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Low Temperature Rheology of 
Asphalt Cements: Stiffness and 
Viscosity 
H. E. Schweyer and A. M. Burns, Jr., Department of Chemical Engineering, 

University of Florida, Gainesville 

Stiffness, as a material characteristic of asphalt cements, is attracting 
more attention in asphalt technology. This paper shows the quantitative 
relations between viscosity and stiffness and explains how the shear mod
ulus and viscosity found by a constant stress rheometer can be used to 
evaluate stiffness. Experimental data from creep curve studies are given 
for a number of asphalt cements. The shear modulus is shown as the 
limiting asymptote that intersects the viscosity term asymptote at a stiff
ness limit time. These two asymptotes delineate the complete stiffness 
curve. Characteristic stiffness is shown to be a material property, but 
knowledge of the geometry of the system is prerequisite to its use in de
sign, if the absolute deformation is to be considered. Variations in stiff
ness with shear rate (stress), temperature, and time are illustrated by 
data on absolute measurements for eight different types of asphalts at 
temperatures from 25 down to -5°C (77 to 23° F). The addition of vis
cosity and stiffness data at 5°C (41°F) to the usual viscosity data at 25 
and 60°C (77 and 140° F) provides a better rheological profile for asphalt 
cements at low ambient temperatures than has previously been reported. 

Although the concept of stiffness as a rheological prop
erty has been used in studies of asphalt bitumen and 
mixes, many authors do not explain what real rheo
logical meaning it has. This has caused a proliferation 
of testing techniques and data reporting procedures. 
The purpose of this paper is (a) to clarify the meaning 
and significance of stiffness, (b) to suggest a format 
for data reporting, (c) to demonstrate by experiment a 
proposed model and the relations between stiffness and 
other rheological properties, and (d) to illustrate the 
variations in stiffness for certain selected asphalt 
bitumens at temperatures below 25°C (77°F) by using a 
constant stress shear m·ode apparatus. 

In asphalt rheology the use of stiffness or resistance 
to stress as a function of time dates from Nijboer and 
van der Poel 's 1953 description (1), a lthough Nutting 
(.?.,;!)proposed a generalized stress -strain-time 
concept in 1921. 

The subject of stiffness was updated in 1958 by Saal 
and Labout (5), whose rather interesting results gave 
stiffness values for several types of asphalt bitumens 
and mixes over a range of temperatures from -50 to 
5C1'C (-58 to 122°F) and at different stress levels. They 
also discussed the relation of dynamic to static creep 
for the combined Maxwell-Kelvin (Burgers) model and 
considered that all the behavior was related to the free 
volume concept and that the asphaltene content was 
related to gel-sol concepts. Their generalizations were 
made as approximations and were based somewhat on 
conjecture. They also commented on pressure effects 
and bulk modulus. The statement that Young's modulus 
of elasticity (E) has a value of about 2500 to 3000 MPa 
(362 592 to 435 lll lbf/in2

), which holds for all as
phalts, is probably a fair approximation, but to con
sider it applicable to all asphalts at unspecified low 
temperatures is probably erroneous. However, Saal 
and Labout's review was an excellent summary of early 
work. Some of the data are reported in Table 1. 

In 1954 van der Poel (6) also provided a summary of 
earlier work on viscoelasticity and data on mix stiffness. 
Much of this material presumably summarized his own 
previous work. 

More recently, in 1969, Reiner (7) treated rheology 
theoretically and discussed asphalt deformations. Stiff
ness, as defined here, is the stress divided by the 
cumulative strain after a specified time and is there
fore a function of temperature, time, and loading proce
dure. At times approaching zero (or instantaneous de
formation), the stiffness is the same as the modulus of 
elasticity (E) in traction or the modulus of rigidity (G) 
in shear. However, at extended elapsed times, if the 
material is not a pure elastic solid and shows a per
manent flow with time, the stiffness is almost directly 
proportional to the viscosity per unit time when the 
elastic strain is only a small proportion of the total 
strain. Accordingly, all factors that affect the elasticity 
and viscosity also affect the stiffness. 

It is obvious, then, that factors such as shear sus
ceptibility (variations in viscosity with shear rate), 
chronal susceptibility (history effects), temperature, 
compressibility, and mode of testing (traction or shear) 
all affect stiffness. 

Because of the shear susceptibility of many asphalts, 
the standard rheological model of a spring and dashpot 
in parallel (Kelvin) combined in series with spring and 
dashpot (Maxwell) does not define the flow regime. 

In their first paper on this subject, Schweyer, Baxley, 
and Burns (8) proposed a model that accommodates the 
shear susceptibility by a simple feedback mechanism as 
shown in Figure 1. This new model, the B-S model, 
will be discussed later in the paper but is essentially a 
modified version of the Burgers model for asphalt men
tioned previously by Saal and Labout (5). It is for such 
a modified model that the mathematical relations 
referred to elsewhere (8) were confirmed experimentally 
for asphalt cements. -

In the past, the problem of the shear susceptibility 
of the material (asphalt cement) has been conveniently 
neglected by assuming the bitumen to be a Newtonian 
material. In addition, because viscosity data were dif
ficult to obtain at low temperatures (where stiffness be
comes a very important descriptive property), many in
vestigators relied on empirical tests for low temperature 
data. 

Among such tests were the Fraas breaking test and 
the penetration index as a measure of temperature 
susceptibility. Fortunately, such obsolete tests are 
being replaced by direct measurements with more 
sophisticated creep and dynamic equipment. 

It is important to remember, when comparing the data 
given in Table 1 with what is reported in this paper, 
that there are variations among the many test conditions. 
For example, the van der Poel data (9) are for both trac
tion {creep) and dynamic test modes ai1d assume that the 
asphalt bitumens used with his nomograph display "a 
purely Newtonian behavior," are incompressible, and 
"approac h asymptotically to a limit of about 3000 MPa 
{435 lll lbf/ in2

) for stiffness at low temperatures . Van 
der Poel assumes that the asphalts tested were New
tonian because the slope dS/dt at extended times ap
proaches -1. But this is true for all fluids that fit the 
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Table 1. Comparative experimental viscoelastic data. 

Asphalt Grading Viscoelastic Data 

Penetration Viscosity• Temp. 
Source Year (P25) (Pa,s) (OC) 

Van der Poe! ~) 1954 
Pitch type 

!~ 
5 
5 

25 
25 

Air blown 

!~ 
0 
0 

20 
20 

Brown, Sparks, and Smith 1957 50 15.6 
(19) 

Brown and Sparks' ~) 1958 59 2.5 

Dormon and Jarman(~ 1958 140/50 
- 10 

40/50 - 10 
40/50 40 
40/50 40 

Gaw~) 1976 1157 22.7 - 10 
157 22. 7 0 
157 22.7 10 

1170 59.0 - 10 
170 59.0 0 
170 59.0 10 

Duthie (!!) 1972 {100 25 
100 60 

Dickinson and Witt ~ ) 1974 180/100 25 
80/100 15.4 
80/100 3.7 

Fenljn and Krooshof ~) 1970 
Bitumen 

!96 
- 10 

96 10 
96 25 
36 18 

Coal tar \! 40 
25 

Gaw (18) 1976 
AC":ii 1184 79.5 10 

184 79.5 -5 
184 79 .5 -40 

Propane asphalt 
133 

79 .5 20 
33 79 .5 -5 
33 79 .6 -20 

St r ess Time 
(kl'o) (s) 

1 X 10-s 
1 X 102 

1 X 10-, 
1 X 102 

1 X 10-3 

1 X 102 

1 X 10-3 

1 X 102 

4 to 40 

2 to 20 

I • 10-• 
1 ~ 102 

J X 10- 8 

l >< 102 

1.8 X 103 

LB x 10' 
1. 8 X Hi' 
). 8 X lo' 
1.8 X 103 

1.8 X 103 

1 to 30 1 X 10-e 
1 to 30 1 X 10- 6 

3 X 10- 1 

3 X 10- 1 

3 X 10- 1 

36 
2.1 
0.61 

0.55 
5.6 

J 
l 
1 
I 
I 
I 

stiffness 
(MPa) 

3000 
350 
1500 
170 
400 
30 
120 
6 

690 
5.9 
200 
0.0018 

8 
0.68 
0.046 
1.3 
0.67 
0.033 

40 to 300 
3 to 158 

15 
60 
150 

180 
3.6 
0.18 
3.8 
1 
130 

1.5 
180 
1600 
6.5 
140 
1300 

G 
(MPa) 

40 to 300 
3 to 158 

E 
(MPa) 

3000 

1500 

400 

120 

Comments 

Data approximated from 
graphs dynamic viscosity 
and creep 

6.2 Tensile 100 by 25-mm 
cylinder 

125.0 Tensile 100 by 25-mm 
cylinder 

690 Sliding plate (shear mode) 
converted to traction by 

200 factor of three (approxi
mated from graph) 

Sliding plate 

Dynamic elastometer 

Dynamic-coaxial 

Sliding plate 

Sliding plate, stress not 
known 

Note: t°C = (t°F - 32)/1 ,8; 1 Pa= 0.000 145 lbf/in2 ; 1 kPa = 0, 145 lbf/in2 ; l MPa"' 145 lbf/in2 ; and 1 mm= 0.039 in. 

• Refers to viscosity at 60°C. 

Ostwald-de Waele power law model (7) and will be shown 
later when the viscosity is not time dependent. 

Another assumption is that the bitumens are incom
pressible when one converts moduli data from a shear 
to a traction basis. This appears to be reasonable, 
based on the Saal and Labout (t,) discussion using data 
of Nederb1·ogt (10) and confir med by Rank's {11) bulk 
compression modulus K of t he order of 2500 MPa (462 
592 lbf/ in2

) at <f'c, which is about 10 times the e lastic 
modulus for asphalt cements at that temperature. 

However, another major consideration and source of 
some misunderstanding is the variation of stiffness 
with temperature. When stiffness is measured at any 
time longer than zero, there must be flow; otherwise 
the material is a solid. Even van der Poel's data (9) 
show a temperature effect, although his nomograph for 
mixes implies that stiffness at a finite time is indepen
dent of temperature. 

Evaluating stiffness is further complicated by 
whether the evaluation is made in traction (compres
sion or tension) or in shear. This will be discussed 
later. 

APPARATUS AND B-S MODEL 
ANALYSIS 

The experiments reported here were run in the con
stant stress rheometer reported in 1976 by Schweyer, 
Smith, and Fish (12). The plug flow tube and the op
tional capillary flow arrangements appear in Figure 2, 

and a picture of the apparatus is shown in Figure 3. 
The operation consists of applying a constant known 
shear stress to one end of the tube and measuring the 
velocity of movement down the tube. For soft asphalts 
the viscosity data are obtained by using a capillary in 
the sample tube. 

The B-S model previously proposed (8) may be con
sidered a modified classical Burgers rheological model 
for a non-Newtonian material as shown in Figure 1. The 
lower Newtonian dashpot has been modified in the B-S 

Figure 1. Burns-Schweyer model for elastic power law fluid. 

HOOKE 
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CREEP = Y ct = Y c 

STIFFNESS= L,/Y=LT/(Ya+Yb+Yc) 

VISCOSITY = ,/(11.i,Yc) = n 



model to accommodate the generalized Newtonian 
material, of which asphalt bitumen is an example. (A 
generalized Newtonian material is one for which an 
analytical expression relating the viscosity, stress, 
and shear rate can be written, whether or not the 
material is Newtonian.) 

The B-S model incorporates a feedback mechanism 
that adjusts the lower dashpot clearances to accom
modate for the type of non-Newtonian flow involved 
(usually a power law flow for the stress -shear rate 
relation). 

Other investigators have verified the power law rela
tion for asphalts by measuring shear rate in the constant 
shear stress apparatus previously described (8). Figure 
4 shows a typical set of experimental curves obtained 
in the apparatus at several force levels measured by 
movement (or creep) down the tube. This movement, 
convertible to shear deformation, consists of three 
phases. The first phase, almost instantaneous and 
shown as the top spring (Hooke) of Figure 1, is the 
elastic deformation (Y.); the second phase is a curve 
that connects the first and third phases; and the third 
phase is the terminal permanent deformation, shown 
by the lower dashpot in Figure 1 and the constant rate 
(Y0 ) in Figure 4. 

The connecting second phase of each line in Figure 4 
is the delayed elastic plus the viscous flow of the Kelvin 
body as diagramed in Figure 1. It also includes the 
initial viscous flow of the lower dashpot at short times. 
In general, this curved section is only a minor portion 
of the total deformation movement. The slopes of the 
straight part of the creep curves vary with stress in 
Figure 4. If this variation is not directly proportional 
to stress, the material is non-Newtonian and will neces
sitate the use of the feedback control mechanism on the 
lower dashpot of Figure 1. 

Force is converted to shear stress and movement 
rate to shear rate in order to provide the data for the 
shear rheogram in Figure 5, which is based on the 
Ostwald-de Waele power law concept ('.D for the relation 

log T; = log r 1 + C Jog t; (I) 

in pascals, where shear stress (r1) at any shear rate 
(y 1) is a constant multiplied by Yo ; 7' i is the value of r1 
at y1 equals 1 s -\ and C is the rheogra m slope that 
describes shear susceptibility. 

Figure 2 . Schematic 
diagram of constant 
stress rheometer. 

...... ... , 
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Thus 

(2) 

and the validity of Equation 2 is confirmed by the plot 
in Figure 5. The apparent viscosity (11,.) is defined as 

(3) 

in pascals per second, so the apparent viscosity at any 
shear rate (-r1) may be written for a power law fluid as 

where 111 is a characteristic reference viscosity at y 
equals 1 s- 1

, as has been discussed in detail previ
ously (8). 

(4) 

Equation 4, therefore, permits the calculation of 
viscosity at any shear rate, when C is known and the 
material follows the power law relation of Equation 2. 
The magnitude of C is obtained from the slope of Figure 
5 and controls the signal to the feedback control of 
Figure 1. This depends on the particular shear rate 
that develops under the applied stress rate, which in 
turn depends on the characteristic viscosity (111) of the 
material. If the material is a Newtonian fluid, C equals 
1, and the apparent viscosity is constant at any rate of 
shear (or shear stress). For materials that are shear 
thinning, the value of C is less than 1. 

The preceding discussion provides the information 
needed to understand the stiffness evaluation diagram 
in Figures 6 and 7 at the extended time levels. This 
confirms the need for the B-S model. In the log plot of 
Figure 5, the straight line demonstrates the applicability 
of Equation 1 and is the basis for the concept in Figure 1 
of a dashpot with variable clearance that accommodates 
the response of shear rate to stress for non-Newtonian 
materials. (A Newtonian material would have a slope 
of 1 in Figure 5.) 

Figure 3. Third generation design of rheometer. 
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VISCOELASTIC STIFFNESS 

As discussed, the stiffness (S) property is defined quite 
simply as the stress divided by the cumulative normal
ized deformation (strain) at any given time. Thus, 
when computing total cwnulative strain, all deformations 
for a chart such as in Figure 4 must be corrected for 
the sample length. 

The system stiffness as evaluated in a particular 
apparatus with sample length (L) may be defined as a 
function of time (t), shear rate (y), and temperature (T) 
as follows: 

I, r· Ydt 
s;,i,T = stress/[(Y./L) + (Y b/L) + (Y0/L)) = T Jo L 

Lr I = total deformation 
t,'Y,T 

Figure 4. Shear creep curves for 
asphalt no. 22 at -5°C (23° F). I 
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t' 
vl 

I 
I 

---l 
I 
I 

·' I 
y 

(5) 

in pascals, where the three strains-elastic (YJL), 
delay~d (Yb/L), and viscous (Y0 /L)-correspond to the 
three parts of each curve in Figure 4. [The total de
formation per unit of stress, when normalized for the 
sample geometry, is the compliance (J) in reciprocal 
pascals and therefore is the reciprocal of the stiffness.] 

The total normalized deformation for the model in 
Figure 1 is defined mathematically from the classic 
model discussed earlier in detail (8) at a given stress 
~)~ -

(6) 

where 

G1 = shear modulus of elasticity; 
G2 = shear delayed modulus of elasticity; 

Note: 1 Pa • 0.000 146 lbl/in2• 

T = 3.08E6 Pa 

T • 1.54£6 Pa 

r • 3.&4E6 P 

0 
CHART TIME (BROKEN SCALE) 

Figure 5. Rheogram for asphalt 1or---------------+----------
no. 22 at -5°C (23° F). Note: 1 Pa= 0.000 145 lbf/in2 • 
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/ 
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t time (with tk as a time constant equal to 11d0i! 
where T)2 is the Newtonian viscosity of the Kelvin 
body); 

s;,,;,T = Y + Yb + Y l..T l (7) 
• < 

' t. 
L 

= constant creep deformation rate (dY. / dt); and 
the original sample length. Thus the observed stiffness (S') is readily computed 

from the observed total deformations. All strains, 
having been normalized by the sample length (L), are 
dimensionless. 

Although the experimental confirmation of this equation 
has been shown for bitumen (8), the last term of Equa
tion 6 involves a shear rate Yo, which is a function of 
the geometry of the sample. 

The deformation (Y.) is the elastic deformation that, 
theoretically, occurs instantaneously. However, be
cause of machine lags, the experimental line has a less An isothermal, isostress working equation is 

Figure 6. System stiffness at t = 
0.025 s·1 and -5°C (23° F). 109 

Figure 7. Characteristic stiffness at 
-s0 c (23°F). 
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than infinite slope. A straightedge is placed on the 
initial experimental lines of Figure 4, and the initial 
point of curvature is marked to define Y.. The shear 
elastic modulus (G1) may then be computed in pascals 
from 

(8) 

This is shown in Figure 6 as the horizontal asymptote 
for all stresses. 

In general, the delayed elastic deformation (Yb) con
tributes little to the total viscoelastic evaluation (Fig
ure 4). Yb represents a decreasing proportion of total 
deformation with increasing time (Figure 6) as stiffness 
approaches the viscosity asymptote. 

The viscous deformation (Y0 ) of Equation 7 is a very 
important element in stiffness studies. As shown in 
Figures 1 and 4, as elapsed time lengthens greatly 
above zero, permanent deformation (creep) becomes 
the only changing component of total deformation. In 
Figure 6 the system stiffness (S ') at extended times ap
proaches a limiting slope of -L This has been observed 
by others and is a result of the total viscous deforma
tion in terms of Equation 6 being Yo = Y0t. Since the 
apparent viscosity controls the deformation rate (Y0 ), it 
is possible to equate stiffness with v.iscosity at times 
much greater than zero, or, from Equations 4 and 6, 

(9) 

where r/i i~ the apparent viscosity at a shear rate of Yi 
equals Kt Y. when K1 is a shear rate conversion factor 
and Y. is a system deformation rate. 

The viscosity relation of Equation 9 was shown by 
van der Poel (1) for Newtonian materials, but the im
plications for a model with shear susceptibility, as in 
the B-S model of Figure 1, have not been shown in the 
literature as far as we know. 

The system stiffness (S') of Equation 9 includes the 
constants L and K 1 , which describe the geometry of the 
system and determine the quantitative amount of defor
mation that will vary from system to system. However, 
the material property of stiffness should be described 
as independent of the system, if one wants to tabulate its 
value for use in any geometric arrangement. Accord
ingly, we suggest that the term "characteristic stiff
ness" be used to describe this material property. 

The characteristic stiffness (S), distinguished from 
the system value by lacking a prime sign, is obtained 
by correcting the system stiffness (S') for the machine 
geometry factor (LK1 ). This produces a change in 
value, but it makes the stiffness fort>> 0 a direct ap
proximate function of the viscosity as shown in Equation 
10 and in Figure 6 for the viscosity asymptote, as Y. 
and Yb of Equations 5 and 7 become less significant in the 
total deformation, and 

(10) 

Thus, it will be observed that stiffness at a given 
temperature is a cumulative function based on cumula
tive deformation, whereas shear viscosity is based on 
a deformation rate (in shear). But the two are related 
through time. 

The obvious simplicity of Equation 10 permits com
putation of the characteristic stiffness directly from the 
time of interest and the viscosity. If the material is 
Newtonian (C = 1), the shear rate is immaterial; other
wise the correct viscosity hi) at a selected shear rate 
must be used in Equation 10. These variations can be 
incorporated directly into Equation 10 by using Equa
tion 4 and shear susceptibility (C). Thus 

(11) 

becomes a working equation. If this characteristic 
stiffness is to be employed for design purposes or for 
correlations with deformations required in specific 
units, the appropriate factors for converting the char
acteristic stiffness to the system behavior must be in
corporated into a modified Equation 11. The character
istic stiffness of Equation 11 is shown in Figure 7 and is 
reported in Table 2 for the properties of the asphalts in 
this paper. 

Starting with Equation 11 and plotting as in Figure 7 
for the longtime isothermal characteristic stiffness at any 
rate of shear (yi) or its associated stress (ri), 

Logs, t>>o - log t + log (11, if-•) (12) 

which is the equation that each of the viscosity asymp
totes of Figure 7 fits. Because the particular stiffness 
plot desired must be defined by the nte of shear (11 = 
Ti/r,i, 1 s-·\ one should compare the stiffness of dif
ferent materials at a common rate of shea1· (such as Yi = 
0.05 s- 1 or 1 s- 1

). Th~ former is usually in the prac
tical testing rate range, so we suggest it be a suitable 
datum value. 

It will be observed from Figure 7 that any particular 
asymptote in the viscous region for a given shear rate 
intercepts the horizontal G1 asymptote at a specific time. 
This intersection, called stiffness "limit time," is of 
special interest for tabulation. Its value varies with the 
material, temperature, and shear rate; for discussion 
purposes it is shown as a dotted line for a shear rate of 
')'os equals 0.05 s- 1

• 

The time (t,) of intersection can be obtained algebra
ic ally by equating the initial stiffness (or shear modulus) 
(G, of Equation 8) to the stiffness at long times at a given 
shear rate (Equation 10). Thus 

(13) 

in seconds. This particular time could be a specifica
tion parameter for the material when the shear rate y1 

is selected. 
The values of t: (as for S ') are affected by the geom

etry of the system. Therefore, in order to obtain an 
observed t: in a specific system, the t, of Equation 13 
must be corrected in minutes for that geometry, or 

(14) 

These terms, as used in this paper, may be summarized 
as in the following table, where we chose minutes as 
time units in K; to simplify converting the measured 
deformation rate. 

Characteristic 
Term System Value Value 

Stiffness fort>> 0 in seconds S'= LK-,11,/t S = 11;/t 
Equation number 9 10 
Measurement unit Pascals Pascals 

Stiffness limit time t; = LK1111/G1 t, = 11;/G, 
Equation number 14 13 
Measurement unit Minutes Seconds 

Viscosity at any i 1/; = T/1 yp-1 T/1 = TJ,iP- 1 

Equation number 4 4 
Measurement unit Pascal-seconds Pascal-seconds 

Shear modulus for t-+ 0 G, = Lr/Y 0 G1 = Lr/Y, 
Equation number 8 8 
Measurement unit Pascals Pascals 

Stiffness for t-+ 0 S'= G1 S = G1 

As we pointed out in the beginning of this section, the 
system stiffness must be used whenever one wants to 
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Table 2. A heological profiles of selected asphalts. 

Asphalt Sample Shear Characteristic Stlf!ness 
Temperature Shear Modulus Viscosity stiffneee• Limit Time 

No. Type (OC ) Suscepti?ility (MPa) (MPa) (MPa) (t,) 

9 Canadian (P77 /V103. 4 )' -5 0.76 709 125 256 0.361 
0 0.74 515 79.6 173 0.336 
5 0.66 283 5.16 14.3 0.051 

15 0 .90 1.25 1.69 
25 0.92 0.079 0.1 

12 Air blown (P68/V396) -5 0.52 179 11.1 46.8 0.261 
0 
5 0.56 116 1.34 5.02 0.043 

15 
25 0.65 0.065 0.187 

17 High viscosity (P29/V304 ) -5 0 .73 350 1670 3860 11 
0 0.76 326 565 1160 3.56 
5 0.64 290 72 .9 217 0.746 

15 0.61 241 4.9 15.6 0 .065 
25 0.66 0.654 1. 84 

22 Midcontinent (P93 /V206 ) - 5 0.54 346 10 39 .6 0.115 
0 0.55 218 3.77 14.1 0.065 
5 0.56 135 2.1 7.1 0.05 3 

15 
25 0.67 0.077 0.206 

39 Propane (P99/V99.3) -5 0.82 437 78. 7 135 0.309 
0 0.70 308 30.3 74 .5 0.242 
5 0.77 207 4.06 6.09 0 .039 

15 
25 1.00 0.006 0.059 

42 Heavy Arabian (PB4/ V218) -5 0.75 586 72. 7 154 0.363 
0 0.67 438 13. 5 36.3 0.083 
5 0.69 334 4.75 12 0.03 6 

15 212 
25 0.93 0.12 0.152 

47 Californian (P83/ Vl02 ) -5 0.81 677 194 343 0.507 
0 0. 79 525 46.3 92.2 0. 176 
5 0. 80 359 8.71 15.9 0. 044 

15 1.00 2.4 2,4 
25 1.01 0.075 0.075 

62 High viscosity (P62/V98l) - 5 0. 70 531 600 1470 2. 77 
0 0.60 395 67.7 288 0. 729 
5 0.63 279 32 . 7 98.8 0.354 

15 0.65 151 4. 79 13 .7 0.091 
25 0.53 0.569 2 .37 

Nots: 1 P, = 0,000 145 lbf/in 2 ; t'C - (t' F - 32)/1.B; 1 MP,= 145 lbf/in 2 • 

' Characteristic stiffness (S ,.05) in pascals, at 1 s and a shear rate of 0,05 s'1 , and 1.0 s, numerically equals viscosity {r,05 ) in pascal-seconds. b Refers to vi scosity at 60°C. 

obtain absolute deformation values in different geom
etries. Also, it should be noted that, if the material 
is considered incompressible, the concept of viscous 
traction as proposed by Trouton (13) and explained in 
detail by Reiner (7) can be used torelate all three shear 
deformations of Equations 5 and 7 to their correspond
ing axial values in tension or compression by multiply
ing by 3 (provided the material acts as a Newtonian 
material). Thus 

s,.1.T I = 3s,,.,,T I 
a,c:ial s.hear 

(I 5) 

However, the real material requires consideration 
of compressibility and non-Newtonian flow. For the 
present, we assume the general relation is valid for 
tensile stress and strain and shear viscosity of a 
Newtonian incompressible fluid. Based on Reiner (7) 
for a Poisson ratio II equals O. 5, the shear viscosity 
can be expressed as TJ equals -r/y, or shear stress 
divided by shear rate; the axial viscous traction, then, 
is X equals alt, or axial stress divided by strain rate. 
Thus 

1'/ = X/(2(1 + v)l = X/3 (16) 

The remainder of this paper will deal with the ex
perimental results summarized in Table 2. 

EXPERIMENTAL RESULTS 

In a previous paper (8), the validity of Equation 6 was 
demonstrated with experimental data (Figure 8). The 

superimposed points were calculated from the parame
ters drawn from raw data. The last term of Equation 6 
differentiates between the B-S and the standard Burgers 
model, where Yo is a function of stress and shear sus
ceptibility for a given asphalt and temperature, as shown 
in Equations 1 and 2 and confirmed in Figure 5 for a 
power law fluid at the stress ranges reported. 

As an example of analytical procedures, possible 
methods of data reporting, and fit of the experimental 
data to the model, a complete rheological study of one 
sample (no. 22 asphalt) is shown in Figures 4, 5, 6, 7, 9, 
10, and 11. 

The isothermal shear creep response of the mid
continent sample is shown in Figure 4 at thx·ee different 
stress levels. The steady-state response (Y0 ) at several 
different stresses obtained from Figure 4 is then con
verted to shear rate (j,1) and is used in the standard 
rheogram of Figure 5. 

If the plot of log shear stress versus log shear rate 
is linear, then the material fits the Ostwald-de Waele 
power law model (7). Further, if the slope of the linear 
plot is not equal to-1, then the material is non-Newtonian. 
Thus the slope gives the shear susceptibility (C). As 
can be seen in Table 2, the value of the shear suscep
tibility of the asphalts tested ranged from a low of 0.52 
for the air-blown asphalt to a high of 1.0+ for the 
Californian asphalt. 

The stiffness is approximated by dividing viscosity 
by time at extended times, so the effect of shear sus
ceptibility on both viscosity and stiffness is also dem
onstrated. This extreme variation in viscosity and 
stiffness with shear rate confirms the necessity of the 
B-S modification to the Burgers model (Figure 1). 
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Figure 8. Shear creep curves at different stresses. 
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In 1972 Duthie (14), in proposing specifications for 
low temperature stiffness based on dynamic measure
ments and an empirical shear susceptibility, indicated 
that a "shear modulus, G," is a function of the shear 
rate at a finite time. However, this is somewhat mis
leading, because the basic concept of a characterizing 
modulus is one that uses only instantaneous deformation. 

Figure 6 demonstrates the system stiffness (S') for 
no. 22 asphalt at one rate of shear. The observed 
values obtained from Figure 4 and Equation 5 approach 
the asymptotic values predicted by Equations 8 and 9. 
It must be noted that Equation 9, which describes the 
viscosity asymptote, contains geometric constants that 
are not characteristics of the sample. These constants 
are introduced when deformation rate is converted to 
shear rate for the particular geometry of the system 
that normalizes the data. 

The characteristic stiffness shown in Figure 7 for 
the same shear rate differs from the system stiffness 
of Figure 6 only in that the geometric constants have 
been divided out, leaving the sample-related responses 
G1 (shear modulus) and T)1 (apparent viscosity). Thus, 
the stiffness for one geometry can be compared with 
that of any other geometry. Figure 7 also shows the 
shear susceptibility of the characteristic stiffness 
calculated from Equations 8 and 11 and observed from 
the creep response of Figure 4. The observed data 
approach the viscosity asymptote, but the machine 

Table 3. An analysis of stiffness at -5°C (23° F) . 

Asphalt Viscosity Shear She ar 
Ratio• Modulus Susceptibility 

No. Type (Pa·s) (MPa) (-5 to 25°C) 

9 Canada 1198 709 0. 66/0.92 
22 Midcontinent 48 346 0.54/0. 67 
39 Propane 792 437 0. 77 / l.0 
42 Heavy Arabian 333 586 0.67/0.93 
47 Californian 735 677 0.79/ 1.0t-
48 Air blown 28 179 0.52/ 0.65 

Note: 1 Pa ·s = 0.67 lbf4 s/ft2; 1 MPa • 145 lbf/in 2 ; and t °C = (c°F - 32)/1 .8. 
1 V25/V60, or viscosity at 25°C at 't = 1 s·1 and 60°C. 

Figure 1 O. Characteristic stiffness for 
temperature susceptibility at t = 
0.05 s·1 • 
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capabilities we used only provide approximate mea
surements below 0.5 s, and the elasticity asymptote is 
not reached. 

The s tandard reference viscosity (TJ,, or viscosity at 
a shear 1·ate of 1 s- 1

) has been plotted in Figure 9 for 
three asphalts, including no. 22, on a standard ASTM 
viscosity-temperature chart. Characteristic and sys
tem stiffness at 1 s and long times approximates 
the viscosity at a given shear rate, so the plots also 
show the stiffness variation with temperature. It must 
be noted that, although there is little difference in vis
cosity between these asphalts at 25°C (77°F), their tem
perature susceptibilities may differ and yield quite dif
ferent responses at lower temperatures. 

Table 2 gives data on other asphalts, and it is in
teresting to note that these can be separated into two 
groups according to the raw ratio of their viscosity at 
25°C to that at 60°C (140°F). This is an empirical tem
perature susceptibility, as shown in Table 3. There is 
quite an appreciable difference between the two groups 
in their shear stiffness values at -5°C (23°F) and also 
in their shear susceptibilities (C). It would appear that 
the low C values indicate low stiffness and vice-versa . 

This C will also be directly related to the {3 of 
Jongepier and Kuilman (15), who used an isoviscosity 
temperature to generalize dynamic data on bitumens, 
and to the fJ of Dickinson and Witt (16), who used an 
empirical approach to generalize dynamic data based 
on a hyperbolic model. Dobson (17) employed the ratio 
of log (V25/V60) (U1e log of the r atio shown in Table 3) 
to estimate a "b" parameter for generalizing the 
temperature-viscosity data and the dynamic shear 
modulus, which may also be related to the C in Table 3. 

A generalized temperature susceptibility plot of the 
characteristic s tiffness for no. 22 asphalt is shown in 
Figure 10 for a shear rate standardized at 0.05 s- 1

• This 
rate was selected to fall in the range in which experi
mental results are usually obtained. Gaw (18) re-
por ted stiffness data pased on sliding plate measure
ments from -20 to la°C f-4 to 5d' F) on selected soft 
asphalts at 0.5-h intervals. 

Note: 1 Pa = 0.000 145 lbf/in2 

100 101 
TIME , t, SECONDS 
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In Figure 11, the teplperature susceptibility of the 
shear modulus is illustrated as a power law relation of 
the absolute temperature T in degrees Rankine 

log G 1 = log Gt + Ma log T (17) 

where G! is a reference point (at T = 1) and MG is the 
slope of the plot. Thus 

(18) 

in pascals. There appear to be quite large differences 
in the temperature susceptibility of the shear modulus 
among the six asphalts shown in Figure 11. This is a 
measure of the short time stiffness response, but this 
susceptibility is small compared with the temperature 
susceptibility of the viscosity (or the long time stiffness 
response) (Table 2). The Rankine scale was selected 
in Figure 11 to agree with the ASTM viscosity chart. 

A modified least squares fit to the data shown in 
Figure 11 was used to obtain the parameters for E~ua
tion 18 shown below, where G! (1 MPa = 145 lbf/ in ) is 
;;. rn;;.th .. m<itit:<il p<i:i:<imei.ei" i.hai. ut:iineai:es the iine in 
Figure 11 by stating the value of G1 at 0.5 K (1°R). 

Asphalt Sample log Gt 
No. Type (MPa) ~ 
9 Canadian 70.2 -25.1 

12 Air blown 34.1 -11.9 
17 High viscosity 16.8 -5.3 
22 Midcontinent 71.6 -25.7 
39 Propane 57.4 -20.4 
42 Heavy Arabian 40.6 -14.1 
47 Californian 49.3 -17.3 
62 High viscosity 50.0 -17.6 

The slope (M,,) of the plot is a direct measure of the 
temperature susceptibility of the shear modulus. The 
midcontinent asphalt no . 22 is approximately five times 
more susceptible than the high viscosity asphalt no. 17. 

If all asphalts are considered to have the same tem
perature susceptibilitJ , then the material with a higher 
viscosity at 60"C (140" F ) would be expected to have the 
higher stiffness at the lower temperatures. That this 
is not the case is shown for asphalts 22 and 39 in the 
preceding tabulation (see also Table 2 and Figure 11, 

41 59 77 
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where the shear modulus is the same as stiffness at 
short times). 

Gaw gives evidence substantiating the difference in 
temperature susceptibility of viscosity and stiffness 
among different asphalts. Gaw also studied the effect 
of asphalt aging on stiffness and compared some ex
perimental data with the predictions of van der Poel's 
nomograph. 

Van der Poel (7) suggests that Young's modulus (E) 
for traction approaches asymptotically to a limit of 
about 3000 MPa. This might be true in a region below 
the glass transition temperature, but all evidence shows 
that, on asphalts tested above their glass transition 
temperatures, the relation shown in Equation 18 is ap-· 
plicable over a large temperature range. 

The value of G1 of Equation 18 (as the standard 
reference viscosity, 171) is a fictitious value of the shear 
modulus unless it falls in the range where Equation 18 
is valid. Its primary purpose is to provide a correla
tion capable of predicting the shear modulus in the range 
of testing temperatures. 

Saal and Labout (~) showed that the stiffness of a 50-
JJtmei.rai.iun a:::1phaii ai: a ioading time oi 0.0008 s varies 
with reciprocal temperature in a manner similar to that 
predicted by Equation 17 over a range of Oto lOO"C (32 
to 21.t' F ). At t his s hort loading time, the value of stiff
ness corresponds to the elastic modulus. Saal and 
Labout gave a stiffness value at these short times that 
ranged from 600 MPa at -50"C to 0.012 MPa at lOO"C . 
The asphalts tested in Table 2 show stiffness values at 
short times (shear modulus) that ranged from 116 MPa 
at 5°C to 709 MPa at -5°C. This range of values for the 
modulus appears to be consistent with that previously 
repor ted by van del' Poel (7 ), B1·own, Sparks , and Smith 
(19), Gaw (18 20), and Dor man and J :u·man (21). 
- Haas (22Tcompared the va1•ious methods available 

for indirectly estimating the stiffness of bitumen and 
included the van der Poel nomograph with Pfeiffer and 
Van Doormaal and "corrected" penetration index, the 
Heukelom and Klomp (23) modified nomograph with both 
penetration indices, and McLeod's method. Gaw found 
for an asphalt of 192 penetration at 2S'C (77°F) that the 
value for stiffness at 10 000 s and -2D°C (-4"F) varied 
from 0.0396 to 9.9 MPa and showed some discrepancies 
among these methods (18). 

The use of a simple~generalized chart for stiffness 
of asphalt cements based on sound rheological experi-



mental data at low ambient temperatures w_ould be a 
useful tool for asphalt technologists. The concept of a 
confluence point of the shear modulus asymptote (G1) 
and the viscosity asymptote as given by Equation 13 and 
shown in Figure 10 is suggested as a potential cor
relating parameter. Such a correlation is being studied 
(24) with t, in a generalized time-temperature-source 
relation based on Equations 4, 8, 13, and 18. 

CONCLUSIONS 

From these studies we conclude that 

1. Viscoelasticity can be evaluated by tube flow 
geometries for shear strain elastic moduli and shear 
viscosities to obtain shear characteristic stiffness; 

2. In the constant stress rheometer at nominal stress 
ranges for asphalt cements, the flow follows the power 
law relation for shear susceptibility at low ambient 
temperatures as evidenced by experimental data; 

3. Based on the preceding conclusion, the suggested 
B-S model of Figure 1 with feedback control appears to 
be a valid phenomenological model; and 

4. For the asphalts reported herein, the relation 
between the stiffness (shear elastic modulus) and the 
Kelvin (absolute Rankine) temperatures approximates 
the following form over the range of 268 to 298 K (483 
to 53'fR or 23 to 77°F) 

(18) 

Because of the great importance of shear suscep
tibility and temperature susceptibility at low ambient 
temperatures, we hope that future studies on stiff
ness will use direct measurements over these tem
perature ranges. Future work in this area should aim 
toward establishing the significance of the bitumen 
stiffness in specifications insofar as it affects mix de
sign and service characteristics. 
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Engineering Evaluation of 
Sulphur-Asphalt Mixtures 
Thomas W. Kennedy, Council for Advanced Transportation 

studies, Department of Civil Engineering, University 
of Texas at Austin 

Ralph Haas, Department of Civil Engineering, University of 
Waterloo, Ontario 

Phil Smith, Staff Engineer, ARE, Inc., Austin, Texas 
G. A. KennepohlandE. T. Hignell, Research and Develop
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A comprehensive laboratory testing program was conducted as a part of 
an engineering evaluation of sulphur-asphalt paving mixtures. The pur
pose was to see (a) if sulphur-asphalt mixtures have better engineering 
properties than similar conventional asphalt mixtures and (b) what ef
fects various sulphur-asphalt mix.ture variables and testing variables pro
duce. Statir. and rnpeaterl lnarl inrlirer.t tensile tests were used to evalu-
ate these engineering properties: fatigue life, resilient modulus of elas
ticity, and tensile strength. The major factors evaluated were asphalt 
consistency in terms of penetration, type of asphalt in terms of tempera
ture susceptibility, binder content, sulphur-asphalt ratio, stress level, and 
test temperature. The results indicated that sulphur-asphalt mixtures 
exhibit significantly better engineering properties, in terms of the above 
three, than comparable asphalt mixtures. All these engineering proper-
ties were significantly improved by the use of up to 50 percent sulphur. 
In addition, using sulphur-asphalt binders can improve the stiffness and 
fatigue characteristics of softer asphalts. Additional field and laboratory 
work to verify potential economic and structural benefits of using sulphur
asphalt mixtures is recommended. 

The benefits of using sulphur in conventional paving 
mixtures have been successfully demonstrated in field 
trials during the past few years (1,2). A sulphur
asphalt binder must be produced by-high shear rate 
mixing of liquid sulphur with liquid asphalt and no addi
tives, using a patented process (2). This binder, in 
which a part of the asphalt normally used has actually 
been replaced by sulphur, is then used in a conven
tional manner with conventional equipment for mix pro
duction, transport to the job site, placing, and compac -
tion. Because of the potential economy of replacing 
part of the asphalt with sulphur, which will be abundant 
for some years to come, the process has attracted 
attention from both user agencies and industry. 

Field trials have demonstrated the full-scale con
struction capability of the process, but continued 
laboratory experiments and periodic in-service per
formance measurements remain to be done. There
fore, we conducted a comprehensive laboratory testing 
program to answer these two basic questions: Do 
sulphur-asphalt mixtures have better, equal, or inferior 
engineering properties than similar mixtures with as
phalt alone? What are the effects of various sulphur
asphalt mixture and testing variables? 

Sulphur-asphalt mixtures and comparable mixtures 
with asphalt alone were evaluated for their engineering 
properties: (a) tensile strength, (b) resilient modulus 
of elasticity, and (c) fatigue life. 

The purpose of this paper is to report the results of 
the laboratory experiments and the potential implications 
of these results. 

TEST METHOD 

The basic test method was the static and repeated load 
indirect tensile test, in which a cylindrical specimen 
is loaded with a single or repeated compressive load 
that acts parallel to and along the vertical diametral 
plane. This loading configuration develops a relatively 
uniform tensile stress perpendicular to the direction of 
the applied load and along the vertical diametral plane. 

This stress ultimately causes the specimen to fail by 
splitting along the vertical diameter. Loads were trans
mitted to the specimen through a 19-mm (0. 75-in) wide, 
curved loading strip. 

In the repeated load tests, the specimens were sub
jected to a 1.0 Hz load pulse applied for 0.1 s and fol
lowed by a 0.9-s rest period (Figure 1). During testing, 
the resulting horizontal deformations were recorded on 
a light-beam oscillograph. The equipment used for the 
repeated load tests is shown in Figure 2. 

First we established tensile strength and then used this 
information to generate fatigue life versus stress rela
tions, under dynamic loading. stress was chosen as a 
percentage of the strength. Resilient modulus of elas
ticity was measured as a part of the dynamic testing for 
fatigue life. 

Because of the unique nature of the sulphur-asphalt 
binder, the foregoing sequence was applied to a num-

Figure 1. Load pulse and associated deformation data for repeated 
load indirect tensile test. 
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Figure 2. Laboratory equipment used in repeated load tests. 
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ber of possible combinations of variables in order to 
define as clearly as possible the binder's use limitations. 

Tensile Strength 

The tensile strength (Sr) is the horizontal tensile stress 
(c,r) produced by the maximum load, or the load at 
failure, and can be calculated by using Hardy, Hudson, 
and Kennedy's equation @): 

ST = (2P/1rah)(sin 2a - a/2R) 

where 

Sr indirect tensile stress in megapascals, 

(I) 

P total vertical load applied to the specimen in 
newtons, 

a width of the loading strip in millimeters, 
h height of the specimen at the beginning of the 

test in millimeters, 
2a = angle at the center of the specimen subtended 

by the width of the loading strip in radians, and 
R = radius of the specimen in millimeters. 

The primary purpose of conducting tensile strength tests 
was to establish stress levels for subsequent fatigue 
testing. 

Resilient Modulus of Elasticity 

The resilient modulus of elasticity (E.) is related to the 
recoverable, or resilient, deformation (H.) (Figure 1) 
and can be calculated from the following equation (4) by 
assuming a value for Poisson's ratio. -

(2) 

where 

E. resilient modulus of elasticity in megapascals, 
P repeated load in newtons, 

H. recoverable horizontal deformation in milli
meters, 

h height of specimen in millimeters, and 
v = Poisson's ratio. 

Values of Poisson's ratio can theoretically range 
from Oto 0.50 and can vary with temperature, stiffness, 
and stress level. A review of past studies suggested 
that we could reasonably assume that Poisson's ratio 
varied from O .18 to O. 50 for the testing temperature 
range of 10 to 52°C (50 to 125°F). 

Fatigue Life 

Fatigue life is the number of load applications required 
for the specimen to completely fail. Because fatigue 
life is obviously a function of the magnitude of the applied 
stress, the results are often expressed in terms of the 
logarithmic relation between stress and fatigue life, 
which for asphalt mixtures is generally linear. Al
though it is possible that this linearity does not exist 
for sulphur-asphalt mixtures, we considered it accept
able for the purposes of our investigation. This relation 
for the indirect tensile test can be expressed as 

(3) 

where 

N, fatigue life in eye les to failure, 
C1r repeated tensile stress, 

t:J.a stress difference or deviator stress, 
n2 slope of the logarithmic relation, 
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Ka antilog of the intercept of the logarithmic rela
tion between N, and C1r, and 

Kl = antilog of the intercept of the logarithmic rela
tion between N, and t.a. 

The form, based on stress difference, partially ac
counts for the biaxial state of stress present in the in
direct tensile test. The value 4ar approximates the 
stress difference, or deviator stress, that acts on the 
center element. 

EXPERIMENT DESIGN 

The major factors incorporated into the design were 

1. Asphalt consistency at two levels: 40/50 and 85/ 
100 penetration grades. These two grades represent a 
medium and a hard asphalt cement, respectively, and 
should provide an estimate of the importance of con
sistency. 

2. Temperature susceptibility at two levels: low 
and high viscosity. Asphalts from two different crude 
sources in Alberta and Saskatchewan were obtained. 
The characteristics of the asphalts are summarized 
elsewhere (6). 

3. Binder content at four levels: 6.0, 6.5, 7.0, and 
8.0 percent by weight. The range included the optimum 
binder content obtained by the Marshall method, which 
allowed nonlinear behavior to be evaluated. 

4. Sulphur-asphalt ratio at three levels: 0/100, 
20/80, and 50/50. This allowed nonlinear behavior to 
be evaluated. We could also determine whether the 
addition of sulphur improved the engineering properties 
of the final mixtures. 

5. Test temperature ·at four levels: 10, 24, 38, and 
52°C (50, 75, 100, and 125°F). The majority of the tests 
were conducted at 10, 24, and 38°C; a limited number 
were conducted at 52°C and provided an estimate of be -
havior at high temperatures. 

6. Tensile stress attwo levels: low and high. In order 
to characterize the fatigue behavior (stress-fatigue rela
tions), it was necessary to test at least two stress levels 
and to assume a linear logarithmic relation. Because 
of the wide temperature range, it was impossible to use 
the same two stress levels for all four temperatures. 
Therefore, two stress levels were used but were defined 
as high and low stress-to-strength ratios. The high 
ratio was selected as 35 percent and the low ratio as 24 
percent. 

These factors are described in more detail and the 
combinations shown elsewhere (~). 

MATERIALS AND SPECIMENS 

The specimens, 102 mm (4 in) in diameter and 51 mm 
(2 in) thick, were produced by the Research and De
velopment Department of Gulf Oil Canada Limited. We 
tested 180 specimens statically for strength and 198 
under repeated loads for resilient modulus of elasticity 
and fatigue life. 

These specimens were prepared according to ASTM 
D-1559 and mechanica lly compacted at 60 blows per 
face [@_) contains data on aggregate gradation and Mar
shall test results ]. 

The optimum binder contents as determined by the 
Marshall methods were 6 .0 percent by weight for the 
conventional asphalt mixtures, 6.5 percent for the 20/80 
sulphur-asphalt mixtures, and 8.0 percent for the 50/50 
sulphur-asphalt mixtures. 
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DISCU~SION OF RESULTS 

Fatigue Life 

Fatigue lives were difficult to analyze in their "raw" 
form, because the various combinations of variables 
produced specimens with different tensile strengths. 
We therefore applied a different absolute stress level 
of each test or combination of variables, which nor
malized the actual fatig\le lives. Fatigue behavior was 
expressed as a linear relation between the logarithm of 
fatigue life and the logarithm of stress (Equation 3). 
These relations were generally parallel and had similar 
n2 values. 

By extrapolating or interpolating these relations, it 
was possible to obtain an estimated fati~e life for a 
high tensile stress of 490 kPa (71 lbf/ in and fo1· a low 
tensile stress of 331 kPa (48 lbf/ in2

), which were the 
average of the high and low stresses used at 24°C (75°F). 

Values of n2 and I{:{ (6) can be used to predict fatigue 
cracking in actual pavement structures by applying cer
tain computerized design and analysis systems (the U.S. 
Federal Highway Administration's VESYS !IM system). 
They can also be used to estimate the fatigue life of a 
given pavement structure, under given conditions, using 
elastic layer analysis to calculate stresses. 

An analysis of variance conducted on the estimated 
fatigue lives at 331 and 490 kPa indicated that, in addi
tion to the effect of stress, fatigue life was significantly 
affected by sulphur-asphalt ratio, penetration of the 
asphalt cement, and temperature. 

Effect of Sulphur-Asphalt Ratio 

The addition of sulphur increased the fatigue life of the 
mixtures, but the nature of the increase is uncertain. 

Figure 3. Relation between estimated fatigue life and sulphur content 
for mixtures subjected to low tensile stress. 
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As shown in Figure 3, the fatigue lives for the mixtures 
containing 50 percent sulphur at a stress of 331 kPa were 
generally greater than for the conventional mixtures. 
In some cases the effect of adding 20 percent sulphur was 
inconsistent, in that' the fatigue lives were actually some
what lower than for O percent sulphur. However, all of 
these lower fatigue lives are well within the limits of 
experimental error, and it is quite possible that, under 
field conditions, mixtures with O and 20 percent sulphur 
would have similar fatigue lives. The estimated fatigue 
relations at 490 kPa were essentially the same (6). 

Figure 4 shows the effect of temperature on fatigue 
life. As might be expected, temperature is a very 
dominant factor. However, the major point of interest 
of Figures 3 and 4 is that the use of 50 percent sulphur 
has an effect similar to that achieved by decreasing the 
penetration from 85/100 to 40/50. 

Effects of Temperature and Penetration 

Penetration is also shown in Figure 4 to be a major fac -
tor, especially at the lower temperatures. The 40/50 
penetration asphalt exhibits a significantly longer fatigue 
life. Thus, for controlled stress tests similar to those 
conducted in this study or for thick pavement sections, 
fatigue life would be expected to increase significantly 
with decreased temperature and decreased penetration. 

Effect of Binder Content 

In this study, binder content was not significant. How
ever, the range was not large and the effects of binder 
content were very erratic. Nevertheless, we can con
clude that there was an optimum for maximum fatigue 

Figure 4. Relation between fatigue life and temperature for 
sulphur-asphalt mixtures subjected to low stress. 
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life and that this optimum was larger than the optimum 
for maximum strength. This finding would be consistent 
with the normal mix design approach of using sufficient 
binder for durability. 

Summary of Fatigue Life Results 

The addition of more than 20 percent sulphur produced 
a significant increase in fatigue life, whereas the in
crease produced by adding 50 percent sulphur was ap
proximately equal to that by using a 40/50 rather than 
an 85/100 penetration asphalt. 

There is an optimum binder content for maximum 
fatigue life, and it is somewhat greater than the opti
mum for maximum strength or resilient modulus of 
elasticity. 

Resilient Modulus of Elasticity 

The sulphur-asphalt 'mixtures exhibited higher stiff
nesses, in terms of resilient moduli of elasticity, than 
the conventional asphalt mixtures. In general, moduli 
values r anged from 145 000 to 19 500 000 kPa (21 000 
to 2 830 000 lbf/in2

); the actual values depended on 
sulphur-asphalt ratio, penetration of the asphalt cement, 
and temperature, each of which produced highly signif
icant effects. 

Binder content had a relatively small effect for the 
range considered, and stress level and temperature 
susceptibility had no effect. A number of interaction 
effects involving two or more factors were also found 
to be statistically significant but to have no practical 
engineering importance. 

Effect of Sulphur-Asphalt Ratio 

The addition of sulphur produced a substantial increase 
in stiffness in terms of resilient modulus of elasticity 
(Figure 5). Twenty percent sulphur did not significantly 
increase the modulus of the sulphur-asphalt mixtures 
containing the 85/100 penetration asphalt, but the addi
tion of 50 percent sulphur produced a substantial in
crease. For the 40/50 penetration asphalt, at 10 and 
24°C (50 and 75°F), the addition of 20 percent sulphur 
produced a substantial increase. This would suggest 
an interaction effect involving sulphur content, penetra
tion of the asphalt, and temperature. 

Effects of Temperature and Penetration 

Temperature was again a dominant factor, as might be 
expected, and produced approximately 75 percent of 
the total observed variation. As shown in Figure 6, 
most of the increase occurred between 10 and 24°C. 

Mixtures with the 40/50 penetration asphalt, again as 
might be expected, were much stiffer than those with 
the 85/100 penetration asphalt (Figures 5 and 6). The 
absolute magnitude of the difference was much larger 
at the lower testing temperatures, although the relative 
magnitude of the difference was much larger at the 
higher temperatures. 

Effect of Binder Content 

For maximum resilient modulus of elasticity, there 
seemed to be an optimum binder content of less than 6 
percent in many cases, which is similar to the optimum 
for maximum strength. In addition, the modulus did 
not appear to be sensitive to small changes in binder 
content within the range of values investigated. 

15 

Summary of Modulus Results 

The addition of sulphur produced a significant increase 
in stiffness in terms of resilient modulus of elasticity. 
Generally, this increase required the addition of 50 
percent sulphur, although in a few cases 20 percent 
sulphur produced a substantial increase. 

The optimum binder content for maximum resilient 
modulus of elasticity was not well defined but appeared 
to be 6 percent or less. However, higher binder con
tents, which are more consistent with mix durability 
considerations, only resulted in a marginal decrease in 
modulus. 

Figure 5. Relation between resilient modulus of elasticity and 
content. 
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Figure 6. Relation between resilient modulus of elasticity and 
temperature. 
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Tensile Strength 

The strengths of the sulphur-asphalt mixtures were 
higher than the strengths of the conventional mixtures. 
strength values ranged from 103 to 4650 kPa (15 to 
674 lbf/ in2

) and were found by analysis of variance to be 
significantly affected by sulphur-asphalt ratio, penetra
tion of the asphalt cement, and temperature. The 
binder content was also found to influence strength, but 
only slightly. 

Strengths did not depend on the type of asphalt, as 
identified by temperature susceptibility. In addition, 
there were numerous interaction effects, many of 
which involved temperature. However, in a practical 
sense, there was no real engineering significance. 

Effect of Sulphur-Asphalt Ratio 

As shown in Figures 7 and 8, there was little, if any, 
increase in strength produced by adding 20 percent sul
phur. However, the addition of 50 percent sulphur re
sulted in a significant increase in strength and had the 
same effect as decreasing the penetration from 85/ 100 
to 40/ 50 penetration (Figure 7). 

Thus, the addition of sulphur is beneficial in terms 
of strength. Furthermore, although the addition of 20 
percent sulphur did not improve the strength of the mix
tures, the asphalt content and thus the potential cost 
were lowered without a loss of strength. The addition 
of 50 percent brought cost savings and significantly in
creased strength. 

Effects of Temperature and Penetration 

Temperature, as expected, had the greatest effect on 
the strength values (Figure 7) and accounted for approxi
mately 88 percent of the strength differences. This 

Figure 7. Relation between tensile strength and temperature. 
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increase in strength should continue with decreasing 
temperature until the strength of the aggregate becomes 
the determining influence. 

Only about 5 percent of the total variation was caused 
by the change in penetration. The 40/50 pentration as
phalt cements produced signficantly stronger mixtures 
than the 85/100 penetration asphalts. 

Effect of Binder Content 

Strength was not sensitive to binder content within the 
range tested, except possibly at lower temperatures. 
The results suggest an optimum binder content that ap
pears to have been less than 6 percent in many cases. 
Strength, however, is not the controlling factor. In 
addition, low total binder content can adversely affect 
factors such as durability. 

Relation Between Tensile Strength and 
Marshall Stability 

There was no strong relation between Marshall stability 
and tensile strength, although there did appear to be 
some general trends for a given temperature and as
phalt penetration. These differences, in terms of 
penetration, tended to diminish as the test temperature 
increased and approached the temperature used with 
the Marshall test [-60°C (-140"F)J. At best, it can only 
be said that mixtures with high Marshall stabilities 
tended to have higher tensile strengths. 

Summary of Strength Test Results 

The addition of 20 percent sulphur did not increase the 
strength, but the addition of more than 20 percent 
increased strength significantly. The increase pro
duced by adding 50 percent sulphur was approximately 

Figure 8. Relation between tensile strength and sulphur 
content. 
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equal to that achieved with a 40/50 rather than an 85/100 
penetration asphalt cement. 

An optimum binder content for maximum strength 
exists but, again, is not well defined, and a change in 
binder content for the range evaluated had little, if any, 
effect on strength. 

There was no significant relation between indirect 
tensile strength and Marshall stability. 

POTENTIAL BENEFITS OF SULPHUR-
ASPHALT MIXTURES 

The use of sulphur-asphalt binders in paving mixtures 
has potential benefits in terms of economy, resource 
conservation, and improved pavement performance. 

The economic benefits can result from replacing a 
portion of more expensive material, asphalt, with a 
less expensive and more plentiful material, sulphur. 
In some areas of North America, sulphur is substantially 
less expensive than asphalt. In other areas, however, 
shipping costs may make sulphur nearly as expensive as 
asphalt. Nevertheless, the long-term benefits of sul
phur use are based on stable costs because of relative 
abundance. In addition, increased use of low-grade, 
high sulphur content coal for electric power generation 
and the removal of substantial quantities of sulphur from 
the Alaskan crude oils could add significantly to pro
jected North American sulphur supplies. 

Asphalt can be conserved as a resource by partially 
replacing it with sulphur. In view of dwindling petro
leum reserves, it is possible that at some future time 
the demand for asphalt may exceed both raw supply and 
the capacity of refineries to produce it. 

Pavement performance can be improved in terms of 
increased fatigue life for thick sections, as indicated 
by the stress-controlled fatigue testing of this investiga
tion. Of course, this must be verified by field observa
tions. For thinner sections, some caution maybe required, 
especially where very stiff sulphur-asphalt mixtures are 
used on a weak foundation, which could result in a thin, 
stiff slab effect. 

Fortunately, the pavement designer has considerable 
flexibility in tailoring a sulphur-asphalt mixture to the 
particular design situation. Both sulphur-asphalt ratio 
and grade of asphalt can be varied to modify the tem
perature susceptibility of the mix, thereby adapting it 
to a very wide range of in-service temperature, load, 
and foundation conditions @). 

CONCLUSIONS 

The results of this experimental program indicate that 
sulphur-asphalt mixtures exhibit significantly better 
engineering properties than conventional mixtures. 
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Fatigue life in a stress-controlled testing, resilient 
modulus of elasticity, and tensile strength were signif
icantly improved by the addition of up to 50 percent 
sulphur, The effects produced by various mixture and 
test variables have been summarized and illustrated. 

Further work with sulphur-asphalt mixtures seems 
well justified in terms of both engineering properties 
and potential cost effectiveness. This work should 
identify the combinations of pavement layer materials, 
thicknesses, and subgrade conditions where sulphur
asphalt mixtures can be demonstrated to have clear 
economic and performance advantages. 
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Design, Construction, and 
Performance of Asphalt Friction 
Courses 
Prithvi S. Kandhal, Raymond J. Brunner, and Thomas H. Nichols, 

Bureau of Materials, Testing, and Research, Pennsylvania 
Department of Transportation 

During 1969 to 1971, eight test pavements of open-graded asphalt fric
tion courses were constructed in Pennsylvania. Details of design, con
struction, and performance of these pavements are discussed. Four test 
pavements incorporating two aggregate types and control sections of 
dense-graded bituminous surface were constructed in 1974 near Phila
delphia. The asphalt friction courses were designed according to the 
Federal Highway Administration procedure modified in terms of asphalt 
mixing viscosities. The performance of the 1974 test pavements is eval
uated every 6 months by obtaining skid test data at three speeds, by 
measuring air permeability, and by determining the average surface tex
ture depths. Interim data obtained so far suggest that a minimum air 
void content of 25 percent is necessary to maintain the desired permea
bility that is lost in most pavements from traffic action and clogging by 
debris. A highly skid-resistant gravel aggregate was used for this project 
in the asphalt friction course and the dense-graded surface course. After 
1 % years' service, the skid-speed gradient of both pavements is almost 
equal and approaches 0.45. In the case of dolomite aggregate (medium 
skid resistance), the jlSphalt friction course has a substantially lower speed 
gradient compared to the dense-graded surface course. These tests are 
being continued to study long-range performance and durability. 

High-speed rubber-tired vehicles operating on wet pave
ments can experience a hazardous phenomenon known as 
hydroplaning. A layer of water on the pavement causes 
the tire to lose contact with the pavement surface. The 
result is the vehicle's loss of maneuverability and 
braking capability. 

Obviously, we must devise some method to remove 
the water from the pavement surface. Open-graded 
asphalt friction courses (also called open-graded plant
mix seal coat and porous friction course, among others), 
which are high-void bituminous mixtures placed on exist
ti:ii pavement surfaces in thin layers [nominally 19 mm 
(3/i in)], have been used to drain surface water 
through their porous structures. 1n addition to reducing 
the risk of hydroplaning, asphalt friction courses are 
believed to have several other advantages (1), such as 
improved skid resistance at higher speeds during wet 
weather, minimized wheel path rutting, minimized splash 
and spray during wet weather, lowered highway noise 
levels, improved visibility of painted traffic markings, 
and retarded ice formation on the surface. 

A survey of the literature @.,;!,E,~1,.!!_,!!_) reveals 
that several agencies have used this type of asphalt sur
facing, but with different mix compositions and mix de
sign methods (Table 1). Evidently, this resulted in both 
success and failure in the construction and performance 
of the open-graded mixes, but the experience gained has 
helped develop suitable interim specifications and de
sign methods for such applications . It is with this 
intent that the experience of the Pennsylvania Depart
ment of Transportation (PennDOT) with the design, con
struction, and performance of asphalt friction courses 
is being reported in this paper. 

TEST PAVEMENTS, 1969 TO 1971 

Eight separate projects (Table 2) were constructed in 
Pennsylvania between September 1969 and September 
1971. In September 1969, 22.4 km (14 miles) of two
lane pavement were constructed and an additional 6.2 km 
(3. 9 miles) in June 1970 in the north central region, and, 
in September 1971, 7.2 km (4.5 miles) were constructed 
in the same region and 2.4 km (1.5 miles) in south 
central Pennsylvania. This provided a total of 38.2 km 
(23.9 miles) for evaluation. 

Design and Materials 

The open-graded mixes first used in the four western 
states of Colorado, Wyoming, Utah, and New Mexico were 
also used in Pennsylvania (Table 1). Both limestone 
and gravel aggregates were used for comparison on 
projects 3 and 5; AC-20 asphalt cement was used on all 
projects. Initially, the asphalt content was established 
by calculating the percentage of asphalt as 1.5 Kc (sur
face capacity) plus 3.5. 

The value of Kc was obtained by the CKE test using 
the coarse aggregate fraction and SAE 10 lubricating 
oil (1). Trial mixes with different percentages of as
phalt were made and stored overnight at 140"F (60°C) in 
pans. We selected the mixes that met the following 
criteria. 

Table 1. Comparison of 
mix gradations. 

Gradation (% passing) 

State 12.5 mm 

North Carolina 100 
Colorado, Wyoming, utah, 

New Mexico 100 
California. Arizona. Nevada, 

Hawaii 100 
Louisiana 100 
Texas 100 
Virginia (1973) 100 
FHWA recommendation (1974) 

Note: 1 mm= 0.039 in and 1 µm = 0.0039 in. 

9.5 mm 

90 to 100 

95 to 100 

90 to 100 
95 to 100 
90 to 100 
84 to 100 
100 

11 Sieve size converted from 2 mm (no_ 10) to 2.36 mm (no. 8) for comparison, 

4.75 mm 

25 to 45 

30 to 50 

30 to 50 
30 to 55 
40 to 60 
10 to 40 
30 to 50 

2.36 mm 

4 to 17' 

10 to 25 

15 to 32 
5 to 26' 
9 to 20' 
0 to 10 
5 to 15 

75 µm 

0 to 2 

0 to 5 

Oto 3 
0 to 6 
0 to 5 
0 to 2 
2 to 5 

Asphalt 
Content (:/;) 

6 to 10 

6 to 7 

5 to 7 
4 to 10 
5 to 7 .5 
6 to 12 



Table 2. Test pavements, 1969 to 1971. 

Date 
Project County Placed ADT 

Depth 
(mm) Substrate Condition 
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Present Status 

Centre 9/69 2 600 

9/69 

12.5 

12.5 

12.5 

12. 5 

16.0 

12.5 

16.0 
16.0 

Fair, minimum cracking and rutting, 
slippery 

Poor,· 40~ surface material lost from traific wear; failure 
due to thin application; scheduled [or resurfacing 

2 Centre 9 400 Fair, slight wheel track rutting, 
slippery 

Poor, 50~ surfac e mat e rial lost from traffic wear; failure 
due to thin application; scheduled [or resurfacing 

Resurfaced in 1973; failure due to poor pavement structure 
and thin application 

3 Clearfield 9/69 6 000 Poor, heaved and sunken areasi wide 
transverse cracks 

4 McKean 9/69 2 650 Extremely poor, extensive cracking 
and rutting 

Resurfaced in 1972; failure due to poor pavement structure 
and thin application 

5 Centre 6/70 26 000 Good, slippery' Good; in - service; original open surface texture kneaded 
and tightened by tramc 

6 McKean 8/71 3 500 Fair, transverse and longitudinal 
cracks, raveling 

Good; in-servJce; some re£lective cracks present; slightly 
kneaded sur[acc texture; 5'.t surface lost from ravcllng

Good; in-service; slightly kneaded surface texture 7 Franklin 9/ 71 3 200 Good, slippery 
8 Mifflin 10/71 14 600 Good, slippery, some scattered 

cracks and rutting 
Good; in-service; surface worn through to original surface 

in scattered areas; very tightly kneaded mat 

Note: 1 mm= 0.039 in , 

"Skid number 29. 

1. A small but not excessive amount should drain to 
the bottom of the pan; 

2. The mix should appear glossy rather than dull; 
and, 

3. If a freshly prepared mix is molded into [102 by 
102 by 16-mm (4 by 4 by %-in)] pats on the glass plate, 
the mix should exhibit a complete seal on the glass plate 
and open texture on the surface. 

The composition of the mixes based on laboratory 
extractions is given elsewhere (10). The average per
centage passing the 6.35-mm (no':-3) sieve was 18. 

Construction Data and Procedure 

The condition of the roadways prior to the application of 
the friction course was documented (10). A brief de
scription is gtven in Table 2. In mostcases RS-1 
emulsified asphalt was applied at 0.23 L/m2 (0.05 gal/ 
yd2

) as a tack coat, which was often damaged by con
struction traffic. Mix temperatures ranged from 127 to 
135°C (260 to 275°F). Although the mix design method 
allows some extra binder for flow-down during and im
mediately after placement to form a complete seal, such 
flow was not observed. 

No serious problems we1·e encountered during trans
port , placement, or compaction of these mixes. Com
paction was accomplished with two to three passes of a 
9-Mg (10-ton) steel-wheeled roller . T1·affic permitted 
on the friction courses immediately after completion of 
rolling caused no damage. 

Performance and Skid Data 

The present status of the projects is described briefly in 
Table 2. The first four projects are of dubious experi
mental value, because the friction course was placed at 
a thickness o.f 13 mm (tin) or less. This caused pre
mature loss of aggregate and, consequently, early 
failure of the test sections. Failure resulted from the 
structurally unsound pavements underneath these ap
plications. The raveling of the open-graded mix usually 
began near structtn·al or reflective cracks. 

It has been observed that debris and traffic action 
have closed up the voids in open-graded friction courses 
and that for all practical purposes these surfaces are 
impermeable. Although the friction courses in areas 
of low average daily traffic (ADT) volume have main
tained good surface texture, those in areas of high 
traffic volume (12 000 to 24 000 ADT) have developed 
a tight, coarse texture similar to that of a dense-

graded mix. The average percentage passing the 2.36-
mm (no. 8) sieve in these mixes was 18, which should 
obviously be lowered if permeability is to be main
tained as traffic becomes heavier. 

The skid test data from these projects (Figure 1), 
with the exception of one carbonate aggregate source 
(project 8), show generally good to excellent results. 
Those projects using coarse gravel aggregate are con
sistently higl1er in Skid resistance . The averages (total 
of eight projects) show gravel surfaces to be about 20 
skid numbe11s higher than carbonate surfaces . For in
dividual projects, where both aggregate types were used 
on the same site, t he gravel surfaces are about 10 to 15 
skid numbers higher. 

It is evident from Figure 1 that initially these test 
pavement skid resistances wex·e lower because of the 
presence of a thick asphalt film surrounding the aggre
gates at the s1.U·face. Skid resistance increased when 
aggregate micl'otexture was exposed by traffic wear. 

AU skid test data we1·e obtalned at 64 km/ h (40 mph) 
on a one-wheel towed trailer as per ASTM test des
ignation E-274. 

TEST PAVEMENTS, 1974 

Judging from experience gained from the 1969 to 1971 
test pavements, we felt it was necessary to consider the 
following factors. 

1. Gradation. We observed, as mentioned earlier, 
that the gradation should be made coarser to maintain 
permeability of the open-graded mixes. The amount of 
matel'ial passing the 2.36-mm (no. 8) sieve should be 
decreased. 

2. Asphalt content. The percentage or asphalt had 
previously been selected by conducting a series of as
phalt ''dl'ainage" tests on several trial mixtures made 
with various asphalt percentages. It-was still possible 
that the mix could contain either too little asphalt, 
which could cause raveling, or too much, which c.ould 
result in flushing. A more reliable method was needed. 

3. Mix temperature. Mix temperatures were cbosen 
arbitrarily. Logically, viscosity should be used in 
establishing mix temperatures. 

The design procedure described by Smith, Rice, and 
Spelman (1) seemed to be reliable and logical . This 
method had been used successfully on several Federal 
Highway Amtnistration (FHW A) R&D demonstration 
projects. In the design procedw·e, the optimum content 
of fine aggregate is established by finding the void 
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Figure 1. Pavement skid 
data, 1969 to 1971. BO 
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capacity of coarse aggregate and providing a minimum 
air void content of 15 percent. The asphalt content is 
determined from the surface capacity of the predom
inant aggregate size fraction. Optimum mixing tem
perature is based on asphalt viscosity. 

Therefore 1974 test pavements of open-graded asphalt 
friction course were designed and placed according to 
the FHWA procedure. The project is located near 
Philadelphia on Route 252 (LR 144) in Delaware County 
(Figure 2). The roadway is 7.3 to 9.1 m (24 to 30 ft) 
wide and carries an ADT of 18 000. High traffic volume 
and heavy use of studded tires (35 percent during winter 
months) had badly worn the existing bituminous pave
ment, which was otherwise structurally sound with a 
minimum of cracking. Before paving, maintenance 
forces placed a thin leveling course in some areas of 
excessive rutting. 

Design and Materials 

The project included these four test sections (1 mm = 
0 .039 in) constructed in October 1974: 

Thickness 
Section Material Aggregate (mm) 

Control ID-2A wearing course Gravel 38 
Experimental Asphalt friction course Gravel 19 
Control ID-2A wearing course Dolomite 38 
Experimental Asphalt friction course Dolomite 19 

Pennsylvania ID-2A is a dense-graded surface course 
mix that is widely used in the state and served here as 
a control for comparison purposes. Crushed gravel 
was used to provide a highly skid-resistant surface, 
and the dolomite aggregate was specified for medium 
skid resistance. 

Figure 2. Pavement location map, 
1974. 
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The mix designs for asphalt friction courses were 
prepared at PennDOT's Bureau of Materials, Testing, 
and Research (BMTR). The design data are given in 
the table below [ 1 mm = 0.039 in and 1°C = (1°F - 32)/ 
1.8]. The mixes were designed to provide 15 percent 
air voids. The voids in mineral aggregate (VMA) ranged 
from 37.2 to 39.2 percent. 

Test 

Coarse aggregate in blend, % 
Fine aggregate in blend, % 
Specific gravity of coarse aggregate 
Specific gravity of fine aggregate 
Specific gravity of 9.50 to 4. 75 mm fraction 
Unit weight (vibrated). PCF 
Voids mineral aggregate, % 
Optimum fine aggregate, % 
Kc 
AC= 2 Kc+ 4.0 
AC (corrected), aggregate basis, % 
AC, mix basis, % 
Optimum mix temperature, °C 
Asphalt viscosity at the optimum mix tem

perature, CST 

Asphalt Friction 
Course Mix 

Gravel Dolomite 

85 
15 
2.545 
2.747 
2.622 
96.5 
39.2 
16.4 
1.60 
7.2 
7.3 
6.8 
110 

1700 

95 
5 
2.819 
2.700 
2.847 
110.3 
37.2 
13.4 
1.40 
6.8 
6.3 
5.9 
112.8 

1400 

According to the FHWA procedure, the target mixing 
temperature lies in the range corresponding to asphalt 
cement viscosities of 7 to 9 m2/S (700 to 900 centistokes). 
However while designing these mi.Xes we observed 
that the 7- to 9-m2/S range re.sulted in toomuchdrainage. 
The optimum mix temperatures yielding satisfactory 
drainage corresponded to asphalt cement viscosities of 
14 and 17 m2/ S (1400 and 1700 centistokes) for dolomite 
and gravel, respectively. Several other designs by 
BMTR have confirmed that a higher range of asphalt 
viscosity is required. 

169+00 
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Construction Data and Procedure 

Placement of the open-graded friction course mix went 
smoothly, and the mix that showed no signs of asphalt 
drainage or aggregate segregation had a somewhat rich 
appearance, as expected. 

One or two passes of a steel-wheeled roller easily 
compacted the mix. Repeated rolling was of no value and 
even caused some degradation of the aggregate. The 
thic!mess of t he compacted mat avera.ged 22 mm (7/a in), 
slightly higher than the 19 mm (% in) specified. 

Beca.use of the delays between trucks arriving at the 
job site, the paver remained stationary for periods of 
time. As a result, the screed heaters, by lowering 
viscosity, caused the asphalt in the mat to drain, leaving 
dry-looking strips about 0.3 m (1 ft) wide across the 
lane. The condition did not seem to be detrimental, 
but it will be observed for any future effects. 
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The open-graded gravel mix appeared to be some
what more open textured than the dolomite, as shown 
in Figure 3, which also shows the dense-graded ID-2A 
surface courses. 

The mix designs and results of the plant and field 
test samples for the open-graded mixes are shown in 
Table 3. Samples of the open-graded gravel mix con
formed well to the design. The plant sample of the 
open-graded dolomite mix was high on the 4.75-mm 
(no. 4) sieve, and the field sample was high on both 
that and the 2.36-mm (no. 8) sieve, as well as on 
asphalt content. 

The mixes for the ID-2A wearing course also used 
the same gravel and dolomite aggregates. The material 
was designed to meet the requirements of PennDOT 
specifications. 

Table 3. Mix design and test 
sample results for open-graded 
mixes. 

Percentage Passing 

Figure 3. Comparison of 
mixes: (a) open-graded gravel, 
(b) open-graded dolomite, 
(cl 1D-2A densl!-graded gravel, 
and (d) 1D-2A dense-graded 
dolomite. 

Gravel 

Specification 
Item Limits Design 

Sieve size 
9.5 mm 100 100 
4.75 mm 30-50 31.3 
2.36 mm 5-15 14.7 
75 µ.m 2-5 1.9 

Percentage of asphalt 
by weight of mix 6.0-8.0 6.8 

Mixing temperature, °C 126. 7 (max) 107.2-112.8 

Note: 1 mm= 0.039 in; 1 µm = 0.0039 in; and t°C = (t° F - 32)/1.8. 

(a) 

(cl 

Dolomite 

Plant Job Plant Job 
Sample Sample Design Sample Sample 

100 100 100 100 100 
42.4 41.8 34.9 53.9 51.9 
14.7 15.5 12.7 11.5 17.0 
3.5 2.8 3.6 3.2 4.6 

6.8 6.8 5.9 5.9 6.4 
110-115.6 

(b) 

(di 
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Figure 4. Skid data on gravel mixes. 
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Figure 5. Skid data on dolomite mixes. 
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Performance Evaluation 
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The test pavements were constructed in October 1974 
and have been evaluated at 6-month intervals since 2 
months after placement. The evaluation includes judg
i ng'visual appearance and measuring s ldd, permeability, 
and surface texture. 

Table 4. Air permeability data. 

Permeability (cm'/min) 

At At 6 At 12 At 18 
Mix Type 20 Days Months Months Months 

Open-graded gravel 
w· 20 000+ 1567 460 0 
(! 20 000+ 193 0 0 

Open-graded dolomite 
w 8 600 57 560 78 
C 6 100 740 1150 38 

ID-2A gravel 
w 5 440 0 0 
C 20 230 0 0 

ID-2A dolomite 
w 114 13 0 0 
C 269 4 0 0 

Note: 1 cm3 = 3.38 fluid oz. 

"W = in the wheel track area and C = in the center of the lane. 

Skid Testing 

Tests were conducted at speeds of 48, 64, and 80 km/h 
(30, 40, and 50 mph) so that we could determine speed 
gradients. The skid level for each test section was 
taken as the average of 10 tests taken at two test sites. 
Skid test data for ID-2A gravel mix and open-graded 
gravel mix are shown in Figui·e 4. After 1?'2 years in 
service, the open-graded gravel mix is only two or 
three skid numbers higher than the ID-2A gravel mix. 
The speed gradient of both mixes is almost equal and 
approaches 0.45. 

The open-graded mixes are generally thought to have 
lower speed gradients when compared with conventional 
dense-graded surface mixes. However, it is evident 
from this study that, if the aggregate possesses high 
skid resistance, this may not be generally true. If the 
aggregate-such as dolomite in this study-is not shown 
to be highly skid resistant, the open-graded mix has a 
substantially lower speed gradient (Figure 5). It seems 
that the microtexture predominates over the macrotex
ture when the mix contains highly skid-resistant aggre
gate, whereas macrotexture becomes a predominant 
factor when the mix contains relatively less skid
resistant aggregate. Continual evaluation of this project 
is necessary to drawing any firm conclusions. 

Permeabiiity 

Permeability of the pavement surfaces has been mea
sured periodically with the air permeability meter de
veloped by the Pennsylvania State University (11). This 
device meas ul'es the 1·ate of air flow in cubic centiliters 
per minute through the pavement at selected pressure 
differentials. Air pressure is applied to the surface of 
the pavement via a circular chamber sealed to the pave
ment with grease. Permeability readings are shown in 
Table 4. 

Initially, the open-graded mixes had considerably 
higher permeability than the ID-2A dense-graded mixes . 
However, after 1~ years ' service, the tes·t pavements, 
compacted under traffic and clogged with debris, lost 
their permeability. Only the open-graded dolomite mix 
has so far retained some permeability, although it is 
insignificant and is approaching zero. 

A minimum air void content of 15 percent was pro
vided in the mix, according to the FHWA procedure, to 
ensure adequate subsurface water drainage, but ap
parently this minimum content will have to be increased 
to 25 percent, by reducing the fine aggregate content in 
the mix. This can have other implications. 

A maximum amount of fine aggregate is desirable 



because it imparts a "chocking" action to the coarse 
aggregate particles and because it prevents mixture 
raveling (1). A possible compromise is to limit the 
amount oCaggregate passing the 4. 75-mm (no. 8) 
sieve to a maximum of 10 percent. 

Surface Texture 

Measurements of the pavement surface texture are being 
made with the sand track device developed by the 
Pennsylvania State University and modified by PennDOT 
(_!!). This device works first by placing the tester on 
a level area of the pavement. Then the hopper is filled 
with a specific amount of sand and, driven along by a 
spring motor , deposits a strip of sand on the pavement 
surface. The length of the strip will vary according to 
the roughness of the surface. The readings are then 
converted to the average texture depths shown in the 
following table (1 mm= 0.039 in). After 18 months in 
service, there is no significant difference between the 
open-graded mix and the ID-2A surface mix. 

Surface Texture Depth (mm) 

At20 At6 At12 At18 
Mix Type 

Open-graded gravel 
Open-graded dolomite 
I D-2A gravel 

Days Months Months Months 

ID-2A dolomite 

0.0036 
0.0033 
0.0025 
0.0017 

0.0046 
0.0030 
0.0044 
0.0033 

0.0042 
0.0030 
0.0043 
0.0018 

CONCLUSIONS AND RECOMMENDATIONS 

Test Pavements , 1969 to 1971 

0.0029 
0.0026 
0.0029 
0.0023 

We have been evaluating these pavements for 5 to 6 
years and have made the following observations. 

1. Open-graded mixes should not be placed less than 
19 mm e;.; in) thick. 

2 . Structurally unsound pavements cannot be cor
rected by applying an open-graded mix, which only re
sults in premature failure of the application. 

3. Debris and traffic action have closed up the voids 
in the open-graded mixes . In areas having an ADT 
over 12 000, the mixes developed a tight, coarse texture 
somewhat similar to that of a dense-graded mix. The 
average percentage of aggregate passing the 4. 75-mm 
(no. 8) sieve in these mixes was 18, which is evidently 
excessive. 

4 . The open-graded pavement surfaces became im
permeable, for all practical purposes, within 1 to 2 
years . 

5. Raveling usually began either where the mix was 
placed thinly over high spots or where there were edges 
or perimeters of cracks and joints in the pavement. 

6. If properly laid, the average service life of an 
open-graded surface seems to be 5 to 6 years. 

'rest Pavements , 1974 

Because the pavements have been evaluated for just 
1 ~ years, this is only a progi·ess r epo1·t. We have 
made the following observations. 

1. Optimum mix temperatures yielding satisfactory 
drainage corresponded to asphalt viscosities of 14 and 
17 m2/ S (1400 and 1700 centis tokes) r espectively for 
dolomite and gravel aggregates . The r ange 7 to 8 m2/S 
700 to 900 centistokes recommended in the FHWA de
sign procedure seems too low. 

2. Open-graded mixes were designed, according to 
the FHWA design procedure, with 15 percent air voids 
to provide adequate permeability . However, after l '/2 
years' service the pavements lost their permeability 
from compacting under traffic and clogging of voids with 
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debris. We estimate that a minimum air void content 
of 25 percent is necessary to maintaining permeability. 
The possible disadvantages of very high air void con
tent (raveling, for instance) are not very cleai·. 

3. After 1% years in service, the open-gr aded gravel 
mix is only two to three skid numbers higher than the 
dense-graded ID-2A gravel mix. The speed gradient of 
48 to 80 km/h (30 to 50 mph) for both mixes is almost 
equal and is approaching 0.45. This runs contrary to 
the general belief that the macrotexture of open-graded 
mixes gives them lower speed gradients than dense
graded mixes. It seems that microtexture predominates 
over macrotexture if a mix contains a highly skid
resistant aggregate, such as the gravel used in this 
project. 

4. If the aggregate, such as the dolomite aggregate 
used in this project, is not highly skid resistant, the 
open-graded mix has a substantially lower speed 
gradient compared with the ID- 2A dolomite mix after 
1~ years in service. Macrotexture becomes a pre
dominant factor if the mix contains relatively lower 
skid-resistant aggregate . 

The evaluation of these test pavements will continue 
so that long-range performance and durability of the 
open-graded mixes can be compared with those of the 
dense-graded mixes. 
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Pavement Design Characteristics of 
In-Service Asphalt Mixtures 
Thomas w. Kennedy, Council for Advanced Transportation Studies, 

University of Texas at Austin 

This paper summarizes the findings of a pavement design study on eval
uating fatigue and resiliency characteristics and their variations in as
phalt materials from in-service pavements in Texas. Cores from seven 
recently constructed highway pavements in Texas were tested with the 
repeated load indirect tensile test. Mean values of fatigue life, resilient 
modulus of elasticity, and resilient Poisson's ratio were determined, and 
their variations were estimated. In addition, stress-fatigue life relations 
were evaluated in terms of applied tensile stress and applied stress differ
ence. The relations between repeated load fatigue properties and static 
properties were also evaluated. Fatigue lives were found to be essen
tially the same as those reported by other investigators. The mean re
silient moduli of elasticity were fairly consistent for the various projects 
and ranged from 1520 to 4240 MPa (221 000 to 615 000 lbf/in2 ). The 
majority of the Poisson's ratios were in the 0.10 to 0.22 range. The co
efficient of variation for fatigue life, which was relatively large, ranged 
from 30 to 80 percent; the amount of variation was stress and project 
dependent. The coefficient for resilient modulus was relatively small, 
from 4 to 28 percent. No correlations for estimating purposes were 
found, although the relation between fatigue life and tensile strain 
looked promising. 

Most current pavement design procedures are largely 
empirical and deterministic in nature. The state of the 
art, however, has advanced to the point at which at
tempts are being made both to apply elasticity concepts 
to design and to understand the fatigue behavior of vari
ous pavement layers and materials. Probabilistic con
cepts also need to be included. While theories are being 
developed and integrated into design and analysis sys
tems, we still need to determine elastic and fatigue 
properties and their variations in pavement materials. 

This paper summarizes the findings of a study on esti
mating these properties and variations in asphalt mate
rials from actual pavements in Texas. 

EXPERIMENTAL PROGRAM 

The principal objectives of this investigation were to 
cluiTactei-ize ii1-st::r·vie1:: blaek-Uase 1uat~rial:s in terms 
of fatigue life and of resilient elastic properties under 
repeated applications of low tensile stresses, to estimate 
the amount of expected variation in these properties, and 
to investigate possible correlations between behavior 
under a single load and that under repeated loading. 

Therefore, field cores of black-base and asphalt sur
facing materials from recently constructed highway 
pavements in Texas were tested with the static test and 
the repeated load indirect tensile test. The fatigue lives, 
elastic properties, and the variations among these prop
erties were estimated by using the repeated load indirect 
tensile test; values of strength, modulus of elasticity, 
and Poisson's ratio were determined by using static 
loading. 

Projects Tested and Core Sampling 

Cores from seven projects in five locations in Texas 
were tested. General information on the projects is 
contained in Table 1. 

Normally, black-base pavement layers are cored at 
equally spaced longitudinal intervals. Even though they 
were obtained in this systematic fashion, these cores 
can be considered to have been randomly sampled, be-

cause the sampling location function does not coincide 
with any variation distribution function known to exist 
in the pavement. 

All cores were obtained with either a 102- or a 
152-mm (4- or 6-in) inside diameter core barrel. The 
cores were sawed at the interface between lifts so that 
each specimen represented its respective lift . At least 
10 specimens from each project were selected randomly 
and tested with the repeated load indirect tensile test; 3 
to 5 specimens were tested under a single, slowly ap
plied load to determine static strengths and static elastic 
properties of the black base and the asphalt concrete. 
Before testing, the specimen dimensions were carefully 
measured, and each specimen was weighed for density. 

Test Method 

In the indirect tensile test, a cylindrical specimen is 
loaded with either static or repeated compressive loads 
that act parallel to and along the vertical diametral 
plane. The load is distributed and the loading area 
maintained a constant by applying the compressive load 
through a 13-mm (0.5-in) wide steel loading strip curved 
at the interface to fit the specimen. This loading con
figuration develops a relatively uniform tensile stress, 
perpendicular to the plane of the applied load and along 
the vertical diametral plane, that ultimately causes the 
specimen to fail by splitting or rupturing along the ver
tical diameter. 

By monitoring the applied load and the horizontal and 
vertical deformations of the specimen, one can estimate 
the specimen's tensile strength, Poisson's ratio, and 
modulus of elasticity. Under repeated loads, one can 
estimate the resilient modulus of elasticity and Poisson's 
ratio for any given application of load, the permanent 
deformation accumulated for any given number of load 
~_ppHc?JinnR, ~nn thP. f!ltig11P. lift:>., hy ronnHnnnna!y ('\~ 

periodically monitoring load, horizontal deformation, 
and vertical deformation. 

Static Testing 

The indirect tensile test procedure for static loading 
was the same as that used by Marshall and Kennedy (1). 
The basic testing apparatus included a loading system 
and a means of monitoring the applied loads and the 
specimen's horizontal and the vertical deformations. 

The loading system consisted of a loading apparatus, 
a load-aligning device, and loading strips. In this study, 
a closed-loop electrohydraulic system was used to apply 
the load and to control the deformation rate. A deforma
tion rate of 51 mm/min (2 in/min) at appi·oximately 
24°C (75°F) was used. A special loading device ensured 
that the loading platens and strips remained parallel 
during the test. 

The load was monitored with a load cell, and the 
horizontal deformation was measured with a device with 
two cantilevered arms having attached strain gauges. 
Vertical deformation was measured with a DC linear 
variable differential transformer (LVDT). The loads 
and deformations were monitored by two X-Y plotters, 



Table 1. Black-base and asphalt concrete projects. 

Number of Asphalt 
Specimens 

Project Material Fatigue Static Type 

2 Black base 18 5 AC-20 
5 Black base 15 5 AC-10 
BB Black base 15 5 AC-20 
BC Black base 11 3 AC-20 
17B(l) Black base (first !lit) 15 100' AC-10 and AC-20 
17B(2) Black base (second lift) 15 AC-10 and AC-20 
25 to 97(1) Black base (first lift) 12 3 AC-20 
25 to 97(2) Black base (second lift) 11 3 AC-20 
25 to 97(3) Black base (third lift) 12 3 AC-20 
25 to 97(S) Asphalt concrete (sur-

face course) 
12 3 AC-20 

25 to 100 Black base (first and 12 4 AC-20 
(1, 2) second lifts) 

25 to 100(3) Black base (third lift) 10 2 AC-20 
25 to lOO(S) Asphnll concrete (sur-

face course) 
10 2 AC-20 

Note: 1 mm= 0.039 in. 

• From Moore and Kennedy (! _)~ 

one recording load and horizontal deformation and one 
recording load and vertical deformation. 

Points picked from the X-Y plots and other weight 
and volume information were used as input for computer 
program MODLAS 9, which calculates the tensile and 
elastic properties of the materials by using the indirect 
tensile test. 

Repeated Load Testing 

The basic test equipment used in the repeated load tests 
was the same as that used for the static loading tests, 
except for an additional horizontal deformation trans
ducer consisting of two LVDT's that were used to moni
tor the horizontal deformation of the specimen for any 
particular load application. 

Loads were applied at one cycle per second for 0.4 s 
followed by a rest period of 0.6 s (Figure 1). All tests 
were conducted at approximately 24°C (75°F). 

Figure 1. Load time pulse for repeated load indirect tensile 
test. 
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Figure 2. Typical load and deformation versus time relation for 
repeated load indirect tensile test. 
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Specimen 
Percentage Diameter 
by Weight Aggregates (mm) 

6.2 to 6.5 Limestone 152 
6.9 to 7.2 Limestone 152 
4.6 to 5.3 Caliche conglomerate gravel 152 
5.6 to 5,9 Limestone 152 
4 River gravel 102 
4 River gravel 102 
6 Sandstone 102 
6 Sandstone 102 
3.5 Gravel 102 
5 Gravel 102 

4.5 Gravel 102 

3.2 Gravel 102 
4.7 Gravel 102 

The loads and elastic deformations from a given load 
application were recorded on a two- channel strip chart 
recorder. The permanent deformations were recorded 
on a digital data logging system. The specimen's load, 
elastic deformations, and permanent deformations were 
measured continuously during the first 200 cycles and 
were then monitored at increments of approximately 100 
cycles. Typical vertical and horizontal deformation
time relations for a given load impulse are shown in 
Figure 2, and typical relations between total and per
manent deformation and the number of cycles are shown 
in Figure 3. 

Figure 3. Typical relation between deformation and number of 
loa~ applications for the repeated load indirect tensile test. 
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Instantaneous resilient deformations, or recoverable 
deformations V RI and HR 1 (Figure 2 ), and the repeated 
load were used to calculate the resilient elastic proper
ties under repeated loading. 

Because of time restrictions, only a limited number 
of fatigue tests could be conducted. In some cases the 
stress level was raised in order to complete the testing 
program within a reasonable time, to establish the re
lation between tensile stress and fatigue life, and to de
termine whether this relation was essentially linear, as 
shown by previous work. Relatively high stress levels 
resulted in very low fatigue lives. 

Fatigue Failure 

Failure was considered to occur when the specimen frac
tured completely or, in terms of permanent horizontal 
(tensile) deformation, when deformation increased with
out additional load applications (Figul'e 3). Fatigue life 
(N,), tberefore, is the numbe1· of cycles corresponding 
to this large increase in deformation. 

Resilient Elastic Characteristics 

Permanent and total deformations increase substantially 
during the first few load cycles, and then the rate be
comes essentially constant until failure (Figure 3 ). After 
analyzing a large number of permanent deformation re
lations, I concluded that the essentially linear por-
tion of the curve occurred between about 15 and 85 per
cent of fatigue life. Because this range represents a 
significant portion of the material's design life, esti.
mates of instantaneous resilient modulus and Poisson's 
ratios were calculated at 30, 50, and 70 percent of the 
fatigue life. These values were then averaged to obtain 
a representative value for each specimen. 

Variation 

One of the objectives of this study was to estimate varia
tions in fatigue life and elastic properties of black- base 
and asphalt materials from in-service pavement. The 
coefficient of variation, which is the sample standard 
deviation divided by the sample mean, was therefore 
used because it related variation to mean. 

Correlations 

Possible correlations between the repeated load prop
erties and the static or mixture properties were investi
gated with a view to developing techniques for estimating 
fatigue life and elastic properties under repeated loads 
without having to conduct costly and time-consuming re
peated load tests. 

ANALYSIS AND EVALUATION 

Summaries of the test results for the seven projects are 
shown in Tables 2 and 3. 

Fatigue Life 

The black-base specimens for each project were sub
jected to a minimum of three stress levels to define the 
stress versus fatigue life relation and to measure the 
inherent variation in expected fatigue life. 

Fatigue Life and Stress Relations 

The mean fatigue life and coefficient of variation obtained 
for the specimens from each project are given in Table 
2. The relations between the logarithm of tensile stress 

and the logarithm of fatigue life were essentially linear, 
but the slopes and relative positions varied, which indi
cated that the relations were material or project depen
dent. The linear relation can be expressed in the form 

where 

Nr = fatigue life in cycles to failure; 
CYr = repeated tensile stress in kilopascals; 

fl.CY = stress difference, approximately 4CYr, in kilo
pascals; 

(I) 

n2 = slope of the logarithmic relation between fatigue 
life and the tensile stress or stress difference; 

K:! = antilog of the intercept of the logarithmic relation 
between fatigue life and tensile stress; and 

~ = antilog of the intercept of the logarithmic relation 
between fatigue life and stress difference. 

As shown in Table 2, except for the four projects 
5, 8B, 17B(1), and 17B(2 ), the slopes were fairly con
sistent. Values ranged from 1.50 to 5.08, and most 
slopes ranged from 3.18 to 5.08. Values for projects 
5, 8B, 17B(1), and 17B(2) were smaller and varied from 
1.58 to 2.66. 

Monismith and others (2) reported values of K:! and n2 
from previous work on field cores. Values of n2 ranged 
from 1.85 to 6.0, and it was suggested that n2 was a func
tion of stiffness of the mixture. 

Values obtained in this study were in the range pre
viously reported. A review of Table 1 shows that three 
of the four projects with the smaller values of n2 involved 
mixtures containing AC-10 rather than AC-20. In addi
tion, project 8B mixtures, which contained an AC-20, 
used a different basic aggregate type. 

Previously reported values ol ~ (2) were 2.86 x 109 

and 4.41 x 1023 kPa (8 .00 x 107 and 4.fo x 1018 lbf/in2). 
Values in this study were smaller, ranging from 5.90 X 

107 to 1.30 x 1017 kPa (2.79 x 105 to 7.13 x 1012 lbf/in2). 
Thus, the fatigue lives for the materials tested were 
generally shorter than those previously reported. 

Porter and Kennedy (3) compared the fatigue relations 
obtained by various investigators using different test 
methods. This comparison indicated that the fatigue life 
obtained with the repeated load indirect tensile test was 
significantly shorter than that obtained with other test 
mei:hods. A large porUon of foe difference was attributed 
to the fact that the indirect tensile test involves a biaxial 
state of stress. It was suggested that stress be expressed 
in terms of a stress difference, i.e., the maximum prin
cipal stress minus the minimum principal stress, which 
is approximately 4CYr in the failure zone. 

The relations between the logarithm of fatigue life 
and the logarithm of stress difference are shown in 
Figure 4. Values of n2 did not change, because the re
lations merely shifted along the x axis. Values of the K 
coefficient (K2), however, were significantly larger than 
K2 and ranged from 5.26 x 107 to 1.49 x 10io kPa (2.49 x 
106 to 8.18 x 10.15 lbf/tn2

\ with the majority of the values 
in the range of 1oio to 10 1 (Table 2). These values are 
consistent with the previously reported values of &. 

Variations in Fatigue Life 

The coefficients of determination (R2) for the various re
lations shown in Figure 4 are summarized in Table 2. 
These values indicate that a great deal of the variation 
in data could not be explained by linear relations. In 
addition, the coefficients of variation were not constant 
but were stress and project dependent. Coefficients 
ranged from 26 to 84 percent; however, some of this can 
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Table 2. Fatigue results for Fatigue Life, 
in-service black base and N, 
asphalt concrete. Tensile N, = K,(1/a,)" ' = K;(l / Aa)' 

Stress, at No. of Mean CV 
Project (kPa) Specimens (cycles) (1,) K, (kPa) K: (kPa) n, R' (1,)• 

2 110 3 16 984 1.85 X 10 13 9.14 X 10 15 4.48 85 
165 5 1 842 29 
221 5 869 52 
276 5 252 78 

5 110 5 3 179 30 8.02 X 10 8 3.20 X 10 10 2.66 73 
165 5 1 063 49 
221 5 567 52 

BB 165 5 5 277 60 8.11 X 10 8 2.02 X 10 lO 2.32 42 
221 4 4 281 40 
276 5 2 586 84 

BC 276 4 7 124 38 4.43 X 10 14 2.08 X 10 17 4.44 84 
331 2 3 513 
386 4 1 678 65 

17B(l) first lift 110 5 3 582 26 5.90 X 10 7 5.26><10 7 1.58 50 
165 5 1 985 40 
221 5 1 374 65 

17B(2) second lift 110 5 3 253 49 8.61 X 10 7 1.77xl0 9 2.18 53 
165 5 1 593 45 
221 5 748 52 

25-97(1) first lift 221 5 1 393 80 2.57 x l0 10 2.10 X 10 12 3.18 39 
(asphalt-stabilized 276 2 382 
base) 331 5 313 61 

2 5-97(2) second 1m 221 27 795 3.83 X 10 14 2.28 X 10 17 4.61 45 
(asphalt-stabilized 276 5 1 582 75 
bas e) 331 2 924 

386 3 1 08 1 

25-97(3) third lift 276 5 1 015 69 1. 61 x 1011 1. 77 X 10 13 3.39 56 
(type A specimen) 331 2 450 

386 5 309 50 

25-97(S) surface cour se 276 5 1 271 41 1.30 x 1017 1.49 X 10 20 5.08 49 
(type D specimen) 331 2 460 

386 5 297 74 

25-100(1, 2) first two 110 4 12 223 66 4.14 X 10 12 1.42 x 10 15 4.21 89 
lifts (asphalt- 165 2 2 346 
stabilized base) 221 4 655 59 

331 2 108 

2 5-100(3) third lift 276 4 799 49 1. 74 X 10 1
• 1.14 X 10 17 4.68 50 

(type A specimen) 331 2 296 
386 4 180 64 

25-lOO(S) surface 110 I 38 157 9.30 X 10 12 2.90 x 10 15 4.14 89 
course (type D speci- 276 3 644 
men) 331 2 512 

386 4 195 38 

Note: 1 kPa = 0. 145 lbf/in 2• 
8 60 = 4or . 
b R2 for regression equation expressed in the form log Nr = log K2 - n2 log or = log K:i - n2 log 60. 

be accounted for by stl·ess, because the coefficients in
creased with increasing stress or decreasing fatigue 
life. 

A portion or the within-project variation for projects 
BB and BC might be attributed to the larger aggregates 
used in them. In addition, the cores from project 25-100 
(1, 2) were very rough, which would contribute to the 
total variation by increasing testing error. 

There were significant differences in the coefficients 
of variation for the various projects and stress levels, 
so no definite recommendation can be made for an exact 
value for the expected coefficient of variation. It is 
possible, however, to establish a range of expected val
ues. This study seems to indicate that the coefficients 
of variation would range from about SO to 80 percent. 

Comparison Between Layers 

Comparing the top and bottom layers for projects 17B 
and 25-97, whicb had an adequate number o.f specimens 
for comparison, indicates that the top layers (2) gene1·
ally had longer fatigue lives than the lower layers (1 ). 
In Figure 4, the stress difference and fatigue life rela
tion for project 25-97 (2) is above that for project 25-
97(1), but for projects 17B(2) and 17B{l) the reverse is 

h·ue. However, if the K coefficients for the two projects · 
are compared, the UJ)per lifts exhibit larger values; this 
indicates that at lower stress values the fatigue lives 
would be longer for both projects. However, the slope 
value (n2) is large1· for the upper lifts, indicating that 
fatigue life shortened more rapidly with inc1·eased 
stress. 

Elastic Characteristics 

Mean values of the instantaneous resilient modulus of 
elasticity and Poisson's ratio and the coefficients of 
variation for each project and stress level are summa~ 
rized in Table 3. The static values of tensile strength, 
modulus of elasticity, and Poisson's ratio obtained for 
the same projects are contained in Navarro and Ken
nedy (!). 

Instantaneous Resilient Modulus of 
Elasticity 

The mean instantaneous resilient moduli were consistent 
for the various projects and ranged from 152 to 424 MPa 
(221 000 to 615 000 lbf/in2

). More important, however, 
are the consistency within each project and the fact that 
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Table 3. Elastic properties for repeated load indirect tensile 
tests. Instantaneous Instantaneous 

Resilient Resilient 
Modulus of Poisson' s 
Elasticity Ratio 

Tensile 
Stress No . of Mean CV CV 

Project (kPa) Specimens (MPa) (1) Mean (<t) 

2 110 3 1960 0.31 
165 5 1830 7 0.27 31 
221 5 1920 9 0.44 46 
276 5 2060 4 0.58 12 

5 110 5 1550 8 0.11 47 
165 5 1580 4 0.13 39 
221 5 1770 9 0.18 28 

BB 165 5 2650 14 0.12 53 
221 4 2810 12 0.06 10 
276 5 3300 28 0.18 54 

BC 276 4 3540 12 0 .11 23 
331 2 3640 0.13 
386 4 (3•) 3140 9 0.16 

17B(2) top lift 110 5 3030 25 0.09 49 
165 4 3760 5 0.13 37 
221 5 (4") 3100 22 0.22 76 

17B(l) bottom lift 110 5 3560 17 0. 11 18 
165 4 4240 14 0 .13 50 
221 5 3340 17 0.11 18 

25-97(1) first lift 221 5 1730 17 0.32 33 
(asphalt-stabilized 276 2 1850 0.46 
base) 331 5 1720 4 0.39 38 

25-97(2) second lift 276 5 1990 21 0.28 37 
(asphalt-stabilized 331 2 2430 0.31 
base) 386 3 2110 10 0.31 27 

25-97(3) third lift 276 5 (2•) 2650 9 0.16 
(type A specimen) 331 2 3430 0 .22 

386 5 2790 9 0.23 33 

25-97(S) surface course 276 5 2780 8 0.18 44 
(type D specimen) 331 2 2670 0.33 

386 4 (3•) 2990 16 0.41 57 

25-100(1, 2) first two 110 3 1520 
lifts (asphalt- 165 2 1780 0.24 
stabilized base) 221 2 2080 

331 1 2140 

25-100(3) third lift 276 3 2370 0 .13 
(type A specimen) 331 2 2470 0.15 

386 3 (2•) 2370 0.14 

25-lOO(S) surface 276 3 2120 0.16 
course (type D speci- 331 2 2370 0.15 
men) 386 3 2270 0 .29 

Note: 1 kPa = 0.145 lbf/in2 and 1 MPa = 145 lbf/ in2• 

• Number of specimens analyzed to determine the instantaneous resilient Poisson's ratio. 

the modulus value was not overly sensitive to the magni
tu<l1:1 ui the applied stress, ior the range of stresses used 
in testing. The coefficients of variation for any given 
project and stress level were low, ranging from 4 to 28 
percent, as a result of this consistency. 

In contrast, mean static moduli for similar material 
tested with the static indirect tensile test (1, 5) had much 
lower values of 266 to 631 MPa (38 600 x lci3to 91 500 
lbf/in2

) and much higher (24 to 59 percent) coefficients 
of variation. Mean values in this study ranged from 381 
to 1166 MPa (55 200 to 169 000 lbf/in2

), which is con
sistent with the previously reported values; the coef
ficient of variation ranged from 14 to 27 percent, which 
is smaller than previously reported static coefficients 
but somewhat larger than the coefficients of variation 
for the moduli resulting from repeated loads. Although 
it was not completely substantiated by these results, a 
large portion of the variation associated with static test
ing can probably be attributed to testing errors, caused 
by surface irregularities, that would not have much ef
fect on repeated load tests. 

A comparison of the mean static moduli and the mean 
resilient moduli is shown in Figure 5. This figure shows 
the dynamic moduli to be significantly larger than the 
static moduli. The ratio of the resilient and static 

moduli ranged from 10.5 to 2.3, the higher values being 
associated with the materials with low static moduli. 

Instantaneous Resilient Poisson's Ratio 

Except for projects 2 and 25-97, resilient Poisson's 
ratio values were fairly consistent at 0.06 to 0.29, the 
majority ranging from abo.ut 0.10 to 0.22 (Table 3). 
Values for projects 2 and 25-97 were much higher, from 
0.16 to an indicated value of 0.58, with the majority from 
0.22 to 0.46. 

These values tend to be lower than those for similar 
materials, which were tested previously with the static 
indirect tensile test and ranged from 0.16 to 0.34 (1, 5). 
A comparison of the static and resilient Poisson's - -
ratios obtained from this study indicates that these 
ratios are of essentially the same magnitude. In most 
projects, the mean values tended to increase with in
creasing stress. 

Coefficients of variation for Poisson's ratio were 
much higher-from 10 to 76 percent-than those for 
resilient modulus of elasticity; the majority ranged be
tween 18 and 57 percent. Nevertheless, these coeffi
cients are lower than the static Poisson's ratios for 
similar materials, for which coefficients ranged from 



39 to 67 percent (1, 5). Coefficients of variation for 
the static Poisson's-ratios from this study ranged from 
25 to 41 percent. 

Correlations With Fatigue Life 

Possible correlations between fatigue life and static 
properties and between fatigue life and repeated load 
properties were explored, because repeated load tests 
are time consuming and costly to conduct. If correla-

Figure 4. Relations between the logarithms of stress difference 
and fatigue life. 

Figure 5. Relation between static modulus and the ratio of static 
and instantaneous resilient moduli. 
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tions do exist, it is possible to esti mate fatigue prop
er ties with either the much simple1· static test or the 
s hort-term repeated load test. Such correlations could 
also lead to a bette1· undel'standing of the fatigue be
havior of pavement materials. 

Stress-Strength Ratio 

P r evious work repor ted by Moore and Kennedy ~. J_) 
found a r elatively good linear correlation between the 
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Figure 6. Relations between the logarithms of fatigue life and tensile 
strain. 
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logarithm of the ratio of applied tensile stress to static 
tensile strength and the logarithm of fatigue life. Such 
a relation allows fatigue life to be estimated from static 
test results. 

Navarro and Kennedy (4) described the relation be
tween the logarithm of the- estimated stress-strength 
ratio, defined as the ratio of the repeated tensile stress 
to the mean static tensile strengths, and the logal'ithm 
of fatigue life. A coefficient of determination (R2

) of 
51 percent indicates that, although a correlation does 
exist, the reliability of a predicted fatigue life would be 
questionable and subject to large errors. 

Stiffness 

Previous work has indicated that stiffness is an impor
tant characteristic related to fatigue life. Deacon and 
Monismith (8) stated that any factor affecting stiffness 
also affects fatigue behavior. Deacon (9) reported that 
the effect of stiffness is a function of the mode of load
ing: under controlled stress loading, a material with a 
high stiffness will perform well as long as the mixture 
is not brittle and is well proportioned, but the reverse 
is true unde r controlled strain loading. 

Epps and Monismith (10) presented data that indicated 
that stiffness alters the slope of the logarithmic relations 
between fatigue life and bending stress and showed that 
a stiff mix had a longer fatigue life. There was an in-

TtnaHt Stro,n, microunU1 

dication that this was true in my study; howeve1·, for the 
limited number of projects and conditions involved, there 
was no definite correlation, although materials with 
hie:her static monnli nf Pl<><it;t';t,r t1>nrl"'rl tn h"""' Inn"=" ...... . - - - - ------., ------- _..., ··-·.., .. .., ...... t:,""'• 
fatigue lives. 

Tensile Strain 

Previous investigators have shown that fatigue life is 
related to strain (4, 6, 7, 11, 12). Figure 6, derived from 
Moo1·e and Kermedy T6,-7hillustrates this relation. 
Tensile strains were estimated by dividing the repeated 
tensile stress (o,,.) by the resilient modulus of elasticity 
(E~). Included for comparison is the relation p1·evlously 
established by Moo1·e and Kennedy (6, 7 ). 

As shown, there was a definite trend when the data 
for project 17B were excluded. The relation for all of 
the other projects exhibited a coefficient of determination 
(R2

) of 67 percent, which indicates that a great deal of 
variation could be accounted for by the relation but that 
substantial estimation errors could be expected if the 
relation were used to predict fatigue life. The relation, 
excluding project 17B, was essentially parallel to that 
previously established by Moore and Kennedy, but the 
fatigue lives for a given strain were shorter, possibly 
because of the difference between field cores and 
laboratory-prepared specimens. 



CONCLUSIONS 

Fatigue Life 

Fatigue failures occu1·1·ed at indirect tensile stresses 
ranging from 110 to 386 kPa (16 to 56 lbf/in2

), which 
was 15 to 65 percent of the indirect tensile strength. 

The relation between the logarithm of tensile stress 
and the logarithm of fatigue life was essentially linear, 
and that between stress and fatigue life could be ex
pressed as in Equation 1. 

Values of n ranged from 1.58 to 5.08 and are approxi
mately equal to those previously reported. In addition, 
it appeared that n was related to the viscosity of the 
asphalt, because mixtures containing stiffer asphalts 
exhibited lower n values. 

Values of K ranged from 5.90 >< 107 to 1.30 x 10J7 when 
stress is expressed in kilopascals (2. 79 x 105 to 7 .13 x 
1012 when stress is expressed in pound force per square 
inch). These values are significantly smaller than those 
previously reported, which is indicative of shorter fatigue 
lives. 

Relating the logarithm of fatigue life to the logarithm 
of stress difference (i.e., the maximum principal stress 
minus the minimum principal stress) did not change the 
values of n, but the values of K' were lai·ger than the 
values of K. Values of K' ranged from 5.26 x 107 to 1.49 
x 1020 when stress is exp1·essed in kilopascals (2.49 x 
106 to 8.18 x 1015 when stress is expressed in pound 
force per square inch\ the majority of the values 
ranged from 1010 to 10 7

• These are consistent with 
previously reported values. 

The coefficient of variation generally ranged from 30 
to 80 percent, magnitude being stress and project de
pendent. Variation tended to increase with increasing 
stress or decreasing fatigue. 

There was an indication that the upper layers had 
longer fatigue lives than the lower layers. However, 
because only two projects could be evaluated, additional 
study is required. 

Elastic Properties Under Repeated Loads 

The mean resilient moduli of elasticity were fairly con
sistent for the various projects and ranged from 1520 to 
4240 MPa (221 000 to 615 000 lbf/in2

). 

The resilient moduli of elasticity were significantly 
larger than the static moduli of elasticity. The ratio of 
the resilient and the static moduli ranged from 10.5 to 
2. 3, the higher values being associated with the materi
als with low static moduli. 

The coefficients of variation for the resilient moduli 
of elasticity were low, from 4 to 28 percent. 

The majority of mean resilient Poisson's ratios 
ranged from 0.10 to 0.22; however, for two project's the 
values were much higher, from 0.22 to 0.46. In general, 
Poisson's ratios tended to increase with increased 
stress. 

Coefficients of variation for resilient Poisson's ratio 
were higher than for resilient modulus of elasticity; the 
majority of the values lay between 18 and 57 percent. 

Correlations With Fatigue Life 

A correlation between fatigue life and the ratio of the 
repeated tensile stress to the static tensile strength was 
found to exist. However, large errors could be expected 
if this correlation were used to estimate fatigue life. 

No correlation was found to exist between fatigue life 
and stiffness, except that higher moduli tended to have 
longer fatigue lives. 

A correlation between the logarithm of fatigue life 
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and the logarithm of tensile strain (repeated tensile 
stress divided by the resilient modulus of elasticity) was 
found to exist. It was essentially parallel to a similar 
relation previously reported. This relation, however, 
should not be used to estimate fatigue life because of 
the relatively large errors that could be expected. 

Recommendation 

The information obtained from this study of the fatigue 
and repeated load characteristics of asphalt-treated 
mixtures can and should be used in the development and 
application of stochastic pavement design procedures 
based on elastic theory. This paper provides estimates 
of the engineering properties and variation characteris
tics of in-service asphalt mixtures, rather than those of 
laboratory-prepared mixtures, that can be used in de
sign. 

ACKNOWLEDGMENTS 

This investigation was conducted at the Center for High
way Research at the University of Texas at Austin. I 
wish to thank the sponsors, the Texas State Department 
of Highways and Public Transportation and the U.S. De
partment of Transportation, Federal Highway Adminis
tration. The contents of this report reflect my views, 
and I alone am responsible for the facts and accuracy 
of the data presented. The contents do not necessarily 
reflect the official views or policies of the Federal High
way Administration. This report does not constitute a 
standard, specification, or regulation. 

REFERENCES 

1. B. P. Marshall and T. w. Kennedy. Tensile and 
Elastic Characteristics of Pavement Materials. 
Center for Highway Research, Univ. of Texas at 
Austin, Research Rept. 183-1, Jan. 1974. 

2. C. L. Monismith, J. A. Epps, D. A. Kasianchuk, 
and D. B. McLean. Asphalt Mixture Behavior in 
Repeated Flexure. Institute of Transportation and 
Traffic Engineering, Univ. of California, Rept. No. 
TE-70-5, Dec. 1970. 

3. B. W. Porter and T. W. Kennedy. Comparison of 
Fatigue Test Methods for Asphalt Materials. Cen
ter for Highway Research, Univ. of Texas at Austin, 
Research Rept. 183-4, Apr. 1975. 

4. D. Navarro and T. w. Kennedy. Fatigue and Re
peated Load Elastic Characteristics of Inservice 
Asphalt-Treated Materials. Center for Highway 
Research, Univ. of Texas at Austin, Research Rept. 
183-2, Jan. 1974. 

5. T. W. Kennedy. Tensile and Elastic Characteris
tics of Black- Base Materials. TRB, Transportation 
Research Record 510, 1974, pp. 31-40. 

6. R. K. Moore and T. W. Kennedy. Tensile Behavior 
of Subbase Materials Under Repetitive Loading. 
Center for Highway Research, Univ. of Texas at 
Austin, Research Rept. 98-12, Oct. 1971. 

7. R. K. Moore and T. w. Kennedy. Tensile Behavior 
of Asphalt-Treated Materials Under Repetitive 
Loading. Proc., 3rd International Conference on 
the Structural Design of Asphalt Pavements, Jan. 
1972, Vol. I. 

8. J. A. Deacon and C. L. Monismith. Laboratory 
Flexural Fatigue Testing of Asphalt Concrete With 
Emphasis on Compound Loading Tests. HRB, High
way Research Record 158, 1967, pp. 1-31. 

9. J. A. Deacon. Material Characterization-Experi
mental Behavior. HRB, Special Rept. 126, 1971, 
pp. 150-179. 



32 

10. J. A. Epps and C. L. Monismith. Influence of 
Mixture Variables on Flexural Fatigue Properties 
of Asphalt Concrete. Proc., AAPT, Vol. 38, 1969, 
pp. 423-464. 

11. P. S. Pell. Fatigue Characteristics of Bitumen 
and Bituminous Mixes. Proc., International Con
ference on the Structural Design of Asphalt Pave
ments, Ann Arbor, 1967, pp. 577-593. 

12. R. N. J. Saal and P. S. Pell. Fatigue of Bitumi
nous Road Mixes. Kollard-Zeitschrift, Darmstadt, 
Vol. 17, 1960, pp. 61-71. 

Publication of this paper sponsored by Committee on Characteristics of 
Bituminous Paving Mixtures to Meet Structural Requirements. 

Test for Predicting Fatigue Life of 
Bituminous Concrete 
G. W. Maupin, Jr., Virginia Highway and Transportation Research Council 

An examination of several simple test methods revealed that the indirect 
tensile test can be used to predict the fatigue life of bituminous concrete. 
This replaces the traditional, expensive, and time-consuming flexural fa. 
tigue test. The tests examined-indirect tensile, double punch, resilient 
modulus, flex.ure, resonant frequency, encl pulse velocity- were selected 
from a literature search for use on several mixes obtained from various 
locations in the United States and containing a variety of asphalt cements 
and aggregates. The traditional flexural fatigue test was also performed 
on each mix, and the results were correlated with those from the simple 
tests. The correlations indicated that indirect tensile strength and stiff. 
ness can be used to predict the fatigue behavior of bituminous concrete. 
The indirect tensile method can be used for designing mixes with acle· 
quate fatigue service lives. 

Failures in bituminous concrete pavements can usually 
be classified as (a) rutting or washboarding, a stability 
problem; (b) progressive cracking, a fatigue problem; 
or (c) fracture, a strength problem. 

Fatigue is certainly one of the most common causes 
of failure and probably the most difficult to deal with 
from a design viewpoint. It is possible to establish the 
fatigue properties of small asphalt concrete specimens 
by using any of the many test methods available. How
ever, the required equipment is expensive, and a test 
series takes several weeks. A materials lab, there
fore, cannot routinely design mixes against fatigue, so 
a simple test is needed if fatigue design is to be routinely 
implementable. 

Some of the research efforts in this area are being 
made by Barksdale (!) and Majidzadeh (~). 

PURPOSE 

The purpose of this study was to examine the literature 
for current fatigue tests and promising simple tests 
and to develop a simple test procedure capable of pre
dicting the fatigue behavior of asphalt concrete. Several 
of the most promising tests were conducted, and their 
results were correlated with laboratory fatigue test re
sults on asphalt concrete mixes from various locations 
in the United States. 

SELECTION OF SIMPLE TESTS 

Because tensile stresses cause fatigue failures, I selected 
those simple tests in which tensile failures occur. Other 

items considered in the selection of the tests were 
simplicity of sample preparation, utilization of laboratory 
and pavement samples, sensitivity of test method to 
mix properties, and capability of predicting fatigue be
havior. 

Of the seven test methods considered, the five 
selected for laboratory testing were the indirect tensile, 
the punch, the resilient modulus, the flexure, and the 
sonic. The sonic test was selected because equipment 
was available, no additional specimens had to be made, 
and there was some previous experience in which sonic 
measurements were correlated with fatigue (~). 

LABORATORY PROCEDURE 

Each of five mixes was tested in constant strain fatigue 
to develop relations between fatigue life and strain and 
stress. Similar relations were developed for these 
five mixes and two additional mixes in constant stress. 
All five simple tests were performed on each of the 
mixes. Correlations were made between such simple 
test results as strength, stiffness, and deformation at 
failure and constants Kand n of the fatigue relation. 

The simple tests yielding the best correlations with 
fatigue properties were judged most suitable for use in 
designing against fatigue failure. 

Mixes 

All mixes (Table 1) were of the surface type and of a 
maximum aggregate size less than 19.1 mm (O. 75 in). The 
mix formula, aggregates, and asphalt from Virginia, 
Pennsylvania, Ohio, utah, and California provided a 
variety of stabilities, aggregates, and asphalt cement 
types. The aggregates included granite, basalt sand
stone, limestone, and gravel. The asphalt cements 
were AC-20, 85-100 penetration, 50-60 penetration, 
120-150 penetration, and AR-40. The asphalt contents 
were 5.5 to 5.8 percent by design; however, the Utah 
mix contained 6.8 percent because of the reportedly 
absorptive nature of the aggregate. I anticipated that 
the various mixes would yield a wide range of stiffnesses 
and strengths. 

Fatigue Tests 

Flexural fatigue tests were performed at 22°C (72°F) on 



Table 1. Percentages of mix design aggregates passing through sieves. 

Utah 85-100 
Penetration 

Pennsylvania (basalt-
85-100 Ohio AC-20 sandstone 
Penetration (gravel and and 

Item (limestone) " natural sand) limestone) 

19.10 100.0 
12.50 100.0 100.0 93.0 
9.50 97.0 95.0 85.0 
4.75 63.7 60.0 62.0 
2.36 44.3 46.0 47.5 
1.18 26.6 36.0 
0.60 18.0 
0.30 12.0 12.5 22.5 
0.15 7.2 
0.08 4.8 7.0 3.2 

Asphalt content, f, by weight 5.5 5.5 6.8 
Marshall etablUt~ kg 789 771 
Voids total mlx, 2.0 2.5 1.9 

Note: 1 mm = 0.039 in and 1 kg = 2.2 lb. 

Figure 1. Flexural fatigue test apparatus. 

Figure 2. Indirect tensile test apparatus. 

asphalt concrete beams (Figure 1) laboratory fabricated 
according to ASTM designation D 3202-73 and sawed to 
76 by 76 by 381 mm (3 by 3 by 15 in). In the tests, the 
beams were simply supported and loaded at third points. 
A 0.1-s haversine load pulse was applied with a closed
loop electrohydraulic load system capable of applying 
equal repetitions of either load or deflection (strain). 
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Virginia Virginia Virginia 
No. 1 No. 2 50-60 No. 3 120-150 

California AC-20 Penetration Penetration 
AR-40 (granite and (granite and (granite and 
(granite) nah,ral sand) natural sand) natural sand) 

100.0 100.0 100.0 100.0 
87.0 95.0 95.0 95.0 
64.0 58.0 58.0 58.0 
50.0 41.0 41.0 41.0 
37.0 
26.0 19.0 19.0 19.0 
19.0 11.0 11.0 11.0 
11 .0 

5.0 5.0 5.0 
5.7 5.8 5.7 5.7 
991 844 1039 964 
2.1 2.0 2.3 2.2 

The results of 10 fatigue tests at various stress and 
strain levels were used to develop the two fatigue rela
tions 

N=K1(1/a)" 1 

N = K, (1/E)" 2 

where 

N number of cycles to failure, 

(I) 

(2) 

a = maximum tensile stress at 200 
cycles, 

€ maximum tensile strain at 200 
cycles, and 

K1, fu, n1, and n2 constants dependent on mix 
properties. 

Failure in the constant stress tests was defined as 
collapse; failure in the constant strain tests was reached 
when the initial stiffness was reduced by one-third. 

The two relations were obtained by linear regression 
analyses. Constant stress (load) fatigue tests were per
formed on seven mixes, but constant strain (deflection) 
tests were performed on only five mixes because of time 
and money limitations. 

Simple Tests 

The indirect tensile test procedure reported by Anagnos 
and Kennedy (4) was used to test specimens 64 mm (2.5 
in) thick and 102 mm (4 in) in diameter. The load was 
applied at a vertical deformation rate of 51 mm/ min (2 
in/min) (Figure 2), and the load, horizontal deforma
tion, and vertical deformation were recorded. 

The stiffness, strength, and vertical deformation 
were correlated with the fatigue relation constants K 
and n. 

The punch test reported by Jimenez (~) was used to 
test specimens 64 mm (2.5 in) thick and 102 mm (4 in) 
in diameter. The specimen was centered between 
25.4-mm (1-in) diameter pw1ches compressed at 51 mm/ 
min (2 in/min) (Figure 3). The stiffness, strength, and 
vertical deformation were computed and correlated with 
fatigue properties. 

The resilient modulus test was performed on speci
mens 64 mm (2.5 in) thick and 102 mm (4 in) in diam
eter by applying a dynamic diametral load and th.en mea
suring the perpendicular diametral deformation. A 
192-N (43 .1- lb) load producing a 20.6-kPa (3-lbf/ in2

) 
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Figure 3. Punch test apparatus. 

tensile stress was applied for 0.1 s. Stiffness was com
puted by assuming a Poisson's ratio of 0,3 and then cor
relating it with the fatigue characteristics. 

Flexure tests were performed on 76 by 76 by 190-
mm (3 by 3 by 7. 5-in) sawed beams. The beams were 
simply supported on 38-mm (1.5-in) plates and were 
loaded at the midpoint through a 25-mm (1-in) wide 
metal plate. The midspan vertical deformation and load 
were recorded, and elastic theory was used to compute 
the failure strength and stiffness. 

Resonant frequency tests were performed on each 
fatigue beam prior to fatigue testing by ASTM method 
C 215-60. Only the transverse frequency measurement 
was used in computing the dynamic Young's modulus 
which was used for correlations. (Young's modulus 'can 
be computed from the known velocity at which a sound 
wave travels through a material.) Pulse velocity mea
surements were also taken on the fatigue beams, before 
fatigue testing, to obtain values for use in calculating 
the dynamic Young's modulus . 

RESULTS 

Fatigue Tests 

ThP. relations dP.vP.lopP.d hy linear rP.l!'rP.ssinn :m~lvsP.s 
from the fatigue tests are listed in T7ible 2. As e~-

Table 2. Fatigue relations from flexural fatigue tests. 

N = K1 (l/a)'1 (a, kPa) N = K:,(1/< )'' 

Mix K1 n1 K:, n1 

Constant Stress Fatigue Relations 

Virginia (AC-20) 8.9 X 1021 

Virginia (50-60 
5.9 2.8 X 10-e 3.9 

penetration) 2.8 X 1019 

Virginia (120-150 
4.8 2.7 X 10-4 2.6 

pen et ration) 3.0 • 1018 4.9 8.5 X 10-2 1.9 
PeMsylvania 5.6 • 1022 6.1 1.0 X 10-6 3.6 
Ohio 1.6 X 1022 6.2 7.0 X 10-• 2.5 
Utah 5.1 x 1027 7.5 9.5 X 10-e 4.1 
California 4.0 X 1027 8.1 6.4 X 10-7 3.8 

Constant Strain Fatigue Relations 

Virginia (AC-20) 4.5 X 1016 4.0 2.3 X 10-• 4.4 
PeMsylvania 2.6 X 1012 2.6 3.9 X 10-< 2.8 
Ohio 1.0 X 1012 2.5 2.3 X 10-2 2.1 
Utah 1.1 X 1021 5.2 2.4 X 10-, 3.1 
California 8.4 X 1012 2.9 5.2 X 10-' 2.4 

Note: N = K, (0.1451)" 1 (1/0)" 1 when o is in pound force per square inch. 

pected, testing in the constant stress mode showed the 
stiff mixes exhibiting longer fatigue lives than the mixes 
with low stiffness. The slope of the linear log-log plot 
of the fatigue life versus stress relation was maximum 
for the utah mix and minimum for the Virginia 120-150 
penetration asphalt cement (Figure 4). Therefore, the 
stiffness of the mix may be related to the coefficient n1 

(slope) of the fatigue relation in Equation 1. 
No similar observation can be made of the log fatigue 

life versus log strain plot for the constant strain fatigue 
tests (Figure 5). Four of the five mixes tested appeared 
to converge between 500 000 and 1 000 000 cycles, but 
there is apparently no relation between stiffness and 
slope of the fatigue relation in Equation 2. 

Simple Tests 

Because the stress rates used in the simple tests were 
not necessarily equal, the failure stresses are not 
directly comparable. The ranges of the average test 
results for the seven mixes are summarized in Table 3. 

The coefficient of variation was approximately 8 
percent for determining strength with the indirect 
tensile, punch, and flexure tests. The coefficients of 
variation for stiffness averaged 8 percent for the in
direct tensile test, 13 percent for the punch, 8 percent 
for the flexure, 9 percent for the resilient modulus, 6 
percent for the resonant frequency, and 5 percent for 
the wave velocity test. 

The coefficients of variation were approximately 
equal for all test methods except the punch test, whose 
coefficient was slightly higher for the stiffness measure-

Figure 4. Constant stress tests. 
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Figure 5. Constant strain tests. 
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ments. Therefore, test variability was not a major con
sideration in the evaluation. 

Correlation of Simple Test and Fatigue 
Test Results 

Simple linear correlations were performed between 
simple test results and selected fatigue characteristics. 

Table 3. Simple test average value ranges for seven mixes. 

Indirect 
Parameter Tensile Punch Flexure 

Strength, MPa 0.489 to 1.10 0.510 to 0.937 2.31 to 4.97 
Failure, stiffness, MPa 75 to 126 101 to 220 33 .8to57 .9 
Failure, vertical deforma-

tlon, mm 3. 78 to 5.33 4.85to7.90 3.71 to 4.90 

Note: 1 MPa = 145 lbf/in' and 1 mm= 0.039 in. 

Table 4. Correlation between constant stress fatigue test and simple tests. 

Stiffness' 
Fatigue 
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These correlations were performed to determine 
whether a simple test could be used to predict the fatigue 
behavior of asphalt concrete. 

Constant Stress Tests 

The correlation coefficients between simple test results 
and constant stress test results are listed in Table 4. 
In order to predict the fatigue relation (Equation 1), K1 
and n1 must be known. The best correlation coefficients 
for n1 were obtained from the indirect tensile stiffness 
(0.87) and punch stiffness (0.88). The value Cl'n=1 is the 
projected stress on the fatigue curve at N = 1 cycle and 
allows the prediction of the K1 value. The fatigue char
acteristic Cl'n =1 yielded a 0.93 correlation coefficient with 
the indirect tensile stiffness. Therefore, the test re
sults that permit the best prediction of the fatigue rela
tion in Equation 1 are the indirect tensile strength and 
the stiffness. The following relations that were obtained 
from the correlations can be used to predict this fatigue 
relation in pascals. 

n 1 = 11.6 - 0.000 396 EIT 

K 
_ n11n(12.6a[T - SSS) 

I -e 

(3) 

(4) 

where E 1r is indirect tensile stiffness, and a IT is indirect 
tensile strength . 

The correlations involving n2 and log Ki (Table 4) 
were inadequate for predicting the fatigue relation in 
Equation 2 for the constant stress fatigue test. 

Constant Strain Tests 

The correlation coefficients between simple test results 
and constant strain test results are listed in Table 5. 

One must determine n2 and Ki before finding the 
fatigue 11elation in Equation 2. The best correlations in
volving n2 were the transverse frequency modulus (0.84) 
and the indirect tensile strength (0. 81). The best corre
lations from which Ki could be determined were those of 
the resilient modulus (0.9.5), the transverse frequency 
modulus (0.85), and the indlrect tensile strength (0.85). 
For efficiency, I preferred to use the same simple test 
for both constant stress and constant strain fatigue 

Resilient Resonant Wave Velocity 
Modulus Frequency Moduli 

634 to 2210 6340 to 8540 24 800 to 30 900 

Strength' 
Vertical Deformation' 

Charac- Indirect Resilient Transverse Wave Indirect 
Equation teristlc Tensile Punch Flexure Modulus Frequency Velocity Tensile Punch Flexure Indirect Tensile Punch 

N = k1 (1/c, )
01 

n, 0.87 0.88 0.51 0.52 0.34 0. 61 0.70 0.79 0.45 0.08 0.18 
(0.67) (0.64) (1.15) (1.15) (1.26) (1.07) (0.96) (0.82) (1.20) (1.34) (1.32) 

log k, 0.79 0.83 0.37 0.35 0.09 0.52 0.53 0.68 0.26 0.18 0.41 

N = k.(1/<)'' 
(1.74) (1.60) (2.66) (2 .68) (2 .05) (2.44) (2.43) (2 .10) (2.76) (2.01) (2.61) 

n, 0.53 0.62 0.28 0.09 0.14 0.45 0.23 0.34 0.05 0.40 0.47 
(0.79) (0.73) (0 .90) (0.93) (0.92) (0.84) (0.91) (0.88) (0.93) (0.86) (0.82) 

log k. 0.45 0.52 0.16 0.03 0.23 0.31 0.12 0.24 0.08 0.50 0.56 . (2.49) (2 .38) (2.76) (2 .79) (2 .71) (2 .65) (2.77) (2.71) (2.78) (2.42) (2.32) 
a,.1 0.91 0.81 0.72 0.76 0.77 0.55 0.93 0.81 0.71 0.39 0.10 

(187) (258) (308) (287) (282) (371) (161) (259) (315) (409) (442) 

• Refer to definition for Equations 3 and 4. bStandard error of estimate listed in parentheses, 
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Figure 6. Fatigue design of bituminous concrete in the constant 
stress failure mode. 
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predictions. Therefore, even though the transverse 
frequency modulus and resilient modulus are the best 
predictors of the constant strain-fatigue relation, I 
selected indirect tensile strength so that the same test 
could be used. 

The relations that can be used to determine the fatigue 
Equation 2 for constant strain fatigue are 

n2 = 0.0374an - 0.744 

log K2 = 7 .92 - O. l 22aIT 

where a,r is indirect tensile strength. 

(5) 

(6) 

The correlations would not allow a reasonable pre
diction of the fatigue Equation 1 for constant strain 
fatigue tests. 

Table 5. Correlation between constant strain fatigue test and simple tests . 

stiffness' 
Fatigue 

USE OF THE SIMPLE TEST PROCEDURE 

The indirect tensile test procedure is primarily a tool 
for designing mixes that will have desirable fatigue 
characteristics. Rather than being used for routine 
design, the method should probably be used for special 
situations. An example might be designing a mix for a 
location having expected high deflections and needing a 
layer of asphalt concrete approximately 150 mm (6 in) 
thick. I assumed that the constant strain test is ap
plicable to an asphalt concrete thickness less than 76 
mm (3 in) and that the constant stress test is applicable 
to a thickness greater than 76 mm (3 in). A 150-mm 
(6-in) layer indicates that the constant stress test anal
ysis would be applicable. Because high deflections are 
expected, the mix should be designed for high stress 
magnitudes. The steps in the design procedure are 
outlined below. 

1. Obtain the indirect tensile strength and stiffness 
of a mix with a known fatigue field performance. 

2. From these data, compute the fatigue relation in 
Equation 1 from Equations 3 and 4. 

3. Plot this relation on log-log paper as shown in 
Figure 6. (It is obvious that mixes located to the right 
of the relation will have better fatigue properties than 
those to the left.) 

4. Design the potential mix, possibly using a hard 
asphalt cement. 

5. Obtain the indirect tensile strength and stiffness. 
6. Compute the fatigue relation in Equation 1 from 

Equations 3 and 4 . 
7. Plot this relation on log- log paper. 
8. Compare the mix with a known fatigue perfor

mance. 

If the fatigue properties are not improved, it may be 
necessary to try other mix designs . 

ACKNOWLEDGMENTS 

The funding for the research reported here was pro
vided by the U.S. Department of Transportation. Ap
preciation is expressed to Stewart R. Spelman for his 
general guidance and cooperation during the study. I 
also would like to express my appreciation to the fol
lowing people for providing aggregates and asphalt 
cements used in the laboratory mixes: E. S. Lindow, 
Pennsylvania Transportation Institute; Dale E. Peterson 
and Joseph C. McBride, Utah State Department of High
ways; F. M. Williams and R. A . Luce, Ohio Depart
ment of Transportation; and Carl L. Monismith, 
University of California. Appreciation is expressed to 
J. H. Dillard for encouragement in the project and to 
C. S. Hughes III for general guidance and advice on the 
statistical analysis. L. E. Wood, Jr., our laboratory 

Strength' 
Vertical Deformation' 

Charac- Indirect Resilient Transverse Wave Indirect 
Equation teristic Tensile Punch Flexure Modulus Frequency Velocity Tensile Punch Flexure Ind! rect Tensile Punch 

N = k, (1/0)'1 n, 0.15 0.15 0.74 0.44 0.62 0.50 0.53 0.08 0.73 0.64 0.68 
(1 .22) (1.22) (0 .83) (1.11) (0.97) (1.07) (1.05) (1.23) (0.85) (0.95) (0.91) 
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Laboratory Measurement of 
Permeability of Compacted 
Asphalt Mixtures 
Arun Kumar,*Central Road Research Institute, New Delhi, India 
W. H. Goetz, School of Civil Engineering, Purdue University, 

West Lafayette, Indiana 

An improved method for measuring the permeability of compacted as
phalt mixtures in the laboratory was developed. It eliminates the diffi
culties encountered with using a rubber membrane for sealing the 
specimen in a metal cylinder. In the new method, the specimen wall is 
coated with a one-part silicone rubber sealer that is applied as a paste 
with a spatula and is permanently flexible and waterproof. After the 
c9ating has cured and been checked for leaks, a known pressure differ
ence is created by a vacuum across the specimen. The rate of air flow 
through the specimen is obtained at various differential pressure values. 
Flow rate is plotted against pressure difference, and the slope of the 
straight line portion of the curve is calculated. Permeability is calcu
lated by using this slope value and the specimen height. The technique 
measures the true permeability, eliminates the possibility of specimen 
deformation during testing and the problems associated with other 
methods, permits no asphalt contamination, and is versatile with re
spect to aggregate gradation and asphalt grade. 

The importance of measuring permeability, the small 
openings in a medium that permit liquids or gasses to pass 
through it, has long been recognized in the field of asphalt 
concrete. In 19 55 McLaughlin and Goetz (1) hypothesized 
that using permeability gives a better measure of dura
bility than using void content alone. Permeability, in 
their opinion, can be used to measure the capacity of a 
porous medium to transmit fluid, whereas the normal 
measure using voids in a bituminous mixture does not 
directly measure the forces producing disintegration. 

Hein and Schrnidt (2), after conducting a study on air 
permeability of asphalt concrete, suggested that permea
bility measurements are essential to routine mix design 

studies. Their results indicated that the void content of 
mixtures is not necessarily proportional to permeability 
when the variation is caused by gradation. 

An investigation to evaluate the effects of air perme
ability and air void content on the durability of asphalt 
concrete was conducted by Smith and Gotolski (3). One 
of their conclusions was that air permeability is a good 
indicator of the extent of accessibility of the air void 
system. 

This literature review indicates a need for a labora
tory permeability measuring technique for predicting as
phalt concrete behavior from the standpoint of durability. 

METHOD 

Keyser and Gilbert (4) conducted a study of methods that 
were then (1973) being used to determine the permeabil
ity of bituminous mixtures. They reported that 15 types 
of permeameters were in use in North America and 
Europe, of which 9 could be used in the laboratory. 

In general, air permeability is measured by creating 
a known pressure differential across a specimen and then 
measuring the amount of air flow over a known period of 
time. The test requires that the specimen be encased 
so that air flow is limited to passage through it. This 
has been accomplished by sealing the specimen in a 
metal cylinder with asphalt or other sealing material. 
This method, however, is destructive to the specimen; 
it is also difficult to be certain that a complete seal has 
been obtained. 
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Goode and Lufsey (5) used paraffin to prevent leakage 
of air between the sides of the specimen and the mem
brane. Before extracting the asphalt, they discarded 
the outer 0.64 cm (0.25 in) of the specimen with the in
tention of eliminating paraffin contamination of the ex
tracted asphalt. Even then, they found enough contam
ination to invalidate their results. 

Another procedure is to place the specimen in a cy
lindrical rubber membrane fastened to a hollow metal 
cylinder with hose clamps (Figure 1). The membrane 
is then inflated enough to prevent air from passing be
tween the walls of the specimen and the membrane dur
ing the permeability measurement. Macroscopically 
the procedure seems to be sound, but, when the surface
membrane contact is observed microscopically (Figure 
lB), the following points can be noted. 

1. The membrane is in contact with only the high 
points of the aggregates (for example, points a, b, c, d, 
and e in Figure 1). Thus, air passing. between the speci
men surface and the membrane would give a permeability 
value higher than it re all v is. 

2. The gradation of the mix plays an important role. 
For coarse mixes, specimen-membrane contact will be 
reduced, which may also result in a deviation from the 
true permeability value. 

3. Inflation pressure in the membrane is important. 
If the pressure is low, there will be less specimen
membrane contact. If the pressure is too high, the 
specimen may deform, especially if it is of low density 
or the binder is of low viscosity. 

4. The thickness of the membrane is important. A 
thick membrane will also result in less specimen
membrane contact. If the membrane is too thin, it will 
bulge near the hose clamps and increase the probability 
of bursting. 

Figure 1. Permeability measurement of compacted asphalt mixtures 
using rubber membrane. 
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Figure 2. Component parts of the mold assembly: (A) base plate, 
(B) specimen supporter, (C) wire gauze, (D) lower collar, (E) upper 
collar with "o" ring, and ( F) cover plate; 
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The above points clearly indicate that it is difficult 
for the experimenter to visualize the extent of the 
specimen-membrane contact area. As described earlier, 
the amount o! air flow through the specimen is measured 
at a certain pressure differential across it, which in 
turn is used to calculate the permeability of the com
pacted bituminous mixture. Theoretically, the true 
permeability value of this compacted mixture should be 
obta ined from t he t otal amou.nt of air flow ing tlll'ough 
each channel in the specimen. In t he above procedu1·e , 
t otal air flow is measured as t he s wn of air flow ing 
t hrough each channel plus Ute a mount flowing between 
t he specimen wall a.nd the membrane . Therefor e one 
will get a per mea bility value higher t han tJ1e true ~alue 
if air passes between the specimen wall and the mem
brane. 

In general, the greater the specimen surface
membrane contact area, the closer the results will be 
to the true permeability value. Because the extent of 
the contact area relies on so many factors, especially 
when coarse mixes are used, it may be rather difficult 
to obtain the true value of permeability. 

TECHNIQUE AND MEASUREMENT 
PROCEDURE 

The present method eliminates the above problems. The 
idea is to replace the membrane with a rubber coating 
enveloping the specimen. This procedure for measuring 
the permeability of asphalt concrete is outlined as fol
lows. 

Apparatus 

Equipment includes a mold assem bly for the 10.16-cm 
(4-in) diameter specimen (Figures 2, 3, and 4) (suitable 
modifications should be made for specimens of other 
sizes), a vacuum pump , fl owmeters (range for air, 1 
to 77 000 ml/min), a mano mete1\ a pressure line, sili
cone r ubber sealer (.!?_), a nd a ther mometer. 

Specimen Preparation 

Limestone aggregate and 200-250 penetration asphalt 
were used in this study. The aggregates, brought from 
the quarry, were dried and sieved, then washed and 
dried again. Each specimen was batched by component 
factions in accordance with the cumulative batch weight 
formula. 

Each individual batch of aggregates was thoroughly 
mixed and heated to 1 49 :1: 3°C (300 :1: 5°F) and the as
phalt was heated separately to 135 :1: 3°C (275 :1: 5°F). 
The two were mixed in an electric mixer (Hobart model 
N-50) for 2 min. The batch was then ready for com
paction. The gyratory testing machine was used as a 
compaction device because it provides a good simulation 
of field compaction ('!). 

Procedure 

1. The specimen supporter is set on the base plate. 
If the mix is very coarse and has low density, a fine 
wire mesh may be placed on the specimen supporter to 
eliminate the chance of being unsupported between the 
ribs (Figure 2). The lower collar ls placed on the base 
plate. The lower assembly is now ready to receive the 
specimen for coating (Figure 5). 

2. The specimen is placed on the supporter and 
coated with the silicone rubber s ealer all around, leav
ing only about 2. 5 cm (1 in) from the top of the specimen 
(Figure 6). One should make sure that enough sealer is 



applied at the top of the lower collar so that it adheres 
to the specimen. 

3. After the sealer has partially cured (approxi
mately 8 h), the specimen (the lower collar will be fixed 
to it) is lifted, the upper collar is placed upside down on 
the base plate, and the specimen is reversed and seated 
on the supporter. The whole assembly should be elevated 
so that the upper collar sits properly on the base plate. 
The r est of the specimen is coated with the same sealer, 
and adheres to the upper collar (Figure 7). The assem
bly is then left overnight for the sealer to cure. 

4. The next day, the specimen is turned upside down 
and placed on the supporter . The cover plate is seated 
on the upper collar and the wing nuts tightened (Figure 8). 

5. In checking for leaks, one of the two openings in 
the cover plate is closed, and pressure is applied grad
ually through the other. Then the entire assembly is 
immersed in water and pressure slightly higher than the 
maximum anticipated s uction pressure to be applied dur
ing the pe1·meability measurement is applied (Figu r e 9) . 
Air will start bubbling through the semicircular holes 
in the lower collar (Figure 10). The sides of the speci-

Figure 3. Exploded view of mold assembly. 

LOWER 

Figure 4. Detailed view of mold assembly. 
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men should be checked for any air leaks . If any leak is 
observed, it should be repaired and rechecked. 

6. The height of the specimen (H) is measured 
(Figure 11). 

7. The specimen is now ready for testing. One open
ing of the coverplate is connected to the flowmeter, 
through which air is to be drawn by a vacuum pump. The 
other opening is connected to the manometer to record 
the pressure differential created across the specimen 
(Figure 12). 

8. The rate of air flow (R) in millileters per minute 
thr ough the specimen is shown by the flowmeter at vari
ous pressure differential values (Ap), by using a control 
valve in the vacuum line . 

9. The test temperature is recorded. 

10. The rate of airflow (Y axis) versus pressure dif
ference (x axis) is plotted, and the slope (s) of the 
str aight line POl'tion of the curve using a linear reg·res
s ion equation is obtained (8). By using th is slope value 
and specimen height , t he 1,er meability can easily be 
calculated. 
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Figure 5. Lower assembly ready to receive specimen for 
coating. 

Figure 6. Specimen coated to within 2.5 cm (1 in) of top. 

Figure 7. Completely coated specimen. 

Figure 8. Assembly reedy for leak check. 

Figure 9. Air leak check set-up. 

Figure 10. Air bubbling through openings in lower collar. 



Figure 11. Measuring 
height of specimen. 
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Calculations 

The data for four combinations of varying asphalt con
tent, aggregate gradation (Tabl e 1), and compactive ef
fort (8) are presented here in order to demonstrate the 
techn[que and its versatility. Values for the various 
variables involved in mix preparation, compaction, and 
the properties of the compacted mixes are given in 
Table 2. Table 3 presents values for rate of flow ver
sus pressure difference across the specimen for vari
ous mixtures. These values are plotted in Figures 13, 
14, 15, and 16. 

The s lopes of the straight line portions of the curves 
wer e obtained by linear regression (8) and are given in 
Table 3. The slope and specimen height values were 
then substituted into the following permeability formula. 

K=3.812x JO·" x Sx H (1) 

Figure 12. Measuring permeability of specimen. 

Table 2. Preparation and properties 
of single size and graded mixes. 

. ~ 
.... .A .. .. ,•; 

... 
'- ' 

Item 

Preparation 
Aggregate type 
Asphalt grade, penetration 
Percent asphalt by weight of 

aggregate 
Gyratory settings 

Angle of gyration 
Ram pressure, kPa 
Type of roller 

No . of gyratory revolutions 

Properties 
Specimen heighl, cm 
Unit weight, kg/ m' 
Perocnt :iir voidH (Lota! calculated) 
Permeability, cm/s 

Table 1 . Gradation of the mixes. 

Percentage Passing 

Single Size Mix 

A B 
U.S. Sieve Size Coarse Fine 

12.5 mm 
9.5 mm 
4.75 mm 100 
2.36 mm 0 
1.18 mm 
600 um 
300 um 100 
150 um 0 

Note : 1 mm= 0.039 in and 1 µm = 0.0039 in. 

" Type B no. 11 (9 ). 

A B C 

Limestone Limestone Limestone 
200 to 250 200 to 250 200 to 250 

2 8 5.5 

1• 1• 1• 
689.4 689.4 1378.8 
Fixed Fixed Fixed 
12 25 32 

6.31 6.01 6.32 
1675 1658 2117 
33 30 7.6 
2.94 X 10·• 2. 50 X 10 '7 5.52 X 10 ·• 

Note: 1 kPe = 0.145 lbf /in 2 ; 1 cm = 0.39 in; 1 kg/m3 = 0.062 lb/ft3• 

Table 3. Rate of air flow versus pressure difference across the specimen for single size and graded mixes. 

A B C D 

Pressure Rate of Pressure Rate of Pressure Rate of Pressure 

Graded Mix 

c: 
Coarse Side 

100 
80 
40 
30 
18 
9 
3 
0 

D 

Limestone 
200 to 250 

5.5 

1• 
689.4 
Fixed 
19 

5.85 
2208 
11.l 
1.03 X 10·7 

Difference Air Flow Difference Air F1ow Difference Air F1ow Difference 
(cm of water) Slope• (ml/min) (cm of water) Slope• (ml/min) (cm of water) Slope" (ml/min) (cm of water) Slope" 

0.010 308 482 895 1.27 2747 1200 3.81 58 32 2.54 1147 
0.020 2025 1.91 1950 5.08 60 3.81 
0.031 3230 2.54 2620 6.35 88 5.08 
0.041 4740 3.18 3500 7.62 120 6.35 
0.051 5790 3.81 3900 8.89 147 7.62 
0.061 7040 4.45 4700 10.16 178 8.89 
0.071 8215 5.08 5350 10.16 

11.43 
12.70 

Note: 1 cm • 0.394 in and 1 ml = 0.035 oz. 
11 Slope of the straight line portion of the curve in milliliters per minute per 25.4 mm. 

0: 
Mid Point 

100 
88.5 
50.0 
39.0 
26.5 
16. 5 

8.0 
0.0 

Rate of 
Air F1ow 
(ml/min) 

1810 
2435 
2935 
3500 
4140 
4690 
5105 
5450 
5590 
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Figure 13. Rate of air flow versus pressure difference across 
specimen A. 
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Figure 14. Rate of air flow versus pressure difference across 
specimen B. 
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Figure 16. Rate of air flow versus pressure 
difference across specimen D. 

2 . 00 

4 . 0 

where 

K = permeability in centimeters per second, 
S = slope of the straight line portion of the curve in 

millileters per minute per 25.4 mm, and 
H = height of specimen, in centimeters. 

The above formula is for a testing temperature of 20°C 
(68° F) and was modified from the conventional formula 
of permeability, given by Hein and Schmidt (!), 

K = µ QL/A(p1 - P2 ) 

where 

.I!= viscosity of air in poises, 
Q = rate of air flow, in cubic centimeters per 

second, 
L = height of specimen in centimeters, 

Figure 15. Rate of air flow versus pressure difference 
across specimen C. 

Prp ,;. c;: ure Diffe r ence, cm. o f wate r 

4. 0 6.0 8. 0 10 . 0 

150 

.~ 
~ 
e 
; 
0 

~ 

.~ 100 
< 
"' 0 . 
~ 

s o 

1. s 2.0 2. S 3.0 3. 5 4 .0 

Pressure Differe nce. in. of water 

(2) 

Pres sure Differe nce, cm. of wa ter 

6. 0 8 .0 10 . 0 12 .0 
6000 ,----~------,--- ---.-------,------.-----, 

5000 

.~ 
~ 4000 

,1 

; 
~ ... 
" '" "' 
"' 0 . 
~ .. 

1000 

0 ._ __ ......_ ___ ._ _ _ ......_ _ __ ._ __ ......_ ___ ~ __ _._ ___ .___. 

1. 0 1.5 2.0 2.s 1 . 0 1.5 h,O ~.s s.o 
Pressure Difference, ifl. of water 



A = cross-sectional area of specimen in square 
centimeters, and 

Pi - P2 = pressure differential, dynes per square 
centimeter. 

For specimens 10.16 cm (4 in) in diameter, a test 
temperature of 20°C (68°F), and a value for µ, at 20°C 
(68° F) of 1.813 x 10-4 Pa •s (9), the above formula re
duces to: 

K=(3.812 x 10·11 x R x H)/Af' 

where 

R = rate of airflow in milliliters per minute, 
H = height of specimen in centimeters, and 

(3) 

AP = pressure differential in centimeters of water. 

By using the slope of the straight line portion of the 
curve obtained from the plot of r ate of airflow (R) (y 
axis) versus pressure difference (.&P) (X axis), this 
reduces to Equation 1. 

For temperatures other than 20°C (68°F), the formula 
should be suitably modified as 

K = 3.812 x 10-11 x S x H x (µ @test temperature/1.813) (4) 

CONCLUSIONS 

The major objective of this work was to develop a tech
nique to measure the true permeability value of com
pacted asphalt mixtures. It eliminates such variables 

Figure 17. Single size coarse and fine compacted 
mixtures. 

Figure 18. Easily removed coating shows no asphalt 
contamination. 
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as selection of membrane thickness and selection of in
flation pressure. Also, it avoids the possibility of spec
imen deformation. 

The method has broad applicability; for example, the 
permeability value can be obtained for both very coarse 
and very fine single size mixtu1·es (Figure 17) and for 
mixtures made with low viscosity asphalts, since coat
ing arrests deformation. 

Because the slope value of the plot between rate of 
air flow versus pressure difference across the specimen 
is used for permeability calculations, the need for ad
justing the zero error is eliminated. The method also 
eliminates the possibility of using incorrect data in the 
turbulence range (11), because only the slope of the 
straight line portion of the curve is used in the calcu
lations. It also eliminates asphalt contamination, be
cause no silicone sticks to the specimen when the layer 
is peeled away (Figure 18). 

The assembly prepared in this way for permeability 
measurement can "\)e very effectively used for laboratory 
simulation of the weathering of asphalt due to air move
ments in the pavement. 
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Abridgment 

Effects of Hydrated Lime on Asphalt 
and Aggregate Mixtures 
Bob H. Welch, Transportation Research Board 
Max L. Wiley, utah Department of Transportation 

This paper presents the essential results of a more ex
tensive investigation into the effects of adding hydrated 
lime to asphalt and aggregate mixes. 

High durability is a desirable asset of bituminous 
materials in highway pavement design and construction. 
Some characteristics of asphalt aggregates or the mixes 
that affect the service life of a highway pavement include 
adhesion between the asphalt-aggregate interface when 
dry and wet, hardening rate of the asphalt cement, and 
interaction between different bituminous cements and 
aggregates. 

Additions of hydrated lime to bituminous mixtures 
have been observed to increase the mix immersion com
pression for some aggregate sources and to reduce the 
hardening rate of in-place asphalt cement. The degree 
to which hydrated lime influences these characteristics 
varies according to type of asphalt, aggregate, and lime 
and to amount of lime. 

Laboratory samples, designed and prepared with 
mixes of hydrated lime, aggregate, and asphalt, were 
used to monitor interactions among the various bitumi
nous mixtures over time. The sample combinations were 
made in compliance with a design comprising three as
phalts (AC-10, AC-15, and AC-20), two aggregates 
(judged as good and poor performers by field experience)' 
two sources of lime (utah and South Dakota), and three 
concentrations of lime (O.O, 0.5, and 1.0 percent). For 
each combination, 21 samples were prepared that allowed 
three test replications of each category of bituminous 
mixture to span seven age-testing periods (24 h, 10 
d, 3 months, 6 months, 12 months, 18 months, and 2 
years). Test samples were aged by exposure to the 
weather in Salt Lake City. 

Tests used to monitor the bituminous mixtures or 
their recovered asphalt fractions for each time period 
include penetration at 77°F (25°C); asphalt content, ab
solute viscositv at 140°F (60°C): kinematic viscositv at 
275°F (135°C); ·now, ductility at· 39° F (4uC); cannon -cone 
viscosity at 275°F (135°C); immersion compression {wet); 
specific gravity; asphaltene content; nitrogen base con
tent; first acidaffin content; second acidaffin content; and 
paraffin content. 

Throughout the 2-year period, the absolute and kine
matic viscosities increased with age. The rate of in
crease was higher with the higher AC asphalts, although 
increases for the AC-10 and AC-15 asphalts are approxi
mately equal after 6 months to a year. Correlation co
efficients from an analysis of variance indicate which 
types of asphalt significantly affect kinematic and ab
solute viscosities with respect to time. 

The effect of aggregate type on viscosity, with respect 
to time, differs after 3 to 9 months. The difference in 
degree of viscosity for the asphalt mixes with separate 
aggregates increases with age. Added hydrated lime has 
a greater retarding effect on increased viscosity for as
phalts in mixes with relatively poor rather than good ag
gregates. 

Use of separate lime sources causes negligible dif
ferences in absolute viscosity with respect to time. The 
degree of viscosity retardation varies directly with the 

amount of lime added (in the 0.0 to 1.0 percent range). 
Even though the addition of lime influences viscosity, the 
relative effect is not the same for all three asphalt 
sources evaluated. During the 2-year evaluation period, 
lime helped to reduce hardening rates most when it was 
mixed with the AC-15 asphalt and helped least when mixed 
with the AC-20 asphalt. 

Ductility values decreased rapidly for 3 months and 
tapered off after 6 months in an exponential curve. How
ever, original asphalt (as delivered) ductility values did 
not indicate what the ductility values would be over any 
specific period of time. Use of the more poorly per
forming aggregate initially yielded generally higher 
ductility values from extracted asphalts, but the dif
ferences deriving from the aggregate' s source became 
indiscernible after 6 months. 

Ductility values were approximately 44 percent higher 
for asphalts with lime added; amount or type of lime 
added did not affect this percentage. It is possible that 
the lime site is saturated and that higher concentrations 
of lime would extend the effect over a longer period. The 
greatest factor influencing ductility was the age of the 
specimen, which corresponds to an exponential decay 
rate curve. 

Original cannon cone viscosity measurements for the 
three grades of asphalt cement were essentially the same. 
Residue values showed some difference between the AC-
20 and both the AC-10 and AC-15 asphalts. All cannon 
cone viscosities increased over time, but AC-20 in• 
creased at the highest rate. Mixes prepared from the 
better versus the more poorly performing aggregates did 
not contribute to variance in cannon cone viscosity in
creases. Also, the type of lime at the concentrations 
used did not affect cannon cone viscosities. 

The immersion compression (IC) values we obtained 
generally increased with time. Some variations cor-
-roannnrUnIT tn th,o .cu::.!:u::!nn!ll urt::l!lthAl" 'l7!:IT'i!ltinn~ rlnl"'ina th,:) 

yea; were
0 

noted: warmer seasons at the time of te;ting 
tended to raise IC. Each warm-cold seasonal cycle re
sulted in a net increased IC. All the bituminous mixture 
variables we evaluated influenced IC. The higher graded 
asphalts showed similar effect on IC, although the rates 
of IC change between test periods were not significantly 
different for the three asphalts used. . 

Large differences (1489 kPa or 213 lbf/in2
) were 

noted in IC for the two aggregates after 10 d of aging. 
This value does not hold constant but varies between zero 
and 1296 kPa (188 lbf/in2

) over the 2-year test period. 
Higher IC values were noted with mixes prepared from 
the better performing aggregate. For all six test periods 
evaluated for IC, the force is greater for higher concen
trations of lime. From the 3-month period onward, the 
magnitude of 0.5 or 1.0 percent lime test results are only 
15 percent higher than those for the 0,0 percent lime. 
For samples evaluated after 2 years, however, the no
lime IC values reached 262 percent above the 1207 kPa 
(175 lbf/in2

) minimum required for acceptance of bitu
minous surface courses in Utah. 

IC values obtained from the wet, 120°F (48.8°C) test 
procedure were least variable. Higher curing tempera-



tures resulted in lower test accuracy for specific bitu
minous mixtures, Test samples cured in dry rather than 
wet conditions also showed more variability in the test 
results, possibly because of variations in the samples' 
water absorption rate. 

The influence of aggregate type and concentrations of 
lime on IC has a much greater effect than the type of as
phalt or type of lime used. 

In order to further evaluate the effect of aggregate 
type on IC, 972 bituminous mixtures were prepared from 
seven aggregate sources, three types of asphalt, and 
0.0 and 1.0 percent lime. Results from the IC test indi
cated that the silicon dioxide (Si02) content, calcium oxide 
( CaO) content, aluminum oxide (AbO:i) content, and cal
cium carbonate (CaCO:i) content of the aggregates did not 
yield a distinguishable pattern in terms of their influence 
on IC. The ferrous oxide content (Fe20i) in the aggregate 
with the addition of 1.0 percent lime had a stabilizing in
fluence on the erratic IC values compared with the no
lime mixtures. There was a tendency for higher ferrous 
oxide concentrations to raise IC values with the addition 
of 1.0 percent lime, but there were no correlations with 
no lime. 

We checked to see if the natural calcium oxide content 
of the aggregate would significantly change IC values when 
combined with ferrous oxide, and their sum (Fe20i + CaO) 
and ratio (Fe20a/CaO)were compared with IC values. We 
observed, from an analysis of variance, that the IC values 
correlated much better with the percentage of asphalt in 
the bituminous mixtures than with anything else. Without 
exception, as the optimum percentage of asphalt for a 
given asphalt-aggregate combination increased, the cor
responding IC value decreased. From the data available, 
it would appear that the optimum asphalt content at an 
aggregate source had much more influence on mix sta
bility than did the chemical characteristics of either the 
asphalt or the aggregate. 

The addition of hydrated lime to asphalt concrete 
mixes affected different combinations of asphalt and ag
gregate differently. For the six possible combinations 
of relatively well versus poorly performing aggregates 
and viscosity graded asphalts (AC-10, AC-15, and AC-
20), no significantly adverse consequences were seen, 
and in some instances hydrated lime produced beneficial 
effects. 
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Two potential benefits occurred with hydrated lime 
supplements: an increase of mix stability and a decrease 
in flow evaluated by the IC test, and decreased hardening 
rates of the asphalt binder as determined by the absolute, 
the kinematic, and the cannon cone viscosities. Potential 
benefits as an antistripping agent were not determined, 

Bituminous mixtures made from separate aggregate 
or asphalt sources were enhanced in varying degrees by 
the use of hydrated lime. For the materials tested in 
this investigation, the AC-10 and AC-15 asphalt sources 
were best suited for bituminous mixtures with hydrated 
lime, because the effect retarded the hardening rate and 
increased mix stability. Bituminous mixtures prepared 
with the AC-20 asphalt indicated that the use of hydrated 
lime did not reduce the binder hardening over time or re
sult in significant increases of IC. 

Originally, it was thought that asphalt cements soft
ened more with a siliceous aggregate, but the results of 
this study indicated that the more calcareous aggregate 
yielded slower hardening rates after the bituminous mix
tures had aged 6 months. Lime supplements in either of 
these two aggregate types tended to increase IC values 
and to decrease hardening of the asphalt binder. The 
degree of influence on binder hardness appeared more 
dependent on asphalt type than on aggregate type. 

From the types of lime evaluated, the only conclusion 
we drew was that lime source contributes little if at all to 
corresponding changes in asphalt binder or mix proper
ties. 

Data based on pavement performance that could sup
port or reliably suggest new minimum standards for IC 
values differing from the 1034 kPa (150 lbf/in2

) present 
(aver age of three tests) for bituminous base courses or 
1207 kPa (175 lbf/ in2

) for bituminous surface courses 
are not available. Assuming that our present criteria 
are adequate, a minimum IC value of 2103 kPa (305 
lbf/in2

) on surface couxses and 1931 kPa (280 lbf/in2
) 

on base courses would be required for an average of 
three tests (a:= 0.10) to compensate for the variabillty 
of the testing procedure. 

In most cases, the addition of 0.5 percent lime will 
yield results comparable to those for 1.0 percent lime. 

Publication of this paper sponsored by Committee on Characteristics of 
Bituminous Paving Mixtures to Meet Structural Requirements. 
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Vibratory Compaction of Asphalt 
Concrete 
Robert J. Nittinger, Engineering Research and Development Bureau, New 

York State Department of Transportation 

Over the last few years, the New York State Department of Transporta
tion has been investigating the feasibility of using vibratory compaction 
on asphalt concrete. A total of 10 different roller models were used on 
three overlay contracts and seven new construction projects. The 
rollers represented a wide range of dimensional and operating character
istics, which initially led to greatly varying results. Discovery of two 
important operating parameters resulted in development of performance 
criteria applicable to any roller. These parameters-the spacing of drum 
impacts and their magnitudes-can be controlled by adjusting forward 
speed, drum frequency, and drum amplitude. Impact magnitude, termed 
unit total applied force, was correlated with layer thickness to produce 
the ranges necessary for each lift. As expected, the force necessary for 
adequate compaction increased with lift thickness, but on lifts thinner 
than 76 mm (3 in) the maximum force applied was found to be equally 
critical. When the force was too great, roller rebound occurred, which 
reduced densities. Vibratory rollers also compacted single-lift wearing 
courses and base courses-6.3 to 20.3 cm (2.5 to 8 in) thick respectively
more efficiently than conventional rolling. When operated properly, vi
bratory rollers were found to be effective in compacting asphalt con
crete. Operating criteria were developed to determine the ability of 
any roller to compact a given lift thickness. 

For many years, the concept of vibrating during com
paction to seat individual particles better and to pro
duce a denser layer has been employed in working with 
granular materials. During the 1960s, engineers in 
several European countries-notably Germany and 
Sweden-began applying these principles to asphalt 
paving. Eventually, manufacturers in the United States 
began experimenting with vibratory rollers on asphalt, 
and their inquiries addressed to the New York State De
partment of Transportation were received with in
terest. 

A study was initiated to evaluate use of these rollers 
on asphalt courses. Ultimately 10 different rollers 
were·tested on 10 construction projects. Both standard 
lift thicknesses and experimental "thick-lift" sections 
were compacted under a variety of conditions. The 
C:!'h::1nrla,.r1 f'lnmna,.iC!nn 1111.:JiQ marlo 1.11Hh ,.oQnlf-a nht'.linorl ...... _ .. ____ - ----·r- _.., ........ ,, -- ------ ,, -...... --- _ ......................... -... --
from the conventional rolling trains-a steel-wheel 
breakdown roller, a pneumatic roller, and a steel
wheel finish roller. These comparisons were used to 
determine whether vibratory rollers could achieve at 
least comparable densities with less equipment and 
lower labor costs. 

Initially, the study was designed to determine the 
feasibility of using the vibratory concept on asphalt, but 
the rollers represented so wide a range of design and 
operating characteristics, that we achieved a more 
thorough analysis of these attributes than anticipated. 
The result was a comprehensive evaluation of roller 
variables in terms of the finished pavement. 

INVESTIGATION 

Test Program 

The 10 projects comprise 3 resurfacings and 7 new con
struction projects. Figure 1 shows job locations and 
roller models used, and Table 1 lists the various 
courses compacted by vibratory rollers at each site. 
Both standard and experimental lift thicknesses were 
constructed on most jobs. The standard thicknesses 

were either 7.6 or 10.2 cm (3 or 4 in) for base course, 
3.8 cm (1.5 in) for binder, and 2.5 cm (1 in) for top. 

Measurements 

Test sections 457 m (1500 ft) long and one lane 3. 7 m 
(12 ft) wide were established, and all measurements 
were made in those areas. Several roller operating 
characteristics were checked or verified before each 
test. Frequencies were measured with a vibrating reed 
tachometer, and roller speeds were monitored by 
timing them over premeasured distances. Generally, 
because there were no methods for measuring drum 
amplitudes or static weights, the manufacturers' fig
ures were used. Operators in the conventional train 

Figure 1. Numbered job locations. 

Table 1. Types of courses and rollers at job locations. 

Job Location Rollers" Base Course Wearing Course 

1-690 A,E Two 10.2-cm lifts 3.8-cm binder 
Syracuse One 20.3-cm lift 2.5-cm top 

2 NY-30 D,F Two 7.6-cm lifts 3.8-cm binder 
Tupper Lake One 15.2-cm lift 2.5-cm top 
County Rt-47 H Two 7.6-cm lifts 3.8-cm binder 
Oneonta One 15.2-cm lift 

4 NY-205 A,B,G 3.8-cm binder 
Oneonta 
NY-20 F Resurfacing 2.5-cm top 
Carlisle (no base needed) 6.4-cm top 

6 NY-147 E Resurfaci ng 2.5-cm top 
Glenville (no ba•e needed) 6.4-cm top 

7 1-684 B,C Two 10.2-cm lifts 3.8-cm binder 
Golden's Bridge One 20.3-cm lift 10.2-cm top 

8 NY-19 
2.5-cm top 

Resurfacing 
Rochester (no base needed) 2.5-cm top 

9 1-684 C 6.4-cm top 
Golden's Bridge 

10 1-690 J 6.4-cm top 
Syracuse 

Note: 1 cm = 0.39 in. 

• Manufacturers' roller names are A "' Vibro-Plus CA 25A, B = Vibro-Plus CC 42A, C "" Vibro-
Plus CC 50A, D • Galion VDS-84, E = Bros SPV-735VA, F = Raygo 4048, G, Buffalo 
Bomag BW 210-A, H = Hyster C615-A, I = Tampa RS-166A, oncf J • ln9<nol l-Aood SPA,54, 



used normal techniques while rolling; operators of 
vibratory rollers attempting to achieve proper density 
relied (primarily on earlier jobs) on the advice of 
manufacturers' representatives who recommended that 
they vary the rolling patterns, speeds, or frequencies. 
However, this type of consultation became less im
portant as operators gradually identified the proper 
parameters. 

OPERATING PARAMETERS 

Vibratory rollers compacted the various asphalt courses 
to at least the same densities as the conventional rolling 
train and, in the latter portions of the study, to slightly 
greater densities. Table 2 gives results from jobs 1 
and 7. Densities from vibratory rollers on job 1 are 
slightly lower than, but statistically equal to those on 
job 7, where, however, they are slightly higher on the 
base course and significantly higher on the binder and 
top. This improvement in vibratory densities resulted 
from identifying and quantifying the following two basic 
relations among several roller variables: 

1. Proper matching of the roller's forward speed 
and the vibrating drum's frequency, a combination that 
determines the spacing of impacts along the pavement, 
and 

2. Several static and dynamic characteristics of each 
roller that produce the force applied to the pavement. 

Both relations became apparent about a third of the 
way through the sequence of jobs and were verified and 
refined on the remainder. 

Impacts Per Meter 

The need to carefully match the roller's forward speed 
with drum frequency became obvious in two ways. 

The first was physical. When the intervals between 
impacts were too long, ripples were left in the pave
ment surface. Although this is not critical on base 
course layers, it becomes intolerable on binder and top 
courses. One remedy was following the vibratory roller 
with a steel-wheel static roller that ironed out the 
ripples if applied before much additional cooling occurred. 

Second, problems began to appear when data were 
being compiled and summru:ized. Base course data 
from jobs 1 and 2 were as follows (1 kg/m3 = 0.062 
lb/ ft3). 

Density (kg/m3) 

Vibratory Static 
Job Roller Rolling Rolling 

E, 1888 1878 
E2 1811 

2 o, 1821 1811 
D2 1829 
03 1747 
F 1809 

Each density figure is an average of about 60 nuclear 
density readings. On each job, one vibratory rolled 
section's density (E2, 03) is well below that of the con
ventionally rolled, while others are similar. Re
examination of the data showed that, for sections with 
higher densities, the combination of roller speed and 
frequency resulted in the drum's hitting the pavement 
at 20.3 and 25.3 impacts/m (6.2 and 7.7 impacts/ft). 
Conversely, on low-density sections, these figures were 
12.1 and 16.0 impacts/m (3.7 and 4.8 impacts/ft). 

To check the premise that this impact spacing was 
the cause of the lower densities, we varied roller speed 
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Table 2. Nuclear densities on jobs 1 and 7. 

Job 1 Job 7 

Density (kg/m') Density (kg/m') 

Course Rolling No. Mean SD No. Mean SD 

Base, first Conventional 58 1873.6 139.2 
lift Vibratory 119 1896.0 80.0 

Base, sec- Conventional 61 1896.0 115.2 51 1966.4 137.6 
ond lift Vibratory 191 1883.2 83.2 51 2003.2 134.4 

Binder Conventional 61 2004.8 88.0 51 1926.6 89.6 
Vibratory 60 1980.8 52.8 51 2054.4 88.0 

Top Conventional 62 2046.4 59.2 87 2214.4 54.4 
Vibratory 156 2033.6 126.4 121 2278.4 44.8 

Note: 1 kg/m 3 = 0.062 lb/ft3 • 

on the 3.8-cm (1.5-in) binder course of one job and 
maintained a frequency of 1700 vibrations/min (vpm). 
The results for one roller pass at each speed were as 
follows (1 km/ h= 0.62 mph; 1 m = 3.28 ft; 1 kg/m3 = 
0 .062 lb/ft3 ). 

Nuclear 
Speed Impacts per Density 
(km/h) Meter (kg/m3 ) 

3.2 31.5 2023 
3.9 26.2 2005 
4.5 22.6 1995 
6.4 15.7 1958 

On another job, where a dual-drum roller was being 
tested, two speeds-4.0 and 9.7 km/h (2.5 and 6.0 mph)
were checked on a 2.5-cm (1-in) top course. At a 2300-
vpm frequency, this produced 34.1 and 14.1 impacts/m 
(10.4 and 4.3 impacts/ft), which resulted in respective 
nuclear densities of 2323 and 2238 kg/m3 (144.8 and 
139.5 lb/ ft3). 

Finally, another change was tried. Frequency was 
increased with speed. The net result was a drop in the 
number of impacts per meter from 27.9 to 22.3 (8.5 to 
6.8 impacts/ ft) and a s light dl' OJ?. in density from 1833 to 
1813 kg/m3 (114.3 to 113 .0 lb/ £t3) compared with the 
density of 1837 kg/m3 (114. 5 lb/ ft3

) under conventional 
rolling. 

Because much of this is obvious (fewer impacts 
meap. lower density) the natural response might be to 
increase the number of roller passes. Unfortunately, 
this defeats the roller operator's primary reason for 
increasing speed: keeping up with the paver. The re
sult was the decision that speed and frequency should 
be matched to produce at least 21.3 impacts/m (6. 5 
impacts/ft). 

Unit Total Applied Force 

Although the primary aim of this study was to determine 
the feasibility of using vibratory compaction on asphalt, 
the number of roller models provided by the manufac
turers presented an excellent opportunity to determine 
which roller characteristics best achieve sufficient 
densities. Conversely, this presented additional prob
lems by bringing together rollers with a wide range of 
static and dynamic properties (1 cm = 0.39 in; 1 mm = 
0.039 in; and 1 kg= 2.2 lb). 

Property Maximum Minimum 

Drum width, cm 216 168 
Low frequency, vpm 2200 900 
High frequency, vpm 2500 1700 
Amplitude, double, mm 2.7 0.8 
Net roller weight, kg 13 733 7059 
Drum weight, kg 7131 3790 
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These ranges, plus the fact that not all these data 
were initially available, made comparisons difficult . 
Because this and not the certification of individual roll
ers was the concept being investigated, it was im
portant that a common measure be developed for a roll
er's ability to compact asphalt. This was further 
emphasized by the range and variation in densities at 
initial test sites. Ultimately, the actual force with 
which each roller impacted the asphalt was calculated, 
and we found a factor that standardized the compactive 
ability of otherwise widely different rollers 

This factor was named "unit total applied force" 
(UTAF) by the Construction Industry Manufacturers 
Association (1) and is expressed in kilograms per 
linear centimeter. These linear measurements refer 
to the width of the roller drum. The UTAF factor can 
be calculated by using 

UTAF = (F + S)/L (I) 

where 

F 
s 

L 
A 
w 

f 
g 

(A/ 2)(w) [41r2 / g(602
)] (f), 

static drum reaction (including weight of drum, 
yoke, and all other equipment attached to drum) 
in kilograms; 
drum width in centimeters; 
peak-to-peak amplitude in centimeters; 
drum weight (only drum and internal parts) in 
kilograms; 
frequency in vibrations per minute; and 
acceleration of gravity [ 979 cm/ sec2 (385.6 
in/sec2

)] . 

This was the key to understanding why sufficient 
densities were not achieved on some test sections. Fig
ure 2 shows results of a regression analysis comparing 
UTAFs with lift thickness where satisfactory densities 
were achieved. Included in the figure, but not in the 
regression analysis, are results from test sections 
where less than satisfactory densities were achieved. 
As might be expected, the UTAF across the drum that 
was required increased with thickness, from about 53.6 
kg/cm (300 lb/in) for 2.5-cm (1-in) top course to about 
98.3 kg/cm (550 lb/in) for the experimental 20.3-cm 
(8-in) base course. 

However, Figure 2 also shows that most of the un
Ba.Li.sfaei.010y i"t:iluii.1:1 uccw-rt:<l un foe 2.5- and 3.8-cm 
(1.0- and 1.5-in) lifts, where UTAF was high in all but 
one case. This was probably caused by roller rebound, 
which is the impact force reflected off the underlying 
layer. If the layer being compacted is too thin to absorb 
the force in its total travel down to the underlying course 
and back up, the shock waves reach the surface and 
counteract the roller and make it bounce irregularly. 
Thus, impact UTAF, particularly on thin lifts, must be 
carefully controlled to achieve compaction but to avoid 
the rebound phenomenon. 

The UTAF concept ties in directly with impacts per 
meter and illustrates why there is a limit on roller speed . 
Because frequency is a factor in determining UTAF; it 
cannot be increased indiscriminately, particularly on the 
thinner courses. Although each roller's exact limits 
might differ from those of other rollers, it was found 
that, at speeds above 4.0 to 4.8 km/h (2.5 to 3.0 mph), 
achieving satisfactory densities presented problems. 

The amplitude, frequency, and ballast must be co
ordinated to produce the proper UTAF. In turn, the 
roller's forward speed must be linked to its frequency to 
ensure sufficient compaction and to avoid a rippled sur
face. In the course of investigating the various rollers, 
the optimum settings for each lift thickness were deter-

Figure 2. Effects of various UTAFs on lifts of various thicknesses. 

---

DEPTH, CM 

613 7i6 10.2 
I • • • 

::i; 

~ ~ 
C e 
~200 - ----------- - ----- 35.8 "' 

• ADEQUATE DENSITY 
• INADEQUATE DENSITY 

100--- ----- --------- - 17.9 

o~--~--~-~~--~-~~~~o 
I 1.5 2 2.5 3 4 5 6 7 8 

DEPTH, IN. 

mined for all rollers. These were used on the last few 
jobs with encouraging results. 

It should be noted that both the compacting techniques 
and the material lay-down temperatures were similar on 
the test sections compacted by vibratory rollers. On 
every test section the vibratory roller was kept close 
behind the paver, at no time exceeding a distance 
greater than 76.2 m (250 ft) from it. The average and 
most common distance between paver and roller was 
approximately 45.7 m (150 ft). 

After selecting the most roller passes required on 
any given test section-on the thinnest course of pave
ment [2.5 cm (i in)j, under the coldest ambient air 
temperature, with the lowest lay-down mat temperature, 
and at the greatest distance possible between tile paver 
and roller [ 76 .2 m (2 50 It)] -the longest time required 
for complete rolling and compacting the material at any 
given spot to a desired density was 7 .5 min. The maxi
mum time for effective compaction of a freshly placed 
mat, under the worst conditions this investigation en
countered, was 10 min. This calculation (Table 3) is 
based on an Illinois study @.). 

DENSITY OF INDIVIDUAL COURSES OF 
STANDARD LIFT THICKNESSES 

Results for each pavement course are given in Table 4, 
which includes job and test numbers, vibratory roller 
identification, speed, impacts per meter, and nuclear 
densities. Results for conventional static rolling are 
also listed. Even though several vibratory tests were 
made on most jobs, only one control section was mea
sured. However, considering the number of readings 
taken, these results were representative. Density 
values were obtained with a nuclear device, so they do 
not represent absolute values. The primary evaluation 
was a comparison of rolling methods, and, as all read-



Table 3. Vibratory compaction time for a 2.5-cm wearing course. 

Maximum 
Time 

Time Allowed ror 
Mat Ambient Air lo Complete Effective 
Temper- 'l'e mper- Comfncllon Comraction' 

Job Test Roller ature (0 c) a lure (• C) (m in (min 

13 A 137.8 25.6 6.5 15 
14 E1 140.5 27 .2 6.5 15 
15 E, 140, 5 27.2 6.5 15 

2 34 D 140. 5 23 ,9 6.5 13 
35 F1 140.5 23 .9 6.5 13 

5 47 F, 143.3 15.6 6.5 11 

7 65 B1 143.3 17.8 6.0 10 
66 Ba 143.3 17.8 7.5 10 
67 C 143.3 17.8 3.5 10 

8 70 I1 137.8 16.7 7.5 10 
71 I, 148.9 16.7 7.5 12 

Note: 1°C = (1°F - 32)/1 .8 and 1 cm • 0.39 in. 

• Maximum time for effective compaction of a freshly placed mat, derived from a University of 
Illinois study (~ ). 

ings were made with the nuclear gauge, these com
parisons are valid. 

Base Course 

Table 4 summarizes all test sections established on the 
7.6- and 10.2-cm (3- and 4-in) base course lifts. On 
jobs 1 and 7, the design called for a 20.3-cm (8-in) base 
course constructed in two 10.2-cm (4-in) lifts, while 
jobs 2 and 3 had 15.2-cm (6-in) bases placed in two 
7 .6-cm (3-in) lifts. Densities the vibratory rollers 
achieved were generally the same as those the conven
tional roller train produced. That is, there was no 

Table 4. Comparative nuclear densities by paving course. 

Vibratory Rolling 

Density (kg/ m') 
Test Speed 

Course Job No. Roller (km/h) Impacts/ m No. Mean 

Base, first 4 E 4.8 20.5 61 1883.2 
IUt 5 E 8.0 12.2 60 1806.4 

2 20 D 4.8 21.l 60 1816.0 
21 D 4.0 25.4 61 1823 .4 
22 D 6.4 15.8 62 1743.2 
23 F 4.8 21.1 59 1804,2 

Base, sec- 6 E 3.2 31.0 71 1859.4 
ond lift 8 E 4.8 20 .5 61 1889. 6 

9 E' 4.8 20. 5 59 1907.4 
2 24 F 4.8 21.1 59 1762 .4 

25 F 4.8 21.1 61 1779 .7 
26 D 4.0 25.4 61 1764.8 
27 D 4.8 21 .1 66 1722.6 
38 H 8.0 13. 5 61 1795. 5 
39 H 8.0 13.5 61 1796.8 
40 H' 8.0 13.5 61 1843 .8 

7 59 C 4,8 30.0 51 2003.2 

Binder 1 11 A 4.8 28.7 60 1980.8 
2 29 D1 3.2 28.l 61 1829.3 

30 D, 4.8 22.4 61 1807 .8 
31 F1 5.6 22.4 61 1837 .3 
32 F, 5.6 18.2 61 1824.0 

3 42 H 8.0 13.5 61 1938.2 
43 H 8.0 13. 5 61 19 50 . 7 

4 45 B 4.0 37.6 36 2052 .8 
7 61 C 4.8 28 .7 51 2054.4 

Top 13 A 4.8 28.7 62 2062 .2 
14 E1 4.8 21.l 62 2027 .4 
15 E, 4.8 21.1 32 1988.0 

2 34 D 4.8 22 .4 61 2104.2 
35 F1 4.8 28 .7 61 2078.1 

5 47 F2 4.8 23 .1 32 2156.8 
7 65 B1 9 .6 14.9 43 2231.8 

66 B, 4.0 36.0 27 2316 .2 
67 C 4.8 27.1 51 2299.4 

8 70 Ii 4.0 33.0 22 2164.3 
71 I2 4.0 33.0 33 2091.2 

Note : 1 km/h = 0.62 mph; 1 m = 3.28 ft ; and 1 kg/m3 = 0.062 lb/ft3• 
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statistical difference at the 95 percent confidence level. 
In the few cases where they did differ, vibratory rolling 
appeared to be insufficient. 

The two cases on the first lift have already been 
discussed in connection with impacts per meter. A 
similar situation existed on the second lift, where 
roller H was operated at 8 km/h (5 mph) and gave only 
13.4 impacts/m (4.1 impacts/ ft) and densities on two 
sections significantly lower than on the control section. 
A third section was established on job 3, where a static 
steel-wheel roller followed the vibratory roller. This 
increased density but considerably reduced the value of 
using the vibratory roller. 

This illustrates that, while slower operation is more 
time consuming, it saves time and effort in the long run 
by eliminating the need for a second roller. Unfortu
nate ly, this job was investigated before impact s per 
meter and UTAF (1 kg/ cm = 5.6 lb/in} were found t o l,(, 
the keys to successful vibratory rolling; no tests were 
run at slower speeds. 

Base Course, Both Lifts 

Frequency Amplitude UTAF 
Roller (vpm) Setting (kg/cm) 

C 2400 High 113.2 
D 1700,25 Normal 93.] 
E 1650 High 98.6 
F 1700 High 80.3 
H 1!300 Normal 83.3 

Binder Course 

Results of vibratory compaction on the 3.8-cm (1.5-in) 
binder courses were similar to those on base courses : 

Static Rolling 

Density (kg/ m') Significance 
Test (9 5~ confidence 

SD No. No. Mea n SD level) 

78.4 3 61 1873 ,6 139.2 No 
83.2 Yes 
89.6 No 

104.0 19 61 1807.2 105.6 No 
120.0 Yes 
121 .6 No 

102.4 61 1839. 7 155. 2 No 
83 .2 7 61 1896.0 115.2 No 
70 .4 No 

140.8 No 
112.0 16 61 1752.0 107.2 No 
112.0 No 
113.6 No 
107.2 Yes 
100 .8 36 61 1853 .0 128.0 Yes 
104.0 No 
134.4 57 51 1966.4 137,6 No 

52 .8 10 61 2004.8 88.0 Yes 
76.8 No 

120.0 28 61 1831.2 84 .8 No 
118.4 No 
102.4 No 
148.8 41 61 2012.2 99.2 Yes 
132. 8 Yes 

83.2 44 36 2041. 6 89 .6 No 
88 .0 60 51 1926. 6 89.6 Yes 

59 .2 No 
73 .6 12 62 2046. 4 59 .2 No 
73.6 Yes 
62.4 

33 62 2119 .7 56.0 No 
67.2 Yes 
41 .6 46 32 2158.4 51.2 No 
48.0 No 
33 .6 64 36 22'40 .0 51 ,2 Yes 
52.8 Yes 
33.6 68 40 2076. 8 94.4 Yes 
33 .6 69 24 2012.8 94 .4 Yes 

For spec ific roller frequencies , amplitude settings, and UTAFs, see the text tables on the base, binder, top courses . 
'Foll owed by steel-wheel roller. 
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they equaled conventional rolling at the 95 percent level, 
with a few exceptions. In all but one case, where the 
two methods did not achieve similar densities, com
paction by vibratory rolling was lower. 

On job 1, where vibratory densities were signifi
cantly lower, the UTAF was found to be 68.1 kg/cm 
(325 lb/in) below the one standard error limit in Fig
ure 2. The other low densities were on job 3, where 
roller H again was operated at 8 km/h (5 mph) and 
produced only 13 impacts/m (4 .1 impacts/ft). Thus, 
on these jobs the two important criteria were not met, 
and adequate densities were not achieved. 

Two other important points are evident in Table 4. 
The first is on job 4, where roller B produced a UTAF 
of 60.8 kg/cm (340 lb/in) (1 kg/cm = 5.6 lb/in), close 
to the lower limit, but compacted the asphalt to a 
slightly higher higher density than conventional rolling. 

Binder Course 

Frequency Amplitude UTAF 
Roller (vpm) Setting (kg/cm) 

A 2300 Low 58.5 
B 2500 Low 61.2 
C 2300 Low 69.7 
D1 1500 77.8 
D2 1800 101.2 
F1 2100 Low 70.2 
F2 1700 High 80.3 
H 1800 83.3 

Apparently, what counteracted this low UTAF was the 
very high frequency, which resulted in 37.4 impacts/m 
(11.4 impacts/ft). Also, on job 2, two test sections 
were each compacted with rollers D and F, with opera
tional changes for each. 

All densities were statistically equal to conventional 
densities, but there were practical differences. Roller 
D was run initially at 3.2 km/h (2 mph) and a frequency 
of 1500 vpm, then at 4.8 km/h (3 mph) and 1800 vpm, 
lowering the impacts per meter from 27.9 to 22.3 (8.5 to 
6.8 impacts/ft) and increasing the UTAF from 77.2 to 
100.4 kg/cm (432 to 562 lb/ in). The net r esult was a 
drop in density of 20.8 kg/m3 (1.3 lb/ft3), whic h illus
trates too great a UTAF for the thickness of the asphalt 
being compacted. 

A similar situation resulted when the frequency was 
reduced on roller F from 2100 to 1700 vpm and the 
<1mnlih1n1> l'h<lnO'Pn frnm 1 ~ tn? ~ mm /(l (l<; tn fl flQ ;n\ 

;-hil~--~;int~l~i;g--;f~~~;~d -;p;~d -~f--5.6 ·k~/h (3~5 ;;h). 
The net result was an increase in UTAF from 69.7 to 
79.7 kg/cm (390 to 446 lb/in) and a drop in density of 
13.3 kg/m3 (0.83 lb/ft3). In this instance , the impacts 
per meter dropped from 22.3 to 18.0 (6.8 to 5.5 impacts/ 
ft), and the UTAF was at the upper limit. 

Top Course 

The 2.5-cm (1-in) top course required the most care in 
establishing and maintaining proper roller operating 
characteristics. However, it also appeared to benefit 
most f'rom vibratory rolling in terms of density (Table 
4). On the fu·st three jobs (1, 2, and 5) the vibratory 
rolling produced significant density differences (lower) 
on two test sections. Conversely, on the Last two jobs 
(7 and 8), fow· of five sections showed significant dif
ferences (higl1er) with vibratory rolling. 

These figures again indicate that, once limits were 
determined for impacts and UTAF, results improved. 
It should be noted that the UTAF was over 71.5 kg/ cm 
(400 lb/ in) (1 kg/ cm .= 5.6 lb/in) on three test s ections 
and that density was lower than conventional on all three, 
on two of them significantly. 

Top Course 

Frequency Amplitude UTAF 
Roller (vpm) Setting (kg/cm) 

A 2300 Low 58.5 
B1 2400 Low 58.6 
B2 2400 Low 58.7 
C 2200 Low 66.6 
D 1800 101.2 
E1 1700 Y:, 65.2 
E2 1700 % 84.1 
F, 2300 Low 79.7 
F2 1850 Low 59.4 
1, 2200 Medium 60.8 
12 2200 Medium 60.8 

In both latter cases, two sections were compacted with 
each roller, and changes were made in their operation. 
On roller E the amplitude setting was changed and on 
roller F the frequency. In the former, changing the 
amplitude from 1.1 to 1.6 mm (0.042 to 0.063 in) in
creased the UTAF from 64. 7 to 83. 5 kg/cm (362 to 46 7 
lb/ in) and dec reased the density by 40.1 kg/m3 (2.5 lb/ 
ft3). Roller F's frequency was changed from 1850 to 
2300 vpm, increasing the impacts per meter from 23 .0 
to 28.5 (7.0 to 8.7 impacts/it) and the UTAF from 59 to 
79 kg/c m (330 to 443 lb/in), r esulting in a 78.6-kg/m3 

(4.9-lb/ft3) density decrease. 
In both cases, the excess force apparently resulted 

in roller rebound, which demonstrates that, on thin 
asphalt courses, the maximum force is as important 
as the minimum. It also demonstrates the danger of 
increasing frequency in a way that might increase 
roller speed. 

On the last two jobs, only one of five sections, job 7 
with roller B1, was not significantly better than conven
tional rolling. This was caused by the low number of 
impacts per meter-14.8 (4.5 impacts/ft)-as the roller 
was operated at 9.7 km/h (6 mph). The reason it was 
even close to the conventional figures was that three 
additional passes were made. When slowed to 4 km/h 
(2.5 mph), with 35.8 impacts/m (10.9 impacts/ft), density 
increased to 85.0 kg/m (5.3 lb/ft3). 

DENSITY OF EXPERIMENTAL 
THICK LIFTS 

Thick-Lift Wearing Course 

The qualified success of vibratory rollers on the earlier 
!-L- ----..:1- -----!1-1- ____ _._, ____ -L __ _.. __ ..._,_ _ _._ .P - - -•-- -• • 
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the wearing course in one lift instead of separate binder 
and top lifts. Basically, effort was directed to finding 
means of prolonging the paving season. There was a 
secondary advantage however: more efficient opera
tion with fewer passes of the paving train and fewer mix 
changes at the batch plant. 

The anticipated problems of compacting thicker lifts 
of the New York state top course mix with vibratory 
rollers did not materialize, but several attempts to use 
conventional rollers resulted in excessive shoving of 
material both longitudinally and laterally. 

Table 5 summarizes nuclear densities measured on 
four jobs where the· single-lift wearing course was 
tested. These are given here to show the effectiveness 
of vibratory rolling and the roller adjustments used 
(1 kg/cm = 5.6 lb/in). 

Thick-Lift Wearing Course 

Frequency Amplitude 
Roller (vpm) Setting 

C 2400 Low 
E 1600 % 
F 1700 High 
J 2200 

UTAF 
(kg/cm) 

72.7 
77.6 
80.3 
85.5 
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Table 5. Comparative nuclea.- densities for experimental lift thicknesses. 

Vibratory Rolling Static Rolling 

Density (kg/m') Density (kg/m') SignUloance 
Test Speed Test (95i conlldence 

Course Job No. Roller (km/h) Impacts/m No . Mean SD No. No. Mean SD level) 

Thick-lift s 48 F 4.0 25.4 36 2233.6 60.8 ~6 30 2158.4 51.2 Yes 
wearing 49 F 4.0 25.4 35 2249.6 40.0 Yes 

51 F 4.0 25.4 33 2276.8 60.8 
50 36 2222.4 44.8 Yes 

52 F" 4.0 25.4 36 2238.4 41.6 Yes 
0 54 E 4.0 24.1 36 2198.4 73.6 Yes 

53 E" 4.0 24.1 36 2259.2 67.2 53 36 2169.6 83.2 Yes 
55 E" 4.0 24.1 35 2243.2 65.6 Yes 

9 73 C 4.0 36.0 51 2292.8 43.2 72 51 2196.8 59.2 
Yes 

74 C 4.0 36.0 51 2241.6 52.8 Yes 
10 76 J 4.0 33.0 51 2140.8 48.0 No 

77 J 4.0 33.0 51 2224.0 54.4 75 51 2140.8 56.0 Yes 
78 J 4.0 33.0 51 2145. 6 65.6 No 

Thick-lilt I 2 E 4.8 2'1.1 65 1807.8 120.0 61 1839 . 7 155.2 No 
base 2 17 F 4.8 21.1 61 1767 .8 121.6 

16 61 1752.0 107.2 No 
18 D 4.8 22.4 64 1742.4 110.4 No 

3 37 H 4.8 22.4 61 1816.2 91.2 36 61 1853.0 128.0 No 
7 58 C 4.0 36.0 51 1955.2 185.6 57 51 1966.4 137.6 No 

Note: 1 km/h = 0 62 mph; 1 m = 3,28 ft; and 1 kg/mJ = 0.062 lb/ft3• 
For specific roller frequ encies, ctmplitude settings, and UTAFs, see the text tables on the thick-lift wearing and base courses. 

• Followed by steel-wheel roller. 

Other factors are covered in greater detail in a 
separate report on that study (3). The figures for con
ventional rolling represent noConly a three-roller train, 
bl,It also a conventional two-lift wearing course. Table 
5 shows that densities on all test sections are statis
tically the same as, or greater than those achieved on 
conventionally constructed sections. 

Thick-Lift Base Course 

In 1970, New York experimented with a thick-lift base 
course, putting down 15.2 cm (6 in) of asphalt in one 
lift. That test, using a heavy "air-on-the-run" pneu
matic roller for breakdown rolling, was successful (4), 
but two rollers and at least 15 passes were needed to
achieve adequate compaction. Once the new study was 
under way, it was proposed that a vibratory roller could 
accomplish this more efficiently. Sections on four jobs 
were constructed in one lift. These were from 457 to 
853 m long (1500 to 2800 ft), 20.3 cm (8 in) thick on 
jobs 1 and 7, and 15.2 cm (6 in) thick on jobs 2 and 3. 

Table 5 densities show no significant differences 
between thick-lift bases compacted conventionally or 
with vibratory rollers. Four sections received 20 to 
23 impacts/ m (6 to 7 impacts/ ft) and a fifth almost 36 
impacts/ m (11 impacts/ ft) ; UTAFs ranged from 79. 7 to 
112.4 kg/ cm (446 to 629 lb/ in). The two lowest UTAFs 
were actually below the lower limit but produced adequate 
densities . This indicates that, above a certain thick
ness, there is little need to increase the UTAF. Nor 
should there be concern about exceeding any magnitude 
of UTAF (1 kg/cm = 5.6 lb/ in). 

Thick-Lift Base Course 

Frequency Amplitude UTAF 
Roller (vpm) Setting (kg/cm) 

C 2400 High 113.2 
D 1800 101.3 
E 1700 Full 102.8 
F 1700 High 80.3 
H 1800 83.3 

Twenty-seven cores were taken from the 20 .3-cm 
(8-in) thick-lift base section on job 1 to determine 
density uniformity down through the layer. They were 
cut into thirds horizontally, and bulk density was mea
sured. These results and for compa1·ison, those from 
the earlier study wer e as follows (1 kg/m3 = 0.062 lb/ 
ft3). 

Job 1 Earlier Study 
Portion Tested (kg/m 3 ) (kg/m 3 ) 

Top third 2117.3 2152.6 
Middle third 2125.3 2279.3 
Bottom third 2110.9 2144.5 
Whole core 2115.7 2138.1 

The same pattern is evident in both cases: greatest 
density in the center and least at the bottom. Results 
from vibratory rollers are more uniform, however, 
and indicate better seating of aggregates through the 
entire lift. 

OTHER FINDINGS 

Roller Passes 

Before the impacts per meter and UTAF factors were 
accurately quantified, attempts to improve inadequate 
densities consisted primarily of additional roller pas
ses . The results, however, were typical of what occurs 
with conventional rolling: density increases up to a 
certain point, then levels off or even decreases with 
further passes . 

Figure 3 shows the results of varying the number of 
passes on several courses. In each case, an optimum 

Figure 3. Effects 
of additional 
roller passes on 
asphalt density. 
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number is apparent and produces maximum density on 
a given course. Densities on the earlier jobs were 
sometimes insufficient, because rollers were not neces
sarily operating properly. 

Once impacts per meter and UTAF were identified 
as the critical operating factors, determining optimum 
total roller passes for each course was relatively 
simple. (It should be noted that a roller pass is one 
passage of a vibrating drum over a given spot on the 
pavement.) In the later stages of this study, several 
rollers with two vibrating drums were evaluated. By 
definition, one dual-drum passage equals two roller 
passes. 

Before regulating impacts per meter and UTAF, up 
to ten passes were being made on the 7.6- and 10.2-cm 
(3- and 4-in) base courses. Once these factors were 
controlled, three to four passes sufficed. Similarly, 
four passes were generally sufficient for thick-lift base 
course, although occasionally six were needed. For 
binder, two passes generally sufficed. The top needed 
only two, while the 7.6-cm (3-in) wearing course re
quired four. 

In some instances, additional static passes rolled 
out either ridges formed by not overlapping sufficiently 
or ripples resulting from too few impacts per meter. 
These problems were more critical on the binder or top 
courses, and in many instances a 9091- to 10 909-kg 
(10- to 12-ton) steel-wheel roller followed up on the top 
course. 

Joint Construction 

Construction of longitudinal joints differed with each 
course. For either normal or thick-lift base course, 
one of two procedures was used: the roller pinched the 
joint either from the cold lane in the static mode or 
from the hot lane in the vibratory mode, in both cases 
with the drive wheel centered on the joint (Figure 4). It 
could not vibrate while rolling on the cold lane, how
ever, without causing roller rebound. 

The same procedure can be used for binder, and the 
best results were achieved with procedure A in Figure 4. 
Top course required procedure B. The drum pinching 
the joint from the hot lane resulted in loss of pavement 
crown and in a corrugated or undulating surface when 
11ia;erl on the top ,:,o,_irs'= . 

Figure 4 . Alternative longitudinal joint compaction 
procedures. 
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Aggregate Fracture 

Aggregate fracture was another concern with vibratory 
rollers , but visual observations showed it to be no 
worse than that produced by conventional rolling. 

Drive Wheels 

Vibratory rollers with both pneumatic and steel drive 
wheels were included in this study, and both presented 
problems. Pneumatic wheels tended to pick up asphalt 
when they were cold. Steel wheels, although they 
operated well on binder and top courses , had problems 
obtaining proper traction on the base course-a situa
tion aggravated on grade. Dual-drum rollers, which 
by definition and necessity use the vibrating steel drum 
for traction, had no such problems on any course. 

Operating Considerations 

Several practical precautions in operating vibratory 
rollers should be discussed. One noted earlier bears 
repeating: they should not be turned on fresh asphalt. 
When they must be moved laterally, it should be on 
material that is fully compacted. Another precaution is 
never to stop these rollers while the drum is vibrating, 
or a depression will result. This is particularly im
portant when reversing direction, when the operator is 
more likely to overlook the fact that the drum is being 
allowed to vibrate in place, however briefly. Several 
rollers did have an automatic shutoff for the vibrating 
mechanism when roller speed dropped below 0.8 km/ h 
(0.5 mph). 

After the early jobs were completed, optional 
vibratory rolling was allowed on several projects. Un
fortunately, rippled surfaces and inadequate densities 
appeared. The cause was generally excessive roller 
speeds, which must be watched carefully because opera
tors new to vibratory rollers seem to feel they must 
avoid falling behind the paver. However, a few simple 
calculations involving the various speeds show that this 
will not occur. 

Drum Width 

Most rollers tested had a drum width of 210 cm (84 in) . 
Several were narrower, however, 170 and 180 cm (60 
and 72 in), and required a third pass for a 3.6-m (12-
ft) lane, to ensure sufficient overlap. If a pavement is 
being placed full width-two lanes or 7.2 m (24 ft)-the 
situation changes. While two lanes still require one 
additional pass, in such paving this means five passes 
instead of four, rather than three instead of two as on 
a single lane. 

Drum Diameter 

All machines with a drum width of 216 cm (84 in) had a 
drum diameter of about 152 cm (60 in), and the machines 
with a drum width of 167 cm (66 in) had a diameter of 
122 cm (48 in). 

SUMMARY AND CONCLUSIONS 

Vibratory rollers can compact New York State asphalt 
mixes to densities at least equal to those achieved by 
the conventional three-roller train . To accomplish this, 
they must operate within certain limits of speed, fre
quency, and amplitude , but, because the range of these 
factors as well as weights varied considerably among 
rollers, general guidelines could not be established to 
govern frequency and amplitude of all rollers. Fortu-



nately, this proved to be an advantage that allowed de
velopment of a more specific method of determining 
what was necessary to compact the various layers of 
asphalt. 

The method involves calculating the force being ap
plied to the asphalt and includes vibration frequency, 
vibration amplitude, and roller weight. This UTAF 
concept not only simplified roller evaluation but also 
provided a method for determining in advance whether 
a specific roller could compact a given layer. 

Thus, the most significant result of this study was 
developing and relating this dynamic force concept to 
the degree of compaction achieved. Other specific con
clusions in the course of thi~ study included the fol
lowing. 

1. The force each roller applied to the asphalt under 
any given set of operating conditions (UTAF) is deter
mined by the expression 

lITAF = { [A(w)/2] [41r2 /g(602 )] (fl)+ S }IL 

2. The desired UTAF ranges (1 cm = 0.39 in and 
1 kg/ cm = 5.6 lb/ in) for each pavement course were 
found to be 

Course (cm) 

Base, ;,, 10.2 
Base, 7.6 
Binder, 3.8 
Top, 2.5 
Top, 6.4 

UTAF Range 
(kg/cm) 

78.6 to 107.2 
72.4 to 88.5 
59.0 to 75.0 
51.8to66.1 
69.8 to 85.9 

(2) 

Up to about 10.2 cm (4 in), the minimum force in
creased linearly, then appeared to level off. Also, up 
to about 7 .6 cm (3 in), the maximum limit is extremely 
important, beca,use layers are not thick enough to 
absorb the additional energy and the roller may re
bound. 

3. The spacing of vibratory drum impacts is critical 
to producing both adequate densities and smooth sur
faces. Forward speed of the roller must be coordinated 
with drum frequency to produce at least 19.7 impacts/m 
(6 impacts/ft). 

4. Vibratory rollers can effectively replace the con
ventional three-roller train and produce equivalent 
densities with considerably fewer roller passes. On all 
courses 7 .6 cm (3 in) or thicker, four to six vibratory 
passes were sufficient; three to four were needed on 
3.8-cm (1.5-in) binder and two on 2.4-cm (1-in) top 
course. 

5. Occasionally static passes were required to re
move ripples or ridges, but judicious operators can 
virtually eliminate these. Transverse ripples are 
avoided by proper coordination of forward speed and 
drum frequency; longitudinal ridges are eliminated by 
sufficient overlapping of succeeding roller passes. 

6. Apart from proper adjustments, the most critical 
factor in producing a smooth, well-compacted mat is a 
well-trained operator. There are three important 
operating considerations: never exceed a speed of 4.8 
km/ h (3 mph) or one that will produce less than 19. 7 
impacts/ m (6 impacts/ ft), never turn on uncompacted 
asphalt, and never leave the drum vibrating when the 
roller is stopped. 
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7. Thick-lift wearing and base courses, both tried 
experimentally on several jobs, were adequately com
pacted by vibratory rollers. 

8. The amount of aggregate fracture was not in
creased by vibratory rollers. 

9. Rubber drive wheels, although they tend to pick 
up asphalt when cold, provide better traction on courses 
more than 3.8 cm (1.5 in) thick, except for dual-drum 
rollers, which had no traction problems. 

10. Longitudinal joints should be rolled either 
statically with the roller on the cold lane or vibrated 
with it on the hot lane. 
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