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• C O N S I D E R A B L E evidence has 
been obtained in recent years sug
gesting that the stress versus strain 
characteristics of the materials com
prising the structural section of flexi
ble pavements are time dependent. 
Inasmuch as the load conditions 
which may be imposed upon such 
pavements cover a wide range in 
time—from the essentially static con
dition associated with vehicle park
ing areas to the rapidly applied re
peated loads occurring on heavy-duty 
highways and airfield taxiways—it 
would seem appropriate to apply the 
principles of viscoelastic theory in 
preparing a more rigorous approach 
to the analysis of these structures. 
The many as yet unsolved problems 
posed by increasing traffic demands, 
both in magnitude and frequency of 
loading, fortify the argument for 
such an approach. 

Before such an analysis can be de
veloped, however, it is necessary to 
establish the essential properties of 
the various materials comprising the 
pavement. Some research (1) indi
cates that the physical behavior of 
soils can be expressed in terms of 

viscoelastic parameters; however, 
much more information is required to 
provide suitable data on soil behavior 
from this standpoint. Considerable 
evidence has been presented (2, 3, A) 
illustrating the viscoelastic behavior 
of asphalts. Some data pointing to 
similar behavior in asphalt mixtures 
are also available (5, 6, 7, 8, 9). A s 
with soil, however, more information 
on asphalt concrete is required before 
the behavior of the structural sec
tion can be reliably analyzed from 
the viscoelastic approach. Hence, 
this paper presents data which, it is 
hoped, will add to this required in
formation. 

It is believed that the desired visco
elastic properties of asphalt paving 
mixtures can best be studied by 
means of the triaxial compres
sion test. Therefore, the test re
sults and related theoretical devel
opments were developed by this 
means. Actually, two methods of 
analysis are presented. The first 
part of the work is concerned with 
the possibility of eliminating lateral 
pressure effects through the applica
tion of the concept of deviatoric 
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stress and strain, leaving only tem
perature and time effects to be eval
uated by other means. The second 
part is concerned with the use of 
viscoelastic model theory to evaluate 
the results of four different types of 
triaxial tests: (a) creep tests, (b) 
relaxation tests, (c) constant-rate-of-
strain tests, and (d) repeated-load 
tests. The possibility of mathemati
cally relating the results of such 
measurements within the viscoelastic 
framework is one of the salient fea
tures of this type of analysis and ex
amples of the feasibility of this ap
proach are presented. 

tions. Results of standard tests on 
the material are given in Table 1. 

I n addition to the standard tests, 
absolute viscosity measurements by 

T A B L E 1 
I D E N T I F I C A T I O N T E S T S O N A S P H A L T 

Test Result 

Penetration at 77°F, 100 gm, 5 sec 96 
Penetration at 39.2°F, 200 gm, 60 sec 24 
Penetration ratio 25 
Flasti point. Pensky-Martens, °F 445 
Viscosity at 276°F, S S F 138 
Heptane-xylene equivalent 20/25 
Softening point, ring and ball, °F 110 
Thin film oven test, 325°F, 5 hr: 

Percent weight loss 0.51 
Percent penetration retained 53 
Ductility of residue 100 + 

M A T E R I A L S 

One 85-100 penetration asphalt 
cement was used in the investiga-

means of the Shell microviscometer 
(10) and the Lantz Zeitfuchs capil
lary viscometer ( A S T M D445-53T, 
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Figure 1. Shear stress vs rate of shear relationships at 77 F . 
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Appendix G) were performed on the 
asphalt. Figure 1 shows the shear 
stress-rate of shear relationship for 
this material at 77 F . Also shown, 
for purposes of comparison, are simi
lar plots for the results of tests per
formed on two asphalts used in pre
vious research at the University of 
California (8, 9,11,12) and on a ma
terial conforming to the 1954 Stand
ard Specifications {13) of the Cal i 
fornia Division of Highways. It can 
be seen that the asphalt used in the 
present study approaches Newtonian 
behavior at this temperature. F i g 
ure 2 shows the variation of absolute 
viscosity with temperature at a shear 
rate of 5 X l 0 ~ ° sec"^ for this mate

rial, as well as for the other asphalts 
cited for comparison. A point worth 
noting, because it might have con
siderable bearing on the viscoelastic 
constants of any paving mixtures pre
pared with these four asphalts, is the 
fact that, although all are classified 
as 85-100 penetration asphalt ce
ments, their absolute viscosity char
acteristics vary considerably with 
temperature and with rate of shear. 

One aggregate, a crushed granite 
from Watsonville, Calif., with a uni
form specific gravity of 2.92 ( A S T M 
C127-42, A S T M C128-42) was used. 
This material has been used in other 
laboratory investigations at the Uni
versity of California {11,12) and has 
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an excellent service record in pave
ments throughout that State. One 
dense gradation of the aggregate was 
used (F ig . 3 ) . To insure that all 
specimens would have the same pro
portions, the material was separated 
into individual size fractions by 
screening and then recombined into 
separate batches of the amount re
quired to prepare single samples. A 
%-in. maximum size was adopted, 
as this was judged to be the limit 
imposed by the dimensions of the 
triaxial specimens (12). 

P R E P A R A T I O N S O F T E S T S P E C I M E N S 

The blending, proportioning, mix
ing, and curing operations for the 
specimens were carefully controlled. 
Mixing of the asphalt and aggregate 
was performed at 250 F in a mechani
cally-driven, vertical-bowl mixer for 
a period of 5 min. Af ter mixing, 
each specimen was cured for 24 hr 
at 140 F . 

Following curing, each mixture 
was compacted at 250 F into a cy
lindrical specimen 2.78 in. in diam
eter and approximately 6.40 in. in 
height by means of kneading compac
tion using the "low-cost kneading 

compactor" { H ) . Uniform density 
throughout the height of each speci
men was obtained by compacting the 
sample in 5 layers with 25 tamps 
per layer, wth an additional 25 tamps 
on the surface, at a 500-psi compac
tion pressure. After compaction, a 
500-psi leveling load was applied to 
the surface of each specimen. 

One asphalt constant of 6 percent 
(by weight of aggregate) was se
lected for the tests. This asphalt 
content approximates the design 
value for the type and gradation of 
aggregate used based on the Cal i 
fornia design procedure for asphalt 
paving mixtures. 

Prior to testing the specific gravity 
of each specimen was determined by 
water displacement and a unit weight 
approximating 150 pcf was obtained 
for all specimens. 

T E S T P R O C E D U R E S 

Al l tests were performed in t r i 
axial cells, as shown schematically in 
Figure 4, which also shows the water 
bath used to obtain constant-tempera
ture conditions (within ± 0.5 F ) 
during testing. Any desired tem
perature between about 35 F and 140 
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Figure 4. Triaxial cell in constant-temperature water bath for testing 
asphalt concrete specimens. 

F could be obtained by circulating 
water from a control unit through 
the bath. 

Not shown is a device attached to 
the triaxial cell for measuring volu
metric changes in the specimens dur
ing testing. This attachment con
sisted of a piece of high-pressure 
plastic tubing clamped to a calibrated 
scale. F o r a particular test, the tub
ing was mounted vertically in a posi
tion somewhat above the cell and 
connected to it through one of the 
fittings in the top. The cell was com
pletely filled with water, excluding 
all trapped a i r ; the plastic tube was 

also filled with water to a convenient 
level to permit a reading to be ob
tained on the calibrated scale. L a t 
eral pressure for a particular test 
was applied at the upper end of the 
plastic tubing and transmitted in 
turn to the test chamber. Af ter the 
water in the cell and in the tubing 
had reached the equilibrium tempera
ture of the bath and the specimen, a 
particular test was performed. 

Changes in the volume of the speci
men were noted on the calibrated 
scale. With this apparatus, volume 
changes as small as 0.001 cc could 
be recorded. Volume change meas-
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urements could be observed in con
junction with the four types of test 
performed. 

Constant-Rate-of-Strain Tests 

The constant-rate-of-strain triaxial 
compression tests were performed at 
a rate of 0.10 in. per min in a uni
versal testing machine. Load vs de
formation characteristics for each 
specimen were obtained by means of 
a load-deformation recorder attached 
to the testing machine. 

Relaxation Tests 

Stress relaxation tests were also 
performed in the universal testing 
machine, although the hydraulic load
ing system of the machine was not 
employed. A specific value of de
formation was applied to a specimen 
very rapidly by means of a screw 
jack attached to the crosshead of the 
testing machine; the deformation 
was then maintained constant during 
the remainder of the test. A record
ing of the load vs time characteristics 
of each specimen was obtained by 
modifying the deformation mecha
nism of the recorder on the testing 
machine to move at a constant rate. 

Creep and Repeated-Load Tests 

Creep and repeated-load tests were 
performed with the aid of pneumati
cally operated and electronically con
trolled cells mounted on a steel frame. 
This equipment has been described 
in detail elsewhere (11). F o r the 
creep tests, a specific magnitude of 
stress was applied to a specimen and 
maintained; readings of deformation 
vs time were observed by means of a 
0.0001-in. dial gage attached to the 
piston of the triaxial cell. F o r the 
repeated load tests, the desired stress 
was applied for 1 sec at the rate of 
20 applications per minute. Read
ings of deformation vs number of 
stress applications were also observed 
with a 0.0001-in. dial gage. 

DEVIATORIC STRESS AND STRAIN 

The major variables influencing 
the results of triaxial compression 
tests over a wide range of loading 
conditions are temperature, time 
(rate of loading), and lateral pres
sure, if specimen composition and 
preparation are held constant. The 
methods of viscoelasticity can be ap
plied to the analysis of the time vari
able, as shown in a subsequent sec
tion; however, the concept of devia-
toric stress and strain suggests that 
it might be used to simplify triaxial 
compression test results by eliminat
ing the effects of lateral pressure. 

Although the relationships involv
ing deviatoric stress and strain are 
not new, and have been described in 
a number of publications (1, 15, 16), 
it seems appropriate to describe them 
briefly here. Essentially, the theory 
suggests that any strain in an ideal, 
isotropic, elastic material can be sep
arated into two components: a change 
in volume with constant shape and a 
change in shape at constant volume. 
I f the bulk modulus and the shear 
modulus are used as physical con
stants to represent elastic properties, 
a mathematical separation of pres
sure-volume effects and shear effects 
can be obtained. Because stresses 
and strains can be represented by 
tensors, they can readily be resolved 
into the sum of a mean normal tensor 
and a deviatoric tensor, which dis
tinguish the pure pressure-volume 
effects from the pure shear effects. 

The stress tensor can be repre
sented by (Tij, which refers to the 
array: 

0'12 CIS 

f a — (Til C22 0'23 (1) 

f 32 

In this array o-n, a^^, and 0-33 are 
normal components, and a^^, a,^, etc., 
are shear components. A value for 
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"mean normal stress" (o-) can be ex
pressed as: 

(2) 

The mean normal stress might be 
thought of as a hydrostatic pressure, 
which can be subtracted from the 
stress tensor as follows: 

(Til — (T (712 

(^21 Ci2 — C 

0-13 

a'23 

CSl 0'32 CSS — C 

Sll Sl2 Si3 

S21 S22 S23 

Ssi S-12 S33 

(3) 

The array Sy is called the "devia-
toric stress tensor." Consideration 
of these relationships shows that the 
stress represented by E q . 2 tends to 
alter the volume of the material, 
whereas the stress represented by 
E q . 3 tends to alter its shape. 

In similar fashion, it is possible to 
separate the strain tensor en into a 
mean normal strain e plus a deviatoric 
strain tensor (e„), with 

fii+e22+e33 

and 

e.7 = 

«u — i ei2 

£21 C22 — t 

«13 

623 

t31 (32 (33-

(4) 

(5) 

Inspection of these two relation
ships shows that the strain repre
sented by E q . 4 is a measure of the 
volumetric change of the material 
and the strain represented by E q . 5 
is a measure of its shape distortion. 

These expressions can be used to 
establish a relationship between 
stress and strain. I f the bulk modu
lus, B, governs volumetric behavior, 
the following expression is val id: 

a =3Bt (6) 

The shape deformation is deter
mined by the shear modulus G, which 
relates the deviatoric stress tensor 
term by term to the deviatoric strain 
tensor: 

Sii=2Gen 

S21 = 2Ge2i 

S12 — 2IGBI2 

etc. 
5i3=2Gei3 

(V) 

The first term of the last array 
( E q . 7) is of special interest in the 
present discussion: 

Sn=2Geii (8) 

This is an expression which relates 
axial stress and strain after a cor
rection for lateral pressure. Theo
retically, such a relation should pro
duce—in the case of triaxial tests per
formed on asphaltic paving materials 
at a given temperature and load 
rate—stress-strain curves of identi
cal nature, regardless of lateral pres
sure. 

To evaluate this hypothesis, a se
ries of constant-rate-of-strain tests 
were performed at three tempera
tures, 40 F , 77 F , and 140 F , and at 
a single strain rate, 0.10 in. per min. 
A t each temperature, results were ob
tained for three lateral pressures, 0 
(unconfined), 43.8 psi (3 atmos
pheres) and 250 psi. During each 
test, measurements of volume change 
were recorded to permit the computa
tion of deviatoric strains. 

The results of each test were pre
pared as shown in Figure 5. There 
is a difference between deviatoric 
stress and the so called deviator 
stress which is commonly reported 
for the results of triaxial tests 
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on both asphalt paving materials 
and soils and which is simply (o-n— 
0 - 3 3 ) . Actually the deviator stress 
and the deviatoric stress are related 
as follows: 

(9) 

Figure 5a shows the general type 
of volume change data obtained in 
performing the constant-rate-of-
strain tests used to evaluate the de
viatoric stress-strain concept. F i g 
ure 5b is a plot of the deviator stress 
vs axial strain characteristics of the 
same specimen. These two sets of 
data were combined to produce the 
final result given in Figure 5c, which 
is the desired graph of deviatoric 
stress vs deviatoric strain. Devia

toric stress was determined from the 
test data using E q . 9, and deviatoric 
strain was determined from: 

en = en — e (10) 

where en is the axial strain and e is 
obtained by dividing the volume 
change data by three (see E q . 4 ) . 

Figures 6, 7, and 8 are plots of 
data similar to that of Figure 5c. 
E a c h shows the effect of lateral pres
sure on constant-rate-of-strain (0.10 
in. per min) tests performed at a 
given temperature. Although the 
data have been reduced to yield de
viatoric relationships, there is a re
sidual effect of lateral pressure. The 
phenomenon is greatest for tests at 
140 F , as might be expected. A t such 
an elevated temperature the asphalt 
affords little confinement to the ag-
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gregate, and an application of lateral 
pressure could be expected to produce 
a pronounced stiffening effect. A t 40 
F , where the asphalt exerts a signifi
cant confining effect, the lateral pres
sure still accounts for a marked de
viation in the test results. 

From these and other data, it has 
been concluded that the application 
of the theory of deviatoric stresses 
and strains to triaxial compression 
tests on asphalt mixtures is unwar
ranted, at least in connection with 
the use of viscoelastic model laws. 
Inasmuch as the theory fails to ac
count completely for the effect of 
lateral pressure on such specimens, 
there appears little to be gained from 
the additional effort required for its 
use. Therefore, the following discus
sion of the use of viscoelastic models 
to express the stress-strain-time 
characteristics of asphalt mixtures 

deals with deviator stress and axial 
strain. Lateral pressure is retained 
as an additional variable. 

VISCOELASTIC BEHAVIOR OP ASPHALT 
CONCRETE 

The application of viscoelastic 
theory is by no means new in the 
field of asphalt paving technology, as 
has already been discussed. The en
tire process can be readily visualized 
by noting the three-dimensional anal
ogy shown in Figure 9, in which each 
of the three basic tests—^that is, the 
creep test, the relaxation test, and 
the constant-rate-of-strain test (and 
recognizing that the repeated-load 
test is a creep test carried out on a 
repetitive basis)—is shown schemati
cally in relation to stress, strain and 
time. Viscoelastic laws simply afford 
a convenient method for coordinating 
these parameters mathematically. 
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Essentially, viscoelastic models are 
composed of two basic elements— 
purely elastic springs and purely vis
cous dashpots. These elements are 
combined into various parallel and 
series configurations to produce 
mathematical expressions for stress-
strain-time relations which may suit 
a given material under study. The 
most familiar models are the Voight 
or Kelvin (F ig . 10a) and the Maxwell 
(F ig . 10b). By the application of 
Hooke's law and Newton's law relat
ing to viscous flow, the basic differen
tial equation governing the behavior 
of the Voight model can be shown to 
be 

di(t) 
dt (11) 

The differential equation for the Max
well model is 

dt 'E dt 
(12) 

(a) Creep Test 

(b) Relaxation Test 

(c) Constant-Rate-of-Strain Test 

Figure 9. Stress-strain-time relationships 
for triaxial compression tests. 
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Figure 10. Viscoelastic models. 

havior, it may, in some instances, be 
necessary to couple a finite or infinite 
number of Voight or Maxwell ele
ments. I t has been suggested, for 
example, that stress relaxation re
sults on asphalt concrete can be ap
proximated closely by a model com
posed of an infinite number of Max
well units in parallel ( S ) . 

In actuality, the ideal model for 
an investigation such as this is one 
of the utmost simplicity consistent 
with a satisfactory expression of ma
terial properties. Although the re
sults of a given triaxial test might be 
simulated closely by a configuration 
with a finite or infinite number of 
elements, the application of the re
sulting mathematical formulations 
to the analysis of a flexible pavement 
system would prove extremely diffi
cult. In addition, if it is desired to 
fit a single equation representing the 
stress-strain-time properties of as
phalt concrete, for example, to the 
results of several different types of 
tests, it is necessary to keep that 
equation as simple as possible. 

F o r the analysis presented in this 
paper, the viscoelastic model shown 
in Figure lOe was selected (with pos
sible modification to be discussed 
later) . This combination is capable 
of instantaneous elastic deformation, 
retarded deformation, and recovery. 
Its basic differential equation can be 
stated as: 

Unfortunately, neither of these 
simple models is sufficient to describe 
the behavior of a material such as 
asphalt concrete. To obtain repre
sentative behavior of most materials 
it is necessary to add more elements 
to the model system. When this is 
done, however, the mathematical op
erations required to define behavior 
become quite complex. Fami l iar con
figurations mentioned in connection 
with asphalts and asphalt mixtures 
are the models suggested by V a n der 
Poel (F ig . 10c) and Burger (F ig . 
lOd) . To better define material be-

EiE2+vi{Ei+E2) (it) (13) 

For the constant-rate-of-strain test, 
where e=Kt and « ( 0 ) = 0 , the solution 
of E q . 13 is 

, j { t ) = E I T K \ 1 — expi (-') - ^ £ • 2 K t (14) 

In which T { = T ) I / E I ) is the relaxation 
time of the material under static load
ing. 
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For the relaxation test, where e = eo 
(const) and co = eo(£'i-|-£'2), the solution 
of E q . 13 is 

(T(0 =eo El exp (-9 2 fO (15) 

For the creep test, the solution of 
E q . 13 may best be given in four parts 
(S), as follows (see Fig. 11): 

1. Segment ab, instantaneous elastic 
response at t=0, with 

e(0) = 
Ei-^-Ei 

(16) 

2. Segment be, viscoelastic strain at 
constant stress, 0<<<<o, with 

'Ei+Ei 

EiEi 

(the bracketed expression is the elastic 
compliance of the two springs). 

6«) 
El 

Ei{Ei+Ei) 

(17) 

3. Segment cd, instantaneous elastic 
response at i=io upon unloading, with 
change in strain Ae, where 

Ei+Ei 
(18) 

4. Segment de, strain recovery at 
zero stress, to<t< ti, with 

e(<) = 
(xEi 

E2{Ei-\-E2) 

X ^ - e x F ( - f . ) + e x F ( - ^ ) (19) 

The three-element model, if undis
turbed during creep recovery, will 
return to zero strain. I f , however, it 
is subjected to repeated-load applica
tions (F ig . 11), the situation may be 
different. F o r the repeated-load test, 
Eqs . 16, 17, 18, and 19 still apply to 
the first load cycle, because it is iden
tical to the creep loading. The same 
equations can be used to study the 

second cycle of load, as the value of 
strain at t=t^ can be taken as the 
new initial value. By this same ap
proach, the cycling may be examined 
indefinitely. I t is important to note 
that, if the cycle is such that the 
model does not recover completely be
tween load applications, cumulative 
build-up of strain can occur during 
the repeated-load test ( S ) . 

Eqs . 14 through 19 establish com
pletely the mathematical relation
ships necessary for employing the 
three-element model in connection 
with the four types of tests. Al l 
that remains is the evaluation of 
three constants, Ei, E2, and t / i , ap
plicable to given test conditions. F o r 
the three-element model this is best 
done from the results of either a 
creep or a relaxation test, inasmuch 
as simple relationships are involved 
(F ig . 12). 

To determine the usefulness of the 
equations developed for the three-
element model, a typical set of data 
was selected from each of the four 
test types at a temperature of 77 F 
and a lateral pressure of three atmos
pheres (43.8 ps i ) . This lateral pres
sure was selected as being represent
ative of the degree of confinement 
which might be afforded asphalt con
crete in an actual pavement subjected 
to a contact pressure of 100 psi, based 
on theoretical analyses of stresses in 
elastic systems which indicate that 
the radial stress may be of the order 
of 40 percent of the axial stress (17). 
The data are plotted in Figures 13 
through 16. F r o m the results of the 
creep test, the following values were 
approximated: 

£"1=2.50x10* psi, 
approximated: £"1=2.50X10* psi, 
£" ,=1 .30X10* psi, and , ,1=9.00x10^ 
psi-min per unit strain. 

The value for TJI was obtained by 
fitting the exponential term in E q . 
17 to the first portion of the creep 
curve, because it is believed that this 
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value might be the best for use in the 
other equations involved. The result 
was not entirely satisfactory for 
creep, as can be seen in Figure 13, 
which appears to indicate that the 
specimen was undergoing a constant 
rate of deformation with time in the 
latter stages of the test. This can 
not be explained with the three-ele
ment model. In addition, there ap
pears to be a permanent set after 
creep recovery, which is also not ex
plained by this model. 

If , however, the constants obtained 
from the creep test are applied to E q . 
15, which represents the relaxation 
test, the results (F ig . 14) are in ex
cellent agreement. Except for a 
small continued rate of relaxation 
noticeable at the end of the test, the 
model permits a reasonable predic
tion of such data from those of the 
creep test. The same trend is true 

for the constant-rate-of-strain test 
data shown in Figure 15; up to a 
strain of about 1 percent (the limit 
of real interest, as far as structural 
analysis might be concerned) the 
agreement between actual and pre
dicted data is excellent. 

The application of the foregoing 
constants to predict the results of 
the repeated-load test is shown in 
Figures 16 and 19. Figure 16 shows 
the first 20 cycles of testing. The ap
parent discrepancy between the ini
tial measured strain and the predicted 
strain can be explained by the diffi
culties involved in measuring this 
initial increment (due to seating and 
continuity problems) ; otherwise, the 
model predicts quite well the build-up 
of deformation. Figure 19 shows the 
same repeated load test in its en
tirety, with the predicted curve. I t 
should be noted that it was necessary 
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test results. 

plained by the theory. However, it 
might be true that the agreement be
tween test and theory was sufficient 
to establish some grounds for the use 
of this model, or possibly a modified 
form of it, in certain types of struc
tural analysis concerned with flexible 
pavements. 

One possible modification to the 
three-element model which suggests 
itself immediately from an examina
tion of the creep data in F i g . 13 is 
shown in Figure lOf. This configura
tion is formed by the simple addition 
of a dashpot in series with the pre
vious model. Its basic differential 
equation can be stated as 

dt 

^2 ^ 

X<r(0 (20) 

to employ an electronic computer to 
obtain the predicted data, inasmuch 
as the calculation of the deformation 
pattern for several thousand cycles 
of load would have been extremely 
tedious and time consuming by desk 
calculation procedures. Figure 19 
shows that the three-element model 
lacks the ability to account for the 
continual increase in strain measured 
in the later stages of the test. How
ever, over a reasonably large number 
of cycles of stress application the 
model reasonably predicted the de
formation pattern. 

The foregoing application of the 
equations governing the stress-strain-
time characteristics of the three-ele
ment model appears to furnish proof 
that viscoelastic theory has a place 
in the analysis of the physical be
havior of asphalt concrete under load. 
Because the model selected was ex
tremely simple there were certain 
properties (particularly in the case 
of the creep test) which were not ex-

Solution of E q . 20 for the four dif
ferent loading conditions becomes 
considerably more difficult than for 
E q . 13. However, the creep test equa
tion can be obtained by superimpos
ing the strain in the added dashpot 
on that of the three-element model. 
The equation for the strain in creep 
is 

e(0 

E, 
E^iEi -{-E-i) exp(-f.) •C'2 r]i 

(21) 

It can be seen that E q . 21 is the 
same as E q . 17, except for the last 
term. This term can be used to ac
count for the continued increase in 
strain with time shown in Figure 13. 

As was the case for the three-ele
ment model, it is possible to deal 
with the repeated-load test for the 
four-element model by repetitively 



SECOR AND MONISMITH : ASPHALT CONCRETE 309 

05 

0.4 

I 03 

5 02 

0.1 

05 

04 

1 

I 

03 

02 

0.1 

O 

• 
Actual Data 

—Predicted 

{ n \ 

Tei 
La 
Ax 

nperature 
teral pressure csj= 
iai strain 07/ = 

77''F 
43.8psi 
53.3psi 

lOO 200 300 
Time —minutes 

400 500 

r-Prea vted 

^Ac tualData 

(I 

Ter 
La 
Ax 

nperature 
teral pres 
iaI strain-

sure Oil = 
-P7, = 

- 43.8psi 
5l.3psi 

\ I JI 

8 10 12 
Time - minutes 

14 16 18 20 

Figure 13. Comparison of creep test data and predicted data (a) using three-element 
model, and (b) expanded scale for first 20 min. 

applying the conditions of the creep in which 
test. However, solution of E q . 20 for 
either the constant-rate-of-strain test 
or the relaxation test is more difficult. 
To illustrate the complexity of these 
operations, the solution for the re
laxation test is as follows: 

r«) = R2 — R1 

+ {C,-C,Rdexp{-Rrt)] (22) 

m V2 

C3 =Ei-\-E2 

E:Ei 
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/2i=^+^VCi^-4C2, 

B2=^-\y/Ci^-^G2 

For a comparison between the results 
of the three-element model and those 
obtained from the four-element model, 
suitable constants for E q . 20 are: 
£•1= 2.45x10^ psi, £2 = 1.35x10^ psi, 
771=8.70X10^ psi-min per unit strain, 
and 772=3.67X10'^ psi-min per unit 
strain. 

These values were again obtained 
from the results of the creep test. 
The resulting equation for creep is 
given in Figure 17, together with the 
curve given in Figure 13. The in
crease in suitability is obvious, as the 
extra dashpot provides for the con
stantly increasing strain function 
and also permits an allowance for 
permanent deformation. It should 
be noted, however, that the predicted 
permanent deformation is far too 
small to account for that measured 
during the test. 

The same constants can be used in 
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E q . 22 to predict the results of the 
relaxation test previously plotted in 
Figure 14. Figure 18 compares the 
predicted values from E q . 22 with 
these data. Reasonably good agree
ment is obtained, and the added dash-
pot provides an allowance for the 
slow decrease of stress with time in
dicated at the end of the test period. 

The prediction of repeated-load 
test results can be accomplished for 
the four-element model by first com
puting the deformation due to the 
three-element portion of the configu
ration (same computer program as 
for the original three-element model, 
but with different values of £ , 
and ?;i). To this deformation is 
added the straightline deformation 
with time which is the result of loads 
applied to the added dashpot repre
sented by 172. The results of this com
putation are shown in F ig . 19 using 
the previously given values for Ei, 
£ 2 , lyi and T ^ , . The agreement be
tween the actual and predicted data 
is good for the early stages of the 
test, as was the case for the three-
element model. However, with in
creased number of stress applications 

considerable deviation of the results 
is apparent. This discrepancy is 
probably due to a change in specimen 
properties with progressive deforma
tion. Mack (5) has illustrated simi
lar stress history effects. F o r the 
particular specimen under investiga
tion it is possible that 7;, would in
crease as the specimen densified un
der load. Although such conditions 
could be handled by much more com
plicated models, they are beyond the 
scope of the work presented here. 

F r o m the foregoing discussion it 
can be seen that a comparison of the 
three-element model with the four-
element model seems strongly in fa
vor of the latter unit. However, the 
increased computational difficulty as
sociated with the four-element model 
may practically preclude its use in 
the structural analysis of fiexible 
pavements. 

The foregoing discussion has pre
sented some examples of the useful
ness of viscoelastic theory in dealing 
with the stress-strain-time character
istics of asphalt concrete. There 
seems little doubt that such theory 
can be of value in developing more 
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insight into the fundamental behavior 
of asphalt concrete, particularly in 
understanding the effects of such 
variables as type of asphalt, asphalt 
content, aggregate type and grada
tion, temperature, and confining pres
sure. Moreover this approach may 
also prove to be useful in the analysis 
of flexible pavements because the time 

variable can be considered. How
ever, before this approach can be 
fully utilized considerably more re
search is required, not only with re
spect to the asphalt concrete and the 
effect of the variables previously 
cited, but also for the other materials 
comprising the pavement cross-sec
tion. 
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SUMMARY 

In this paper some of the possibili
ties of and limitations on the use of 
viscoelastic principles to relate the 
stress-strain-time properties of as
phalt concrete have been discussed in 
the light of the results of triaxial 
compression tests. The concept of 
deviatoric stress and strain, as it 
might be used to evaluate the effect 
of lateral pressure on these proper

ties has been investigated; actual test 
data are presented to show that this 
consideration may not be valid for 
asphalt concrete, due to the large ef
fect of confining pressures. The use 
of two mathematical models with the 
data obtained from four types of tr i 
axial compression tests is shown, to
gether with a comparison of values 
predicted from viscoelastic theory 
and those obtained in the laboratory. 
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In general, considerable evidence is 
presented to support the value of this 
form of analysis in its possible ap
plication to the structural analysis of 
flexible pavements. 
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