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• IN RECENT years, a large body of knowledge has developed relating the cracking of 
asphalt-concrete pavements to the transient deflections of the pavements measured 
under specific axle loads (1, 2). Cracking of this type has been attributed to fatigue 
failures of the asphalt- concrete surfacing (1, 3) r esulting from repeated stresses or 
strains induced by traffic loads over a period of time. Although it is recognized that 
the induced stresses and strains in the asphalt surfacing are associated with the cur
vature of the deflected pavement surface, it is to be expected that they will increase 
in a general way with the magnitude of pavement deflections. Thus, prediction of de
flections from representative tests on paving materials in advance of construction 
would be a valuable first step in solving the problem of preventing load-associated 
pavement cracking. Recently, the California Division of Highways instituted such a 
procedure on a trial basis for special conditions ( 4). 

From available data, it would appear that fatigue distress results from instantane
ous and recoverable deflections in the pavement components and is not necessarily 
associated with any plastic or permanent deformations. Thus, it might be reasonably 
concluded that the deflections which produce this form of distress could be calculated, 
at least approximately, from an appropriate elastic theory for layered systems. 

To use such a theory, however, requires appropriate values for the material prop
erties of the paving materials (e.g., elastic modulus and Poisson's ratio). Although 
Poisson's ratio for most paving materials appears to lie in a comparatively narrow 
range (0. 3 to 0. 5) for the conditions of stress encountered in the pavement, the same 
cannot be said of the elastic moduli, or more appropriately the deformation moduli, of 
the constituents of the pavement. This would appear to be particularly true for untreated
aggregate-base materials. 

At the 1962 International Conference on the Structural Design of Asphalt Pavements 
it was noted @: 

On the basis of the results reported at this Conference there would seem to be 
a great need for increased emphasis on the study of base-course materials. The 
base-course characteristics may play a large part in determining both transient 
pavement deflections and curvature, yet apart from the new device, the re-
si liometer, there are no laboratory testing techniques available to evaluate 
base-course characteristics in this regard. The large scatter of values for base
course moduli reported by different authors is somewhat disturbing,and the 
development of new procedures for evaluating the transient deformation char
acteristics of base-course materials, together with a systematic study of different 
materials and conditions, would be highly desirable. 

Paper sponsored by Committee on Strength and Deformation Characteristics of Pavement Sections and 
presented at the 46th Annual Meeting. 
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In recent years, a number of laboratory test procedures have been developed and 
used to measure the behavior of pavement materials under conditions of load similar 
to those created by moving traffic. These methods include repeated-load triaxial
compression tests for fine-grained soils and various dynamic tests to measure the 
stiffness of asphalt concrete. It appears that developments in this area are sufficiently 
advanced so that the repeated-load triaxial-compression test can be applied to study 
the behavior of aggregate bases. When used in conjunction with similar tests on sub
grade soils and some form of stiffness measurement of asphalt concrete, it is possible 
that the results can be used to develop, within the framework of suitable theory, a 
measure of the response of the pavement to moving traffic. 

Thus, the objectives of this research are to study and evaluate those characteristics 
of untreated base-course aggregates which determine the deflections of asphalt
concrete pavements under moving wheel loads, and from these evaluations to predict 
the transient deflections of prototype pavements for various load conditions. 

Data are presented showing the results of laboratory repeated-load triaxial
compression tests on a variety of granular materials including a well-graded gravel, 
a uniform sand and disturbed, recompacted samples of untreated-base and subbase 
materials from in-service pavements. In addition, the deflections observed in 
repeated-load plate tests on prototype pavements, consisting of two-layer systems of 
the untreated gravel and a compressible, fine-grained subgrade, are presented to
gether with the results of analytical procedures for predicting the deflections from the 
results of laboratory tests. 

Even though it is recognized that conventional asphalt-type pavements consist of at 
least three layers, it would appear that definitive information on the role of the un
treated aggregate in the pavement system can best be studied in as simple a structure 
as possible (in this instance, two layers) where the results will not be complicated by 
the presence of overlying layers. 

The ultimate objective of such research is to provide an additional method of design 
to the paving engineer so that he can attempt to minimize, for the design life of the 
structure, the form of distress resulting from fatigue failure of the asphalt surfacing. 
Hopefully, the studies on granular base reported here will add to the knowledge re
quired for the development of such a design procedure. 

BACKGROUND 

To provide a basis for the data, a brief summary of the existing information on 
laboratory-determined resilience characteristics of untreated aggregates in repeated
load triaxial-compression tests is included. In addition, a brief summary of a more 
detailed review (6) of the results of plate-load tests and their interpretation within the 
framework of elastic theory is also presented. The deformations under consideration 
are elastic in the sense that they are recoverable; however, they are not necessarily 
proportional to stress or instantaneous. Thus, in keeping with the terminology intro
duced by Hveem (1), recoverable deformations will be referred to as resilient defor
mations and the corresponding moduli as resilient moduli. 

Repeated-Load Triaxial-Compression Tests on Granular Materials 

Whereas repeated-load triaxial-compression tests have been performed on cohesive 
soils for over a decade, it is only recently that this type of test has been used to any 
large extent to study the resilient characteristics of granular materials. 

Seed and Chan (7) investigated the effect of the duration of stress on the total defor
mation of soil specimens subjected to repeated loading. An increase in the duration of 
stress application, for intervals up to 2 min, resulted in an increase in the total de
formation of the silty sand that they tested. From their data, it is also possible to 
show that the modulus of resilient deformation increases as the duration of load appli
cation decreases and that this increase is more pronounced for very short durations of 
load. 

Haynes and Yoder (8) presented the results of undrained repeated-load triaxial
compression tests on gravel and crushed stone, similar to those used in the base 



21 

course of the special flexible pavement sections at the AASHO Road Test. Specimens 
of both the gravel and crushed stone were tested at dry densities corresponding to the 
average obtained in the field tests. The densities were obtained in the laboratory by 
impact compaction using a 5. 5-lb weight falling from a 12-in. height. A 15-psi lateral 
pressure and a 55-psi deviator stress were used in all the tests. For the gravel, the 
modulus of resilient deformation was influenced both by gradation (i.e., percent pass
ing the No. 200 sieve) and the degree of saturation, with an increase in degree of 
saturation causing an increase in resilience. On the other hand, for the crushed stone, 
the influence of gradation was small, and the degree of saturation for the range in
vestigated (70 to 80 percent) appeared to be of minor importance. 

Biarez (9) has presented results of cyclic-load triaxial-compression tests on a uni
form sand {grain diameter 0. 016 in.) in which the variation of the modulus of resilient 
deformation with mean normal stress was investigated. From the results obtained 
after several cycles of load, he concluded that the variation of the modulus with the 
mean normal stress may be stated as 

E 

where 

K· n 
O'm 

E the modulus of elasticity, 

K constant, 
O'm mean normal stress = sum of principal stresses and 

n exponent varying from 0. 5 to 0. 6. 

Some repeated-load triaxial tests have been conducted by DeGraft-Johnson (10) on 
an air-dried, fairly rounded, well-graded gravel; in these tests the influence oTVoid 
ratio and confining pressure were investigated. The most significant result of the 
investigation was the striking dependence of the modulus of resilient deformation on 
the confining pressure. For the range in conditions investigated, doubling the confin
ing pressure resulted in a 100 percent increase in resilient modulus. 

Trollope et al (11) have conducted a series of tests on sand in which an attempt was 
made to simulate parking conditions by subjecting soil specimens to slow, repeated 
cyclic loads. The effects of initial dry density, rate of deformation, lateral pressure 
and stress level were investigated on a poorly graded sand. The studies indicated that 
the modulus of the sand increased with a decrease in void ratio and an increase in rate 
of strain. In addition, the modulus increased with an increase in confining pressure, 
but was independent of the axial stress so long as a failure condition was not reached. 

The Texas Transportation Institute has also investigated the behavior of granular 
materials in repeated loading. Based on the results of tests on partially saturated, 
well-graded aggregates, Dunlap (12) has suggested an equation of the form 

where 

Mz = K2 + K3 (O'r + a9) 

Mz the modulus of deformation measured in the direction of an applied 
stress, O'z, 

~ the modulus of resilient deformation for the unconfined condition, 

~ a constant of proportionality, and 

O'r and a9 the radial and tangential stress respectively. 

Coffman et al (13) have determined complex moduli for the granular materials rep
resenting both thesubbase and base course at the AASHO Road Test. Over a limited 
range of water contents and densities, the complex modulus increased slightly with 
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TABLE l 

SUMMARY OF LABORATORY TRIAXIAL-COMPRESSION TESTS TO EVALUATE 
THE RESILIENT PROPERTIES OF GRANULAR MATERIALS 

Confining De via tor Frequency Number 
Material Investigated Factors Investigated Pressure, Stress 1 and of Load 

psi psi Duration Applications 

23, 5 and 36. 0 
20 per min for 

Duration of stress applica- 1/ 3 sec, 2 min on 
Silly Sand tions 14. 7 36. 0 

2 min off, 20 min 
10, 000 

36. 0 
on, 20 min off 

AASHO base-course mate-
Percent of fines passing no. 

rial adjusted gradation to 
3/4-in. maxlrnum size: 

200sieve:6.2 , 9.1, 11.5. 15. 0 55 40 per min 100 , 000 
1. Gravel 

Degree of saturation: 70%, 

2. Crushed stone 85%, 100% 

Niles aggregate, fairly Void ratio, confining pres- 20, 40 
ro11nded, 3/4 11 max. size, 14.2 and 28 ,4 20 per min 10. 000 
5% passing, no. 200 sie.ve sure and 60 

Uniform sand, 0. 016-in,- Variation of E with the ap- Cyclic load (rate 

diam. particles plied mean normal stress 
Mean normal stress: 2.2-145 of deformation is -5 

not indicated) 

Initial dry density (loose 
and dense) ;rate of defor-

Cyclic load, rate 
rnation from 0. 003 to O. 2 Stress level of deformation Poorly graded, dry sand in. per min; lateral pres- 15 - 45 

varied from 0.003 to 0.2 
-JOO 

sure at constant stress; ef- m, per min 
feet of stress level at con-
stant confining pressure 

Graded material - 1 in. 
maximum size; 6% passing Variation of modulus with 3 - 30 3.45 and 51.8 

30 per min, dura-
130, 000 

no. 200 sieve; molding confining pressure tion 0. 2 sec 
water content, 5. 5% 

Creep-test results 
transformed through 

AAS HO base and subbase - Water content and dry Base - 14 Base 42 application of super-
factorial sections density. Frequency. Subbase - 9 Subbase - 32 position principle to i 

frequencies of 1 and 
100 rad per sec 

Modulus of 
Resilient Deformation, 

psi 

21,300 and 27,300 
23,200 
23, 000 

28 . 000 - 63. 000 

16, 700 - 54. 500 

At "m = 2.2 psi-4300 

Atrrm = 145psi-7l.OOO 

35 . 000 - 95 . 000 

30,000 - 160,000 

(Complex modulus) 
Subbase: 5-28.000 
Base: 9-20, 000 

JI 

I 

t..:i 
t..:i 



increased dry density and decreased slightly with increased water content for both 
base and subbase materials. 
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Hveem et al (14) have investigated the resilience characteristics of granular base 
and subbase materials using a modified stabilometer called the resiliometer. In this 
equipment, the deformation of a sample in repeated loading is measured as a volumet
ric displacement, termed the resilience value. They have presented data indicating 
that the resilience value at a given pressure decreases as the quality of the granular 
material increases. In addition, their data indicate an increase in resilience with an 
increase in water content for fine granular materials (e.g., silty sand). 

A summary of the various investigations is given in Table 1. It will be noted that the 
values for resilient moduli of granular materials vary between 4, 000 and 160, 000 psi. 
In view of the wide range in values, it is desirable to discuss the factors which con
tribute to this variation and the relative influence of each. 

The available data indicate that the resilient modulus of granular materials appears 
to depend on the following factors. 

Duration of Stress Application and Rate of Deformation-The results of the triaxial 
repeated-loading tests on silty sand indicate that by decreasing the duration of the load 
application from 20 min to % sec while keeping the other conditions constant, the mod
ulus of resilient deformation increased from 23, 000 to 27, 000 psi, or about 18 percent. 
The results of the cyclic-load tests on dry sand indicate that the modulus of resilient 
deformation increased about 20 percent when the rate of deformation increased from 
0. 002 in. per min to 0. 040 in. per min. Both investigations show that the modulus in
creases with a decrease in the duration of load applications, but that, in spite of the 
large range of values investigated, the change in the magnitude of the modulus of re
silient deformation is relatively small. 

Frequency of Load Application-The results of Coffman et al indicate that the higher 
the frequency of load application, the higher the modulus. These increases ranged 
from 50 to 100 percent, depending on water content and dry density. 

Type of Aggregate and Percentage of Material Passing the No. 200 Sieve-The re
sults presented by Haynes and Yoder indicate that gravels containing 6. 2 and 11. 5 
percent passing the No. 200 sieve exhibited almost identical rebound. The relative 
densities (difference between field and loose densities divided by difference between 
maximum and loose densities) of the compacted materials prepared from these two 
gradations were essentially the same. The rebound of material containing 9.1 percent 
passing the No. 200 sieve was up to 20 percent greater than that for material with 
6. 2 or 11. 5 percent passing the No. 200 sieve, and the relative density was about 5 
percent lower. For the crushed stone, the values of rebound were almost the same 
for all three gradations in spite of differences in relative densities. These results may 
be summarized as: 

Material Percent Rebound Modulus (psi) for Saturation of 

Tested Passing No. 
200 Sieve 70% 80% 90% 

Gravel 6.2 56,000 46,500 34,000 

9.1 40,000 31,000 

11. 5 57,500 45,000 37,000 

Crushed rock 6.2 42,000 39,000 

9.1 39,000 29,000 

11. 5 39,500 33,500 
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Void Ratio-A limited number of tests carried out at the University of California 
indicated that two specimens with slightly different initial void ratios will reach the 
same void ratio after several hundred load repetitions. Trollope et al indicated, how
ever, that the difference between the moduli of loose and dense sand can be as much 
as 50 percent. 

Degree of Saturation-The repeated-load tests reported by Haynes and Yoder in
dicated that by increasing the degree of saturation of a gravel from 70 to 100 percent, 
the modulus of resilient deformation decreased to one-half its original value. Tests 
on crushed stone indicated that, within the range of 70 to 80 percent saturation, the 
values of the resilient modulus had a small random variation not exceeding 20 percent. 

Confining Pressure-All tests in which the effect of confining pressure was inves,.. 
tigated show the large influence of this factor on the resilient modulus; e.g., the tests 
performed at the Texas Transportation Institute indicated that the modulus could in
crease by as much as 500 percent by varying the confining pressure from 3 to 30 psi. 
Biarez 's equation also suggests the importance of mean normal stress. 

Stress Level-Trollope et al concluded that the resilient modulus was independent 
of the stress level as long as the stress did not cause excessive plastic deformation. 

In spite of these effects, it would appear that the problem of laboratory evaluation 
of resilient moduli (or an approximate equivalent elastic modulus) of granular materials 
can be somewhat simplified. In preparing specimens for test, estimates must be made 
for the void ratio and expected degree of saturation. The rate of load application, al
though having an influence, is not of major importance-a reasonable loading rate con
sistent with moving traffic can be utilized. Frequency, on the other hand, may influence 
results significantly, and some indication of the frequency of load applications should 
be considered. A representative number of repetitions consistent with the field con
ditions should also be used. The major difficulty is to define the stress condition under 
which the resilient behavior of the material should be measured. Because this will 
vary widely in the pavement base course, selection of a representative stress condition 
presents a major problem. 

Field Tests on Paving Materials 

Field tests which have been used to determine resilient moduli of materials com
prising the pavement section can be divided into (a) plate-load tests-static or slowly 
applied loads1; (b) Benkelman beam tests using a loaded truck; (c) vibratory tests; and 
(d) plate-load tests with loads of short duration repeated many times. Results of these 
tests have been summarized in Table 22

• Of particular interest are the results for 
untreated granular materials. As may be seen in Table 2, reported modulus values 
for these materials vary from 8, 000 psi (Burmister) to as high as 200,000 psi (Heukelom 
and Klomp). This range is comparable to that obtained for the results of repeated
load tests in the laboratory. 

This variation in modulus is somewhat surprising in that the modulus of granular 
materials would be expected to vary less than that of the other materials comprising 
the pavement section. The most probable explanation for this variability is the in
fluence of confining pressure. Thus it would appear important to know fairly precisely 
the stresses induced in the pavement when estimating the resilient modulus of untreated 
aggregates. 

Stress Distribution in Pavement Sections 

Generally, in determining stress distribution in pavement sections, the pavement 
has been represented either by a single homogeneous semi-infinite elastic solid 
(Boussinesq), or by a series of layers assumed to be either plates or elastic solids 

1Procedures according both to ASTM D 1195 and D 1196 would be considered in this category, even 
though D 1195 is li sted as a repetitive-load test. 

2Reference (6) contoins a detailed summory of the data used in es tablishing Table 2. 



TABLE 2 

SUMMARY OF TEST METHODS TO DETERMINE THE MODULI OF IN-PLACE MATERIALS 

Theory Used 
Cener1d Type Test to Evaluate 

Test Investigator o( 
Local ion Moduli of 

Cnlegory Test Components 

Both at surface Two-layer 
Burmister Rigid of subgradc and elastic solid 

(15) plate pavement sec-
ti on (Burmister) 

Pio.le Load 
T~sts -
Static Load 

At surface oC Two-layer 
Brown Rigid pavement sec- elastic solid 

(16) plate lions 
(Burmister) 

Corps of 
Flexible At surface of 

Engineers 
plate 

homogeneous Boussinesq 
(17 ,18) test sections 

Deflection of 
Benke!- component Benkelman Walker et al 
man layers of in- Boussinesq Beam (19) Beam service pave-

ment 

Heavy Elastic plate on 

Heukelom vibrator On surface of elastic solid or 

and Klomp and light pavement or the assumption 

(20) 
electro- al surface of that transmitted 
dynamic any components waves are shear 
vibrator waves 

Vibratory 
(Dynamlc) 
Tests 

Nijboer and Light 
On surface of Wave propaga-

Metcalf electro-
section under tion in layered 

dynamic 
(21) vibrators investigation elastic solids 

Light 
Jones electro- On surface or \.\ave propaga-

(22) dynamic section under lion in layered 

vibrators investigation elastic solids 

Rigid 
Ode mark plate At surface of Odemark 

(23) cyclic test pavements 
load 

Plate Load 
Tests -
Repeated Rigid At various Odemark and 
Load Dehlen plate levels in two-layer 

(24) cyclic 
load pavement elastic solid 

Rigid At surface of 
Seed et aJ 

plate homogeneous 
cyclic or Boussinesq 

(25) repeated section or 
load 

modellng clay 

(a) Majodty of data. 
(b) At depth, results indicated a modulus equal to 25,000 psi. 
(c) At depth, results indicated a modulus equal to 40,000 psi. 

Criteria Typical Moduli Values 
Used to 
Evaluate 
Moduli Material MoJulus, psi 

Variable; e.g., WASHO subgrade: 
for WASHO uncompacted 2, 000 (avg.) 
subgrade - _ ~o~p2c_le~ ____ - JiJ'~ia:,:g,__J_ - - -
deformation HYBLA Valley sub-
resulting from _ g_r~di:_-~o~p~c_!.e~ _ - 1{\!!'Jd~-- - -
2nd application ~u~b!_S.£ :. (_&r.'.!_n~l~) _ !l_,_O!t ::_ p_,0_20 __ 
of 12. 7-psi Base and asphalt 

80,000 - 160,000 stress concrete 

Total deforrna- _ S~tJat!d~ ~oi1_s ___ _3_,_0~0--' - ~·-2~ - -
ti on of 0. 2 in. 

Ba.se and asphalt for one appli- concrete 7,500 - ~!:~~~(a) cation 10,000-

Total deforma- _C!_al:'._M.,!lL_ _____ _ Ji,_!)q_ll_c: _2!?_,Q.O!t(".'. _ 
lion for sus-

Snnd 20,000- 40, ooo(c) 
tained stress 

Subgrade (A- 1 to 
19' 000 - 40' 000 

Deflection un- -~-~~O\,!Sl., ____ --------- - -Subbnse (granular der 18, 000 lb 10,000 - 20,000 
axle load _ ~i:_n _gr.!d~dl ___ --- --------Base (waterbound 18,000 - 100,000 

macadam) 

Dynamic de- _S~t_cl_!Y ______ - - - .1..2°-2 _ - - - -
flection with 

_s~.!.ft.cl..a~ _!?a_!!d ___ _ _ -~8LOQ_O _____ 
h~avy vibra-
tor - phase _C!..at.,&!a~e..!. ____ ---~Jl2,g _____ 
velocity with 

j}£8!1U!..a:_ b,!S~ - __ _ ~O!....O~_: g_o.Q_,Q..0.2, _ _ light electro-
dynamic vi- Asphalt concrete 300,000 - 1,000,000 
bra tor (@ io0 to 20° C) 

AASHO subgrade: 
Before frost 21, 000 

Phase _ 1.f~r_f~~ _ ___ ___ _8J5~- - - - -velocity 
_A~Sl_IQ 11.u12_b~~ __ - _ .... _112.5 J>Q._O - - - - -
AASHO base 420. 000 

Jl~n<L._ ~bE_~e- ___ ___ -_B_J5'!!J_ ----
_}ret_mpc_s~ir._b~s~ _ _ !j!...OQ_0.,: _6.2_,.Q.,OQ __ 

Phase SUbgrade (range in 
3' 000 - 60' 000 

velocity -Ai;,~a1ft~i*cfete - - --- --- -- --
200, 000 - 500, 000 

(B. S. 594) 

_Sl!.,nt (!U~!.aQ.eL _ ~ __ .:'!.OJ>~-----
_Dry _s~c!_ (!u~g!_a~eL - -~ _jLOQ_O_ - - - -

Elastic defor- _C!!>;:_ - - - - - - - - - ]!!!J,;;; !O~ - - - -
mation after _s~n<!_(~a!el ___ __, 3 500(d) 

4 repetHons 
_C£a!c!_ (~a!el __ __. = 3= s2~d~ :ii. io~ = = of load 
_C£U!_h~d_s~1~ i_b~~ - 3_,, 7_20~d!: _ 2_!, Q.02. - -
Asphalt concrete 140, 000 

Slope, of load _Sl!_b&_r~~(!a£i~~)- ___ _5,_()Q_Oia:,:g,__J __ 
vs. deform a-

_AK,if£.e&a!_e ~u~b~s~ _ ___ !_5!....02_0 _____ 
tion curve-
4th load cycle Crushed rock base 35' 000 

ResiJient de-
formation 
after varying 

Plasteline modeling 
clay (similar to 1.300 - 2,800 

numbers of saturated clay) load repeti-
tions 

(d) 1'hese values were obtained on a clay subgrade (E i: 250-400 psi) and indicate that the strength of the subgrade influences the density and 
hence the modulus which can be obtained in the overlying material. This point has also been more recently documented by Heukelom 
and Klomp. 
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(26, 27). A summary of investigations concerned with determining the applicability of 
thesetheories to predicting actual stress distributions indicates the following: 

1. The stresses throughout a uniform clay resulting from surface loads can reason
ably be determined by assuming a stress distribution according to Boussinesq. This 
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stress distribution also gives a fairly good estimate of stresses at greater depths 
in homogeneous sand layers (17, 18). 

2. In a layered structure,when the ratio of the modulus of the upper layer to that 
of the lower layer approaches unity, the Burmister and Boussinesq solutions produce 
the same results, e.g., the tests with sand asphalt on sand reported by Trollope 
et al (11). 

3. The distribution of stresses within layered structures can be estimated by 
Burmister's solution if the upper layers consist of concrete or soil cement. When 
they consist of untreated granular materials and/ or asphalt concrete, on the other 
hand, the evidence is somewhat contradictory. McMahon and Yoder (28) indicate that 
the distribution of stresses is not as dependent on modular ratio (a ratio of 10 was 
used in the analysis) as predicted by Burmister's analysis, although a definite reduc
tion of stress at the base-subgrade interface below that predicted by Boussinesq was 
observed. However, Vesic (29) found that the pattern of stresses predicted by Bous
sinesq was more adequate than layered-system-theory results for predicting the stress 
distribution in pavements, even though modular ratios of 4 were indicated by static 
tests on the pavement components (30, ~). 

It would appear from these results that either the Burmister theory is not applicable 
to layered pavements consisting of asphalt concrete or that the moduli used in making 
these comparisons were not correct. It is possible that the modular ratio of 10 used 
by McMahon and Yoder and the ratio of 4 used by Vesic may be too large when con
sidering the behavior of untreated granular bases resting on compressible subgrades. 
In addition, implicit in the Burmister theory is the assumption that the modulus is 
constant in the upper layer. Recent data would suggest, in the case of untreated ma
terials, that this may also be incorrect. 

To determine the extent to which the Boussinesq or Burmister patterns of pressure 
distribution occur in pavements, both the effective modulus of untreated granular ma
terial and its variation within the pavement should first be established. 

From the information presented, a number of points have become apparent and can 
be summarized as follows: 

1. The behavior of granular materials comprising the pavement section should be 
measured under conditions of stress which are representative of the actual conditions 
existing in pavements, since the magnitude of the stress influences the resilient be
havior of the material. 

2. Laboratory repeated-load triaxial tests would appear to provide a satisfactory 
means of determining the resilient characteristics of untreated granular materials. 

3. Results of investigations to determine the extent to which present theories of 
pressure distribution are applicable to asphalt-concrete pavements containing granular 
bases are somewhat contradictory. Great care should be taken in selecting the modular 
ratios when using Burmister's analysis of layered systems; a Boussinesq distribution 
may be a very close approximation and it is much easier to compute. 

Ideally, the solution to the problem of predicting transient pavement deflections 
would be obtained through studies of suitably instrumented pavements subjected to 
actual vehicle loads, since it is necessary for materials comprising the pavement sec
tion to be subjected to a number of repetitions of load prior to the measurement of the 
response. This approach has the advantage that the paving materials have been "con
ditioned" (i.e., the deformation under loads is comprised primarily of elastic deflec
tion rather than a combination of comparatively large plastic or irrecoverable defor
mation and a smaller amount of elastic or resilient deformation). The stresses 
generated in the various materials comprising the structural section are those resulting 
from representative vehicular loads, and the time of loading (under moving wheel loads) 
is realistic. Initially this approach, because of the broad scope, has many difficulties, 
such as control of materials, size and costs. Ultimately, however, for application of 
techniques developed from other procedures, this type of investigation must be 
accomplished. 
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Another approach, at a more modest level of effort, is the use of the repeated-
load plate test on carefully controlled field test sections. The requfrements of specific 
numbers of load repetitions, and stresses of the same order oi magnitude as those pro
duced by loads on tires, are met by this type of test. By using suitable theories and 
criteria of failure, the results of this type of test could also be used in design. 

Unfortunately, the use of the plate-load test for design purposes has the same dis
advantage as other in situ measurements in that it can be used to evaluate the proper
ties of the paving materials only at the time the test is conducted. Because the prop
erties of these materials are susceptible to changes during the pavement lifetime, the 
testing conditions are not necessarily the most critical conditions which can occur 
during this time. Other disadvantages of the plate-load test are the length of time 
spent in performing the tests and the high cost relative to small-scale laboratory tests. 
Therefore, it is desirable to be able to predict the resilient deformations of the dif
ferent pavement layers from laboratory test results. If this could be achieved, the 
critical material properties could be reproduced in the laboratory, and the resilient 
modulus expected from plate-load test measurements for these same conditions could 
be produced. Thus, the primary purpose of this investigation is to establish the pos
sibility of predicting pavement deflections in prototype structures from the results of 
repeated-load laboratory tests on individual materials comprising the pavement section, 
with particular emphasis on the role of untreated granular materials. 

LABORATORY REPEATED-LOAD TESTS ON GRANULAR MATERIALS 

Emphasis in this section will be on determining the resilience characteristics of a 
well-graded gravel in repeated-load triaxial-compression tests, since this is the ma
terial used in the prototype tests described in a subsequent section. To illustrate, 
however, that the characteristic resilient behavior defined by the type of test described 
in this section is applicable to other granular materials, a brief indication of such be
havior will also be presented for a uniform sand and representative base and subbase 
materials obtained from two in-service pavements in California. 

Material Description 

The gravel used for the prototype pavement tests was a well-graded, subrounded 
material from Pleasanton, California, with a grain-size distribution as shown in Figure 1. 
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These results were the average obtained from analyses of several specimens taken 
from successive 2-in. layers of the base course of the pavements; the gradation was 
within the California specification limits for a Class 2 aggregate base. The specific 
gravity of the material retained on the No. 4 sieve was 2. 75, and that of the material 
passing the No. 4 sieve was 2. 65. Routine strength tests on the material indicated an 
angle of internal friction of 55 deg at a void ratio of 0. 31, corresponding to the average 
in-place density of 139 lb/ cu ft, an average CBR value of 103 and an average R value 
of 85. This material was tested in the air-dry condition both in the laboratory and in 
the field. 

Equipment 

A piston capable of applying comparatively large loads for short durations was nec
essary for the tests on granular material , particularly since tria.xial specimens ur, to 
6 in. in diameter were required for aggregate with maximum size particles up to Y4 
in. or 1% in. (sizes approaching those used in actual base courses). The loading 
piston developed to meet these requirements is shown in Figure 2; it was also used to 
apply repeated loads to the plates in the field tests on the prototype pavements. 

Compressed air 
Air pressure storage tank Air pressure 

regulator regulator 
(seating load) (applied load) 

r===rmr====~='.:::J=====~tl:=~ 

Air pressure 
lank 

( seal in9 laad) 

Ra! !mg d1opllrogm 

1r bleed valve 

Air pressure 
j:=~==:=::::::j lank 

(applied load) 

Figure 2. Large loading piston and control mechanism. 
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The loading system was operated by 
compressed air stored in separate tanks 
at the required pressures for the seating 
load and the peak or applied load. By 
using a three-way solenoid valve, the ap
propriate pneumatic.pressure was supplied 
through a bellofram seal to oil above the 
main piston. A ball-bushing guide was 
provided to reduce friction and a neoprene 
rolling-diaphragm seal was utilized to 
minimize friction and to prevent loss of 
oil. The volume of air between the piston 
and the three-way valve was reduced to a 
minimum to provide a rapid buildup of 
pressure during each load pulse. The 
peak load applied to the specimen was 
varied by regulating the air pressure, as 
recorded by the pressure gage. Any de
sired load up to 5, 000 lb can be obtained. 
During calibration, the load was applied 
both statically and dynamically, and the 
two calibration curves were identical. 

Triaxial cells capable of testing speci
mens up to 6 in. in diameter were used, 
although the majority of tests were per
formed with a cell in which specimens 
3. 9 in. in diameter and about 8 in. in 
height could be tested. 

For the tests on the dry gravel, the samples were prepal·ed to the desired dry den
sity (139 lb/ cu ft) by vibratory compaction, because this method minimized puncturing 
of membranes and crushing or degradation of the aggregate. Each sample was pre
pared inside a forming jacket mounted on the base of the triaxial cell attached to a 
table supported by rubber springs. Vibrations were then induced by compacting the 
specimens in two equal layers for 15 sec under a 15-lb weight. When compacting the 
upper layer, the cap of the specimen was inserted to obtain a flat horizontal layer. 

A range in confining pressures from 1 to 53. 3 psi was used for the repeated-load 
tests. Confining pressures up to about 11 psi were obtained by vacuum inside the mem
brane; for larger confining pressures, air pressure was used in the triaxial cell out
side the membrane. Deviator stresses ranging from 1. 7 to 40. 0 psi were applied with 
the hydraulic-pneumatic piston at a frequency of 20 applications per minute and with a 
load duration of 0.1 sec. Generally, the repeated loading was continued for at least 
10, 000 stress applications. 

Test Results for Gravel 

The influence of applied stresses on the modulus of resilient deformation for dry 
gravel is shown in Figure 3. It will be noted the majority of tests were conducted at 
low confining pressures, since the change in modulus with confining pressure is 
greatest in this range. 

Principal stress ratios used in these tests (between 1. 5 and 5. 0) were lower than the 
principal stress ratio at failure under a steadily increasing load application (approxi
mately 11). However, one specimen was tested at a principal stress ratio of 10. At 
the beginning of this test and for about 800 load repetitions, essentially the same mod
ulus was obtained as would be predicted from Figure 3. After this number of load ap
plications, the plastic deformation increased rapidly with additional load applications, 
and failure occurred at approximately 1, 000 load repetitions. Thus, this test would 
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where 

appear to indicate that the relationship 
obtained is valid for all magnitudes of 
deviator stress (for the range of confining 
pressures investigated), as long as fail
ure does not occur. 

· These results emphasize the import
ance of properly accounting for the actual 
magnitude of the confining pressure and 
its variation with depth in untreated bases, 
so that a realistic measure of the resilient 
characteristics of these materials through
out the layers in which they are used can 
be obtained. For example, for this gravel, 
a variation of confining pressure from 1.0 
to 53.3 psi resulted in an increase in mod
ulus from 7, 000 to 50, 000 psi. It will be 
noted that the largest increase occurs in 
the low pressure range, i.e., 0 to 10 psi. 

The data shown in Figure 3 can be more 
conveniently utilized by plotting the results 
as shown in Figure 4. In this figure, it 
will be noted that a linear relationship be
tween the logarithm of resilient modulus 
and the logarithm of the confining pres
sure is obtained; thus, the modulus MR 
can be expressed by an equation of the 
form 

(1) 

K material constant determined experimentally (7, 000 for gravel), 

a3 confining pressure, and 

n material constant determined experimentally (0. 55 for gravel). 

The form of this equation is similar to that presented by others; e.g., Jakobson 
(32) has shown theoretically that for spherical particles the exponent n in Eq. 1 has a 
value of Ya. 

The data can also be analyzed in terms of the sum of the principal stresses. From 
this analysis an alternative form of the equation for resilient modulus has been devel
oped as follows: 

where 

e 
K' and n' 

K' · en' 

sum of the principal stresses (a1 + a2 + C13), and 

experimentally determined coefficients. 

(2) 

The resulting plot of the data in this form is shown in Figure 5. Although Eq. 2 has 
not been used in conjunction with the theories presented in this paper to predict pave
ment deflections, it has the potential for use in analyses such as that presented by 
Cumming and Gerrard (33). In addition, it has the advantage from a theoretical view
point that it is a valid tensorial relationship, whereas Eq. 1 in terms of a

3 
is not. 
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Test Results for Other Materials 

Although not used in the analysis of 
prototype pavements presented here, mod
ulus VS confining-pressure data, such as 
those shown in Figure 4, have been de
veloped for other granular materials. To 
emphasize that Eq. 1 would appear to be 
a reasonable way to represent the depend
ence of resilient modulus on confining 
pressure for a range in granular mate
rials, data are presented in Figures 6, 7, 
and 8 for 4 other untreated granular ma
terials; the data are plotted in the same 
form as that used in Figure 4. All of the 
results were obtained at the same fre
quency and duration of loading as the data 
for the gravel. 

Figure 6 shows the test results for a 
dry, rounded, uniform sand (essentially 
all of the material passed the No. 16 
sieve and was retained on the No. 100 
sieve) from Monterey, California, com
pacted to a density of 101 lb/ cu ft. 

In Figure 7, data are presented for tests on recompacted, disturbed samples of 
granular base obtained from an in-service pavement near Gonzales, California. This 
material was compacted in the laboratory to a dry density and water content repre
senting in situ conditions, and in this instance the degree of saturation was of the order 
of 60 percent. 

Similar data are presented in Figure 8 for laboratory-compacted samples of both 
base and subbase materials from another in-service pavement near Morro Bay, Cali

fornia. Both materials were compacted 
to densities approaching those in situ and 
to a degree of saturation of approximately 
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Figure 6. Relationship between modulus of resil
ient deformation and confining pressure for uni

form sand. 

60 percent, which was the lower limit of 
values measured at the time of sampling. 
The scatter in the data for the base course 
may be due in part to the fact that samples 
from four different locations in the pave
ment were used to develop the data, and 
no attempt was made to separate the points 
according to location. For the subbase 
material (a fine sand), a line with a slope 
equal to 0. 33 was drawn through the avail
able data . 

Table 3 gives a summary of the coef
ficients K and exponents n obtained for the 
various materials tested in this investiga
tion and emphasizes that the resilience 
characteristics of granular materials vary 
considerably and thus should be determined 
for each pavement section investigated. 

In general, the data presented in this 
section substantiate the form of the equa
tion relating resilient modulus and con
fining pressure developed for the untreated 
gravel. The data also emphasize the large 
variation which can occur in the resilience 
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course; Gonzales By-Pass. and subbase; Morro Bay pavement. 

characteristics of granular materials depending on the confining pressure, a factor 
which plays an important role in defining the behavior of these materials in the pave
ment section. 

TRANSIENT DEFLECTIONS IN TWO-LAYER PROTOTYPE PAVEMENTS 

To investigate the resilience characteristics of the untreated gravel base course 
under field loading conditions, a series of tests was performed on prototype pave
ment sections. 

The test area was paved with a layer of asphalt concrete approximately 4 in. thick. 
For each field test, a section 8 by 8 ft in plan was cut from the asphalt-concrete paved 
area. These dimensions were chosen so that the boundary conditions would have little 
influence on the test results. Within this 8-ft square section, the test pits were ex
cavated to the desired depth. Final trimming of the pit was done by hand to obtain a 
reasonably smooth horizontal surface. The entire excavated area was then covered 
with a polyethylene sheet to prevent change in water content of the natural soil due to 

TABLE 3 

SUMMARY OF RESILIENCE DATA FOR UNTREATED AGGREGATES 

Type 

Gravel 
Uniform sand 
Base from Gonzales 
Base from Morro Bay 
Subbase from Morro Bay 

Degree of Saturation 
('!>) 

0 
0 

-60 
-60 
-60 

Constants in Eq. 1 

K n 

7, 000 
12 , 500 
15, 200 
11, 000 

7, 600 

o. 55 
0.35 
0.48 
o. 45 
o. 33 
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Figure 9. Subgrade characteristics . 

either evaporation or absorption and to control the condition of the base course . Within 
this pit, a particular test pavement was constructed and tested as described in the 
following sections. 

Six tests were performed on the following pavement sections: 

1. Test Series A-subgrade comparatively dry: (a) 8-in. base, 8-in. diameter 
plate; (b) 8-in. base, 12-in. diameter plate; (c) 12-in. base, 8-in. diameter plate; 
and (d) 12-in. base, 12-in. diameter plate. 

2. Test Series B-subgrade comparatively wet: (a) 8-in . base, 8-in. diameter 
plate ; and (b) 8-in. base, 12-in. diameter plate. 

A summary of the subgrade characteristics for these tests is shown in Figure 9. 

Equipment 

Steel plates ranging from 8 in. to 30 in. in diameter were used to apply the load to 
the components of the pavement section. Load was applied to the plates by means of 

Subgrode 

Figure 10. Repeated-plate-load test instal lotion for test ot surface of subgrade. 
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the same loading piston described in the previous section. As noted earlier, this 
piston is capable of applying loads up to 5, 000 lb. A loading frequency of 20 applica
tions per minute and loading duration of about 0. 1 sec were used for the field tests. 
The magnitude of the loads and the shape of the load traces were constantly checked 
by a load cell, and were recorded on a Sanborn strip-chart recorder. 

The loading piston was connected to a frame fastened to a reaction beam. The rela
tive positions of the piston and the frame could be adjusted to center the shaft of the 
piston with respect to the center of the loaded plate, so as to avoid eccentricity which 
might result in subsequent tilting of the plate. Reaction for the load piston was pro
vided by a steel beam loaded with either concrete cylinders or water tanks. The steel 
beam could be raised or lowered according to the thickness of the test section. De
flections of the pavement section were measured from a reference beam 20 ft in length, 
stiffened laterally to prevent sway. A schematic view of the test section set up for a 
test at the surface of the subgrade is shown in Figure 10. 

Procedures 

For the tests reported here, repeated loads were applied at the surface of the sub
grade and on top of two thicknesses (8 and 12 in.) of the untreated base. Load was ap
plied to the subgrade through a series of rigid circular plates, 18, 24, and 30 in. in 
diameter. Even though the subgrade was hand trimmed, it was not possible to obtain 
a perfectly smooth horizontal surface, and the plates were placed on a thin layer of 
hydrostone (maximum thickness of 0. 1 in.). At least 1, 000 repetitions of a particular 
magnitude of stress were applied. Deformations were measured by three dial gages 
attached to the reference beam and located at 120-deg intervals around the edge of the 
plate. The resilient deformation was taken to be the average of the three dial readings. 

After testing the subgrade, the base courses were placed and compacted in 2-in. 
lifts by vibratory compaction. When the desired thickness had been constructed, 
repeated-load plate tests were performed using 12- and 8-in. diameter plates. 
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Figure 11. Device that measures deflections of 
individual layers of the pavement. 
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TABLE 4 

RESILIENT MODULI DETERMINED FROM LABORATORY 
REPEATED-LOAD COMPRESSION TESTS 

Laboratory Test, Stress in Plate o 0 Resilient 
Stress Oct Corresponding to Oct Modulus 

(psi) (psi) (psi) 

1. 0 3.5 4150 

1. 7 6.0 3900 

3.5 12.0 3300 

5.2 18.0 3200 
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Each stress was repeated several thousand times in the plate-load tests; after a 
few hundred repetitions, however, the plastic deformation generally did not increase 
appreciably with number of repetitions and the resilient deformation approached a con
stant value. Thus, the resilient deformation at 1, 000 load repetitions was considered 
suitable for evaluating the resilient characteristics of the various layers. 

Deformations of the components were measured independently (Fig. 11). The re
silient deformation of the aggregate layer was evaluated by subtracting the resilient 
deformation of the subgrade from the total resilient deformation beneath the plate. De
formations were determined by measuring the movement of a small rigid disc 1 in. in 
diameter and% in. thick resting on the subgrade (Fig. 11). The disc was welded to 
an adj ustable vertical rod passing through the center of the l oaded plate; measurements 
were taken on a smooth, flat, circular plate % in. in diameter attached to the top of 
the rod. 

To insure that this vertical rod moved freely with respect to the base course, it was 
placed in a thin steel casing with gaps to allow for deformation (Fig. 11). The friction 
between the inner rod and the outer casing was eliminated by placing a thin layer of 
grease in the annulus. When the inner rod was displaced, a gap between the plate in 
contact with the subgrade and the outer casing was formed, into which sand grains or 
fines tended to penetrate; this situation was avoided by covering the gap with thin poly
ethylene tubing. 

Test Results 

Subgrade-A summary of the plate-load tests performed directly on the surface of 
the subgrade for the two test series is shown in Figure 12. Comparison of the resil
ient modulus data for series A with that for series B illustrates the influence of water 
content near the surface of the subgrade on its resilient behavior. 

The moduli shown in Figure 12 were determined using the equation for a rigid plate: 

(3) 

where 

E modulus of elasticity (in this case resilient modulus) of the material, 

cr0 pressure applied to surface of plate, 

r radius of the plate, and 

t::.. resilient deflection of plate. 
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Figure 13. Relationship between applied pressure and resilient deformation of components of a two
layer system consisting of the natural subgrade and 8 in. of base; test series A. 

Also shown in Figure 12 are moduli determined from repeated-load triaxial
compression tests (25) on specimens trimmed from undisturbed samples obtained at 
a 6-in. depth below the subgrade surface at the conclusion of test series B. The lab
oratory specimens were subjected to as many as 100, 000 repetitions of deviator stresses 
ranging from 1. 0 to 5. 2 psi in undrained compression tests conducted using a frequency 
of 20 stress repetitions per minute and a duration of loading of 0. 1 sec. Moduli of de
forination were determined from these tests as the ratio of the repeated stress to the 
induced resilient strain. 

To plot the moduli from the laboratory tests in Figure 12, the relation between 
pressures applied in the plate-load test and the stresses used in the undrained triaxial
compression tes ts (25) was utilized (i. e ., ad = 0. 29a

0
, where ad is the deviator s tress 

in the repeated- load test and O' 0 is the cor responding plate pressure). For convenience , 
the comparable pr essures are summar ized in Table 4. The moduli predicted from the 
laboratory tests follow the same trends as those observed in test series B. Since the 
test specimens were obtained 6 in. below the surface where the water contents are 
highest, the laboratory-determined moduli would be expected to give slightly lower 
values than the field tee ts. The comparison, however, is extremely encouraging and 
lends support to the use of the repeated-load triaxial-compression test as a means for 
testing fine-grained subgrade materials . 

Because the field plate-load tests at the surface of the subgrade covered a wider 
range in applied stress {particularly in the low stress range) than would be accomp
lished with available laboratory repeated-load equipment, the relationships between 
resilient modulus and applied stress developed from the field tests have been used in 
the analyses of the prototype pavement behavior. It should be noted, however, that, 
with suitable equipment, laboratory tests would provide results equally suitable for 
use, as evidenced by the comparisons between field and laboratory values shown in 
Figure 12. 
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Figure 14. Radial variation of resilient deformation at base-subgrade interface for repeated-plate
load tests at surface of 8-in. base; test series A. 

Two-Layer System-Results of the tests at the surface of the two-layer systems 
are shown in Figures 13 through 17. Figures 13 and 14 illustrate the patterns of re
silient deformations at the surface of an 8-in. layer and at the surface of the subgrade 
in test series A, due to surface loads applied by 8- and 12-in. diameter plates. As 
noted in Figure 14, deformations at the surface of the subgrade were measured at 
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Figure 15. Relationship between applied pressure and resilient deformation of components of two-layer 
system consisting of the natural subgrade end 12 in. of base; test series A. 

radial distances of 8 and 16 in. as well as directly under the center of the plate. Sim
ilar data are shown in Figures 15 and 16 for tests at the surface of a 12-in. aggregate 
layer, also for test series A. 

Figure 17 shows the relationship between resilient deformations of the subgrade and 
base course and applied pressure for 8- and 12-in. diameter plate tests conducted on 
a test section involving an 8-in. gravel base in test series B. 

Evaluation 

While the emphasis in this paper is on the behavior of granular materials, the tests 
on the subgrade shown in Figure 12 illustrate certain points worthy of note: 

1. These data indicate that the resilient modulus is dependent on applied stress and 
varies in the same manner as shown by Seed et al (25) for laboratory repeated-load 
tests on subgrade soils. At stresses less than 10 psi, such as can be expected in the 
subgrades of well-designed asphalt-concrete pavements, the variation is considerable. 
Thus it is evident that, to estimate the modulus of the subgrade, the stresses within 
the subgrade must be known. 

2. The data also demonstrate the influence of water content on the resilient modulus 
of the subgrade and emphasize the importance, when predicting pavement deflections, 
of considering the changes in subgrade water content that are likely to occur during the 
life of the pavement. These results also indicate the inadequacy of the plate-load test 
since it is only capable of measuring the soil conditions at time of test-which is gen
erally not the most critical state that the material will attain. 

For the tests at the surface of the two-layer systems, the data indicate the following' 
factors. 

Influence of Applied Pressure on Resilient Deformation of Base Courses-The test 
results indicate a comparatively large increase in the deformation of the base course 
when the pressure at the surface is increased from 0 to about 10 psi (see Fig. 15). A 
smaller increase, on the other hand, is obtained with an increase from 10 to 20 psi. 
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Because the rate of increase in resilient deformation is less than the rate of increase 
in applied stress, it can be concluded that the average modulus of resilient deformation 
of this material increases with applied pressure; this is consistent with the observed 
laboratory behavior reported previously. 

Influence of Applied Pressure on the Resilient Deformation of the Subgrade-The 
resilient deformation of the subgrade measured at the base-subgrade interface in
creases gradually up to an applied pressure of 10 psi. When the pressure on the plate 
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Figure 17. Relationship between applied pressure and resilient deformation of components of a two
layer system consisting of the natural subgrade and 8 in. of base; test series B. 

reaches between 20 and 30 psi (e.g., Figs. 13 and 15), the resilient deformation of the 
subgrade increases more rapidly and almost linearly with the applied pressure. This 
trend indicates that the subgrade modulus is largest at low applied stresses and de
creases until a level of 20 to 30 psi is reached, whereupon the modulus remains al
most constant. This variation in modulus with applied pressure follows a trend similar 
to that obtained when testing the subgrade alone (Fig. 12). 
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Figure 18. Relationship between applied pressure and resilient deformation per inch of base course; 
test series A. 
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Figure 19. Relationship between applied pressure, resilient deformation of subgrade and base thick
ness; test series A. 

Influence of Thickness of Base Course on Its Resilient Deformation-Although the 
influence of thickness of base can be obtained from a comparison of Figures 13 and 15, 
a more direct comparison is shown in Figure 18. In this figure, notice that the resil
ient deformation per inch of base is larger for the 12-in. base than for the 8-in. base. 
This pattern is in accord with data obtained in the laboratory, in that the average stress 

Distance From Center of Plate - inches 

~ 8 4 0 4 8 ~ $ 20 24 

Figure 20. Influence of thickness of base on the radial variation of resilient deformatior:i at the base
subgrade i nterfoce; test series A. 
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Figure 21. Relationship between the ratio of plate 
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formation per inch of base; test series A. 

induced in the bas.e by a specific plate 
size and pressure increases as the thick
ness of the base decreases; thus, the 
modulus of resilient deformation of the 
aggregate increases and consequently 
reduces the resilient deformation. 

Influence of Base Thickness on the 
Resilient Deformation of-the SUbgrade-
A decrease in resilient deformation of 
the subgrade with increase in the base 
thickness is shown in Figure 19. This 
occurs because an increase in base thick
ness increases the "load spreading" 
capacity of the base, thereby reducing the 
subgrade stresses, and with reduced 
stress the subgrade modulus is higher; 
both contribute to a reduced resilient de
formation. The influence of base-course 
thickness on the pattern of resilient de
formation at the base-subgrade interface 
is shown in Figures 14 and 16. For com
parison, the various deformation patterns 
corresponding to an applied stress of 40 
psi have been replotted in Figure 20. The 
influence of the thicker base on the mag
nitude and distribution of the subgrade 
deflection is readily apparent. 

Influence of Plate Diameter on the 
Resilent Deformation of the Base Course
The influence of plate diameter on the 
resilient deformation of the base course 
is shown in Figure 21. This figure shows 

the resilient deformation per inch of base as a function of the ratio of the plate diam
eter to base thickness. For a large ratio of plate diameter to base thickness, the con
fining effect is larger and the resilient deformation is correspondingly lower. It will 
also be noted that the resilient deformation per inch of base is essentially constant for 
the 8- and 12-in. bases when the ratio of plate diameter to base thickness is the same. 

Influence of Plate Diameter on the Resilient Deformation of the Subgrade-For the 
same base thickness, the stresses induced at the subgrade-base interface are higher 
as the plate diameter is increased. This is shown in Figure 20 (by the increased re
silient deformation) and is explained by the fact that, because of the higher stresses 
in the subgrade, correspondingly lower resilient moduli are developed, both of these 
factors leading to increased resilient deformations. 

Influence of Chan e in Subgrade Water Content on the Resilient Deformation of the 
Base- A comparison of test results from series and B for the two conditions of load
ing are shown in Figure 22. No significant or consistent difference is noted in the re
silient deformation of the base course due to change in water content of the subgrade. 
These data also indicate the effectiveness of the plastic sheet in maintaining the base 
course in a dry condition. 

Influence of Change in Water Content of the Subgrade on Its Resilient Deformation
The influence of the water content of the subgrade on tests performed at the surface of 
the subgrade has already been noted (Fig. 12). This influence is also important when 
considering the results of tests on layered systems. Figure 22 indicates that, for the 
change in water content which occurred from test series A to test series B, the resil
ient deformation of the subgrade increased on the order of 40 percent. 
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Figure 22. Comparison of resilient deformations of pavement components in two-layer system in test 
series A and B; 8-in. base. 

PREDICTION OF DEFLECTIONS IN TWO-LAYER SYSTEMS 

To predict the resilient deformation of an untreated-aggregate base course, both 
the resilient moduli and the stresses within the layer of material must be ascertained. 
As has already been noted, the modulus of resilient deformation of base-course ma
terials is dependent on stress and, as seen in Figure 4, can be related to confining 
pressure. Because the vertical and horizontal stresses induced in a pavement by a 
wheel load vary both vertically and horizontally, the resilient modulus within the base 
will vary accordingly. However, no workable theoretical solution of pavement stresses 
and deflections which accounts for the variation of modulus in vertical and horizontal 
directions is available at the present time. Thus, the variation in modulus must be 
taken into consideration through simplifying assumptions. 
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In the following analyses, it will be assumed that the modulus of resilient deforma
tion of the base course underneath the loading plate is constant along a horizontal 
plane (see Appendix). Variation of the modulus in the vertical direction can be ap
proximated by subdividing the base course into several horizontal layers, each of 
which is assumed to have a constant modulus throughout its thickness. The modulus 
of each horizontal layer may then be determined by calculating the lateral stresses in 
the layer, resulting from the applied load and the weight of the pavement, and select
ing the corresponding modulus from the results of repeated-load triaxial tests (relating 
the resilient modulus to confining pressure). 

Proposed Analysis 

Stresses and deflections in pavements can be analyzed by assuming that the materials 
behave like uniform elastic materials (Boussinesq), or like layered elastic materials 
(Burmister). In the latter case, approximate ratios of the moduli of the layer compo
nents must be determined. 

McMahon and Yoder (28) and Sowers and Vesic (30) have shown that the stresses 
measured in two-layer systems consisting of an untreated base course overlying a 
compressible soil (similar to the two-layer systems analyzed in this study), are very 
similar to those predicted by Boussinesq's analysis for stress distribution; results of 
the analyses shown in subsequent sections also support this conclusion. Therefore, it 
has been considered appropriate to assume, for the two-layer system, that the lateral 
and vertical stresses are equal to those determined by the Boussinesq theory of stress 
distribution. 

With this assumption, the proposed procedure to estimate the resilient deformations 
of the system consisting of an untreated granular base and subgrade can be briefly 
summarized as follows: 

1. To compute the modulus of resilient deformation of the base course, the hori
zontal normal stresses resulting from the applied load can be estimated using the 
expression developed from the Boussinesq solution and presented by Ahlvin and 
Uhlery (34): 

where 

A, C and F 

a
0 

[2vA + C + (1 - 2v) F] 

lateral pressure, 

uniform pressure at the surface of the base course3
, 

Poisson's ratio, and 

functions depending on the depth and offset of the element under 
consideration relative to the center of the plate-determined from 
tables presented by Ahl vin and Uhlery (34). 

(4) 

The stresses are computed along a vertical line offset from the center of the plate at a 
distance equal to 0. 7 times the radius of the plate4 and for values of Poisson's ratios 
of 0. 35 and 0. 50, since it appears that the values for granular materials lie between 
these two limits so long as the deformations are small. 

The lateral confining pressure caused by the weight of the material above a particular 
point can be determined by assuming that it is equal to the earth pressure at rest and, 

3The computed values ere based on c uniform surface pressure applied to a circular area, whereas the 
measured values ere obtained from rigid-plate tests. Computations which have been made fora few of 
the conditions analyzed in the report show that there is, at the most, a± 20 percent change in the de
flection pattern under the plate for the flexible as compared to the rigid loaded area. 

4This distance di vides the contact area into two equal parts . 
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in the case of granular materials, the coefficient of earth pressure at rest, K0 , is 
assumed to be 0. 5. This stress, when added to the lateral stress induced by the applied 
load, is considered as the controlling stress in defining the resilient modulus of the 
granular material at this point. 

2. The variation in horizontal normal stress with depth can then be used to deter
mine the variation of the modulus of resilient deformation of the base course with depth 
from the results of repeated-load triaxial tests at appropriate confining pressures. 

3. The vertical stresses under the center of the plate induced in the subgrade by an 
applied load are calculated to a depth of 4 radii from the surface, on the assumption of 
a Boussinesq stress distribution. 

4. The variation in vertical normal stress with depth in the subgrade can be used 
to determine the variation of the modulus of resilient deformation of the subgrade from 
repeated-plate-load tests on the subgrade under various vertical stresses or from 
repeated-load triaxial tests on the subgrade material with a range in deviator stresses 
(6), as seen in Figure 12. 
- 5. The variation of resilient modulus with depth can be considered by dividing the 

base course and subgrade into several horizontal layers, each having a constant mod
ulus equal to the average modulus over the thickness of each layer. 

6. Deflection factors, presented by Ahlvin and Uhlery (34), can be used to compute 
the compression of a layer of any thickness at any depth. The deflection of a particular 
layer along a vertical axis through the center of the plate can be determined from the 
expression 

(5) 

where 

Wz
1 

deflection at top of layer, 

Wz
2 

deflection at bottom of layer, 

E average modulus of the layer, 

A and H functions whose values depend on the location of the point under consid
eration, and 

z = depth in multiples of the radius of the loaded area. 

Subscript 1 refers to the upper surface of the layer and subscript 2 to the lower surface. 
7. The compression of the individual layers comprising the base course can then be 

added to give the total deformation of the base course; the deformations of the subgrade 
can be computed in the same manner. 

Example 

As an example, an analysis is presented for a 12-in. base course loaded with a 
12-in. diameter rigid plate. Confining pressures and the corresponding moduli at 
points on a vertical line 0. 7 rad from the center of the plate have been tabulated in 
Table 5 for a Poisson's ratio of 0. 50. A similar computation was also made for 
Poisson's ratio of 0. 35. 

In this table notice that, although the confining pressure contributed by the weight 
of the base is relatively small in the upper portion, it is a major contributor in the 
lower portion of the base, especially when the surface pressure is low. The variation 
in modulus with depth corresponding to the computed confining pressures is shown in 
Figure 23; the results are typical of the trend obtained in all cases. The modulus of 
resilient deformation at the surface of the base is several times that at the bottom of 
the base, the rate of change with depth depending on thickness of the base, plate diam
eter and applied pressure. In addition, also note that the resilient modulus at the 
bottom of the base is approximately the same as that of the subgrade (5, 000 to 
10, 000 psi). 
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TABLE 6 

RESILIENT DEFORMATION OF 12-IN. BASE LOADED WITH 12-IN. DIAMETER PLATE (11 = 0.5) 

Resilient Deflection, in. x 10 -
Layer At Pressure At Pressure I At Pressure At Pressure 

3 

of 10 psi of 20 psi of 30 psi Of 40 psi 

From O to 2 inches 
10 x 9 x. 07 = . 31 

20 x 9 x. 07 = . 435 
30 x 9 x. 07 

= . 550 
40 x 9 x. 07 

. 64 20,000 29,000 34,500 39,500 = 

2 - 4 
10 x 9 x. 105 = .70 

20 x 9 x . 105 = • 972 
30 x 9 x. 105 = 1. 160 40 x 9 x. 105 = 1. 39 13,500 19,500 24,500 28,500 

4 - 6 
10 x 9 x .115 = 1. 03 

20 x 9 x . u s = 1. 423 
30 x 9 x .115 = 1. 720 40 x 9 x • 115 = 1 97 

10,000 14,500 18,000 21, 000 • 

6 - 8 
10 x 9 x. 110 

= 1. 32 
20 x 9 x. no = 1, 720 

30 x 9 x. n = 2. 120 
40 x 9 x .11 = 2.48 7,500 11,500 14,000 16,000 

8 - 10 
10 x 9 x • 090 = 1. 24 

20 x 9 x. 09 = 1. 800 
30 x 9 x. 09 = 2.210 

40 x 9 x. 09 = 2.49 
6,500 9,000 11,000 13,000 

10 - 12 
10 x 9 x. 06 

= .98 
20 x 9 x. 06 

= 1. 350 
30 x 9 x. 06 = 1. 800 

40 x 9 x. 06 = 2. 06 
5,500 8,000 9,000 10,500 

Total Resilient Deformation, 

in. x 10 
-3 

5. 60 7.76 9. 56 11. 03 

~ 
-.J 
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Figure 24. Comparison between computed and measured resilient deformations of base course in a 
two-layer system consisting of 8 in. of base and the natural subgrade; test series A and B. 

These figures indicate that the resilient deformations of the base course computed 
for a Poisson's ratio of 0. 35 are about 40 percent higher than those computed for a 
Poisson's ratio of 0. 50. It has been suggested (35) that, for a homogeneous material, 
the resilient deflection under a plate load for a material with a Poisson's ratio of 0.35 
would be about 17 percent higher than when Poisson's ratio was 0. 50. However, the 
change in confining pressure due to a change in Poisson's ratio, and the corresponding 
change in resilient modulus, were not considered in this latter analysis. A low value 
of Poisson's ratio creates lower confining pressures and correspondingly decreases 
the modulus of resilient deformation. When this factor is considered, the increase in 
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Figure 25. Comparison between computed and measured resi Ii ent deformations of base course in a 
two-layer system consisting of 12 in. of base and the natural subgrade; test series A. 



TABLE 7 

DETERMINATION OF RESILIENT DEFORMATION IN SUBGRADE-12-lN. THICK BASE, 
12-lN. DIAMETER PLATE AND 20-PSI APPLIED PRESSURE 

Depth from the 
Surface of the 

Pavement 
(in. ) 

12 

15 

18 

24 

°From Figure 12. 

Vertical Stress 
(psi) 

5.70 

3.98 

2.92 

1. 74 

Cori·csponding Modulus of 
Resilient Ocformntlona 

(psi) 

8,000 

8,900 

10,000 

13,400 

Resilient Deformation 
in Layer Between 
Indicated Depths 

(in. x 10-3
) 

1. 71 

1.11 

1. 30 

3.27 

:i:; = 7. 40 

resilient deflection due to a change in Poisson's ratio from 0. 5 to 0. 35 will change 
from 17 percent to 40 percent. 
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The measured resilient deformations of the base course fall, in general, within 
the range of resilient deformations predicted, although at high stresses for the 8-in. 
base-course tests the measured deflections are somewhat lower than those predicted; 
this difference may be due to the fact that at the higher stresses the plastic deforma
tion was continuously increasing with number of load applications. 

In general, the results of this approximate analysis using the results of repeated
load triaxial tests agree reasonably well with the measured resilient deflections in 
plate-load tests, especially if Poisson's ratios of 0. 40 to 0. 45 are assumed in the 
computations. 

A similar analysis has been used for determining the resilient deformation of the 
subgrade. For example, the deformations in this material under a 12-in. base course 
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Figure 26. Variation of resilient modulus with depth beneath the center of a 12-in. diameter plate in 
two-layer systems (vbase and llsubgrade assumed equal to 0.35 and 0.5, respectively); test series A. 
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consisting of 12 in. of base and the natural subgrade; test series A. 
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Figure 28. Comparison between measured and computed subgrade deflections for two-layer system 
consisting of 8 in. of base and the natural subgrade; test series B. 
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Figure 29. Comparison between computed and measured resilient deformations at the base-subgrade 
interface for two-layer systems consisting of 12 in. of base and the natural subgrade; test series A. 

loaded by a 12-in. diameter rigid plate with an applied pressure of 20 psi are given 
in Table 7. For convenience, the subgrade has been divided into four layers, and the 
vertical stress at the top of each layer estimated from the tables prepared by Ahlvin 
and Uhlery. The moduli of resilient deformation corresponding to these vertical 
stresses were in turn estimated from Figure 12 (test series A). Deformations were 
then computed from Eq. 5 with a value for Poisson's ratio of 0. 5. 

The moduli for the subgrade determined in this way together with those obtained 
previously for the base course are plotted in Figure 26 to illustrate the variation in 
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Figure 30. Comparison between computed and measured total resilient deformation for two-layer sys
tem consisting of 12 in. of base and the natural subgrade; test series A. 
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Figure 31. Comparison between computed and measured total resilient deformation for two-layer sys
tem consisting of 8 in. of base and the natural subgrade; test series B. 

base-course and subgrade moduli with depth for the above conditions. It will be noted 
that the ratio of the modulus of the base to that of the subgrade at the interface of the 
two layers varies from approximately 0. 4 to 1. 75 , depending on the surface pressure. 

Comparisons between computed and measured deflections directly below the center 
of the plate at the surface of the subgrade are shown in Figures 27 and 28. The com
puted values are based on a value for Poisson's ratio equal to 0. 5 and moduli deter
mined from Figure 12. Excellent agreement is indicated for both 8- and 12-in. diam
eter plates. 

In a similar manner, the variation of deflection at the top surface of the subgrade 
has been computed along a radial line, using Eq. 5. The values obtained are compared 
to those determined from the field tests in Figure 29; again, good agreement is 
indicated. 

Comparisons between the computed total resilient deformations and the correspond
ing measured deformation are presented in Figures 30 and 31. The computed values 
in this case were obtained by adding the resilient deformations shown in Figures 24 
and 25 for the gravel to those shown in Figures 27 and 28 for the subgrade. The pre
dicted and measured values, as shown in these figures, are again in reasonably close 
agreement. 

These results would indicate that the resilient deformations of two-layer systems 
consisting of untreated granular base and compressible subgrade soils can be reason
ably predicted from the results of laboratory repeated-load triaxial-compression tests 
by the proposed analysis. 

SUMMARY 

This investigation was undertaken because of the interest in deflections under load 
as a measure of pavement performance, and the need for a procedure whereby pave
ment deflections could be predicted in advance from suitable laboratory tests. 

The deflections of interest are essentially elastic in the sense that they are com
pletely recoverable (for all practical purposes) on unloading and appear to be 
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approximately proportional to load. However, in order that these deformations should 
not be confused with elastic deformation in the classical sense, they have been termed 
resilient deformations. 

It would appear that one of the major difficulties in predicting resilient pavement 
deflections is the lack of knowledge concerning the resilient behavior of untreated 
gr:mulai· materials; hence, the major portion of this paper has been devoted to a dis
cussion and definition of the factors influencing the resilience characteristics of these 
materials. It has involved the measurement of the resilient behavior of representative 
granulru: materials in the laboratory, the measurement of deflections of prototype 
pavements composed of one of these materials (a well-graded, partially crushed gravel) 
in the field, and the relating of the laboratory test results to the obser.ved deflections 
of the prototype pavements. 

One of the major factors influencing the resilience characterisitcs of granular ma
terials has been the magnitude of the applied stress. Since stresses due to load vary 
in both the vertical and horizontal directions in a pavement section, this influence of 
stress on resilience should properly be accounted for in order to adequately predict 
the deformation characteristics of the pavement section. Accordingly, an evaluation 
of existing methods for computing stress distributions was also prepared. This evalu
ation was based on analyses for elastic media, since it is the transient recoverable 
deflections due to passage of the wheel load which are of interest. 

Essentially two methods are available: Boussinesq considered stresses and dis
placements in a uniform system, whereas Burmister considered a layered system. 
The evaluation indicated that the actual distribution of stress in pavements constructed 
of untreated granular materials is mosl closely approximated by the Boussinesq an,aly
sis. Accordingly, approximate values for deflections in these structures may be ob
tained by using the Boussinesq theory and the modifications suggested by Vesic to ac
count for the variability in deformation characteristics (as measured by resilient 
moduli) of the granular material. This method bas been used to analyze the results 
of tests performed on the two-layer systems studied in this investigation. 

CONCLUSIONS 

1. The results of repeated plate-load tests at the surface of the subgrade indicate 
that the modulus of resilient deformation of clay soils varies extensively with the ap
plied pressure and water content. The resilient modulus of the subgrade soil used in 
the test program decreased rapidly in the range of stress between 1 and 10 psi (which 
is the rru1ge to be expected in the subgrade of well-designed pavements); the modulus 
had an effectively constant value at a stress of the order of 10 psi and over. The test 
results also indicated that the rate of change in modulus with stress is dependent on 
water content. As the water content increased, the rate of change in modulus with 
stress decreased. When comparing the results of two series of tests conducted with 
the subgrade at different water contents, the resilient modulus was reduced to about 
one-half the initial value as the subgrade became wetter. This change emphasizes the 
impo1·tance of allowing for possible variations in the modulus of the subgrade due to 
environmental changes during the pavement lifetime. 

2. The resilient deformation of an untreated base course depends on (a) confining 
pressure-the average modulus of resilient deformation increases with the confining 
pressure; (b) tl1ickness of base-the resilient deformation of the base increased as the 
thickness of base increased from 8 to 12 in.; and (c) plate diameter-when the surface 
pressure remained constant, the resilient deformation of the base course decreased 
as the diameter of the plate increased from 8 to 12 in. The resilient deformation per 
inch of thickness of base decreased as the ratio of plate diameter to thickness of base 
increased. 

3. A general statement concerning the relative contribution of the base and subgrade 
to the total resilient deformation of a two-layer pavement section cannot readily be 
made on the basis of data obtained from the field tests. It appears that, because the 
modulus of the base increases and that of the subgrade decreases as the applied stress 
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increases, the resilient deformation of the subgrade becomes relatively more sig
nificant at higher magnitudes of surface-pressure applications. 

4. Results of repeated-load triaxial-compression tests 011 dry granular materials 
indicate a unique relationship between the modulus of resilient deformation and the 
confining pressure (a

3
) so long as a shear failure does not occur . A similar relation

ship appears also to be valid in terms of the sum of the principal stresses. 
The modulus of resilient deformation of the dry materials varies with the effective 

confining pressure or the sum of the principal stresses according to the equations 

I 

M K 
n , n 

R = · a3 and Mr = K · 9 

which indicates that the modulus can vary considerably over the range of stresses 
usually encountered in pavements. 

5. The results of repeated-load tests on subgrade and base-course materials 
clearly show that the resilient moduli vary with stresses . When tbe stresses at the 
top and bottom of the base course are very different (i.e. , when the base is loaded 
directly), the resilient modulus at the top of the course may be as much as four times 
the resille11t modulus al the bottom. For the conditions used in this study, the ratio of 
the moduli of the base course to that of the subgrade at the interface between the two 
layers varied from 0. 4 to about 1. 75. 

6. The resilient deformations computed by the proposed method from the results 
of repeated-load triaxial-compression tests for two-layer structures were in reason
ably good agreement with the i·esilient deformations measured in the prototype pave
ments . Thus, it would appeal' l)1al the results of repeated-load tests on paving mate
rials can be used within the framework of availabl e theories to predict transient 
pavement deflections. 
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Appendix 
ANALYSIS OF ASSUMPTION OF CONSTANT MODULUS IN THE 

HORIZONTAL PLANE FOR TWO-LAYER SYSTEMS 

In the paper, two-layer systems consisting of untreated granular material and the 
natural subgrade were analyzed by dividing the base course into a series of hox·izontal 
layers. To simplify this analysis, the variation of the resilient modulus in the hox·i
zontal direction was assumed negligible with respect to that in the vertical direction. 
This assumption was based on the results of analyses, examples of which are shown in 
Figures 32 and 33. 

In these figures, contours of resilient moduli have been plotted to show their varia
tion in both the horizontal and vertical directions. Moduli were determined from the 
results of the repeated-load triaxial-compression tests using the sum of horiZontal 
stresses resulting from the applied load and the weight of the pavement. Thus it would 
appear that the assumption of a constant modulus in a horizontal plane under the loaded 
area is justified. 
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Figure 32. Variation of modulus of resilient deformation under 12-in. diameter plate in 12-in. thick 
base (0'0 = 20 psi, v = 0.5, K0 = 0.5 ). 
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Figure 33. Variation of modulus of resilient deformation under 8-in. diameter plate in both 8- and 
12-in. thick base courses (cr0 = 20 psi, 11 = 0.5, K0 = 0.5). 




