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By W S HouseL

Research Consultant, Michigan State Hsghway Department
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SYNOPSIS

Within the past year or two there has been a greatly increased interest i load
tests as a means of measuring the bearing capacity of flexible surfaces Perhaps
the most potent factor in this devclopment 1s the large airport construction
program that has played such an important part in national defense The, demand
for surfaced all-weather runways capable of supporting airplane loads substantially
greater than present-day highway loads has made the rational désign of such
surfaces a particularly pressing problem The cost of the comparatively large
yardages of paving involved has necessitated the use of the lower cost surfaces
of the flexible type wherever possible in the place of the higher type of rigid
pavement

This paper presents the analysis of some of the data obtained from an investi-
gation of load tests on flexible surfaces conducted by the Michigan State Highway
Department 1n 1937 After completion of the field testing program and analysis
of the load tests a program of investigation in the laboratory was undertaken for
the purpose of correlating bearing capacity as measured under field conditions with
physical tests which might be conducted in the laboratory and ultimately serve
as a basis of designing such flexible surfaces 1in advance of their construction
These laboratory tests included particularly the stabilometer test and transverse
shear test, both of which requred a considerable amount of experimentation
in developing procedures adaptable to the problem at hand

The field investigation has indicated quite clearly that the problem of measuring
the bearing capacity of flexible surfaces 1s considerably more complex than 1n
the case of bullding foundations excepting, of course, obviously non-umform soil
deposits It appears that variations in thickness and consolidation of gravel
bases and surface courses under ordinary construction methods are considerably
larger and certamnly more critical than those usually encountered n natural soil
deposits. Flexible surfaces are comparatively thin with an abrupt change m
physical properties from those of the subgrade involving discontinuities which
are not ordinarily encountered All of these conditions have combined to create
a situation that has proved to be particularly perplexing and which yields
experimental data very difficult to analyze

The following individual factors in the problem are reviewed and discussed
mn the paper (1) Load Test Results, (2) Bearmg Capacity Relations, (3) Soil
Resistance Coefficients, (4) Determination of Yield Values by Time-Settlement
Relations, (5) Analysis of Load Tests for a Flexible Surface, (6) Analysis of
Results by the Yield Value Method, and (7) Correlation of Field and Labora-
tory Tests

Although load tests appear to be fundamentally sound some special elements
are mnvolved which require consideration In the case of pavements greater
duplication of test results 1s required to obtain representative values than in the
case of building foundations

Either one of two methods of analyzing load tests may be used with consistent
results The bearing-capacity-limit may be determmed by soil-resistance coeffi-
cients developed n connection with building foundations, or the yield value for
each individual test may be evaluated from variation in the rate of settlement
for the various load increments

The most important conclusion of immediate practical importance 1s that rigid
bearing areas produce secondary dimensional effects of such a high order of
magmtude that they must be eliminated to obtain reliable results in the case of
flexible paving surfaces It 1s, therefore, recommended that immediate considera-
tion be given to the design of the most practical flexible loading device
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It 1s evident from a review of published
information and from discussions at the
various meetings that our knowledge of
the structural behavior of flexible surfaces
1s madequate i several important re-
spects There has not yet been accumu-
lated enough experimental data to make
it possible to isolate all of the responsible
factors and determine their relative im-
portance It is interesting to note, how-
ever, that when faced with the immediate
and urgent need for a basis of determin-
ing the supporting capacity of flexible sur-
faces the almost unammous chowce of
mvestigators has been to attempt to mea-
sure capacity by some form of direct load
tests. Tentative research programs have,
of course, included supplementary tests
and several other ramifications of the
problem but load tests appeared to be the
most direct method of approach holding
promise of more immediate results.

Load tests have been used successfully
as a means of determining the bearing
capacity of bulding foundations but
nevertheless there has always been con-
siderable controversy concerming the
analysis and iterpretation of the data.
At first thought it might appear that the
procedures successfully used in connec-
tion with building foundations could be
applied to flexible surfaces with little diffi-
culty. One might expect, for example, to
encounter less variation in the constructed
surfaces and prepared subgrades than
would be encountered in natural soil
deposits.

Working on this assumption the writer
several years ago formulated a rather
comprehensive investigation of load tests
on flexible surfaces which was subse-
quently undertaken by the Michigan State
Highway Department After completion
of the field testing program and analysis
of the load tests a program of investiga-
tion m the laboratory was undertaken for
the purpose of correlating bearing capacity
as measured under field conditions with
physical tests which might be conducted
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in the laboratory and ultimately serve as
a basis of designing such flexible surfaces
m advance of their construction. These
laboratory”tests included particularly the
stabilometer test and transverse shear test,
both of which required a considerable
amount of experimentation in developing
procedures adaptable to the problem at
hand. ,

This program has been carried on dur-
g the past four jears and some value
has been derived from it but nevertheless
it has not been successfully concluded
Many unanticipated experimental difficul-
ties have been encountered and results
have in general been inconclusive The
writer has felt, however, that the methods
of attacking the problem have been sound
and rather than bemng discouraged is
mainly concerned at this time that others
who are attempting to use similar methods
will encounter similar difficulties and con-
clude that load tests and their correlation
with laboratory tests 1s a hopeless task.

Feeling that the ultimate solution of the
problem can only be accomplished by actu-
ally measuring capacity under field condi-
tions and then correlating these data with
appropriate laboratory tests, it becomes
particularly important to forestall the real
danger that exists of load tests falling
mto disrepute even though they are funda-
mentally sound

The investigation conducted by the
Michigan State Highway Department has
indicated quite clearly that the problem of
measuring the bearing capacity of flexible
surfaces 1s considerably more complex
than in the case of building foundations
excepting, of course, obviously non-um-
form soil deposits. It appears that varia-
tions in thickness and consolidation of
gravel bases and surface courses under
ordinary construction methods are con-
siderably larger and certainly more critical
than those usually encountered in natural
so1l deposits. Flexible surfaces are com-
paratively thin with an abrupt change in
physical properties from those of, the sub-
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grade involving discontinuities which are
not ordinarily encountered. All of these
conditions have combined to create a situ-
ation that has proved to be particularly
perplexing and which yields experimental
data very difficult to analyze

The presentation of some of these data
and their analysis is no more than a prog-
ress report and 1s done at this time in the
hope of promoting a better understanding
of the physical rélationships involved. If
successful results are to be obtained there
is necessity for more comprehenstve tests
and greater care and accuracy in observa-
tion and analysis than many may have
anticipated. It also appears that some
revision of previous methods of procedure
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ing capacity independently of the pave-
ment surface and tests were also made to
establish the bearing capacity of thg sand
subgrades

The various test series are identified as
shown 1n Table 1 with independent tests
being conducted to measure the capacity
of each element of the surface including
the complete pavement structure, the
gravel base and the subgrade Three loca-
tions were tested with different subgrade
conditions including a clay fill, a clay cut,
and a sand cut. A total of 33 load tests
were made with considerable duplication
of results and a large number of supple-
mentary tests to determine gradation,
density, moisture content and other char-

TABLE 1
IDENTIFICATION OF TEST SERIES
e Logeon Type of test e Rt
1 1 Pavement surface Clay fill 1,2, 3,13, 14, 15
2 2 Pavement surface Clay cut 4,5,6,7, 11
3 2 Gravel base Clay cut 8,9, 10, 12
4 3 Pavement surface Sand cut 16, 17, 18, 22
5 3 Gravel base Sand cut 19, 20, 21, 33
6 3 Subgrade unconfined Sand cut 23, 24, 25, 26, 27, 31
7 3 Subgrade confined Sand cut 28, 29, 30, 32

may be required to measure properly some
variable factors that control the structural
behavior of flexible surfaces.

LOAD TEST RESULTS

The experiments conducted by the
Michigan State Highway Department in
1937 included tests on a gravel base and
bituminous surface on both plastic clay
subgrades and sand subgrades. They
were made on circular bearing areas of
three different sizes varying from 50 to
150 sq. in., all tests being carried to com-
plete destruction of the surfaces. The in-
vestigation was carried out during the
spring “breakup” period when the sub-
grades would be in their weakest condi-
tion. Shearing resistance tests of the clay
subgrade were made to determin : its bear-

acteristics of all materials involved were
made

Procedures used in making the tests
and analyzing the results follow those
developed in connection with building
foundations and have been described in
considerable detail in other publications.
The loads were applied by means of a
hydraulic jack reacting against a heavy
duty platform trailer loaded with pig 1ron
Load increments of approximately 20 Ib.
per sq. in. were apphed every half hour
A continuous record of settlement was
obtained by measurements made immedi-
ately before and after each load increment
and at intervening time periods.

For the purpose of this report the re-
sults of only one typical test series will be
discussed, that being Series No. 1 made
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on the pavement surface over the clay fill
subgrade Data for Series No. 1 are
shown 1n Table 2 and Figure 1.

There was considerable varation in
thickness of the various elements of the
pavement surface In this connection it
should be kept in mind that this road was
not built as an 1dealized test section but
included all of the variation that would
be found in normal grading operations
and road mix construction The bitu-
mnous surface varied in thickness from
27 to 40 in, the gravel base from 4 5 to
6.0, and the total thickness from 7.5 to
9.0in.

The density of the compacted paving
materials was determined from undis-
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pressure is equal to four times the shear-
ing resistance this clay subgrade should
sustain a pressure of 18 Ib per sq m
without progressive displacement,

The corrected load-settlement diagrams
for Series No. 1 are shown 1n Figure 1 in
which the total applied pressure in pounds
per square inch 1s plotted for settlements
up to 3 in. The pavement thicknesses at
each test location are shown on the right-
hand margin Duplicate tests were made
on the 50-sq. in plate and triplicate tests
on the 150-sq. 1n. plate. The original tests
are shown by dashed curves, while the
average results for each size of plate are
shown by heavy full lines.

The variation in bearing capacity with

TABLE 2
DaTA ForR TEST SERIES No 1
i Thickness

Test Area 3. Bearing Settlement

) ] No sq n ol Gravel Total A capacity A
&S| S agg

ol 5 ;
Z512 @ 1 50 40 45 85 0501 | 160-196 077
§2lgEl 14 50 27 60 817 0501 | 170-206 | 0 49
SE|C E 2 100 30 50 80 0 354 108-164 0.42
8 b2 3 150 30 45 75 0 289 80 075
=5 & 13 150 27 50 77 0 289 88-128 0 44

15 150 30 60 ,90 0 282 926 0 64

turbed samples taken from the completed
roadway. The bituminous mixture was a
dense-graded oil aggregate using a slow-
curing asphaltic o1l and 1ts density 1n place
varied from 140.5 to 147 1 with an aver-
age of 1427 1b. per cu. ft. The gravel
used in the base conformed to standard
highway specifications carrying approxi-
mately 9 per cent of clay and silt for
binder and 1its compacted density includ-
mmg 39 per cent moisture varied from
142 7 to 151 7 with an average of 147.01b
per cu, ft.

Samples of the clay subgrade were
taken over the entire area covered by the
tests The shearing resistance varied from
3.5 to 5.5 with an average of 4.5 1b. per
sq. in. On the basis that the developed

5

the size of bearing area is 1n general agree-
ment with previous load test results in
that for any specific settlement the smaller
plates carry the greater pressure. This is
clearly shown by the average curves but
the variation 1n results of duplicate tests
on one size of area gives evidence of 1r-
regularities that may be very difficult to
evaluate. This wide variation does not
mean, however, that the results are erro-
neous as it may very logically be due to the
variation in thickness, density and stabulity
of the surface mixtures, subgrade bearing
capacity, or any combmation of these
factors

To obtain consistent results with such
variations 1t becomes obvious that any
analysis based on the dimensional proper-
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ties of the loaded area must include suffi-
cient duplication of results to obtain aver-
age load-settlement relations for each size
of area It 1s doubtful whether there are
enough tests 1n the data shown in Figure 1
to meet this requirement On the other
hand, the time and expense involved in
such tests may make a sufficiently large
number of tests prohibitive as routine

DESIGN

made and the results appeared to be capa-
ble of interpretation with certain limita-
tions that will be pointed out

BEARING CAPACITY RELATIONS

It 1s first necessary, however, to review
briefly the method of analysis that has
been developed and used successfully n
connection with building foundations
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Figure 1. Load Test Results

testing procedure This 1s a situation that
must be faced as an obstacle to be met as
part of the problem. It 1s not, however, a
fundamental weakness in load test pro-
cedure but 1s due rather to the inherent
irregularities in the materials involved. If
the problem 1s to be mastered enough data
must be obtaned, otherwise the attempt
should be abandoned. Realizing that the
data may be deficient, analysis of the load-
settlement curves in Figure 1 has been

The problem involves the three variable
factors of load, settlement, and size of
bearing area.

In order to determine the variation in
bearmng capacity with the size of the
loaded area, the loads carried at different
amounts of settlement are read from the
corrected load-settlement diagrams. An
equation expressing this vanation has
been determuned by statistical methods
The analyses of some 15 series of bearing
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capacity tests has indicated that a lnear
relation between load and perimeter-area
ratio, 1s most satisfactory m reproducing
such experimental observations

Such a linear equation has been formu-
lated on the basis that the total load car-
ried by any given bearing area may be
expressed as the combined effect of two
stress reactions which have been desig-
nated as perimeter shear and developed
pressure.

This equation 1s as follows -
W=mP-+nA

in which W =total load m pounds

m=perimeter shear in pounds
per hneal foot of perime-
ter

n=developed pressure 1
pounds per square foot

P =perimeter n feet

A =area 1n square feet

Figure 2 illustrates the conditions un-
der which these stress reactions develop
support for the loaded area The zone
which enters into the support of the bear-
ing area has been commonly referred to
as the compression cone. This region has
been further divided by designating that
portion mmmediately under the bearing
area as the central column. As the bear-
ing area is loaded some of the load is
distributed by shearing resistance on the
perimeter surfaces to that portion of the
compression cone surrounding the central
column. It 1s the accumulation of the
shearing resistance acting on the boundary
surface which gives rise to the boundary
stress reaction which has been designated
as perimeter shear Up to the present
time the distribution of this shearing re-
sistance with the depth has not been deter-
mined. Consequently, this source of re-
sistance 1s included 1n the equation for
bearing capacity as a concentrated force
acting along the boundary and expressed
in umts of pounds per lineal foot.

As the loading progresses the shearing
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resistance on the perimeter surface be-
comes madequate to continue the lateral
transnussion of vertical force and addi-
tional ncrements are carried by the cen-
tral column as developed pressure. This
concentration of force in the central
column may be continued until the ability
of the central column to carry vertical
load 1s exceeded Its supporting capacity
anises from two sources. In the first place,
vertical concentrations of load may be
increased and transmitted downward until
the difference between the vertical and
lateral pressure exceeds shearing resis-
tance of the soil on inclined planes of

L’ ‘
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(b) Developed Pressure (¢) Porimeter Shear

Figure 2. Stress Reactions in the Linear
Equation for Bearing Capacity
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maximum shear. In the second place,
additional increments may be added with-
out causing failure as long as the lateral
pressure furmshed by the matenal sur-
rounding the central column is not ex-
ceeded Summation of these several fac-
tors are combined in a single stress reac-
tion which has been defined as developed
pressure and which 1s independent of the
size of the bearing area.

Inasmuch as 1t 1s customary in bulding
practice to deal with bearing capacity 1n
pounds per square foot, the equation for
total load may be convemently expressed
in terms of an average intensity of pres-
sure which 1s defined as the bearing ca-
pacity. This equation for bearing capacity
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may be obtained by dividing both sides
of the equation for total load by the area
of load application and 1s as follows:

P
p=m K +n
In the linear equation which is used in
load test analysis the stress reactions m
and n are unknowns which are to be deter-
mined by the solution of a set of equations
representing the load in pounds per square
foot carried by the several different bear-

DESIGN

accuracy with which the linear equation
reproduces the test data may be deter-
mined by substitution of the most proba-
ble values of m and n and comparing the
results with the actual measured load per
unit area for each bearing area Such a
comparison is shown in Figure 3 wherein
the computed values of bearing capacity
are plotted against the measured load
With the exception of several points in
the lower range of load the agreement
between the equation and observation is
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ing areas at any given amount of settle-
ment. Any two equations are sufficient
for one determination of the stress reac-
tions m and n It has been found desira-
ble, however, to test three or more bearing
areas in order to obtain a better average
of these factors. The variation in the
stress reactions for the entire range of the
tests is determined by the solution of such
sets of equations for various amounts of
settlement,

In Figur€ 3 is shown a typical set of
load-settlement diagrams for a natural soil
deposit including tests on three sizes of
bearing area of 1, 2, and 4 sq ft. The

well within an error of 10 per cent, which
in addition to checking the validity of the
equation indicates the experimental ac-
curacy 1n test procedure. In Figure 4 are
shown the values of the stress reactions
m and n for the test series which include
the three test areas shown in Figure 3.

SOIL RESISTANCE COEFFICIENTS

The purpose of any analysis of soil test
data 1s to determine the maximum load
which will be sustained without excessive
settlement. It is enough to consider that
there are two stages of soil behavior por-
trayed by the test data. The first stage 1s
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one in which the soil will sustain the
applied load without continued or pro-
gressive settlement. The second stage 1s
one in which the soil 1s stressed beyond
its yreld value, resulting 1 progressive
settlement which continues at an essen-
tially uniform rate as long as the load
conditions remamn unchanged. The point
of transition between these two stages
may be defined as the bearing-capacity-
limit, the determination of which 1s the
primary objective of the load tests and
toward which the analysis is directed.
The m and n curves as shown 1n Figure 4
do not 1n themselves furmish any criterion
for the bearing-capacity-hmit of the soil,
and it is necessary to turn to the soil re-
sistance coefficients K; and K, which are
derived from the measured values of
settlement, A, m and n, to define the bear-
ing-capacity-limt. K,, which 1s the ratio
of settlement divided by developed pres-
sure, is defined as the coefficient of settle-

A
ment K1=—; It 1s analogous to the

well-known coefficient of compressibility
except that i1t expresses the total settle-
ment as volume change in the body of soil
included within the compression cone,
rather than being expressed in deforma-
tion per unit’volume. K, is the ratio of
perimeter shear divided by developed
pressure and 1s defined as the stress reac-

m
tion coefficient (Kz =?). It expresses

the relative importance of the two stress
reactions involved in bearing capacity.
The bearing-capacity-limit of the soil
may be determined as the minimum value
of K; or the maximum value of K, de-
pending upon the sequence in which the
two types of resistance are developed
For a relatively compressible soil the de-
veloped pressure is small for the lower
range of loads and the major portion of
the applied load 1s carried by perimeter
shear. As the settlement increases and the
bearing plate penetrates the surface, devel-
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oped pressure increases and the values of
K, decrease as shown in Figure 4. The
decreasing values of K; show that the
resisting pressure 1s increasing faster than
the settlement and indicate a margin of
resistance which is available to bring the
loaded area to equilibrium if no more load
were to be added. The minimum value of
K, defines the maximum developed pres-
sure 1n the case of soils which are rela-
tively compressible, Subsequent increas-
ing values of K, in which the settlement
increases more rapidly than the developed
pressure show that increments of settle-
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ment are accumulating without propor-
tional increase in resistance and sigmfy
the stage of progressive settlement
Meanwhile the values of K, are decreas-
ing and show no evidence of critical
changes in behavior. The supporting ca-
pacity due to perimeter shear was availa-
ble 1n the initial stage of loading and after
having been fully utilized exerts no fur-
ther influence on the transition to the
stage of progressive settlement.

In Figure 4 the bearing-capacity-hmit
at a minimum value of K, occurs at a
settlement of 03 in. with a value of
perimeter shear m equal to 750 Ib. per lin.
ft and developed pressure n equal to
8,400 Ib. per sq. ft. As an illustration of
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the use of the data in the linear equation
the bearing-capacity-hmut of the4 sq ft
round plate may be computed as in the
following example:

__ P
p=m—-+n

=177 m=750 n=_8,400
750%1.77 +8,400=9,730 Ib per sq. ft

In a similar manner the bearing-
capacity-limit or yield value of the 1 and
2 sq ft. plates may be computed.

'ﬁ.’>|*u

1sq. ft Area % =3.55
p=750x3.55+ 8,400

=11,060 Ib. per sq ft
2 sq ft. Area % =2.51

p=750x2 51 48,400
=10,280 Ib. per sq ft.

DETERMINATION OF YIELD VALUES BY
TIME-SETTLEMENT RELATIONS

The bearing-capacity-limit of the soil
for any given size of bearing area repre-
sents the load at which the yeld value of
the soil has been exceeded In many of
the series of load tests conducted by the
writer, independent shearing resistance
tests have been made and these results
correlated with the results obtained from
the analysis of the load tests by use of
the hinear equation for bearing capacity
Such correlations suggest another method
of determining the yield value load for
any given size of bearing area.

This method 1s 1llustrated in Figure 5
and involves determination of the terminal
rate of settlement for each load increment
applied to the bearing area There is
shown in Figure 5 typical time-settlement
curves for the 4 sq ft. bearing area 1n the
series of tests in the preceding discussion.
The slope of these curves represents the
rate of settlement at any time during the
60-min loading period, and the final value
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at the end of that period is the terminal
rate of settlement

It may be noted that the total settle-
ments for the first three load increments
of 3,000, 6,000, and 9,000 Ib. per sq. ft
are practically equal and the final rates of
settlement are zero, both of which obser-
vations are indicative of elastic behavior.
For the increment of 12,000 Ib. per sq. ft
there 1s defimte indication of progressive
settlement and for each succeeding load
mcrement the final slope of the curves or
the terminal rate of settlement increases
as the load increases. It-appears that the
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Figure 5. Time-Settlement Curves

bearing-capacity-hmt or yield value load
would lie between 9,000 and 12,000 Ib.
per sq. ft and this 1s venified by the fore-
going analysis in which the computed
bearing-capacity-hmit was 9,730 1b. per
sq. ft

It thus appears that the rates of settle-
ment may be used to determine the bear-
ing-capacity-limit or yield value load for
each size of area independently The man-
ner in which this may be done 1s shown in
Figure 6 in which the termmal rate of
settlement 1s plotted against the appled
pressure 1n kips per square foot. In each
case the rate of settlement 1s zero for the
first two or three load increments after
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which there 1s a marked change in be-
havior with the rates of settlement in-
creasing as the load increases This varia-
tion 1s approximated by a straight line and
the intercept on the vertical axis deter-
mines the yield value loads which are
noted on the figure

The figures in parenthesis are the yield
loads computed from the linear equation
of the previous analysis and 1t may be
noted that the comparison between the
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two methods of analysis 1s reasonably
good It 1s felt, however, that the use of
the linear equation gives a more consistent
representation of the average capacity of
the so1l deposit as 1t includes a statistical
average of all sizes of area tested. A sim-
lar result could be obtained by solution of
a set of lmear equations embodying, the
yield value loads determined indepen-
dently from rates of settlement for each
area tested.

This latter procedure has the disadvan-
tages of being more dependent upon the
personal equation 1n selecting the bhest
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straight line variation in the stage of pro-
gressive settlement and 1s more directly
affected by any inaccuracy in settlement
measurements On the other hand, the
determination of independent yield values
may be apphed to load tests 1n which the
variation m such factors as pavement
thickness make 1t impossible to group all
tests into one series for solution of a set
of linear equations as has usually been
done For this reason alone it i1s more
adaptable to the analysis of load tests on
flexible surfaces.

ANALYSIS OF LOAD TESTS FOR A FLEXIBLE
SURFACE

It 1s now proposed to analyze the load
tests shown 1in Figure 1 and designated as
Series No. 1 by both available methods
for comparison. The results of the first
type of analysis by solution of sets of
linear equations for equal settlement are
shown 1n Figure 7.

Attention should first be directed to the
variation in the perimeter shear, m, and
the developed pressure, n, for the entire
range of settlement. Up to a settlement
of approximately 05 in the values of
perimeter shear are exceptionally high
showing that the load is being carried by
shear at the boundary of the bearing areas
During this range of settlement the values
of developed pressure, n, are negative and
changing to positive at shghtly less than
05 m as indicated by the dashed vertical
line where n=0 In the higher range of
settlement the perimeter shear builds up
to a maximum and recedes somewhat near
the end of the test. The developed pres-
sure, n, increases throughout the entire
second stage of loading 1n an almost linear
variation.

The soil resistance coefficients K; and
K. ordmanly determine the bearing-
capacity-limit either at a minimum value
of K, or a maximum value of K,. There
are no maximum or mnmmum values n
this case except at the vertical asymptote
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for n=0. The soil resistance coefficients
are both negative for settlements less than
approximately 0.5 in. and are both posi-
tive for settlements ‘greater than that
amount. To accept that the maximum or
minimum values at n=0 designates the
true bearing-capacity-limit would be to
place too much faith in a purely mathe-
matical result unless a logical interpreta-
tion can be made of the physical relation-
ships involved

DESIGN

On the other hand, it is not difficult to
conceive of conditions in which the rela-
tive ngidity of the surface or bearing
plate would be so great with respect to a
soft subgrade that the sequence with
which the two dissimilar stress reactions
are developed would be reversed. Before
mquiring further into this problem 1t
should be pointed out that the results
themselves are not fallacious as they
represent nothing more than a cross sec-
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Figure 7. Analysis by Solution of Linear Equations at Equal Settlements

The most critical feature of these
unique results is the negative value of
developed pressure, n, and the fact that
n=0 at the only apparent bearing-
capacity-hmit. Physically such a result
might be interpreted to mean that there
was no direct transfer of pressure through
the central column of the compression
cone to the supporting subgrade, but all
load would have to be transmitted through
the surface as perimeter shear. Such an
interpretation is contrary to all generally
accepted 1deas of the function of subgrade
support which holds that the subgrade
must eventually carry the load.

tion of experimental data obtained by
carefully controlled tests, As has been
pointed out there was wide variation in
some physical conditions that could not
be controlled which may or may not have
been averaged out by duplicate tests
Nevertheless the data are worthy of addi-
tional examination for several reasons.
In the first place, the negative values of
n shown for Test Series No. 1 were found
in approximately the same magnitude in
all of six other test series which have not
been presented in this discussion. In the
second place, such results have also been
found in several series of load tests con-
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ducted for building foundations and have
not witiated the results nor interfered with
their successful application to the design
of spread footings for a predetermined
settlement. The data are, however, par-
ticularly critical 1n this case because of the
extended range of settlement in which n
appears to be negative and because of the
fact that there are no other apparent
maximum or minimum pomnts,

ANALYSIS OF RESULTS BY THE YIELD
VALUE METHOD

Before attempting any final interpreta-
tion of negative values of developed pres-
sure 1t 15 desirable to determine the yield
value loads for the individual tests by
analysis of settlement rates, which is the
second method proposed

The application of this procedure 1s
illustrated 1n Figure 8 for a typical test
on the 50-sq n plate The time-settle-
ment curves for each load increment are
shown at the top of the figure and the
relation of terminal rate of settlement and
load may be determined as in the previous
example. In this case the use of the
shorter time period of 30 mun. between
load increments is not as satisfactory as
a longer time period. Loads less than the
yield value show small settlement rates
due probably to volume change as equi-
hbrium had not yet been achieved When
rates of settlement are to be so used, the
longer time periods of at least one hour
between load increments should be used
and settlement readings should be made
more frequently at intervening time
periods to establish the terminal rate of
settlement,

Even though more accurate control of
the time element would have been helpful
the yield-load curve shown at the bottom
of Figure 8 indicates two distinct stages
of behavior. The elastic range is approxi-
mated by the steeper straight line and the
second stage of plastic displacement by
the flatter straight lines. There is some
uncertainty as to where yielding com-
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menced due mostly to failure to use larger
time periods or possibly to inherent ir-
regularities common to granular materials.
At any rate two possible plastic flow lines
are shown and the yield value at the inter-
section of the two representative lines
could vary from approximately 160 to
195 Ib per sq 1. The selection 1n case
of poorly defined data 1s a matter of per-
sonal judgment and the practice of using
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Figure 8. Typical Yield Value Analysis
for a Flexible Surface

the lower values is followed as a matter
of general practice

The yield loads for all the tests in Series
No. 1 have been determined by the method
illustrated in Figure 8 and have been tabu-
lated in Table 2 showing also the settle-
ments at which they occur which vary
from 042 to 0.72 1n Referring agamn to
Figure 1 the yield value loads have been
shown on the various load-settlement dia-
grams by circles While there is some
vaniation in the settlements at which
these selected yield values occur, they are
grouped about the vertical ine for n=0
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at a settlement of slightly less than 05 in.
which was suggested as a possible bearing-
capacity-limit from the combined analysis
using the hnear equation for bearing
capacity.

Considering the possibility for rather
wide variation in behavior of individual
tests, this comparison is remarkably good
for the two quite different methods of
analysis and indicates that both are funda-
mentally sound. It also indicates that in
spite of the experimental difficulties the
load tests are apparently a fairly consis-
tent measure of the behavior of the pave-
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Figure 9. Interpretation of Negative
Values of Developed Pressure

ment structure. There remains, however,
the puzzling question of negative values
of developed pressure Also it 1s still
necessary to break down the composite
stress reactions of perimeter shear and
developed pressure into thetr component
parts of punching shear and subgrade sup-
port in order to effect a correlation with
independent laboratory tests which have
been proposed.

An interpretation of negative values of
developed pressure, n, 1s illustrated in
Figure 9. There 1s shown a comparatively
rigid bearing area which tends to bridge
over the elastic depression in the pavement
surface created by the total load, W.
Bearing is actually developed on a com-
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paratively narrow annular ning at the
pertmeter of the bearing area Such an
edge concentration 1s obviously a function
of perimeter as shown when the variation
m bearing capacity for different sizes of
area 1s established by solution of simul-
taneous linear equations

The distribution of pressure at the
pavement surface is shown at the bottom
of the figure. When the edge concentra-
tion, mP, 1s expressed as an average pres-
sure by dividing by the area, A, the pres-
sure ordinate obtained is greater than that
obtained by dividing the total load, W, by
the area In the hinear equation this un-
balanced condition is compensated by a
negative value of-n. This result, as pre-
viously pointed out, 1s not fictitious but
comes directly from the observed varia-
tion in bearing capacity.

As shown by pressure distribution on
horizontal planes representing the sup-
porting subgrade for two different thick-
nesses of pavement, the negative value of
n holds only for the pavement surface.
Actually subgrade support in the center 1s
required as soon as the pressure cones
originating at the perimeter overlap If
the ratio of thickness to the diameter of
the loaded area is large the maximum
pressure transmitted to the subgrade
would occur under the center of the area
as would normally be expected. The
capacity of the surface to carry load
would then depend upon subgrade support
as the essential element.

It is important to note that the support
contributed by the subgrade reaches the
loaded area on the surface as a concen-
trated force at the boundary rather than
a pressure transmtted directly upward
through the central column. Subgrade
support thus becomes involved in a stress
vanation which rather completely masks
its true function. It is significant that this
state of affairs has been produced by the
use of a relatively rigid plate producing a
pressure variation on the loaded surface
substantially different than that existing
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at the contact plane of surface and sub-
grade

The conclusion can scarcely be avoided
that the use of rigid bearing areas has led
to the serious complication and the most
practicable method of avoiding 1t 1s to
use flexible loading devices This 1s not
as easy as 1t sounds as certain difficulties,
particularly 1n measuring settlement are
immediately encountered. The proper
degree of flexibility 1s also difficult to
determmne and control. The 1deal condi-
tion is a loading device which just matches
the flexibility of the surfaces and produces
an essentially umform application of pres-
sure. Pneumatic tires may be the answer
if inflation pressures could be adjusted to
maintain the same contact area Other-
wise they would involve another trouble-
some variable i an already complex
problem.

The writer has come to the conclusion
stated in the last paragraph rather reluc-
tantly and until recently was inchned to
insist upon rigid bearing plates Justifica-
tion for this view was found in simphfica-
tion of settlement measurements and the
fact that secondary boundary effects had
caused no difficulty in load tests for build-
ing foundations. This latter observation
can probably be traced to the fact that
natural soils are comparatively compres-
sible and umform bedding of the plates
can be obtained without more than
negligible stress concentrations at the
edge By the same line of reasomng it
appears that paving surfaces fall into a
different category and these effects should
be eliminated.

CORRELATION OF FIELD AND LABORATORY
TESTS

The present status of the investigation
that has been discussed does not justify
more than a few brief notes on the corre-
lation of field and laboratory tests The
results obtained to date are not entirely
discouraging and a few tentative approxi-
mations of the punching shear of the sur-
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face and subgrade support may be of
interest.

The primary advantage of separate
determination of the yield value load for
each 1ndividual load test is that the vana-
ble thickness of the surface may be in-
cluded in the solution of linear equations
for bearing-capacity-limit This 1s done
on the assumption that the perimeter
shear, m, is entirely due to punching shear
through surface and may be evaluated by
the product of the shearing resistance of
the mixture times the thickness of the
surface The perimeter shear may also be
broken down into the two components of
the oil aggregate surface and gravel base
These relationships may be expressed by
substituting the appropriate values of
perimeter shear, m, in the linear equation
for bearing capacity as follows.

__P
P=m-—4 +4n

For combined thickness m=St
For separate thicknesses m=S,t,+ Sat;

Si=shearing resistance of bituminous
surface

t, =thickness of bituminous surface

S;=shearing resistance of gravel base

t,=thickness of gravel base

S=average shearing resistance of
combined layers
t=thickness of combined layers

The solution of sets of linear equations
for the yield value loads of Series No 1
shown in Table 2 and Figure 1 resulted in
the following values:

S= 38.71b. per sq in.
n=—211Ib persq in
S;= 3611b persq.in
S.= 4111b persq.in.
n=—3.81b persq.in.

Using the higher values of yield point
load 1n Table 2 gave the following results
S=47.21b per sq. in.
n=0 b, persq.in.
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The value of perimeter shear obtained
at the theoretical yield value when n=0
and shown 1n Figure 7 was 295 Ib per in.
The equivalent punching shear assuming
an average total thickness of paving sur-
face of 8.5 in. is 34 8 Ib. per sq 1n.

The ultimate objective of the investiga-
tion of bearing capacity of flexible sur-
faces would be to develop tests which
might be performed in the laboratory to
serve as a basis for design of such sur-
faces. Time does not permut a description
of this work or presentation of test results
which are as a matter of fact still in
progress.

Present results have shown that shear-
ing resistance values obtained in the
laboratory are of the same order of mag-
nitude as those obtained 1n the field load-
ing tests. Stabilometer tests have been
used to determiné lateral pressure com-
ponents presumed to act oh the shearing
surface at the perimeter of the loaded
area. While these results are fairly con-
sistent the missing link 1s the determina-
tion of probable lateral components acting
in the case of the field tests. This problem
is complicated by the variable pressure
distribution in the central column as
illustrated in Figure 9 and until this varia-
tion can be evaluated or eliminated by the
use of a flexible loading device it is diffi-
cult to see how the ultimate objective of
a rational design can be achieved.

CONCLUSIONS

As a result of the analysis of load tests
on flexible surfaces that has been de-
scribed the following conclusions are pre-
sented at this time

1. Load tests appear to be funda-
mentally sound as a measure of
the supporting capacity of flexible
surfaces but do involve some
special elements that must be con-
sidered.

2 The normal variation in thickness

and compactness of paving sur-
faces as well as in the properties
of the prepared subgrade are par-
ticularly critical and require a
greater duplication of tést results
to obtain representative values
than is the case in building four-
dations.

3 Either one of two methods of

analyzing load tests may be used

. with consistent results The bear-

ing-capacity-limit may be deter-
mined in one case by soil-resis-
tance coefficients developed in
connection with building founda-
tions. In the other case the yield
value for each individual test may
be evaluated from variation in the
rate of settlement for the various
load increments In the latter
method the time element must
be carefully controlled and settle-
ment measurements made more
frequently The time interval
between load increments should
be at least one hour and should be
constant for all tests

4. The most important conclusion of

immediate practical importance is
that nigid bearing areas produce
secondary dimensional effects of
such a high order of magnitude
that they must be elminated to
obtain reliable results in the case
of flexible paving surfaces It is,
therefore, recommended that im-
mediate consideration be given to
the design of the most practical
flexible loading device

5. Attempts to correlate field and labo-

ratory tests are at least encourag-
ing but several experimental diffi-
culties have yet to be overcome
before results obtained in the
laboratory can be applied to field
behavior.
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DISCUSSION ON FLEXIBLE SURFACES

Pror. M G SPANGLER, Jowa State
College

When a load 1s applied to a structure,
stresses are induced 1n 1ts various elements
and these stresses are accompanied by
stramns which depend upon the magmtude
of the stresses and the stress-strain char-
acteristics of the matenals of which the
elements of the structure are composed.
The accumulative effect of all the strains
n the various elements determmes the
total deformation of the composite struc-
ture. In statically indeterminate struc-
tures, the development of strain brings
about a redistribution of the load-stress
relationship (secondary stress effects)
which serves to emphasize the inter-
dependency between loads, stresses, and
deformations. Any attempt to interpret
deformations directly in terms of load
without reference to stresses, or through
the medium of assumed or hypothetical
stress patterns 1s likely to lead to difficulty.
Professor Housel's experience with load
tests on flexible pavements as reported in
the paper “Load Tests on Flexible Sur-
faces” 1s a demonstration of this hkeli-
hood

A flexible pavement structure consists
of two principal elements, the subgrade
and the pavement supported thereon
When a load 1s apphed to the pavement
the whole structure deforms. The prin-
caipal resistance to deformation 1s supphed
by the subgrade, because the pavement is
relatively thin and has relatively little re-
sistance to cross bending Without doubt
the pavement does assist the subgrade in
resisting deformation, but it may well be
that this part of the total resistance should
be ignored in design, just as the tensile
stresses in concrete are ignored in rein-
forced concrete design Future research
will be required before a conclusion can
be reached on this point. At any rate,
since the subgrade 1s the principal element
supplying resistance to deformation, accu-
rate knowledge of the magnitude and

pattern of distribution of the stresses on
the subgrade 1s essential to a rational
approach to the determination of the sup-
porting strength of a subgrade.

In the writer’s opinion, the design of a
flexible pavement structure after a design
load has been established will consist of
three steps. First, the determination of
the stress pattern on the surface of the
subgrade. Second, the determination of
the surface deflection of the subgrade in
response to this stress pattern Third, the
determination of the safe or allowable
deflection of the pavement A lot of re-
search will have to be conducted before
adequate procedures for accomplishing
these three steps can be recommended, but
it is fairly certain that, 1n any satisfactory
flexible pavement design, the essential
features of the above three steps will have
to be discermble.

Direct load-deformation tests have a
wide appeal to those who are interested in
the flexible pavement problem The argu-
ment seems to run something lhike this;
“since pavement deformation 1s the thing
we are ultimately interested in, why not
measure loads and deformations directly
and forget about stresses ” In my opinion
there are only two possible conditions
which justify this short-cut type of re-
search One is that in this present national
emergency, during which airport runways
must be built quickly and on a grand scale,
the direct load-deformation tests give re-
sults of an immediate and tangible char-
acter which are better than nothing at all.
Second, if uniform subgrade conditions
prevail in a given locality, load-deforma-
tion tests in which the test loads ade-
quately represent the actual loads the
pavement is to carry, may give results
which are reliable in that locality, but
which may be inapplicable in other areas
where radically different subgrade condi-
tions prevail. However, for a comprehen-
sive flexible pavement design procedure
which will be applicable in Maine or Cali-
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forma, in Alaska or in Panama, the stress
situation as 1t actually exists 1n the struc-
ture must be taken into account
Professor Housel has predicated his
flexible pavement studies on the thesis
that the stresses are distributed in the
structure 1n accordance with the “perime-
ter shear” concept which he has used
extensively and with notable success in
studying foundation settlements So far
as I am aware, the stress situation en-
visaged by this concept has never been
established by direct measurement or ob-
servation. Rather i1t 1s an hypothetical
concept which has yielded remarkably
accurate predictions of building founda-
tion settlements and the concept may be
amply justified in this particular field on
the basis of results obtained by its use
But the hypothetical character of the con-
cept must be borne in mind and the
validity of its application to another field
may need to be reviewed rather critically
In considering the applicability of this
concept to the flexible pavement problem,
a detailed comparison between founda-
tions and flexible pavement subgrades
reveals wide differences in important char-
acteristics which may outweigh the points
of similarity between the two subjects
Both problems involve the deformation
of soi1l masses under the influence of ap-
plied loads, but beyond this statement
practically all simularity between them
ceases. In the first place foundation loads
are applied to the soil over relatively large
areas ranging up to several hundred
square feet, whereas wheel loads on flexi-
ble pavements are applied over areas of
the order of magmtude from about } sq
ft upto2or 3 sq ft Second, foundation
pressures are usually apphed to strata of
soil which are fairly umform for appre-
ciable depths, whereas a flexible pavement
structure consists of a thin layer of very
dense soil mixture on top of a natural soil
bed which may be relatively yielding n
character, Third, foundation loads are
applied through ngid footings, while
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flexible pavement loads are apphed, for
the most part, through pneumatic tires
which are yielding in character and which,
in addition to exerting a vertical pressure
at the pavement surface, develop certain
tangential forces due to the “gripping
action” of the tire. Fourth, foundation
pressures are applied only once, remain-
mng 1n place for a very long time, whereas
flexible pavement loads are fleeting mn
character. They are repeated many times
during the hfe of a pavement with vary-
ing mtervals of time between load apph-
cations. Fifth, the foundation soil 1s
usually saturated and usually remains
saturated throughout the duration of the
load, whereas a flexible pavement sub-
grade may or may not be saturated and
1ts moisture content will vary more or less
widely from year to year and from season
to season In addition to the above con-
trasts, the fact that pavement loads are
dynamic m character could be cited How-
ever, the problem of static loads on flexi-
ble pavements 1s sufficiently complex to
challenge all our attention at present and
greatest progress will be made 1f studies
of impact loads are reserved for the
future. With these differences n mind
we may legitimately question the applica-
bility of the “perimeter shear” concept of
stress distribution to the flexible pavement
problem even though it may have been
proved to be adequate for the foundation
problem That 1t may not be applicable to
flexible pavements 1s strongly indicated by
the fact that negative values of “devel-
oped” pressure were obtained in Housel’s
experiments. In his explanation of this
unusual phenomenon, Housel indicates in
Iigure 9 a situation wherein the pressure
under the center of the load on a plane at
a shallow depth, is less than the pressure
below the edges of the load. This imag-
nary conception 1s contrary to the facts in
every case of measured pressure with
which I am familiar

Professor Housel 1s to be congratulated
upon his decision to use a pneumatic load
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in his future studies of this problem This
is a major change in procedure mndicated
by the third difference enumerated above
and 1n my opinion it 1s sound I should
like to see him go further along this line
and apply loads through an actual tire,
although 1t is realized that this type of
loading introduces certamn difficulties in
measuring deformations. But the kind of
loads flexible pavements are called upon
to carry cannot be duphcated 1n any other
way.

The fourth difference enumerated,
namely, that pavement loads are repeated
loads of short duration rather than long
time loads, indicates the necessity for a
study of the stress-strain relationship of
subgrade soils on a considerably different
basis than that used for foundation soils
It 1s well known that subgrade soils, espe-
cially the clay types, are not elastic 1n the
sense that they will recover on the removal
of an imtially appled load It seems fairly
certain, however, that subsequent applica-
tions and removal of load will leave pro-
gressively less residual deformation. In-
deed, the observation of successful flexible
pavement structures leads to the behef
that the subgrade soil must eventually be
transformed 1nto a quasi-elastic material.
Otherwise all such pavements would be
badly rutted by wheel traffic, unless the
traffic were evenly distributed over the
width of the pavement, which 1s very un-
likely. We may visualize this by consider-
ing an imagmary case. Suppose a sub-
grade soil has a residual deformation of
0001 in after the passage of a wheel load.
One thousand such loads would produce a
permanent deformation of 1 1n and such
a pavement would soon be badly rutted.
This simply does not happen m many
cases, and the conclusion 1s inescapable
that the subgrade soil must become prac-
tically elastic after the passage of a num-
ber of loads.

In studying the supporting strength of
subgrade soil, this concept must be con-
sidered and the behavior of the soil should
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be studied n the light of 1ts performance
under repeated loads. This writer does
not believe that the “yield point” criterion
under a single application of load, which
has been used by several investigators, 1s
appropriate to the flexible pavement
problem,

A basis for the above attitude concern-
ing the behavior of subgrade soils under
repeated” loads may be cited in the he-
havior of concrete under repeated loads.
It has been shown that when the first load
on a concrete specimen 1s removed, there
is a considerable residual deformation in
the specimen which becomes progressively
smaller as the number of load cycles 1s
repeated. The rate of decrease of this
residual deformation is greater for small
loads than 1t 1s for large loads.

One further point should be mentioned
before closing this discussion, and that 1s
that the cniterion for safe or allowable
deflection should be based upon the ability
of the pavement to undergo repeated def-
ormation without material damage rather
than upon the so-called yield point of the
subgrade soil Observation of flexible
highway pavement failures in Iowa indi-
cates that the primary stages of failure
are evidenced by excessive permanent def-
ormation along wide shallow ruts on
longitudinal elements where traffic is most
concentrated Next the bituminous wear-
g surface begins to show longitudinal
cracks distributed across the shallow ruts
and the interval between these cracks de-
creases as more cracks form. Surface
moisture may gain access to the stabilized
base course through these cracks, which
hastens the deterioration of the pavement
and transverse cracks appear in the sur-
face, producing “map cracking.” Under
further traffic, these map sections may
loosen and be thrown out by passing
wheels and a chuck hole develops, which
spreads rapidly in area and deepens
quickly as the wheels abrade the exposed
base course.

The development of the longitudinal



136

cracks 1n the wearning surface 1s most
prevalent in the late winter and early
spring presumably when the subgrade soil
1s weakened by high moisture content A
very large share of the cost of mamntain-
mg these highway pavements 1s repre-
sented by the surface treatment required
to seal the cracks as they appear and manv
sections of the surface must be treated
several times a year to prevent their exten
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sion to the more advanced stages of
failure

It seems probable, therefore, that the
ability of a flexible pavement to withstand
repeated deformgations without loss of
stability which leads to surface cracking
will have to be considered the basis for
the imiting deformation of a subgrade,
and this may not be related 1n any way to
the yield-point of the subgrade soil





