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The results are reported of a series of uniaxial compression creep tests 
of an asphalt mixture under constant loadings, multiple-step loadings, and 
repeated loadings of as many as 100 cycles. It has been shown that the 
nonlinear viscoelastic behavior of the asphalt concrete can be represented 
by a nonlinear generalized Kelvin model that consists of a nonlinear dash
pot connected in series with a nonlinear Kelvin chain. Thus, the nonlinear 
creep strains are separated into irrecoverable and recoverable strains. 
It has been shown that the constitutive equation can be determined by the 
use of both the creep and the recovery parts of the constant loading creep 
test results. The accuracy in predicting the creep behavior of the asphalt 
concrete under the multiple-step loadings and the repeated loadings has 
been shown to be very satisfactory. The importance of the irrecoverable 
strains to the practical implementation of asphalt pavements subjected to 
traffic loading is discussed. A possible way of relating the irrecoverable 
strains to the fatigue life of the material is also discussed. 

•IN the past 10 years, considerable interest has been developed in an attempt to char
acterize the time and temperature dependence of the mechanical properties of asphalt 
paving mixtures within the framework of viscoelastic theory, especially the linear vis
coelastic theory. Most of the test results reported so far on the viscoelastic charac
terization of asphalt mixtures have been obtained from the constant stress creep tests, 
or constant strain relaxation tests (1-4), and the sinusoidal loading tests (5-8). In most 
cases, the linear viscoelastic behavior of the asphalt concrete was assumed,- and, 
henceforth, the linear viscoelastic material properties in terms of creep compliance, 
relaxation modulus, and complex compliance and complex modulus were obtained. For 
example, the phenomenon of creep can be represented by the following equation under 
a uniaxial stress state: 

dt) = 

t 

f J(t _ ~) acrW d~ 
a~ 

0 

(1) 

where ( and er are uniaxial strain and stress respectively. J(t) is the uniaxial creep 
compliance and is usually determined from constant stress creep tests. For a given 
constant stress, Eq. 1 becomes 

E'.(t) = J(t)cro or J(t) = dt) 
O'o 

(2) 

In this equation, dt) is the measured creep strain under the constant stress cro, and the 
creep compliance J(t) can be obtained according to Eq. 2. In principle, if a material 
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is truly linearly viscoelastic, Eq. 1 with J(t) determined from Eq. 2 can be used to 
predict the creep behavior of the material under any kind of uniaxial loading history. 
However, this is not always true when the material is subjected to a more complex 
loading history. 

In this report, the time-dependent properties of asphalt concrete are investigated 
under multiple-step loading histories, including several cyclic loading historiP.s, in an 
effort to verify the applicability of linear viscoelastic theory in predicting the creep be
havior under multiple-step loadings and also to construct a workable constitutive equa
tion to describe more closely the time-dependent behavior of asphalt concrete under 
time - dependent loading histories. 

In this report, the emphasis is also placed on distinction between the recoverable 
and irrecoverable creep under loading. This is important from a practical viewpoint 
because the irrecoverable creep strain contributes a large portion of the creep strain 
of asphalt concrete under external loading, and the irrecoverable strain is accumulative 
under repeated loading, whereas the recoverable creep is not necessarily. 

MATERIALS AND SPECIMENS 

A single asphalt mixture was utilized for the investigations. The asphalt cement used 
in preparing test specimens was from the American Oil Co. with 85 to 100 penetration 
grade. The asphalt content was 9 percent by weight. The gradation of aggregates is 
shown as follows: 

Sieve Size 

3/a in. 
No. 4 
No. 8 
No. 16 
No. 50 
No. 200 

Percentage Passing 

100 
95 .0 
60. 0 
33.0 
15.0 

6.0 

The test specimens used in this study were made of compressed asphalt concrete 
cylinders 2-in. in diameter and 3-in. in length. The asphalt mixture was pressed in a 
2-in. diameter mold at 3,000 psi for 5 min at a temperature of 220 F. The specimens 
were cured in an oven at 140 F for 72 hours prior to the testing. Also, the randomness 
of the strain response of each specimen was minimized by subjecting each specimen to 
a 50-psi prestress for 12 min. 

EXPERIMENTAL APPARATUS PROCEDURES 

The basic test equipment shown in Figure 1 consists of a rigid frame A, a loading 
head B, a 1-to-10 ratio loading lever C, and the deformation measuring devices. A 
linear variable differential transducer (LVDT) was used to measure the deformation of 
the specimen. The output from LVDT, which is directly related to the total deforma
tion, could be automatically recorded on a strip-chart recorder. 

During the test, the specimen was placed directly under the loading head, and the 
L VDT was properly set. A selected dead weight was then put on the loading lever to 
produce a constant load on the specimen. The temperature during the test was kept at 
75 ±2 F. 

RESULTS AND ANALYSIS 

Nine tests at three stress levels (10, 30, and 50 psi) were performed on prestressed 
samples. Duration of the loading period varied from 10 to 1,000 sec (i.e., 10, 100, and 
1,000 sec). The results of the constant stress creep tests at three stress levels at three 
loading periods are shown in Figures 2, 3, and 4. Each solid line is the average of sev
eral repeated test results. In these figures, the recovery strains following each creep 
test are also shown. 

Using Eq. 2, we can obtain the creep compliance J(t) as follows. Once the creep 



Figure 1. Basic equipment for unconfined compressive creep test. 

Figure 2. Creep and recovery of constant stress creep tests (t; = 10 sec). 
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Figure 3. Creep and recovery of constant stress creep tests (t; = 100 sec). 
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Figure 4. Creep and recovery of constant stress creep tests (t; = 1,000 sec) . 
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Figure 5. Constant stress creep curves plotted in log·log scale. 
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curves on the log-strain versus log-time base were replotted, they appeared to be 
straight lines as shown in Figure 5. Because the straight lines at three stress levels 
(Fig. 5) have nearly the same slope (0.136), the creep behavior could be expressed in 
the following form: 

(3) 

where rr is the total creep strain, and Ar is the strain at unit time (t = 1 min). The 
fact that Ar varies with stress can be seen by cross-plotting the strain values at t = 1 
min of Figure 5 and the stress as shown in Figure 6 (open circles) and can be repre
sented by the following relation: 

Er(t) = Ar(cr)t
0

T 

Ar (cr) = a1cr + a2cr2 

a1 = 0.159 x 10-3 

a2 = -0.857 x 10-s 

The creep compliance J(t), which is defined as !(t), can be obtained from Eq. 4 as 
follows: cro 

(4) 

(5) 

In view of Eq. 4 or 5, the asphalt concrete exhibits nonlinear behavior. Although a 
more popular form of power-law representation, such as cr•, can be used as accurately 
as Eq. 4 to represent the stress dependence of Ar, this type of representation violates 
the basic invariance requirements as imposed from the continuum mechanics standpoint. 
Furthermore, Eq. 4 can be extended readily to represent the creep behavior under mul
tiple stress states (11), whereas the power-law representation cannot. 

Because the asphalt concrete was found to be nonlinear from the constant stress 
creep test, the second linearity 1·equirement, the linear superposition principle, is not 
applicable any more. However, the modified superposition method (9-13) has been used 
to describe the nonlinear creep behavior and has been shown to be applicable in describ
ing the creep behavior under arbitrary loading from the constant stress creep test re
sults of many nonlinear viscoelastic materials. This modified superposition method is 
employed here to describe the recovery behavior. The modified superposition method 
yields the following form (~) for the recovery after constant stress creep: 

Er(t) = E'[cr(t)] - E[cr(t - t 1)] 

t >ti 
(6) 

where E[cr(t)J represents the creep strain under constant stress input, such as Eq. 4, 
and t1 the unloading time. Inserting Eq. 4 into Eq. 6 yields 

(7) 

For nr less than 1, as shown in Eq. 4 for the asphalt concrete, Eq. 7 predicts that the 
recovery strain approaches zero. The recovery curves shown in Figures 2, 3, and 4 
indicate, however, a large irrecoverable strain (permanent set). Apparently Eq. 7 is 
not capable of describing the recovery behavior because either the modified superposi
tion principle is not applicable for this material or Eq. 4, determined from the con
stant stress creep test results, does not represent the actual constitutive relation of 
the material. Therefore, an attempt was made using both the creep curves and the re
covery curves of Figures 2, 3, and 4 to obtain a better representation of the constitutive 
relation of the material. 

Because of the large portion of the unrecoverable strain of each creep test and be
cause the amount of unrecoverable strain is dependent on the length of the loading period, 
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Figure 6. Creep strain-stress at unit time_ 

c 

' c 

a. 

~ 
u 

Stress-PS[ 

Figure 7. Nonlinear generalized Kelvin modl!I. 

Figure 8. Irrecoverable strain versus time. 
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the creep behavior may be represented by a generalized nonlinear Kelvin model as 
shown in Figure 7. Here, the nonlinear dashpot may contribute to the irrecoverable 
strain, and the series of Kelvin models (Kelvin chain) may contribute to the power-law 
creep behavior (11). Therefore, tbe total creep strains (£r) of each test were separated 
into two parts, the irxecoverable strains (E'p) due to the nonlinear dashpot and the com
pletely recoverable strains (£.) due to the nonlinear Kelvin chain. The irrecoverable 
strains versus the length of the loading period (10, 100, and 1,000 sec) at each stress 
level on a log-log scale were plotted to form three straight lines as shown in Figure 8. 
Because these three straight lines have nearly the same slope of 0.25, the following ex
pression can be obtained for irrecoverable strains: 

(8) 

Again, by cross-plotting the E'p at t = 1.0 min and the stress as shown in Figure 6 
(closed circles) and using the stress polynomial to fit those points, we can obtain the 
following equation: 

E'p(t) = (biO' + bz0'2) tnp 

l bi = 0.0844 x 10- 3 

b2 = -0.454 x 10- 5 

np = 0.25 

The rate of the irrecoverable strain (P can be obtained from Eq. 9 as follows: 

rp(t) = np(bicr + b2cr2) t"p-l 

(9) 

(10) 

Instead of using Eq. 10, it was found that the "strain hardening theory" that relates 
the rate of the irrecoverable strain to the current stress and irrecoverable strain 
yielded a better description of the irrecoverable strain. The rate of the irrecoverable 
strain can be obtained by eliminating the time variable from Eqs. 7 and 10, which yields 

• (t) _ {b b 2)1/np (np-ll/np 
E'p -np iO'+ 20' E' (11) 

or 

(12) 

(12a) 

Equations 12 and 12a show that the dashpot is nonlinear and that the "coefficient of vis -
cosity" 17 is dependent on the stress and the irrecoverable strain. 

The recoverable strains E' v due to the Kelvin chain were then obtained by subtracting 
the irrecoverable strains E'p from the total strains E'r. Thus, the total creep strains 
were separated into the recoverable part and the irrecoverable part. 

Again, by using the same technique of plotting the E'v versus time in the log-log scale, 
as shown in Figure 9, and cross-plotting in Figure 6, we can express the recoverable 
strains in the following form: 

E'v(t) = (CiO' + C2cr2) t"v 

~ Ci= 0.0748 x 10- 3 

(13) 
C2 = -0.412 x 10- 5 

nv = 0.093 
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The constitutive relation for the asphalt concrete using the generalized Kelvin model 
is summarized as follows for the constant stress creep: 

(14) 

where (pis given by Eq. 12, and E'v is given by Eq. 13. For the time-dependent stress 
input, the following equation is utilized: 

t t 

(r(t) = f (p(;)d~ + J (t - ;)"v [C1 + 2C 20'(;}] cr(;)d; 

0 0 

(15) 

In Eq. 15, the modified superposition method was again used (in the second integral) to 
describe the recoverable part of the creep strains under time-dependent stress input 
( 10' _!.!, _g) . 

RESULTS AND PREDICTION OF CREEP UNDER MULTIPLE-STEP LOADING 

In order to test and improve the application of Eq. 15 to the creep behavior of the 
asphalt concrete, we performed four multiple-step loading creep tests. The results 
are shown in Figures 10 through 13. 

Equations 12, 13, and 15 were utilized to predict the creep behavior under multiple
step loading as follows. The stress inputs of the multiple steps can be expressed in a 
single algebraic equation using the Heaviside's unit function 

n 

cr(t) = L (O"i - O'i_ 1) H(t - ti) 

i=O 

(15a) 

where H(t - ti) is the Heaviside's unit function, which has the value of 1 when t ~ti, 0 
when t< O, 0'-1 = 0, and to= 0. Inserting Eq. 15a into Eq. 15, after performing the in
tegration, yields the following for the total strain at each loading step where 

( ) ( 
2)1/np np E'p t = [ b10'0 + b20'0 t] 

E"v(t) = (C10'0 + C20'~) [t"v_ (t - t1fv] 

+ ( c 1 ()' l + c 2 cri) ( t - t1l"v 

For t,_ 1 < t < t,, r = 1, 2, 3, ... , 

(16) 

(17a) 

(17b) 

(18a) 

(18b) 

(19a) 



Figure 9 . Recoverable strain versus time. 
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Figure 10. Results and predictions of creep behavior under step loading. 
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Figure 11. Results and predictions of creep behavior under step loading. 
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Figure 12. Results and predictions of creep behavior under step loading. 
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Figure 13. Results end predictions of creep behavior under step loading. 
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dt) = (C10"0 + C2cr~) [t"v - (t - ti)°v] + .•• 

+ (C10'r-2 + C20"~-2) [{t - tr_ 2)"v - (t - tr_ 1)"v] 

+ (C10'r-1 + C2cr;_) (t - tr_)"v (19b) 

By adding the predicted irrecoverable strains (p and the predicted recoverable strains 
( v• the predicted total creep strains (r under multiple-step loading can be obtained and 
are shown as the open circles in Figures 10 through 13 together with the experimental 
results that are depicted by the solid lines. The overall comparisons are quite satis
factory. 

RESULTS AND PREDICTION OF CREEP UNDER REPEATED LOADING 

The theory for a loading-unloading type of input was tested by loading specimens for 
1 min and allowing them to recover in an unloaded state for 3 min before reloading. 
Cycles of this type were applied to specimens of 10, 20, 30, 40, and 50 psi, up to eight 
cycles. In addition, a 40-psi, 100-cycle repeated test was also conducted. The results 
are shown in Figures 14 through 19. 

Again, using Eqs. 15, 19a, and 19b, the creep strains under the repeated loading 
were calculated as shown in Figures 14 through 18 for the eight-cycle tests. The theory 
predicts well for both the loading period and the unloading period of each cycle, though 
more deviation was observed in the recovery period. 

These periodic loading tests are particularly important in the evaluation of asphalt 
concrete because pavements are constantly subjected to a similar loading pattern. Traf
fic passing over the pavement creates a loading period that is followed by an unloaded 
period. The loading time and stress are of primary importance to the total creep 
strain; thus, heavier, slower moving traffic causes greater "permanent" deformation. 
Although the total strain (or the shape of the total creep strain output with each loading 
cycle) is interesting and in many ways useful, the main concern when dealing with this 
type of material and stress pattern must lie not with the recoverable portion but with 
the irrecoverable strain introduced with each cycle. It can be seen from Figures 20 
and 21 that the irrecoverable portion causes the accumulation of the total strain. There
fore, when the material is subjected to a large number of cyclic loadings, it may seem 
justified to deal mainly with expressions for the irrecoverable strain and to neglect the 
recoverable strain. In Figure 20, the theoretical and the experimental total strains 
and the irrecoverable strains at the end of each loading cycle were plotted against the 
number of cycles. The difference between total strain and the irrecoverable strain, 
which equals the recoverable, is small in comparison with the total strain or the ir
recoverable strain. This figure also points out the range in which the theory is appli
cable. The increase in strain for each cycle remains fairly constant up to approxi
mately 60 cycles. At this point, the rate begins to increase, and more deformation is 
observed with each cycle than in the previous cycle as shown in Figures 19 and 20. This 
is also where the theory and the observed strains begin to differ, leading to the conclu
sion that the equations predict the output within about 2.2 percent strain in this case, 
which is reached at about 60 cycles. A significant change in the shape of the specimen 
was also observed at about 60 cycles. The sample began to take on a barrel shape, in
creasing the cross-sectional area and most likely weakening a great deal of the internal 
bonds. In the region lower than 2 .2 percent strain, where the increase in total defor
mation from one cycle to the next remains nearly constant, the cycles are very uniform 
in shape. Both the loading and recovery periods, after the first few cycles, demon
strate constant strain rates and magnitudes. 

By letting N be the cycle number, ~t be the duration of the loading period of each 
cycle, and a 0 be the constant stress at the load period, Eq. 19a becomes 

(20) 

where (p represents the irrecoverable strains at the end of the Nth loading cycle. The 
parameters contribute to the buildup of the irrecoverable strain, which is shown in 



Figure 14. Results and predictions of creep behavior under cyclic loading (10-psi stress amplitude). 
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Figure 15. Results and predictions of creep behavior under cyclic loading (20-psi stress amplitude) . 
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Figure 16. Results and predictions of creep behavior under cyclic loading (30-psi stress amplitude). 
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Figure 17. Results and predictions of creep behavior under cyclic loading (40-psi stress amplitude) . 
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Figure 18. Results and predictions of creep behavior under cyclic loading (50-psi stress amplitude). 
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Figure 19. Results and predictions of creep behavior under cyclic loading (40-psi stress amplitude, 100 cycles) . 
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Figure 20. Irrecoverable and theoretical strains versus cycle number. 
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Eq. 20. Furthermore, if the maximum strain <max (as approximated by the £pmax) is 
chosen to be the failure criterion of a material, Eq. 20, after rewriting into the fol
lowing form, implies that 

87 

(21) 

The longer the loading time during each cycle and the larger the stress amplitude are, 
the fewer the number of cycles the material can withstand. Although Eq. 21 is de
rived from the viscoelastic characterization of asphalt concrete, some similar con
clusions, such as the effect of load duration, effect of ultimate strain (tensile strain), 
and magnitude of stress amplitude on the fatigues life of asphalt concrete, have been 
reached in other fatigue studies (14, .!_0. 

CONCLUSION 

It has been shown that the nonlinear viscoelastic behavior of an asphalt concrete can 
be represented by a nonlinear generalized Kelvin model that is made of a nonlinear 
dashpot connected in series with a nonlinear Kelvin chain. The nonlinear dashpot ac
counts for the time-dependent irrecoverable strain (viscous flow), and the nonlinear 
Kelvin chain accounts for the power-law time-dependent recoverable strain. It has 
been shown that the constitutive equation can be determined relatively simply by uti
lizing both the creep and recovery parts of the constant stress creep test results. The 
accuracy in predicting the creep behavior of the asphalt concrete under multiple-step 
loading and repeated loadings using the proposed constitutive equation is very satis
factory. 

It has also been shown that an equation relating the number of cycles to failure to the 
applied stress amplitude and the duration of each cycle similar to the existing fatigue 
theories can be derived from the irrecoverable creep strains. It is hoped that this 
study will lead to a better understanding of the time-dependent behavior of asphalt con
crete. 

In this report, only a single asphalt concrete mixture was utilized for the investiga
tions, which were conducted under only one temperature (75 ±F). Though it is antici
pated that varying the mixtures and the testing temperatures would definitely affect the 
creep behavior of asphalt concrete, some of the preliminary experimental results in
dicate that the difference of the creep behavior of different asphalt concrete mixtures 
at different temperatures (above the glass transition temperature) is more quantitative 
than qualitative. 
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