothesis-that the mean of the differences distribution of many pairs of 
samples is zero-tests the question of whether the difference between two sets of data 
is significant or not. Based on the properties of the normal distribution, when dealing 
with large samples (n > 30), the two samples are examined for differences of the means 
that are great enough to discredit the null hypothesis. The characteristics of the data 
used to evaluate this hypothesis are X and S. 

Example: Sample 1 Sample 2 

x 100 80 
s 8 6 
n 64 49 

1. a2 s~ s2 
XI - X2 

d - 0 + ---3. 2. d 3 . z d nl n2 ad 
82 62 d 100 - 80 20 - 0 2 z ad 64 + 49 d 20 = 1.32 

a2 
d 1 + 0.735 z = 15 

ad 1. 32 

At a 99 percent confidence level, Z = 2. 33. Therefore, reject the null hypothesis. 
Using the procedure in the example and the data for the standard deviation Sand the 

mean X (from Table 7, Ref. .!_, p. 34), the following values for Z and P are obtained: 

Soil z p 
-

Sandy 7.94 0 . 999 
Silty 3.72 0 . 999 
Silty-Clay 2.22 0.987 
Clayey 2.27 0.988 

Z is a measure of the difference in the means of the inner and outer wheelpaths for a 
soil type, and P is the probability that the difference found is a significant difference 
and not a difference which may have occurred by chance. As can be seen by the high 
values of P, there is an extremely small probability that the observed difference oc
curred by chance. Instead, this shows there is a significant difference between the de
flection readings obtained for the inner wheelpath and those obtained for the outer 
wheelpath, thereby supporting the conclusion of higher deflections being obtained in the 
outer wheelpath than in the inner wheelpath. 
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Discussion 

F. P. NICHOLS, JR., Assistant Engineering Director, National Crushed Stone Asso
ciation-The authors should be complimented on their fine paper. The statistical infer
ences they have drawn from their accumulated mass of deflection data in Maryland gen
erally support the inferences drawn in neighboring Virginia and reported here three 
years ago (12). I refer particularly to the importance of the soil area, the major in
fluence of subgrade soil type on deflection values, and the relatively minor influence of 
base type and thickness within a given soil area. 

The Benkelman beam seems to be getting wider and wider use as an indicator of flex
ible pavement performance. Besides this paper, four others scheduled in a Mainten
ance Department session (13) describe uses of the Benkelman beam or advocate the use 
of even quicker test methods because of reasonably close correlations between results 
on the same pavements by both methods. The beam is a useful tool, but like most tools 
it can be misused or its results may be misinterpreted. An intelligent appraisal of test 
data is essential. 

To begin with, corrections must be made for errors which may creep into the results 
of tests performed by either the WASHO or the rebound method. When the pavement to 
be tested has appreciable slab strength because of a particularly stiff base, such as 
one stabilized with cement or asphalt, there is usually some movement of one or both 
of the datum beam's support legs during the course of a test. Uncorrected, this move
ment might lead to an appreciable overestimate of the true deflection value in the WASHO 
method, or some underestimate in the rebound method. 

The Canadian Good Roads Association has published (14) a standard test procedure 
by which ii is possible to obtaii1 the correct value of total rebound deflection regardless 
of possible slight movement of the front support legs. Three dial readings are recorded: 
(a) an initial reading when the load is directly over the probe, (b) an intermediate read
ing with the load stopped at a point 8 ft 10 in. beyond the probe, and (c) a final reading 
after the load has passed completely out of range. The apparent, or uncorrected re
bound value, XA, is twice the difference between readings (a) and (c). The support leg 
movement, Y, is essentially equal to twice the difference between readings (b) and (c). 
From the geometry of the device it is determined that the true rebound value, XT, may 
be computed thus: 

Though the support leg movement Y is usually quite small, if indeed there is any at all, 
the value of 2. 91 by which it must be multipled makes the correction of significant im
portance in preventing overestimates of the strength of pavements with stabilized base 
layers. 

Finally, even if all corrections are made there is still danger of misinterpreting the 
importance of low deflections on certain pavements. For example, a comparison may 
be cited between corrected rebound deflection values from a 9000-lb wheel load on two 
typical Virginia pavements. The first has been carrying traffic, which now includes 
over 500 trailer trucks and buses daily in one direction, without appreciable service
ability loss since late in 1961. Its design included the following: 

Asphaltic concrete binder and surface 
Dense graded crushed granite 
Granular soil borrow, CBR 20 
Cement treated subgrade 

Total 

4. 5 in. 
6.0 in. 
6. 5 in. 
6.0 in. 

23.0 in. 

Average rebound deilection values measured in three successive years during the spring 
thaw period on the above pavement were: 



1963 
1964 
1965 

0.044 in. 
0.041 in. 
0.044 in. 
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The second pavement was designed to provide economical service on a very lightly 
traveled primary highway carrying only 8 or 10 heavy vehicles per day, and seems to 
be fulfilling its purpose, though now only in its second winter. Its design includes only: 

A triple surface treatment 
Roadside borrow (A-4) stabilized with cement 
Cement-treated subgrade 

1 in. ± 
5 in. 
7 in. 

13 in. 

Rebound deflection values measured soon after construction and again the following 
spring have averaged: 

Fall 1964 
Spring 1965 

0. 015 in. 
0.027in. 

Which of the above examples is the stronger? Which would withstand the greatest 
number of repetitions of the maximum legal axle load? On the basis of deflection alone, 
one would have to say that the somewhat more rigid but definitely more brittle soil 
cement is the stronger . But experience and common sense should say that the better 
balanced, more flexible design of the first example should be the most serviceable, in 
the truest sense of the word. These examples are cited just to point out the limitations 
of the Benkelman beam in assaying composite strength. 
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W. G. MULLEN, Closure-The prepared discussion by Mr. Nichols is appreciated, 
and the point he raised with respect to the rebound interpretation is indeed significant. 
Though it is not stated in our paper, both initial deflections and rebound recoveries were 
recorded and due cognizance was taken of these values in analysis of the Maryland data. 

With reference to the example of layer design vs deflection that Mr. Ni,chols cites, 
we would agree that in our experience deflection was not relatable to performance, nor 
was change in deflection related to change in performance. Our major finding was that 
deflection seems to be related to subgrade soil type for the pavements encountered in 
Maryland. 




